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General Introduction 
"Archaea" is a third primary kingdom of life, which is distinct from Bacteria and 

Eukarya. The archaeal cells are evolutionarily more closely related to the 

eukaryotic cells than to the bacterial cells, especially in their transcription 

mechanism. In the eucaryotic cells, transcriptions of nuclear genes are initiated 

by RNA polymerase II and six general transcription factors, while archaeal cells 

require only three factors, which are homologous to eukaryal correspondent 

factors. This suggests that the increase of our understanding of archaeal 

transcription mechanism can be a prototype for understanding eucaryal 

transcription regulation mechanism. 

Archaea live in various extreme environments and can be classified as 

thermophiles, halophiles and methanogens. Among them, hyperthermophilic 

archaea live in high temperature condition, whose optimum growth temperatures 

are 95°c or higher, and most proteins derived from these archaea show thermal 

stability. These characteristics suggest that proteins or enzymes from 

hyperthermophilic archaeon can be utilized to industrial application. This study 

focused upon proteins from two kinds of hypethermophlic archaeon found in 

Kodakara Island, Japan. One is Thermococcs kodakaraensisstrain KOD1, and the 

other is Aeropyrum pemix strain Kl. In this study, the relationship between 

structures and their function of the proteins from these archaea is discussed 

based on structural biology and on molecular dynamics. 

"Chapter I" discusses TBP-interacting protein ( Tk-TIP26) from the 

hyperthermophilic archaeon Thermococcus kodakaraensis strain KODl. 

TBP-interacting proteins (TIPs) are proteins that specifically interact with 
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TATA-binding protein (TBP), which is indispensable factor for eucaryal and 

archaeal transcription. TIPs exist in eucaryal .and archaeal cells, some of them 

have been already characterized, and they involve transcription regulation. 

However, no three-dimensional structures of TIPs have been determined yet. In 

this study, I describe the three-dimensional structure of Tk-TIP26 and discuss its 

function based on structural biology in order to understand the transcription 

regulation mechanism by Tk-TIP26. 

"Chapter II" discusses archaeal peroxiredoxin, Thioredoxin peroxidase (ApTPx) 

from the hyperthermophilic archaeon Aeropyrum pernixstrain Kl. Peroxiredoxin 

(Prx) is a thiol dependent peroxidase, which reduce H2O2 or alkyl peroxide to H2O 

or alcohol, respectively. Prxs have been identified in bacterial and eucaryal cells 

and the three-dimensional structures of several kinds of Prxs have been already 

determined. Recently, the gene encoding Prx was also found in aerobic 

hyperthemophilic archaeon Aeropyrum pernixstrain Kl. This Prx is referred to as 

"Thioredoxin peroxidase (ApTPx)", because it functions in Thioredoxin system. 

ApTPx contains three cysteine residues in a single polypeptide; CS0, C207, and 

C213, and it reduces H2O2 to H2O. Mutational analyses suggest that amino acid 

sequence of ApTPx resembles 1-Cys Prx, while it utilize two cysteine residue; CS0 

and C213 for its catalytic cycles, likewise 2-Cys Prx. In this chapter, I describe 

crystal structures of ApTPx prepared under three different H2O2 concentrations; 

no H2O2, 0.1 mM H2O2, and 1.0 mM H2O2. Three different structures of ApTPx 

reveal the detailed reaction mechanism, in which H2O2 is reduced to H2O by 

ApTPx. 
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Chapter I 
Structural studies on TBP-interacting protein 

( Tk-TIP26) from the hyperthermophilic archaeon 

Thermococcus kodakaraensisstrain KODl 

1.1 Introduction 

TATA-box binding protein (TBP) plays a crucial role in basal transcription in 

eukaryotic and archaeal cells (Roeder 1996; Qureshi et al. 1997). In eukaryotic 

cells, RNA polymerases require multiple, accessory factors to interact with their 

respective promoters. In the case of the RNA polymerase II transcription system, 

at least six general transcription factors (GTFs) - TFIIA, TFIIB, TFIID (which is a 

large multi-subunit complex consisting of TBP and TBP-associated factors; 

(TAFs)), TFIIE, TFIIF, and TFIIH - are required to form a pre-initiation complex 

(PIC) (Roeder 1996). In archaeal cells, archaeal RNA polymerase requires at least 

two additional GTFs: TBP and transcription factor B (TFB) which are homologues 

of eukaryotic TBP, and transcription factor IIB (TFIIB), respectively (Bell and 

Jackson 2001; Bell et al. 2001b). Moreover, recent studies revealed that archaea 

have an eucaryal TFIIEa homologue (TFE), and TFE could play a stimulatory role 

in transcription initiation (Bell et al. 2001a; Bell and Jackson 2001; Bell et al. 

2001b; Hanzelka et al. 2001). These results suggested that archaeal transcription 

shares high degrees of similarity with that of eucarya, and that it is simpler than 

eucaryal transcription. This simplicity of archaeal transcription could be a 

prototype in order to increase our understanding of eukaryotic transcription 

3 



mechanisms. 

To further our understanding of transcription mechanisms, it is very important to 

understand transcription factors other than GTFs. Recent studies suggested that 

several new transcription factors could interact with TBP. Some of them are 

referred to as "TSP-interacting proteins" (TIPs), because they were isolated using 

the affinity chromatography with TBP(Makino et al. 1996). TIPs have been 

identified in both eucaryal and archaeal cells. In eukarya, the most studied TIPs 

are TIP120(Yogosawa et al. 1996) and TIP49(Kanemaki et al. 1997). TIP120 was 

isolated from rat liver and sequence analyses showed that the N-terminal region 

of TIP120 exhibited 44% of sequence similarity to that of Drosophila 

TAF80(Yogosawa et al. 1996). Kinetic studies and electrophoretic mobility shift 

assays showed that TIP120 activated the basal levels of transcription from 

various kinds of promoters, and also stimulated the DNA-binding activity of RNA 

polymerase II(Makino et al. 1999). TIP49 was also isolated from rat liver nuclear 

extracts using the affinity chromatography with TBP. The amino acid sequence of 

TIP49 contains an ATP-/GTP-binding P-loop, and exhibits sequence similarity of 

bacterial DNA helicase RuvB(Yamada et al. 2001). In archaea, eucaryal TIP49 

homologues were identified in the genomes of A. fu/gidusand P. horikoshil,.Soppa 

1999 ).TIP26 was also isolated and characterized in several species of 

777ermococcales (Matsuda et al. 1999). 

In 1999, Matsuda et al. firstly identified TIP26 in the Thermococcus 

kodakaraensis strain KODl ( Tk-TIP26). KODl was isolated from a solfatara at a 

wharf on Kodakara Island, Kagoshima, Japan. The growth temperature of this 

strain ranges from 65 to 100°C, with an optimal growth temperature of 95°C 
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(Morikawa et al. 1994; Fujiwara et al. 1998). Tk-TIP26 was isolated from cell 

lysates of this strain by affinity chromatography with TBP-agarose (Matsuda et al. 

1999). Cloning of the gene encoding this protein showed that Tk-TIP26 is 

composed of 224 amino acid residues (molecular weight of 25,558) and exists in 

a dimeric form. Database analyses indicate that the orthologous genes are only 

present in the genomes of two genera, Pyrococcus and Thermococcus. The 

recombinant Tk-TIP26 and Tk-TBP interact with each other with an equilibrium 

dissociation constant, Ko of 1.24-1.46 µM (Matsuda et al. 1999). Further studies 

on this protein revealed that in the absence of Tk-TFB, Tk-TIP26 prevents Tk-TBP 

from binding to TATA-DNA (Matsuda et al. 1999). On the other hand, in the 

presence of Tk-TFB, Tk-TIP26 does not inhibit the formation of the 

TFB/TBP/TATA-DNA ternary complex, but interacts with this complex to form the 

TIP26/TFB/TBP/TATA-DNA quaternary complex (Matsuda et al. 2001). These 

results suggest that TIP26 plays a role as new possible transcription regulation 

factor in Thermococcales. 

Biological or biochemical studies have identified and characterized TIPs, but 

no 3rd-dimentional structures of TIPs have been determined, while this 

information is required for further understanding of the interaction between TIPs 

and TBP. 

We report here the first crystal structure of TSP-interacting protein 

( Tk-TIP26) from the hyperthermophilic archaeon Thermococcus kodakaraensis 

strain KODl. In addition, we report the isolation of the Tk-TIP26/ Tk-TBP complex. 

Characterization of this complex, and structural information about Tk-TIP26 and 

archaeal TBP gave us the insights on molecular mechanism of the interaction 
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between TIP26 and TBP. 

I.2 Materials and methods 

I.2.1 Overexpression, purification, and crystallization of native 

Tk-TIP26 

The gene encoding Tk-TIP26 was cloned into pET-28a (Novagen). The 

resultant plasmid was used to transform £ coli HMS174(DE3)plysS (Novagen). 

Cells were grown in NZCYM medium containing 100 µg/ml kanamycin at 37°C. At 

an OD66o of 0.6, 1 mM IPTG was added to induce gene expression and the 

cultivation was continued for additional Sh. Cells were then harvested by 

centrifugation at 15,000 x g for 20 min at 4°C. The following procedures were 

carried out at 4°C. 

Cells were suspended in 50 mM NaH2PO4 (pH 8.0) containing 500 mM NaCl, 

50 mM imidazole, and 1 mM 2-mercaptoethanol (2-Me), disrupted by sonication, 

and centrifuged at 15,000 x. g for 30 min. The supernatant was applied to a 

HiTrap™ Chelating HP column (Amersham Pharmacia Biotech) equilibrated with 

the same buffer as that for sonication lysis. The sample was eluted with a 

100-250 mM imidazole gradient. The active fractions were combined and dialyzed 

stepwisely against the following buffers with 1 h-interval. 1) 50 mM NaH2PO4 (pH 

8.0) containing 500 mM NaCl, 100 mM imidazole, 1 mM 2-Me, and 1 mM PMSF, 2) 

50 mM NaH2PO4 (pH 8.0) containing 500 mM NaCl, 50 mM imidazole, 1 mM 2-Me, 

and 1 mM PMSF (twice), 3) 20 mM NaH2PO4 (pH 7.2) containing 500 mM NaCl, 50 

mM Imidazole, and 1 mM DTT, and 4) 20 mM NaH2PO4 (pH 7.0) containing 500 

mM NaCl and 1 mM DTT (twice). After dialysis, the sample was concentrated with 
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Centriprep YM-10 (Millipore) and applied to a Hiload™ 26/60 Superdex 75™ prep 

grade column (Amersham Pharmacia Biotech) equilibrated with 20 mM NaH2PO4 

(pH 7.0) containing 500 mM NaCl and 1 mM DTT. The active fractions were 

pooled, concentrated with Centriprep YM-10 (Millipore), and used for 

crystallization without the cleavage with a thrombin. 

Crystals of Tk-TIP26 were obtained by the hanging-drop vapor-diffusion 

method. Initial condition was found using Crystal Screen 2™ (Hampton Research). 

After some steps of improvement, optimized crystallization was performed in the 

following condition: drop solution (4 µI) contained 5 mg/ml Tk-TIP26, 10 mM 

NaH2PO4 (pH 7.0), 250 mM NaCl, 0.5 mM DTT, 50 mM MES (pH 5.8), 6% (w/v) 

PEG 8000, 5% (v/v) MPD, and 5% (v/v) glycerol. Well solution (500 µI) contained 

100 mM MES (pH 5.8), 7.5% (w/v) PEG 8000, 10% (v/v) MPD, and 10% (v/v) 

glycerol. 

1.2.2 Preparation of selenomethionine-substituted (SeMet) crystals 

The plasmid for overexpression of Tk-TIP26 mentioned above was used to 

transform E coli B834(DE3)plysS cells (Novagen). Transformed cells were 

initially precultured in LB medium containing 100 µg/ml kanamycin until OD660 

reached to 0.6. Cells were grown at 37°C in a modified minimal medium 

comprising 0.5% (wt/wt) glucose, 1 mM MgSO4, 40 ·g/ml each of all common 

amino acids except for methionine, 0.5 mg/ml each of all nucleic acids, 25 µg/ml 

of selenomethionine, and l00µg/ml kanamycin. When OD66o reached to 0.6, 

lmM IPTG was added to induce gene expression and the cultivation was 

continued at 25°C for additional 12 h. Cells were then harvested and the SeMet 
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protein was purified as described for the native protein. 

Crystals of SeMet Tk-TIP26 were obtained by the hanging-drop 

vapor-diffusion method. Crystallization was performed in the following condition: 

drop solution ( 4 µI) contained 7.5 mg/ml SeMet Tk-TIP26, 10 mM NaH2PO4 (pH 

7.0), 250 mM NaCl, 0.5 mM DTT, 50 mM MES (pH 5.8), and 3% (w/v) PEG 8000. 

Well solution (500 µI) contained 100 mM MES (pH 5.8) and 5% (w/v) PEG 8000. 

1.2.3 Data collection 

The native crystals were mounted directly from drops into the nitrogen 

stream at 100 K and the diffraction data were collected up to 2.3 A on SPring-8 

BL 4 lXU beamline with a Mar CCD. 

A MAD experiment of SeMet Tk-TIP26 was performed on BL40B2 beamline at 

SPring-8. The crystals of SeMet Tk-TIP26 were soaked into 100 mM MES (pH 5.8) 

containing 7% (w/v) PEG 8000 and 20% (v/v) glycerol for a few seconds and 

flash-frozen in the nitrogen-gas stream at 100 K. Three different wavelengths 

were chosen from inspection of the fluorescence spectrum of the crystal, 

corresponding to the inflection point, peak and low-energy remote. The 

diffraction data were recorded on ADSC Quantum 4 CCD detector. 

All diffraction data were processed using MOSFLM (Leslie, 1997) and the 

CCP4 program suite (Collaborative Computational Project, Number 4, 1994), 

respectively. 

1.2.4 Structure determination 

The initial phases were estimated by MAD method using the SeMet data. Two of 

8 



the three selenium sites in an asymmetric unit were found using Bijvoet 

difference Patterson methods. These heavy atom parameters were refined, and 

phase calculation and density modification were processed using the program 

CNS(Br0nger et al. 1998). The quality of the corresponding electron density map 

was excellent. An initial model was built using the program O (Jones et al. 1994) 

and TURBO-FRODO(Jones 1985). Secondary structures were assigned with 

DSSP(Kabsch and Sander 1983). 

1.2.s Overexpression and purification of histidine-tagged Tk-TBP 

The gene encoding Tk-TBP was cloned into pET28a (Novagen). The resultant 

plasmid was used to transform Escherichia co/iBL21(DE3)plysS (Novagen). Cells 

were grown in NZCYM medium at 303 K comprising 100 µg/ml kanamycin. When 

an OD660 reached 0.6, 1 mM IPTG was added to induce gene expression and 

cultivation was continued for an additional 12 h at 293 K. Cells were harvested by 

centrifugation at 15,000 g for 20 min. Cells were suspended in 50 mM NaH2PO4 

(pH 8.0) containing 300 mM NaCl, 10 mM imidazole, and 1 mM 

2-mercaptoethanol (2-Me), disrupted by sonication, and centrifuged at 15,000 g 

for 30 min. The supernatant was applied to a HiTrap™ Chelating HP column (GE 

Healthcare, Piscataway, NJ), equilibrated with the same buffer as that for 

sonication lysis. The sample was eluted along a 50-300 mM imidazole gradient. 

The active fractions were combined and concentrated with Centriprep YM-10 

(Millipore), and applied onto a Hiload 26/60 Superdex 75 prep-grade column (GE 

Healthcare, Piscataway, NJ), equilibrated with 50 mM Tris-HCI (pH 6.8), 150 mM 

NaCl and 1 mM DTT. The fractions containing Tk-TBP were pooled and 
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concentrated with Centriprep YM-10 (Millipore) to 8.0 mg/ml. The purified 

Tk-TBP was frozen in liquid nitrogen and stored at 193 K. 

I.2.6 Preparation of Tk-TIP26/ Tk-TBP complex and SDS-PAGE analysis 

In order to prepare the Tk-TIP26/ Tk-TBP complex, equal volumes of purified 

Tk-TIP26 (0.6 mM) and Tk-TBP (0.3 mM) were mixed and incubated at 303 K for 

30 minutes. The mixed solution was applied to the gel filtration column Superdex 

200 10/30 HR column (GE Healthcare, Piscataway, NJ), equilibrated with 50 mM 

Tris-HCI (pH 6.8), 150 mM NaCl and 1 mM DTT. The active fractions (shown in 

Figure 4 (a)) were pooled, and used in the SDS-PAGE analysis. The stoichiometry 

between Tk-TIP26 and Tk-TBP was estimated by SDS-PAGE analysis under the 

following conditions. Several concentrations of purified Tk-TIP26 (8.81, 3.26, 

2.29, and 2.21 µM), Tk-TBP (7.70, 3.01, 2.57, and 1.92 µM), and purified 

Tk-TIP26/ Tk-TBP complex were applied to 12.5% polyacrylamide gel, PAGEL 

(ATTO), and proceeded to SDS-PAGE analysis at 20 mA constant current. The 

resultant gel was stained with coomassie brilliant blue (CBB) and intensities of 

the bands in the gel were estimated by the program Lane & Spot Analyzer (ATTO). 

Using these intensities, the calibration curves of Tk-TIP26 and Tk-TBP were 

prepared and these curves were used to estimate the concentrations of Tk-TIP26 

and Tk-TBP in the complex. 

1.2.7 Preparation of Figures 

Figures of Figure 1-4 (a), Figure 1-5 (a), Figure 1-5 (b), Figure 1-6, Figure 1-7 (a), 

Figure 1-7 (b), Figure 1-9 (a) and Figure 1-9 (b) were prepared with the programs 
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MOLSCRIPT(Kraulis 1991), RASTER3D(Merrit and Murphy 1994), and 

GRASP(Nicholls et al. 1993). Figure 1-4 (b) was prepared with ALSCRIPT(Barton 

1993), Figure 2 (c) with TopDraw( Collaborative Computational Project, Number 4, 

1994; Bond 2003). 
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1.3 Results and discussion 

1.3.1 Crystals of native and SeMet Tk-TIP26 

Crystals of native and SeMet Tk-TIP26 are shown in Figure 1-1 (a} and (b}. 

Native crystals were grown up to maximum size (0.15 x 0.15 x 0.2 mm) in a week. 

SeMet crystals were grown up to maximum size (0.2 x 0.2 x 0.3 mm) in twelve 

hours. 

(a) (b) 

Figure 1-1 Picture of crystals of Tk-TIP26 (a} Native crystals, and (b} 
SeMet crystals. 

1.3.2 Diffraction data 

Native crystals diffracted up to 2.3 A and belong to tetragonal space group 

Pl-3212 with unit-cell parameters a= 73.83, and c = 86.41 A. The value of the 

Matthews coefficient is 2.17 A3/Da for a monomer in the asymmetric unit, 

corresponding to a solvent content of 43.0%, a typical value for protein crystals 

(Matthews, 1968). 

SeMet-substituted crystals also belong to tetragonal space group Pl-1212 or 

Pl-3212 and its unit-cell parameters were a= 74.34, and c = 86.38 A. The value of 

the Matthews coefficient is 2.14 A3/Da for a monomer in the asymmetric unit, 
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corresponding to a solvent content of 42.0% (Matthews, 1968). The crystals 

diffracted up to 3.0 A (peak) and 2.8 A (inflection and remote), respectively. 

Details of all of the data processing and statistics were shown in Table 1-1. 

Table 1-1 Diffraction data statistics of SeMet and Native Tk-TIP26 

Diffraction data SeMet Native 

Temperature (K) 100 100 

X-ray source SPring-8 BL 40B2 SPring-8 BL41XU 

Crystal system Tetragonal Tetragonal 

Space group Pb212 Pb212 

Cell dimensions (A) a = 74.34, C = 86.38 a= 73.83, c= 86.41 

VM (A3/Da) 2.14 2.17 

Solvent content(%) 42 43 

Peak Inflection Remote 

Wavelength(A) 0.9793 0.9795 0.9873 0.9686 

Resolution(A) 3.0 2.8 2.8 2.3 

(3.16-3.00) (2.95-2.80) (2. 95-2.80) (2.32-2.20) 

Completeness(%) 100 (100) 100 (100) 100 (100) 93.0 (94.1) 

Unique reflections 5,243 6,407 6,246 11,625 

Redundancy 31.6 20.2 20.1 4.6 

Rsym# (%) 7.6 (16.7) 7.1 (19.6) 7.3 (20.2) 5.6 (20.9) 

<If ·(I)> 8.4 (3.0) 9.0 (3.5) 9.0 (3.5) 10.2 (2.4) 

# Rsym - L I I - <l>I IL <I> where I is the intensity of observation I and 

</> is the mean intensity of the reflection. 

1.3.3 Phasing, density modification, and structure refinement 

The positions of selenium sites were determined by Bijvoet difference 

Patterson method. Bijvoet difference Patterson map using the diffraction data of 

peak wavelength were shown in Figure 1-2. These maps strongly show the 
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existence of two selenium sites in an asymmetric unit. Using these heavy atom 

sites, initial phase was calculated by multiwavelength anomalous dispersion 

(MAD) method using the difraction data whose resolution range was from 40 to 

3.0 A. Phasing statistics are shown in Table 1-2. For the refinement, diffraction 

data of SeMet remote wavelength between 40 to 2.8 A resolution were included 

in simulated annealing refinement with bulk solvent correction using CNS 

(Br0nger et al. 1998). Ten percent of the reflections were kept separate to 

monitor Rtree, and were not used in the refinement. When an R factor reached 

around 28%, the protein model was used to refine the native data up to 2.3 A. 

After several rounds of manual rebuilding and refinement, the individual B factors 

were refined, along with the addition of solvent molecules. A zinc ion was placed 

on the site with approximately 5 sigma peak in an omit map. Zinc is the most 

probable metal, because it shows a tetrahedral coordination geometry, and the 

temperature factor of the zinc ion modeled at the site had been refined to a value 

similar to those of the ligand atoms. The final refinement statistics are shown in 

Table 1-3. The current model contains regions of residues (-8 ~ 218) for a 

molecule in the asymmetric unit. No electron densities for the first 14 residues of 

the histidine-tag or C-terminal 6 residues were defined. These residues were 

eliminated from the refinement. Experimental electron density map using MAD 

phase and 21Fol-1Fcl map in the final refined model are shown in Figure 1-3 (a) 

and (b), respectively. 
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Figure 1-2 Bijvoet difference Patterson map calculated from peak 

data at 4.0 A resolution. The asymmetric part {O < u<0.5, 0 < v<0.5, 

0 < w<0.5) of three Harker sections {w= 1/4, v= 1/2, and w= 1/2) 
are shown with contour levels starting 2a and increasing by step of 

O.~a. The peaks A and B are Se-Se self vectors corresponding to two 

independent Se atoms in the asymmetric unit. The peaks AB are 

cross-vectors near the Harker sections. 
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Table 1-2 Statistics for MAD phasing of SeMet Tk-TIP26 

Peak Edge 

Resolution (A) 40 - 3.0 40 - 3.0 

No. of sites (found/total) 2 (3) 2 (3) 

Rculis ( centric/ acentric) 0.61/0.71 0.57/0.76 

Phasing power (centric/acentric) 1.55/1.39 1.51/1.33 

Figure of merit ( centric/ acentric) 0.64/0.32 0.62/0.28 

Mean figure of merit 0.84/0.59 

Table 1-3 Refinement statistics for Tk-TIP26 

Resolution range (A) 40 - 2.30 

Rcryst (%) a/ Rtree (%) b 19.1/24.1 

Water molecules 110 

Metal ions 1 

Glycerol molecules 2 

Rmsd Bond length (A) 0.005 

Rmsd Bond angles (deg.) 1.2 

Ramachandran (%) 

Favored 90.1 

Allowed 9.9 

a Rcrvst = I: 11 Fo I - I Fe 11/ I: I Fe I, where Fo and Fe are the observe and calculated 

structure factor amplitudes, respectively 

b Rrree was calculated using a randomly selected 10% of the data set that was 

omitted through all stages of refinement 
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Figure 1-3 Electron density maps of Tk-TIP26. (a} Experimental 

electron density map from MAD phase contoured at 1a. (b} 

21 Fo 1-1 Fe I electron map contoured at lo superimposed on the 

2.3 A resolution coordinates of Tk-TIP26 
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1.3.4 Overall structure 

We obtained Ph212 crystals of Tk-TIP26, and determined its structure at 2.3 A 

resolution. The asymmetric unit of the crystal lattice contains one molecule of 

Tk-TIP26. The over-all structure of Tk-TIP26 comprises of seven a-helices (al -

a7), twelve ~-strands (bl - b12), and two 310-helices (Al and A2) with overall 

dimensions of 64 x 49 x 28 A (Figure 1-4 (a)). Additional electron densities 

derived from a part of a histidine tag (his-tag) are located before Metl. The last 

five residues of the his-tag (Pro-5, Arg-4, Gly-3, Ser-2, and His-1) and the first 

three residues of Tk-TIP26 (Metl, Tyr2, and Ala3) form a-helix "al" (Figure 1-4 

(a) and (b)). Side residues of Arg-4 and Ser-2 form hydrogen bonds with those 

of Glu109 and Arg188 in the counterparts of the symmetrically equivalent 

molecules, respectively. Previously, we obtained the crystals of Tk-TIP26 without 

the his-tag. However, they diffracted to only 3.2 A or worse and they were not 

isomorphous (data not shown). The inter-molecular interactions derived from the 

his-tag could contribute to the packing stabilization of molecules in the crystal 

and the improvement of resolution limit. 

Tk-TIP26 is composed of two domains: N-terminal domain (-8 ~ 98) and 

C-terminal domain (99~ 224). Proteins whose folding is similar to that of 

Tk-TIP26 were searched with DALI (Holm and Sander 1995). As a result, the 

N-terminal domain of Tk-TIP26 shared a folding similarity to proteins with the 

topology of type II restriction endonucleases (see below). On the other hand, the 

C-terminal domain does not share folding similarity with any proteins whose 

structures have been determined to date. 
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Figure 1-4 (a} Stereo diagram of Tk-TIP26 molecule in an 
asymmetric unit. The character "a" (al - a7} stands for "a-helix"; 
"A" (Al, A2}, for "310-helix"; "b" (bl - b12}, for "(3-strand". (b} 

Sequence alignments of TBP-interacting proteins among 

Thermococcales. Tk: Thermococcus kodakaraensis, Pfu: Pyrococcu5 
furiosus, Pab: Pyrococcus abyssi; Ph: Pyrococcus horikosii. The 

residues in the white box (-20 rv -1} represent the additional 
histidine-tag derived from pET28a. The residues in the yellow box 
represent the identical residues among these four species. The last 
five residues of the histidine-tag and the first three residues of 
Tk-TIP26 (1 rv 3} form a-helix al. 
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1.3.5 N-terminal domain 

The N-terminal domain of Tk-TIP26 comprises four a-helices {al - a4) and six 

~-strands {bl - b6), forming an a/~ structure, in which the central ~-sheet, 

formed by six ~-strands, is surrounded by three a-helices, a2, a3, and a4 (Figure 

1-5 {a)). As mentioned above, the folding of N-terminal domain of Tk-TIP26 is 

similar to that of proteins with the topology of type II restriction endonucleases. 

Among these, archaeal holliday junction resolvase Hjc from Pyrococcus furiosus 

(Pfu-Hjc, PDBID: lGEF)(Nishino et al. 2001a; Nishina et al. 2001b) is the most 

topologically similar (Figure 1-5 {a) and {c)). Interestingly, the superimposition 

between the N-terminal domain of Tk-TIP26 and monomeric Pfu-Hjc shows an 

r.m.s.d. value for Ca carbon atoms of 3.5 A, even though their sequence similarity 

is below 10%. However, the electrostatic surface of the N-terminal domain of 

Tk-TIP26 is remarkably different from that of Pfu-Hjc. The N-terminal domain of 

Tk-TIP26 is mainly negatively charged, while Pfu-Hjc is positively charged 

(Figure 1-5 {b)). In addition, the arrangements of 7k-TIP26 in the dimer are 

notably different from that of Pfu-Hjc(Nishino et al. 2001a; Nishina et al. 2001b). 

Tk-TIP26 forms a dimer via the interaction between the N-terminal domain and 

C-terminal domain in the counterpart of the dimer (Figure 4 {a)), while Pfu-Hjc 

is dimerized with a single domain. The contact of the dimeric Tk-TIP26 involves 

hydrogen bonds (see below), while that of Pfu-Hjc involves hydrophobic 

interaction(Nishino et al. 2001a; Nishina et al. 2001b). These results suggest 

that Tk-TIP26 does not have the same function as in Pfu-Hjc, even though these 

two proteins share similar topology. 
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Figure 1-5 Structural comparison between the N-terminal domain of 

Tk-TIP26 (left image}, and P!u-Hjc (right image}. (a} Ribbon 

diagrams. (b} Electrostatic surfaces generated by GRASP. Coloring is 

according to the local electrostatic potential range from -10kT"1 (red} 

to +10 kT"1 (blue}. (c} Topology diagrams. 
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1.3.6 C-terminal domain 

The C-terminal domain comprises of three a-helices (as - a7), six ~-strands (b7-

b12), and two 310-helices (Al and A2). A zinc ion is found in the vicinity of the 

loop region between b9 and bl0 (Figure 1-6). The ion is coordinated by two 

cysteine (Cys149 and Cys152) and two histidine residues (His164 and His168), 

forming a tetrahedral coordination architecture. The secondary structures around 

these four residues are composed of ~-strands b9 (from Tyr140 to Lys147), bl0 

(from Tyr154 to Asp156), and a-helix a6 (from Leu160 to Arg165), forming the 

classical Cys2Hisrtype zinc finger motif. 

Most of the proteins containing the classical Cys2Hisrtype zinc finger motif are 

transcription factors that function by recognizing specific DNA sequences (Laity 

et al. 2001). The number of residues between the second cysteine and the first 

histidine is invariantly twelve(Lee et al. 1989; Pavletich and Pabo 1991). In the 

case of Tk-TIP26, the number of spacing residues between Cys-XrCys and 

His-XrHis is eleven rather than twelve. Tk-TIP26 binds to DNA in the presence of 

the zinc ion, but the interaction between Tk-TIP26 and DNA is weak and seems to 

be non-specific (Matsuda et al. 1999). However, the topology of this domain is 

composed of "exactly" a ~-hairpin and an a-helix. 

The zinc finger motif in Tk-TIP26 is an unusual Cys2Hisrtype zinc finger and is 

not functional as a DNA-binding module, probably because Tk-TIP26 possesses 

only a single zinc finger motif. Zinc finger proteins usually contain multiple zinc 

finger motifs, which are required for specific interaction with DNA (Pavletich and 

Pabo 1991). In addition, this motif should not have the critical role for the stability 

of overall structure, because its mutant protein C149A/C152A could be 
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overexpressed and purified as in wild-type protein (Matsuda et al. 1999). 

This zinc finger motif is the first structure of Cys2Hisrtype zinc finger motif 

among archaeal proteins. However, The role of the motif in Tk-TIP26 is not 

unknown and should be elucidiated. 

Figure 1-6 Ribbon diagram of Zn-finger motif. Electron density map 

covered zinc ion is Simulated Annealed Omit Map contoured at S.Oo. 

1.3.7 Dimer structure of Tk-TIP26 

Previously, it was reported that Tk-TIP26 exists in a dimeric form(Matsuda et al. 

1999). The structure of dimeric Tk-TIP26 is shown in Figure 1-7 (a). Two 

molecules of Tk-TIP26 are related by the crystallographic two-fold axis and the 

contact surface area is calculated to be 2,260 'fl. The dimer interface is mainly 

composed of the ~-strands bl and b8 in the counterpart of the dimer (Figure 1-7 

(b) and (c)). The contact involves hydrogen bonds between side residues of 

Lys37, Tyr120, Asp118 and Lys113 in one molecule, and Asp21, Asp20, Lys36 and 

Glu25 in the other, respectively. Hydrogen bonds are formed between main 

chains of Gln116 and Leu114 in one molecule, and Trp24 and Ile26 in the other, 

respectively (Figure 1-7 (b) and (c)). 
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(a) (c) 

{b) 

Figure 1-7 (a) Dimer structure of Tk-TIP26. The black ellipse in the 
middle of the dimer represents a crystallographic 2-fold axis. The 

area in the black box is magnified in (b). (b) Closed-up view of the 

dimer interface in stereo projection. The 21 Fo 1-1 Fe I electron 
density map was contoured at 1.0 a. ( c) The details of the dimer 

interactions. The residues involving the interaction between side 
residues are colored in red, and residues involving the interaction 

between main chains are colored in blue. 
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I.3.8 Formation of Tk-TIP26/ Tk-TBP complex 

Purified Tk-TIP26 and Tk-TBP were mixed and incubated at 303 K for 30 minutes. 

After incubation, this mixture was applied to gel filtration column 

chromatography to purify. The chromatograph shows a single peak with 

molecular weight of approximately 158 kOa, showing that Tk-TIP26/ Tk-TBP 

complex is obtained (Figure 1-8 {a)). This value is in agreement with an 

estimate of molecular weight of this complex using dynamic light scattering (OLS) 

(data not shown). The peak fraction was applied to sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SOS-PAGE). The resultant gel shows 

just two bands (Figure 1-8 {b)): one derived from Tk-TIP26 (approximate 

molecular mass of 27 kOa), and the other, from Tk-TBP (approximate molecular 

mass of 23 kOa). For the estimation of the stoichiometry of the interaction 

between Tk-TIP26 and Tk-TBP, several concentrations of Tk-TIP26, Tk-TBP, and 

the Tk-TIP26/ Tk-TBP complex were loaded to SOS-PAGE on the same gel. The 

resultant gel was analyzed for band intensities in order to produce calibration 

curves of Tk-TIP26 and Tk-TBP (data not shown). The calibration curves indicate 

that in the lane of Tk-TIP26/ Tk-TBP complex, 0.126 pmol of Tk-TIP26 and 0.0675 

pmol of Tk-TBP were present, i.e. the molar ratio of the interaction between 

Tk-TIP26 and Tk-TBP is approximately 2: 1. Together with the estimation of 

molecular weight of Tk-TIP26/ Tk-TBP complex, Tk-TIP26 and Tk-TBP interact 

with stoichiometry of 4:2. 

As mentioned above, Tk-TIP26 usually exists in dimeric form(Matsuda et al. 

1999). On the other hand, biochemical and crystallographic studies reported that 

TBP usually exists in a dimeric form in solution and crystal structures(Nikolov and 
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Burley 1994; Coleman et al. 1995; DeDecker et al. 1996). These results suggest 

that 2 dimer molecules of Tk-TIP26 interact with 1 dimer molecule of Tk-TBP. 
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Figure 1-8 Interaction between Tk-TIP26 and Tk-TBP. (a) The 

elution pattern of Tk-TIP26/ Tk-TBP complex in gel filtration 
column chromatography. (b) SDS-PAGE of peak fractions of the 
chromatograph in (a). 
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I.3.9 Inhibition of the interaction between TBP and TATA-DNA by 

Tk-TIP26 

In the absence of Tk-TFB, Tk-TIP26 prevents Tk-TBP from binding to 

TATA-DNA (Matsuda et al. 1999; Matsuda et al. 2001). We compared the 

structures and the electrostatic surfaces of Tk-TIP26 and TBP from Pyrococcus 

woesei (DeDecker et al. 1996) (PwTBP, PDBID:lPCZ), which shares 83% of 

amino acid similarity with Tk-TBP. In the structure of dimeric Tk-TIP26, negatively 

charged cleft is formed after formation of the dimer. (Figure 1-9 (a) left 

image). On the other hand, dimeric PwTBP possesses specifically positively 

charged surfaces composed of Arg78, Lys82, Lys86, Lys88, Lys93, and Lys95 on 

both ends of the surface of the dimeric PwTBP (Figure 1-9 (a) right image). 

Subsequently, a model of Tk-TIP26/TBP complex was predicted (Figure 1-9 (b)). 

In this model, dimeric TBP is sandwiched by two molecules of dimeric Tk-TIP26 

from both ends of the surface, forming a 4:2 complex. Recent studies suggested 

that the equilibrium between TIP26/TBP complex and TBP/TATA-DNA complex 

inclines toward the fraction of the former complex in the absence ofTFB(Matsuda 

et al. 2001). In addition, the 4:2 complex cannot access to TATA-DNA in the 

absence of TFB(Matsuda et al. 1999), while dimeric TBP can interact with 

TATA-DNA by the dissociation to monomers(Coleman et al. 1995). These results 

suggest that the formation of the 4:2 complex would stabilize TBP in dimeric form, 

although it has not been elucidated how the interaction between the monomers 

of dimeric TBP would be affected by the formation of the 4:2 complex yet. This is 

the first structural basis of the inhibition mechanism where Tk-TIP26 prevents 

TBP from binding to TATA-DNA in the absence of TFB (Figure 1-9 (c)). 
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(a) 

negatively-charged cleft 

Dimeric Tk-TIP26 

(c) 

TIP26/TBP/TFB/TATA-DNA -
quaternary complex 
(Matsuda et al., 2001) 

TBP/TFB/TATA-DNA 
ternary complex 
(Kosa et al. , 1997) 

TFB, TATA-DNA 

Dimeric PwTBP 

go• 

V 

Proposed inhibition mechanism 

~ DNA 

TIP26 dimer 

+ 
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Figure 6 Proposed inhibition mechanism of the interaction between TBP and 

TATA-DNA by Tk-TIP26. (a) Electrostatic surfaces of dimeric Tk-TIP26 and 

dimeric PwTBP generated by GRASP(Nicholls et al. 1993). Coloring is according 

to the local electrostatic potential range from -10 kr1 (red) to +10 kr1 (blue). 

(b) Model of Tk-TIP26/TBP complex. Two dimer molecules of Tk-TIP26 were 

colored as in Figure 4 (a). Dimeric Pw'TBP was colored with navy. The view of 

PwTBP in the left side was same as the one in Figure 6 (a). (c) Schematic draw of 

the inhibition mechanism in which Tk-TIP26 prevents TBP from binding to 

TATA-DNA. 
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1.4 Summary of Chapter I 

The structural studies on Tk-TIP26 allowed us to build a putative model of the 

Tk-TIP26/TBP complex, providing insights in the molecular mechanisms of the 

interaction between TIP26 and TBP. These insights will give us a clue for the 

understanding of the interaction between TBP and other TSP-interacting proteins. 

Crystallographic studies on the Tk-TIP26/ Tk-TBP complex and the 

Tk-TIP26/ Tk-TBP/ Tk-TFB/TATA-DNA quaternary complex are in progress to 

increase our understanding of the transcription regulation mechanism by TIP26. 
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Chapter II 
Studies on structure and molecular dynamics of 

Thioredoxin Peroxidase (ApTPx) from aerobic 

hyperthermophilic archaeon Aeropyrum pernixstrain 

Kl 

11.1 Introduction 

The peroxiredoxin (Prx) constitutes a family of antioxidant proteins that act as 

peroxidases that reduce hydrogen peroxide and alkyl peroxide to water and the 

corresponding alcohol, respectively(Schroder and Ponting 1998; Rhee et al. 

2001; Wood et al. 2003b). Prxs participate in the antioxidative mechanism called 

the "thioredoxin system"(Holmgren 1985; 1989). The typical 2-Cys Prxs have two 

conserved redox-active cysteines, the peroxidatic cysteine and the resolving 

cysteine. The peroxidase reaction results in an intersubunit disulfide bond 

between these redox-active cysteines concomitant with the reduction of peroxide 

substrate. The tertiary structures for Prxs from several sources have been 

reported, distinct quaternary structures, i.e., monomer(Declercq et al. 2001), 

dimer(Choi et al. 1998; Hirotsu et al. 1999), and toroid-shaped decamer(Alphey 

et al. 2000; Schroder et al. 2000; Wood et al. 2002; Wood et al. 2003a; Kitano et 

al. 2005; Pineyro et al. 2005), being observed depending on the subtype and 

redox state. However, the tertiary structure of a hyperthermophilic Prx has not 

been reported to date. 

We previously identified the genes for thioredoxin peroxidase, thioredoxin, and 
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thioredoxin reductase in the genome of A. pemix Kl(Jeon and Ishikawa 2002; 

2003), which lives at the highest temperature among the aerobic organisms 

whose genome sequences are available(Sako et al. 1996; Kawarabayasi et al. 

1999). We presented the first evidence of a set of proteins involved in the 

thioredoxin system in archaea by confirming the activity(Jeon and Ishikawa 

2002; 2003). Mutational analyses of thioredoxin peroxidase from A. pernix Kl 

(ApTPx) showed that peroxidatic CysS0 and resolving Cys213 form an 

intersubunit disulfide bond upon oxidation and that another cysteine residue 

(Cys207) is not essential for the peroxidase function(Jeon and Ishikawa 2003). 

Although we had proposed a ring structure consisting of eight subunits(Jeon and 

Ishikawa 2003), we found a fivefold axis and five twofold axes in a crystal of 

ApTPx (C207S mutant) in a later study(Nakamura et al. 2005). This suggested 

that the overall structure of ApTPx consists of decameric ring, which is 

homologous to Prxs from human(Schroder et al. 2000), Salmonella 

typhimuriufli..Wood et al. 2002; Wood et al. 2003a), and Crithidia 

fasciculatfi...Alphey et al. 2000). 

In this chapter, we describe the tertiary structure of a selenomethionine 

derivative of the C207S mutant of ApTPx (SeC207S) in the reduced form 

determined at 2.0 A resolution. We also determined the structures of C207S 

mutant ApTPx treated with two different concentration of H202, which is a 

substrate of ApTPx. We discuss the characteristic features of this 

hyperthermostable Prx and discuss the reaction mechanism where H202 is 

reduced to H20. 

11.2 Materials and methods 
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11.2.1 Preparation of SeC207S crystals 

Expression and purification of SeC207S were performed as 

described(Nakamura et al. 2005) except that the £ coli cells were cultivated in a 

modified M9 medium(Doublie 1997). Crystals of SeC207S were obtained by the 

hanging-drop vapor-diffusion method. A 4 µI of drop comprising 10 mg/ml 

SeC207S, 5 mM DTT, 50 mM imidazole-HCI (pH 6.5), and 500 mM sodium acetate 

was equilibrated against 450 µI of a reservoir solution comprising 60 mM 

imidazole-HCI (pH 6.5) and 600 mM sodium acetate at 20°c. crystals were 

soaked in a solution of xl.25 concentration of the reservoir solution containing 

20% (v/v) ethylene glycol, and then flash-frozen in the nitrogen-gas stream at 

100 K. 

II.2.2 Preparation of ApTPx (C207S) crystals 

Crystals of ApTPx were obtained by the hanging-drop vapor-diffusion method 

in reducing condition. 2 µI of protein solution containing 10 mg/ml of ApTPx and 

20 mM Tris-HCI (pH 7.5) was mixed with 400 µI of reservoir solution comprising 

100 mM sodium acetate (pH4.8), 200 mM calcium chloride, 10% (v/v) 

isopropanol, 1 mM DTT at 20°C. Crystals of ApTPx was soaked to two distinct 

condition of solution for cryogenic experiment. The one comprised of 0.1 mM 

H2O2, 25% (v/v) glycerol, and reservoir solution used in crystallization (solution I), 

the other, 1 mM H2O2, 25% (v/v) glycerol, and reservoir solution used in 

crystallization (solution II). After soaking into solution I and II, crystals of ApTPx 

were flash-frozen in the nitrogen-gas stream at 100 K. 
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II. 2.3 Data collection 

A MAD experiment of SeC207S was performed at BL3881 beamline at SPring-8 

(Harima, Japan). Four different wavelengths were chosen from inspection of the 

fluorescence spectrum of the crystals, corresponding to the edge, peak, 

low-energy remote, and high-energy remote. The diffraction data were recorded 

on Jupiter210 CCD detector (Rigaku/MSC). Diffraction data were indexed, 

integrated, and reduced with HKL2000 program suite(Otwinowski and Minor 

1997). 

Diffraction data of ApTPx soaked in solution I and solution II were collected at 

BL41XU and BL3881 at SPring-8 (Harima, Japan), using ADSC quantum315 CCD 

detector and Jupiter210 CCD detector (Rigaku/MSC), respectively. Diffraction 

data were indexed, integrated, and reduced with HKL2000 program 

suite(Otwinowski and Minor 1997). 

11.2.4 Structure determination and refinement 

Structure of reduced form of ApTPx was solved by multiwavelength anomalous 

dispersion (MAD) method using SeC207S crystals. Selenium sites were searched 

with SOLVE(Terwilliger and Berendzen 1999). The positions of selenium sites 

were refined and initial phase was calculated using SHARP(de La Fortelle and 

Bricogne 1997). The phase was improved with SOLOMON(Abrahams and Leslie 

1996). Initial model was build using program O(Jones et al. 1991) and refined 

with CNS(Brunger et al. 1998). 

Structures of H2Orsoaked ApTPx were solved by molecular replacement using 

MOLREP(Collaborative Computational Project 1994) with the reduced structure of 

38 



ApTPx as a search model. These structure were refined using CNS(BrOnger et al. 

1998) and RefmacS(Collaborative Computational Project 1994). Stereochemical 

analysis, secondary structure assignment, structural comparisons, and 

calculation of the accessible surface area were carried out using 

PROCHECl<{Laskowski et al. 1993), D5S}{Kabsch and Sander 1983), 

CH/MERA(Pettersen et al. 2004), and GRAS}{Nicholls et al. 1991), respectively. 

II.2.5 Optimization of the partial structure 

Partial structure of catalytic domain of oxidized ApTPx was optimized by 

density functional theory using the program Gaussian(P. M. W. Gill 1993). 

II.2.6 Preparation of figures 

Figure II-3, Figure II-4 (b), Figure 11-5, Figure 11-6, Figure II-7 were prepared 

using Molscript(Merrit and Murphy 1994) and Raster3D(Merrit and Murphy 1994). 

Figure 11-8 was prepared with Pymol(http://www.pymol.org). 
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11.3 Results and discussion 

11.3.1 Crystals of ApTPx 

The pictures of crystals of SeC207S and ApTPx are shown in Figure 11-1 {a) 

and {b). SeC207S crystals were grown up to its maximum size (0.2 x 0.3 x 0.15 

mm) in twelve hours and crystals of ApTPx were grown up to its maximum size 

(0.2 x 0.15 x 0.05 mm) in a day. 

(a) (b) 

Figure 11-1 Crystals of ApTPx {a) SeC207S and (b) C207S 

40 



11.3.2 Diffraction data 

Crystal of SeC207S diffracted to 2.44 A (peak, edge, and high-energy remote 

wavelenghts) and 2.00 A (low-energy remote), respectively. The crystal belonged 

to the space group Pl with cell dimensions of a= 75.6 A, b = 101.8 A, c= 102.9 

A, a = 105.4°, /3 = 105.3°, and y = 93.3°. Diffraction data statistics for 

SeC207S are shown in Table 11-1. 

Table 11-1 Data collection statistics for SeC207S 

Peak Edge High remote Low remote 

BL38B1, BL38B1, BL38B1, BL38B1, 

X-ray source SPring-8 SPring-8 SPring-8 SPring-8 

Wavelength (A) 0.97915 0.97948 0.976 0.984 

Space group P1. 

Cell dimensions 

CA, o) a= 75.6, b = 101.8, c = 102. 9, a= 105.4, /3= 105.3, and y= 93.3 

Resolution range 50 - 2.44 50 - 2.44 50 - 2.43 30 - 2.00 

(At (2.53 - 2.44) (2.53 - 2.44) (2.52 - 2.43) (2.07 - 2.00) 

Rmerge (%t' b 6.0 (9.8) 5.0 (9.0) 5.4 (9.7) 8.4 (18.8) 

1/a(J) 16.6 16.5 15.9 8.7 

Total reflections 400,490 399,388 403,717 569,297 

Unique reflections 106,539 106,743 108,010 191,063 

Completeness (% t 98.3 (95.9) 98.3 (95.0) 98.3 (94.3) 95.7 (86.1) 

avalues in parentheses are for the highest resolution shell. 

b Rmerge = I I I - <1> I / II, where I is the intensity of observation I and <l>is the mean 

intensity of the reflection. 

Crystals of ApTPx soaked with solution I (Form I) and solution II (Form II) 

diffracted to 2.4 A and 2.0 A, respectively. Both Form I and Form II belonged to 

the space group Pl with cell dimensions of a= 76.2 A, b = 103.4 A, c= 104.6 A, 
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a= 105.8°, p = 105.2°, y = 92.7°, and a= 76.2 A, b = 103.3 A, c = 105.0 A, a 

= 106.0°, P= 105.1°, v= 92.7°, respectively and both of the crystals contained 

ten monomers in the asymmetric unit. Data statistics for Form! and Form II are 

shown in Table 11-2. 

Table 11-2 Diffraction data statistics for Form I and Form II crystals of 

ApTPx 

Form I (0.1 mM H202) Form II (1.0 mM H202) 

X-ray source SPring-8 BL41XU SPring-8 BL38B1 

Space group Pl. Pl. 

Cell parameters (A, 0 ) a= 76.2, b = 103.4, c= 104. 6 a= 76.2, b = 103.3, c = 105.0 

a= 105.8, /3 = 105.2, y = 92.7 a= 106.0, f3 = 105.1, v= 92.7 

Resolution rangea (A) 50 - 2.4 (2.49 - 2.40) 50 - 2.0 (2.07 - 2.00) 

No. of total 242,709 339,192 

reflections 

No. of unique 115,754 198,017 

reflections 

<I/a(I)> a 8.5 (2.74) 8.4 (1.96) 

Completenessa (%) 87.2 (71.4) 92.1 (80.0) 

Rmergea,b (%) 8.8 (22.6) 6.3 (24.3) 

avalues in parentheses are for the highest resolution shell. 

bRmerge = Lil - <I> I / L/, where I is the intensity of observation I and </>is the mean 

intensity of the reflection. 

11.3.3 Structure determination and refinement of SeC207S 

Initial phase of SeC207S was estimated by multiwavelength anomalous 

dispersion (MAD) method. 27 of 40 possible selenium sites were found using 

program SOLVE(Terwilliger and Berendzen 1999). These sites were refined and 
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initial phase was calculated. Resulting electron density map had excellent quality 

and initial model was built on this map. After several rounds of refinement and 

manual fitting, R and Rtree values were converged to 16.4% and 17.1 %, 

respectively against 2.0 A data. Phasing statistics, experimental and refined 

electron density map, and refinement statistics are shown in Table II-3, Figure 

II-2, and Table II-4, respectively. 

Table II-3 Phasing statistics for SeC207S 

Peak Edge High-remote 

Resolution range (A) 50 - 2.44 50- 2.44 50 - 2.44 

No. of site (found/ total) 29/40 29/40 29/40 

Rcum/ (iso./ano.) 0.816/0.634 0.765/0.839 - /0.738 

Phasing Powerb (iso./ano.) 0.883/2.098 1.054/0.839 - /1.553 

Figure of merir: 0.487 

a Rcullis = ll I Fhobsl - I Fhcalcl 1/ll Fhobsl for centric reflections, where I Fhobsl = 

observed heavy atom structure factor amplitude, and I Fhcaicl = calculated heaby 

atom structure factor amplitude. 

bPhasing power = root-mean-square (IFhl/E), were IFhl = heaby atom 

structure factor amplitude, and E = residual lack of closure error. 

cFigure of merit = I F(hkl)bestl/F(hkl) 
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Figure 11-2 Electron density maps of SeC207S. (a) Experimental 

electron density map from MAD phase contoured at la. (b) 

21 Fo 1-1 Fe I electron map contoured at la superimposed on the 2.0 A 
resolution coordinates of SeC207S. 
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11.3.4 Structure determination and refinement for Form I and Form II 

of ApTPx 

Structures of Form I and Form II of ApTPx were determined by molecular 

replacement using a dimer structure of SeC207S as a starting model. For the 

refinement, diffraction data of Form I and Form II between 40 to 2.4 A resolution, 

and between 50 to 2.0 A resolution were included in simulated annealing 

refinement with bulk solvent correction using CNS (Br0nger et al. 1998), 

respectively. Five percent of the reflections were kept separate to monitor Rtree, 

and were not used in the refinement. After some rounds of refinement process, 

the structure of Form I of ApTPx was refined using Refmac5(Collaborative 

Computational Project 1994). During the refinement process, extra psitive peaks 

connected to the sv atom of Cys50 was observed in the 21Fol-1Fcl and !Fol - IFcl 

maps in the all of the ten molecules in the asymmetric unit. These positive 

suggested that Cys50 was oxidized to cysteine sulfenic acid. All of the CysS0 

residues in the asymmetric unit were replaced with cysteine sulfenic acid, and 

refined using the program Refmac5(Collaborative Computational Project 1994). 

Final refinement statistics for Form I and Form II of ApTPx are shown in Table 

11-4. 
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Table 11-4 Refinement statistics for SeC207S, Form I, and Form II of 

ApTPx 

Reduced Form I Form II 

(SeC207S) (0.1 mM H202) (1.0 mM H202) 

Resolution range (A) 40- 2.0 40 - 2.4 40- 2.0 

Rcrvst (%)/ Rtree (%) 16.4 / 17.3 15.3 / 22.9 16.3 / 22.0 

Water molecules 1,189 542 1,129 

RMSD bond length (A) 0.046 0.024 0.03 

RMSD bond angles (deg.) 3.4 2.1 2.4 

Ramachandran (%) 

Favored 90.5 89.2 91.6 

Allowed 9.5 10.4 8.1 

Disallowed 0 0.4 0.2 

aRcryst. =LIIFol - IFcll/LIFcl, where Fo and Fe are the observe and calculated 

structure factor amplitudes, respectively 

b Rtree was calculated using a randomly selected 10% of the data set that was 

omitted through all stages of refinement 
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II.3.5 Structure of reduced form (SeC207S) of ApTPx 

The monomer structure of SeC207S is presented in Figure II-3 (a). The 

monomer structure can be divided into a main domain (Pro2 - Leu167 and 

Arg220 - Ala245) and an arm domain (Lys168 - Ser219). The arm domain is 

composed of a6, an antiparallel 13-sheet comprising three 13-strands (139, 1310, and 

1311, see Figure II-3 (a)), and a neighboring unstructured region. The arm 

domain and subsequent C-terminal region are unique to ApTPx (discussed later). 

ApTPx forms homodimers (Figure II-3 (b)). The dimer interface is created 

between the main domains. The arm domains stick out from the main body of the 

dimer (circles in Figure II-3 (c)). In addition to a 14-stranded twisted 

intersubunit 13-sheet (Figure II-3 (c), bottom), the N-terminal 131 in both 

subunits form an antiparallel 13-sheet (arrow in Figure II-3 (b)) in the 

homodimer structure. This N-terminal 13-sheet is unique to ApTPx and thus is not 

found in mesophilic Prxs. 

The overall structure of ApTPx comprises a decameric ring consisting of five 

homodimers (Figure II-3 (d)). There are two types of dimer-dimer interactions: 

one (the MM interaction) involves main domains and the other (the AM 

interaction) involves arm and main domains (Figure II-3 (e)). Because the arm 

domain is characteristic of ApTPx, the AM interaction is unique to ApTPx. In 

particular, the carbonyl oxygen of Thr191, the side chain oxygen of Glu193, and 

the side chain oxygens of Asp209 are involved in hydrogen bond networks with 

the next subunit (Figure II-3 (f)). These hydrogen bond networks stabilize the 

AM interaction. 
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Fig. 11-3. Representation of the tertiary structure. (a) The 

monomer structure of SeC207S is drawn. The side chains of CysSO, 
Ser207, and Cys213 are represented as balls and sticks. (b) The 

dimer structure. 
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(Figure 11-3 continued) The dark green subunit is in the same 
orientation as in panel (a). The arrow indicates the antiparallel 
(3-sheet formed by the (31 strands of the subunits. ( c) The dimer 
structure from the perpendicular direction as to in panel (b ). The top 
and bottom views are from opposite directions to each other. The 
circles indicate the arm domains, which stick out of the main body 
of the dimer (see text). The side chains of CysSO, Ser207, and 
Cys213 are represented as balls and sticks in panels (a), (b), and 
(c). (d) The decamer structure from the same direction as in panel a. 
The names of the subunits are indicated. The outer and inner 
diameters of the ring are indicated by double-headed arrows. (e) 
Two homodimers (AB and IJ) are presented from the direction 
indicated by an open arrow in panel ( d). The positions of the AM 
interactions and the MM interaction are indicated by red circles and 
a yellow square, respectively. (f) Close-up of the interface of the AM 
interaction indicated by the upper circle in panel (e). The hydrogen 
bond networks involving Thr191, Glu193, Asp209 are depicted. 

Assembly of the subunits of ApTPx is characterized by the large buried 

accessible surface area. The formation of a decameric ring of ApTPx results in a 

buried surface of 5,391 'A.2 per monomer (43.7% of the monomer surface). This 

proportion is significantly higher than those in other decameric Prxs (35.4, 37.0, 

and 29.7% for PrxII, AhpC, and TryP, respectively). These findings suggest that 

subunit-subunit interactions are more dominant in ApTPx than in the mesophilic 

Prxs. Thermostable proteins often gain their stability through the formation of 

large complexes(Vieille and Zeikus 2001; Maeda et al. 2002). In this sense, the 

greater buried surface area would contribute to the hyperthermostability of 

ApTPx. 

The polypeptide of ApTPx (250 amino acids) is significantly larger than those of 
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mesophilic Prxs ( ~200 residues). Sequence alignment allowed assignment of an 

additional region of ApTPx as the C-terminal region (Figure 11-4 (a)). The main 

chain conformations in the N-terminal segment of the main domain are well 

conserved in these proteins, as a consequence of high homology between them 

(see legend to Figure 11-4 (a)). However, the arm domain and the subsequent 

C-terminal segment are characteristic of ApTPx (Figure 11-4 (b)). The 

characteristic C-terminal a7 of ApTPx is rich in polar residues and participates in 

intramolecular helix-helix interactions. The arm domains contribute to the 

interactions between dimers (the AM interactions). The AM interactions are not 

found in mesophilic decameric Prxs and thus are unique to ApTPx. These findings 

suggest that the characteristic arm domain strengthens the decamer formation of 

ApTPx. 

Ser207 (Cys in the wild-type) and Cys213 are located on ~10 and ~11 in the 

arm domain, respectively, the distance between the a carbons being 4.2 A. The 

closeness may enable the intramolecular disulfide bond formation between 

Cys207 and Cys213 in the wild-type at a particular stage in the reaction cycle. 

The behaviors of these SH groups of ApTPx during the reaction cycle remain 

unclear at present. In order to elucidate the behaviors of the SH groups, we are 

currently trying to determine the crystal structure of ApTPx in the oxidized form. 
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AhpC 

(b) 

MPG SI PL IGERFPE MEVTTDHGVIKLPDHYVS-- QGK \YFVLFS HPADFT PVCTTEFVSFA - 5 8 
MASGNAR IGKPAPDFK ATA\IVDG- AFKEVK LSDYKGK YVVLFF YPLDFTFVCPTE I I AFS 
MSCGA AKLNHPAPEFDDMALMPNGTFKKVS LSSYKGK YVVLFFYPMDFTFVCPTEIIQFS 
----- SLINTKIKPFKNQAFK NG- EFIEVTEKDT EGR WSVFFFYPADFTF\ICPTELGDVA 

RRYEDFQRLGVDLIGLSVDS I/FSHIKYIKEWIERH IGVRIP-FP IIADPQGT\IARRLGLLH -117 
NRAEDFR KLGCEVLGVSVDSQFTHLAWI NTPRKEGGLGPLNIP LLADVTRRLSEDYGVLK 
DDAKRFA EI NTEVI SCSCDSEYSHLOWTSVDRKK GGLGPMA IPt,UDKTKA IARA YGVLD 
DHYEELQKLGVDVYSVSTDTHFTHKAIIHSSSE-- -TIAKIKYAMIGDPTGALTRNFDNMR 

T 
AESATHTVRGVFI\I DARGV IRTMLYY PMELGRL\IDEILRI\IKALKLGDSLKRAVPADWPN - 177 
TDEG- IAYRGLFII DGKGVLRQITVN DLPVGRSVDEALRLVQAFQYTDEH---------­
EDSG- VA YRGVFII DPNGK LRQIIINDMPIGRN\IEEVIRLVEALQF\IEEH---------­
EDEG- LADRATFVV DPQGI IOAIEVT AEGIGRDASDLLRKIKAAQYVAAHP---------

NEI IGEG LI VPPPTTEOOARAR ESGQY R~LD W\1/ FCWDTPASROOVEEARRYLRRAA EK P - 2 37 
-------------------------------------------GEVCPAG\1/KPGSDTIKP 
--- -- -- -- -- --- -- -- -- -- -- -- -- -- -- -- -- --- -- --GEI/CPAN\1/KK GDAKKK E 
---------------- -------------------- -------GEVCPAK\1/KEGEATLAP 

AKLLYEEARTHLH -250 
NVDDSKEYFSK HN 
GH- -- -- -- --- -
SLDLVGK !-----

Figure 11-4 Comparison with mesophilic Prxs. (a) Multiple 
alignments of the protein sequences were performed with 
CLUSTALW(Higgins et al. 1996) Red and blue characters indicate 
a-helices and p-strands, respectively. The numbers are given as for 
the sequence of ApTPx. Cys207, which is replaced by Ser in the 
C207S mutant, is underlined. Sequence homology between ApTPx 
and Prxll, AhpC, and TryP in the N-terminal segment of the main 
stry/metabo region N-terminal to a triangle) is 62, 56, and 54%, 
respectively. 
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(Figure 11-4 continued) ApTPx, thioredoxin peroxidase from A. 

pernix; Prxll, peroxiredoxin II from human; AhpC, AhpC from 
Salmonella typhimurium; TryP, tryparedoxin peroxidase from 
Crithidia fasciculata. (b) Superimposition of the four Prxs aligned in 
panel a. The view of ApTPx structure is the same as in Fig. la. blue, 
ApTPx; yellow, Prx II; red, TryP; green, AhpC. 

11.3.6 Comparison of monomer structures of ApTPx 

Both of H2Orsoaked structures of ApTPx formed ( a2)s decamer as in the 

reduced form of ApTPx. RMSD values of both Form I and Form II of ApTPx 

compared with reduced form for Ca atoms were 0.77 A and 1.14 A, respectively. 

RMSD value when Ca atoms of Form I were compared with those of Form II was 

0.27 A. These results suggest that Both of H2Orsoaked structures of ApTPx are 

structurally distinct from the reduced form, and that Form I and Form II are 

structurally similar to each other. Figure 11-5 shows monomer structures of the 

reduced form, Form I, and Form II of ApTPx and their corresponding I Fol - I Fcl 

omit maps of CysS0 contoured at 3a. Figure 11-5 (a) and Figure 11-5 (b) 

show that CysS0 are not oxidized in both of the reduced and Form I structures of 

ApTPx, because there are not additional electron density around sv atom of 

CysS0. However, Figure 11-5 (c) suggests that side residue of CysS0 in Form II 

structure is oxidized from cysteine (Cys50-SH) to cysteine sulfenic acid 

(Cys50-SOH), because there is an additional positive peaks in the I Fa I - I Fc I omit 

map around 5v atom of CysS0. That is, Form II structure of ApTPx was changed 

to the oxidized form by the reduction of H2O2. 
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Figure 11-5 Monomer structures and their corresponding magnified 

views around active site CysS0 imposed onto I Fo I - I Fe I omit maps 
of CysS0 contoured at 3a. (a) reduced form. (b) Form I (0.1 mM 

H2Orsoaked), and (c) Form II (1.0 mM H2Orsoaked). 
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11.3.7 Active site structure in the oxidized form (Form II) 

Figure 11-6 (a) shows the active site structure of oxidized ApTPx. His42, which 

does not interact with 5v atom of CysS0 in the reduced structure (discussed 

below), approaches to Cys50-SOH with 2.15 A of the bond distance between N51 

atom of His42 and sv atom of Cys50-SOH. These two atoms are very adjacent 

when it is thought as the hydrogen bonding. In addition, the bond angle formed 

by 0 1 atom, 5v atom, and C~ atom of Cys50-SOH is 90°. In order to understand 

the bonding state between sv atom of Cys50-SOH and its surroundings, the 

partial structure containing Cys50-SOH and imidazole group, which is 

homologous structure of Hi42 were extracted, hydrogen atoms were added to the 

partial structure, and it was optimized by density function method. Figure 11-6 

(b) left and right show X-ray and optimized structure respectively. Table 11-5 

shows bond angles and distances in the x-ray and optimized structure shown in 

Figure 11-6 (b). These parameters have good agreement in both structures. In 

the optimized structure, sulfur atom forms covalent bonds with four atoms; one 

oxigen, one carbon, one nitrogen, and one hydorogen atoms. Taken into account 

for the bond angle formed by oxygen, sulfur, and carbon atoms, this sulfur atom 

forms hypervalent structure. These results suggest that the hypervalent sulfur 

atom is formed in the active site of the oxidized form of ApTPx. 
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(a) 

(b) 

Cys50 

s 

His42 

X-ray structure 

C 

Optimized structure 

Figure 11-6 Active site structure of oxidized form (Form II) of ApTPx. 
(a) Stereo diagram of active site structure of ApTPx superimposed 

onto a I Fo I - I Fe I omit map contoured at 3a. (b) Partial model of 
X-ray structure (left) and optimized structure (right). 

Table 11-5 Bond angles and distances in X-ray and optimized 

structure around His42 and CysS0-SOH 

X-ray structure Optimized structure 

Angle {O-S-C) ( 0 ) 90.0 91.5 

Angle {0-S-N) (O) 173.3 170.3 

Distance {O-S) {A) 1.87 1.80 

Distance {S-N) {A) 2.15 1.97 

55 



11.3.8 Movement of Arg128 and His42 

Figure 11-7 shows structures around active site of the reduced form, Form I, 

and the oxidized form (Form II) of ApTPx. In the reduced form (Figure 11-7 (a)), 

His42 interacts with Asp45 via hydrogen bond. Arg126 also interacts with CysS0 

(Cys-SH), forming a hydrogen bond. In the oxidized structure (Figure 11-7 (c)), 

Arg126 forms new hydrogen bonds with Glu53 by breaking the interaction with 

CysS0. His42 also breaks its hydrogen bond with Asp45, and forming a covalent 

bond with sv atom of Cys50-SOH. On the other hand, in the structure of Form I 

(Figure 11-7 (b)), Arg126 forms a hydrogen bond with Glu53 as in the oxidized 

form. His42 also breaks a hydrogen bond with Asp42, and approaching to CysS0. 

However, the distance between sv atom of CysS0 and N°1 atom of His42 is 2. 9 A, 

which is the hydrogen bond rather than a covalent bond found in the oxidized 

structure. In addition, CysS0 remains Cys-SH form, not oxidized to cysteine 

sulfenic acid. These results suggest that the structure of Form I is that of the 

intermediate state between the reduced and the oxidized form. 

11.3.9 Electrostatic surfaces of the reduced and the intermediate form 

of ApTPx 

Electrostatic surfaces of the reduced and the intermediate state were 

compared and shown in Figure 11-8. In the reduced form (Figure 11-8 

(a)), Arg126 is exposed to the molecular surface of ApTPx and the 

electrostatic surface of the part is charged to mainly positive. On the other 

hand, in the intermediate structure (Figure 11-8 (b)), Arg126 withdraws 

from the molecular surface of ApTPx, and resulting structural changes by 
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(a) ~ 

(b) 

(c) 

Figure 11-7 Stereo views of the structures around active site. (a) 

reduced form, (b) intermediate form (Form I), and (c) oxidized form 
(Form II). 
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the movement of Arg126 alters the shape of the molecular surface around the 

active site pocket. The active site pocket becomes deeper than in the reduced 

form and Cys50 is exposed to the molecular surface of ApTPx. The electrostatic 

potential of the surface around the active site pocket changes from positive to 

negative in the intermediate structure. These results suggest that some H202 

signal, which is not elucidated, cause the structural change on the reduced form 

of ApTPx, and the structure of ApTPx changes to the intermediate structure, 

which is ready for accept the substrate H202. 

(a) 

r 
1R126 cso goo 

(b) 

' 
I 

I 

~ R126 cso 
goo 

Figure 11-8 Electrostatic surfaces of the reduced and the 
intermediate form of ApTPx. (a} Side view (left} and top view (right} 
of the reduced form. (b} Side view (left} and top view (right} of the 
intermediate form. 
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11.3.10 H2O2 reduction mechanism by ApTPx 

Structural differences between the reduced, the intermediate, and the oxidized 

forms gave us the definite clues to increase our understanding of the reaction 

mechanism, in which H2O2 was reduced to H2O by ApTPx. Figure 11-9 shows the 

proposed reaction mechanism based on three kinds of structures mentioned 

above. In the reduced state (Figure 11-9 (I)), CysS0 and Asp45 interact with 

Arg126 and His42 via hydrogen bonds, respectively. Because of some H2O2 signal, 

which has not been elucidiated, guanidium group of Arg126 extracts the 

hydrogen atom of the thiol group of CysS0, and CysS0 is deprotonated to become 

a thiolate anion (CysS0-sH-). At the same time, His42 breaks its interaction with 

Asp45 and forms a hydrogen bond with 5v atom of CysS0, stabilizing the thiolate 

anion of CysS0 (Figure 11-9 (II)). After the formation of the intermediate state 

shown in Figure 11-9 (II), the thiolate anion of CysS0 nucleophilically attacks 

one of the oxygen atoms of H2O2 Figure 11-9 (III), reducing H2O2 to H2O. 

CysS0 is oxidized, and the hydrogen atom bound to the N°1 atom of His42 shifts 

onto the 5v atom of CysS0, forming the oxidized form, which consists of the 

hypervalent sulfur structure (Figure 11-9 (IV)). After that, Cys213 in another 

molecule of the dimer approaches to CysS0 and they form inter-subunit disulfide 

bond (Figure 11-9 (V)), producing H2O. Finally, the inter-subuit disulfide bond is 

reduced by Thioredoxin, and ApTPx finishes one cycle of the reaction. 
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Figure 11-9 H202 reduction mechanism by ApTPx 
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11.4 Summary of Chapter II 

In this Chapter, we described the first crystal structure of archaeal 

peroxiredoxin (ApTPx) determined in its three forms: the reduced, the 

intermediate, and the oxidized form. In the reduced structure, we described the 

distinctive features when compared with mesophilic peroxiredoxines. In the 

intermediate form, the movement of Arg 126, which should be caused by some 

H202 signal, and the accompanying structural changes drive the pocket 

connecting to the active site open for the substrate H202 to easily access to Cys50. 

In the oxidized form, we firstly found the structure containing a hypervalent 

sulfur in the protein structure. These three structures revealed the detailed 

reaction mechanism where H202 is reduced by ApTPx. 
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Conclusion 
In this study, it was inquired that the relationship between structures and their 

function of the proteins from two kinds of archaea identified in Kodakara Island, 

Japan, based on structural biology and on molecular dynamics. 

In Chapter I, the first crystal structure of TSP-interacting protein ( Tk-TIP26) 

was determined. It was also provided that the first molecular mechanism where 

Tk-TIP26 prevents TBP from binding to TATA-DNA in the absence of TFB. 

In Chapter II, the first crystal structure of archaeal peroxiredoxin (ApTPx) was 

determined in its three forms: the reduced form, the intermediate form, and the 

oxidized form. These structural results, combined with the results of 

computational chemistry, revealed the detailed H202 reduction mechanism by 

ApTPx. 
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