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Abstract 

 

Structural and Biophysical Analyses of Aspartyl-tRNA 

Synthetase from Homo sapiens and Triosephosphate 

Isomerase from Thermoplasma acidophilum 
 

Sang Ho Park 

College of Pharmacy 

The Graduate School 

Seoul National University 

 

Human cytosolic aspartyl-tRNA synthetase (DRS) catalyzes the 

attachment of the aspartic acid to its specific tRNA. DRS is a 

component of the multi-tRNA synthetase complex (MSC) which has 

been known to be involved in unanticipated signaling pathways. The 

crystal structure of DRS has been determined at 2.25 Å resolution 

containing the anticodon binding domain, hinge region, and catalytic 

domain. The structure also reveals the C-terminal end of the N-helix 

which is considered as a unique additional domain of DRS, and its 

conformation further supports the switching model of the N-helix for 

the transfer of tRNAAsp to elongation factor 1α. From the analyses of 

the crystal structure and post-translational modification of DRS, I 

suggest that the phosphorylation of Ser146 could initiate a 

conformational change of the DRS dimer and provokes the separation 
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of DRS from the MSC. This structural study provides the binding site 

for an interaction partner with unforeseen functions. 

 Thermoplasma acidophilum is one of the most acidophilic organisms 

that utilize not only non-phosphorylative Entner-Doudoroff (ED) 

pathway but also Embden-Meyerhof-Parnas (EMP) pathway for 

glucose degradation. Triosephosphate isomerase (TPI) is structurally 

and functionally well-known glycolytic enzyme that plays an important 

role in glycolytic and gluconeogenic metabolism. Crystal structures of 

apo- and glycerol-3-phosphate-bound TPI from T. acidophilum (TaTPI) 

have been determined at 1.94 and 2.17 Å resolution. TaTPI adopts the 

canonical TIM-barrel fold with eight α-helices and parallel eight β-

strands. Although TaTPI shares ~30% sequence identity to other TPIs 

from thermophilic species that adopt tetrameric conformation for 

enzymatic activity in their harsh physiological environments, TaTPI 

exists as a dimer in solution. Dimeric conformation of TaTPI was 

further confirmed by analytical ultracentrifugation and size-exclusion 

chromatography. Helix 5 and helix 4 regions of thermostable tetrameric 

TPIs are key important tetrameric interface, forming a hydrophobic 

effects. However, TaTPI contains unique charged-amino acid residues 

in the helix 5 and adopts dimer conformation. TaTPI exhibits the 

apparent Td value of 74.6 ℃ and maintains its overall structure with 

slight changes in the secondary structure contents under extremely 
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acidic conditions. Based on the structural and biophysical analyses of 

TaTPI, more compact structure of the protomer with reduced length of 

loops and certain patches on the surface could account for the robust 

nature of Thermoplasma acidophilum TPI. 

 

Keywords: aspartyl-tRNA synthetase, multi-tRNA synthetase complex, 

triosephosphate isomerase, glycolysis, crystal structure 

 

Student number: 2010-21682 



 iv 

Table of Contents 

 

Abstract⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ i 

Table of Contents ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ iv 

List of Tables ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ vii 

List of Figures ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ viii 

Abbreviations ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅  ⋅ ⋅ x 

 
 
Chapter 1  
Crystal structure of human cytosolic aspartyl-tRNA 

synthetase 
 

1. Introduction ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1 

 

2. Material and methods ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 8 

2.1 Cloning, protein expression, and purification ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 8 

2.2 Crystallization ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 10 

2.3 X-ray data collection and structure determination ⋅ ⋅ ⋅ ⋅ ⋅ 12 

2.4 Post-translational modification analysis ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 15 

2.5 Data deposition ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 16 

 

3. Results and discussion ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 17 

3.1 Overall structure and oligomeric state of DRS ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 17 

3.2 Structural comparison of DRSs⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 22 

3.3 Flexible N-terminal extension of DRS ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 25 

3.4 Post-translational modification of DRS ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 29 

3.5 Implication on the MSC assembly ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 34 



 v 

 

 

Chapter 2  
Structure and stability of the dimeric triosephosphate 

isomerase from Thermoplasma acidophilum 
 
1. Introduction ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 37 

 

2. Material and methods ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 43 

2.1 Cloning, expression, and purification of TPIs ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅  43 

2.2 Crystallization ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 45 

2.3 X-ray data collection and structure determination ⋅ ⋅ ⋅ ⋅ ⋅ 47 

2.4 Analytical ultracentrifugation (AUC) ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 53 

2.5 Circular dichroism (CD) ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 55 

2.6 Analytical size-exclusion chromatography ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 56 

2.7 Differential scanning calorimetry (DSC) ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 57 

2.8 Data deposition ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 58 

 

3. Results and discussion ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 59 

3.1 Overall structures of apo- and G3P-bound TaTPI ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 59 

3.2 Unique dimeric conformation of TaTPI ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 65 

3.3 Analytic ultracentrifugation analysis of TaTPI ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 69 

3.4 Structural stability of TaTPI under extreme acidic 

condition ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 73 

3.5 Structural stability of TaTPI at the high temperature ⋅ ⋅ 75 

3.6 Proposal of TPI stabilization patches ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 80 

 

 

 



 vi 

 

References ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅  ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 83 

 

Abstract (in Korean) ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 94 

Acknowledgements ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅  ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 97 

Appendix: Printouts of first author publications ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 98 

 



 vii 

 

List of Tables 

 

Chapter 1  

Table 1-1. Statistics for data collection ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 13 

Table 1-2. Refinement statistics ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 14 

 

Chapter 2  

Table 2-1. Statistics for data collection ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 51 

Table 2-2. Refinement statistics ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 52 

Table 2-3. Half-denaturation temperatures of TPIs ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 79 



 viii 

 

List of Figures 

 

Chapter 1  
 
Figure 1-1. Aminoacyl-tRNA synthetase charging a tRNA ⋅ ⋅ ⋅  ⋅ ⋅ ⋅ ⋅ ⋅ 2 

Figure 1-2. Architectures of the catalytic domains for aminoacylation – 

class I versus class II ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 4 

Figure 1-3. The nontranslational functions of aaRs ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 6 

Figure 1-4. Crystals of human cytosolic DRS ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 11 

Figure 1-5. Crystal structure of DRS monomer ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 18 

Figure 1-6. Superposition of human DRS with S. cerevisiae DRS-

tRNAAsp ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 21 

Figure 1-7. Sequence alignment of human cytosolic DRS with S. 

cerevisiae DRS and human mitochondrial DRS ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 23 

Figure 1-8. Structural comparison of human cytosolic and mitochondrial 

DRS ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 24  

Figure 1-9. Helical wheel of the α-helix in the N-terminal extension ⋅ ⋅ 27 

Figure 1-10. The switching model of the N-helix with DRS structure ⋅ 28 

Figure 1-11. PTM analyses ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 31 

Figure 1-12. PTM sites mapped on the surface representation of human 

DRS dimer modeled with tRNAAsp ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 32 

Figure 1-13. Key intermolecular interaction of DRS ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 36 

 

 



 ix 

 

Chapter 2 
 
Figure 2-1. The isomerization reaction catalyzed by triosephosphate 

isomerase ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 39 

Figure 2-2. Crystals of TaTPI from T. acidophilum ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 46 

Figure 2-3. X-ray diffraction image from apo-TaTPI ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 49 

Figure 2-4. X-ray diffraction image from G3P-bound TaTPI ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 50 

Figure 2-5. Overall structures of apo- and G3P- bound TaTPI ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 62 

Figure 2-6. Binding modes of G3P with key amino acids of TaTPI⋅ ⋅ ⋅ 64 

Figure 2-7. Structure-based sequence alignment of helix 5 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 66 

Figure 2-8. Structural comparison of helix 4 and 6 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 68 

Figure 2-9. Analytical ultracentrifugation experiment of TaTPI ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 71 

Figure 2-10. Analytical size-exclusion chromatography of TaTPI ⋅ ⋅ ⋅ ⋅ 72 

Figure 2-11. CD spectra for TaTPI at variable pH conditions ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 74 

Figure 2-12. Thermal denaturation curve of TaTPI ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 77 

Figure 2-11. DSC thermogram of MjTPI ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 78 

Figure 2-12. TPI stabilization patches (TSPs) ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 81 

 

 

 

 

 

 

 



 x 

 

Abbreviations 

 
AARSs  aminoacyl-tRNA synthetases 

DRS  aspartyl-tRNA synthetase 

KRS  lysyl-tRNA synthetase 

MSC  multi-tRNA synthetase complex 

NMR  nuclear magnetic resonance 

EF-1α  elongation factor 1α 

OB-fold  oligonucleotide binding-fold 

PTM  post-translational modification 

TPI  triosephosphate isomerase 

DHAP  dihydroxyacetone phosphate 

GAP  glyceraldehyde-3-phosphate 

PDB  protein data bank 

HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

G3P  glycerol-3-phosphate 

CD  circular dichroism 

DSC  differential scanning calorimetry 

AUC    analytic ultracentrifugation 

RMS    root-mean-square errors 

Td    half-denaturation temperature 

TSPs    TPI stabilization patches 



This chapter was co-work with Kyung Rok Kim and he equally contributed to this 
work 

 

1 

Chapter 1 

Crystal structure of human cytosolic aspartyl-

tRNA synthetase 

 

[This chapter was published in PROTEINS.] 

Kim KR, Park SH et al. (2013) Crystal Structure of Human cytosolic aspartyl-

tRNA synthetase, a component of multi-tRNA synthetase complex. 

PROTEINS 81(10):1840-1846 

 

1. Introduction 

 

Aminoacyl-tRNA synthetases (AARSs) catalyze the attachment of 

specific amino acid to its compatible cognate tRNAs through a two-

step reaction.(Normanly and Abelson, 1989, Annual review of 

biochemistry, 1) In the first step, an intermediate adenylate is formed 

from amino acid and ATP, then the amino acid is charged to the ribose 

of the terminal adenine of tRNA (Figure 1-1). Even though AARSs 

catalyze the same type of reaction, they vary in amino acid sequence, 

size, three-dimensional structure, and oligomeric state.  



2 

 

Figure 1-1. Aminoacyl-tRNA synthetase charging a tRNA (biology-

forums.com) 



3 

AARSs can be classified into two major classes based on conseverd 

sequence motif; class I and II synthetase.(Eriani, et al., 1990, Nature, 2) 

Whereas the class I synthetase adopts the representative Rossmann fold 

that binds ATP, the class II synthetase contains a core antiparallel β-

sheet surrounded by α-helices and three unique conserved motifs; motif 

1, 2, and 3 (Figure 1-2).(Eriani, et al., 1990, Nature, 2) 

There are cytosolic or mitochondrial AARSs that play an essential 

cellular role not only in cytosol but also in mitochondria and most 

AARSs function distinctively in either location for protein synthesis. In 

human, there are cytosolic and mitochondrial aspartyl-tRNA 

synthetases (DRS and DRS2), which share only 22.9% sequence 

identity. It has been known that DRS2 is associated with 

neurodegenerative disorder; leukoencephalopathy with brain stem and 

spinal cord involvement and high lactate (LBSL). (Scheper, et al., 2007, 

Nature genetics, 3) Structure of DRS2 revealed the function of the 

additional motif in the catalytic domain.(Neuenfeldt, et al., 2012, 

Nucleic acids research, 4) In the case of DRS, it has been known to the 

component of multi-tRNA synthetase complex (MSC) in higher 

eukaryotes.(Deutscher, 1984, The Journal of cell biology, 5) 
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Figure 1-2. Architectures of the catalytic domains for 

aminoacylation – class I versus class II (Lo, et al., 2014, Science, 6) 

The conserved core Rossmann fold is represented on the structure of 

MRS (PDB ID: 2CT8) in class I, and the conserved core 7 beta-strand 

with motif-3 helix is represented on the structure of KRS (PDB ID: 

4DPG) in class II. 
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The MSC consists of nine cytosolic tRNA synthetases (DRS, KRS, 

MRS, RRS, QRS, IRS, LRS, and EPRS) with three auxillary proteins 

(AIMP1/p43, AIMP2/p38, and AIMP3/p18) and it has been known to 

switch the canonical translational function and additional functions 

which are often observed in higher eukaryotes (Figure 1-3).(Ray, et al., 

2007, Trends Biochem Sci, 7; Park, et al., 2005, Trends Biochem Sci, 

8) In the MSC, DRS is known to interact with the aminoacyl-tRNA 

synthetase-interacting multifunctional protein 2 (AIMP2/p38) 

(Robinson, et al., 2000, J Mol Biol, 9; Kaminska, et al., 2009, J Biol 

Chem, 10) and the lysyl-tRNA synthetase (KRS).(Guzzo and Yang, 

2008, Biochemical and biophysical research communications, 11) The 

N-terminal extension of DRS, KRS, and asparaginyl-tRNA synthetase 

(NRS) is unique additional region in the class II synthetases and further 

classifies them into the subclass IIb.(Woese, et al., 2000, Microbiology 

and molecular biology reviews : MMBR, 12) The NMR structure of the 

N-terminal extension region in DRS revealed that the N-terminal 

flexible β-turn followed by the amphipathic C-terminal helix induces 

the nonspecific tRNA binding and gives a force to transfer its charged 

tRNA to elongation factor 1α (EF-1α).(Reed and Yang, 1994, J Biol 

Chem, 13; Reed, et al., 1994, J Biol Chem, 14; Cheong, et al., 2003, 

The international journal of biochemistry & cell biology, 15) 



6 

 

Figure 1-3. The nontranslational functions of AARs (Guo and 

Schimmel, 2013, Nature chemical biology, 16) 
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In this work, I present the crystal structure of human cytosolic DRS 

at 2.25 Å. I show that DRS forms a homodimer with the N-terminal 

extension, anticodon binding domain, and catalytic domain. Analyses 

of the crystal structure and post-translational modification shed lights 

on the molecular basis of the association and dissociation of DRS with 

the MSC. 
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2. Material and methods 

 

2.1. Cloning, protein expression, and purification 

Full-length sequence of human cytosolic DRS (501 amino acids) was 

amplified using PCR and cloned into the pET-28a(+) vector containing 

the N-terminal His6-tag (Novagen). The recombinant protein was 

transformed into Escherichia coli Rosetta2(DE3)pLysS strain. DRS 

was induced by 0.5 mM isopropyl 1-thio-β-D-galactopyranoside and 

incubated for 6 hours at 310 K using Luria Broth culture medium. The 

harvested cells were lysed by cell sonicator (SONICS) in lysis buffer 

containing 20 mM Tris-HCl (pH 7.5), 500 mM NaCl, 35 mM imidazole, 

and 1 mM phenylmethanesulfonyl fluoride. The lysates were 

centrifuged at 35,000g for 50 min to remove the cell debris and 

denatured proteins. The supernatant was applied to a HiTrap Chelating 

HP column (GE Healthcare) for affinity chromatography and eluted 

with linear gradient 50-500 mM imidazole following equilibration with 

50 mM imidazole. The eluted protein was diluted with a buffer 

containing 50 mM HEPES-NaOH (pH 7.0), 50 mM NaCl, 1 mM 

dithiothreitol, and 5% (v/v) glycerol, and further purified using the ion 

exchange chromatography with a HiTrap Q HP column (GE 

Healthcare). For the final purification step, size-exclusion 

chromatography was performed with a HiLoad 16/600 Superdex 200 
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prep grade column (GE Healthcare) equilibrated with 50 mM HEPES-

NaOH (pH 7.0), 200 mM NaCl, 5% (v/v) glycerol, and 1 mM 

dithiothreitol. For crystallization, the purified DRS proteins were 

concentrated to 11.1 mg ml-1. 
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2.2. Crystallization 

Initial DRS crystals were searched using commercial screen 

solutions, Crystal screen I, II, PEG/Ion I, II (Hampton Research), and 

Wizard classic I, II, III, IV (Rigaku), by the sitting-drop vapor-

diffusion method at 295 K. DRS crystals were grown by the sitting-

drop vapor-diffusion method at 295 K by mixing equal volumes of the 

purified protein and the reservoir solution containing 8% (v/v) 

tacsimate (pH 8.0), and 20% (w/v) polyethylene glycol 3350 (Figure 1-

4).  
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Figure 1-4. Crystals of human cytosolic DRS 

Crystals of human cytosolic DRS with approximate dimensions of 0.3 

mm × 0.1 mm × 0.05 mm. 
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2.3. X-ray data collection and structure determination 

For X-ray diffraction data collection, crystals were soaked in the 

cryoprotectant solution containing 20% (v/v) glycerol added to the 

reservoir solution. X-ray diffraction data of the crystal were collected at 

the synchrotron BL-5A at the Photon Factory, Japan. The DRS crystals 

belong to the space group P21, with unit cell parameters of a = 54.89, b 

= 141.92, c= 98.50, α = γ = 90˚, and β = 102.19˚. The structure was 

solved by molecular replacement method with the structure of S. 

cerevisiae DRS containing the anticodon binding domain, hinge region, 

and catalytic domain (PDB ID: 1ASZ)(Cavarelli, et al., 1994, The 

EMBO journal, 17) as a phasing model using MOLREP.(Vagin and 

Teplyakov, 2010, Acta Crystallogr D Biol Crystallogr, 18) The 

structure was completed using alternate cycles of manual building in 

WinCoot(Emsley, et al., 2010, Acta Crystallogr D Biol Crystallogr, 19) 

and refinement in REFMAC(Murshudov, et al., 1997, Acta Crystallogr 

D Biol Crystallogr, 20). All refinement steps were monitored using an 

Rfree value based on 5.0% of the independent reflections. The 

stereochemical quality of the final model was assessed using 

MolProbity(Lovell, et al., 2003, Proteins, 21). The data collection and 

refinement statistics are summarized in Table1-1; 1-2. 
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Table 1-1. Statistics for data collection 

Data collectiona Human cytosolic DRS 

Space group P21 

Cell dimensions   

  a, b, c (Å) 54.89, 141.92, 68.50 

  α, β, γ (°) 90, 102.19, 90 

Data set  

X-ray wavelength (Å) 1.0000 

Resolution (Å)b 50.00–2.25 (2.29–2.25) 

Total / unique reflections 177,246 / 48,428 

Completeness (%)  99.3 (95.4) 

Rmerge (%)c 11.0 (50.2) 
 

Footnotes to Table 1-1 

aData collected at the synchrotron BL-5A at the Photon Factory. 

bNumbers in parentheses indicate the highest resolution shell. 

cRmerge = Σh Σi |I(h)i – <I(h)>| / Σh Σi I(h)i, where I(h) is the observed 

intensity of reflection h, and < I(h) > is the average intensity obtained 

from multiple measurements. 
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Table 1-2. Refinement statistics 

Refinement Human cytosolic DRS 

Resolution (Å) 50.00–2.25 

Rwork
a / Rfree

b (%) 19.7 / 22.8 

No. of non-hydrogen atoms / 

mean B-factor (Å2) 

 

Protein 

Water 

Glycerol 

Poor rotamers (%)c 

6,968 / 33.7 

354 / 40.2 

48 / 52.5 

3.1 

Ramachandran plot analysis (%)  

Most favored regions 

Additional allowed regions 

Disallowed regions 

96.9 

3.1 

0 

R.m.s.d. from ideal geometry  

  Bond lengths (Å) 0.010 

  Bond angles (°) 1.290 
 

Footnotes to Table 1-2 

aRwork = Σ | |Fo| - |Fc| | / Σ |Fo|, where |Fo| is the observed structure factor 

amplitude and |Fc| is the calculated structure factor amplitude. 

bRfree = R-factor based on 5.0% of the data excluded from refinement. 

cValues obtained using MolProbity. 



15 

2.4. Post-translational modification analysis 

Purified N-terminal OneSTrEP-tagged DRS and co-eluted 

interaction partners of that, overexpressed and purified from HEK293T 

cells, were digested with sequencing grade gold-trypsin (Promega) after 

1D-SDS PAGE/Coomassie blue staining. Tryptic peptides were 

analyzed with the LTQ Velos Orbitrap mass spectrometer equipped 

with an electron transfer dissociation source after an online reversed-

phase chromatography. To improve sequencing coverage, I applied a 

data dependent decision tree to select for collision induced dissociation 

or electron transfer dissociation fragmentation depending on the 

charged states, respectively. Protein identification was accomplished 

using the Sorcerer™-SEQUEST® (Sage-N Research), and searches 

were performed against the IPI human DB v3.87 fasta. The 

carbamidomethylation (+57.021 Da) of Cys is set as a static 

modification, and the following variable modification were allowed: 

GlyGly / +114.043 Da (Lys), Acetyl / +42.011 Da (Lys), HexNAc / 

+203.079 Da (Asn, Ser, Thr), Phospho / +79.966 Da (Ser, Thr, Tyr), 

Oxidation / +15.995 Da (Met), deamidated / +0.984 Da (Asn, Gln). 
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2.5. Data deposition 

The coordinate and structure factors for human cytosolic DRS have 

been deposited in the RCSB Protein Data Bank, accession code 4J15. 
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3. Results and discussion 

 

3.1. Overall structure and oligomeric state of DRS 

The crystal structure of human cytosolic DRS has been determined at 

2.25 Å resolution by molecule replacement method with the structure 

of S. cerevisiae DRS containing the anticodon binding domain, hinge 

region, and catalytic domain (PDB ID: 1ASZ) (Cavarelli, et al., 1994, 

The EMBO journal, 17) as a phasing model. Rwork/Rfree values for the 

final models of DRS was 19.7%/22.8%. Crystal structure of DRS 

contains a homodimer in the asymmetric unit and the dimer interface 

area is 3,750.5 Å2 which comprises of 16.6% of the monomeric surface 

area calculated from Protein Interfaces, Surfaces and Assemblies 

service.(Krissinel and Henrick, 2007, Journal of molecular biology, 22) 

The crystal structure of DRS contains anticodon binding domain, hinge 

region, and catalytic domain. In addition, the N-terminal extension 

region, which is a distinct domain in mammalian DRS, could be 

partially modeled including the C-terminal three residues of the 

characteristic helix motif (Figure 1-5). Structural analyses on this N-

terminal extension region will be further discussed with the previous 

NMR structure below. 
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Figure 1-5. Crystal structure of DRS dimer 

The N-terminal extension, anticodon binding domain, hinge region, 

catalytic domain, and motifs are colored and labeled in cyan, magentas, 

blue, green, and orange respectively. 
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The anticodon binding domain of DRS (residues 57-146) contains 

the oligonucleotide binding-fold (OB-fold) that is composed of a five-

stranded antiparallel β-sheet connected by helices and loops (β1-β5) to 

form a closed β-barrel. The catalytic domain (residues 189-497) adopts 

thirteen α-helices (αH-αT) and eight β-strands (β6-β13) which comprise 

all the three conventional class II aminoacyl-tRNA synthetase motifs; 

motif 1, 2, and 3.(Eriani, et al., 1990, Nature, 2) The hinge region 

(residues 156-188) plays a fundamental role in the connection of the 

anticodon binding domain and the catalytic domain. In the middle of 

the hinge region, residues 163-172 could not be observed due to the 

lack of the electron density and the disordered residues are considered 

as a part of binding region to the ribose-phosphate backbone in the D-

stem of tRNAAsp, compared with the known S. cerevisiae DRS-

tRNAAsp complex structure.(Cavarelli, et al., 1994, The EMBO journal, 

17) In addition, residues 224-247 in the flipping loop and residues 273-

282 in the motif 2 could not be modeled in the crystal structure of DRS. 

These regions are known to be dynamic without its cognate tRNA and 

recognize its tRNA in an induced-fit manner.(Sauter, et al., 2000, J Mol 

Biol, 23) 

When the anticodon binding domain, hinge region, and catalytic 

domain in the structure were independently superimposed with those of 

the S. cerevisiae DRS-tRNAAsp complex structure, the three domains 
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were structurally well-conserved with the r.m.s.d. values of 1.08 Å, 

1.80 Å, and 0.97 Å, respectively. In the anticodon binding domain, 

three β-strands (β1, β2, and β3) could bind to the anticodon loop of 

tRNAAsp which is composed of GUC elements. In the hinge region, 

short helices containing Asp158 and Asn175 could interact with the D-

stem (U11, U12) of tRNAAsp. In the catalytic domain, the flipping loop 

and the class II motif 2 play a key role in the interaction of DRS with 

the 3’-end of tRNAAsp (Figure 1-6). 
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Figure 1-6. Superposition of human DRS with S.cerevisiae DRS-

tRNAAsp 

The anticodon binding domain (A) and the hinge region (B) of human 

DRS are colored as in Figure 1-5 and the catalytic domain (C) of 

human DRS is represented in green. S. cerevisiae DRS is colored in 

gray and tRNAAsp is shown in orange. Carbon, oxygen, nitrogen and 

phosphorus atoms of ATP are shown with stick model in gray, red, blue, 

and orange, respectively. The predicted interaction residues of human 

DRS with tRNAAsp are labeled and shown in stick model. 



22 

3.2. Structural comparison of human cytosolic and mitochondrial 

DRSs 

Recently, the crystal structure of human mitochondrial DRS (DRS2) 

has been determined at 3.7 Å resolution (PDB ID: 4AH6).(Neuenfeldt, 

et al., 2012, Nucleic acids research, 4) Even though human DRS and 

DRS2 share only 22.9% sequence identity (Figure 1-7), two structures 

are structurally similar to each other with the r.m.s.d. distance of 1.7 Å. 

The anticodon binding domain, hinge region, and catalytic domain of 

DRS and DRS2 are structurally well-conserved, with the exception of 

an additional motif in the catalytic domain of DRS2 which is known as 

the insertion domain (Figure 1-8). The insertion domain of DRS2 

adopts the enlarged catalytic groove with more electropositive surface 

potential, which enables an alternate interaction network at the subunit 

interface between tRNA and DRS2.(Neuenfeldt, et al., 2012, Nucleic 

acids research, 4) Interestingly, DRS2 showed a higher sensitivity than 

DRS for inhibitors with a non-hydrolysable adenylate moiety and its 

correlation with structural features has not been well understood. 

(Messmer, et al., 2009, Biochimie, 24) Structural analyses of DRS and 

DRS2 in complex with same adenylate analogs would elucidate a 

subtle role of the domain difference with respect to substrate specificity 

and evolutionary advantages. 



23 

 

Figure 1-7. Sequence alignment of human cytosolic DRS with 

S.cerevisiae DRS and human mitochondrial DRS 

Strictly conserved amino acid residues are highlighted in red shaded 

boxes and moderately conserved amino acid residues are colored in red. 

The alignment figure was prepared using ESPript program (Robert and 

Gouet, 2014, Nucleic acids research, 25). 
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Figure 1-8. Structural comparison of human cytosolic DRS and 

mitochondrial DRS 

Human cytosolic DRS is shown as in Figure 1-5 and mitochondrial 

DRS is colored in gray. The red dotted ovals indicate the insertion 

domain of mitochondrial DRS. 
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3.3. Flexible N-terminal extension of DRS 

In higher eukaryotes, additional domains or motifs in a specific 

AARS result in additional functions. In the case of DRS, KRS, and 

NRS, they contain the N-helix that is named after the helical 

conformation in part of their N-terminal extension region.(Woese, et al., 

2000, Microbiology and molecular biology reviews : MMBR, 12; Guo, 

et al., 2010, Nature reviews Molecular cell biology, 26) The previously 

determined NMR structure of the N-terminal extension of DRS 

revealed the conformational flexibility caused by the β-turn followed 

by one α-helix and the N-terminal extension plays a crucial role in the 

interaction between tRNAAsp and EF-1α.(Reed and Yang, 1994, J Biol 

Chem, 13; Reed, et al., 1994, J Biol Chem, 14; Cheong, et al., 2003, 

The international journal of biochemistry & cell biology, 15) In the 

crystal structure of DRS, the C-terminal end of the α-helix in the N-

terminal extension was observed, comprising of Lys26, Glu27, and 

Arg28, even though the N-terminal region was less-ordered. To get a 

glimpse of the whole N-helix structure, the structurally well-resolved 

C-terminal end of the N-terminal extension residue Glu27 and Arg28 

was superposed with the α-helix of the NMR structure, considering the 

helical wheel conformation (Figure 1-9). The α-helix in the N-terminal 

extension is amphipathic and the hydrophilic face of the amphipathic 

helix could interact with positively charged residues Arg8 and Lys9 in 
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the N-terminus by the conformational change on the flexible β-

turn.(Cheong, et al., 2003, The international journal of biochemistry & 

cell biology, 15) Consequentially, the crystal structure further supports 

the structural switching model of the N-terminal extension of DRS in 

the aid of the direct transfer of tRNAAsp to EF-1α (Figure 1-10). 
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Figure 1-9. Helical wheel of the α-helix in the N-terminal extension 

Helical wheel represent the α-helix in the N-terminal extension and the 

anticodon binding domain. The hydrophobic, negative-charged, and 

positive-charged residues in the helical wheel are colored yellow, red, 

and blue, respectively. 
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Figure 1-10. The switching model of the N-helix with DRS 

structure 

From the helical wheel model, the switching model of the N-helix with 

the DRS structure is suggested. 
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3.4. Post-translational modification of DRS  

To speculate the organization of DRS as a main interacting 

component with AIMP2/p38 in the MSC assembly, all the known post-

translational modification (PTM) data was searched and independently 

implemented the PTM analyses of DRS. The liquid chromatography 

tandem mass spectrometry analysis was performed and two 

phosphorylation sites (Tyr239 and Ser249) and six acetylation sites 

(Lys55, 110, 213, 241, 330 and 453) were identified. Among the results, 

the phosphorylation of Tyr239 and the acetylation of Lys55, 213 and 

453 were firstly identified. These findings and other PTM sites 

information of DRS from PhosphoSite Plus database 

(http://www.phosphosite.org) indicated that the residues 238-254 

region of the class II aminoacyl-tRNA synthetase are dynamically 

regulated by various types of modifications such as phosphorylation, 

acetylation and ubiquitination (Figure 1-11). For instance, while 

Lys241 was identified with its acetylation modification in the analysis, 

collected six independent MS-analysis data of ubiquitin branch motif 

(K-e-GG) immunoaffinity beads purification studies showed that 

Lys241 is also modified with ubiquitin. Thus it seems that the 

phosphorylation status of Ser238, Tyr239 and/or Ser249 could affect 

the catalytic activity, stability or partner binding affinity of DRS 

through a competitive modification event between acetylation and 

http://www.phosphosite.org/
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ubiquitination of Lys241 and/or Lys254, though it should be clarified 

with further studies. PTM sites mapped on the surface representation of 

human DRS dimer modeled with tRNAAsp are shown in Figure 1-12. A 

large numer of PTM sites locate in tRNA interaction region, or surface 

of DRS. These results suggest that the PTM sites could affect on 

interaction between DRS and tRNA. 
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Figure 1-11. PTM analyses 

Acetylation, phosphorylation, and ubiquitination sites are shown as 

blue, red, and yellow circles, respectively. PTM sites uniquely observed 

in this study and residues observed both in the database and in this 

study are surrounded by black boxes and dotted boxes, respectively. 

Ser146, which is expected to play a key role in the organization of DRS, 

is marked with a red asterisk. 
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Figure 1-12. PTM sites mapped on the surface representation of 

human DRS dimer modeled with tRNAAsp 



33 

The crystal structure of human DRS dimer was superposed with that of 

S. cerevisiae DRS dimer in complex with tRNAAsp and human DRS is 

shown as surface representation. (A) tRNA binding face of DRS dimer. 

(B) Bottom and symmetric groove of the DRS dimer. Acetylation and 

phosphorylation sites are colored in blue and red, respectively. 
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3.5. Implication on the MSC assembly  

In the MSC, AIMP2/p38 has been known to interact with two 

subcomplexes of the MSC (I: MRS, AIMP3/p18, EPRS, IRS, LRS; II: 

AIMP1/p43, QRS, RRS, DRS, and KRS), and the N-terminal domain 

of AIMP2/p38 interacts with the subcomplex II, DRS, and 

KRS.(Kaminska, et al., 2009, J Biol Chem, 10) The N-terminal motif 1 

and 2 of AIMP2/p38 have been recently shown to interact with the 

bottom groove and the symmetric groove on the KRS dimer, 

respectively.(Ofir-Birin, et al., 2012, Molecular cell, 27) Based on the 

situational and structural similarity between KRS and DRS, two dimers 

of DRS would interact with AIMP2/p38 in the similar manner of KRS 

regarding the association and dissociation from the MSC. In the case of 

KRS, Ser207 establishes the major intermolecular interaction of the 

KRS dimer through three hydrogen bonds between the hydroxyl group 

of Ser207 and the backbone of Gly540 and Leu541. Interestingly, a 

conformational change triggered by the phosphorylation of Ser207 

switches the function of KRS from translation to transcription, 

provoking a new conformer and releasing KRS from the MSC.(Ofir-

Birin, et al., 2012, Molecular cell, 27) To this surprise, DRS also 

contains the equivalent Ser146, Gly462, and Ala463, which are highly 

conserved in the amino acid sequence and three-dimensional structure 

in higher eukaryotes (Figure 1-13). In addition, the PTM information of 
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DRS from the PhosphoSite Plus database shows that the 

phosphorylation of Ser146 was already observed with the 

phosphoproteome analyses of the human cell cycle using the mass 

spectrometry.(Olsen, et al., 2010, Science signaling, 28) Thus, the 

phosphorylation of Ser146 could initiate a conformation change of the 

DRS dimer and trigger an unpredicted function of DRS by releasing it 

from the MSC. The structural study and PTM analyses of DRS extend 

the knowledge about the interaction of components in the MSC and 

provide fundamental information for human physiological signaling 

pathways related to the MSC. 
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Figure 1-13. Key intermolecular interaction of DRS 

Sequence alignment of the interface residues of anticodon binding 

domain and catalytic domain of DRSs from various organisms. Ser146 

of human DRS are marked with red asterisks. Close-up view of Ser146 

and the intermolecular interaction of DRS dimer. The structure of 

human DRS is superimposed with that of human KRS shown in a gray 

cartoon model. 
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Chapter 2 

Structure and stability of the dimeric 

triosephosphate isomerase from Thermoplasma 

acidophilum 

 

[This chapter was published in PLoS One.]  

Park SH et al. (2015) Structure and Stability of the Dimeric Triosephosphate 

Isomerase from the Thermophilic Archaeon Thermoplasma acidophilum. 

PLoS One 10(12):e0145331. doi: 10.1371/journal.pone. 

 

1. Introduction 

 
Triosephosphate isomerase (TPI or TIM) is a functionally and 

structurally well-known enzyme that plays a crucial role in glycolytic 

and gluconeogenic metabolism. TPI accurately and efficiently 

interconverts dihydroxyacetone phosphate (DHAP) and 

glyceraldehyde-3-phosphate (GAP) (Figure 2-1). Missense mutations 

of TPI genes result in TPI deficiency through loss-of-function 

(Schneider, 2000, Bailliere's best practice & research Clinical 

haematology, 29). TPI deficiency has been known to cause metabolic 

diseases, glycolytic enzymopathies, in which neurological pathogenesis 

is uniquely severe (Celotto, et al., 2006, Genetics, 30). Pathogenic TPI 
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deficiency mutations dramatically affect TPI activity owing to either 

catalytic interruption or oligomeric state alteration (Arya, et al., 1997, 

Hum Mutat, 31; Hollan, et al., 1993, Hum Genet, 32; Daar, et al., 1986, 

Proc Natl Acad Sci U S A, 33). 
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Figure 2-1. The isomerization reaction catalyzed by 

triosephosphate isomerase (Jogl, et al., 2003, Proceedings of the 

National Academy of Sciences of the United States of America, 34) 

The reaction pathway from DHAP to GAP, including the putative 

reaction intermediate, an enediol. 
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Thermoplasma acidophilum is one of the most acidophilic organisms 

among known thermophilic archaea. It optimally grows at 55 – 60 ℃ 

and pH 0.5 – 2.0. For glucose degradation, T. acidophilum has been 

known to utilize not only non-phosphorylative Entner-Doudoroff (ED) 

pathway but also canonical glycolysis/gluconeogenesis pathway 

(Embden-Meyerhof-Parnas pathway) (Ruepp, et al., 2000, Nature, 35). 

Although one of the glycolysis/gluconeogenesis pathway enzymes, 

phosphofructokinase, has not been identified in T. acidophilum, TPI 

has been considered to play a crucial role in the 

glycolysis/gluconeogenesis pathway in T. acidophilum. 

TPI is a representative α/β protein with eight α-helices and eight β-

strands connected by loops, forming a TIM-barrel fold (Wierenga, 2001, 

FEBS Lett, 36). The active site of TPI is highly conserved in all 

kingdoms and located inside of the TIM-barrel fold with three catalytic 

residues (Lys9, His89, and Glu137 in TaTPI numbering). Most TPIs 

are optimally active in their dimeric forms. In contrast, archaeal TPIs 

that withstand high temperatures are tetrameric in their active states 

(Maes, et al., 1999, Proteins, 37). Thermostable proteins have been 

known to adapt to high temperature in various ways: increased 

electrostatic interactions, hydrogen bonds, and hydrophobic effects, 

resulting in fortified subunit contacts, more compact packing, higher 

oligomerization state, and two-state equilibrium reversibility (Xiao and 
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Honig, 1999, Journal of molecular biology, 38; Dams, et al., 2000, 

Journal of molecular biology, 39; Szilagyi and Zavodszky, 2000, 

Structure, 40; Delboni, et al., 1995, Protein science : a publication of 

the Protein Society, 41; Romero-Romero, et al., 2015, Physical 

chemistry chemical physics : PCCP, 42). 

In the Protein Data Bank (PDB), structures of one bacterial TPI 

(Thermotoga maritima; Tm) and three archaeal TPIs (Pyrococcus 

woesei; Pw, Thermoproteus tenax; Tt, and Methanocaldococcus 

jannaschii; Mj) that have been deposited are in tetrameric form. P. 

woesei, M. jannaschii, and T. acidophilum belong to Euryarchaeota and 

T. tenax is affiliated to Crenarchaeota in phylogeny. Among tetrameric 

TPIs in PDB, tetrameric conformation of bacterial TmTPI is 

maintained by disulfide bonds between two classical TPI dimers (Maes, 

et al., 1999, Proteins, 37). In archaeal TPIs, helix 4 and helix 5 in the 

tetrameric interface are of key importance for their tetrameric forms. 

Especially, helix 5 in thermostable TPIs has been considered as a major 

contributor for tetramer formation via dominant hydrophobic effects 

(Walden, et al., 2001, Journal of molecular biology, 43). 

In this work, I report crystal structures of apo- and glycerol-3-

phosphate (G3P)-bound TaTPI, each representing open and closed form. 

Unlike other thermostable archaeal TPIs, TaTPI forms a stable dimer in 

solution, which I confirmed using analytical ultracentrifugation and 
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size-exclusion chromatography. I also show the effect of pH on the 

secondary structure and temperature-induced unfolding of TaTPI. 

Through systematic comparison of TaTPI with available dimeric and 

tetrameric TPIs, I suggest that TPI stabilization patches can be targeted 

for the design of more stable TIM-barrel fold proteins. 
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2. Material and methods 

 

2.1. Cloning, expression, and purification of TaTPI and MjTPI 

Full-length sequences of Thermoplasma acidophilum TPI (TaTPI, 

216 amino acid residues) and Methanocaldococcus jannaschii TPI 

(MjTPI, 219 amino acid residues) were amplified using PCR and 

cloned into pET-28a(+) vector (Novagen) containing C-terminal His6-

tag. Cloned plasmids were transformed into Escherichia coli 

Rosetta2(DE3)pLysS strain. Recombinant proteins were overexpressed 

by adding 0.5 mM isopropyl 1-thio-ß-D-galactopyranoside at O.D.600nm 

0.5 and cells were further incubated at 20 ℃ overnight (16 h) using 

Luria Broth culture media. Harvested cells were lysed by cell sonicator 

(SONICS) in lysis buffer (20 mM Tris-HCl, pH 7.5, 500 mM NaCl, 35 

mM imidazole, and 1 mM phenylmethylsulfonyl fluoride). After 

incubation of cell lysate at 60 ℃ for 10 minutes, cell debris and 

denatured proteins were removed by centrifugation at 35,000 xg for 50 

minutes. Supernatant was applied to HiTrap Chelating HP column (GE 

Healthcare) for affinity chromatography. Loaded sample was eluted 

with elution buffer (20 mM Tris-HCl, pH 7.5, 500 mM NaCl, and 500 

mM imidazole) following equilibration with washing buffer (20 mM 

Tris-HCl, pH 7.5, 500 mM NaCl, and 50 mM imidazole). Eluted 

sample was further purified by size-exclusion chromatography with 
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HiLoad 16/600 Superdex 200 prep grade column (GE Healthcare) 

equilibrated with 20 mM Tris-HCl, pH 7.5, and 200 mM NaCl. 

Fractions containing TPI proteins were further purified by anion 

exchange chromatography with HiTrap Q HP column (GE Healthcare) 

after 2 X dilution of the fractions with 20 mM Tris-HCl, pH 7.5, and 

100 mM NaCl. Linear gradient of 0-500 mM NaCl in 20 mM Tris-HCl, 

pH 7.5, was applied for elution. For the final purification step, second 

size-exclusion chromatography was performed with HiLoad 16/600 

Superdex 200 prep grade column (GE Healthcare) equilibrated with 20 

mM Tris-HCl, pH 7.5, and 200 mM NaCl for TaTPI or 50 mM HEPES 

(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), pH 7.5, for 

MjTPI. For crystallization, purified TaTPI proteins were concentrated 

to 30 mg ml-1. 
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2.2. Crystallization 

Initial crystals of apo-TaTPI were grown at 22 ℃ by sitting drop 

vapor diffusion method with crystallization solution containing 2 M 

NaCl and 10% (w/v) polyethylene glycol 6000. Apo-TaTPI crystals 

suitable for diffraction data collection were grown at 4 ℃ using 

hanging-drop vapor diffusion method after mixing apo-TaTPI proteins 

with 2 times volume of crystallization solution containing 0.5 M NaCl, 

10% (w/v) polyethylene glycol 6000, and 0.1 M Tris-HCl, pH 8.5. 

Crystals of TaTPI in complex with glycerol-3-phosphate (G3P) were 

obtained from crystallization solution with 0.6 M NaCl, 9% (w/v) 

polyethylene glycol 6000, and 0.1 M Tris-HCl, pH 8.5, after incubating 

purified apo-TaTPI proteins with 20 mM G3P for 4 h at 4 ℃ (Figure 2-

2).  
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Figure 2-2. Crystals of TaTPI from T.acidophilum 

(A) Crystals of the apo-TaTPI. (B) Crystals of the TaTPI in complex 

with glycerol-3-phosphate (G3P).  
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2.3. X-ray data collection and structure determination 

For X-ray diffraction data collection, crystals were frozen in liquid 

nitrogen following cryoprotection by soaking TaTPI crystals in 

crystallization solution supplemented with 20% (v/v) glycerol. X-ray 

diffraction data for apo- and G3P-bound complex TaTPI crystals were 

collected at BL-7A synchrotron beamline at the Pohang Light Source, 

Korea, and at BL-1A synchrotron beamline at the Photon Factory, 

Japan, respectively. Collected data were processed using HKL2000 

program suite (Otwinowski and Minor, 1997, Methods Enzymol, 44). 

The apo- and G3P-bound TaTPI crystals belong to the space group 

P212121, with unit cell parameters of a = 75.49, b = 113.96, c= 114.80, 

and a = 72.63, b = 84.08, c = 143.54, respectively (Figure 2-3; 2-4). 

The crystal structure of apo-TaTPI was solved by molecular 

replacement method using MOLREP program (Vagin and Teplyakov, 

2010, Acta Crystallogr D Biol Crystallogr, 18), with the crystal 

structure of Pyrococcus woesei TPI (PDB ID: 1HG3) as a phasing 

model (Walden, et al., 2001, Journal of molecular biology, 43). The 

crystal structure of G3P-bound TaTPI was solved with the apo-TaTPI 

structure as a phasing model. The initial models building were carried 

out by WinCoot program (Emsley, et al., 2010, Acta Crystallogr D Biol 

Crystallogr, 19) and further refined with REFMAC5 program 

(Murshudov, et al., 1997, Acta Crystallogr D Biol Crystallogr, 20). All 
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refinement steps were monitored using Rfree value based on 5.0% of 

independently saved reflections. The final models were evaluated with 

MolProbity program (Lovell, et al., 2003, Proteins, 21). Data collection 

and refinement statistics are summarized in Table 2-1; 2-2. 
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Figure 2-3. X-ray diffraction image from apo-TaTPI 

X-ray diffraction data for apo-TaTPI crystals were collected at BL-7A 

synchrotron beamline at the Pohang Light Source, Korea. 
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Figure 2-4. X-ray diffraction image from G3P-bound TaTPI 

X-ray diffraction data for G3P-bound complex TaTPI crystals were 

collected at BL-1A synchrotron beamline at the Photon Factory, Japan. 
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Table 2-1. Statistics for data collection 

Data collectiona TaTPI G3P-bound TaTPI 

Space group P212121 P212121 

Cell dimensions    

a, b, c (Å) 75.49, 113.96, 114.80 72.63, 84.08, 

143.54 

α, β, γ (°) 90, 90, 90 90, 90, 90 

Data set   

X-ray wavelength (Å) 1.0000 1.1000 

Resolution (Å)b 50.00–1.94 50.00-2.17 

Total / unique 

reflections 

521,936 / 73,921 294,576 / 47,245 

Mean I/sigma(I) 32.4 (3.3) 20.9 (3.0) 

Multiplicity 7.1 (5.6) 6.2 (5.6) 

Completeness (%) 99.0 (83.5) 99.9 (99.9) 

Rmerge (%)c 9.1 (62.5) 13.4 (59.0) 
 

Footnotes to Table 2-1 

aData collected at the synchrotron BL-7A at the Pohang Light Source 

and BL-1A at the Photon Factory. 

bNumbers in parentheses indicate the highest resolution shell. 

cRmerge = Σh Σi |I(h)i – <I(h)>| / Σh Σi I(h)i, where I(h) is the observed 

intensity of reflection h, and < I(h) > is the average intensity obtained 

from multiple measurements. 
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Table 2-2. Refinement statistics 

Refinement TaTPI G3P-bound TaTPI 

Resolution (Å) 50.00–1.94 50.00–2.17 

Rwork
a / Rfree

b (%) 18.0 / 21.5 18.3 / 22.5 

No. of non-hydrogen atoms / 

mean B-factor (Å2) 

  

Protein 6,996 / 32.9 6,640 / 34.2 

Water 561 / 39.8 401 / 34.4 

Other atoms 28 / 40.1 44 / 22.9 

Poor rotamers (%)c 0.1 0.3 

Ramachandran plot analysis (%)   

Most favored regions 98.0 96.1 

Additional allowed regions 2.0 3.4 

Disallowed regions 0 0.5 

R.m.s.d. from ideal geometry   

Bond lengths (Å) 0.019 0.015 

Bond angles (°) 1.648 1.550 
 

Footnotes to Table 2-2 

aRwork = Σ | |Fo| - |Fc| | / Σ |Fo|, where |Fo| is the observed structure factor 

amplitude and |Fc| is the calculated structure factor amplitude. 

bRfree = R-factor based on 5.0% of the data excluded from refinement. 

cValues obtained using MolProbity. 
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2.4. Analytical ultracentrifugation (AUC) 

Equilibrium sedimentation studies were performed using Beckman 

ProteomeLab XL-A analytical ultracentrifuge in 20 mM Tris-HCl 

buffer, pH 7.5, and 200 mM NaCl at 20 ℃.  Sedimentation data were 

collected at 280 nm using a six-sector cell at rotor speeds of 20,000 and 

26,000 rpms with three different protein concentrations: 12.6 uM (0.31 

mg ml-1), 16.8 uM (0.41 mg ml-1), and 21.0 uM (0.52 mg ml-1). All 

measured data fit well to a homogeneous dimer model and 

representative results measured at 26,000 rpm using 16.8 uM protein 

concentration are presented. TaTPI concentrations were calculated 

using e280nm = 11,920 M-1cm-1 and molecular weight of 24,671 daltons. 

Time required for the attainment of equilibrium was established by 

running at given rotor speed until scans were invariant for 4 hours: this 

was achieved at most by 36 hours in six-sector cells using 130 ul of 

samples. Partial specific volume of TaTPI protein and buffer density 

were calculated using Sednterp (Laue, 1995, Methods Enzymol, 45). 

The calculated partial specific volume at 20 ℃ was 0.7417 cm3 g-1 and 

the buffer density was 1.00704 g cm-3. For data analysis by 

mathematical modeling using non-linear least-squares curve fitting, 

following functions were used for homogeneous (Eqn. 1) and 

interactive (Eqn. 2) models.   
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Cr = Cb exp[ApMp(r2 – rb
2)] + ε                        (Eqn. 1) 

Cr = Cb exp[ApMp(r2 – rb
2)] + Cb

n
 exp[Ink + nApMp(r2 – rb

2)] + ε  (Eqn. 2) 

Ap = (1 – vρ)ω2/2RT  

where Cr is the total concentration at the radial position r, Cb is the 

concentration of protein at the cell bottom, Mp is the molecular weight 

of protein monomer, ε is a baseline error term, v and ρ are the partial 

specific volume and the solution density, respectively, and ω is the 

rotor angular velocity. The Ink value is a natural log for equilibrium 

constants for reversible models (1x-nx, where n is 2 & 3) on an 

absorbance scale. Selection of the best model was made by examining 

numbers of weighted sum of square and root mean square error 

values. Further data manipulation and data analysis by mathematical 

modeling were performed using MLAB (Knott, 1979, Comput 

Programs Biomed, 46). 
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2.5. Circular dichroism (CD) 

Temperature of maximum heat capacity (or half-denaturation 

temperature, Td) of TaTPI was measured by CD spectroscopy. 

Experimental sample was prepared following purification and 

concentration of TaTPI proteins to 0.4 mg ml-1 containing 50 mM 

HEPES, pH 7.5. CD traces of TaTPI were obtained at 222 nm using the 

J-1500 CD spectrometer (JASCO) at a scanning rate of 1℃ min-1. The 

denaturation curve of TaTPI was analyzed by Kaleidagraph (Synergy 

Software) based on John and Weeks’s protocol (John and Weeks, 2000, 

Protein science : a publication of the Protein Society, 47).Effect of pH 

variation on the secondary structure of TaTPI was also monitored by 

CD spectroscopy. The pH of protein solutions containing 20 mM Tris-

HCl and 200 mM NaCl were adjusted to desired values between pH 1.0 

and pH 7.0 with HCl for CD measurements. The baseline signal was 

measured with a buffer containing 20 mM Tris-HCl, pH 7.5, and 200 

mM NaCl. CD spectra of pH-titrated TaTPI were recorded and 

averaged over two scans between 200 to 260 nm using J-1500 CD 

spectrometer (JASCO). The secondary structure contents of TaTPI 

were calculated by Multivariate SSE Program (JASCO). 
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2.6. Analytical size-exclusion chromatography 

Analytical size-exclusion chromatography of TaTPI was performed 

with Superdex 200 10/300 GL column (GE Healthcare) following 

equilibration with 20 mM Tris-HCl, pH 7.5, and 200 mM NaCl. The 

applied protein were at concentrations of 0.9 and 4.5 mg ml-1. Standard 

proteins from Gel Filtration Standard (BIO-RAD) were applied to the 

column for calibration. The standard protein mixture contained 

thyroglobulin (M.W. 670 kDa), γ-globulin (M.W. 158 kDa), ovalbumin 

(M.W. 44 kDa), myoglobin (M.W. 17 kDa), and vitamin B12 (M.W. 

1.35 kDa).  
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2.7. Differential scanning calorimetry (DSC) 

Maximum temperature of heat capacity of MjTPI was measured 

with VP-DSC differential scanning microcalorimeter (Malvern). 

Experimental sample was prepared following purification and 

concentration of MjTPI proteins to 1.6 mg ml-1 (65 uM). Sample 

buffer containing 50 mM HEPES, pH 7.5, was loaded into the DSC 

cell after degassing in an evacuated chamber for 5 minutes and 

reference data were measured with scan rate of 0.5 ℃ min-1. 

Experimental temperature was increased in the range from 50 to 

120 ℃. After sample buffer scan reached equilibrium, MjTPI 

proteins were carefully loaded into the cell following degassing and 

experiments were performed under the same condition as for the 

reference. Heat capacity curve was plotted using the Origin software 

(Malvern). 
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2.8. Data deposition 

The structure coordinates and structure factors for apo- and G3P-

bound TaTPI have been deposited in PDB under the accession code 

5CSR and 5CSS, respectively. 
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3. Results and discussion 

 

3.1. Overall structures of apo- and glycerol-3-phosphate-bound 

TaTPI 

The crystal structures of apo-TaTPI and its complex with glycerol-3-

phosphate (G3P), an analogue of the substrate glyceraldehyde-3-

phosphate, have been determined at 1.94 and 2.17 Å resolution, 

respectively. Rwork/Rfree values for the final models of apo- and G3P-

bound TaTPI were 18.0%/21.5% and 18.3%/22.5%, respectively. 

Crystal structures of apo- and G3P-bound TaTPI contain four copies of 

TaTPI monomer in the asymmetric unit, comprising two homodimers. 

The overall structure of TaTPI protomer confirms to the canonical 

TIM-barrel fold with eight α-helices and eight parallel β-strands from 

216 amino acid residues (Figure 2-5A). The crystal structure of G3P-

bound TaTPI reveals that G3P is well positioned at the active site of 

TaTPI with functionally conserved residues Lys9, His89, and Glu137 

(Figure 2-5B). Glu137 is clearly demonstrated as a catalytic base, with 

its position being within 3 Å from O1 and O2 of G3P. An oxyanion 

hole, which contributes to the stabilization of transition state, is formed 

by NZ nitrogen of Lys9 and NE2 nitrogen of His89 with O2 oxygen of 

G3P. The phosphate group of G3P is perfectly coordinated through 

hydrogen bonds with backbone nitrogen atoms of Gly143, Gly175, 
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Ala196, and Ser197 residues, including adjacent water molecules 

(Figure 2-6). 

Overall structures of apo- and G3P-bound TaTPI were similar with 

r.m.s.d. of 0.69 Å for 216 Cα positions, except G3P-bound area. The 

conformational changes in the loop 6 of ligand bound-TPIs have been 

reported in previously determined structures of TPIs from many species, 

including Trypanosoma brucei, Gallus gallus, Geobacillus 

stearothermophilus, Leishmania mexicana, and Vibrio marinus 

(Delboni, et al., 1995, Protein science : a publication of the Protein 

Society, 41; Zhang, et al., 1994, Biochemistry, 48; Alvarez, et al., 1998, 

The Journal of biological chemistry, 49; Williams, et al., 1999, Protein 

engineering, 50; Noble, et al., 1993, Proteins, 51; Wierenga, et al., 2010, 

Cellular and molecular life sciences : CMLS, 52). Likewise, loop 6 

located between β-strand 6 and helix 6 and loop 7 located between β-

strand 7 and helix 7 showed remarkable conformational changes when 

G3P binds to apo-TaTPI. When compared with apo-TaTPI structure, 

Gly143 located in loop 6 and Gly175 located in loop 7 moved toward 

G3P by 8.3 and 3.8 Å, respectively (Figure 2-5B). Consequently, 

residue Ala174 is pushed to a disallowed region of the Ramachandran 

plot in the G3P-bound form, an amino acid residue within loop 7 that is 

displaced by the ligand binding. G3P binding triggers the 

conformational change and induces the transformation of TaTPI from 
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open to closed form, securing the catalytic site from bulk solvent to 

maintain efficient catalytic activity. In addition, water molecules 

around the active site of apo-TaTPI are expelled from the active site 

and would be replaced with substrate upon substrate binding. 
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Figure 2-5. Overall structures of apo- and G3P-bound TaTPI 

(A) Homodimer of apo-TaTPI is shown in carton representation, where 

α-helix, β-strand, and loop are colored in red, yellow, and green, 

respectively. (B) G3P-bound TaTPI. Only monomer of homodimeric 

G3P-bound TaTPI is demonstrated to emphasize a conformational 

change compared with apo-TaTPI. Extra positive electron density in 

Fo-Fc omit map contoured at 3.0 δ is shown as a blue mesh, which is 
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modelled as G3P later. Amino acid residues interacting with G3P in 

catalytic site and G3P are shown as stick model; carbon, oxygen, 

phosphorus, and nitrogen atoms are colored in green, red, orange, and, 

blue, respectively. Loop 6 and loop 7 regions, which show a distinctive 

conformational change upon binding of G3P, are represented in orange 

and magnified for clarity. 
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Figure 2-6. Binding modes of G3P with key amino acid residues of 

TaTPI 

LIGPLOT diagram is used for representation of active site in the G3P-

bound TaTPI. Carbon, nitrogen, oxygen, and phosphorus atoms are 

shown in black, blue, red, and magenta, respectively. Hydrogen bonds 

and oxyanion hole between G3P and TaTPI are shown as green and red 

dotted line, respectively. 
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3.2. Unique dimeric conformation of TaTPI 

T. acidophilum belongs to thermoacidophilic euryarchaeota and 

TaTPI also shares high amino acid sequence similarity to other 

thermostable TPIs from P. woesei, T. tenax, and M. jannaschii, all of 

which adopt tetrameric conformation that renders them stable at high 

temperatures (Walden, et al., 2001, Journal of molecular biology, 43; 

Walden, et al., 2004, Journal of molecular biology, 53; Gayathri, et al., 

2007, Acta Crystallogr D Biol Crystallogr, 54). Helix 4 and helix 5 of 

thermostable TPIs have been known to play important roles in the 

tetramer formation via hydrophobic interactions (Walden, et al., 2001, 

Journal of molecular biology, 43). However, crystal structures of apo- 

and G3P-bound TaTPI form a dimer and reveal a remarkable difference 

in helix 5 of TaTPI from other thermostable TPIs. Helix 5 of TaTPI is 

mainly composed of charged-amino acid residues (AEEAKYFREY) 

instead of hydrophobic residues found in other thermostable tetrameric 

TPIs. Structure-based sequence alignment of TaTPI with other TPIs 

shows that TaTPI resembles bacterial dimeric TPIs rather than 

tetrameric TPIs from thermostable archaea (Figure 2-7). 
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Figure 2-7. Structure-based sequence alignment of helix 5 region 

among TPIs 

Structure-based sequence alignment of helix 5 region among TPIs from 

Thermoplasma acidophilum (TaTPI), Pyrococcus woesei (PwTPI), 

Methanocaldococcus jannaschii (MjTPI), Thermoproteus tenax 

(TtTPI), Homo sapiens (HsTPI), Gallus gallus (GgTPI), Thermotoga 

maritima (TmTPI), and Geobacillus stearothermophilus (GsTPI). 

Strictly conserved amino acid residues are highlighted in red shaded 

boxes and moderately conserved amino acid residues are colored in red. 

Helix 5 regions of TPIs from Thermoplasma acidophilum (PDB ID: 

5CSR) and Pyrococcus woesei (PDB ID: 1HG3) are shown as cartoon 

representation with transparent surfaces, where amino acid residues are 

colored according to normalized consensus hydrophobicity scale 

(Eisenberg, et al., 1984, Journal of molecular biology, 55). 
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Structural differences between TaTPI and other tetrameric archaeal 

TPIs are observed not only in helix 5 but also in adjacent α-helices. In 

tetrameric archaeal TPIs, the N-terminus of helix 4 and the C-terminus 

of helix 6 play important roles in tetrameric interaction via hydrophobic 

effects and hydrogen bonds (Walden, et al., 2001, Journal of molecular 

biology, 43). The N-terminus of helix 4 of tetrameric archaeal TPIs 

contains conserved Leu (Leu103 in PwTPI numbering) that contributes 

to hydrophobic effects and hydrogen bonds with the other side of helix 

4 and helix 5 for its tetrameric assembly. In the case of TaTPI, Leu in 

the N-terminus of helix 4 of tetrameric archaeal TPIs is replaced with 

Arg96, which deprives the hydrophobic effects for tetramer formation. 

Furthermore, TaTPI has shorter helix 6 than that of tetrameric archaeal 

TPIs, resulting in dissipated hydrophobic effects between two C-

termini from each helix 6 of its accompanying dimeric partner, Val173 

in PwTPI (Figure 2-8). Consequently, changes in amino acid 

composition of helix 5, thus in electrostatic surface, and slight 

modification of secondary structures in helix 4 and helix 6 seem to play 

subtle roles in dimer formation. 
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Figure 2-8. Structural comparison of helix 4 and helix 6 in TaTPI 

and PwTPI 

(A) and (B) Structural comparison of helix 4 and helix 6 in TaTPI 

(gray) and PwTPI (green and magenta, each from different monomers). 

The important amino acid residues in tetrameric interface are shown as 

stick model. 
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3.3. Analytic ultracentrifugation analysis of TaTPI 

In the crystal structure of apo-TaTPI, Cys50 in helix 2 of each 

homodimer drew this attention since it interacts with the other Cys50 

from adjacent TaTPI homodimer via sulfur-containing hydrogen bonds, 

not disulfide bonds. Thus, I needed to re-confirm the oligomeric status 

of apo-TaTPI to make it sure whether the interaction of Cys-Cys is 

physiologically relevant or crystallographic artefact. To verify the 

oligomeric state of apo-TaTPI in solution, analytic ultracentrifugation 

analysis (AUC) was performed. Oligomeric state of apo-TaTPI in 

solution was investigated by equilibrium sedimentation technique at 

two speeds and three concentrations. Figure 2-9 shows the data and fits 

analyzed by using Eqn. 1 for homogeneous 1x, 2x, and 4x models at 

ultracentrifugal speed of 26,000 rpm. The weighted root-mean-square 

errors (RMS) for the 1x and 4x fits were 5.01 x 10-2 and 6.90 x 10-2, 

respectively. In contrast to these models, dimer (2x) model gave much 

improved RMS value of 7.93 x 10-3. Residual distribution plot (Figure 

2-9 inset) also supports that the apo-TaTPI forms dimer in solution. 

Analysis at 20,000 rpm (data not shown) also gave a better RMS value 

of 5.76 x 10-3 for 2x model than those for 1x (3.90 x 10-2) and 4x (5.42 

x 10-2) models. Mixture or reversible models were also investigated but 

there was no indication of the possibility. Data analysis using the 

reversible model (Eqn. 2) gave large negative Ink values for monomer-
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dimer (1x-2x) and monomer-trimer (1x-3x) models and much higher 

RMS values (~10-2), so the reversible models for monomer-dimer (1x-

2x) and monomer-trimer (1x-3x) equilibrium would not be the case for 

TaTPI. These results strongly indicate that apo-TaTPI exits as 

homogeneous dimer in solution. In addition, analytical size-exclusion 

chromatography results of apo-TaTPI, which were confirmed at two 

different TaTPI protein concentrations (0.9 and 4.5 mg ml-1), also 

supported the dimeric conformation in solution (Figure 2-10). 
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Figure 2-9. Analytical ultracentrifugation experiment of TaTPI 

Sedimentation equilibrium distribution (circle) of TaTPI at 26,000 rpm 

and 20 ℃ is plotted as circle. Concentration of TaTPI was 16.8 uM 

(0.41 mg ml-1) in 20 mM Tris-HCl, pH 7.5, and 0.2 M NaCl. Solid line 

is a fitting line for a homogeneous dimer (2x) model and dotted lines 

are fitting lines for homogeneous monomer (1x) and tetramer (4x) 

models. Calculated molecular weight for TaTPI monomer from its 

amino acid compositions is 24,671 daltons. Inset graph shows 

distributions of the residuals for homogeneous 1x, 4x (solid lines), and 

2x (circle) models, respectively. The random distribution of the 

residuals for the 2x model indicates that TaTPI exists as homogeneous 

dimers in solution. 
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Figure 2-10. Analytical size-exclusion chromatography of TaTPI 

TaTPI protein samples at two different concentrations (A: 4.5 mg ml-1, 

B: 0.9 mg ml-1) were applied to Superdex200 10/300 GL column. 

Chromatograms of TaTPI and gel filtration standard were shown as 

blue and red lines, respectively. 
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3.4. Structural stability of TaTPI under extreme acidic condition 

T. acidophilum thrives in harsh environments such as high 

temperature and extremely acidic condition. TaTPI is also expected to 

function correctly at high temperature or in very low pH condition 

when physiological barriers are affected by various stresses. To 

elucidate the structural stability of TaTPI in extremely acidic condition 

and at high temperature, I carried out circular dichroism (CD) 

spectroscopy experiments. 

As for the structural stability of TaTPI in extremely acidic condition, 

secondary structure changes of pH-titrated TaTPI were monitored using 

CD spectroscopy. Normally, intracellular environment is well kept 

from extracellular stresses such as abrupt pH change. So, most of 

intracellular proteins experience normal physiological conditions and 

function accordingly. TaTPI maintained its folded structure under 

extremely acidic condition (pH 1–2) as in neutral pH range. In the case 

of TaTPI, secondary structure contents under extremely acidic 

condition seem to change slightly with sustained folded structure. The 

content of α-helix in the TaTPI tends to increase with decreasing pH, 

whereas the content of β-strand decreases (Figure 2-11). These results 

suggest that TaTPI is designed to function normally even in cases of 

unexpected pH drop. 
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Figure 2-11. Circular dichroism spectra for TaTPI at variable pH 

conditions 

(A) CD spectra of pH-titrated TaTPI (pH 1.0 – 7.0) were measured 

from 200 to 260 nm. (B) The secondary structure contents of pH-

titrated TaTPI were calculated from Multivariate SSE Program 

(JASCO). 
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3.5. Structural stability of TaTPI at the high temperature 

The temperature of maximum heat capacity (or half-denaturation 

temperature, Td) of TaTPI was measured by CD spectroscopy. The 

denaturation curve of TaTPI was analyzed by Kaleidagraph (Synergy 

Software) based on John and Weeks’s protocol (John and Weeks, 2000, 

Protein science : a publication of the Protein Society, 47). The Td value 

for TaTPI is 74.6 ℃ (Figure 2-12), which is comparable with that of 

TPI from Geobacillus stearothermophilus (GsTPI), a biological 

indicator for the validation of sterilization processes, (Td: 76 ℃) 

(Alvarez, et al., 1999, The Journal of biological chemistry, 56). In the 

case of GsTPI, a large number of prolines (5.2%), replacement of 

asparagine by histidine within the active site to prevent deamidation, 

the smallest cavity number and volume, and a large buried hydrophobic 

surface have been shown to contribute for the thermostability (Delboni, 

et al., 1995, Protein science : a publication of the Protein Society, 41). 

Thermotoga maritima, a hyperthermophilic bacterium, has been known 

to have TPI with the highest Td value of 102 ℃ (Alvarez, et al., 1999, 

The Journal of biological chemistry, 56), resulting from a large number 

of salt bridges and extensive hydrophobic patches from tetramer 

conformation (Maes, et al., 1999, Proteins, 37). Using DSC, I found the 

Td app value of MjTPI to be 107.1 ℃ and it is the highest Td value 

among reported TPIs so far (Figure 2-13; Table 2-3). When compared 
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with TPIs mentioned above, TaTPI has smaller number of prolines 

(4.2%), larger cavity volume, and less buried hydrophobic surface than 

GsTPI, nor does it adopt tetrameric conformation. 
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Figure 2-12. Thermal denaturation curve of TaTPI 

Thermal denaturation curve of TaTPI was measured by CD 

spectroscopy. 
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Figure 2-13. DSC thermogram of MjTPI 

The black circle represents baseline-subtracted and normalized raw 

data. The black line indicates the best fits of the raw data. The 

maximum temperature of heat capacity (Td) was calculated based on 

the best fits of the raw data. 
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Table 2-3. Half-denaturation temperatures of TPIs. 

 

Footnotes to Table 2-3 

Ta, Thermoplasma acidophilum; Mj, Methanocaldococcus jannaschii; 

Tm, Thermotoga maritima; Gs, Geobacillus stearothermophilus; Pf, 

Plasmodium falciparum; Hs, Homo sapience; Tb, Trypanosoma brucei. 

 
The half-denaturation 
temperature (Td, ℃) Reference 

TaTPI 74 ℃ This manuscript 

MjTPI 107 ℃ This manuscript 

TmTPI 102 ℃ Alvarez et al., 1999 

GsTPI 76 ℃ Alvarez et al., 1999 

PfTPI 65 ℃ Gopal et al., 1999 

HsTPI 55 ℃ Mainfroid et al., 1996 

TbTPI 44 ℃ Borchert et al., 1993 
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3.6. Proposal of TPI stabilization patches 

TaTPI is composed of 216 amino acid residues and approximately 

10% shorter in length than other TPIs from bacterial and eukaryotic 

species, which is a common feature in archaeal TPIs. According to the 

results of the structure-based sequence alignment for TPIs, helix 4, 

helix 5, and helix 6 are regions that mainly account for variation in 

amino acid composition, structural stability, and the oligomeric status 

of TPIs. To systematically validate the stabilization factors of TaTPI, I 

name regions of distinctive differences as TPI stabilization patches 

(TSPs) (Figure 2-14A). TSP1 is helix 4 region and TaTPI lacks a short 

helical N-terminus in this patch. Consequently, TaTPI forms a more 

compact structure. TSP2 exhibits a major structural discrepancy in that 

18 amino acid residues are missing in helix 5 region of TaTPI, 

compared with other dimeric TPIs. In TSP2 area, truncated helix 5 

(TSP2C) and lack of a short helix in its N-terminus (TSP2N) also make 

TaTPI tighter in their overall structure. Lastly, TSP3 arises from helix 6 

region and helix 6 is trimmed along with a short α-helix in its C-

terminus (Figure 2-14B). All the TSPs of TaTPI contribute to the 

formation of more compact dimeric structure. 
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Figure 2-14. TPI stabilization patches (TSPs) 

 (A) Structure-based sequence alignment of TaTPI with other TPIs 

from Pyrococcus woesei (PwTPI), Methanocaldococcus jannaschii 

(MjTPI), Thermoproteus tenax (TtTPI), Homo sapiens (HsTPI), Gallus 

gallus (GgTPI), Thermotoga maritima (TmTPI), and Geobacillus 

stearothermophilus (GsTPI). Strictly conserved amino acid residues are 

highlighted in red shaded boxes and moderately conserved amino acid 

residues are colored in red. Conserved residues are enclosed in blue 

boxes and TSP regions are enclosed in red boxes. The alignment figure 

was prepared using ESPript program (Robert and Gouet, 2014, Nucleic 

acids research, 25). (B) Structural comparison of TaTPI and HsTPI. 

The red dotted and solid circles represent TSP regions in TaTPI and 

HsTPI, respectively. 
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The TSPs are not exclusive of TaTPI. Other tetrameric archaeal TPIs 

also have the TSPs. I speculated that other tetrameric archaeal TPIs 

could be more thermostable than TaTPI since they adopt tetrameric 

conformation and contains TSPs. To validate this speculation, I cloned 

and purified M. jannaschii TPI (MjTPI), a tetrameric archaeal TPI, and 

measured the Td app value of MjTPI. The Td app value of MjTPI was 

107.1 ℃, which is the highest Td app value among reported TPIs so far. 

The result suggest that both higher oligomerization status and the TSPs 

could be important factors for thermostability of TPIs. TaTPI would 

keep its structural and functional integrity at high temperature through 

a compact dimeric conformation from contributing TSPs. Crystal 

structures of apo- and G3P-bound TaTPI and defined stability 

determining factors of TPIs would provide clear insights on 

engineering more stable TIM-barrel fold proteins which make up a 

large protein family and play pivotal role in metabolic pathways. 
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국문초록 

 

Structural and Biophysical Analyses of Aspartyl-tRNA Synthetase 

from Homo sapiens and Triosephosphate Isomerase from 

Thermoplasma acidophilum 

 

Aspartyl-tRNA synthetase 와 triosephosphate isomerase 의 

구조 및 생물학적 분석 

 

Asaparty-tRNA synthetase (DRS) 단백질은 aspartic acid와 이를 

인식하는 특정 tRNA을 연결시켜주는 효소이며, 또한 multi-tRNA 

synthetase complex (MSC)의 구성 단백질이다. MSC는 9가지 다른 

aminoacyl-tRNA synthetase (AARSs)와 3개의 aminoacyl tRNA 

synthetase complex-interacting multifunctional protein (AIMP)로 

구성된 단백질 복합체로, AARSs 단백질의 canonical과 non-

canonical 기능을 조절하는 것으로 추정되나, 아직 확실한 기능은 밝혀

져 있지 않다. 본 연구자는 DRS 단백질의 삼차원적 구조를 규명하였으며, 

이를 바탕으로 DRS의 N말단의 유연구조부분을 예측하여 DRS와 

tRNAAsp사이의 상호작용을 예상하였다. 또한 번역후변형 (post-

translational modification) 패턴을 분석하여 새로운 번역후변형 위치

들을 발견하였다. 이 번역후변형들은 DRS와 tRNAAsp의 계면에 위치하는 

것으로 나타났으며, 둘의 결합에 영향을 줄 수 있을 것으로 보인다. 또한 
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DRS의 dimeric interface에 위치한 serine의 인산화로 인하여 DRS의 

구조적 변화를 초래 할 것으로 예상되며, 이는 lysyl-tRNA synthetase 

(KRS)에서도 나타나는 방식이다. 전술한 특성들을 토대로 DRS의 알려지

지 않은 non-canonical한 기능이 존재함을 추측할 수 있다.  

Thermoplasma acidophilum은 호열성 고세균으로 당 (glucose) 분

해를 위해 non-phosphorylative Entner-Doudoroff (ED) 과정과 

Embden-Meyerhof-Parnas (EMP) 과정을 모두 이용할 수 있을 것으로 

알려져 있다. 그 중 triosephosphate isomeraes (TPI) 단백질은 당분해 

효소 중에 하나로 잘 알려져 있으나, T.acidophilum에서는 EMP 과정에

서만 중요하게 사용 될 것으로 고려된다. 본 연구자는 T.acidophilm의 

TPI (TaTPI) 단백질 및 glycerol-3-phosphate (G3P)의 결합구조들을 

규명하였다. TaTPI 단백질은 다른 호열성 고세균 유래의 오솔로그들과 

30% 정도의 서열 유사성을 지니지만, 다른 유형의 oligomerization을 

통해 효소 활성을 유지한다. 즉, 지금까지 알려진 다른 호열성 고세균 유

래의 TPI는 tetrameic 형태를 통해 가혹한 환경 속에서 효소의 안정성을 

도모하지만, TaTPI의 경우 dimeric 형태로도 단백질의 안정성을 달성한

다. 본 연구자는 초원심분리 및 크기배제크로마토그래피 분석을 통해 

TaTPI 단백질이 dimeric 형태를 확증하였다. 이는 호열성 tetrameric 

TPI 단백질들의 경우 4, 5번째 α-helix들이 소수성 상호작용을 통해 

oligomerization을 이루는데 반해, TaTPI 단백질의 경우 4, 5번째 α-

helix들이 전하극성아미노산으로 이루어져 dimeric 형태로 존재하게 되

는 것이다. TaTPI 단백질의 독특한 특성은 높은 온도뿐만 아니라, 매우 
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강한 산성 조건 (pH 1-2)에서도 단백질의 구조를 유지 하는 것에 일조한

다. 이는 TaTPI의 구조·생물리학적 분석에 기초하여 볼 때, 다른 TPI보다 

조밀한 구조가 T.acidophilum TPI에 내열·내산성을 부여한다고 볼 수 

있다. 

 

 

주요어: Aspartyl-tRNA synthetase, multi-tRNA synthetase complex, 

triosephosphate isomerase, glycolysis, crystal structure 

 

학번: 2010-21682 
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Transmembrane protein 16A (TMEM16A, also known as anoctamin 1; ANO1)

is a bona fide Ca2+-activated chloride channel that is activated by intracellular

Ca2+- and Ca2+-mobilizing stimuli and plays important roles in a variety of

physiological functions. To elucidate the structural features of ANO1, structural

analysis of the C-terminal cytosolic domain of mouse ANO1 (mANO1-CTD)

was initiated. mANO1-CTD was overexpressed in Escherichia coli and was

crystallized at 297 K using a reservoir solution consisting of 0.2 M sodium

acetate trihydrate, 0.1 M Tris–HCl pH 8.5 and 30%(w/v) PEG 4000. X-ray

diffraction data were collected to 2.3 Å resolution. The crystals belonged to

the orthorhombic space group P212121, with unit-cell parameters a = 73.96,

b = 103.73, c = 114.71 Å. If it is assumed that eight copies of a monomer

molecule are present in the crystallographic asymmetric unit, the crystal volume

per protein mass (VM) is 2.38 Å3 Da�1 and the solvent content is 48.38%.

Attempts to solve the structure of mANO1-CTD by the MAD method using

selenomethionine-labelled mANO1-CTD or heavy-atom-derivatized crystals

are in progress.

1. Introduction

Ca2+-activated chloride channels (CaCCs) play essential roles in

many physiological processes, including transepithelial secretion,

cardiac and neuronal excitation, sensory transduction, smooth muscle

contraction and fertilization (Eggermont, 2004; Frings et al., 2000;

Hartzell et al., 2005; Large & Wang, 1996). Anoctamin 1 (ANO1) is a

recently discovered member of the CaCCs which is highly expressed

in secretory epithelial tissues, including ductal glands, superficial

epithelia of the airway, and oviduct, where it has been implicated to

play a key role in calcium-dependent chloride secretion (Caputo et

al., 2008; Schroeder et al., 2008; Yang et al., 2008).

ANO1 is one of the members of the anoctamin (ANO, also known

as transmembrane protein 16; TMEM16) family of membrane

proteins, which consists of ten members (ANO1–10) in mammals.

ANO1 consists of 26 exons and has been predicted to code for a

variety of proteins (Caputo et al., 2008). It belongs to a protein family

with eight transmembrane helices and N- and C-terminal domains

that face the cytoplasm (Galindo & Vacquier, 2005). ANO1 is

essential for Ca2+-dependent Cl� currents in airways, the large

intestine, salivary glands, pancreatic glands and hepatocytes

(Ousingsawat et al., 2009; Rock et al., 2009; Romanenko et al., 2010).

Severe transport defects have been detected in epithelial tissues of

ANO1-knockout mice, leading to reduced saliva production and

attenuated mucociliary clearance of the airways (Lee & Foskett,

2010; Ousingsawat et al., 2009; Rock et al., 2009). Disruption of mouse

ANO1 caused abnormal development of the trachea, indicating that

the gene is a regulator of epithelial and smooth muscle cell organi-

zation in murine development (Rock et al., 2009).

In addition to these results, recent studies have suggested the

possibility that ANO1 proteins participate in tumourigenesis (Lee &

Foskett, 2010; Yang et al., 2008). The relationship between ANO1 and

tumourigenesis has not been explained clearly, but a secretory

environment might be important for tumour-cell proliferation. Thus,

analysis of the ANO1 expression pattern in tumours could be used

for the prediction or treatment of cancer.
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To facilitate the structural characterization of ANO1, we initiated

structural study of the C-terminal cytosolic domain of mouse ANO1

(mANO1-CTD; residues 883–960; Fig. 1). In this report, we describe

the overexpression, purification, crystallization and preliminary

X-ray crystallographic analysis of recombinant mANO1-CTD.

2. Methods and results

2.1. Protein expression and purification

mANO1-CTD was cloned into the expression vector pET-15b(+)

(Novagen), adding a hexahistidine-containing 20-residue tag to the

N-terminus. The recombinant protein was overexpressed in Escher-

ichia coli Rosetta2(DE3)pLysS cells using Luria broth culture

medium. Protein expression was induced by 0.5 mM isopropyl �-d-1-

thiogalactopyranoside and the cells were incubated for 16 h at 293 K

following growth to mid-log phase at 310 K. The cells were lysed by

sonication in lysis buffer (20 mM Tris–HCl pH 7.5, 500 mM NaCl,

35 mM imidazole and 1 mM phenylmethanesulfonylfluoride). The

supernatant was applied onto a HiTrap Chelating HP column (GE

Healthcare) which was previously equilibrated with buffer A (20 mM

Tris–HCl pH 7.5, 500 mM NaCl and 35 mM imidazole). The protein

was eluted with a linear gradient of 0.035–1.0 M imidazole in buffer

A. The eluted sample was further purified by gel filtration on a

HiLoad 16/60 Superdex 200 prep-grade column (GE Healthcare)

which was equilibrated with 20 mM Tris–HCl pH 7.5 and 200 mM

NaCl. The buffer of the fractions containing mANO1-CTD was

gradually changed to buffer B (20 mM Tris–HCl pH 7.5 and 50 mM

NaCl) using a Amicon Ultra-15 centrifugal filter device (Millipore).

The sample was applied onto a HiTrap SP ion-exchange column

(GE Healthcare) which was previously equilibrated with buffer B.

The protein was eluted with a linear gradient of 0.05�1.0 M NaCl in

buffer B. The homogeneity of the purified protein was assessed by

SDS–PAGE. The buffer of the fractions containing mANO1-CTD

was changed to 20 mM Tris–HCl pH 7.5 and 100 mM NaCl to reduce

the concentration of NaCl and purified mANO1-CTD was concen-

trated to a final concentration of 9 mg ml�1 using an Amicon Ultra-15

centrifugal filter device (Millipore).

2.2. Crystallization and X-ray data collection

Crystals were grown by the sitting-drop vapour-diffusion method

at 297 K by mixing equal volumes (1 ml each) of protein solution and

reservoir solution. Crystals appeared after three weeks using a

reservoir solution consisting of 0.1 M Tris–HCl pH 8.5, 0.2 M sodium

acetate trihydrate and 30%(v/v) PEG 4000 with approximate

dimensions of 0.1 � 0.1 � 0.3 mm (Fig. 2).

For diffraction data collection, the crystals were directly soaked in

a cryoprotectant solution composed of 30%(v/v) glycerol added to

the reservoir solution. X-ray diffraction data were collected at 100 K

on a Quantum 4R CCD detector (Area Detector Systems Corpora-

tion, Poway, California, USA) at the BL-6C experimental station of

Pohang Light Source, Republic of Korea (Fig. 3). For each image the

crystal was rotated by 1� and the raw data were processed using the

HKL-2000 program suite (Otwinowski & Minor, 1997). A total

of 280 647 measured reflections were merged into 40 051 unique

reflections with an Rmerge of 12.7% and a completeness of 99.9%. The

space group was determined to be P212121 on the basis of systematic

absences and symmetry of diffraction intensities using the POINT-

LESS program from CCP4 (Winn et al., 2011). The unit-cell para-

meters are a = 73.96, b = 103.73, c = 114.71 Å. Table 1 summarizes the

statistics of data collection. If it is assumed that eight copies of a

crystallization communications
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Figure 1
Predicted topology of mANO1. The cytosolic C-terminal domain of mANO1 is
coloured red.

Figure 2
Native crystals of mANO1-CTD. The crystal dimensions are approximately 0.1 �
0.1 � 0.3 mm.

Figure 3
X-ray diffraction image from an mANO1-CTD crystal. The edge of the detector
corresponds to a resolution of 2.0 Å.



monomer molecule are present in the crystallographic asymmetric

unit, the crystal volume per protein mass (VM) is 2.38 Å3 Da�1 and

the solvent content is 48.38%. Attempts to solve the structure of

mANO1-CTD by the MAD method using selenomethionine-labelled

mANO1-CTD or heavy-atom-derivatized crystals are in progress.
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Table 1
Data-collection statistics.

Values in parentheses are for the highest resolution shell.

X-ray source Pohang Light Source beamline BL-6C
X-ray wavelength (Å) 1.23985
Temperature (K) 100
Space group P212121

Unit-cell parameters (Å) a = 73.96, b = 103.73, c = 114.71
Resolution range (Å) 20–2.30 (2.34–2.30)
Total/unique reflections 280647/40051
Rmerge† (%) 12.7 (45.9)
Data completeness (%) 100.0 (99.9)
Multiplicity 7.0 (6.5)
Average I/�(I) 18.8 (3.8)

† Rmerge =
P

hkl

P
i jIiðhklÞ � hIðhklÞij=

P
hkl

P
i IiðhklÞ, where Ii(hkl) is the intensity of

the ith measurement of reflection hkl and hI(hkl)i is the mean value of Ii(hkl) for all i
measurements.
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Human cytosolic aspartyl-tRNA synthetase (DRS) catalyzes the attachment of the amino acid aspartic acid to its cognate

tRNA and it is a component of the multi-tRNA synthetase complex (MSC) which has been known to be involved in unex-

pected signaling pathways. Here, we report the crystal structure of DRS at a resolution of 2.25 Å. DRS is a homodimer with

a dimer interface of 3750.5 Å2 which comprises 16.6% of the monomeric surface area. Our structure reveals the C-terminal

end of the N-helix which is considered as a unique addition in DRS, and its conformation further supports the switching

model of the N-helix for the transfer of tRNAAsp to elongation factor 1a. From our analyses of the crystal structure and

post-translational modification of DRS, we suggest that the phosphorylation of Ser146 provokes the separation of DRS from

the MSC and provides the binding site for an interaction partner with unforeseen functions.

Proteins 2013; 81:1840–1846.
VC 2013 Wiley Periodicals, Inc.

Key words: aspartyl-tRNA synthetase; multi-tRNA synthetase complex; N-helix; crystal structure.

INTRODUCTION

Aminoacyl-tRNA synthetases (AARSs) catalyze the

attachment of respective amino acid substrate to its cog-

nate tRNA through a two-step reaction.1 An intermedi-

ate adenylate is formed from amino acid and ATP in the

first step, and the amino acid is charged to the ribose of

the terminal adenine of tRNA in the second step.

Although AARSs catalyze the same type of reaction, they

differ in amino acid sequence, size, three-dimensional

structure, and oligomeric state. AARSs can be classified

into two major classes; Classes I and II synthetase.2 The

Class I synthetase contains the representative Rossmann

fold that binds ATP and the Class II synthetase adopts a

core antiparallel b-sheet surrounded by a-helices and

Additional Supporting Information may be found in the online version of this

article.
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three unique conserved motifs namely Motifs 1, 2,

and 3.2

For protein synthesis, AARSs play a basic cellular role

not only in cytosol but also in mitochondria and most

AARSs function distinctively in either location, and thus

there are cytosolic or mitochondrial AARSs. In human,

there are cytosolic and mitochondrial aspartyl-tRNA syn-

thetases (DRS and DRS2), which share only 22.9%

sequence identity. It has been known that DRS2 is asso-

ciated with leukoencephalopathy with brain stem and

spinal cord involvement and high lactate (LBSL)3 and its

structure revealed the function of the additional motif in

the catalytic domain.4 In the case of DRS, it is one of

the components that forms the multi-tRNA synthetase

complex (MSC) in higher eukaryotes.5

The MSC has been regarded as a reservoir for almost

half of the cytosolic tRNA synthetases and it has been

known to switch the canonical translational function and

additional functions which are often observed in higher

eukaryotes.6,7 In the MSC, DRS is known to interact

with the AARS-interacting multifunctional protein 2

(aminoacyl-tRNA synthetase-interacting multifunctional

protein AIMP2/p38)8,9 and the lysyl-tRNA synthetase

(KRS).10 The N-terminal extension of DRS, KRS, and

asparaginyl-tRNA synthetase (NRS) is unique in the

Class II synthetases and further classifies them into the

subclass IIb.11 The nuclear magnetic resonance (NMR)

structure of the 21-residue N-terminal extension in DRS

revealed that the N-terminal flexible b-turn followed by

the amphipathic C-terminal helix induces the nonspecific

tRNA binding and gives a force to transfer its charged

tRNA to elongation factor 1a (EF-1a).12–14

In this study, we present the crystal structure of

human cytosolic DRS at 2.25 Å. We show that DRS

forms a homodimer with the N-terminal extension, anti-

codon-binding domain, hinge region, and catalytic

domain. Analyses of our crystal structure and post-

translational modification (PTM) shed lights on the

molecular basis of the association and dissociation of

DRS with the MSC.

MATERIALS AND METHODS

Cloning, protein expression, and purification

Human cytosolic full-length DRS (501 amino acids)

was cloned into the pET-28a(1) vector containing the

N-terminal His6-tag (Novagen). The recombinant protein

was transformed into Escherichia coli Rosetta2(DE3)pLysS

strain. DRS was induced by 0.5 mM isopropyl 1-thio-b-

D-galactopyranoside and incubated for 6 h at 310 K

using Luria Broth culture medium. The harvested cell

was sonicated with lysis buffer containing 20 mM of

Tris-HCl (pH 7.5), 500 mM of NaCl, 35 mM of imidaz-

ole, and 1 mM of phenylmethanesulfonyl fluoride. The

lysates were centrifuged at 35,000g for 50 min to remove

the cell debris and denatured proteins. The supernatant

was loaded onto a HiTrap Chelating HP column (GE

Healthcare) and eluted with linear gradient 50–500 mM

of imidazole following equilibration with 50 mM of im-

idazole. The protein was diluted with a buffer containing

50 mM of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid (HEPES)–NaOH (pH 7.0), 50 mM of NaCl, 1 mM

of dithiothreitol, and 5% of glycerol, and further purified

using the ion exchange chromatography with a HiTrap Q

HP column (GE Healthcare). The final purification step

was the size-exclusion chromatography with a HiLoad

16/600 Superdex 200 prep grade column (GE Healthcare)

equilibrated with 50 mM of HEPES–NaOH (pH 7.0),

200 mM of NaCl, 5% of glycerol, and 1 mM of dithio-

threitol. For crystallization, the purified protein was

concentrated to 11.1 mg mL21.

Crystallization, data collection, and
structure determination

DRS crystals were grown by the sitting-drop vapor-

diffusion method at 295 K by mixing equal volumes of

the purified protein and the reservoir solution containing

8% v/v tacsimate (pH 8.0), and 20% w/v polyethylene

glycol 3350. For diffraction data collection, crystals were

soaked in the cryoprotectant solution containing 20%

v/v glycerol added to the reservoir solution. X-ray dif-

fraction data of the crystal were collected at the synchro-

tron BL-5A at the Photon Factory, Japan. The structure

was solved by molecular replacement method with the

structure of Saccharomyces cerevisiae DRS containing the

anticodon-binding domain, hinge region, and catalytic

domain (PDB ID: 1ASZ)15 as a phasing model using

MOLREP.16 The structure was completed using alternate

cycles of manual building in WinCoot17 and refinement

in REFMAC.18 All refinement steps were monitored

using an Rfree value based on 5.0% of the independent

reflections. The stereochemical quality of the final model

was assessed using MolProbity.19 The data collection and

refinement statistics are summarized in Table I.

PTM analysis

Purified N-terminal OneSTrEP-tagged DRS and coe-

luted interaction partners of that, overexpressed and

purified from HEK293T cells, were digested with

sequencing grade gold-trypsin (Promega) after 1D-SDS

PAGE/Coomassie blue staining. Tryptic peptides were an-

alyzed with the LTQ Velos Orbitrap mass spectrometer

equipped with an electron transfer dissociation source

after an online reversed-phase chromatography. To

improve sequencing coverage, we applied a data-depend-

ent decision tree to select for collision-induced dissocia-

tion or electron-transfer dissociation fragmentation

depending on the charged states, respectively. Protein

identification was accomplished using the SorcererTM-
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SEQUEST
VR

(Sage-N Research), and searches were per-

formed against the IPI human DB v3.87 fasta. The carba-

midomethylation (157.021 Da) of Cys is set as a static

modification, and the following variable modification

were allowed: GlyGly/1114.043 Da (Lys), Acetyl/142.011

Da (Lys), HexNAc/1203.079 Da (Asn, Ser, Thr), Phos-

pho/179.966 Da (Ser, Thr, Tyr), Oxidation/115.995 Da

(Met), deamidated/10.984 Da (Asn, Gln).

Data deposition

The coordinate and structure factors for human cyto-

solic DRS have been deposited in the RCSB Protein Data

Bank, accession code 4J15.

RESULTS AND DISCUSSION

Overall structure and oligomeric
state of DRS

The crystal structure of human cytosolic DRS was

determined at a resolution of 2.25 Å by molecule

replacement method with the structure of S. cerevisiae

DRS containing the anticodon-binding domain, hinge

region, and catalytic domain (PDB ID: 1ASZ)15 as a

phasing model. DRS contains a homodimer in the asym-

metric unit and the dimer interface area is 3750.5 Å2

which comprises 16.6% of the monomeric surface area

calculated from Protein Interfaces, Surfaces, and Assem-

blies service.20 Our crystal structure includes all the

Class II AARS domains: anticodon-binding domain,

hinge region, and catalytic domain. In addition, the

N-terminal extension, which is a distinct domain in

mammalian DRS, could be partially modeled including

the C-terminal three residues of the characteristic helix

motif [Fig. 1(A)]. Structural analyses on this N-terminal

extension will be further discussed with the previous

NMR structure below.

The anticodon-binding domain of DRS (residues, 57–

146) adopts the oligonucleotide binding-fold (OB-fold)

that is composed of a five-stranded antiparallel b-sheet

connected by helices and loops (b1–b5) to form a closed

b-barrel. The catalytic domain (residues, 189–497) con-

tains 13 a-helices (aH–aT) and 8 b-strands (b6–b13)

which constitute all the three conventional Class II AARS

motifs: Motifs 1, 2, and 3.2 The hinge region (residues,

156–188) plays an essential role in the connection of the

anticodon-binding domain and the catalytic domain. In

the middle of the hinge region, residues 163–172 could

not be modeled owing to the lack of the electron density

and the disordered residues are considered as a part of

binding region to the ribose-phosphate backbone in the

D-stem of tRNAAsp, compared with the known S. cerevi-

siae DRS–tRNAAsp complex structure.15 In addition, res-

idues 224–247 in the flipping loop and residues 273–282

in the Motif 2 could not be observed in our crystal

structure [Fig. 1(B)]. These regions are known to be

dynamic without its cognate tRNA and recognize its

tRNA in an induced-fit manner.21

When the anticodon-binding domain, hinge region, and

catalytic domain in our structure were independently

superimposed with those of the S. cerevisiae DRS–tRNAAsp

complex structure, then the three domains were structur-

ally well conserved with the root mean square deviation

(r.m.s.d.) values of 1.08, 1.80, and 0.97 Å, respectively. In

the anticodon-binding domain, three b-strands (b1, b2,

and b3) could bind to the anticodon loop of tRNAAsp

which is composed of GUC elements. In the hinge region,

short helices containing Asp158 and Asn175 could interact

with the D-stem (U11, U12) of tRNAAsp. In the catalytic

domain, the flipping loop and the Class II Motif 2 play a

key role in the interaction of DRS with the 30-end of

tRNAAsp. Detailed representations of the superposition

results are shown in Supporting Information Figure S1.

Recently, the crystal structure of human mitochondrial

DRS (DRS2) was solved at a resolution of 3.7 Å (PDB

ID: 4AH6).4 Human DRS and DRS2 share only 22.9%

sequence identity [Fig. 1(B)]. However, when our crystal

structure of DRS was superposed with that of DRS2, two

Table I
Statistics for Data Collection, Phasing, and Model Refinement

Data collectiona Human cytosolic DRS

Space group P21

Cell dimensions
a, b, c (�) 54.89, 141.92, 68.50
a, b, c (�) 90, 102.19, 90

Data set
X-ray wavelength (�) 1.0000
Resolution (�)b 50.00–2.25 (2.29–2.25)
Total/unique reflections 177,246/48,428
Completeness (%) 99.3 (95.4)
Rmerge (%)c 11.0 (50.2)

Refinement
Resolution (�) 50.00–2.24
Rwork

d/Rfree
e (%) 19.7/22.8

No. of nonhydrogen atoms/mean B-factor (�2)
Protein 6968/33.7
Water 354/40.2
Glycerol 48/52.5
Poor rotamers (%)f 3.1
Ramachandran plot analysis (%)
Most favored regions 96.9
Additional allowed regions 3.1
Disallowed regions 0
R.m.s.d. from ideal geometry
Bond lengths (�) 0.010
Bond angles (�) 1.290

aData collected at the synchrotron BL-5A at the Photon Factory, Japan.
bNumbers in parentheses indicate the highest resolution shell.
cRmerge 5 Rh Ri jI(h)i 2 <I(h)>j/Rh Ri I(h)i, where I(h) is the observed intensity

of reflection h, and <I(h)> is the average intensity obtained from multiple

measurements.
dRwork 5 R jjFoj 2 jFcj j/R jFoj, where jFoj is the observed structure factor ampli-

tude and jFcj is the calculated structure factor amplitude.
eRfree 5 R-factor based on 5.0% of the data excluded from refinement.
fValues obtained using MolProbity.
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structures are structurally similar to each other with the

r.m.s.d. distance of 1.7 Å. The anticodon-binding do-

main, hinge region, and catalytic domain of DRS and

DRS2 are structurally conserved, with the exception of

an additional motif in the catalytic domain of DRS2

which is known as the insertion domain [Fig. 1(C)]. The

insertion domain of DRS2 forms the enlarged catalytic

groove with more electropositive surface potential, which

enables an alternate interaction network at the subunit

interface between tRNA and DRS2.4 Interestingly, DRS2

showed a higher sensitivity than DRS for inhibitors with

a nonhydrolysable adenylate moiety and its correlation

with structural features has not been well understood.22

Structural analyses of DRS and DRS2 in complex with

same adenylate analogs would elucidate a subtle role of

the domain difference with respect to substrate specificity

and evolutionary advantages.

Flexible N-terminal extension of DRS

In higher eukaryotes, additional domains or motifs in

a specific AARS result in new functions. In the case of

DRS, KRS, and NRS, they contain the N-helix that is

named after the helical conformation in part of their

N-terminal extension region.11,23 The previously deter-

mined NMR structure of the N-terminal extension of

Figure 1
Overall structure of DRS. (A) DRS monomer. The N-terminal extension, anticodon-binding domain, hinge region, catalytic domain, and motifs
are colored and labeled in cyan, magentas, blue, green, and orange, respectively. (B) Sequence alignment of human cytosolic DRS (Hs DRS) with S.

cerevisiae DRS (Sc DRS) and human mitochondrial DRS (Hs DRS2). Strictly conserved residues are highlighted with blue-shaded boxes, and mod-
erately conserved residues are shown as yellow-shaded boxes. The secondary structure of human DRS is shown on top of the sequence alignment.

a-Helix, b-sheet, connecting region, and disordered region are represented by red spiral, blue arrow, black line, and dotted line, respectively. (C)

Structural comparison of human cytosolic and mitochondrial DRSs. Human cytosolic DRS is shown as in (A) and mitochondrial DRS is colored
in gray. The red dotted oval indicates the insertion domain of mitochondrial DRS.
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DRS revealed the conformational flexibility caused by the

b-turn followed by one a-helix and the N-terminal

extension plays a crucial role in the interaction between

tRNAAsp and EF-1a.12–14 In our crystal structure, the

C-terminal end of the a-helix in the N-terminal exten-

sion was observed, comprising Lys26, Glu27, and Arg28

although the N-terminal region was less-ordered. To get

a glimpse of the whole N-helix structure, we superposed

Figure 2
N-terminal extension, PTM, and key intermolecular interaction of DRS. (A) The switching model of the N-helix with our DRS structure. (B) PTM
analyses. Acetylation, phosphorylation, and ubiquitination sites are shown as blue, red, and yellow circles, respectively. PTM sites uniquely observed

in this study and residues observed both in the database and in our study are surrounded by black boxes and dotted boxes, respectively. Ser146,
which is expected to play a key role in the organization of DRS, is marked with a red asterisk. (C) Sequence alignment of the interface residues of

anticodon-binding domain and catalytic domain of DRSs from various organisms. Ser146, Gly462, and Ala463 of human DRS are marked with red
asterisks. (D) Close-up view of Ser146 and the intermolecular interaction of DRS dimer. The structure of human DRS is superimposed with that of

human KRS shown in a gray cartoon model.
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the structurally well-resolved C-terminal end of the N-

terminal extension residue Glu27 and Arg28 with the a-

helix of the NMR structure, considering the helical wheel

conformation (Supporting Information Fig. S2). The a-

helix in the N-terminal extension is amphipathic and the

hydrophilic face of the amphipathic helix could interact

with positively charged residues Arg8 and Lys9 in the N-

terminus by the conformational change on the flexible

b-turn.14 Our crystal structure further supports the

structural switching model of the N-terminal extension

of DRS in the aid of the direct transfer of tRNAAsp to

EF-1a [Fig. 2(A)].

PTM of DRS and its implication on the
MSC assembly

To speculate the organization of DRS as a main inter-

acting component with AIMP2/p38 in the MSC assembly,

we searched all the known PTM data and independently

implemented the PTM analyses of DRS. Our liquid chro-

matography tandem mass spectrometry (MS) analysis

revealed two phosphorylation sites (Tyr239 and Ser249)

and six acetylation sites (Lys55, 110, 213, 241, 330, and

453), respectively. Among them, the phosphorylation of

Tyr239 and the acetylation of Lys55, 213, and 453 were

first identified. Our findings and other PTM site informa-

tion of DRS from PhosphoSite Plus database (http://

www.phosphosite.org) indicated that the residues 238–254

regions of the Class II AARS are dynamically regulated by

various types of modifications such as phosphorylation,

acetylation, and ubiquitination [Fig. 2(B)]. For instance,

although Lys241 was identified with its acetylation modifi-

cation in our analysis, collected six independent MS anal-

ysis data of ubiquitin branch motif (K-e-GG)

immunoaffinity beads purification studies showed that

Lys241 is also modified with ubiquitin. Thus, it seems

that the phosphorylation status of Ser238, Tyr239, and/or

Ser249 could affect the catalytic activity, stability, or part-

ner-binding affinity of DRS through a competitive modifi-

cation event between acetylation and ubiquitination of

Lys241 and/or Lys254 though it should be clarified with

further studies. PTM sites mapped on the surface repre-

sentation of human DRS dimer modeled with tRNAAsp

are shown in Supporting Information Figure S3.

In the MSC, AIMP2/p38 has been known to interact

with two subcomplexes of the MSC (I: MRS, AIMP3/

p18, EPRS, IRS, LRS; II: AIMP1/p43, QRS, RRS), KRS,

and DRS, and the N-terminal domain of AIMP2/p38

interacts with the subcomplex II, KRS, and DRS.9 The

N-terminal Motifs 1 and 2 of AIMP2/p38 have been

recently shown to interact with the bottom groove and

the symmetric groove on the KRS dimer, respectively.24

Based on the situational and structural similarity between

KRS and DRS, we anticipated that two dimers of DRS

would interact with AIMP2/p38 in the similar way of

KRS regarding the association and dissociation from the

MSC. In the case of KRS, Ser207 establishes the major

intermolecular interaction of the KRS dimer through

three hydrogen bonds between the hydroxyl group of

Ser207 and the backbone of Gly540 and Leu541. Interest-

ingly, a conformational change triggered by the phospho-

rylation of Ser207 switches the function of KRS from

translation to transcription, provoking a new conformer

and releasing KRS from the MSC.24 To our surprise,

DRS also contains the equivalent Ser146, Gly462, and

Ala463, which are highly conserved in the amino acid

sequence and three-dimensional structure in higher

eukaryotes [Fig. 2(C–D)]. In addition, the PTM informa-

tion of DRS from the PhosphoSite Plus database shows

that the phosphorylation of Ser146 was already observed

with the phosphoproteome analyses of the human cell

cycle using the MS.25 Thus, we suggest that the phos-

phorylation of Ser146 could initiate a conformation

change of the DRS dimer and trigger an unpredicted

function of DRS by releasing it from the MSC. Our

structural study and PTM analyses extend the knowledge

about the interaction of components in the MSC and

provide fundamental information for human physiologi-

cal signaling pathways related to the MSC.
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Abstract
Thermoplasma acidophilum is a thermophilic archaeon that uses both non-phosphorylative

Entner-Doudoroff (ED) pathway and Embden-Meyerhof-Parnas (EMP) pathway for glucose

degradation. While triosephosphate isomerase (TPI), a well-known glycolytic enzyme, is

not involved in the ED pathway in T. acidophilum, it has been considered to play an impor-

tant role in the EMP pathway. Here, we report crystal structures of apo- and glycerol-3-

phosphate-bound TPI from T. acidophilum (TaTPI). TaTPI adopts the canonical TIM-barrel

fold with eight α-helices and parallel eight β-strands. Although TaTPI shares ~30%

sequence identity to other TPIs from thermophilic species that adopt tetrameric conforma-

tion for enzymatic activity in their harsh physiological environments, TaTPI exists as a dimer

in solution. We confirmed the dimeric conformation of TaTPI by analytical ultracentrifugation

and size-exclusion chromatography. Helix 5 as well as helix 4 of thermostable tetrameric

TPIs have been known to play crucial roles in oligomerization, forming a hydrophobic inter-

face. However, TaTPI contains unique charged-amino acid residues in the helix 5 and

adopts dimer conformation. TaTPI exhibits the apparent Td value of 74.6°C and maintains

its overall structure with some changes in the secondary structure contents at extremely

acidic conditions (pH 1–2). Based on our structural and biophysical analyses of TaTPI,

more compact structure of the protomer with reduced length of loops and certain patches on

the surface could account for the robust nature of Thermoplasma acidophilum TPI.
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Introduction
Triosephosphate isomerase (TPI or TIM) is a functionally and structurally well-known enzyme
that plays a crucial role in glycolytic and gluconeogenic metabolism. TPI accurately and effi-
ciently interconverts dihydroxyacetone phosphate (DHAP) and glyceraldehyde-3-phosphate
(GAP). Missense mutations of TPI genes result in TPI deficiency through loss-of-function [1].
TPI deficiency has been known to cause metabolic diseases, glycolytic enzymopathies, in which
neurological pathogenesis is uniquely severe [2]. Pathogenic TPI deficiency mutations dramati-
cally affect TPI activity owing to either catalytic interruption or oligomeric state alteration [3–5].

Thermoplasma acidophilum is one of the most acidophilic organisms among known ther-
mophilic archaea. It optimally grows at 55–60°C and pH 0.5–2. For glucose degradation, T.
acidophilum has been known to utilize not only non-phosphorylative Entner-Doudoroff (ED)
pathway but also canonical glycolysis/gluconeogenesis pathway (Embden-Meyerhof-Parnas
pathway) [6]. Although one of the glycolysis/gluconeogenesis pathway enzymes, phosphofruc-
tokinase, has not been identified in T. acidophilum, TPI has been considered to play a crucial
role in the glycolysis/gluconeogenesis pathway in T. acidophilum.

TPI is a representative α/β protein with eight α-helices and eight β-strands connected by
loops, forming a TIM-barrel fold [7]. The active site of TPI is highly conserved in all kingdoms
and located inside of the TIM-barrel fold with three catalytic residues (Lys9, His89, and
Glu137 in TaTPI numbering). Most TPIs are optimally active in their dimeric forms. In con-
trast, archaeal TPIs that withstand high temperatures are tetrameric in their active states [8].
Thermostable proteins have been known to adapt to high temperature in various ways:
increased electrostatic interactions, hydrogen bonds, and hydrophobic effects, resulting in for-
tified subunit contacts, more compact packing, higher oligomerization state, and two-state
equilibrium reversibility [9–13].

In the Protein Data Bank (PDB), structures of one bacterial TPI (Thermotoga maritima;
Tm) and three archaeal TPIs (Pyrococcus woesei; Pw, Thermoproteus tenax; Tt, andMethano-
caldococcus jannaschii;Mj) that have been deposited are in tetrameric form. P. woesei,M. jan-
naschii, and T. acidophilum belong to Euryarchaeota and T. tenax is affiliated to Crenarchaeota
in phylogeny. Among tetrameric TPIs in PDB, tetrameric conformation of bacterial TmTPI is
maintained by disulfide bonds between two classical TPI dimers [8]. In archaeal TPIs, helix 4
and helix 5 in the tetrameric interface are of key importance for their tetrameric forms. Espe-
cially, helix 5 in thermostable TPIs has been considered as a major contributor for tetramer for-
mation via dominant hydrophobic effects [14].

In this work, we report crystal structures of apo- and glycerol-3-phosphate (G3P)-bound
TaTPI, each representing open and closed form. Unlike other thermostable archaeal TPIs,
TaTPI forms a stable dimer in solution, which we confirmed using analytical ultracentrifuga-
tion and size-exclusion chromatography. We also show the effect of pH on the secondary struc-
ture and temperature-induced unfolding of TaTPI. Through systematic comparison of TaTPI
with available dimeric and tetrameric TPIs, we suggest that TPI stabilization patches can be tar-
geted for the design of more stable TIM-barrel fold proteins.

Materials and Methods

Cloning, expression, and purification of TaTPI and MjTPI
Full-length sequence of Thermoplasma acidophilum TPI (TaTPI, 216 amino acid residues) and
Methanocaldococcus jannaschii TPI (MjTPI, 219 amino acid residues) were amplified using
PCR and cloned into pET-28a(+) vector (Novagen) containing C-terminal His6-tag. Cloned
plasmid were transformed into Escherichia coli Rosetta 2(DE3)pLysS strain. Recombinant
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proteins were overexpressed by adding 0.5 mM IPTG (isopropyl 1-thio-ß-D-galactopyranoside)
at O.D.600nm 0.5 and cells were further incubated at 20°C overnight (16 h) using Luria Broth cul-
ture media. Harvested cells were lysed by cell sonicator (SONICS) in lysis buffer (20 mM Tris-
HCl, pH 7.5, 500 mMNaCl, 35 mM imidazole, and 1 mM PMSF (phenylmethylsulfonyl fluo-
ride)). After incubation of cell lysate at 60°C for 10 minutes, cell debris and denatured proteins
were removed by centrifugation at 35,000 xg for 50 minutes. Supernatant was applied to HiTrap
Chelating HP column (GE Healthcare) for affinity chromatography. Loaded sample was eluted
with elution buffer (20 mM Tris-HCl, pH 7.5, 500 mMNaCl, and 500 mM imidazole) following
equilibration with washing buffer (20 mM Tris-HCl, pH 7.5, 500 mMNaCl, and 50 mM imidaz-
ole). Eluted sample was further purified by size-exclusion chromatography with HiLoad 16/600
Superdex 200 prep grade column (GE Healthcare) equilibrated with 20 mM Tris-HCl, pH 7.5,
and 200 mMNaCl. Fractions containing TPI proteins were further purified by anion exchange
chromatography with HiTrap Q HP column (GE Healthcare) after 2 X dilution of the fractions
with 20 mM Tris-HCl, pH 7.5, and 100 mMNaCl. Linear gradient of 0–500 mMNaCl in 20 mM
Tris-HCl, pH 7.5, was applied for elution. For the final purification step, second size-exclusion
chromatography was performed with HiLoad 16/600 Superdex 200 prep grade column (GE
Healthcare) equilibrated with 20 mM Tris-HCl, pH 7.5, and 200 mMNaCl for TaTPI or 50 mM
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), pH 7.5, for MjTPI. For crystalliza-
tion, purified TaTPI proteins were concentrated to 30 mgml-1.

Crystallization and structure determination
Initial crystals of apo-TaTPI were grown at 22°C by sitting drop vapor diffusion method with
crystallization solution containing 2MNaCl and 10% (w/v) polyethylene glycol 6000. Apo-
TaTPI crystals suitable for diffraction data collection were grown at 4°C using hanging-drop
vapor diffusion method after mixing apo-TaTPI proteins with 2 times volume of crystallization
solution containing 0.5MNaCl, 10% (w/v) polyethylene glycol 6000, and 0.1M Tris-HCl, pH
8.5. Crystals of TaTPI in complex with glycerol-3-phosphate (G3P) were obtained from crystal-
lization solution with 0.6MNaCl, 9% (w/v) polyethylene glycol 6000, and 0.1M Tris-HCl, pH
8.5, after incubating purified apo-TaTPI proteins with 20 mM G3P for 4 h at 4°C. For diffrac-
tion data collection, crystals were frozen in liquid nitrogen following cryoprotection by soaking
TaTPI crystals in crystallization solution supplemented with 20% glycerol. X-ray diffraction
data for apo- and G3P-bound complex TaTPI crystals were collected at BL-7A synchrotron
beamline at the Pohang Light Source, Korea, and at BL-1A synchrotron beamline at the Photon
Factory, Japan, respectively. Collected data were processed usingHKL2000 program suite [15].
The crystal structure of apo-TaTPI was solved by molecular replacement method using MOL-
REP program [16], with the crystal structure of Pyrococcus woesei TPI (PDB ID: 1HG3) as a
phasing model [14]. The crystal structure of G3P-bound TaTPI was solved with the apo-TaTPI
structure as a phasing model. The initial model building was carried out byWinCoot program
[17] and further refined with REFMAC5 program [18]. All refinement steps were monitored
using Rfree value based on 5.0% of independently saved reflections. The final model was evalu-
ated withMolProbity program [19]. Data collection and refinement statistics are summarized
in Table 1.

Analytical ultracentrifugation (AUC)
Equilibrium sedimentation studies were performed using Beckman ProteomeLab XL-A analyti-
cal ultracentrifuge in 20 mM Tris-HCl buffer, pH 7.5, and 200 mMNaCl at 20°C. Sedimentation
data were collected at 280 nm using a six-sector cell at rotor speeds of 20,000 and 26,000 rpms
with three different protein concentrations: 12.6 uM (0.31 mg ml-1), 16.8 uM (0.41 mg ml-1), and
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21.0 uM (0.52 mg ml-1). All measured data fit well to a homogeneous dimer model and represen-
tative results measured at 26,000 rpm using 16.8 uM protein concentration are presented. TaTPI
concentrations were calculated using e280nm = 11,920 M-1cm-1 and molecular weight of 24,671
daltons. Time required for the attainment of equilibrium was established by running at given
rotor speed until scans were invariant for 4 hours: this was achieved at most by 36 hours in six-
sector cells using 130 ul of samples. Partial specific volume of TaTPI protein and buffer density
were calculated using Sednterp [20]. The calculated partial specific volume at 20°C was 0.7417
cm3 g-1 and the buffer density was 1.00704 g cm-3. For data analysis by mathematical modeling
using non-linear least-squares curve fitting, following functions were used for homogeneous

Table 1. Statistics for data collection, phasing, andmodel refinement.

Data collectiona TaTPI G3P-bound TaTPI

Space group P212121 P212121

Cell dimensions

a, b, c (Å) 75.49, 113.96, 114.80 72.63, 84.08, 143.54

α, β, γ (°) 90, 90, 90 90, 90, 90

Data set

X-ray wavelength (Å) 1.0000 1.1000

Resolution (Å)b 50.00–1.94 (1.97–1.94) 50.00–2.17 (2.21–2.17)

Total / unique reflections 521,936 / 73,921 294,576 / 47,245

Mean I/sigma(I) 32.4 (3.3) 20.9 (3.0)

Multiplicity 7.1 (5.6) 6.2 (5.6)

Completeness (%) 99.0 (83.5) 99.9 (99.9)

Rmerge (%)c 9.1 (62.5) 13.4 (59.0)

Refinement

Resolution (Å) 50.00–1.94 50.00–2.17

Rwork
d / Rfree

e (%) 18.0 / 21.5 18.3 / 22.5

No. of non-hydrogen atoms / mean B-factor (Å2)

Protein 6,996 / 32.9 6,640 / 34.2

Water 561 / 39.8 401 / 34.4

Other atoms 28 / 40.1 44 / 22.9

Poor rotamers (%)f 0.1 0.3

Ramachandran plot analysis (%)

Most favored regions 98.0 96.1

Additional allowed regions 2.0 3.4

Disallowed regions 0 0.5

R.m.s.d. from ideal geometry

Bond lengths (Å) 0.019 0.015

Bond angles (°) 1.648 1.550

aData collected at the synchrotron BL-7A at the Pohang Light Source and BL-1 at the Photon Factory.
bNumbers in parentheses indicate the highest resolution shell.
cRmerge = Σh Σi |I(h)i−<I(h)>| / Σh Σi I(h)i, where I(h) is the observed intensity of reflection h, and < I(h) > is

the average intensity obtained from multiple measurements.
dRwork = Σ | |Fo|—|Fc| | / Σ |Fo|, where |Fo| is the observed structure factor amplitude and |Fc| is the

calculated structure factor amplitude.
eRfree = R-factor based on 5.0% of the data excluded from refinement.
fValues obtained using MolProbity.

doi:10.1371/journal.pone.0145331.t001
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(Eq 1) and interactive (Eq 2) models.

Cr ¼ Cbexp½ApMpðr2 � rb
2Þ� þ ε ðEq:1Þ

Cr ¼ Cbexp½ApMpðr2 � rb
2Þ� þ Cb

nexp½Inkþ nApMpðr2 � rb
2Þ� þ ε ðEq:2Þ

Ap ¼ ð1� vrÞo2 � 2RT

where Cr is the total concentration at the radial position r, Cb is the concentration of protein at
the cell bottom,Mp is the molecular weight of protein monomer, ε is a baseline error term, v and
ρ are the partial specific volume and the solution density, respectively, and ω is the rotor angular
velocity. The Ink value is a natural log for equilibrium constants for reversible models (1x-nx,
where n is 2 & 3) on an absorbance scale. Selection of the best model was made by examining
numbers of weighted sum of square and root mean square error values. Further data manipula-
tion and data analysis by mathematical modeling were performed using MLAB [21].

Circular dichroism (CD)
Temperature of maximum heat capacity (or half-denaturation temperature, Td) of TaTPI was
measured by CD spectroscopy. Experimental sample was prepared following purification and
concentration of TaTPI proteins to 0.4 mg ml-1 containing 50 mMHEPES, pH 7.5. CD traces
of TaTPI were obtained at 222 nm using the J-1500 CD spectrometer (JASCO) at a scanning
rate of 1°C min-1. The denaturation curve of TaTPI was analyzed by Kaleidagraph (Synergy
Software) based on John and Weeks’s protocol [22].

Effect of pH variation on the secondary structure of TaTPI was also monitored by CD spec-
troscopy. pH of protein solutions containing 20 mM Tris-HCl and 200 mM NaCl was adjusted
to desired values between pH 1.0 and pH 7.0 with HCl for CD measurements. The baseline sig-
nal was measured with a buffer containing 20 mM Tris-HCl, pH 7.5, and 200 mM NaCl. CD
spectra of pH-titrated TaTPI were recorded and averaged over two scans between 200 to 260
nm using J-1500 CD spectrometer (JASCO). The secondary structure contents of TaTPI were
calculated by Multivariate SSE Program (JASCO).

Analytical size-exclusion chromatography
Analytical size-exclusion chromatography of TaTPI was performed with Superdex 200 10/300
GL column (GE Healthcare) following equilibration with 20 mM Tris-HCl, pH 7.5, and
200 mMNaCl. The applied protein were at concentrations of 0.9 and 4.5 mg ml-1. Standard
proteins from Gel Filtration Standard (BIO-RAD) were applied to the column for calibration.
The standard protein mixture contained thyroglobulin (M.W. 670 kDa), γ-globulin (M.W.
158 kDa), ovalbumin (M.W. 44 kDa), myoglobin (M.W. 17 kDa), and vitamin B12 (M.W.
1.35 kDa).

Differential scanning calorimetry (DSC)
Maximum temperature of heat capacity of MjTPI was measured with VP-DSC differential
scanning microcalorimeter (Malvern). Experimental sample was prepared following purifica-
tion and concentration of MjTPI proteins to 1.6 mg ml-1 (65 uM). Sample buffer containing
50 mMHEPES, pH 7.5, was loaded into the DSC cell after degassing in an evacuated chamber
for 5 minutes and reference data were measured with scan rate of 0.5°C min-1. Experimental
temperature was increased in the range from 50 to 120°C. After sample buffer scan reached
equilibrium, MjTPI proteins were carefully loaded into the cell following degassing and
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experiments were performed under the same condition as for the reference. Heat capacity
curve was plotted using the Origin software (Malvern).

Accession numbers
The structure coordinates and structure factors for apo- and G3P-bound TaTPI have been
deposited in PDB under the accession code 5CSR and 5CSS, respectively.

Results and Discussion

Overall structures of apo- and glycerol-3-phosphate-bound TaTPI
The crystal structures of apo-TaTPI and its complex with glycerol-3-phosphate (G3P), an ana-
logue of the substrate glyceraldehyde-3-phosphate, have been determined at 1.94 and 2.17 Å
resolution, respectively. Rwork/Rfree values for the final models of apo- and G3P-bound TaTPI
were 18.0%/21.5% and 18.3%/22.5%, respectively (Table 1). Crystal structures of apo- and
G3P-bound TaTPI contain four copies of TaTPI monomer in the asymmetric unit, comprising
two homodimers. The overall structure of TaTPI protomer confirms to the canonical TIM-bar-
rel fold with eight α-helices and eight parallel β-strands from 216 amino acid residues (Fig 1A).
The crystal structure of G3P-bound TaTPI reveals that G3P is well positioned at the active site
of TaTPI with functionally conserved residues Lys9, His89, and Glu137 (Fig 1B). Glu137 is
clearly demonstrated as a catalytic base, with its position being within 3 Å from O1 and O2 of
G3P. An oxyanion hole, which contributes to the stabilization of transition state, is formed by
NZ nitrogen of Lys9 and NE2 nitrogen of His89 with O2 oxygen of G3P. The phosphate group
of G3P is perfectly coordinated through hydrogen bonds with backbone nitrogen atoms of
Gly143, Gly175, Ala196, and Ser197 residues, including adjacent water molecules (S1 Fig).

Overall structures of apo- and G3P-bound TaTPI were similar with r.m.s.d. of 0.69 Å for
216 Cα positions, except G3P-bound area. The conformational changes in the loop 6 of ligand
bound-TPIs have been reported in previously determined structures of TPIs from many spe-
cies, including Trypanosoma brucei, Gallus gallus, Geobacillus stearothermophilus, Leishmania
mexicana, and Vibrio marinus [12, 23–27]. Likewise, loop 6 located between β-strand 6 and
helix 6 and loop 7 located between β-strand 7 and helix 7 showed remarkable conformational
changes when G3P binds to apo-TaTPI. When compared with apo-TaTPI structure, Gly143
located in loop 6 and Gly175 located in loop 7 moved toward G3P by 8.3 and 3.8 Å, respectively
(Fig 1B). Consequently, residue Ala174 is pushed to a disallowed region of the Ramachandran
plot in the G3P-bound form, an amino acid residue within loop 7 that is displaced by the ligand
binding. G3P binding triggers the conformational change and induces the transformation of
TaTPI from open to closed form, securing the catalytic site from bulk solvent to maintain effi-
cient catalytic activity. In addition, water molecules around the active site of apo-TaTPI are
expelled from the active site and would be replaced with substrate upon substrate binding.

Unique dimeric conformation of TaTPI
T. acidophilum belongs to thermoacidophilic euryarchaeota and TaTPI also shares high amino
acid sequence similarity to other thermostable TPIs from P. woesei, T. tenax, andM. jannaschii,
all of which adopt tetrameric conformation that renders them stable at high temperatures [14,
28, 29]. Helix 4 and helix 5 of thermostable TPIs have been known to play important roles in
the tetramer formation via hydrophobic interactions [14]. However, crystal structures of apo-
and G3P-bound TaTPI form a dimer and reveal a remarkable difference in helix 5 of TaTPI
from other thermostable TPIs. Helix 5 of TaTPI is mainly composed of charged-amino acid
residues (AEEAKYFREY) instead of hydrophobic residues found in other thermostable
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tetrameric TPIs. Structure-based sequence alignment of TaTPI with other TPIs shows that
TaTPI resembles bacterial dimeric TPIs rather than tetrameric TPIs from thermostable archaea
(Fig 2A).

Structural differences between TaTPI and other tetrameric archaeal TPIs are observed not
only in helix 5 but also in adjacent α-helices. In tetrameric archaeal TPIs, the N-terminus of
helix 4 and the C-terminus of helix 6 play important roles in tetrameric interaction via hydro-
phobic effects and hydrogen bonds [14]. The N-terminus of helix 4 of tetrameric archaeal TPIs

Fig 1. Overall structures of apo- and G3P-bound TaTPI. (A) Homodimer of apo-TaTPI is shown in carton representation, where α-helix, β-strand, and loop
are colored in red, yellow, and green, respectively. (B) G3P-bound TaTPI. Only monomer of homodimeric G3P-bound TaTPI is demonstrated to emphasize a
conformational change compared with apo-TaTPI. Extra positive electron density in Fo-Fc omit map contoured at 3.0 δ is shown as a blue mesh, which is
modelled as G3P later. Amino acid residues interacting with G3P in catalytic site and G3P are shown as stick model; carbon, oxygen, phosphorus, and
nitrogen atoms are colored in green, red, orange, and, blue, respectively. Loop 6 and loop 7 regions, which show a distinctive conformational change upon
binding of G3P, are represented in orange and magnified for clarity.

doi:10.1371/journal.pone.0145331.g001
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contains conserved Leu (Leu103 in PwTPI numbering) that contributes to hydrophobic effects
and hydrogen bonds with the other side of helix 4 and helix 5 for its tetrameric assembly. In
the case of TaTPI, Leu in the N-terminus of helix 4 of tetrameric archaeal TPIs is replaced with
Arg96, which deprives the hydrophobic effects for tetramer formation (Fig 2B). Furthermore,
TaTPI has shorter helix 6 than that of tetrameric archaeal TPIs, resulting in dissipated hydro-
phobic effects between two C-termini from each helix 6 of its accompanying dimeric partner,
Val173 in PwTPI (Fig 2C). Consequently, changes in amino acid composition of helix 5, thus
in electrostatic surface, and slight modification of secondary structures in helix 4 and helix 6
seem to play subtle roles in dimer formation.

In the crystal structure of apo-TaTPI, Cys50 in helix 2 of each homodimer drew our atten-
tion since it interacts with the other Cys50 from adjacent TaTPI homodimer via sulfur-con-
taining hydrogen bonds, not disulfide bonds. Thus, we needed to re-confirm the oligomeric

Fig 2. Dimeric conformation of TaTPI. (A) Structure-based sequence alignment of helix 5 region among TPIs from Thermoplasma acidophilum (TaTPI),
Pyrococcus woesei (PwTPI),Methanocaldococcus jannaschii (MjTPI), Thermoproteus tenax (TtTPI), Homo sapiens (HsTPI),Gallus gallus (GgTPI),
Thermotoga maritima (TmTPI), andGeobacillus stearothermophilus (GsTPI). Strictly conserved amino acid residues are highlighted in red shaded boxes
and moderately conserved amino acid residues are colored in red. Helix 5 regions of TPIs from Thermoplasma acidophilum (PDB ID: 5CSR) and Pyrococcus
woesei (PDB ID: 1HG3) are shown as cartoon representation with transparent surfaces, where amino acid residues are colored according to normalized
consensus hydrophobicity scale [31]. (B) and (C) Structural comparison of helix 4 and helix 6 in TaTPI (gray) and PwTPI (green and magenta, each from
different monomers). The important amino acid residues in tetrameric interface are shown as stick model. (D) Analytical ultracentrifugation experiment of
TaTPI. Sedimentation equilibrium distribution (circle) of TaTPI at 26,000 rpm and 20°C is plotted as circle. Concentration of TaTPI was 16.8 uM (0.41 mgml-1) in
20mM Tris-HCl, pH 7.5, and 0.2MNaCl. Solid line is a fitting line for a homogeneous dimer (2x) model and dotted lines are fitting lines for homogeneous
monomer (1x) and tetramer (4x) models. Calculated molecular weight for TaTPI monomer from its amino acid compositions is 24,671 daltons. Inset graph
shows distributions of the residuals for homogeneous 1x, 4x (solid lines), and 2x (circle) models, respectively. The random distribution of the residuals for the 2x
model indicates that TaTPI exists as homogeneous dimers in solution.

doi:10.1371/journal.pone.0145331.g002
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status of apo-TaTPI to make it sure whether the interaction of Cys-Cys is physiologically rele-
vant or crystallographic artefact. To verify the oligomeric state of apo-TaTPI in solution, ana-
lytic ultracentrifugation analysis (AUC) was performed. Oligomeric state of apo-TaTPI in
solution was investigated by equilibrium sedimentation technique at two speeds and three con-
centrations. Fig 2D shows the data and fits analyzed by using Eq. 1 for homogeneous 1x, 2x,
and 4x models at ultracentrifugal speed of 26,000 rpm. The weighted root-mean-square errors
(RMS) for the 1x and 4x fits were 5.01 x 10−2 and 6.90 x 10−2, respectively. In contrast to these
models, dimer (2x) model gave much improved RMS value of 7.93 x 10−3. Residual distribution
plot (Fig 2D inset) also supports that the apo-TaTPI forms dimer in solution. Analysis at
20,000 rpm (data not shown) also gave a better RMS value of 5.76 x 10−3 for 2x model than
those for 1x (3.90 x 10−2) and 4x (5.42 x 10−2) models. Mixture or reversible models were also
investigated but there was no indication of the possibility. Data analysis using the reversible
model (Eq 2) gave large negative Ink values for monomer-dimer (1x-2x) and monomer-trimer
(1x-3x) models and much higher RMS values (~10−2), so the reversible models for monomer-
dimer (1x-2x) and monomer-trimer (1x-3x) equilibrium would not be the case for TaTPI.
These results strongly indicate that apo-TaTPI exits as homogeneous dimer in solution. In
addition, analytical size-exclusion chromatography results of apo-TaTPI, which were con-
firmed at two different TaTPI protein concentrations (0.9 and 4.5 mg ml-1), also supported the
dimeric conformation in solution (S2 Fig).

Structural stability of TaTPI under extreme condition
T. acidophilum thrives in harsh environments such as high temperature and extremely acidic
condition. TaTPI is also expected to function correctly at high temperature or in very low pH
condition when physiological barriers are affected by various stresses. To elucidate the struc-
tural stability of TaTPI in extremely acidic condition and at high temperature, we carried out
circular dichroism (CD) spectroscopy experiments.

As for the structural stability of TaTPI in extremely acidic condition, secondary structure
changes of pH-titrated TaTPI were monitored using CD spectroscopy. Normally, intracellular
environment is well kept from extracellular stresses such as abrupt pH change. So, most of
intracellular proteins experience normal physiological conditions and function accordingly.
TaTPI maintained its folded structure under extremely acidic condition (pH 1–2) as in neutral
pH range (S3 Fig). In the case of TaTPI, secondary structure contents under extremely acidic
condition seem to change slightly with sustained folded structure. The content of α-helix in the
TaTPI tends to increase with decreasing pH, whereas the content of β-strand decreases. These
results suggest that TaTPI is designed to function normally even in cases of unexpected pH
drop.

The temperature of maximum heat capacity (or half-denaturation temperature, Td) of
TaTPI was measured by CD spectroscopy. The denaturation curve of TaTPI was analyzed by
Kaleidagraph (Synergy Software) based on John andWeeks’s protocol [22]. The Td value for
TaTPI is 74.6°C (S4 Fig), which is comparable with that of TPI from Geobacillus stearothermo-
philus (GsTPI), a biological indicator for the validation of sterilization processes, (Td: 76°C)
[30]. In the case of GsTPI, a large number of prolines (5.2%), replacement of asparagine by his-
tidine within the active site to prevent deamidation, the smallest cavity number and volume,
and a large buried hydrophobic surface have been shown to contribute for the thermostability
[12]. Thermotoga maritima, a hyperthermophilic bacterium, has been known to have TPI with
the highest Td value of 102°C [30], resulting from a large number of salt bridges and extensive
hydrophobic patches from tetramer conformation [8]. Using DSC, we found the Td app value
of MjTPI to be 107.1°C and it is the highest Td value among reported TPIs so far (Table 2; S5
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Fig). When compared with TPIs mentioned above, TaTPI has smaller number of prolines
(4.2%), larger cavity volume, and less buried hydrophobic surface than GsTPI, nor does it
adopt tetrameric conformation.

Proposal of TPI stabilization patches
TaTPI is composed of 216 amino acid residues and approximately 10% shorter in length than
other TPIs from bacterial and eukaryotic species, which is a common feature in archaeal TPIs.
According to the results of our structure-based sequence alignment for TPIs, helix 4, helix 5,
and helix 6 are regions that mainly account for variation in amino acid composition, structural
stability, and the oligomeric status of TPIs. To systematically validate the stabilization factors

Table 2. Half-denaturation temperatures of TPIs.

The half-denaturation temperature (Td,°C) Reference

TaTPI 74°C This manuscript

MjTPI 107°C This manuscript

TmTPI 102°C Alvarez et al., 1999 [30]

GsTPI 76°C Alvarez et al., 1999 [30]

PfTPI 65°C Gopal et al., 1999 [33]

HsTPI 55°C Mainfroid et al., 1996 [34]

TbTPI 44°C Borchert et al., 1993 [35]

Ta, Thermoplasma acidophilum; Mj, Methanocaldococcus jannaschii; Tm, Thermotoga maritima; Gs,

Geobacillus stearothermophilus; Pf, Plasmodium falciparum; Hs, Homo sapience; Tb, Trypanosoma brucei.

doi:10.1371/journal.pone.0145331.t002

Fig 3. TPI stabilization patches (TSPs). (A) Structure-based sequence alignment of TaTPI with other TPIs from Pyrococcus woesei (PwTPI),
Methanocaldococcus jannaschii (MjTPI), Thermoproteus tenax (TtTPI),Homo sapiens (HsTPI),Gallus gallus (GgTPI), Thermotoga maritima (TmTPI), and
Geobacillus stearothermophilus (GsTPI). Strictly conserved amino acid residues are highlighted in red shaded boxes and moderately conserved amino acid
residues are colored in red. Conserved residues are enclosed in blue boxes and TSP regions are enclosed in red boxes. The alignment figure was prepared
using ESPript program [32]. (B) Structural comparison of TaTPI and HsTPI. The red dotted and solid circles represent TSP regions in TaTPI and HsTPI,
respectively.

doi:10.1371/journal.pone.0145331.g003
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of TaTPI, we name regions of distinctive differences as TPI stabilization patches (TSPs) (Fig
3A). TSP1 is helix 4 region and TaTPI lacks a short helical N-terminus in this patch. Conse-
quently, TaTPI forms a more compact structure. TSP2 exhibits a major structural discrepancy
in that 18 amino acid residues are missing in helix 5 region of TaTPI, compared with other
dimeric TPIs. In TSP2 area, truncated helix 5 (TSP2C) and lack of a short helix in its N-termi-
nus (TSP2N) also make TaTPI tighter in their overall structure. Lastly, TSP3 arises from helix
6 region and helix 6 is trimmed along with a short α-helix in its C-terminus (Fig 3B). All the
TSPs of TaTPI contribute to the formation of more compact dimeric structure.

The TSPs are not exclusive of TaTPI. Other tetrameric archaeal TPIs also have the TSPs.
We speculated that other tetrameric archaeal TPIs could be more thermostable than TaTPI
since they adopt tetrameric conformation and contains TSPs. To validate our speculation, we
cloned and purifiedM. jannaschii TPI (MjTPI), a tetrameric archaeal TPI, and measured the
Td app value of MjTPI. The Td app value of MjTPI was 107.1°C, which is the highest Td app
value among reported TPIs so far. The result suggest that both higher oligomerization status
and the TSPs could be important factors for thermostability of TPIs. TaTPI would keep its
structural and functional integrity at high temperature through a compact dimeric conforma-
tion from contributing TSPs. Crystal structures of apo- and G3P-bound TaTPI and defined sta-
bility determining factors of TPIs would provide clear insights on engineering more stable
TIM-barrel fold proteins which make up a large protein family and play pivotal role in meta-
bolic pathways.

Supporting Information
S1 Fig. Binding modes of G3P with key amino acid residues of TaTPI. LIGPLOT diagram is
used for representation of active site in the G3P-bound TaTPI. Carbon, nitrogen, oxygen, and
phosphorus atoms are shown in black, blue, red, and magenta, respectively. Hydrogen bonds
and oxyanion hole between G3P and TaTPI are shown as green and red dotted line, respec-
tively.
(TIF)

S2 Fig. Analytic size-exclusion chromatography of TaTPI. TaTPI protein samples at two dif-
ferent concentrations (A: 4.5 mg ml-1, B: 0.9 mg ml-1) were applied to Superdex200 10/300 GL
column. Chromatograms of TaTPI and gel filtration standard were shown as blue and red
lines, respectively.
(TIF)

S3 Fig. Circular dichroism spectra for TaTPI at variable pH conditions. (A) CD spectra of
pH-titrated TaTPI (pH 1.0–7.0) were measured from 200 to 260 nm. (B) The secondary struc-
ture contents of pH-titrated TaTPI were calculated from Multivariate SSE Program (JASCO).
(TIF)

S4 Fig. Thermal denaturation curve of TaTPI. The black line represents baseline-subtracted
and normalized raw data. The red line indicates the best fits of the raw data. The maximum
temperature of heat capacity (Td) was calculated according to the best fits of the raw data.
(TIF)

S5 Fig. DSC thermogram of MjTPI. The black circle represents baseline-subtracted and nor-
malized raw data. The black line indicates the best fits of the raw data. The maximum tempera-
ture of heat capacity (Td) was calculated based on the best fits of the raw data.
(TIF)
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Abstract 

 

Structural and Biophysical Analyses of Aspartyl-tRNA 

Synthetase from Homo sapiens and Triosephosphate 

Isomerase from Thermoplasma acidophilum 
 

Sang Ho Park 

College of Pharmacy 

The Graduate School 

Seoul National University 

 

Human cytosolic aspartyl-tRNA synthetase (DRS) catalyzes the 

attachment of the aspartic acid to its specific tRNA. DRS is a 

component of the multi-tRNA synthetase complex (MSC) which has 

been known to be involved in unanticipated signaling pathways. The 

crystal structure of DRS has been determined at 2.25 Å resolution 

containing the anticodon binding domain, hinge region, and catalytic 

domain. The structure also reveals the C-terminal end of the N-helix 

which is considered as a unique additional domain of DRS, and its 

conformation further supports the switching model of the N-helix for 

the transfer of tRNAAsp to elongation factor 1α. From the analyses of 

the crystal structure and post-translational modification of DRS, I 

suggest that the phosphorylation of Ser146 could initiate a 

conformational change of the DRS dimer and provokes the separation 
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of DRS from the MSC. This structural study provides the binding site 

for an interaction partner with unforeseen functions. 

 Thermoplasma acidophilum is one of the most acidophilic organisms 

that utilize not only non-phosphorylative Entner-Doudoroff (ED) 

pathway but also Embden-Meyerhof-Parnas (EMP) pathway for 

glucose degradation. Triosephosphate isomerase (TPI) is structurally 

and functionally well-known glycolytic enzyme that plays an important 

role in glycolytic and gluconeogenic metabolism. Crystal structures of 

apo- and glycerol-3-phosphate-bound TPI from T. acidophilum (TaTPI) 

have been determined at 1.94 and 2.17 Å resolution. TaTPI adopts the 

canonical TIM-barrel fold with eight α-helices and parallel eight β-

strands. Although TaTPI shares ~30% sequence identity to other TPIs 

from thermophilic species that adopt tetrameric conformation for 

enzymatic activity in their harsh physiological environments, TaTPI 

exists as a dimer in solution. Dimeric conformation of TaTPI was 

further confirmed by analytical ultracentrifugation and size-exclusion 

chromatography. Helix 5 and helix 4 regions of thermostable tetrameric 

TPIs are key important tetrameric interface, forming a hydrophobic 

effects. However, TaTPI contains unique charged-amino acid residues 

in the helix 5 and adopts dimer conformation. TaTPI exhibits the 

apparent Td value of 74.6 ℃ and maintains its overall structure with 

slight changes in the secondary structure contents under extremely 
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acidic conditions. Based on the structural and biophysical analyses of 

TaTPI, more compact structure of the protomer with reduced length of 

loops and certain patches on the surface could account for the robust 

nature of Thermoplasma acidophilum TPI. 

 

Keywords: aspartyl-tRNA synthetase, multi-tRNA synthetase complex, 

triosephosphate isomerase, glycolysis, crystal structure 

 

Student number: 2010-21682 
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Chapter 1 

Crystal structure of human cytosolic aspartyl-

tRNA synthetase 

 

[This chapter was published in PROTEINS.] 

Kim KR, Park SH et al. (2013) Crystal Structure of Human cytosolic aspartyl-

tRNA synthetase, a component of multi-tRNA synthetase complex. 

PROTEINS 81(10):1840-1846 

 

1. Introduction 

 

Aminoacyl-tRNA synthetases (AARSs) catalyze the attachment of 

specific amino acid to its compatible cognate tRNAs through a two-

step reaction.(Normanly and Abelson, 1989, Annual review of 

biochemistry, 1) In the first step, an intermediate adenylate is formed 

from amino acid and ATP, then the amino acid is charged to the ribose 

of the terminal adenine of tRNA (Figure 1-1). Even though AARSs 

catalyze the same type of reaction, they vary in amino acid sequence, 

size, three-dimensional structure, and oligomeric state.  
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Figure 1-1. Aminoacyl-tRNA synthetase charging a tRNA (biology-

forums.com) 
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AARSs can be classified into two major classes based on conseverd 

sequence motif; class I and II synthetase.(Eriani, et al., 1990, Nature, 2) 

Whereas the class I synthetase adopts the representative Rossmann fold 

that binds ATP, the class II synthetase contains a core antiparallel β-

sheet surrounded by α-helices and three unique conserved motifs; motif 

1, 2, and 3 (Figure 1-2).(Eriani, et al., 1990, Nature, 2) 

There are cytosolic or mitochondrial AARSs that play an essential 

cellular role not only in cytosol but also in mitochondria and most 

AARSs function distinctively in either location for protein synthesis. In 

human, there are cytosolic and mitochondrial aspartyl-tRNA 

synthetases (DRS and DRS2), which share only 22.9% sequence 

identity. It has been known that DRS2 is associated with 

neurodegenerative disorder; leukoencephalopathy with brain stem and 

spinal cord involvement and high lactate (LBSL). (Scheper, et al., 2007, 

Nature genetics, 3) Structure of DRS2 revealed the function of the 

additional motif in the catalytic domain.(Neuenfeldt, et al., 2012, 

Nucleic acids research, 4) In the case of DRS, it has been known to the 

component of multi-tRNA synthetase complex (MSC) in higher 

eukaryotes.(Deutscher, 1984, The Journal of cell biology, 5) 
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Figure 1-2. Architectures of the catalytic domains for 

aminoacylation – class I versus class II (Lo, et al., 2014, Science, 6) 

The conserved core Rossmann fold is represented on the structure of 

MRS (PDB ID: 2CT8) in class I, and the conserved core 7 beta-strand 

with motif-3 helix is represented on the structure of KRS (PDB ID: 

4DPG) in class II. 
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The MSC consists of nine cytosolic tRNA synthetases (DRS, KRS, 

MRS, RRS, QRS, IRS, LRS, and EPRS) with three auxillary proteins 

(AIMP1/p43, AIMP2/p38, and AIMP3/p18) and it has been known to 

switch the canonical translational function and additional functions 

which are often observed in higher eukaryotes (Figure 1-3).(Ray, et al., 

2007, Trends Biochem Sci, 7; Park, et al., 2005, Trends Biochem Sci, 

8) In the MSC, DRS is known to interact with the aminoacyl-tRNA 

synthetase-interacting multifunctional protein 2 (AIMP2/p38) 

(Robinson, et al., 2000, J Mol Biol, 9; Kaminska, et al., 2009, J Biol 

Chem, 10) and the lysyl-tRNA synthetase (KRS).(Guzzo and Yang, 

2008, Biochemical and biophysical research communications, 11) The 

N-terminal extension of DRS, KRS, and asparaginyl-tRNA synthetase 

(NRS) is unique additional region in the class II synthetases and further 

classifies them into the subclass IIb.(Woese, et al., 2000, Microbiology 

and molecular biology reviews : MMBR, 12) The NMR structure of the 

N-terminal extension region in DRS revealed that the N-terminal 

flexible β-turn followed by the amphipathic C-terminal helix induces 

the nonspecific tRNA binding and gives a force to transfer its charged 

tRNA to elongation factor 1α (EF-1α).(Reed and Yang, 1994, J Biol 

Chem, 13; Reed, et al., 1994, J Biol Chem, 14; Cheong, et al., 2003, 

The international journal of biochemistry & cell biology, 15) 
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Figure 1-3. The nontranslational functions of AARs (Guo and 

Schimmel, 2013, Nature chemical biology, 16) 
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In this work, I present the crystal structure of human cytosolic DRS 

at 2.25 Å. I show that DRS forms a homodimer with the N-terminal 

extension, anticodon binding domain, and catalytic domain. Analyses 

of the crystal structure and post-translational modification shed lights 

on the molecular basis of the association and dissociation of DRS with 

the MSC. 
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2. Material and methods 

 

2.1. Cloning, protein expression, and purification 

Full-length sequence of human cytosolic DRS (501 amino acids) was 

amplified using PCR and cloned into the pET-28a(+) vector containing 

the N-terminal His6-tag (Novagen). The recombinant protein was 

transformed into Escherichia coli Rosetta2(DE3)pLysS strain. DRS 

was induced by 0.5 mM isopropyl 1-thio-β-D-galactopyranoside and 

incubated for 6 hours at 310 K using Luria Broth culture medium. The 

harvested cells were lysed by cell sonicator (SONICS) in lysis buffer 

containing 20 mM Tris-HCl (pH 7.5), 500 mM NaCl, 35 mM imidazole, 

and 1 mM phenylmethanesulfonyl fluoride. The lysates were 

centrifuged at 35,000g for 50 min to remove the cell debris and 

denatured proteins. The supernatant was applied to a HiTrap Chelating 

HP column (GE Healthcare) for affinity chromatography and eluted 

with linear gradient 50-500 mM imidazole following equilibration with 

50 mM imidazole. The eluted protein was diluted with a buffer 

containing 50 mM HEPES-NaOH (pH 7.0), 50 mM NaCl, 1 mM 

dithiothreitol, and 5% (v/v) glycerol, and further purified using the ion 

exchange chromatography with a HiTrap Q HP column (GE 

Healthcare). For the final purification step, size-exclusion 

chromatography was performed with a HiLoad 16/600 Superdex 200 
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prep grade column (GE Healthcare) equilibrated with 50 mM HEPES-

NaOH (pH 7.0), 200 mM NaCl, 5% (v/v) glycerol, and 1 mM 

dithiothreitol. For crystallization, the purified DRS proteins were 

concentrated to 11.1 mg ml-1. 
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2.2. Crystallization 

Initial DRS crystals were searched using commercial screen 

solutions, Crystal screen I, II, PEG/Ion I, II (Hampton Research), and 

Wizard classic I, II, III, IV (Rigaku), by the sitting-drop vapor-

diffusion method at 295 K. DRS crystals were grown by the sitting-

drop vapor-diffusion method at 295 K by mixing equal volumes of the 

purified protein and the reservoir solution containing 8% (v/v) 

tacsimate (pH 8.0), and 20% (w/v) polyethylene glycol 3350 (Figure 1-

4).  
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Figure 1-4. Crystals of human cytosolic DRS 

Crystals of human cytosolic DRS with approximate dimensions of 0.3 

mm × 0.1 mm × 0.05 mm. 
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2.3. X-ray data collection and structure determination 

For X-ray diffraction data collection, crystals were soaked in the 

cryoprotectant solution containing 20% (v/v) glycerol added to the 

reservoir solution. X-ray diffraction data of the crystal were collected at 

the synchrotron BL-5A at the Photon Factory, Japan. The DRS crystals 

belong to the space group P21, with unit cell parameters of a = 54.89, b 

= 141.92, c= 98.50, α = γ = 90˚, and β = 102.19˚. The structure was 

solved by molecular replacement method with the structure of S. 

cerevisiae DRS containing the anticodon binding domain, hinge region, 

and catalytic domain (PDB ID: 1ASZ)(Cavarelli, et al., 1994, The 

EMBO journal, 17) as a phasing model using MOLREP.(Vagin and 

Teplyakov, 2010, Acta Crystallogr D Biol Crystallogr, 18) The 

structure was completed using alternate cycles of manual building in 

WinCoot(Emsley, et al., 2010, Acta Crystallogr D Biol Crystallogr, 19) 

and refinement in REFMAC(Murshudov, et al., 1997, Acta Crystallogr 

D Biol Crystallogr, 20). All refinement steps were monitored using an 

Rfree value based on 5.0% of the independent reflections. The 

stereochemical quality of the final model was assessed using 

MolProbity(Lovell, et al., 2003, Proteins, 21). The data collection and 

refinement statistics are summarized in Table1-1; 1-2. 
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Table 1-1. Statistics for data collection 

Data collectiona Human cytosolic DRS 

Space group P21 

Cell dimensions   

  a, b, c (Å) 54.89, 141.92, 68.50 

  α, β, γ (°) 90, 102.19, 90 

Data set  

X-ray wavelength (Å) 1.0000 

Resolution (Å)b 50.00–2.25 (2.29–2.25) 

Total / unique reflections 177,246 / 48,428 

Completeness (%)  99.3 (95.4) 

Rmerge (%)c 11.0 (50.2) 
 

Footnotes to Table 1-1 

aData collected at the synchrotron BL-5A at the Photon Factory. 

bNumbers in parentheses indicate the highest resolution shell. 

cRmerge = Σh Σi |I(h)i – <I(h)>| / Σh Σi I(h)i, where I(h) is the observed 

intensity of reflection h, and < I(h) > is the average intensity obtained 

from multiple measurements. 
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Table 1-2. Refinement statistics 

Refinement Human cytosolic DRS 

Resolution (Å) 50.00–2.25 

Rwork
a / Rfree

b (%) 19.7 / 22.8 

No. of non-hydrogen atoms / 

mean B-factor (Å2) 

 

Protein 

Water 

Glycerol 

Poor rotamers (%)c 

6,968 / 33.7 

354 / 40.2 

48 / 52.5 

3.1 

Ramachandran plot analysis (%)  

Most favored regions 

Additional allowed regions 

Disallowed regions 

96.9 

3.1 

0 

R.m.s.d. from ideal geometry  

  Bond lengths (Å) 0.010 

  Bond angles (°) 1.290 
 

Footnotes to Table 1-2 

aRwork = Σ | |Fo| - |Fc| | / Σ |Fo|, where |Fo| is the observed structure factor 

amplitude and |Fc| is the calculated structure factor amplitude. 

bRfree = R-factor based on 5.0% of the data excluded from refinement. 

cValues obtained using MolProbity. 
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2.4. Post-translational modification analysis 

Purified N-terminal OneSTrEP-tagged DRS and co-eluted 

interaction partners of that, overexpressed and purified from HEK293T 

cells, were digested with sequencing grade gold-trypsin (Promega) after 

1D-SDS PAGE/Coomassie blue staining. Tryptic peptides were 

analyzed with the LTQ Velos Orbitrap mass spectrometer equipped 

with an electron transfer dissociation source after an online reversed-

phase chromatography. To improve sequencing coverage, I applied a 

data dependent decision tree to select for collision induced dissociation 

or electron transfer dissociation fragmentation depending on the 

charged states, respectively. Protein identification was accomplished 

using the Sorcerer™-SEQUEST® (Sage-N Research), and searches 

were performed against the IPI human DB v3.87 fasta. The 

carbamidomethylation (+57.021 Da) of Cys is set as a static 

modification, and the following variable modification were allowed: 

GlyGly / +114.043 Da (Lys), Acetyl / +42.011 Da (Lys), HexNAc / 

+203.079 Da (Asn, Ser, Thr), Phospho / +79.966 Da (Ser, Thr, Tyr), 

Oxidation / +15.995 Da (Met), deamidated / +0.984 Da (Asn, Gln). 
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2.5. Data deposition 

The coordinate and structure factors for human cytosolic DRS have 

been deposited in the RCSB Protein Data Bank, accession code 4J15. 
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3. Results and discussion 

 

3.1. Overall structure and oligomeric state of DRS 

The crystal structure of human cytosolic DRS has been determined at 

2.25 Å resolution by molecule replacement method with the structure 

of S. cerevisiae DRS containing the anticodon binding domain, hinge 

region, and catalytic domain (PDB ID: 1ASZ) (Cavarelli, et al., 1994, 

The EMBO journal, 17) as a phasing model. Rwork/Rfree values for the 

final models of DRS was 19.7%/22.8%. Crystal structure of DRS 

contains a homodimer in the asymmetric unit and the dimer interface 

area is 3,750.5 Å2 which comprises of 16.6% of the monomeric surface 

area calculated from Protein Interfaces, Surfaces and Assemblies 

service.(Krissinel and Henrick, 2007, Journal of molecular biology, 22) 

The crystal structure of DRS contains anticodon binding domain, hinge 

region, and catalytic domain. In addition, the N-terminal extension 

region, which is a distinct domain in mammalian DRS, could be 

partially modeled including the C-terminal three residues of the 

characteristic helix motif (Figure 1-5). Structural analyses on this N-

terminal extension region will be further discussed with the previous 

NMR structure below. 
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Figure 1-5. Crystal structure of DRS dimer 

The N-terminal extension, anticodon binding domain, hinge region, 

catalytic domain, and motifs are colored and labeled in cyan, magentas, 

blue, green, and orange respectively. 
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The anticodon binding domain of DRS (residues 57-146) contains 

the oligonucleotide binding-fold (OB-fold) that is composed of a five-

stranded antiparallel β-sheet connected by helices and loops (β1-β5) to 

form a closed β-barrel. The catalytic domain (residues 189-497) adopts 

thirteen α-helices (αH-αT) and eight β-strands (β6-β13) which comprise 

all the three conventional class II aminoacyl-tRNA synthetase motifs; 

motif 1, 2, and 3.(Eriani, et al., 1990, Nature, 2) The hinge region 

(residues 156-188) plays a fundamental role in the connection of the 

anticodon binding domain and the catalytic domain. In the middle of 

the hinge region, residues 163-172 could not be observed due to the 

lack of the electron density and the disordered residues are considered 

as a part of binding region to the ribose-phosphate backbone in the D-

stem of tRNAAsp, compared with the known S. cerevisiae DRS-

tRNAAsp complex structure.(Cavarelli, et al., 1994, The EMBO journal, 

17) In addition, residues 224-247 in the flipping loop and residues 273-

282 in the motif 2 could not be modeled in the crystal structure of DRS. 

These regions are known to be dynamic without its cognate tRNA and 

recognize its tRNA in an induced-fit manner.(Sauter, et al., 2000, J Mol 

Biol, 23) 

When the anticodon binding domain, hinge region, and catalytic 

domain in the structure were independently superimposed with those of 

the S. cerevisiae DRS-tRNAAsp complex structure, the three domains 
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were structurally well-conserved with the r.m.s.d. values of 1.08 Å, 

1.80 Å, and 0.97 Å, respectively. In the anticodon binding domain, 

three β-strands (β1, β2, and β3) could bind to the anticodon loop of 

tRNAAsp which is composed of GUC elements. In the hinge region, 

short helices containing Asp158 and Asn175 could interact with the D-

stem (U11, U12) of tRNAAsp. In the catalytic domain, the flipping loop 

and the class II motif 2 play a key role in the interaction of DRS with 

the 3’-end of tRNAAsp (Figure 1-6). 
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Figure 1-6. Superposition of human DRS with S.cerevisiae DRS-

tRNAAsp 

The anticodon binding domain (A) and the hinge region (B) of human 

DRS are colored as in Figure 1-5 and the catalytic domain (C) of 

human DRS is represented in green. S. cerevisiae DRS is colored in 

gray and tRNAAsp is shown in orange. Carbon, oxygen, nitrogen and 

phosphorus atoms of ATP are shown with stick model in gray, red, blue, 

and orange, respectively. The predicted interaction residues of human 

DRS with tRNAAsp are labeled and shown in stick model. 
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3.2. Structural comparison of human cytosolic and mitochondrial 

DRSs 

Recently, the crystal structure of human mitochondrial DRS (DRS2) 

has been determined at 3.7 Å resolution (PDB ID: 4AH6).(Neuenfeldt, 

et al., 2012, Nucleic acids research, 4) Even though human DRS and 

DRS2 share only 22.9% sequence identity (Figure 1-7), two structures 

are structurally similar to each other with the r.m.s.d. distance of 1.7 Å. 

The anticodon binding domain, hinge region, and catalytic domain of 

DRS and DRS2 are structurally well-conserved, with the exception of 

an additional motif in the catalytic domain of DRS2 which is known as 

the insertion domain (Figure 1-8). The insertion domain of DRS2 

adopts the enlarged catalytic groove with more electropositive surface 

potential, which enables an alternate interaction network at the subunit 

interface between tRNA and DRS2.(Neuenfeldt, et al., 2012, Nucleic 

acids research, 4) Interestingly, DRS2 showed a higher sensitivity than 

DRS for inhibitors with a non-hydrolysable adenylate moiety and its 

correlation with structural features has not been well understood. 

(Messmer, et al., 2009, Biochimie, 24) Structural analyses of DRS and 

DRS2 in complex with same adenylate analogs would elucidate a 

subtle role of the domain difference with respect to substrate specificity 

and evolutionary advantages. 
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Figure 1-7. Sequence alignment of human cytosolic DRS with 

S.cerevisiae DRS and human mitochondrial DRS 

Strictly conserved amino acid residues are highlighted in red shaded 

boxes and moderately conserved amino acid residues are colored in red. 

The alignment figure was prepared using ESPript program (Robert and 

Gouet, 2014, Nucleic acids research, 25). 
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Figure 1-8. Structural comparison of human cytosolic DRS and 

mitochondrial DRS 

Human cytosolic DRS is shown as in Figure 1-5 and mitochondrial 

DRS is colored in gray. The red dotted ovals indicate the insertion 

domain of mitochondrial DRS. 
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3.3. Flexible N-terminal extension of DRS 

In higher eukaryotes, additional domains or motifs in a specific 

AARS result in additional functions. In the case of DRS, KRS, and 

NRS, they contain the N-helix that is named after the helical 

conformation in part of their N-terminal extension region.(Woese, et al., 

2000, Microbiology and molecular biology reviews : MMBR, 12; Guo, 

et al., 2010, Nature reviews Molecular cell biology, 26) The previously 

determined NMR structure of the N-terminal extension of DRS 

revealed the conformational flexibility caused by the β-turn followed 

by one α-helix and the N-terminal extension plays a crucial role in the 

interaction between tRNAAsp and EF-1α.(Reed and Yang, 1994, J Biol 

Chem, 13; Reed, et al., 1994, J Biol Chem, 14; Cheong, et al., 2003, 

The international journal of biochemistry & cell biology, 15) In the 

crystal structure of DRS, the C-terminal end of the α-helix in the N-

terminal extension was observed, comprising of Lys26, Glu27, and 

Arg28, even though the N-terminal region was less-ordered. To get a 

glimpse of the whole N-helix structure, the structurally well-resolved 

C-terminal end of the N-terminal extension residue Glu27 and Arg28 

was superposed with the α-helix of the NMR structure, considering the 

helical wheel conformation (Figure 1-9). The α-helix in the N-terminal 

extension is amphipathic and the hydrophilic face of the amphipathic 

helix could interact with positively charged residues Arg8 and Lys9 in 
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the N-terminus by the conformational change on the flexible β-

turn.(Cheong, et al., 2003, The international journal of biochemistry & 

cell biology, 15) Consequentially, the crystal structure further supports 

the structural switching model of the N-terminal extension of DRS in 

the aid of the direct transfer of tRNAAsp to EF-1α (Figure 1-10). 
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Figure 1-9. Helical wheel of the α-helix in the N-terminal extension 

Helical wheel represent the α-helix in the N-terminal extension and the 

anticodon binding domain. The hydrophobic, negative-charged, and 

positive-charged residues in the helical wheel are colored yellow, red, 

and blue, respectively. 
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Figure 1-10. The switching model of the N-helix with DRS 

structure 

From the helical wheel model, the switching model of the N-helix with 

the DRS structure is suggested. 
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3.4. Post-translational modification of DRS  

To speculate the organization of DRS as a main interacting 

component with AIMP2/p38 in the MSC assembly, all the known post-

translational modification (PTM) data was searched and independently 

implemented the PTM analyses of DRS. The liquid chromatography 

tandem mass spectrometry analysis was performed and two 

phosphorylation sites (Tyr239 and Ser249) and six acetylation sites 

(Lys55, 110, 213, 241, 330 and 453) were identified. Among the results, 

the phosphorylation of Tyr239 and the acetylation of Lys55, 213 and 

453 were firstly identified. These findings and other PTM sites 

information of DRS from PhosphoSite Plus database 

(http://www.phosphosite.org) indicated that the residues 238-254 

region of the class II aminoacyl-tRNA synthetase are dynamically 

regulated by various types of modifications such as phosphorylation, 

acetylation and ubiquitination (Figure 1-11). For instance, while 

Lys241 was identified with its acetylation modification in the analysis, 

collected six independent MS-analysis data of ubiquitin branch motif 

(K-e-GG) immunoaffinity beads purification studies showed that 

Lys241 is also modified with ubiquitin. Thus it seems that the 

phosphorylation status of Ser238, Tyr239 and/or Ser249 could affect 

the catalytic activity, stability or partner binding affinity of DRS 

through a competitive modification event between acetylation and 

http://www.phosphosite.org/
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ubiquitination of Lys241 and/or Lys254, though it should be clarified 

with further studies. PTM sites mapped on the surface representation of 

human DRS dimer modeled with tRNAAsp are shown in Figure 1-12. A 

large numer of PTM sites locate in tRNA interaction region, or surface 

of DRS. These results suggest that the PTM sites could affect on 

interaction between DRS and tRNA. 
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Figure 1-11. PTM analyses 

Acetylation, phosphorylation, and ubiquitination sites are shown as 

blue, red, and yellow circles, respectively. PTM sites uniquely observed 

in this study and residues observed both in the database and in this 

study are surrounded by black boxes and dotted boxes, respectively. 

Ser146, which is expected to play a key role in the organization of DRS, 

is marked with a red asterisk. 
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Figure 1-12. PTM sites mapped on the surface representation of 

human DRS dimer modeled with tRNAAsp 
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The crystal structure of human DRS dimer was superposed with that of 

S. cerevisiae DRS dimer in complex with tRNAAsp and human DRS is 

shown as surface representation. (A) tRNA binding face of DRS dimer. 

(B) Bottom and symmetric groove of the DRS dimer. Acetylation and 

phosphorylation sites are colored in blue and red, respectively. 
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3.5. Implication on the MSC assembly  

In the MSC, AIMP2/p38 has been known to interact with two 

subcomplexes of the MSC (I: MRS, AIMP3/p18, EPRS, IRS, LRS; II: 

AIMP1/p43, QRS, RRS, DRS, and KRS), and the N-terminal domain 

of AIMP2/p38 interacts with the subcomplex II, DRS, and 

KRS.(Kaminska, et al., 2009, J Biol Chem, 10) The N-terminal motif 1 

and 2 of AIMP2/p38 have been recently shown to interact with the 

bottom groove and the symmetric groove on the KRS dimer, 

respectively.(Ofir-Birin, et al., 2012, Molecular cell, 27) Based on the 

situational and structural similarity between KRS and DRS, two dimers 

of DRS would interact with AIMP2/p38 in the similar manner of KRS 

regarding the association and dissociation from the MSC. In the case of 

KRS, Ser207 establishes the major intermolecular interaction of the 

KRS dimer through three hydrogen bonds between the hydroxyl group 

of Ser207 and the backbone of Gly540 and Leu541. Interestingly, a 

conformational change triggered by the phosphorylation of Ser207 

switches the function of KRS from translation to transcription, 

provoking a new conformer and releasing KRS from the MSC.(Ofir-

Birin, et al., 2012, Molecular cell, 27) To this surprise, DRS also 

contains the equivalent Ser146, Gly462, and Ala463, which are highly 

conserved in the amino acid sequence and three-dimensional structure 

in higher eukaryotes (Figure 1-13). In addition, the PTM information of 
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DRS from the PhosphoSite Plus database shows that the 

phosphorylation of Ser146 was already observed with the 

phosphoproteome analyses of the human cell cycle using the mass 

spectrometry.(Olsen, et al., 2010, Science signaling, 28) Thus, the 

phosphorylation of Ser146 could initiate a conformation change of the 

DRS dimer and trigger an unpredicted function of DRS by releasing it 

from the MSC. The structural study and PTM analyses of DRS extend 

the knowledge about the interaction of components in the MSC and 

provide fundamental information for human physiological signaling 

pathways related to the MSC. 
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Figure 1-13. Key intermolecular interaction of DRS 

Sequence alignment of the interface residues of anticodon binding 

domain and catalytic domain of DRSs from various organisms. Ser146 

of human DRS are marked with red asterisks. Close-up view of Ser146 

and the intermolecular interaction of DRS dimer. The structure of 

human DRS is superimposed with that of human KRS shown in a gray 

cartoon model. 
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Chapter 2 

Structure and stability of the dimeric 

triosephosphate isomerase from Thermoplasma 

acidophilum 

 

[This chapter was published in PLoS One.]  

Park SH et al. (2015) Structure and Stability of the Dimeric Triosephosphate 

Isomerase from the Thermophilic Archaeon Thermoplasma acidophilum. 

PLoS One 10(12):e0145331. doi: 10.1371/journal.pone. 

 

1. Introduction 

 
Triosephosphate isomerase (TPI or TIM) is a functionally and 

structurally well-known enzyme that plays a crucial role in glycolytic 

and gluconeogenic metabolism. TPI accurately and efficiently 

interconverts dihydroxyacetone phosphate (DHAP) and 

glyceraldehyde-3-phosphate (GAP) (Figure 2-1). Missense mutations 

of TPI genes result in TPI deficiency through loss-of-function 

(Schneider, 2000, Bailliere's best practice & research Clinical 

haematology, 29). TPI deficiency has been known to cause metabolic 

diseases, glycolytic enzymopathies, in which neurological pathogenesis 

is uniquely severe (Celotto, et al., 2006, Genetics, 30). Pathogenic TPI 



38 

deficiency mutations dramatically affect TPI activity owing to either 

catalytic interruption or oligomeric state alteration (Arya, et al., 1997, 

Hum Mutat, 31; Hollan, et al., 1993, Hum Genet, 32; Daar, et al., 1986, 

Proc Natl Acad Sci U S A, 33). 
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Figure 2-1. The isomerization reaction catalyzed by 

triosephosphate isomerase (Jogl, et al., 2003, Proceedings of the 

National Academy of Sciences of the United States of America, 34) 

The reaction pathway from DHAP to GAP, including the putative 

reaction intermediate, an enediol. 
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Thermoplasma acidophilum is one of the most acidophilic organisms 

among known thermophilic archaea. It optimally grows at 55 – 60 ℃ 

and pH 0.5 – 2.0. For glucose degradation, T. acidophilum has been 

known to utilize not only non-phosphorylative Entner-Doudoroff (ED) 

pathway but also canonical glycolysis/gluconeogenesis pathway 

(Embden-Meyerhof-Parnas pathway) (Ruepp, et al., 2000, Nature, 35). 

Although one of the glycolysis/gluconeogenesis pathway enzymes, 

phosphofructokinase, has not been identified in T. acidophilum, TPI 

has been considered to play a crucial role in the 

glycolysis/gluconeogenesis pathway in T. acidophilum. 

TPI is a representative α/β protein with eight α-helices and eight β-

strands connected by loops, forming a TIM-barrel fold (Wierenga, 2001, 

FEBS Lett, 36). The active site of TPI is highly conserved in all 

kingdoms and located inside of the TIM-barrel fold with three catalytic 

residues (Lys9, His89, and Glu137 in TaTPI numbering). Most TPIs 

are optimally active in their dimeric forms. In contrast, archaeal TPIs 

that withstand high temperatures are tetrameric in their active states 

(Maes, et al., 1999, Proteins, 37). Thermostable proteins have been 

known to adapt to high temperature in various ways: increased 

electrostatic interactions, hydrogen bonds, and hydrophobic effects, 

resulting in fortified subunit contacts, more compact packing, higher 

oligomerization state, and two-state equilibrium reversibility (Xiao and 
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Honig, 1999, Journal of molecular biology, 38; Dams, et al., 2000, 

Journal of molecular biology, 39; Szilagyi and Zavodszky, 2000, 

Structure, 40; Delboni, et al., 1995, Protein science : a publication of 

the Protein Society, 41; Romero-Romero, et al., 2015, Physical 

chemistry chemical physics : PCCP, 42). 

In the Protein Data Bank (PDB), structures of one bacterial TPI 

(Thermotoga maritima; Tm) and three archaeal TPIs (Pyrococcus 

woesei; Pw, Thermoproteus tenax; Tt, and Methanocaldococcus 

jannaschii; Mj) that have been deposited are in tetrameric form. P. 

woesei, M. jannaschii, and T. acidophilum belong to Euryarchaeota and 

T. tenax is affiliated to Crenarchaeota in phylogeny. Among tetrameric 

TPIs in PDB, tetrameric conformation of bacterial TmTPI is 

maintained by disulfide bonds between two classical TPI dimers (Maes, 

et al., 1999, Proteins, 37). In archaeal TPIs, helix 4 and helix 5 in the 

tetrameric interface are of key importance for their tetrameric forms. 

Especially, helix 5 in thermostable TPIs has been considered as a major 

contributor for tetramer formation via dominant hydrophobic effects 

(Walden, et al., 2001, Journal of molecular biology, 43). 

In this work, I report crystal structures of apo- and glycerol-3-

phosphate (G3P)-bound TaTPI, each representing open and closed form. 

Unlike other thermostable archaeal TPIs, TaTPI forms a stable dimer in 

solution, which I confirmed using analytical ultracentrifugation and 
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size-exclusion chromatography. I also show the effect of pH on the 

secondary structure and temperature-induced unfolding of TaTPI. 

Through systematic comparison of TaTPI with available dimeric and 

tetrameric TPIs, I suggest that TPI stabilization patches can be targeted 

for the design of more stable TIM-barrel fold proteins. 
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2. Material and methods 

 

2.1. Cloning, expression, and purification of TaTPI and MjTPI 

Full-length sequences of Thermoplasma acidophilum TPI (TaTPI, 

216 amino acid residues) and Methanocaldococcus jannaschii TPI 

(MjTPI, 219 amino acid residues) were amplified using PCR and 

cloned into pET-28a(+) vector (Novagen) containing C-terminal His6-

tag. Cloned plasmids were transformed into Escherichia coli 

Rosetta2(DE3)pLysS strain. Recombinant proteins were overexpressed 

by adding 0.5 mM isopropyl 1-thio-ß-D-galactopyranoside at O.D.600nm 

0.5 and cells were further incubated at 20 ℃ overnight (16 h) using 

Luria Broth culture media. Harvested cells were lysed by cell sonicator 

(SONICS) in lysis buffer (20 mM Tris-HCl, pH 7.5, 500 mM NaCl, 35 

mM imidazole, and 1 mM phenylmethylsulfonyl fluoride). After 

incubation of cell lysate at 60 ℃ for 10 minutes, cell debris and 

denatured proteins were removed by centrifugation at 35,000 xg for 50 

minutes. Supernatant was applied to HiTrap Chelating HP column (GE 

Healthcare) for affinity chromatography. Loaded sample was eluted 

with elution buffer (20 mM Tris-HCl, pH 7.5, 500 mM NaCl, and 500 

mM imidazole) following equilibration with washing buffer (20 mM 

Tris-HCl, pH 7.5, 500 mM NaCl, and 50 mM imidazole). Eluted 

sample was further purified by size-exclusion chromatography with 
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HiLoad 16/600 Superdex 200 prep grade column (GE Healthcare) 

equilibrated with 20 mM Tris-HCl, pH 7.5, and 200 mM NaCl. 

Fractions containing TPI proteins were further purified by anion 

exchange chromatography with HiTrap Q HP column (GE Healthcare) 

after 2 X dilution of the fractions with 20 mM Tris-HCl, pH 7.5, and 

100 mM NaCl. Linear gradient of 0-500 mM NaCl in 20 mM Tris-HCl, 

pH 7.5, was applied for elution. For the final purification step, second 

size-exclusion chromatography was performed with HiLoad 16/600 

Superdex 200 prep grade column (GE Healthcare) equilibrated with 20 

mM Tris-HCl, pH 7.5, and 200 mM NaCl for TaTPI or 50 mM HEPES 

(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), pH 7.5, for 

MjTPI. For crystallization, purified TaTPI proteins were concentrated 

to 30 mg ml-1. 
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2.2. Crystallization 

Initial crystals of apo-TaTPI were grown at 22 ℃ by sitting drop 

vapor diffusion method with crystallization solution containing 2 M 

NaCl and 10% (w/v) polyethylene glycol 6000. Apo-TaTPI crystals 

suitable for diffraction data collection were grown at 4 ℃ using 

hanging-drop vapor diffusion method after mixing apo-TaTPI proteins 

with 2 times volume of crystallization solution containing 0.5 M NaCl, 

10% (w/v) polyethylene glycol 6000, and 0.1 M Tris-HCl, pH 8.5. 

Crystals of TaTPI in complex with glycerol-3-phosphate (G3P) were 

obtained from crystallization solution with 0.6 M NaCl, 9% (w/v) 

polyethylene glycol 6000, and 0.1 M Tris-HCl, pH 8.5, after incubating 

purified apo-TaTPI proteins with 20 mM G3P for 4 h at 4 ℃ (Figure 2-

2).  
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Figure 2-2. Crystals of TaTPI from T.acidophilum 

(A) Crystals of the apo-TaTPI. (B) Crystals of the TaTPI in complex 

with glycerol-3-phosphate (G3P).  
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2.3. X-ray data collection and structure determination 

For X-ray diffraction data collection, crystals were frozen in liquid 

nitrogen following cryoprotection by soaking TaTPI crystals in 

crystallization solution supplemented with 20% (v/v) glycerol. X-ray 

diffraction data for apo- and G3P-bound complex TaTPI crystals were 

collected at BL-7A synchrotron beamline at the Pohang Light Source, 

Korea, and at BL-1A synchrotron beamline at the Photon Factory, 

Japan, respectively. Collected data were processed using HKL2000 

program suite (Otwinowski and Minor, 1997, Methods Enzymol, 44). 

The apo- and G3P-bound TaTPI crystals belong to the space group 

P212121, with unit cell parameters of a = 75.49, b = 113.96, c= 114.80, 

and a = 72.63, b = 84.08, c = 143.54, respectively (Figure 2-3; 2-4). 

The crystal structure of apo-TaTPI was solved by molecular 

replacement method using MOLREP program (Vagin and Teplyakov, 

2010, Acta Crystallogr D Biol Crystallogr, 18), with the crystal 

structure of Pyrococcus woesei TPI (PDB ID: 1HG3) as a phasing 

model (Walden, et al., 2001, Journal of molecular biology, 43). The 

crystal structure of G3P-bound TaTPI was solved with the apo-TaTPI 

structure as a phasing model. The initial models building were carried 

out by WinCoot program (Emsley, et al., 2010, Acta Crystallogr D Biol 

Crystallogr, 19) and further refined with REFMAC5 program 

(Murshudov, et al., 1997, Acta Crystallogr D Biol Crystallogr, 20). All 
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refinement steps were monitored using Rfree value based on 5.0% of 

independently saved reflections. The final models were evaluated with 

MolProbity program (Lovell, et al., 2003, Proteins, 21). Data collection 

and refinement statistics are summarized in Table 2-1; 2-2. 
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Figure 2-3. X-ray diffraction image from apo-TaTPI 

X-ray diffraction data for apo-TaTPI crystals were collected at BL-7A 

synchrotron beamline at the Pohang Light Source, Korea. 
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Figure 2-4. X-ray diffraction image from G3P-bound TaTPI 

X-ray diffraction data for G3P-bound complex TaTPI crystals were 

collected at BL-1A synchrotron beamline at the Photon Factory, Japan. 
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Table 2-1. Statistics for data collection 

Data collectiona TaTPI G3P-bound TaTPI 

Space group P212121 P212121 

Cell dimensions    

a, b, c (Å) 75.49, 113.96, 114.80 72.63, 84.08, 

143.54 

α, β, γ (°) 90, 90, 90 90, 90, 90 

Data set   

X-ray wavelength (Å) 1.0000 1.1000 

Resolution (Å)b 50.00–1.94 50.00-2.17 

Total / unique 

reflections 

521,936 / 73,921 294,576 / 47,245 

Mean I/sigma(I) 32.4 (3.3) 20.9 (3.0) 

Multiplicity 7.1 (5.6) 6.2 (5.6) 

Completeness (%) 99.0 (83.5) 99.9 (99.9) 

Rmerge (%)c 9.1 (62.5) 13.4 (59.0) 
 

Footnotes to Table 2-1 

aData collected at the synchrotron BL-7A at the Pohang Light Source 

and BL-1A at the Photon Factory. 

bNumbers in parentheses indicate the highest resolution shell. 

cRmerge = Σh Σi |I(h)i – <I(h)>| / Σh Σi I(h)i, where I(h) is the observed 

intensity of reflection h, and < I(h) > is the average intensity obtained 

from multiple measurements. 
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Table 2-2. Refinement statistics 

Refinement TaTPI G3P-bound TaTPI 

Resolution (Å) 50.00–1.94 50.00–2.17 

Rwork
a / Rfree

b (%) 18.0 / 21.5 18.3 / 22.5 

No. of non-hydrogen atoms / 

mean B-factor (Å2) 

  

Protein 6,996 / 32.9 6,640 / 34.2 

Water 561 / 39.8 401 / 34.4 

Other atoms 28 / 40.1 44 / 22.9 

Poor rotamers (%)c 0.1 0.3 

Ramachandran plot analysis (%)   

Most favored regions 98.0 96.1 

Additional allowed regions 2.0 3.4 

Disallowed regions 0 0.5 

R.m.s.d. from ideal geometry   

Bond lengths (Å) 0.019 0.015 

Bond angles (°) 1.648 1.550 
 

Footnotes to Table 2-2 

aRwork = Σ | |Fo| - |Fc| | / Σ |Fo|, where |Fo| is the observed structure factor 

amplitude and |Fc| is the calculated structure factor amplitude. 

bRfree = R-factor based on 5.0% of the data excluded from refinement. 

cValues obtained using MolProbity. 
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2.4. Analytical ultracentrifugation (AUC) 

Equilibrium sedimentation studies were performed using Beckman 

ProteomeLab XL-A analytical ultracentrifuge in 20 mM Tris-HCl 

buffer, pH 7.5, and 200 mM NaCl at 20 ℃.  Sedimentation data were 

collected at 280 nm using a six-sector cell at rotor speeds of 20,000 and 

26,000 rpms with three different protein concentrations: 12.6 uM (0.31 

mg ml-1), 16.8 uM (0.41 mg ml-1), and 21.0 uM (0.52 mg ml-1). All 

measured data fit well to a homogeneous dimer model and 

representative results measured at 26,000 rpm using 16.8 uM protein 

concentration are presented. TaTPI concentrations were calculated 

using e280nm = 11,920 M-1cm-1 and molecular weight of 24,671 daltons. 

Time required for the attainment of equilibrium was established by 

running at given rotor speed until scans were invariant for 4 hours: this 

was achieved at most by 36 hours in six-sector cells using 130 ul of 

samples. Partial specific volume of TaTPI protein and buffer density 

were calculated using Sednterp (Laue, 1995, Methods Enzymol, 45). 

The calculated partial specific volume at 20 ℃ was 0.7417 cm3 g-1 and 

the buffer density was 1.00704 g cm-3. For data analysis by 

mathematical modeling using non-linear least-squares curve fitting, 

following functions were used for homogeneous (Eqn. 1) and 

interactive (Eqn. 2) models.   
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Cr = Cb exp[ApMp(r2 – rb
2)] + ε                        (Eqn. 1) 

Cr = Cb exp[ApMp(r2 – rb
2)] + Cb

n
 exp[Ink + nApMp(r2 – rb

2)] + ε  (Eqn. 2) 

Ap = (1 – vρ)ω2/2RT  

where Cr is the total concentration at the radial position r, Cb is the 

concentration of protein at the cell bottom, Mp is the molecular weight 

of protein monomer, ε is a baseline error term, v and ρ are the partial 

specific volume and the solution density, respectively, and ω is the 

rotor angular velocity. The Ink value is a natural log for equilibrium 

constants for reversible models (1x-nx, where n is 2 & 3) on an 

absorbance scale. Selection of the best model was made by examining 

numbers of weighted sum of square and root mean square error 

values. Further data manipulation and data analysis by mathematical 

modeling were performed using MLAB (Knott, 1979, Comput 

Programs Biomed, 46). 
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2.5. Circular dichroism (CD) 

Temperature of maximum heat capacity (or half-denaturation 

temperature, Td) of TaTPI was measured by CD spectroscopy. 

Experimental sample was prepared following purification and 

concentration of TaTPI proteins to 0.4 mg ml-1 containing 50 mM 

HEPES, pH 7.5. CD traces of TaTPI were obtained at 222 nm using the 

J-1500 CD spectrometer (JASCO) at a scanning rate of 1℃ min-1. The 

denaturation curve of TaTPI was analyzed by Kaleidagraph (Synergy 

Software) based on John and Weeks’s protocol (John and Weeks, 2000, 

Protein science : a publication of the Protein Society, 47).Effect of pH 

variation on the secondary structure of TaTPI was also monitored by 

CD spectroscopy. The pH of protein solutions containing 20 mM Tris-

HCl and 200 mM NaCl were adjusted to desired values between pH 1.0 

and pH 7.0 with HCl for CD measurements. The baseline signal was 

measured with a buffer containing 20 mM Tris-HCl, pH 7.5, and 200 

mM NaCl. CD spectra of pH-titrated TaTPI were recorded and 

averaged over two scans between 200 to 260 nm using J-1500 CD 

spectrometer (JASCO). The secondary structure contents of TaTPI 

were calculated by Multivariate SSE Program (JASCO). 
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2.6. Analytical size-exclusion chromatography 

Analytical size-exclusion chromatography of TaTPI was performed 

with Superdex 200 10/300 GL column (GE Healthcare) following 

equilibration with 20 mM Tris-HCl, pH 7.5, and 200 mM NaCl. The 

applied protein were at concentrations of 0.9 and 4.5 mg ml-1. Standard 

proteins from Gel Filtration Standard (BIO-RAD) were applied to the 

column for calibration. The standard protein mixture contained 

thyroglobulin (M.W. 670 kDa), γ-globulin (M.W. 158 kDa), ovalbumin 

(M.W. 44 kDa), myoglobin (M.W. 17 kDa), and vitamin B12 (M.W. 

1.35 kDa).  
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2.7. Differential scanning calorimetry (DSC) 

Maximum temperature of heat capacity of MjTPI was measured 

with VP-DSC differential scanning microcalorimeter (Malvern). 

Experimental sample was prepared following purification and 

concentration of MjTPI proteins to 1.6 mg ml-1 (65 uM). Sample 

buffer containing 50 mM HEPES, pH 7.5, was loaded into the DSC 

cell after degassing in an evacuated chamber for 5 minutes and 

reference data were measured with scan rate of 0.5 ℃ min-1. 

Experimental temperature was increased in the range from 50 to 

120 ℃. After sample buffer scan reached equilibrium, MjTPI 

proteins were carefully loaded into the cell following degassing and 

experiments were performed under the same condition as for the 

reference. Heat capacity curve was plotted using the Origin software 

(Malvern). 
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2.8. Data deposition 

The structure coordinates and structure factors for apo- and G3P-

bound TaTPI have been deposited in PDB under the accession code 

5CSR and 5CSS, respectively. 
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3. Results and discussion 

 

3.1. Overall structures of apo- and glycerol-3-phosphate-bound 

TaTPI 

The crystal structures of apo-TaTPI and its complex with glycerol-3-

phosphate (G3P), an analogue of the substrate glyceraldehyde-3-

phosphate, have been determined at 1.94 and 2.17 Å resolution, 

respectively. Rwork/Rfree values for the final models of apo- and G3P-

bound TaTPI were 18.0%/21.5% and 18.3%/22.5%, respectively. 

Crystal structures of apo- and G3P-bound TaTPI contain four copies of 

TaTPI monomer in the asymmetric unit, comprising two homodimers. 

The overall structure of TaTPI protomer confirms to the canonical 

TIM-barrel fold with eight α-helices and eight parallel β-strands from 

216 amino acid residues (Figure 2-5A). The crystal structure of G3P-

bound TaTPI reveals that G3P is well positioned at the active site of 

TaTPI with functionally conserved residues Lys9, His89, and Glu137 

(Figure 2-5B). Glu137 is clearly demonstrated as a catalytic base, with 

its position being within 3 Å from O1 and O2 of G3P. An oxyanion 

hole, which contributes to the stabilization of transition state, is formed 

by NZ nitrogen of Lys9 and NE2 nitrogen of His89 with O2 oxygen of 

G3P. The phosphate group of G3P is perfectly coordinated through 

hydrogen bonds with backbone nitrogen atoms of Gly143, Gly175, 
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Ala196, and Ser197 residues, including adjacent water molecules 

(Figure 2-6). 

Overall structures of apo- and G3P-bound TaTPI were similar with 

r.m.s.d. of 0.69 Å for 216 Cα positions, except G3P-bound area. The 

conformational changes in the loop 6 of ligand bound-TPIs have been 

reported in previously determined structures of TPIs from many species, 

including Trypanosoma brucei, Gallus gallus, Geobacillus 

stearothermophilus, Leishmania mexicana, and Vibrio marinus 

(Delboni, et al., 1995, Protein science : a publication of the Protein 

Society, 41; Zhang, et al., 1994, Biochemistry, 48; Alvarez, et al., 1998, 

The Journal of biological chemistry, 49; Williams, et al., 1999, Protein 

engineering, 50; Noble, et al., 1993, Proteins, 51; Wierenga, et al., 2010, 

Cellular and molecular life sciences : CMLS, 52). Likewise, loop 6 

located between β-strand 6 and helix 6 and loop 7 located between β-

strand 7 and helix 7 showed remarkable conformational changes when 

G3P binds to apo-TaTPI. When compared with apo-TaTPI structure, 

Gly143 located in loop 6 and Gly175 located in loop 7 moved toward 

G3P by 8.3 and 3.8 Å, respectively (Figure 2-5B). Consequently, 

residue Ala174 is pushed to a disallowed region of the Ramachandran 

plot in the G3P-bound form, an amino acid residue within loop 7 that is 

displaced by the ligand binding. G3P binding triggers the 

conformational change and induces the transformation of TaTPI from 
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open to closed form, securing the catalytic site from bulk solvent to 

maintain efficient catalytic activity. In addition, water molecules 

around the active site of apo-TaTPI are expelled from the active site 

and would be replaced with substrate upon substrate binding. 
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Figure 2-5. Overall structures of apo- and G3P-bound TaTPI 

(A) Homodimer of apo-TaTPI is shown in carton representation, where 

α-helix, β-strand, and loop are colored in red, yellow, and green, 

respectively. (B) G3P-bound TaTPI. Only monomer of homodimeric 

G3P-bound TaTPI is demonstrated to emphasize a conformational 

change compared with apo-TaTPI. Extra positive electron density in 

Fo-Fc omit map contoured at 3.0 δ is shown as a blue mesh, which is 
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modelled as G3P later. Amino acid residues interacting with G3P in 

catalytic site and G3P are shown as stick model; carbon, oxygen, 

phosphorus, and nitrogen atoms are colored in green, red, orange, and, 

blue, respectively. Loop 6 and loop 7 regions, which show a distinctive 

conformational change upon binding of G3P, are represented in orange 

and magnified for clarity. 
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Figure 2-6. Binding modes of G3P with key amino acid residues of 

TaTPI 

LIGPLOT diagram is used for representation of active site in the G3P-

bound TaTPI. Carbon, nitrogen, oxygen, and phosphorus atoms are 

shown in black, blue, red, and magenta, respectively. Hydrogen bonds 

and oxyanion hole between G3P and TaTPI are shown as green and red 

dotted line, respectively. 
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3.2. Unique dimeric conformation of TaTPI 

T. acidophilum belongs to thermoacidophilic euryarchaeota and 

TaTPI also shares high amino acid sequence similarity to other 

thermostable TPIs from P. woesei, T. tenax, and M. jannaschii, all of 

which adopt tetrameric conformation that renders them stable at high 

temperatures (Walden, et al., 2001, Journal of molecular biology, 43; 

Walden, et al., 2004, Journal of molecular biology, 53; Gayathri, et al., 

2007, Acta Crystallogr D Biol Crystallogr, 54). Helix 4 and helix 5 of 

thermostable TPIs have been known to play important roles in the 

tetramer formation via hydrophobic interactions (Walden, et al., 2001, 

Journal of molecular biology, 43). However, crystal structures of apo- 

and G3P-bound TaTPI form a dimer and reveal a remarkable difference 

in helix 5 of TaTPI from other thermostable TPIs. Helix 5 of TaTPI is 

mainly composed of charged-amino acid residues (AEEAKYFREY) 

instead of hydrophobic residues found in other thermostable tetrameric 

TPIs. Structure-based sequence alignment of TaTPI with other TPIs 

shows that TaTPI resembles bacterial dimeric TPIs rather than 

tetrameric TPIs from thermostable archaea (Figure 2-7). 
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Figure 2-7. Structure-based sequence alignment of helix 5 region 

among TPIs 

Structure-based sequence alignment of helix 5 region among TPIs from 

Thermoplasma acidophilum (TaTPI), Pyrococcus woesei (PwTPI), 

Methanocaldococcus jannaschii (MjTPI), Thermoproteus tenax 

(TtTPI), Homo sapiens (HsTPI), Gallus gallus (GgTPI), Thermotoga 

maritima (TmTPI), and Geobacillus stearothermophilus (GsTPI). 

Strictly conserved amino acid residues are highlighted in red shaded 

boxes and moderately conserved amino acid residues are colored in red. 

Helix 5 regions of TPIs from Thermoplasma acidophilum (PDB ID: 

5CSR) and Pyrococcus woesei (PDB ID: 1HG3) are shown as cartoon 

representation with transparent surfaces, where amino acid residues are 

colored according to normalized consensus hydrophobicity scale 

(Eisenberg, et al., 1984, Journal of molecular biology, 55). 
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Structural differences between TaTPI and other tetrameric archaeal 

TPIs are observed not only in helix 5 but also in adjacent α-helices. In 

tetrameric archaeal TPIs, the N-terminus of helix 4 and the C-terminus 

of helix 6 play important roles in tetrameric interaction via hydrophobic 

effects and hydrogen bonds (Walden, et al., 2001, Journal of molecular 

biology, 43). The N-terminus of helix 4 of tetrameric archaeal TPIs 

contains conserved Leu (Leu103 in PwTPI numbering) that contributes 

to hydrophobic effects and hydrogen bonds with the other side of helix 

4 and helix 5 for its tetrameric assembly. In the case of TaTPI, Leu in 

the N-terminus of helix 4 of tetrameric archaeal TPIs is replaced with 

Arg96, which deprives the hydrophobic effects for tetramer formation. 

Furthermore, TaTPI has shorter helix 6 than that of tetrameric archaeal 

TPIs, resulting in dissipated hydrophobic effects between two C-

termini from each helix 6 of its accompanying dimeric partner, Val173 

in PwTPI (Figure 2-8). Consequently, changes in amino acid 

composition of helix 5, thus in electrostatic surface, and slight 

modification of secondary structures in helix 4 and helix 6 seem to play 

subtle roles in dimer formation. 
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Figure 2-8. Structural comparison of helix 4 and helix 6 in TaTPI 

and PwTPI 

(A) and (B) Structural comparison of helix 4 and helix 6 in TaTPI 

(gray) and PwTPI (green and magenta, each from different monomers). 

The important amino acid residues in tetrameric interface are shown as 

stick model. 
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3.3. Analytic ultracentrifugation analysis of TaTPI 

In the crystal structure of apo-TaTPI, Cys50 in helix 2 of each 

homodimer drew this attention since it interacts with the other Cys50 

from adjacent TaTPI homodimer via sulfur-containing hydrogen bonds, 

not disulfide bonds. Thus, I needed to re-confirm the oligomeric status 

of apo-TaTPI to make it sure whether the interaction of Cys-Cys is 

physiologically relevant or crystallographic artefact. To verify the 

oligomeric state of apo-TaTPI in solution, analytic ultracentrifugation 

analysis (AUC) was performed. Oligomeric state of apo-TaTPI in 

solution was investigated by equilibrium sedimentation technique at 

two speeds and three concentrations. Figure 2-9 shows the data and fits 

analyzed by using Eqn. 1 for homogeneous 1x, 2x, and 4x models at 

ultracentrifugal speed of 26,000 rpm. The weighted root-mean-square 

errors (RMS) for the 1x and 4x fits were 5.01 x 10-2 and 6.90 x 10-2, 

respectively. In contrast to these models, dimer (2x) model gave much 

improved RMS value of 7.93 x 10-3. Residual distribution plot (Figure 

2-9 inset) also supports that the apo-TaTPI forms dimer in solution. 

Analysis at 20,000 rpm (data not shown) also gave a better RMS value 

of 5.76 x 10-3 for 2x model than those for 1x (3.90 x 10-2) and 4x (5.42 

x 10-2) models. Mixture or reversible models were also investigated but 

there was no indication of the possibility. Data analysis using the 

reversible model (Eqn. 2) gave large negative Ink values for monomer-
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dimer (1x-2x) and monomer-trimer (1x-3x) models and much higher 

RMS values (~10-2), so the reversible models for monomer-dimer (1x-

2x) and monomer-trimer (1x-3x) equilibrium would not be the case for 

TaTPI. These results strongly indicate that apo-TaTPI exits as 

homogeneous dimer in solution. In addition, analytical size-exclusion 

chromatography results of apo-TaTPI, which were confirmed at two 

different TaTPI protein concentrations (0.9 and 4.5 mg ml-1), also 

supported the dimeric conformation in solution (Figure 2-10). 
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Figure 2-9. Analytical ultracentrifugation experiment of TaTPI 

Sedimentation equilibrium distribution (circle) of TaTPI at 26,000 rpm 

and 20 ℃ is plotted as circle. Concentration of TaTPI was 16.8 uM 

(0.41 mg ml-1) in 20 mM Tris-HCl, pH 7.5, and 0.2 M NaCl. Solid line 

is a fitting line for a homogeneous dimer (2x) model and dotted lines 

are fitting lines for homogeneous monomer (1x) and tetramer (4x) 

models. Calculated molecular weight for TaTPI monomer from its 

amino acid compositions is 24,671 daltons. Inset graph shows 

distributions of the residuals for homogeneous 1x, 4x (solid lines), and 

2x (circle) models, respectively. The random distribution of the 

residuals for the 2x model indicates that TaTPI exists as homogeneous 

dimers in solution. 
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Figure 2-10. Analytical size-exclusion chromatography of TaTPI 

TaTPI protein samples at two different concentrations (A: 4.5 mg ml-1, 

B: 0.9 mg ml-1) were applied to Superdex200 10/300 GL column. 

Chromatograms of TaTPI and gel filtration standard were shown as 

blue and red lines, respectively. 
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3.4. Structural stability of TaTPI under extreme acidic condition 

T. acidophilum thrives in harsh environments such as high 

temperature and extremely acidic condition. TaTPI is also expected to 

function correctly at high temperature or in very low pH condition 

when physiological barriers are affected by various stresses. To 

elucidate the structural stability of TaTPI in extremely acidic condition 

and at high temperature, I carried out circular dichroism (CD) 

spectroscopy experiments. 

As for the structural stability of TaTPI in extremely acidic condition, 

secondary structure changes of pH-titrated TaTPI were monitored using 

CD spectroscopy. Normally, intracellular environment is well kept 

from extracellular stresses such as abrupt pH change. So, most of 

intracellular proteins experience normal physiological conditions and 

function accordingly. TaTPI maintained its folded structure under 

extremely acidic condition (pH 1–2) as in neutral pH range. In the case 

of TaTPI, secondary structure contents under extremely acidic 

condition seem to change slightly with sustained folded structure. The 

content of α-helix in the TaTPI tends to increase with decreasing pH, 

whereas the content of β-strand decreases (Figure 2-11). These results 

suggest that TaTPI is designed to function normally even in cases of 

unexpected pH drop. 
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Figure 2-11. Circular dichroism spectra for TaTPI at variable pH 

conditions 

(A) CD spectra of pH-titrated TaTPI (pH 1.0 – 7.0) were measured 

from 200 to 260 nm. (B) The secondary structure contents of pH-

titrated TaTPI were calculated from Multivariate SSE Program 

(JASCO). 
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3.5. Structural stability of TaTPI at the high temperature 

The temperature of maximum heat capacity (or half-denaturation 

temperature, Td) of TaTPI was measured by CD spectroscopy. The 

denaturation curve of TaTPI was analyzed by Kaleidagraph (Synergy 

Software) based on John and Weeks’s protocol (John and Weeks, 2000, 

Protein science : a publication of the Protein Society, 47). The Td value 

for TaTPI is 74.6 ℃ (Figure 2-12), which is comparable with that of 

TPI from Geobacillus stearothermophilus (GsTPI), a biological 

indicator for the validation of sterilization processes, (Td: 76 ℃) 

(Alvarez, et al., 1999, The Journal of biological chemistry, 56). In the 

case of GsTPI, a large number of prolines (5.2%), replacement of 

asparagine by histidine within the active site to prevent deamidation, 

the smallest cavity number and volume, and a large buried hydrophobic 

surface have been shown to contribute for the thermostability (Delboni, 

et al., 1995, Protein science : a publication of the Protein Society, 41). 

Thermotoga maritima, a hyperthermophilic bacterium, has been known 

to have TPI with the highest Td value of 102 ℃ (Alvarez, et al., 1999, 

The Journal of biological chemistry, 56), resulting from a large number 

of salt bridges and extensive hydrophobic patches from tetramer 

conformation (Maes, et al., 1999, Proteins, 37). Using DSC, I found the 

Td app value of MjTPI to be 107.1 ℃ and it is the highest Td value 

among reported TPIs so far (Figure 2-13; Table 2-3). When compared 
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with TPIs mentioned above, TaTPI has smaller number of prolines 

(4.2%), larger cavity volume, and less buried hydrophobic surface than 

GsTPI, nor does it adopt tetrameric conformation. 
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Figure 2-12. Thermal denaturation curve of TaTPI 

Thermal denaturation curve of TaTPI was measured by CD 

spectroscopy. 
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Figure 2-13. DSC thermogram of MjTPI 

The black circle represents baseline-subtracted and normalized raw 

data. The black line indicates the best fits of the raw data. The 

maximum temperature of heat capacity (Td) was calculated based on 

the best fits of the raw data. 
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Table 2-3. Half-denaturation temperatures of TPIs. 

 

Footnotes to Table 2-3 

Ta, Thermoplasma acidophilum; Mj, Methanocaldococcus jannaschii; 

Tm, Thermotoga maritima; Gs, Geobacillus stearothermophilus; Pf, 

Plasmodium falciparum; Hs, Homo sapience; Tb, Trypanosoma brucei. 

 
The half-denaturation 
temperature (Td, ℃) Reference 

TaTPI 74 ℃ This manuscript 

MjTPI 107 ℃ This manuscript 

TmTPI 102 ℃ Alvarez et al., 1999 

GsTPI 76 ℃ Alvarez et al., 1999 

PfTPI 65 ℃ Gopal et al., 1999 

HsTPI 55 ℃ Mainfroid et al., 1996 

TbTPI 44 ℃ Borchert et al., 1993 
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3.6. Proposal of TPI stabilization patches 

TaTPI is composed of 216 amino acid residues and approximately 

10% shorter in length than other TPIs from bacterial and eukaryotic 

species, which is a common feature in archaeal TPIs. According to the 

results of the structure-based sequence alignment for TPIs, helix 4, 

helix 5, and helix 6 are regions that mainly account for variation in 

amino acid composition, structural stability, and the oligomeric status 

of TPIs. To systematically validate the stabilization factors of TaTPI, I 

name regions of distinctive differences as TPI stabilization patches 

(TSPs) (Figure 2-14A). TSP1 is helix 4 region and TaTPI lacks a short 

helical N-terminus in this patch. Consequently, TaTPI forms a more 

compact structure. TSP2 exhibits a major structural discrepancy in that 

18 amino acid residues are missing in helix 5 region of TaTPI, 

compared with other dimeric TPIs. In TSP2 area, truncated helix 5 

(TSP2C) and lack of a short helix in its N-terminus (TSP2N) also make 

TaTPI tighter in their overall structure. Lastly, TSP3 arises from helix 6 

region and helix 6 is trimmed along with a short α-helix in its C-

terminus (Figure 2-14B). All the TSPs of TaTPI contribute to the 

formation of more compact dimeric structure. 
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Figure 2-14. TPI stabilization patches (TSPs) 

 (A) Structure-based sequence alignment of TaTPI with other TPIs 

from Pyrococcus woesei (PwTPI), Methanocaldococcus jannaschii 

(MjTPI), Thermoproteus tenax (TtTPI), Homo sapiens (HsTPI), Gallus 

gallus (GgTPI), Thermotoga maritima (TmTPI), and Geobacillus 

stearothermophilus (GsTPI). Strictly conserved amino acid residues are 

highlighted in red shaded boxes and moderately conserved amino acid 

residues are colored in red. Conserved residues are enclosed in blue 

boxes and TSP regions are enclosed in red boxes. The alignment figure 

was prepared using ESPript program (Robert and Gouet, 2014, Nucleic 

acids research, 25). (B) Structural comparison of TaTPI and HsTPI. 

The red dotted and solid circles represent TSP regions in TaTPI and 

HsTPI, respectively. 
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The TSPs are not exclusive of TaTPI. Other tetrameric archaeal TPIs 

also have the TSPs. I speculated that other tetrameric archaeal TPIs 

could be more thermostable than TaTPI since they adopt tetrameric 

conformation and contains TSPs. To validate this speculation, I cloned 

and purified M. jannaschii TPI (MjTPI), a tetrameric archaeal TPI, and 

measured the Td app value of MjTPI. The Td app value of MjTPI was 

107.1 ℃, which is the highest Td app value among reported TPIs so far. 

The result suggest that both higher oligomerization status and the TSPs 

could be important factors for thermostability of TPIs. TaTPI would 

keep its structural and functional integrity at high temperature through 

a compact dimeric conformation from contributing TSPs. Crystal 

structures of apo- and G3P-bound TaTPI and defined stability 

determining factors of TPIs would provide clear insights on 

engineering more stable TIM-barrel fold proteins which make up a 

large protein family and play pivotal role in metabolic pathways. 
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국문초록 

 

Structural and Biophysical Analyses of Aspartyl-tRNA Synthetase 

from Homo sapiens and Triosephosphate Isomerase from 

Thermoplasma acidophilum 

 

Aspartyl-tRNA synthetase 와 triosephosphate isomerase 의 

구조 및 생물학적 분석 

 

Asaparty-tRNA synthetase (DRS) 단백질은 aspartic acid와 이를 

인식하는 특정 tRNA을 연결시켜주는 효소이며, 또한 multi-tRNA 

synthetase complex (MSC)의 구성 단백질이다. MSC는 9가지 다른 

aminoacyl-tRNA synthetase (AARSs)와 3개의 aminoacyl tRNA 

synthetase complex-interacting multifunctional protein (AIMP)로 

구성된 단백질 복합체로, AARSs 단백질의 canonical과 non-

canonical 기능을 조절하는 것으로 추정되나, 아직 확실한 기능은 밝혀

져 있지 않다. 본 연구자는 DRS 단백질의 삼차원적 구조를 규명하였으며, 

이를 바탕으로 DRS의 N말단의 유연구조부분을 예측하여 DRS와 

tRNAAsp사이의 상호작용을 예상하였다. 또한 번역후변형 (post-

translational modification) 패턴을 분석하여 새로운 번역후변형 위치

들을 발견하였다. 이 번역후변형들은 DRS와 tRNAAsp의 계면에 위치하는 

것으로 나타났으며, 둘의 결합에 영향을 줄 수 있을 것으로 보인다. 또한 
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DRS의 dimeric interface에 위치한 serine의 인산화로 인하여 DRS의 

구조적 변화를 초래 할 것으로 예상되며, 이는 lysyl-tRNA synthetase 

(KRS)에서도 나타나는 방식이다. 전술한 특성들을 토대로 DRS의 알려지

지 않은 non-canonical한 기능이 존재함을 추측할 수 있다.  

Thermoplasma acidophilum은 호열성 고세균으로 당 (glucose) 분

해를 위해 non-phosphorylative Entner-Doudoroff (ED) 과정과 

Embden-Meyerhof-Parnas (EMP) 과정을 모두 이용할 수 있을 것으로 

알려져 있다. 그 중 triosephosphate isomeraes (TPI) 단백질은 당분해 

효소 중에 하나로 잘 알려져 있으나, T.acidophilum에서는 EMP 과정에

서만 중요하게 사용 될 것으로 고려된다. 본 연구자는 T.acidophilm의 

TPI (TaTPI) 단백질 및 glycerol-3-phosphate (G3P)의 결합구조들을 

규명하였다. TaTPI 단백질은 다른 호열성 고세균 유래의 오솔로그들과 

30% 정도의 서열 유사성을 지니지만, 다른 유형의 oligomerization을 

통해 효소 활성을 유지한다. 즉, 지금까지 알려진 다른 호열성 고세균 유

래의 TPI는 tetrameic 형태를 통해 가혹한 환경 속에서 효소의 안정성을 

도모하지만, TaTPI의 경우 dimeric 형태로도 단백질의 안정성을 달성한

다. 본 연구자는 초원심분리 및 크기배제크로마토그래피 분석을 통해 

TaTPI 단백질이 dimeric 형태를 확증하였다. 이는 호열성 tetrameric 

TPI 단백질들의 경우 4, 5번째 α-helix들이 소수성 상호작용을 통해 

oligomerization을 이루는데 반해, TaTPI 단백질의 경우 4, 5번째 α-

helix들이 전하극성아미노산으로 이루어져 dimeric 형태로 존재하게 되

는 것이다. TaTPI 단백질의 독특한 특성은 높은 온도뿐만 아니라, 매우 
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강한 산성 조건 (pH 1-2)에서도 단백질의 구조를 유지 하는 것에 일조한

다. 이는 TaTPI의 구조·생물리학적 분석에 기초하여 볼 때, 다른 TPI보다 

조밀한 구조가 T.acidophilum TPI에 내열·내산성을 부여한다고 볼 수 

있다. 

 

 

주요어: Aspartyl-tRNA synthetase, multi-tRNA synthetase complex, 

triosephosphate isomerase, glycolysis, crystal structure 
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Transmembrane protein 16A (TMEM16A, also known as anoctamin 1; ANO1)

is a bona fide Ca2+-activated chloride channel that is activated by intracellular

Ca2+- and Ca2+-mobilizing stimuli and plays important roles in a variety of

physiological functions. To elucidate the structural features of ANO1, structural

analysis of the C-terminal cytosolic domain of mouse ANO1 (mANO1-CTD)

was initiated. mANO1-CTD was overexpressed in Escherichia coli and was

crystallized at 297 K using a reservoir solution consisting of 0.2 M sodium

acetate trihydrate, 0.1 M Tris–HCl pH 8.5 and 30%(w/v) PEG 4000. X-ray

diffraction data were collected to 2.3 Å resolution. The crystals belonged to

the orthorhombic space group P212121, with unit-cell parameters a = 73.96,

b = 103.73, c = 114.71 Å. If it is assumed that eight copies of a monomer

molecule are present in the crystallographic asymmetric unit, the crystal volume

per protein mass (VM) is 2.38 Å3 Da�1 and the solvent content is 48.38%.

Attempts to solve the structure of mANO1-CTD by the MAD method using

selenomethionine-labelled mANO1-CTD or heavy-atom-derivatized crystals

are in progress.

1. Introduction

Ca2+-activated chloride channels (CaCCs) play essential roles in

many physiological processes, including transepithelial secretion,

cardiac and neuronal excitation, sensory transduction, smooth muscle

contraction and fertilization (Eggermont, 2004; Frings et al., 2000;

Hartzell et al., 2005; Large & Wang, 1996). Anoctamin 1 (ANO1) is a

recently discovered member of the CaCCs which is highly expressed

in secretory epithelial tissues, including ductal glands, superficial

epithelia of the airway, and oviduct, where it has been implicated to

play a key role in calcium-dependent chloride secretion (Caputo et

al., 2008; Schroeder et al., 2008; Yang et al., 2008).

ANO1 is one of the members of the anoctamin (ANO, also known

as transmembrane protein 16; TMEM16) family of membrane

proteins, which consists of ten members (ANO1–10) in mammals.

ANO1 consists of 26 exons and has been predicted to code for a

variety of proteins (Caputo et al., 2008). It belongs to a protein family

with eight transmembrane helices and N- and C-terminal domains

that face the cytoplasm (Galindo & Vacquier, 2005). ANO1 is

essential for Ca2+-dependent Cl� currents in airways, the large

intestine, salivary glands, pancreatic glands and hepatocytes

(Ousingsawat et al., 2009; Rock et al., 2009; Romanenko et al., 2010).

Severe transport defects have been detected in epithelial tissues of

ANO1-knockout mice, leading to reduced saliva production and

attenuated mucociliary clearance of the airways (Lee & Foskett,

2010; Ousingsawat et al., 2009; Rock et al., 2009). Disruption of mouse

ANO1 caused abnormal development of the trachea, indicating that

the gene is a regulator of epithelial and smooth muscle cell organi-

zation in murine development (Rock et al., 2009).

In addition to these results, recent studies have suggested the

possibility that ANO1 proteins participate in tumourigenesis (Lee &

Foskett, 2010; Yang et al., 2008). The relationship between ANO1 and

tumourigenesis has not been explained clearly, but a secretory

environment might be important for tumour-cell proliferation. Thus,

analysis of the ANO1 expression pattern in tumours could be used

for the prediction or treatment of cancer.

http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=fw5319&bbid=BB14
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=fw5319&bbid=BB14


To facilitate the structural characterization of ANO1, we initiated

structural study of the C-terminal cytosolic domain of mouse ANO1

(mANO1-CTD; residues 883–960; Fig. 1). In this report, we describe

the overexpression, purification, crystallization and preliminary

X-ray crystallographic analysis of recombinant mANO1-CTD.

2. Methods and results

2.1. Protein expression and purification

mANO1-CTD was cloned into the expression vector pET-15b(+)

(Novagen), adding a hexahistidine-containing 20-residue tag to the

N-terminus. The recombinant protein was overexpressed in Escher-

ichia coli Rosetta2(DE3)pLysS cells using Luria broth culture

medium. Protein expression was induced by 0.5 mM isopropyl �-d-1-

thiogalactopyranoside and the cells were incubated for 16 h at 293 K

following growth to mid-log phase at 310 K. The cells were lysed by

sonication in lysis buffer (20 mM Tris–HCl pH 7.5, 500 mM NaCl,

35 mM imidazole and 1 mM phenylmethanesulfonylfluoride). The

supernatant was applied onto a HiTrap Chelating HP column (GE

Healthcare) which was previously equilibrated with buffer A (20 mM

Tris–HCl pH 7.5, 500 mM NaCl and 35 mM imidazole). The protein

was eluted with a linear gradient of 0.035–1.0 M imidazole in buffer

A. The eluted sample was further purified by gel filtration on a

HiLoad 16/60 Superdex 200 prep-grade column (GE Healthcare)

which was equilibrated with 20 mM Tris–HCl pH 7.5 and 200 mM

NaCl. The buffer of the fractions containing mANO1-CTD was

gradually changed to buffer B (20 mM Tris–HCl pH 7.5 and 50 mM

NaCl) using a Amicon Ultra-15 centrifugal filter device (Millipore).

The sample was applied onto a HiTrap SP ion-exchange column

(GE Healthcare) which was previously equilibrated with buffer B.

The protein was eluted with a linear gradient of 0.05�1.0 M NaCl in

buffer B. The homogeneity of the purified protein was assessed by

SDS–PAGE. The buffer of the fractions containing mANO1-CTD

was changed to 20 mM Tris–HCl pH 7.5 and 100 mM NaCl to reduce

the concentration of NaCl and purified mANO1-CTD was concen-

trated to a final concentration of 9 mg ml�1 using an Amicon Ultra-15

centrifugal filter device (Millipore).

2.2. Crystallization and X-ray data collection

Crystals were grown by the sitting-drop vapour-diffusion method

at 297 K by mixing equal volumes (1 ml each) of protein solution and

reservoir solution. Crystals appeared after three weeks using a

reservoir solution consisting of 0.1 M Tris–HCl pH 8.5, 0.2 M sodium

acetate trihydrate and 30%(v/v) PEG 4000 with approximate

dimensions of 0.1 � 0.1 � 0.3 mm (Fig. 2).

For diffraction data collection, the crystals were directly soaked in

a cryoprotectant solution composed of 30%(v/v) glycerol added to

the reservoir solution. X-ray diffraction data were collected at 100 K

on a Quantum 4R CCD detector (Area Detector Systems Corpora-

tion, Poway, California, USA) at the BL-6C experimental station of

Pohang Light Source, Republic of Korea (Fig. 3). For each image the

crystal was rotated by 1� and the raw data were processed using the

HKL-2000 program suite (Otwinowski & Minor, 1997). A total

of 280 647 measured reflections were merged into 40 051 unique

reflections with an Rmerge of 12.7% and a completeness of 99.9%. The

space group was determined to be P212121 on the basis of systematic

absences and symmetry of diffraction intensities using the POINT-

LESS program from CCP4 (Winn et al., 2011). The unit-cell para-

meters are a = 73.96, b = 103.73, c = 114.71 Å. Table 1 summarizes the

statistics of data collection. If it is assumed that eight copies of a
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Figure 1
Predicted topology of mANO1. The cytosolic C-terminal domain of mANO1 is
coloured red.

Figure 2
Native crystals of mANO1-CTD. The crystal dimensions are approximately 0.1 �
0.1 � 0.3 mm.

Figure 3
X-ray diffraction image from an mANO1-CTD crystal. The edge of the detector
corresponds to a resolution of 2.0 Å.



monomer molecule are present in the crystallographic asymmetric

unit, the crystal volume per protein mass (VM) is 2.38 Å3 Da�1 and

the solvent content is 48.38%. Attempts to solve the structure of

mANO1-CTD by the MAD method using selenomethionine-labelled

mANO1-CTD or heavy-atom-derivatized crystals are in progress.
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Table 1
Data-collection statistics.

Values in parentheses are for the highest resolution shell.

X-ray source Pohang Light Source beamline BL-6C
X-ray wavelength (Å) 1.23985
Temperature (K) 100
Space group P212121

Unit-cell parameters (Å) a = 73.96, b = 103.73, c = 114.71
Resolution range (Å) 20–2.30 (2.34–2.30)
Total/unique reflections 280647/40051
Rmerge† (%) 12.7 (45.9)
Data completeness (%) 100.0 (99.9)
Multiplicity 7.0 (6.5)
Average I/�(I) 18.8 (3.8)

† Rmerge =
P

hkl

P
i jIiðhklÞ � hIðhklÞij=

P
hkl

P
i IiðhklÞ, where Ii(hkl) is the intensity of

the ith measurement of reflection hkl and hI(hkl)i is the mean value of Ii(hkl) for all i
measurements.
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Crystal structure of human cytosolic
aspartyl-tRNA synthetase, a component
of multi-tRNA synthetase complex
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Human cytosolic aspartyl-tRNA synthetase (DRS) catalyzes the attachment of the amino acid aspartic acid to its cognate

tRNA and it is a component of the multi-tRNA synthetase complex (MSC) which has been known to be involved in unex-

pected signaling pathways. Here, we report the crystal structure of DRS at a resolution of 2.25 Å. DRS is a homodimer with

a dimer interface of 3750.5 Å2 which comprises 16.6% of the monomeric surface area. Our structure reveals the C-terminal

end of the N-helix which is considered as a unique addition in DRS, and its conformation further supports the switching

model of the N-helix for the transfer of tRNAAsp to elongation factor 1a. From our analyses of the crystal structure and

post-translational modification of DRS, we suggest that the phosphorylation of Ser146 provokes the separation of DRS from

the MSC and provides the binding site for an interaction partner with unforeseen functions.

Proteins 2013; 81:1840–1846.
VC 2013 Wiley Periodicals, Inc.

Key words: aspartyl-tRNA synthetase; multi-tRNA synthetase complex; N-helix; crystal structure.

INTRODUCTION

Aminoacyl-tRNA synthetases (AARSs) catalyze the

attachment of respective amino acid substrate to its cog-

nate tRNA through a two-step reaction.1 An intermedi-

ate adenylate is formed from amino acid and ATP in the

first step, and the amino acid is charged to the ribose of

the terminal adenine of tRNA in the second step.

Although AARSs catalyze the same type of reaction, they

differ in amino acid sequence, size, three-dimensional

structure, and oligomeric state. AARSs can be classified

into two major classes; Classes I and II synthetase.2 The

Class I synthetase contains the representative Rossmann

fold that binds ATP and the Class II synthetase adopts a

core antiparallel b-sheet surrounded by a-helices and

Additional Supporting Information may be found in the online version of this

article.

Abbreviations: AARS, aminoacyl-tRNA synthetase; AIMP, aminoacyl-tRNA

synthetase-interacting multifunctional protein; DRS, aspartyl-tRNA synthetase;
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three unique conserved motifs namely Motifs 1, 2,

and 3.2

For protein synthesis, AARSs play a basic cellular role

not only in cytosol but also in mitochondria and most

AARSs function distinctively in either location, and thus

there are cytosolic or mitochondrial AARSs. In human,

there are cytosolic and mitochondrial aspartyl-tRNA syn-

thetases (DRS and DRS2), which share only 22.9%

sequence identity. It has been known that DRS2 is asso-

ciated with leukoencephalopathy with brain stem and

spinal cord involvement and high lactate (LBSL)3 and its

structure revealed the function of the additional motif in

the catalytic domain.4 In the case of DRS, it is one of

the components that forms the multi-tRNA synthetase

complex (MSC) in higher eukaryotes.5

The MSC has been regarded as a reservoir for almost

half of the cytosolic tRNA synthetases and it has been

known to switch the canonical translational function and

additional functions which are often observed in higher

eukaryotes.6,7 In the MSC, DRS is known to interact

with the AARS-interacting multifunctional protein 2

(aminoacyl-tRNA synthetase-interacting multifunctional

protein AIMP2/p38)8,9 and the lysyl-tRNA synthetase

(KRS).10 The N-terminal extension of DRS, KRS, and

asparaginyl-tRNA synthetase (NRS) is unique in the

Class II synthetases and further classifies them into the

subclass IIb.11 The nuclear magnetic resonance (NMR)

structure of the 21-residue N-terminal extension in DRS

revealed that the N-terminal flexible b-turn followed by

the amphipathic C-terminal helix induces the nonspecific

tRNA binding and gives a force to transfer its charged

tRNA to elongation factor 1a (EF-1a).12–14

In this study, we present the crystal structure of

human cytosolic DRS at 2.25 Å. We show that DRS

forms a homodimer with the N-terminal extension, anti-

codon-binding domain, hinge region, and catalytic

domain. Analyses of our crystal structure and post-

translational modification (PTM) shed lights on the

molecular basis of the association and dissociation of

DRS with the MSC.

MATERIALS AND METHODS

Cloning, protein expression, and purification

Human cytosolic full-length DRS (501 amino acids)

was cloned into the pET-28a(1) vector containing the

N-terminal His6-tag (Novagen). The recombinant protein

was transformed into Escherichia coli Rosetta2(DE3)pLysS

strain. DRS was induced by 0.5 mM isopropyl 1-thio-b-

D-galactopyranoside and incubated for 6 h at 310 K

using Luria Broth culture medium. The harvested cell

was sonicated with lysis buffer containing 20 mM of

Tris-HCl (pH 7.5), 500 mM of NaCl, 35 mM of imidaz-

ole, and 1 mM of phenylmethanesulfonyl fluoride. The

lysates were centrifuged at 35,000g for 50 min to remove

the cell debris and denatured proteins. The supernatant

was loaded onto a HiTrap Chelating HP column (GE

Healthcare) and eluted with linear gradient 50–500 mM

of imidazole following equilibration with 50 mM of im-

idazole. The protein was diluted with a buffer containing

50 mM of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid (HEPES)–NaOH (pH 7.0), 50 mM of NaCl, 1 mM

of dithiothreitol, and 5% of glycerol, and further purified

using the ion exchange chromatography with a HiTrap Q

HP column (GE Healthcare). The final purification step

was the size-exclusion chromatography with a HiLoad

16/600 Superdex 200 prep grade column (GE Healthcare)

equilibrated with 50 mM of HEPES–NaOH (pH 7.0),

200 mM of NaCl, 5% of glycerol, and 1 mM of dithio-

threitol. For crystallization, the purified protein was

concentrated to 11.1 mg mL21.

Crystallization, data collection, and
structure determination

DRS crystals were grown by the sitting-drop vapor-

diffusion method at 295 K by mixing equal volumes of

the purified protein and the reservoir solution containing

8% v/v tacsimate (pH 8.0), and 20% w/v polyethylene

glycol 3350. For diffraction data collection, crystals were

soaked in the cryoprotectant solution containing 20%

v/v glycerol added to the reservoir solution. X-ray dif-

fraction data of the crystal were collected at the synchro-

tron BL-5A at the Photon Factory, Japan. The structure

was solved by molecular replacement method with the

structure of Saccharomyces cerevisiae DRS containing the

anticodon-binding domain, hinge region, and catalytic

domain (PDB ID: 1ASZ)15 as a phasing model using

MOLREP.16 The structure was completed using alternate

cycles of manual building in WinCoot17 and refinement

in REFMAC.18 All refinement steps were monitored

using an Rfree value based on 5.0% of the independent

reflections. The stereochemical quality of the final model

was assessed using MolProbity.19 The data collection and

refinement statistics are summarized in Table I.

PTM analysis

Purified N-terminal OneSTrEP-tagged DRS and coe-

luted interaction partners of that, overexpressed and

purified from HEK293T cells, were digested with

sequencing grade gold-trypsin (Promega) after 1D-SDS

PAGE/Coomassie blue staining. Tryptic peptides were an-

alyzed with the LTQ Velos Orbitrap mass spectrometer

equipped with an electron transfer dissociation source

after an online reversed-phase chromatography. To

improve sequencing coverage, we applied a data-depend-

ent decision tree to select for collision-induced dissocia-

tion or electron-transfer dissociation fragmentation

depending on the charged states, respectively. Protein

identification was accomplished using the SorcererTM-
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SEQUEST
VR

(Sage-N Research), and searches were per-

formed against the IPI human DB v3.87 fasta. The carba-

midomethylation (157.021 Da) of Cys is set as a static

modification, and the following variable modification

were allowed: GlyGly/1114.043 Da (Lys), Acetyl/142.011

Da (Lys), HexNAc/1203.079 Da (Asn, Ser, Thr), Phos-

pho/179.966 Da (Ser, Thr, Tyr), Oxidation/115.995 Da

(Met), deamidated/10.984 Da (Asn, Gln).

Data deposition

The coordinate and structure factors for human cyto-

solic DRS have been deposited in the RCSB Protein Data

Bank, accession code 4J15.

RESULTS AND DISCUSSION

Overall structure and oligomeric
state of DRS

The crystal structure of human cytosolic DRS was

determined at a resolution of 2.25 Å by molecule

replacement method with the structure of S. cerevisiae

DRS containing the anticodon-binding domain, hinge

region, and catalytic domain (PDB ID: 1ASZ)15 as a

phasing model. DRS contains a homodimer in the asym-

metric unit and the dimer interface area is 3750.5 Å2

which comprises 16.6% of the monomeric surface area

calculated from Protein Interfaces, Surfaces, and Assem-

blies service.20 Our crystal structure includes all the

Class II AARS domains: anticodon-binding domain,

hinge region, and catalytic domain. In addition, the

N-terminal extension, which is a distinct domain in

mammalian DRS, could be partially modeled including

the C-terminal three residues of the characteristic helix

motif [Fig. 1(A)]. Structural analyses on this N-terminal

extension will be further discussed with the previous

NMR structure below.

The anticodon-binding domain of DRS (residues, 57–

146) adopts the oligonucleotide binding-fold (OB-fold)

that is composed of a five-stranded antiparallel b-sheet

connected by helices and loops (b1–b5) to form a closed

b-barrel. The catalytic domain (residues, 189–497) con-

tains 13 a-helices (aH–aT) and 8 b-strands (b6–b13)

which constitute all the three conventional Class II AARS

motifs: Motifs 1, 2, and 3.2 The hinge region (residues,

156–188) plays an essential role in the connection of the

anticodon-binding domain and the catalytic domain. In

the middle of the hinge region, residues 163–172 could

not be modeled owing to the lack of the electron density

and the disordered residues are considered as a part of

binding region to the ribose-phosphate backbone in the

D-stem of tRNAAsp, compared with the known S. cerevi-

siae DRS–tRNAAsp complex structure.15 In addition, res-

idues 224–247 in the flipping loop and residues 273–282

in the Motif 2 could not be observed in our crystal

structure [Fig. 1(B)]. These regions are known to be

dynamic without its cognate tRNA and recognize its

tRNA in an induced-fit manner.21

When the anticodon-binding domain, hinge region, and

catalytic domain in our structure were independently

superimposed with those of the S. cerevisiae DRS–tRNAAsp

complex structure, then the three domains were structur-

ally well conserved with the root mean square deviation

(r.m.s.d.) values of 1.08, 1.80, and 0.97 Å, respectively. In

the anticodon-binding domain, three b-strands (b1, b2,

and b3) could bind to the anticodon loop of tRNAAsp

which is composed of GUC elements. In the hinge region,

short helices containing Asp158 and Asn175 could interact

with the D-stem (U11, U12) of tRNAAsp. In the catalytic

domain, the flipping loop and the Class II Motif 2 play a

key role in the interaction of DRS with the 30-end of

tRNAAsp. Detailed representations of the superposition

results are shown in Supporting Information Figure S1.

Recently, the crystal structure of human mitochondrial

DRS (DRS2) was solved at a resolution of 3.7 Å (PDB

ID: 4AH6).4 Human DRS and DRS2 share only 22.9%

sequence identity [Fig. 1(B)]. However, when our crystal

structure of DRS was superposed with that of DRS2, two

Table I
Statistics for Data Collection, Phasing, and Model Refinement

Data collectiona Human cytosolic DRS

Space group P21

Cell dimensions
a, b, c (�) 54.89, 141.92, 68.50
a, b, c (�) 90, 102.19, 90

Data set
X-ray wavelength (�) 1.0000
Resolution (�)b 50.00–2.25 (2.29–2.25)
Total/unique reflections 177,246/48,428
Completeness (%) 99.3 (95.4)
Rmerge (%)c 11.0 (50.2)

Refinement
Resolution (�) 50.00–2.24
Rwork

d/Rfree
e (%) 19.7/22.8

No. of nonhydrogen atoms/mean B-factor (�2)
Protein 6968/33.7
Water 354/40.2
Glycerol 48/52.5
Poor rotamers (%)f 3.1
Ramachandran plot analysis (%)
Most favored regions 96.9
Additional allowed regions 3.1
Disallowed regions 0
R.m.s.d. from ideal geometry
Bond lengths (�) 0.010
Bond angles (�) 1.290

aData collected at the synchrotron BL-5A at the Photon Factory, Japan.
bNumbers in parentheses indicate the highest resolution shell.
cRmerge 5 Rh Ri jI(h)i 2 <I(h)>j/Rh Ri I(h)i, where I(h) is the observed intensity

of reflection h, and <I(h)> is the average intensity obtained from multiple

measurements.
dRwork 5 R jjFoj 2 jFcj j/R jFoj, where jFoj is the observed structure factor ampli-

tude and jFcj is the calculated structure factor amplitude.
eRfree 5 R-factor based on 5.0% of the data excluded from refinement.
fValues obtained using MolProbity.
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structures are structurally similar to each other with the

r.m.s.d. distance of 1.7 Å. The anticodon-binding do-

main, hinge region, and catalytic domain of DRS and

DRS2 are structurally conserved, with the exception of

an additional motif in the catalytic domain of DRS2

which is known as the insertion domain [Fig. 1(C)]. The

insertion domain of DRS2 forms the enlarged catalytic

groove with more electropositive surface potential, which

enables an alternate interaction network at the subunit

interface between tRNA and DRS2.4 Interestingly, DRS2

showed a higher sensitivity than DRS for inhibitors with

a nonhydrolysable adenylate moiety and its correlation

with structural features has not been well understood.22

Structural analyses of DRS and DRS2 in complex with

same adenylate analogs would elucidate a subtle role of

the domain difference with respect to substrate specificity

and evolutionary advantages.

Flexible N-terminal extension of DRS

In higher eukaryotes, additional domains or motifs in

a specific AARS result in new functions. In the case of

DRS, KRS, and NRS, they contain the N-helix that is

named after the helical conformation in part of their

N-terminal extension region.11,23 The previously deter-

mined NMR structure of the N-terminal extension of

Figure 1
Overall structure of DRS. (A) DRS monomer. The N-terminal extension, anticodon-binding domain, hinge region, catalytic domain, and motifs
are colored and labeled in cyan, magentas, blue, green, and orange, respectively. (B) Sequence alignment of human cytosolic DRS (Hs DRS) with S.

cerevisiae DRS (Sc DRS) and human mitochondrial DRS (Hs DRS2). Strictly conserved residues are highlighted with blue-shaded boxes, and mod-
erately conserved residues are shown as yellow-shaded boxes. The secondary structure of human DRS is shown on top of the sequence alignment.

a-Helix, b-sheet, connecting region, and disordered region are represented by red spiral, blue arrow, black line, and dotted line, respectively. (C)

Structural comparison of human cytosolic and mitochondrial DRSs. Human cytosolic DRS is shown as in (A) and mitochondrial DRS is colored
in gray. The red dotted oval indicates the insertion domain of mitochondrial DRS.
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DRS revealed the conformational flexibility caused by the

b-turn followed by one a-helix and the N-terminal

extension plays a crucial role in the interaction between

tRNAAsp and EF-1a.12–14 In our crystal structure, the

C-terminal end of the a-helix in the N-terminal exten-

sion was observed, comprising Lys26, Glu27, and Arg28

although the N-terminal region was less-ordered. To get

a glimpse of the whole N-helix structure, we superposed

Figure 2
N-terminal extension, PTM, and key intermolecular interaction of DRS. (A) The switching model of the N-helix with our DRS structure. (B) PTM
analyses. Acetylation, phosphorylation, and ubiquitination sites are shown as blue, red, and yellow circles, respectively. PTM sites uniquely observed

in this study and residues observed both in the database and in our study are surrounded by black boxes and dotted boxes, respectively. Ser146,
which is expected to play a key role in the organization of DRS, is marked with a red asterisk. (C) Sequence alignment of the interface residues of

anticodon-binding domain and catalytic domain of DRSs from various organisms. Ser146, Gly462, and Ala463 of human DRS are marked with red
asterisks. (D) Close-up view of Ser146 and the intermolecular interaction of DRS dimer. The structure of human DRS is superimposed with that of

human KRS shown in a gray cartoon model.
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the structurally well-resolved C-terminal end of the N-

terminal extension residue Glu27 and Arg28 with the a-

helix of the NMR structure, considering the helical wheel

conformation (Supporting Information Fig. S2). The a-

helix in the N-terminal extension is amphipathic and the

hydrophilic face of the amphipathic helix could interact

with positively charged residues Arg8 and Lys9 in the N-

terminus by the conformational change on the flexible

b-turn.14 Our crystal structure further supports the

structural switching model of the N-terminal extension

of DRS in the aid of the direct transfer of tRNAAsp to

EF-1a [Fig. 2(A)].

PTM of DRS and its implication on the
MSC assembly

To speculate the organization of DRS as a main inter-

acting component with AIMP2/p38 in the MSC assembly,

we searched all the known PTM data and independently

implemented the PTM analyses of DRS. Our liquid chro-

matography tandem mass spectrometry (MS) analysis

revealed two phosphorylation sites (Tyr239 and Ser249)

and six acetylation sites (Lys55, 110, 213, 241, 330, and

453), respectively. Among them, the phosphorylation of

Tyr239 and the acetylation of Lys55, 213, and 453 were

first identified. Our findings and other PTM site informa-

tion of DRS from PhosphoSite Plus database (http://

www.phosphosite.org) indicated that the residues 238–254

regions of the Class II AARS are dynamically regulated by

various types of modifications such as phosphorylation,

acetylation, and ubiquitination [Fig. 2(B)]. For instance,

although Lys241 was identified with its acetylation modifi-

cation in our analysis, collected six independent MS anal-

ysis data of ubiquitin branch motif (K-e-GG)

immunoaffinity beads purification studies showed that

Lys241 is also modified with ubiquitin. Thus, it seems

that the phosphorylation status of Ser238, Tyr239, and/or

Ser249 could affect the catalytic activity, stability, or part-

ner-binding affinity of DRS through a competitive modifi-

cation event between acetylation and ubiquitination of

Lys241 and/or Lys254 though it should be clarified with

further studies. PTM sites mapped on the surface repre-

sentation of human DRS dimer modeled with tRNAAsp

are shown in Supporting Information Figure S3.

In the MSC, AIMP2/p38 has been known to interact

with two subcomplexes of the MSC (I: MRS, AIMP3/

p18, EPRS, IRS, LRS; II: AIMP1/p43, QRS, RRS), KRS,

and DRS, and the N-terminal domain of AIMP2/p38

interacts with the subcomplex II, KRS, and DRS.9 The

N-terminal Motifs 1 and 2 of AIMP2/p38 have been

recently shown to interact with the bottom groove and

the symmetric groove on the KRS dimer, respectively.24

Based on the situational and structural similarity between

KRS and DRS, we anticipated that two dimers of DRS

would interact with AIMP2/p38 in the similar way of

KRS regarding the association and dissociation from the

MSC. In the case of KRS, Ser207 establishes the major

intermolecular interaction of the KRS dimer through

three hydrogen bonds between the hydroxyl group of

Ser207 and the backbone of Gly540 and Leu541. Interest-

ingly, a conformational change triggered by the phospho-

rylation of Ser207 switches the function of KRS from

translation to transcription, provoking a new conformer

and releasing KRS from the MSC.24 To our surprise,

DRS also contains the equivalent Ser146, Gly462, and

Ala463, which are highly conserved in the amino acid

sequence and three-dimensional structure in higher

eukaryotes [Fig. 2(C–D)]. In addition, the PTM informa-

tion of DRS from the PhosphoSite Plus database shows

that the phosphorylation of Ser146 was already observed

with the phosphoproteome analyses of the human cell

cycle using the MS.25 Thus, we suggest that the phos-

phorylation of Ser146 could initiate a conformation

change of the DRS dimer and trigger an unpredicted

function of DRS by releasing it from the MSC. Our

structural study and PTM analyses extend the knowledge

about the interaction of components in the MSC and

provide fundamental information for human physiologi-

cal signaling pathways related to the MSC.
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Abstract
Thermoplasma acidophilum is a thermophilic archaeon that uses both non-phosphorylative

Entner-Doudoroff (ED) pathway and Embden-Meyerhof-Parnas (EMP) pathway for glucose

degradation. While triosephosphate isomerase (TPI), a well-known glycolytic enzyme, is

not involved in the ED pathway in T. acidophilum, it has been considered to play an impor-

tant role in the EMP pathway. Here, we report crystal structures of apo- and glycerol-3-

phosphate-bound TPI from T. acidophilum (TaTPI). TaTPI adopts the canonical TIM-barrel

fold with eight α-helices and parallel eight β-strands. Although TaTPI shares ~30%

sequence identity to other TPIs from thermophilic species that adopt tetrameric conforma-

tion for enzymatic activity in their harsh physiological environments, TaTPI exists as a dimer

in solution. We confirmed the dimeric conformation of TaTPI by analytical ultracentrifugation

and size-exclusion chromatography. Helix 5 as well as helix 4 of thermostable tetrameric

TPIs have been known to play crucial roles in oligomerization, forming a hydrophobic inter-

face. However, TaTPI contains unique charged-amino acid residues in the helix 5 and

adopts dimer conformation. TaTPI exhibits the apparent Td value of 74.6°C and maintains

its overall structure with some changes in the secondary structure contents at extremely

acidic conditions (pH 1–2). Based on our structural and biophysical analyses of TaTPI,

more compact structure of the protomer with reduced length of loops and certain patches on

the surface could account for the robust nature of Thermoplasma acidophilum TPI.
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Introduction
Triosephosphate isomerase (TPI or TIM) is a functionally and structurally well-known enzyme
that plays a crucial role in glycolytic and gluconeogenic metabolism. TPI accurately and effi-
ciently interconverts dihydroxyacetone phosphate (DHAP) and glyceraldehyde-3-phosphate
(GAP). Missense mutations of TPI genes result in TPI deficiency through loss-of-function [1].
TPI deficiency has been known to cause metabolic diseases, glycolytic enzymopathies, in which
neurological pathogenesis is uniquely severe [2]. Pathogenic TPI deficiency mutations dramati-
cally affect TPI activity owing to either catalytic interruption or oligomeric state alteration [3–5].

Thermoplasma acidophilum is one of the most acidophilic organisms among known ther-
mophilic archaea. It optimally grows at 55–60°C and pH 0.5–2. For glucose degradation, T.
acidophilum has been known to utilize not only non-phosphorylative Entner-Doudoroff (ED)
pathway but also canonical glycolysis/gluconeogenesis pathway (Embden-Meyerhof-Parnas
pathway) [6]. Although one of the glycolysis/gluconeogenesis pathway enzymes, phosphofruc-
tokinase, has not been identified in T. acidophilum, TPI has been considered to play a crucial
role in the glycolysis/gluconeogenesis pathway in T. acidophilum.

TPI is a representative α/β protein with eight α-helices and eight β-strands connected by
loops, forming a TIM-barrel fold [7]. The active site of TPI is highly conserved in all kingdoms
and located inside of the TIM-barrel fold with three catalytic residues (Lys9, His89, and
Glu137 in TaTPI numbering). Most TPIs are optimally active in their dimeric forms. In con-
trast, archaeal TPIs that withstand high temperatures are tetrameric in their active states [8].
Thermostable proteins have been known to adapt to high temperature in various ways:
increased electrostatic interactions, hydrogen bonds, and hydrophobic effects, resulting in for-
tified subunit contacts, more compact packing, higher oligomerization state, and two-state
equilibrium reversibility [9–13].

In the Protein Data Bank (PDB), structures of one bacterial TPI (Thermotoga maritima;
Tm) and three archaeal TPIs (Pyrococcus woesei; Pw, Thermoproteus tenax; Tt, andMethano-
caldococcus jannaschii;Mj) that have been deposited are in tetrameric form. P. woesei,M. jan-
naschii, and T. acidophilum belong to Euryarchaeota and T. tenax is affiliated to Crenarchaeota
in phylogeny. Among tetrameric TPIs in PDB, tetrameric conformation of bacterial TmTPI is
maintained by disulfide bonds between two classical TPI dimers [8]. In archaeal TPIs, helix 4
and helix 5 in the tetrameric interface are of key importance for their tetrameric forms. Espe-
cially, helix 5 in thermostable TPIs has been considered as a major contributor for tetramer for-
mation via dominant hydrophobic effects [14].

In this work, we report crystal structures of apo- and glycerol-3-phosphate (G3P)-bound
TaTPI, each representing open and closed form. Unlike other thermostable archaeal TPIs,
TaTPI forms a stable dimer in solution, which we confirmed using analytical ultracentrifuga-
tion and size-exclusion chromatography. We also show the effect of pH on the secondary struc-
ture and temperature-induced unfolding of TaTPI. Through systematic comparison of TaTPI
with available dimeric and tetrameric TPIs, we suggest that TPI stabilization patches can be tar-
geted for the design of more stable TIM-barrel fold proteins.

Materials and Methods

Cloning, expression, and purification of TaTPI and MjTPI
Full-length sequence of Thermoplasma acidophilum TPI (TaTPI, 216 amino acid residues) and
Methanocaldococcus jannaschii TPI (MjTPI, 219 amino acid residues) were amplified using
PCR and cloned into pET-28a(+) vector (Novagen) containing C-terminal His6-tag. Cloned
plasmid were transformed into Escherichia coli Rosetta 2(DE3)pLysS strain. Recombinant
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proteins were overexpressed by adding 0.5 mM IPTG (isopropyl 1-thio-ß-D-galactopyranoside)
at O.D.600nm 0.5 and cells were further incubated at 20°C overnight (16 h) using Luria Broth cul-
ture media. Harvested cells were lysed by cell sonicator (SONICS) in lysis buffer (20 mM Tris-
HCl, pH 7.5, 500 mMNaCl, 35 mM imidazole, and 1 mM PMSF (phenylmethylsulfonyl fluo-
ride)). After incubation of cell lysate at 60°C for 10 minutes, cell debris and denatured proteins
were removed by centrifugation at 35,000 xg for 50 minutes. Supernatant was applied to HiTrap
Chelating HP column (GE Healthcare) for affinity chromatography. Loaded sample was eluted
with elution buffer (20 mM Tris-HCl, pH 7.5, 500 mMNaCl, and 500 mM imidazole) following
equilibration with washing buffer (20 mM Tris-HCl, pH 7.5, 500 mMNaCl, and 50 mM imidaz-
ole). Eluted sample was further purified by size-exclusion chromatography with HiLoad 16/600
Superdex 200 prep grade column (GE Healthcare) equilibrated with 20 mM Tris-HCl, pH 7.5,
and 200 mMNaCl. Fractions containing TPI proteins were further purified by anion exchange
chromatography with HiTrap Q HP column (GE Healthcare) after 2 X dilution of the fractions
with 20 mM Tris-HCl, pH 7.5, and 100 mMNaCl. Linear gradient of 0–500 mMNaCl in 20 mM
Tris-HCl, pH 7.5, was applied for elution. For the final purification step, second size-exclusion
chromatography was performed with HiLoad 16/600 Superdex 200 prep grade column (GE
Healthcare) equilibrated with 20 mM Tris-HCl, pH 7.5, and 200 mMNaCl for TaTPI or 50 mM
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), pH 7.5, for MjTPI. For crystalliza-
tion, purified TaTPI proteins were concentrated to 30 mgml-1.

Crystallization and structure determination
Initial crystals of apo-TaTPI were grown at 22°C by sitting drop vapor diffusion method with
crystallization solution containing 2MNaCl and 10% (w/v) polyethylene glycol 6000. Apo-
TaTPI crystals suitable for diffraction data collection were grown at 4°C using hanging-drop
vapor diffusion method after mixing apo-TaTPI proteins with 2 times volume of crystallization
solution containing 0.5MNaCl, 10% (w/v) polyethylene glycol 6000, and 0.1M Tris-HCl, pH
8.5. Crystals of TaTPI in complex with glycerol-3-phosphate (G3P) were obtained from crystal-
lization solution with 0.6MNaCl, 9% (w/v) polyethylene glycol 6000, and 0.1M Tris-HCl, pH
8.5, after incubating purified apo-TaTPI proteins with 20 mM G3P for 4 h at 4°C. For diffrac-
tion data collection, crystals were frozen in liquid nitrogen following cryoprotection by soaking
TaTPI crystals in crystallization solution supplemented with 20% glycerol. X-ray diffraction
data for apo- and G3P-bound complex TaTPI crystals were collected at BL-7A synchrotron
beamline at the Pohang Light Source, Korea, and at BL-1A synchrotron beamline at the Photon
Factory, Japan, respectively. Collected data were processed usingHKL2000 program suite [15].
The crystal structure of apo-TaTPI was solved by molecular replacement method using MOL-
REP program [16], with the crystal structure of Pyrococcus woesei TPI (PDB ID: 1HG3) as a
phasing model [14]. The crystal structure of G3P-bound TaTPI was solved with the apo-TaTPI
structure as a phasing model. The initial model building was carried out byWinCoot program
[17] and further refined with REFMAC5 program [18]. All refinement steps were monitored
using Rfree value based on 5.0% of independently saved reflections. The final model was evalu-
ated withMolProbity program [19]. Data collection and refinement statistics are summarized
in Table 1.

Analytical ultracentrifugation (AUC)
Equilibrium sedimentation studies were performed using Beckman ProteomeLab XL-A analyti-
cal ultracentrifuge in 20 mM Tris-HCl buffer, pH 7.5, and 200 mMNaCl at 20°C. Sedimentation
data were collected at 280 nm using a six-sector cell at rotor speeds of 20,000 and 26,000 rpms
with three different protein concentrations: 12.6 uM (0.31 mg ml-1), 16.8 uM (0.41 mg ml-1), and
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21.0 uM (0.52 mg ml-1). All measured data fit well to a homogeneous dimer model and represen-
tative results measured at 26,000 rpm using 16.8 uM protein concentration are presented. TaTPI
concentrations were calculated using e280nm = 11,920 M-1cm-1 and molecular weight of 24,671
daltons. Time required for the attainment of equilibrium was established by running at given
rotor speed until scans were invariant for 4 hours: this was achieved at most by 36 hours in six-
sector cells using 130 ul of samples. Partial specific volume of TaTPI protein and buffer density
were calculated using Sednterp [20]. The calculated partial specific volume at 20°C was 0.7417
cm3 g-1 and the buffer density was 1.00704 g cm-3. For data analysis by mathematical modeling
using non-linear least-squares curve fitting, following functions were used for homogeneous

Table 1. Statistics for data collection, phasing, andmodel refinement.

Data collectiona TaTPI G3P-bound TaTPI

Space group P212121 P212121

Cell dimensions

a, b, c (Å) 75.49, 113.96, 114.80 72.63, 84.08, 143.54

α, β, γ (°) 90, 90, 90 90, 90, 90

Data set

X-ray wavelength (Å) 1.0000 1.1000

Resolution (Å)b 50.00–1.94 (1.97–1.94) 50.00–2.17 (2.21–2.17)

Total / unique reflections 521,936 / 73,921 294,576 / 47,245

Mean I/sigma(I) 32.4 (3.3) 20.9 (3.0)

Multiplicity 7.1 (5.6) 6.2 (5.6)

Completeness (%) 99.0 (83.5) 99.9 (99.9)

Rmerge (%)c 9.1 (62.5) 13.4 (59.0)

Refinement

Resolution (Å) 50.00–1.94 50.00–2.17

Rwork
d / Rfree

e (%) 18.0 / 21.5 18.3 / 22.5

No. of non-hydrogen atoms / mean B-factor (Å2)

Protein 6,996 / 32.9 6,640 / 34.2

Water 561 / 39.8 401 / 34.4

Other atoms 28 / 40.1 44 / 22.9

Poor rotamers (%)f 0.1 0.3

Ramachandran plot analysis (%)

Most favored regions 98.0 96.1

Additional allowed regions 2.0 3.4

Disallowed regions 0 0.5

R.m.s.d. from ideal geometry

Bond lengths (Å) 0.019 0.015

Bond angles (°) 1.648 1.550

aData collected at the synchrotron BL-7A at the Pohang Light Source and BL-1 at the Photon Factory.
bNumbers in parentheses indicate the highest resolution shell.
cRmerge = Σh Σi |I(h)i−<I(h)>| / Σh Σi I(h)i, where I(h) is the observed intensity of reflection h, and < I(h) > is

the average intensity obtained from multiple measurements.
dRwork = Σ | |Fo|—|Fc| | / Σ |Fo|, where |Fo| is the observed structure factor amplitude and |Fc| is the

calculated structure factor amplitude.
eRfree = R-factor based on 5.0% of the data excluded from refinement.
fValues obtained using MolProbity.

doi:10.1371/journal.pone.0145331.t001
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(Eq 1) and interactive (Eq 2) models.

Cr ¼ Cbexp½ApMpðr2 � rb
2Þ� þ ε ðEq:1Þ

Cr ¼ Cbexp½ApMpðr2 � rb
2Þ� þ Cb

nexp½Inkþ nApMpðr2 � rb
2Þ� þ ε ðEq:2Þ

Ap ¼ ð1� vrÞo2 � 2RT

where Cr is the total concentration at the radial position r, Cb is the concentration of protein at
the cell bottom,Mp is the molecular weight of protein monomer, ε is a baseline error term, v and
ρ are the partial specific volume and the solution density, respectively, and ω is the rotor angular
velocity. The Ink value is a natural log for equilibrium constants for reversible models (1x-nx,
where n is 2 & 3) on an absorbance scale. Selection of the best model was made by examining
numbers of weighted sum of square and root mean square error values. Further data manipula-
tion and data analysis by mathematical modeling were performed using MLAB [21].

Circular dichroism (CD)
Temperature of maximum heat capacity (or half-denaturation temperature, Td) of TaTPI was
measured by CD spectroscopy. Experimental sample was prepared following purification and
concentration of TaTPI proteins to 0.4 mg ml-1 containing 50 mMHEPES, pH 7.5. CD traces
of TaTPI were obtained at 222 nm using the J-1500 CD spectrometer (JASCO) at a scanning
rate of 1°C min-1. The denaturation curve of TaTPI was analyzed by Kaleidagraph (Synergy
Software) based on John and Weeks’s protocol [22].

Effect of pH variation on the secondary structure of TaTPI was also monitored by CD spec-
troscopy. pH of protein solutions containing 20 mM Tris-HCl and 200 mM NaCl was adjusted
to desired values between pH 1.0 and pH 7.0 with HCl for CD measurements. The baseline sig-
nal was measured with a buffer containing 20 mM Tris-HCl, pH 7.5, and 200 mM NaCl. CD
spectra of pH-titrated TaTPI were recorded and averaged over two scans between 200 to 260
nm using J-1500 CD spectrometer (JASCO). The secondary structure contents of TaTPI were
calculated by Multivariate SSE Program (JASCO).

Analytical size-exclusion chromatography
Analytical size-exclusion chromatography of TaTPI was performed with Superdex 200 10/300
GL column (GE Healthcare) following equilibration with 20 mM Tris-HCl, pH 7.5, and
200 mMNaCl. The applied protein were at concentrations of 0.9 and 4.5 mg ml-1. Standard
proteins from Gel Filtration Standard (BIO-RAD) were applied to the column for calibration.
The standard protein mixture contained thyroglobulin (M.W. 670 kDa), γ-globulin (M.W.
158 kDa), ovalbumin (M.W. 44 kDa), myoglobin (M.W. 17 kDa), and vitamin B12 (M.W.
1.35 kDa).

Differential scanning calorimetry (DSC)
Maximum temperature of heat capacity of MjTPI was measured with VP-DSC differential
scanning microcalorimeter (Malvern). Experimental sample was prepared following purifica-
tion and concentration of MjTPI proteins to 1.6 mg ml-1 (65 uM). Sample buffer containing
50 mMHEPES, pH 7.5, was loaded into the DSC cell after degassing in an evacuated chamber
for 5 minutes and reference data were measured with scan rate of 0.5°C min-1. Experimental
temperature was increased in the range from 50 to 120°C. After sample buffer scan reached
equilibrium, MjTPI proteins were carefully loaded into the cell following degassing and
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experiments were performed under the same condition as for the reference. Heat capacity
curve was plotted using the Origin software (Malvern).

Accession numbers
The structure coordinates and structure factors for apo- and G3P-bound TaTPI have been
deposited in PDB under the accession code 5CSR and 5CSS, respectively.

Results and Discussion

Overall structures of apo- and glycerol-3-phosphate-bound TaTPI
The crystal structures of apo-TaTPI and its complex with glycerol-3-phosphate (G3P), an ana-
logue of the substrate glyceraldehyde-3-phosphate, have been determined at 1.94 and 2.17 Å
resolution, respectively. Rwork/Rfree values for the final models of apo- and G3P-bound TaTPI
were 18.0%/21.5% and 18.3%/22.5%, respectively (Table 1). Crystal structures of apo- and
G3P-bound TaTPI contain four copies of TaTPI monomer in the asymmetric unit, comprising
two homodimers. The overall structure of TaTPI protomer confirms to the canonical TIM-bar-
rel fold with eight α-helices and eight parallel β-strands from 216 amino acid residues (Fig 1A).
The crystal structure of G3P-bound TaTPI reveals that G3P is well positioned at the active site
of TaTPI with functionally conserved residues Lys9, His89, and Glu137 (Fig 1B). Glu137 is
clearly demonstrated as a catalytic base, with its position being within 3 Å from O1 and O2 of
G3P. An oxyanion hole, which contributes to the stabilization of transition state, is formed by
NZ nitrogen of Lys9 and NE2 nitrogen of His89 with O2 oxygen of G3P. The phosphate group
of G3P is perfectly coordinated through hydrogen bonds with backbone nitrogen atoms of
Gly143, Gly175, Ala196, and Ser197 residues, including adjacent water molecules (S1 Fig).

Overall structures of apo- and G3P-bound TaTPI were similar with r.m.s.d. of 0.69 Å for
216 Cα positions, except G3P-bound area. The conformational changes in the loop 6 of ligand
bound-TPIs have been reported in previously determined structures of TPIs from many spe-
cies, including Trypanosoma brucei, Gallus gallus, Geobacillus stearothermophilus, Leishmania
mexicana, and Vibrio marinus [12, 23–27]. Likewise, loop 6 located between β-strand 6 and
helix 6 and loop 7 located between β-strand 7 and helix 7 showed remarkable conformational
changes when G3P binds to apo-TaTPI. When compared with apo-TaTPI structure, Gly143
located in loop 6 and Gly175 located in loop 7 moved toward G3P by 8.3 and 3.8 Å, respectively
(Fig 1B). Consequently, residue Ala174 is pushed to a disallowed region of the Ramachandran
plot in the G3P-bound form, an amino acid residue within loop 7 that is displaced by the ligand
binding. G3P binding triggers the conformational change and induces the transformation of
TaTPI from open to closed form, securing the catalytic site from bulk solvent to maintain effi-
cient catalytic activity. In addition, water molecules around the active site of apo-TaTPI are
expelled from the active site and would be replaced with substrate upon substrate binding.

Unique dimeric conformation of TaTPI
T. acidophilum belongs to thermoacidophilic euryarchaeota and TaTPI also shares high amino
acid sequence similarity to other thermostable TPIs from P. woesei, T. tenax, andM. jannaschii,
all of which adopt tetrameric conformation that renders them stable at high temperatures [14,
28, 29]. Helix 4 and helix 5 of thermostable TPIs have been known to play important roles in
the tetramer formation via hydrophobic interactions [14]. However, crystal structures of apo-
and G3P-bound TaTPI form a dimer and reveal a remarkable difference in helix 5 of TaTPI
from other thermostable TPIs. Helix 5 of TaTPI is mainly composed of charged-amino acid
residues (AEEAKYFREY) instead of hydrophobic residues found in other thermostable

Structure and Stability of the Dimeric Triosephosphate Isomerase from Thermoplasma acidophilum

PLOSONE | DOI:10.1371/journal.pone.0145331 December 28, 2015 6 / 13



tetrameric TPIs. Structure-based sequence alignment of TaTPI with other TPIs shows that
TaTPI resembles bacterial dimeric TPIs rather than tetrameric TPIs from thermostable archaea
(Fig 2A).

Structural differences between TaTPI and other tetrameric archaeal TPIs are observed not
only in helix 5 but also in adjacent α-helices. In tetrameric archaeal TPIs, the N-terminus of
helix 4 and the C-terminus of helix 6 play important roles in tetrameric interaction via hydro-
phobic effects and hydrogen bonds [14]. The N-terminus of helix 4 of tetrameric archaeal TPIs

Fig 1. Overall structures of apo- and G3P-bound TaTPI. (A) Homodimer of apo-TaTPI is shown in carton representation, where α-helix, β-strand, and loop
are colored in red, yellow, and green, respectively. (B) G3P-bound TaTPI. Only monomer of homodimeric G3P-bound TaTPI is demonstrated to emphasize a
conformational change compared with apo-TaTPI. Extra positive electron density in Fo-Fc omit map contoured at 3.0 δ is shown as a blue mesh, which is
modelled as G3P later. Amino acid residues interacting with G3P in catalytic site and G3P are shown as stick model; carbon, oxygen, phosphorus, and
nitrogen atoms are colored in green, red, orange, and, blue, respectively. Loop 6 and loop 7 regions, which show a distinctive conformational change upon
binding of G3P, are represented in orange and magnified for clarity.

doi:10.1371/journal.pone.0145331.g001
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contains conserved Leu (Leu103 in PwTPI numbering) that contributes to hydrophobic effects
and hydrogen bonds with the other side of helix 4 and helix 5 for its tetrameric assembly. In
the case of TaTPI, Leu in the N-terminus of helix 4 of tetrameric archaeal TPIs is replaced with
Arg96, which deprives the hydrophobic effects for tetramer formation (Fig 2B). Furthermore,
TaTPI has shorter helix 6 than that of tetrameric archaeal TPIs, resulting in dissipated hydro-
phobic effects between two C-termini from each helix 6 of its accompanying dimeric partner,
Val173 in PwTPI (Fig 2C). Consequently, changes in amino acid composition of helix 5, thus
in electrostatic surface, and slight modification of secondary structures in helix 4 and helix 6
seem to play subtle roles in dimer formation.

In the crystal structure of apo-TaTPI, Cys50 in helix 2 of each homodimer drew our atten-
tion since it interacts with the other Cys50 from adjacent TaTPI homodimer via sulfur-con-
taining hydrogen bonds, not disulfide bonds. Thus, we needed to re-confirm the oligomeric

Fig 2. Dimeric conformation of TaTPI. (A) Structure-based sequence alignment of helix 5 region among TPIs from Thermoplasma acidophilum (TaTPI),
Pyrococcus woesei (PwTPI),Methanocaldococcus jannaschii (MjTPI), Thermoproteus tenax (TtTPI), Homo sapiens (HsTPI),Gallus gallus (GgTPI),
Thermotoga maritima (TmTPI), andGeobacillus stearothermophilus (GsTPI). Strictly conserved amino acid residues are highlighted in red shaded boxes
and moderately conserved amino acid residues are colored in red. Helix 5 regions of TPIs from Thermoplasma acidophilum (PDB ID: 5CSR) and Pyrococcus
woesei (PDB ID: 1HG3) are shown as cartoon representation with transparent surfaces, where amino acid residues are colored according to normalized
consensus hydrophobicity scale [31]. (B) and (C) Structural comparison of helix 4 and helix 6 in TaTPI (gray) and PwTPI (green and magenta, each from
different monomers). The important amino acid residues in tetrameric interface are shown as stick model. (D) Analytical ultracentrifugation experiment of
TaTPI. Sedimentation equilibrium distribution (circle) of TaTPI at 26,000 rpm and 20°C is plotted as circle. Concentration of TaTPI was 16.8 uM (0.41 mgml-1) in
20mM Tris-HCl, pH 7.5, and 0.2MNaCl. Solid line is a fitting line for a homogeneous dimer (2x) model and dotted lines are fitting lines for homogeneous
monomer (1x) and tetramer (4x) models. Calculated molecular weight for TaTPI monomer from its amino acid compositions is 24,671 daltons. Inset graph
shows distributions of the residuals for homogeneous 1x, 4x (solid lines), and 2x (circle) models, respectively. The random distribution of the residuals for the 2x
model indicates that TaTPI exists as homogeneous dimers in solution.

doi:10.1371/journal.pone.0145331.g002
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status of apo-TaTPI to make it sure whether the interaction of Cys-Cys is physiologically rele-
vant or crystallographic artefact. To verify the oligomeric state of apo-TaTPI in solution, ana-
lytic ultracentrifugation analysis (AUC) was performed. Oligomeric state of apo-TaTPI in
solution was investigated by equilibrium sedimentation technique at two speeds and three con-
centrations. Fig 2D shows the data and fits analyzed by using Eq. 1 for homogeneous 1x, 2x,
and 4x models at ultracentrifugal speed of 26,000 rpm. The weighted root-mean-square errors
(RMS) for the 1x and 4x fits were 5.01 x 10−2 and 6.90 x 10−2, respectively. In contrast to these
models, dimer (2x) model gave much improved RMS value of 7.93 x 10−3. Residual distribution
plot (Fig 2D inset) also supports that the apo-TaTPI forms dimer in solution. Analysis at
20,000 rpm (data not shown) also gave a better RMS value of 5.76 x 10−3 for 2x model than
those for 1x (3.90 x 10−2) and 4x (5.42 x 10−2) models. Mixture or reversible models were also
investigated but there was no indication of the possibility. Data analysis using the reversible
model (Eq 2) gave large negative Ink values for monomer-dimer (1x-2x) and monomer-trimer
(1x-3x) models and much higher RMS values (~10−2), so the reversible models for monomer-
dimer (1x-2x) and monomer-trimer (1x-3x) equilibrium would not be the case for TaTPI.
These results strongly indicate that apo-TaTPI exits as homogeneous dimer in solution. In
addition, analytical size-exclusion chromatography results of apo-TaTPI, which were con-
firmed at two different TaTPI protein concentrations (0.9 and 4.5 mg ml-1), also supported the
dimeric conformation in solution (S2 Fig).

Structural stability of TaTPI under extreme condition
T. acidophilum thrives in harsh environments such as high temperature and extremely acidic
condition. TaTPI is also expected to function correctly at high temperature or in very low pH
condition when physiological barriers are affected by various stresses. To elucidate the struc-
tural stability of TaTPI in extremely acidic condition and at high temperature, we carried out
circular dichroism (CD) spectroscopy experiments.

As for the structural stability of TaTPI in extremely acidic condition, secondary structure
changes of pH-titrated TaTPI were monitored using CD spectroscopy. Normally, intracellular
environment is well kept from extracellular stresses such as abrupt pH change. So, most of
intracellular proteins experience normal physiological conditions and function accordingly.
TaTPI maintained its folded structure under extremely acidic condition (pH 1–2) as in neutral
pH range (S3 Fig). In the case of TaTPI, secondary structure contents under extremely acidic
condition seem to change slightly with sustained folded structure. The content of α-helix in the
TaTPI tends to increase with decreasing pH, whereas the content of β-strand decreases. These
results suggest that TaTPI is designed to function normally even in cases of unexpected pH
drop.

The temperature of maximum heat capacity (or half-denaturation temperature, Td) of
TaTPI was measured by CD spectroscopy. The denaturation curve of TaTPI was analyzed by
Kaleidagraph (Synergy Software) based on John andWeeks’s protocol [22]. The Td value for
TaTPI is 74.6°C (S4 Fig), which is comparable with that of TPI from Geobacillus stearothermo-
philus (GsTPI), a biological indicator for the validation of sterilization processes, (Td: 76°C)
[30]. In the case of GsTPI, a large number of prolines (5.2%), replacement of asparagine by his-
tidine within the active site to prevent deamidation, the smallest cavity number and volume,
and a large buried hydrophobic surface have been shown to contribute for the thermostability
[12]. Thermotoga maritima, a hyperthermophilic bacterium, has been known to have TPI with
the highest Td value of 102°C [30], resulting from a large number of salt bridges and extensive
hydrophobic patches from tetramer conformation [8]. Using DSC, we found the Td app value
of MjTPI to be 107.1°C and it is the highest Td value among reported TPIs so far (Table 2; S5
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Fig). When compared with TPIs mentioned above, TaTPI has smaller number of prolines
(4.2%), larger cavity volume, and less buried hydrophobic surface than GsTPI, nor does it
adopt tetrameric conformation.

Proposal of TPI stabilization patches
TaTPI is composed of 216 amino acid residues and approximately 10% shorter in length than
other TPIs from bacterial and eukaryotic species, which is a common feature in archaeal TPIs.
According to the results of our structure-based sequence alignment for TPIs, helix 4, helix 5,
and helix 6 are regions that mainly account for variation in amino acid composition, structural
stability, and the oligomeric status of TPIs. To systematically validate the stabilization factors

Table 2. Half-denaturation temperatures of TPIs.

The half-denaturation temperature (Td,°C) Reference

TaTPI 74°C This manuscript

MjTPI 107°C This manuscript

TmTPI 102°C Alvarez et al., 1999 [30]

GsTPI 76°C Alvarez et al., 1999 [30]

PfTPI 65°C Gopal et al., 1999 [33]

HsTPI 55°C Mainfroid et al., 1996 [34]

TbTPI 44°C Borchert et al., 1993 [35]

Ta, Thermoplasma acidophilum; Mj, Methanocaldococcus jannaschii; Tm, Thermotoga maritima; Gs,

Geobacillus stearothermophilus; Pf, Plasmodium falciparum; Hs, Homo sapience; Tb, Trypanosoma brucei.

doi:10.1371/journal.pone.0145331.t002

Fig 3. TPI stabilization patches (TSPs). (A) Structure-based sequence alignment of TaTPI with other TPIs from Pyrococcus woesei (PwTPI),
Methanocaldococcus jannaschii (MjTPI), Thermoproteus tenax (TtTPI),Homo sapiens (HsTPI),Gallus gallus (GgTPI), Thermotoga maritima (TmTPI), and
Geobacillus stearothermophilus (GsTPI). Strictly conserved amino acid residues are highlighted in red shaded boxes and moderately conserved amino acid
residues are colored in red. Conserved residues are enclosed in blue boxes and TSP regions are enclosed in red boxes. The alignment figure was prepared
using ESPript program [32]. (B) Structural comparison of TaTPI and HsTPI. The red dotted and solid circles represent TSP regions in TaTPI and HsTPI,
respectively.

doi:10.1371/journal.pone.0145331.g003
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of TaTPI, we name regions of distinctive differences as TPI stabilization patches (TSPs) (Fig
3A). TSP1 is helix 4 region and TaTPI lacks a short helical N-terminus in this patch. Conse-
quently, TaTPI forms a more compact structure. TSP2 exhibits a major structural discrepancy
in that 18 amino acid residues are missing in helix 5 region of TaTPI, compared with other
dimeric TPIs. In TSP2 area, truncated helix 5 (TSP2C) and lack of a short helix in its N-termi-
nus (TSP2N) also make TaTPI tighter in their overall structure. Lastly, TSP3 arises from helix
6 region and helix 6 is trimmed along with a short α-helix in its C-terminus (Fig 3B). All the
TSPs of TaTPI contribute to the formation of more compact dimeric structure.

The TSPs are not exclusive of TaTPI. Other tetrameric archaeal TPIs also have the TSPs.
We speculated that other tetrameric archaeal TPIs could be more thermostable than TaTPI
since they adopt tetrameric conformation and contains TSPs. To validate our speculation, we
cloned and purifiedM. jannaschii TPI (MjTPI), a tetrameric archaeal TPI, and measured the
Td app value of MjTPI. The Td app value of MjTPI was 107.1°C, which is the highest Td app
value among reported TPIs so far. The result suggest that both higher oligomerization status
and the TSPs could be important factors for thermostability of TPIs. TaTPI would keep its
structural and functional integrity at high temperature through a compact dimeric conforma-
tion from contributing TSPs. Crystal structures of apo- and G3P-bound TaTPI and defined sta-
bility determining factors of TPIs would provide clear insights on engineering more stable
TIM-barrel fold proteins which make up a large protein family and play pivotal role in meta-
bolic pathways.

Supporting Information
S1 Fig. Binding modes of G3P with key amino acid residues of TaTPI. LIGPLOT diagram is
used for representation of active site in the G3P-bound TaTPI. Carbon, nitrogen, oxygen, and
phosphorus atoms are shown in black, blue, red, and magenta, respectively. Hydrogen bonds
and oxyanion hole between G3P and TaTPI are shown as green and red dotted line, respec-
tively.
(TIF)

S2 Fig. Analytic size-exclusion chromatography of TaTPI. TaTPI protein samples at two dif-
ferent concentrations (A: 4.5 mg ml-1, B: 0.9 mg ml-1) were applied to Superdex200 10/300 GL
column. Chromatograms of TaTPI and gel filtration standard were shown as blue and red
lines, respectively.
(TIF)

S3 Fig. Circular dichroism spectra for TaTPI at variable pH conditions. (A) CD spectra of
pH-titrated TaTPI (pH 1.0–7.0) were measured from 200 to 260 nm. (B) The secondary struc-
ture contents of pH-titrated TaTPI were calculated from Multivariate SSE Program (JASCO).
(TIF)

S4 Fig. Thermal denaturation curve of TaTPI. The black line represents baseline-subtracted
and normalized raw data. The red line indicates the best fits of the raw data. The maximum
temperature of heat capacity (Td) was calculated according to the best fits of the raw data.
(TIF)

S5 Fig. DSC thermogram of MjTPI. The black circle represents baseline-subtracted and nor-
malized raw data. The black line indicates the best fits of the raw data. The maximum tempera-
ture of heat capacity (Td) was calculated based on the best fits of the raw data.
(TIF)
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