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Preface
The studies presented here contain works at three institutes. At the period from

2003 to 2005, the studies have been carried out at High-throughput Factory, RIKEN

Harima Institute (Hyogo). Those studies were supported RIKEN Structural Genom-

ics/Proteomics Initiative and carried out as a part of the Protein 3000 project. At the

period from 2005 to 200& the studies have been carried out at Structural Biology Group,

Japan Synchrotron Radiation Researdr Institute (IASRI; Hyogo). Those studies were

achieved at SPring-8 Structural Biology Beamlines, which are BL26B1/B2 (RIKEN

Structural Genomics IAI), BL38B1 (Structural Biology III), and BL41XU (Structural Bi-

ology I). At the period frorn 2008 to 2012, the studies were carried out at Molecular

Structural Biology Group,Iapm Atomic Energy Agency (JAEA; Ibaraki).

The object of this thesis contains X-ray structural analysis and discussion of pro-

teins from thermophiles to reveal the properties of thermostability, reaction medranism,

and structure-function relationship.

December/2012

Nobuo(Dkazaki
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General introduction
Importance of protein structural information

Diverse biological functions are mediated by proteins, whidr are biochemical

compounds composed of polypeptides. A polypeptide, in tum, is a polymer made

from combinations of 20 main amino acids, the exact composition of which is geneti-

cally encoded. In the polymer charu interactions such as hydrogen bonds and van

der Waals interactions are responsible for the three-dimensional structure of proteins.

Generally, this strucfure confers one or more functions on the proteiry sudr as transport

of other molecules or catalysis of biochemical reactions. Proteins that perform cata-

lytic reactions are also referred to as enzymes. hr recent years, the diverse and sophis-

ticated functionalities of proteins have been utilized in industrial processes. Examples

include Mitsubishi Rayon Co., Ltd. (Tokyo lapan), whidr established processes related

to the bio-method acrylamide process, and Hayashibara Co., Ltd. (Okayama, japan),

whidr produced trehalose (trade name: TREHA) enzymatically. In addition, knowl-

edge of three-dimensional structural analysis is also advantageous for drug discovery.

Protein engineering is a rapidly developing field. It is based on the understand-

ing of protein folding and recognition mechanism, which in tum are derived from

three-dimensional structure. Protein engineering is particularly important for

bio-industrial processes. For example, glycosidases (glycoside hydrolases) are indus-

trially important enzymes that catalyze the hydrolysis of a glycosidic linkage to release

smaller sugars. A well-known example is the a-amylases, whidr are used in the in-

dustrial trehalose production process. Glycosidases are also used for bioethanol pro-

ductiorL which proceeds via the following steps: microbial (yeast) fermentation of sug-

ars, distillation, dehydration, and denafuration. Prior to fermentation/ some croPs



require saccharification or hydrolysis of carbohydrates such as cellulose and stardr into

sugars; this process is carried out by glycosidases 1. Thus, strucfure-based improve-

ments to sudr activities of enzymes will facilitate the development of future energy re-

sources and will find utility in green dremistry applications.

Proteins from thermophiles

Various organisms live in a range of extreme environments sudr as high tempera-

ture, high salt concentration, high pressure, and radioactivity. Proteins isolated from

thermophiles, which live in high-temperature environments, have heat-resistant prop-

erties. The stabilizattonof thermophilic proteins is described with equilibrium theory,

kinetics, or both in high temperature. Covalent bonds, electrostatic interaction, hy-

drogen bonds, van der Waals interaction (Lennard-Jones interaction), and entropy can

enhance the stability of those proteins. [r the Structural Biological Whole-Cell Project

2 (hftp:llwww.thermus.orgl), Thermus thermophilus HB8 is used as a model organism.

Proteins from T thermophilus HB8 are thermostable and suitable for physiodremical

studies, including X-ray crystallography. Many structural features are thought to

contribute to thermostability, such as enhancing the stabitity of secondary structures

and increasing various types of interactions, including hydrophobic interaction, hy-

drogen bonds, ion-pairing, oligomerizatioru and solvent-accessible surface areas (SA-

SAs) aa.

Thermostability of proteins is also very important for industrial processes, where

efficiency and selectivity are required. Generally, catalytic reactions are accelerated at

high temperatures. Thermophilic proteins are not denatured under such conditions

and are therefore advantageous in industrial processes. Recently, enzyrnes have also



been widely used to s5mthesize industrial biodremicals. Therefore, enhancing protein

thermostability is an important aim of protein engineering as underscored in several

studies ts7. To find a key of thermostability of protein needs widely targeted structural

analysis.

The comprehensive structure analysis

As described above, three-dimensional protein structure information is essential to

advance protein engineering for industrial applications, including drug discovery and

green clremistry. X-ray protein crystallography is one of the most powerful methods

for three-dimensional protein structure determination. It enables us to visualize pro-

tein structures at the atomic level and enhances our understanding of protein function.

Important knowledge can be obtained from the information at the atomic level. For

example, the data can reveal how proteins interact with other molecules, how they

undergo conformational dranges, and how they act as catalysts in the case of enzymes.

By using this structural informatiorL researchers can design novel drugs or engineer

enzymes for industrial processes. Among the structural genomics projects that pio-

neered in Japan is the "Protein 3000" project, supported by the RIKEN Structural Ge-

nomics/Proteomics hritiative (RSGD t. The Protein 3000 project ran from 200) b 2006,

which founded by Ministry of Education, Culture, Sports, Science and Technology

(MEXT). This major project aims to determine bacterial, mammalian, and plant pro-

tein structures by X-ray crystallography and NMR spectroscopy and to perform func-

tional analyses with the target proteins by exhaustive structure analysis. Although

there are likely hundred thousand of protein species in Homo sapiens, they can be clas-

sified based on the presence of structural motifs. The "3000" of the project means a



third of the number of the motifs in total. Those structures are applied as base motifs

for protein three-dimensional structure prediction. Another project related to Protein

3000 is the Structural Biological \Atrhole-Cell project. This is promoted by the RIKEN

SPring-8 Center, with aims to increase the understanding of fundamental biological

phenomena in cells at the atomic level on the basis of the three-dimensional structures

of proteins 2. The project selected an extreme thermophile, T. thermophilus HB$ as a

model organism because its genome is amenable to genetic manipulation, the bacte-

rium can grow at high temperatures (65-85'C) and its proteins are highly stable and

thus suitable for strucfure-function studies. In these projects, a vast number of pro-

tein structures will be determined. Therefore, the development of efficient methods

for obtaining information from these studies is critical. For this reasorL synchrotron

radiation facilities aim to develop more efficient measurement systems for X-ray pro-

tein crystallography and to verify the advantage of the system. Improvement of effi-

ciency is primarily required for this approach to improve industrial processes and

support green chemistry.

Recent synchrotron radiation facilities for X-ray protein crystallography

For more than two decades, researchers conducted measurements manually,

which used syndrrotron radiation as an X-ray source. Therefore, to characterize a

large number of diverse protein strucfures, more effective analysis methods are re-

quired. Protein 3000 thus requires high-efficiency measurement methods, robotics,

and automated procedures, sudr as those introduced in Photon Factory (PF; KEK

Tsukuba, ]apan) and SPring-8 (Hyogo,Iapan). An automated sample exchanger robot

was developed and installed in the synchrotron facilities. PAM (PF Automated



Mounting system) e and SPACE (SPring-8 Precise Automatic Cryo-sample Exchanger) 10

were also installed to PF and SPring-8, respectively.

At SPring-8, the RIKEN structural genomics beamline I and II (BL26B1 and

BL26B2) 11 have been constructed to contribute to structural genomics research, which

includes projects such as Protein 3000. Similar projects include Structural Biology I

and III (BL41XU and BL38B1); these beamlines are also set up for public research use.

Recently, BL32XLI (RIKEN targeted protein beamline) 12 has been constructed in the

Targeted Protein Research Program founded by MEXT (http://www.tanpaku.org/).

BL41XU and BL32XU are undulator beamlines capable of advanced protein structure

determination. They both have a high-flux beam and BL32XU in addition is a mi-

cro-focus beamline. On the other hand, bending magnet beamlines, which are BL38B1,

BL26B1. and BL26B2, cart be used to measure with high-throughput efficiency. To

achieve high-throughput protein crystallog-

raphy in SPring-8, each of these two special

components has been further developed and

combined. One is SPACE, which is an auto-

mated sample exchanger robot (Fig. 1). It can

change up to L00 crystals in a diffractometer.

Another is BSS 13 which is Beamline Scheduling

Software for management of measurement

schedule (Fig. 2). BSS can perform successive

data collection by controlling beamline devices,

including SPACE. In addition to 855 and

SPACE, a novel measurement system D-Cha la,

Figure 1. Automated sample exchanger

robot SPACE

Figure 2. Beamline Scheduling Software



which enables distant users to operate those components, has been available by the

aulhor.

Neutron protein crystallcgraphy 1'or furthe r investigation of thermostatrility

For further investigation of enzyme catalytic activity and/o: thermostability,

strucfural studies of the positions of hydrogen atoms are essential. Hydrogen atoms

widely contribute to the formation of protein structures and stabilizafion through hy-

drogen bonds, which play important roles in biological processes. In addition, the

information of the hydrogen atoms makes effects on results of molecular dynamics

calculation. For these reasons, skuctural information of hydrogen atoms is important

in biochemical and computational studies for investigation on thermostable proteins.

There are two methods for the determination of hydrogen atom arrangemenf namely,

ultra-high resolution X-ray protein crystallography and neutron crystallography. ?he

determination of the positions of hydrogen atoms requires high resolution and high

accuracy in X-ray protein crystallography. Since X-ray diffraction depends on the

number of electrons in each atom, the observation of hydrogen atoms with this method

is challenging. On the other hand, neutron crystallography overcomes these Jimita-

tions, since it relies on the interaction of neutrons with the nucleus. This permits a

direct and highly accurate determination of hydrogen atom distribr-rtion. Enzymes

represent important targets for many pharmaceutical agents. Therefore, elucidation

of the catalytic function and the molecular recognition mechanisms of enzymes pro-

vide important information for structure-based drug design. Obviously, to investigate

thermostable properties also have wide availability on it. Neutron crystallography

can provide accurate information on the locations of hydrogen atoms that are essential



for thermostability, enzymatic functiory and molecular recognition mechanisms.

Despite the advantages described as above, the neutron diffraction tedrnique has a

number of bottlenecks. One of them is that acquisition of neutron diffraction data is

extremely time-consuming. At BIX-3 and BIX-4 in the IRR-3 atomic reactor (Iapan

Atomic Energy Agenry; Ibaraki, Iapan) image acquisition requires four to six hours

per image, normally. Therefore, several months are required to acquire a dataset for

one protein crystal. Another bottleneck is that larger crystals are required for such

experiments when compared with X-ray diffraction. Normally, a crystal is required

with more than >2 mm3 for a crystal volume and with more than 2 A resolution for

diffraction ability by using X-ray beam. Hence, a large crystal requires some trials of

crvstallization to obtain.





Contents of this thesis
In the introduction, the author described the aims of the studies. The aim of this

thesis is to advance the use of enzymes in industrial processes by enhancing their

thermostability. A selection of glycosidases and thermostable proteins from thermo-

philes are chosen as the targets. Especially, glycosidases are likely to contribute to

more efficient industrial processes and, in furn, contribute to green chemistry for sus-

tainable activity. hr the industrial use of proteins as catalysts, protein thermostability

is a very important factor. This thesis consists of cases of protein strucfure determina-

tion by using effective measurement system D-Cha (see Appendix A) for thermostable

proteins at SPring-& and neutron crystallography for further investigation on those

proteins. In Chapter I and IL glycosidases from thermophiles that involve in trehalose

production are described. Chapter III describes the other cases of structure determi-

nation and diffraction studies on thermostable proteins. The discussion includes gly-

cosidases and thermostable proteins from thermophiles, whidr increase our under-

standing of the importance of thermostability. The contents of the thesis chapters are

described below.

Chapter I

The crystal structure of glycosyltrehalose s5mthase (GTSase) from the hyperther-

mophilic archaeon Sulfolobus shibatae DSM5389 has been determined to2.3,A. resolution

by X-tay crystallography. GTSase converts the glucosidic bond between the last two

glucose residues of amylose from an a-"l., bond to an a-1,L bond by an intramolecular

transglycosylation medranism. This produces a non-reducing glycosyl trehaloside in



the first step of the biosynthesis of trehalose. The reaction mechanism of GTSase was

proposed from model structures of the enzyme-substrate complex (ES complex) and

covalent intermediates based on the structural data of 5389-GTSase and other

a-amylase enzymes. The author also combined these elements with the previous

biodremical knowledge. The structural information helps us understand the cleavage

of the a-L,4 glucosidic bond at the reducing end of substrate and subsequent in-

tramolecular conversion of an a-'l.,Abond to art a-l,l bond. To investigate thermosta-

ble property, feafures of solvent-accessible surface area and ion interactions were com-

pared with mesophilic a-amylase.

Chapter II

Glycosyltrehalose trehalohydrolase (GTHase) is an c-amylase that cleaves the

o-L,4 bond adjacent to the cr-L,L bond of maltooligosyltrehalose to release trehalose.

In order to investigate the catalytic and substrate recognition medranisms of GTHase,

two residue s, Asp2il2(nucleophile) and Glu283 (general acid/base), located at the cata-

lytic site of GTHase were mutated (Asp252+Ser (D2525), Glu (D2528) and

Glu283-+Gln (E283Q)). The activity and structure of the enzyme were then investi-

gated. The crystal structure of the E283Q mutant GTHase in complex with the sub-

strate, maltotriosyltrehalose (G3-Tre), was determined to 2.5 A resolution. The struc-

ture with G3-Tre indicated that GTHase has at least five substrate-binding subsites.

The complex structure also revealed a scheme for substrate recognition by GTHase.

Comparison of solvent-accessible area and ion networks with mesophilic ones were

similar trend to GTSase in former chapter.
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Chapter III

This drapter describes the other cases of structure determination in thermophiles.

The author's first aim is to apply structural features to proteins for industrial use,

which will help improving the today's industrial use of ones. For this aim, a part of

the comprehensive strucfure determination was attempted by using X-ray and neutron

diffraction experiments. Thus this chapter describes some cases of structure determi-

nation by using different two methods. One of methods is X-ray crystallography with

D-Cha as described in Chapter I and II. The other is neutron crystallography (see Ap-

pendix B). The first is structure determination of UPFO1s0-family protein fuom Ther'

mus thermophilus }{B8 (TTHA0281). TTHA0281 is a hypothetical protein from T. ther-

mophilus HB8 that belongs to an undraracterized protein family, UPF0150. The X-ray

crystal structure of the protein was determined by a multiple-wavelength anomalous

dispersion technique and was refined at 1.9 A. Another case in X-ray crystallography

is crystallization and preliminary X-ray diffraction studies of chitinase from the mod-

erately thermophilic bacterium Ralstonia sp. A-471. Chitin, a p-1,4 polymer of

N-acetyl-o-glucosamine is the second most abundant biopolymer in nature after cellu-

lose. The catalytic domain with part of an interdomain loop (Ra-ChiC 89-252) was

crystallized under several different conditions using polyethylene glycol as a precipi-

tant.

Thus, for further investigation of strucfural feafures of thermostable enzymes, the

determination of structures including hydrogen atoms which involve in the reaction is

essential. It is a challenging work to obtain a large crystal whidr is suitable for neu-

tron diffraction measurement. Therefore, the author attempted that they are test cases

with dealing large crystals in neutron crystallography, and conducted crystallization of



thermostable proteins, To obtain a large crystal, the author attempted a macroseeding

method for ADP-ribose pyrophosphatase-I from T. thermophilus (Tt-ADPRase-I) ts.

Tt-ADPRase-I prevents the intracellular accumulation of ADP-ribose byhydrolyzing it

to AMP and ribose 5'-phosphate. To understand the catalytic mechanism of

Tt-ADPRase-L it is necessary to investigate the role of glutamates and metal ions, as

well as the coordination of water molecules located at the active site. Neutron and

X-ray diffraction experiments were performed at room temperafure using the same

crystal. The crystal diffracted to 2.1. and 1.5 A, resolution in the neutron and X-ray

diffraction experiments, respectively.

As previously mentioned, thermostable proteins are the main target for the com-

prehensive strucfural analysis. Such proteins are advantageous for handling and in

industrial processes due to their thermostable nature. Therefore, elucidation of ther-

mostable features will widely contribute to the improvement of industrial processes.

In the last of this chapter, the thermostable features are discussed by using their struc-

tures in this chapter and Chapter I and IL
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Chapter I
Glycosyltrehalose synthase
from Sulfolobus shibutae DSM5389

I… 1.  Introduction

Trehalose (a-D-glucopyranosyl-1,1.-a-o-glucopyranose), a non-reducing a-l,1'

linked disaccharide, is an important osmolyte in insects, plants, fungt, and bacteria,

and is one of most efficacious agents for the protection of proteins and lipid mem-

branes from freezing, desiccation, high temperafures, and osmotic stress 1G18. These

preservative properties are particularly important for survival of organisms under ex-

treme anhydrobiotic conditions: trehalose interacts directly with membranes to main-

tain their fluid state during desiccation and prevent liquid crystal --- gel phase transi-

tions that result in membrane fusion and permeability. Trehalose also has various

useful industrial applications; for example, it has wide-spread utility as a preservative

Glycosyltrehalose synthase

Figure I-1. Scheme of trehalose biosynthesis system.

13



for cosmetics, medicines, and foods, and exhibits notably low toxicity. However, the

high cost of commercialized trehalose (US$700&g), which is produced by extraction

from plants and brewery-spent yeast, had limited industrial application until the early

1990s. The trehalose producticn by novel biosynthesis from starch brought to the

dramatic decrease in trehalose price (US$700 to US$S-6) t0. This biochemical synthesis

of trehalose is accomplished by two coupled enzymes: glycosyltrehalose synthase

(GTSase; EC 2.4.1..25; also called maltooligosyltrehalose synthase; M?Sase) and glyco-

syltrehalose trehalohydrolase (G?Hase; 3C 3.3.1.1; also called maltooligosyltrehalose

trehalohydrolase; MTHase), identified from several microorganisms, including Arthro-

ba*er 20-22 and Sulfolobus 23*27. These enzymes belong to a-amylase family

(a-1,4-glucan 4-glucanohydrolase, EC 3.2.1.1) 28 which are classified into a glycoside

hydrolase (GH) family z0 1, (CAZy database 30; http://www.cazy.orgl). CTSase is a

glycosyltransferase and GTHase is an a-amylase; an enzymatic pathway for trehalose

production is shown in Fig. I-1. GTSase converts the glycosidic bond between the last

two glucose residues of a-amylose from an a*1,4 bond to an a-1,1. bond, making a

non-reducing glycosyltrehaloside by a remarkable intramolecular rearranflement 20,26.

GTSase shows a high yielcl of glycosyltrehalose with longer chain-length than malto-

tetraose 26. GTXase hydrolyzes the a-1,4 glycosidic bonds of the glycosyllrehaloside

and releasing trehalose from the glycosyltrehaloside ffig. I-1).

The author's group has previously probed the catalytic mechanism of GTSase and

GTHase fuom Sulfolobus sofatctricus K,}i{l (KM1-GTSase, KMl-GTHase) by several en-

zymatic activity measurements 25,2{:'31, and determined the crystal structure of

KM1-GTHase 32. The structural analysis of the GTSase may also help elucidate details

of the intramolecular transglycosylation mechanism. Here the author :epcrts lhe

14



crystal structure of GTSase from Sulfolobus shibatae DSM5389 (5389-GTSase), whidr

consists of 728 amino acids and is 97"/" identical to KML-GTSase. br 5389-GTSase

strucfure, the configuration of common three catalytic residues is highly conserved

within a-amylase family structures. Intraglycosylation mechanism by GTSase was

proposed from the model structures of enzyme-substrate complex (ES complex) and

covalent intermediate based on the structural data of 5389-GTSase and other a-amylase

enzymes, combined with the previous biochemical knowledge of KMl"-GTSase.

I-2. Results

l-2-1. Overall and domain structures

The refinement data statistics are summarized in Table I-L. Lr the crystal struc-

ture of 5389-GTSase, there are two monomers in the asymmetric unit. The final model

has 96.8"/o of the residues in the favored conformation of Ramadrandran plot, 3.0% of

allowed region, and 0.L% of outlier regron. TWo non-glycine residues, Asp5l0 in

molecule A and B, are outside the normally allowed region in the plot. However, the

conformation of these residues was unambiguous in the electron density map. The

monomer structure of 5389-GTSase is similar to those of MTSase fuom Sulfolobus acido-

caldarius (Sa-MTSase) s (PDB ID:1IV8) and from Sulfolobus tokodaii (St-MTSase; s+ (PDB

ID:3HIE) with a root-mean-square deviation (RMSD) value of.'1,.25A and 1,.22 Afor Ca

atoms, respectively.

The monomer of 5389-GTSase consists of five domains, A,B, C, D, and E (Fig. I-2a).

Domain A comprises a (F/a)ebarrel catalytic domain as is typical in the a-amylase fam-

ily enzymes, and this domain consists of residues 2-88,218-30} 43M76, and 571-658

15



Table I-1. Summary of data collection and refinement statistics

Data collection
Detector
Wavelength (,4,)

Space group
Unit-cell parameters (4" ')
Resolution range a (A)
No. of measured reflections
No. of unique reflections
R-".g" ab (7o)

Completeness of data " (%)

Refinement

Resolution range C(Å )

Rwork C(%)

Rfree d(%)

No.of protein atoms

No.of water molecules

No.of M♂1/glyCerol atoms
R.m.s.d.bonds(Å )

MarCCD 165 atSPing-8 BL41XU

l.0000

P21

α=71.1島 ι=84.5c c=128.zβ =103.7

2.3(2.38-2.30)

132869

5%315

10.4137.3)

90.0(88.0)

くわ>/ 8.7 rl

2.30(2.36=2.30)

21.7127.0)

26.4135。3)

12116

457

2/36
0.022

1.969

u Values in the parentheses are for the highest resolution shell (2.38--2.30)
o R-",r" : Xhti[(h)i - <(h)>l i >hti<(h)i>, where 1is the observed intensity and <1> is the average inten-

sity of multiple observations of symmetry-related reflections.

" Values in the parentheses are for the highest resolution shell (2.36-2.30)
d R*o,k : XllF.u,l - F""r"ll / Xl,Fo6,l, where Fo6. and F'"u6 are the observed and calculated skucture factors,

respectively.

" Rq." is calculated as R*orL using 5% of all reflections randomly chosen and excluded from structure cal-

culation and refinement.

(Figs. I-2b and -3a). This barrel is an incomplete (|la\ebarrel structure which lacks

one helix (45) between Aps and Ap6. On the other hand, there are an additional two

helices (Aa6' and Aa7') in the vicinity of Ap7 and one helix (Aa8') after Ap& respec-

tively. Two p-strands (Ap5 and Ap4 are composed of only two residues as are ob-

served in the structures of. Aspergillus c.-amylaseq A. oryzae(TAKA) s and A. niger (An)

36. Domains D (residues 303433) and E (residues 477-570\ insert between two helices

(Aa6-Aa6' and, Aa7'-Aa7) in domain A" respectively. The helix Aa7 kinks at

16



(a)

(b)

Figure l-2. (a) Stereo view of overall structure of 5389-GTSase. Domains A, B, C, D, and E are

represented in orange, blue, green, yellow, and purple. The conserved catalytic residues are

drawn in stick model, which are Asp241, Glu269, and Asp460. (b) Stereo view of structure of

domain A. Only domain A is shown for (p/o)s barrel description. The o-helices and B-strands

are represented in blue and red. The catalytic residues (Asp24l , Glu269, and Asp460) are shown

in stick. These figures are drawn by using the program PyMOL.

half way, and the N-terminal of. Aa7 is included in domain E. Both domains D and E

are alpha domain strucfures, and contain six and five heliceq respectively. Domain B

(residues 89-21n inserts between Ap3 and Aa3 in domain A. This domain is com-

posed of four a-helices and seven p-strands which construct two anti-parallel (three

and two-stranded) and one two-stranded parallel sheet structures. Domain B has a

unique disulfide bond (Cys17'L4ysl76) which is not found usually in a-amylase fam-

ily enzymes (Fig. I-2a). Domain C (residues 659-725) forms a six-stranded anti paral-

17



lel p-sheet structure following the (p/cr)s barrel at the C-terminal :egion of 5389-GTSase.

This domain has a y-crystalli.-type fold as in the C-terminal domain of the a-amylase

family of enzymes. Domain A is the largest domain in 5389-GTSase and makes exten-

sive contacts with all other domains. The contact areas of domain A are I,A46,1.,521,

1,,624, and 1,352 A2 against domains B, C, D, and E, respectively. Domains D and E

also pack against each other with a contact area of 1,031 42.

l-2-2. Catalytic cleft

Three amino acids, including two aspartic acids and one glutamic acid, are con-

served as catalytic residues in members of the a-amylase family 28. In Sa-MTSase,

Asp228, Glu255, and Asp443 are identified as catalytic residues from mutational

analyses 37' in 5389-GTSase, 4sp241,, G1tr269, and Asp460 correspond to those amino

acids. These three residues are located on the (f3/,r)* barrel 6ig. I-2b). Figure I-3b

shows the sequence alignment beiween a-amylase family enzyme$ at highly conserved

for,rr regions in domain A which are considered lo be an identifying feature of

a-amylases 38. Three catalytic residues, Asp241, Glu269, and Asp460 in 5389-GTSase,

Iocate in regions 2,3, and 4, respectively. This cleft is large enough to incorporate the

substrate (shadow area in Fig. I-4a). In addition to the three cataiytic residues, six ad-

ditional acidic amino acids, Asp51, Asp211, Asp244, G1u410, Asp411, and Asp610, par-

ticipate in defining the catalytic cleft. Eleven basic (Arg43, His4B, His90, Arg239,

His242, Lys27A, LysAA7, His459, Lys462, Lys527, A1961.4) and seven aromatic (Tyr50,

Trp1"96, Phe206, Phe2OZ TyrZ9A,Tyr367, Trp538) amino acids also participate in defin-

ing the boundary of the catalytic cleft (Fig. I-4a).

18



(α)

:::::::::::::::I:::::i::::::i::::::::::::::::::

-7- L日 ==OD工
▼
"日
●AVE口 T口

"R II菫
DL“ S“コ

“ ""'D"DD― “

エエLP'L=D8LDTV工 DROL“ I・ oR― ‐‐‐‐D―
"="R

津駐 L8118BIVB署目11::譜 1職薔:::翌 8:薔 ::薔 II::3::EE::IIll:::8::::::ギ ::澪 II:薔 :↓ i::FI:::薔 :

:38:IBEEE薔 :3511:111131111

簿 EIБ春:薔 EI;:1111:::E:三 191三18::38::春 98:illi旨 8:81著薔BI113::會 8155薔員:薔 :[][11:[8:I::[|[晨

一̈̈
一一「̈
一̈・・

¨̈̈
一̈̈

“
Ｄ

Ｄ

Ｄ

・

¨

一

¨

一

¨

“
”

“

”

”

「
Ｒ

Ｒ

Ｒ

・

― ・
TW 工V口 TT,日 IP'LB,8工

`VL●
P工 D3VP口 菫3● P''pPO■ PBR=ェ vYPCY“ R3LVATTLEPLSp● vPD工 YoOTBV"RPI・ LTDP,

覇 器 話  姜:::3101911EI:il二 :::::E二 :薔 :51:二 :::IIEEgHRRェ
0■

“

SLSLVALR工
“

SAC=PD「 YOC"工
"ユ
YLLTDPD

PESR工 Dス ICgvR3LSLVALエ エTSPCVAD「 YOCLB口 ′RYLLTDPD

颯 餞 薔R"AVDP良
… …

■
・
L― ■■― ■

‐‐BLSDPRT工
“

LII,モ
l1811i8:il::li悪 3薔 I:L:Eニ ニこここ83919i【 YE:器

3_Mr―   ■■RPVV「 ‐3-‐ ■―■―‐PRRYBE● I・

'―

日―‐■0ユ エスAYVTRVI・ L口 LE工 S“КDPPX● 38=RPI・ ●LO工 OLCCP“ 彙CDRVLV工 VR

疇゙,crtt pェ vTRBVК ●
==8工
R― ―oκ SVD"工 R■ 8B=3SCBΥ ttLSE L工 03■КVV工 E・ T8X

ヽ‐MTヽ虐  TRC8V口 Y工 ‐‐L=ち 38CA工 ,TDVLTC=ロ エ●―R― EV‐ ‐o― 工●3L‐ pR工 t.VR“

(b)
5389
Sa
St
KMl
TVAll
Ps
TAKA
Bc

GTSase
MTSase
MTSase
CTHase

Amvlose
Amv13se
CCTase

■暉b● 3

K― 工L
K¨ 工L
K― 工L
SDL―
■WH―
LWKG
VLDG
WFLG

”藝５．５．４９
・５３
が
７９
８３
・０１

′
翻
■
四
国
目
四
□
日
■
ｍ
闘
Ш

ゆ曇 ”珊
Ｔ
Ａ
Ａ
Ｙ
Ｌ
Ｆ
Ｆ
Ｆ

Ｎ
Ｎ
Ｎ
Ｖ
Ｎ
Ｔ
Ｔ
Ｔ

２７２
２５８
２５２
扇
３５７
２２３
２３４
２６．

Figure I-3. (a) Secondary structure of 5389-GTSase and sequence alignment between

5389-GTSase, Sa-MTSase, and St-MTSase. (D) Sequence alignments of GTSases, GTHase,

TVAII, c-amylases, and CGTase. 538g-GTSase, Sa-MTSase, St-MTSase, KMI-GTHase, TVAII,

Ps-Amylase, TAKA-Amylase, and Bc-CGTase were aligned. Identical residues in all sequences,

conserved substitutions and semi-conserved substitutions are represented by red with yellow back-

ground, brown, and green, respectively. These alignments and classification ofidentical residues are

performed by the MATRAS web service 86. Three conserved catalytic residues are represented by red

background.
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Three glycerol molecules (Goll, 2, 3) derived from cryoprotectant were assigned

into lF.-F. I electron density map around the active site of 5389-GTSase (Fig. I-4b).

Furthermore, the author can confirm one spherical shape density surrounded residues

Asp241,, Glu269, and Asp460. A water molecule (Wat729) was assigned at this posi-

tion in St-MTSase 3a (Fig. I-4c). However, the electron density at this position in

(a)

Figure l- ab. (a) Catalytic cleft of 5389-GTSase. Acidic, basic, and aromatic residues are repre-

sented in red, blue, and yellow, respectively. (D) Mg2* binding site, catalytic residues, and glyc-

erol molecules of 5389-GTSase. Catalytic residues of 5389-GTSase, TAKA-Amylase, and

Ps-Amylase are colored by white, blue, and green, respectively. Gold stick drawing, green, and red

spheres are glycerol molecules, Mg2o ion, and water molecules, respectively. Green mesh is 3.0 o'

cutoff lF" - F.l omit electron density map. Distances are shown near dashed lines (A).
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5389-GTSase is too strong to assign a water molecule because of appearance of exces-

sive electron density. When one Mg2* ion involved in culfure medium assigned into

the density, no excessive electron density was confirmed. The Mg2* forms a character-

istic octahedral coordination with six oxygens derived from two side chains of GIu269,

Asp460, two glycerol molecules, and two water molecules (Fig. I-ab). The coordinated

oxygens are 2.55 A loez of Glu269),2.65 A (062 of Asp460), 1..99 L (o3 of Goll), and

2.69 L (O1 of Gol2), 237 L (Wat418) and 3.06 A lWataZO) apart from the Mg2* ion. I]1

St-MTSase, three glycerol molecules are also observed in nearly same position in

5389-GTSase (Fig. I-4c). Hydrogen bonds which involve in the glycerol molecules of

5389-GTSase are GolL with Glu269 and Glu4lO, Gol2 with His90 and Asp24l,, and Gol3

with Asp460 and 41961.4.

Figure I-4c. The comparison of glycerol positions between 5389-GTSase and St-MTSase.

5389-GTSase, St-MTSase, glycerols of 5389-GTSase, glycerols of St-MTSase are represented

in white, gray, green, and blue, respectively. Green sphere is Mg2* ion of 5389-GTSase.

These are drawnby PyMOL.
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I-3. Discussion

I-3-1. Thermostabiltty

5389-GTSase is an a-amylase from thermophiles. Significantly, 5389-GTSase has

unique disulfide bond between Cys171 and Cys176 (Fig. I-2a). It is not found usually

in a-amylase family, which may contribute thermostability of 5389-GTSase. For dis-

cussion of overall structure about thermostability, comparison between 5389-GTSase

and a mesophilic a-amylase was conducted. Selected structure as a mesophilic

a-amylase for comparison was a-amylase ftom Aspergillus niger (An-Amylase; PDB ID:

2AAA) 36. This structure had moderate similarity, whose Z-scorc was 21.8 according

to DALI server 3e. First their solvent-accessible surface areas (SASA) were compared.

Figure I-5 represents solvent-accessible surfaces of GTSase and An-Amylase. The

surfaces colored by hydrophobic residues (gray; Ala, Val, Phe, Pro, Ile, Leu, Met, and

Gly), polar (green; Ser, Thr, Tyr, Cys, Asry Gln, His, and Trp), and charged (yellow;

Asp Glu, Lys, and Arg). Characteristic colored surfaces are showed on the figure.

(b)

Figure I-5 SASAs of GTSase and An-Amylase. (a) Col-

ored SASAs of 5389-GTSase. (b) Colored SASAs of

An-Amylase. Gray, green, and yellow represents hydropho-

bic residues, polar, and charged, respectively.

There are differences between

GTSase and An-Amylase in

the proportion of each residue.

The largest SASA of GTSase is

charged residues. On the other

hand, An-Amylase has polar

residues as the largest surface

area. Ratios of surface area

separated by hydrophobic,
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polar, and charged were 17.80/", 25.4y", and 55.8% in GTSase, are 23.1"/o, 51".0o/o, arrd

25.9"/o, respectively. On the basis of characteristic of SASA, drarged-rich surface area

contributes to thermostability in GTSase. Next, ion networks (5 A cutoff) were com-

pared between GTSase and An-Amylase. Those were compared in intra-helices, in-

ter-helices, and networks more than 4 residues. There are characteristic differences in

the comparison. Ratios of 5 A cutoff ion interactions, which are intra-helices, in-

ter-helices, and networks, contoured by more than 4 residues in GTSase were L.5%,

5.9"/", and "J..7o/", respectively. In contrast, the ratios in An-Amylase were 0.2"/", O.8o/",

and 0.2o/". Also in this comparison, GTSase had more ion interactions than

An-Amylase. Especially, inter-helices networks were the major in ion interaction.

Thus, in GTSase, thermostability can be caused by ion interactions which fix strucfure

among helices. Comparison with other proteins will be discussed in Chapter III.

l-3-2. Strucfural features and reaction mechanism

The crystal structure of 5389-GTSase was determined by X-ray crystallography at

23 Lresolution. Structure information of 5389-GTSase elucidated the detail configu-

ration of cata$tic residues and the draracter of substrate binding cleft. Complex

structure of the enzyme-substrate (and/or product) can clarify its catalytic mechanism

at atomic level directly. Flowever, no complex structures of any GTSaseMTSase have

been reported. The author also could not determined the complex structure between

5389-GTSase and substrate/producf despite several attempts for preparation of com-

plex crystals. Therefore, the author constructed the model structures at several states

during catalysis between 5389-GTSase and substrate (maltotetraose) based on the

structural data of 5389-GTSase and other a-amylase enzymes, combined with the pre-
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vious biodremical knowledge of KML-GTSase 31.

The enzymatic reaction by a-amylase is considered to proceed via general

acid&ase catalysis a0. Three catalytic residues in a-amylase family are specified by

previous mutagenesis and strucfural sfudies 28,41. In addition, Brzozowski et al. de-

scribe the hydrolysis mechanism based on complex structure of TAKA-Amylase with

the inhibitor acarbose s. Asp206 and G1u230 act as a nucleophile and a general

acid/base catalyst in TAKA-Amylase, respectively. The role of remained aspartic acid

of catalytic residues is describes in a structural and mutagenesis study of Pseudomonas

stutzeri maltotetraose-forming a-amylase (Ps-Amylase) 42. Another aspartic acid,

Asp294 in Ps-Amylase, works for tightly binding the substrate to give a twisted and a

deformed conformation of the glucose ring at position -L. Thus they named this as-

partic acid "hxer". From sequence alignment Asp241., Glu259, and Asp460 corre-

spond to "nucleoplile", "acid/base", arrd "fixet" in 5389-GTSase, respectively (Fig.

I-3b). In addition to sequence alignment, the configurations of these three residues in

5389-GTSase are highly conserved. (RMSD values of 0.72A and 1,.02 Lfor all atoms of

three residues in TAKA-Amylase (PDB ID: T[AA) and Ps-Amylase (PDB ID: 1OI3),

respectively) (Fig. I- b). Brzozowski et al. also confirmed using crystallography that

transglycosylation event occurred on catalytic reaction by TAKA-amylase s. Al-

though for hydrolytic enzymes is usually deglycosylated by an incoming water mole-

cule nucleophile it is possible that an altemate nucleophile sudr as an oligosacdraride

species attacks, resulting in the formation of an extended sugar chain by transglycosy-

lation. The configurations of catalytic residues and above previous knowledge sup-

port that the catalytic residues of GTSase on its transglycosylation mechanism have

similar roles of those of other amvlases.
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Figure l-6ab. (a) Superposed model of 5389-GTSase and KMl-GTHase around the catalytic

residues. 5839-GTSase and KMI-GTHase are represented in white and cyan, respectively. Glyc-

erol molecules of 5389-GTSase and maltotriosyltrehalose of KMI-GTHase are colored by yellow and

blue, respectively. This superposition was using the program LSQKA.B r3a with a RMSD value of l.l
A. (D) Hydrogen bonds (cutoff 33 A) of 5389-GTSase ES complex model. 5389-GTSase and

maltotetraose are white and yellow, respectively. The hydrogen bonds were calculated by using

program NCONTg\.

For discuss interactions of between 5389-GTSase and oligosaccharide, the author

constructed the enzymFsubstrate complex (ES complex) model based on the complex

structure between KM1-GTHase inactive mutant (E283Q) and its substrate, which is

product for GTSase, maltotriosyltrehalose (MTT) (unpublished data). The

KMl-GTHase structure with MTT molecule was superimposed to 5389-GTSase by

う
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matching all atoms of each three catalytic residues (RMSD values of 0.91 A). MTT

molecule was placed in catalytic cleft of 5389-GTSase with little collision except for a

reducing end glucose. Maltotetraose which removed a reducing end glucose from

MTT is substrate molecule for GTSase. The positions of Gol1, Go12 and Gol3 in

5389-GTSase correspond to the +1, *1 and -2 glucose rings of the maltotetraose in su-

perposed structure, respectively (Fig. :-6a). Glycerol molecule used as a cryoprotec-

tant can occupy similar position of oligosaccharide in crystal structu:e. For example,

in cellobiohydrolase CelSA skuctLrres, two glycerols in enzyme structure (?DB iD:

1OC6) indeed occupied almost same posifions of glucose ring in the complex struclure

with thio-oligosaccharides (PDB ID: 1OC5) s. The ES complex model of 5389-GTSase

with superimposed maltotetraose was improved by harmonically restrained for side

chain atoms around maltotetraose simulated annealing using program CNS 1.21 '14. I:r

the ES complex model, three catalytic residues just locate to cleave a-1,4 glycosidic

bond at between the last two glucose of maltotetraose (Iig. 1-6b). The configuration of

Asp241, Clu269, and Asp460 satisfy the role for "nucleophil.e", "acid/base", and "fixet" ,

respectively. The C1 atom of the -1 glucose is positioned near the Ob of Asp241 as

possible to nucleophilic aitack. The enzymatic acid/base, Glu259, makes a hydrogen

bond with the glycosydic oxygen between -1 and +1 glucose. Asp460 fixes the -1

glucose via two hydrogen bonds. In addition, aromatic residues, His4B and Tyr50,

make stacking interaction with substrate, -Z and -1 glucose, respectively. These two

aromafic residues are conserved as subskate recognition sites i:r a-amylase family (re-

gion 1 in Fig. I-3b). Stacking interaction between two aromatic residues and -2, -1

glucose rings was also confirmed in the complex structures, a-amylase 2 / acarbose (in-

hibitor complex) a5, cyclodextrin glucosyltransferase (CGTase) mutant / substrate (co-
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valent intermediate) a6 Glu410 interacts the +1 glucose ring and fix the position of the

reducing end of maltooligosaccharide. Three catalytic residues can be located to

cleave a-1,,4 glycosidic bond at between the last two glucose by these substrate recogni-

tion interaction.

Catalysis by a-amylase is widely believed to take place via a double-displacement

reactiory in which a covalent glycosyl-enzyme intermediate is formed after cleavage of

a-1,4 g|ycosidic bond and subsequenfly hydrolyzed via oxocarbenium ion transition

states 35a0. The covalent intermediate is formed via covalent bonding of nucleophilic

(の
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Figure l-6cd. (c) Hy&ogen bonds (cutoff 3.3 A) of 5389-GTSase intermediate covalent bonded

model. Maltotriose and glucose are represented in yellow and red, respectively. (d) Comparison of

hydrogen bonds (cutoff 3.3 A) between a-l,l position and o-1,4 position. u-l,l position and c-I,4

are represented in red and blue, respectively. These are dravnby PyMOL.
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aspartate (Asp241 in 5389-GTSase) to the maltooligosaccharide at C1 position. In in-

tramolecular transglycosylation mechanism, ihe 01 atom of the separated +1 glucose

attacks to the CL atom of the *1 glucose of the covalent bonded maltotriose. The 01

atom performs as a nucleophile in this situation. ?he author also constructed the

model structure of the covalent intermediate with maltotriose and a separated glucose.

The covalent intermediate structure of the CG?ase from Bacillus circulqns H257Q inac-

tive mutant (pDB I): ICXL; a6) was used for reference structure to construct intermedi-

ate model. ?his coordinate was selected by using DALI server 3e with Z score of 22.2

as highest homologous structure to 5389-GTSase from covalent intermediate complex

structures in PDB. The covalent bonded maltotriose in CG?ase structure has no colli*

sion on the superposed model structure of 5389-GfSase by superimposition at each

three catalytic residues (RMS) values of 0.34 A1 1fig. f-Ac;. The separated reducing

end a-glucose was constructed based on the positicn of the Goll of the 5389-GTSase at

+1 position (Fig. I-6c). To form the a-1,1 linkage, it is necessary that the 01 atom of

the +1 glucose performs as a nucleophile and attacks to the Cl atom of the -1 glucose of

the covalent bonded maltotriose. The 01 aiom of the separated glucose was posi-

tioned by reference to the location of nucleophilic water in structu:es of Ps-Amylase.

Intermediate model structure was i:nproved by using program CNS 1.21 in a similar

manner as the construction of ES model structure. In present intermediate model

structure, side chain oxygens of two catalytic residues (Glu269 and Asp460) and

Glu410 located within hydrogen bond distance from ihe separatgd *1 gllrcose (Iig. I-6c).

There was an additional hydrogen bond between ()5 atom of glucose and carbonyl

oxygen of Pro402. On the assumption that 04 atom of the separated glucose immedi-

ately after cleavage was located at the 01 posiiion in present intermediate model, hy-
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drogen bonds concerned with Asp460 and Pro402 disappeared in the model structure

immediately after cleavage (Fig. I-5d). From the comparison between both model

structures, character of substrate binding cleft of 5389-GTSase may be advantage to ro-

tation of the separated +1 glucose in order to form the a-L,L linkage.

Catalytic mechanism by 5389-GTSase is summarized in Figure I-7 schematically.

GTSase once cleaves a-1.,4 glucosidic bond at the reducing end of the polysaccharide

and releases the a-glucose in the same manner as the initial step of hydrolysis by

a-amylase, and then, the released glucose rebinds to maltotriose via a-1,1 glucosidic

bond by its rotation motion in the catalytic cleft.

(α) (b) ア
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Figure I-7. Possible mechanism of catalysis involving three conserved residues, ES complex,

and covalent intermediate state in 5389-GTSase. Residue numbers are as in 5389-GTSase.

(a) 5389-GTSase complexed with maltose moiety as the ES complex. (6, c) The covalent inter-

mediate state of reaction. (@ Generated the trehalose moiety.
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:-4. Materials and methods

I-4-1. Crystallization and data collection

Both 5389-GTSases and KM1-GTHase were used for crvstallization exoeriments.

Expression and purification of KM1-GTSase were as described previously 27.

5389-GTSase also expressed and purified by the same way. Co-cryslallization ex-

periments were performed using the mix solution of 10-20 mg/ml (0.13-0.26 mM) of

GTSase and 1.F2.6 mM of M?T which is the main product from maltopentaose.

Crystals of both G?Sase were obtained in 50 mM phosphate buffe: (pH 7.5) containing

20% (tnla) polyethyleneglycol (PEG) 8000 and 1 mM EDTA by hanging drop vapor dif-

fusion method at 20"C. The crystals grew as thin and layer clusters with typical di-

mensions of approximateiy 0.2 * 0.2 * 0.03 :nm. Crystals were soaked in 50 mM

phosphate buffer (pH 7.5) containing 25% {wlu) PEGB000, 1 mM SDTA and 15% {ala)

glycerol and then flash-frozen in a Nz gas stream for data collection at 100 K.

Data collection measurements were performed at BL3BB1 and BL41XU in SPring-8

(Hyogo, Japan). Automatic measurements at 3L3831 were managed by control soft-

ware BSS 13, sample change: robot SQACEt0, and web based database application D-Chn

14. Reflections were collected on ]upiter21O (RigakuAvlSC, Tokyo, japan) and Mar165

(Rayonixf\4ar USA, USA) CCD detectors at BL3BB1 and BL41XU, respectively. Crys-

tals of KM1-GTSase had poor diffraction power (below 4 A resolr-rtion) for precise

st:ucture analysis. The diffraction data of 5389-CTSase were collected to 2.3 A resolu-

tion at BL4lXU. The collected data were processed by using the suite of programs

HKL200A 4?. The crystal belonged to a space group of P2t with unit cell dimensions a :

71 L, b: 85 A, c : I29 A, and $ :103.7". The data collection statistics are shor.tm in Ta-

ble I-1.
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I-4-2.   Refinement

Initial phase information was obtained by the molecular replacement method us-

ing the program MOLREP a8 with Sa-MTSase se IPDB ID: 1IV8) as the search model.

In the result, two GTSase molecules were found in the asymmetric unit with result of

solvent content of. 47%. Model refinement was carried out by using the programs

CNS 1.21 a and REFMAC 5.5 4e. Manual model building including identification and

placement of solvent was performed with the program Coot so. Inter-domain protein

contact areas were calculated using the AREAIMOL s1 software. RMSD for an overlay

of atomic coordinates are calculating using the MATRAS web seryice s2. The refine-

ment data statistics are also given in Table I-1. The final dimer model contains 1450

residues, 464 waterc, two magnesium ions and six glycerol molecules. Densities de-

rived from MTT could not be observed in this crystal. According to RAMPAGE s3 in

the CCP4 Program Suite il, the final model has 96.5"/o of the residues in the favored

conformation of Ramadrandran plot, 3.3% of allowed regiory md 0.2% of outlier re-

Sor. Three non-glycine residues, Asp610 in molecule A, and Asp122, Asp610 in

molecule B, are outside the normally allowed region in the plot. However, the con-

formation of these residues was unambiguous in the electron density map.





Chapter II
Glyco syltreh alose treh alo hydrolase
from Sulfulobus solfutaricus KMI

II- I . Introduction

Trehalose (O-cx-o-glucopyranosyl-(1-+1)-cr-o-glucopyranoside) is used for energy

storage and for protecting proteins and cell membranes from extreme temperatures

and osmotic shock in plants, insects, and microorganisms 1ts18. A coupled enzyme

pathway for the production of trehalose from soluble starch has been discovered in the

Arthrobscter sp. Q36 20,21 as well as in the Sulfolobaceae farrtily of thermoacidophilic ar-

chaebacteria 23-27. This pathway comprises two enzymes: glycosyltrehalose synthase

(GTSase; also called maltooligosyltrehalose synthase; MTSase), an inkamolecular gly-

cosyltransferase (1,4-o-glucan 4-a-glycosyltransferase, EC 2.4.1,,25), and glycosyltreha-

lose trehalohydrolase (GTHase; also called maltooligosyltrehalose trehalohydrolase;

MTHase), 4-a-u-((1---+4)-a-D-glucano)trehalose trehalohydrolase, EC 3.2.1,.1,41) which is

Glycosyltrehalose t reha lohydrolase

: trehalose :
1...,..........r'...t...r..........r..t'i..t

Figure II-1. Biosynthesis of trehalose production

G lycosyltreha
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one of o-amylases (cr-1,4-D-glucanohydrolase, EC 3.2.1.1). These enzymes are classi-

fied within the glycoside hydrolase (GH) family 13 2e (CAZy database to;

http://www.cazy.orgl). Furthermore, family GH13 is divided into subfamilies 55 and

GTHase is classified into the subfamily GH13_10, which is described as

4-a-(1,4-a-elucano)lrehalose -trehalohydrolase. GTSase converts &e glycosidic bond

between the last two glucose residues of a maltooligosaccharide from an a-1,,4 bond to

an u-1,1 bond, making a non-reducing maltooligosyltrehalose (Fig. iI-1). GTHase

then cleaves the u-1,4 bond adjacent to the s-1,1 bond, releasing a trehalose molecule

and regenerating a substrate for GTSase. ?his pathway differs considerably from the

previously characterized phosphate-dependent pathway 5t'in which trehalose is syn-

thesized from glucose-6-phosphate (a high-energy glycolytic intermediate) and UDP-

or GDP-glucose by trehalose-6-phosphate synthase (EC 2.4.2.15) and treha-

lose-6-phosphate phosphatase (EC 3.1.3.12).

Sulfolobus solfataricus KM1, a member of the Sulfolobaceae family of hyperthermo-

philic, acidophilic archaea, was isolated from an acid hot spring in Gunma Prefecture,

Japan in 1.993 27. It is a coccoid, gram-negative bacterium with optimal growth at

7F85 oC and pH 3.F-4.5. GTSase and GTHase have been purified from S. sol_fataricus

KM1 (KMl-GTSase and KM1-GTHase); each of the two enzymes have also been cloned,

sequenced, and expressed in Escherichia coli (GTSase) 57 and Csndids afllis (G?Hase) 5s.

The biochemical and kinetic characteristics of these two enzymes are as follows.

KMl-GTHase (Mr, 64,644 Da; number of residues, 558) is an exoamylase that hy-

drolyzes maltooligosyltrehalose to release trehalose. It also hydrolyzes maltooligo-

saccharide at the reducing end to release glucose or maltose with -16-fold lower activ-

ity 25; this side reaction decreases the purity of the trehalose, and the extra step of puri-
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fication decreases the yield of industrial trehalose production. Therefore, the exact

substrate recognition mechanism of this enzyme is of interest in order to increase its

substrate specificity. The activity of KMl-GTHase places it in the a-amylase family,

which includes cr-amylases, cyclodextrin glucosyltransferases 6, Thermoactinomyces

oulgaris R-47 a-amylase II (TVAII) s, and neopullulanases 5e. The author's group has

previously determined the crystal structure of wild-type KMl-GTHase by X-ray dif-

fraction 32. The structure of the wild-type KM1-GTHase comprises three major do-

mains (A, C, and E) and two subdomains (B and D), and with an N-terminal extension

forming a stably folded immunoglobulin type domain connected by an extended linker

peptide to the (lla)sbarrel catalytic domain. The enzyme exists as a symmetric dimer

covalently linked by a disulfide bond at Cys298.

In order to investigate the catalytic and subshate recognition mechanisms, the au-

thor mutated two residues, Asp25 2 and. Glu283, located at the active site of

KMl-GTHase. Two single and one double amino acid mutant KMl-GTI{ase proteins

were produced and crystal structures of the three mutant proteins in complex with

their substrate were obtained. Flere, the author presents the entire interaction sdteme

between KMl-GTFIase and its substrate; the sdreme includes a specific medranism for

recognition of the trehalose moiety in the +1 and +2 substrate binding subsites. The

recognition mechanism to distinguish the substrate and product is discussed.
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II-2.Results

Ⅱ-2-l. Enzymatic activities of the E283Q, D2525, and, D252E mutants of

GTHase

The a-amylase reaction retains the a-anomeric configuration of the scissile glyco-

sidic bond and is considered to proceed via general acid/base catalysis 4,a6. Based on

the amino acid sequence similarities between the a-amylases, the two acidic residues

G1u283 and Asp252 are predicted to be involved in the catalytic function of GTHase as

a general acid/base and nucleophile, respectively. Glu283 was mutated to the corre-

sponding amide (Gln) to abolish the general acid/base function and to inactivate the

GTHase completely. Moreover, Asp252 was mutated to Ser to drange its catalytic

function from anomer retaining mechanism to inverting t and also mutated to Glu with

the expectation of formation of an enzyme-substrate adduct, as has been successfully

performed in a p-glycosidase (T4-phage lysozyme) 6H2.

The enzymatic activities of the wild-type and mutant GTHases were determined

using maltotriosyltrehalose (G3-Tre) as a substrate (Table II-1). Under these condi-

tions, native GTHase showed an enzymatic activity of 611U/mg. The D252S mutant

showed very little enzymatic activity (3.a U/mg), and the D252E and E283Q mutants

had almost no enzymatic activity. Detected enzymatic activities of the D252E and

E283Q mutants were less than 0.3 Ulmg (0.05% of the activity of wild-type GTHase),

which is close to the limit of saccharide detection.

Table II-1. Enzymatic activities for the mutant GTHases.

Protein amount Relative activi

Wild type

E283Q
D252S
D252E

８２

９２

０２

８．

０

０

１

０

611

0.274

3.40

0.172
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II…2-2. Structures o{ wild-type, D2525, D252n, and E283Q mutant

GTHases with substrates

The structure of wildtype GTHase complexed with C3-Tre, where C3-Tre was

soaked into the crystal, was determined at 2.65 A resolution. The general strr:ctural

featu:es are the same as previously described 32; these comprise of domains A, B, and C,

which are common within the a-amylase family, domains D and E, which are unique itr

G?Hase, the N-terminal extension of the immunoglobulin type domain connected by

an extended linker peptide to the {f3/cr)s barrel catalytic domain, and the covalently

linked dimeric structures at Cys298. However, no additional electron density for

G3-Tre was observed (Fig. II-2).

To further investigate the location of the substrate, the catalytic site mutants of

C?Hase were crystallized with G3-?re. The E283Q mutant CTHase in complex with

G3-Tre (E2B3Q-G3-Tre) and the E283Q mutant in complex with maltoheptaose (C7)

(8283Q-G7) crystallized isomorphously to the wild-type GTHase (fable II-2), and their

X-ray structures were determined at 2.60 and 2.65 A resolutions, respectively. These

structures revealed extra electron density at the substrate binding region (Figs. lI-2, -3b,

and -3c), which were assigned as G3-Tre in E238Q-G3-?re and maltopentaose (C5) in

E2B3Q-G7. The bound substrate was clearly observed in the 8283Q-C3-Tre complex.

?he D2525 and D2528 mutants in complex with G3-lre (D252S-G3-Tre,

D2528-G3-Tre) also crystallized isomorphously to the wild-type CTHase (Table II-2),

and their X-ray structures were determined at 2.30 and 2.40 A resolution, respectively.

The crystal structure of D252S-G3-Tre revealed extra electron density at the substrate

binding region (Fig. II-3d), which was assigned as maltotriose (G3), but no electron
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Figure II-2. Stereo view of the overall dimer structure of E283Q mutant GTHase. The

dimei is crosslinked by an intermolecular disulfide bridge at Cys298. Domains (A-E) are

colored by red, green, blue, yellow, and cyan, respectively. Green mesh represents lFo-F"l

omit map contoured 3.0 o around G3-Tre. Tyr325 is stacking with the subsite -1 glucose.

The fi gures were prepare d by Py MO L (http ://www.pymol. org/).

density corresponding to the substrate was observed in the structure of D252E-G3-Tie.

To investigate the location of the water molecule that may be activated by the

newly introduced Ser252, the crystal structure of D2525 mutant GTHase without sub-

strate was determined at 2.70 L resolution. The differences in the root mean square

(RMS) distances for the Ca atoms in wild-type GTHase and in E283Q-G3-Tre,

8283Q-G7, D252$G3-Tre, and D252E-G3-Tre mutant GTHases were 0.26, 0.30, 0.32,

and 0.40 A, respectively. In the crystal structure of the D2525 mutant, a density cor-

responding to the water molecule interacting with Ser252 was observed because of oc-

cupation by glycerol, which was used as a cryoprotectant.
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Table II-2. Data processing and refinement statistics of the wild type and mutant KMl-amylases.

KM1-amylase
Substrate

Data Collection
X-ray source

detector

resolution (A)

total reflections

unique reflecfions

Redundancy

<Vo(r)>

R *.rg"'

Refinement
resolution (A)

used reflections

R.orkb

R r.u"b (5'lo random)

No. of toial atoms

Protein

Water/GOL"/FLC.

substrate

mea:r B value (A2)

R.m.s.cl. bonds (A'?)

R.m.s.d. angles (")

wild type
G3-Tre

SPring-8(BL40B2)

ADSC Quantuln 4R

2.65(2.74-2.65)

178′ 567

29′ 375

61(3.2)

10.2(1.o

O.097(0.296)

97.3(84.1)

E283Q
G3‐Tre

SPring… 8(BL41XU)

Mar CCD 165

260(2.69‐ 2.60)

230/847

31′ 666

7.3(4.7)

13.2(1.7)

0.099(0296)

979(81.7)

E283Q
G7

SPring-8(BL41XU)

Nlar CCD 165

2.65(274-2.65)

195′ 222

29′402

6.6(4.5)

9.3(1.4)

0086(0.349)

97.3(95.9)

266(2.72‐ 2.66)

27′ 909

0.175φ .311)

0.227(0,342)

4′769

4′550

144/6/13

56(G5)

40.7

0.018

1868

D252S
none

SPring-8(BL41XU)

Mar CCD 165

2.70(2.80-27釣

166′ 502

27′427

6.1(3.動

18.1(29)

0.096(0.193)

95.7(89.2)

2.70(277-270)

26′ 037

0.159(0.219)

0.212(0.295)

4′773

4/553

165/42/13

40、 9

0.021

1.961

D252S
G3‐Tre

SPring-8(BL4032)

ADSC Quanhlm 4R

230(238… 2.30)

442848

45′ 920

9.6o.1)

40.5(4.5)

0.087(0.366)

99.9(99.3)

230(2.36… 2.30)

43′ 509

0177o.23o

O.218929動

4′888

4/553

252β6/13

34(G3)

47.2

0.017

1.694

D252E
C3‐Tre

SPring-8(BL41XU)

Mar CCD 165

2.40(249-240)

316′350

40′ 919

7.7(6.8)

305(5.0)

0060(0,179)

99,9(999)

2.40(247-240)

38′ 820

0.158(0201)

0198(0.247)

4′973

4′538

392/30/13

370

0014

1537

(%)

265(272‐ 2.65)

27′ 866

0.201(0341)

0.243(0.366)

4′721

4′513

177/18/13

445

0007

1085

260(2.67‐ 2.60)

30′ 005

0.197Q.30o

O.244(0322)

4800

4ァ550

163/18/13

56(G3-Tre)

45.8

0007

1134

a Rmsee = f, I I - <I> I i Ll, where I is the intensity of a reflection and <I> is the average intensity.
bRwork(rre)= Ll IF*"1 - lF",r"l I /Llf.*1, where For" and f.ur. are observed and calculated structure factor amplitude, respectively.
* COL and FLC are three{etter-codes ol glycerol and citrate anion in PDB, respeciively.
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II-2-3. Interaction of the substrate in the E283Q mutant GTHase

From the structures of inactive mutant GTHases in complex with G3-Tre, the entire

substrate-binding site was determined. The electron density belonging to the sub-

strate was detected at five subsites, from -3 to +2, which is shown most clearly in the

structure of 8283Q-G3-Tre (Fig. II-3b). The G3-Tre molecule bound GTHase through

21 hydrogen-bond interactions as shown in Table II-3a and Figure II-4. The trehalose

end of maltooligosyltrehalose and the reducing end of maltooligosaccharide bind to-

wards the C-terminal side of the (F/cr)r barrel. The non-reducing end of the substrate

is expected to exit from the N-terminal side of the barrel at the interface with domain

A.

(α) (b)

ヽ

メ

感`1611i6b

(6)

路

鵜

ヽィ
~｀

L

P6じ賤  司

甲
/1

Figure II-3. Extra electron densities observed in the mutant GTHases. (a) Wild-type. (6)

E283Q mutant GTHase in complex with maltotriosyltrehalose (G3-Tre). (c) E283Q mutant

GTHase in complex with maltoheptaose (G7). (d) D2525 mutant GTHase cocrystallized with

G3-Tre. lF"-41 maps are colored in green mesh and sugar models fitted to the lF"-f"l map are

colored in black bonds.
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The glucose molecule at sub-

site +2 of G3-Tre interacts with the

distorted a-hairpin structure

overhanging from the a6a-cr5b and

B6b-B6c loops (Fig. II-3b); in this

interaction, Tyr325, Phe352, and

Arg353 residues contribute to form

a steric barrier at the +2 subsite (Fig.

II-3b). The subsite +2 glucose and

Tyr325 have potential stacking in-

teractions in which the pyranose

and hydroxyphenyl rings are

nearly parallel and recognized by
Figure II-4。 Schematic view ofthe hydrogen bonding

four hydrogen bonds, JTee be―  interactions(dotteの betWeen the E283Q mutant

twe“ he o3 in he subsite■2 glu―  GTHase and G3-Tre.Key hydЮ
phobic residues for

substrate recognition,Trp215,Phe325 and Phe352 are

cose moiety and AsP30助 His312 also included.

and Gln378 and one betteen 04in■ e subsite■2 glucose and His312(Fig.II-5a).

At the+l subsite′ the glucose residue exhibits five hydrogen bonds,involving 02

and N82 of IIis255′ (D3and Nε 2 of IIis255′ (D3and Oε l of Gln283′ 04 and Nε 2 of

G虚83 alld 04 and Oδl of AsP377.lhe subsite+l glucose ttakes a vtt der Waals

contact with Trp215 in which the planes of the indole and PyranOSe rmgs are almost

perpendicular(Figs.Ⅱ -5a arld-6)。 ■■e indOle ring Of Trp215 is ixed by adiacent

Pro214(Fig.II-5a)。

h subsite-l glucose appears distorted toward a half― chair form alld is sur―

.榔
“
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rounded by the invariant residues of. Tyr152, His192, Trp215, and His376 (Fig. II-6).

\A/hen a glucose with standard conformation was superposed using the CL, C2, andCS

atoms of the sugar ring (RMS deviation :0.027 A1, the glucose ring distortion is hard to

detect at this resolution, but was more obvious for the accompanying positional shift of

06 and C6 of the subsite -L glucose (positional shift of C5 was 1.6 A). This distortion

is stabilized by forming sevex hydrogen bonds, whidr is the largest number among the

five subsites. Of these seven bonds, three are between 02 and Nr12 of Arg250, Ne2 of

His376 and 061 of Asp377, two are between 03 and Ne2 of His376 and 062 of Asp377,

and two are between 06 and Ns2 of His192 and Ob2 of. Asp252 (Table II-3a and Fig.

rr-6).

The subsite -2 glucose participates in three hydrogen bonds; one between 02 and

Ob1 of Asn381., one between 03 and Arg444, and one between 05 and 06L or 062 of

Asp153. The subsite -3 glucose exhibited only one hydrogen bond between 03 of the

subsite -3 glucose and O of Pro21,4. On the basis of all the structural information ob-

tained for the inactive mutants of GTHase, at least five substrate recognition subsites

(-3 to +2 subsites) were identified in GTHase.

To further investigate how GTHase distinguishes the correct substrate, G3-Tre and

G7 (non-preferred substrates) were included in the crystallization of the E283Q mutant

GTHase. Electron density belonging to a moiety of G5 lying within the -3 to +1 sub-

sites was sufficient to build saccharide structures, although the electron density at the

-3 and -2 subsites were relatively weak (Fig. II-3c). No electron density correspond-

ing to a sacdraride moiety bound at the +2 subsite was observed, and the location of the

subsite +1 glucose was shifted outwards from the saccharide-binding cleft as shown in

Fig. II-Sc. Observed hydrogen bonds are listed in Table II-3b.
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(a) (b)

(c) @

Figure II-5. Interaction of saccharide in each substrate-binding subsite of GTHase. (a) G3-Tre

bound structure of E283Q mutant GTHase (8283Q-G3-Tre). (b) Structure of pig pancreatic o-amylase

(PPA) with acarbose. E283Q-G3-Tre structure (thin bonds in green) is superposed as reference model.

(c) Structure of E283Q mutant GTHase with G7 (E283Q-G7). (d) Structure of D252S mutant GTHase

with G3-Tre (D252S-G3-Tre). (e) The hehalose bound structure of MTHase from Deinococcus radi-

odurans. E283Q-G3-Tre structure (thin bonds in green) is superposed as reference model.

(e)
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Table II-3。

(α)HydrOphilic interaction between E283Q and G3-Tre

Protein Distance

His255

Ch283
Gh283

Arg250

Asp252

AsP252

AsP252

Gln283

ns376
His376

Asp377

As

Asp153

お n381

NE2
0εl

Nε2

061
Nη2

0δl

Oδl

Oδ2

Nε2

N82
Nε 2

0δl

Oδ2

Oδl

Oδl

Nε

3.2

2.9

3.1

3.0

2.8

2.6

2.9

2.9

33
33
26
33
28
27
2.8

2.6

Oε l

Protein Subsite number Distance

AsP308        0δ 2
His312              Nε 2

His312              Nε 2

Ch378              Nε 2

+2                 03

+2                03

+2                04

+2                03

2.7

3.0

3.2

2.8

His255              Nε 2

His255              N82

GL■283              0ε l

Gln283         Nε 2
Asp377            0δ l

+1                 02

+1                 03

+1                 03

+1                 04

+1                 04

3.0

3.1

2.9

3.0

3.1

ns192             Ne2
Arg250        Nn2
Asp252         002
His376              Nε 2

His376             Nε 2

Asp377         001
As,377         0δ 2

-1                06

-1                02

-1                06

-1           02
-1               03
-1           02
-1           03

3.3

3.1

2.7

2.8

2.8

2.7

2.9

Asp153        0δ l
AsP153        0δ 2
Asn381          0δ l
Arg444             Nε

-2                06

-2          06
-2                 02

-2                 03

2.8

3.2

27
32

Pro214            0 03-3 3.3

(b) Interaction between E283Q and G5

+1

+1

+1

+1

２

２

３

３

０

０

０

０

-1           02
-1           02
-1           05
-1           06
-1           02
-1           02
-1           03
-1           02
-1            03
２

　
２

　
２

一　
　
一　
　
一

０６

０２

∝
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(u)

(b)
Figure II-6.

(a) Pyranose ring distortion observed

at the -l subsite. Thick bonds rep-

resent the structure of E283Q mutant

GTHase, while thin bonds (colored in

yellow) represent the bound G3-Tre.

The glucose molecule in the standard

conformation is represented by thin

cyan bonds. (6) Superposition of

D2525 with glycerol and 8283Q

complexed with G3-Tre. D2525,

glycerol, and E283Q-G3-Tre are rep-

resented in pink, red, and white, re-

spectively. (c) Superposition of

D2528 and E283Q-G3-Tre. D2528

and E283Q-G3-Tre are colored in

blue and white, respectively. A ro-

tamer of Glu252 side chain as a

model of covalent enzyme-substrate

adduct is shown in the thin stick

presentation.

(c)
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Il-2-4. Saccharide interactions of the D252S a*dD2523 mutant GTHases

Asp252 in GTHase, similar to Asp197 in pig pancreatic a-amylase (PPA) 63, par-

ticipates as a nucleophile that attacks the C1 carbon of the subsite -1 glucose. There-

fore, it was reasoned that the substitution of Asp252 with serine (shorter side chain) or

glutamate (longer side chain) may result in a change in the anomer form of the product

or formation of a covalent adduct.

Electron densities corresponding to an enzymatic product, G3, were observed over

the -3 to *1 subsites in the crystal structure of the D2525 mutant G?Hase, whereas no

clear density corresponding to a G3-Tre molecule was observed in the structure of the

D252Y, mutant GTilase. The product bound structure of the D2525 is shown in Figure

II-3d. Hydrogen bonding interactions were observed between Oy of Ser252 and 01 of

the saccharide molecule at the reducing end. The interactions between G3 and D252S

mutant CTHase are listed in Table II-3c. It was also found that the saccharide mole-

cule at the reducing end showed the a-anomer as shown in Figure II-sd.

The D2528 mutant was expected to form a covalent enzyme-substrate adduct in

which the newly introduced glutamate residue would react directly with the C3-Tre;

however, no electron density corresponding to the substrate was observed. Consistent

with this interpretation, the location of the side chain of Trp215 was shifted inward,

and the side chain occupied the substrate-binding cleft of GTHase accompanying the

structural shift of the loop region from 211 to 218.
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II-3. Discussion

II-3-1. Thermostabilitv

It was a remarkable point that a thermostable protein GTHase formed dimer

structure linked by disulfide bond. The disulfide bond formed at side chain of Cys298

to the other molecule of the dimer (Fig. II-2). Generally, oligomerization increases

thermostability of protein. The disulfide bond of Cys298 contributes thermostability

of GTHase also. As similar to discussion of GTSase in former chapter, SASA and ion

networks were compared with a-amylase from A. niger (An-Amylase; PDB ID:

2,4'A4')36. Colored surfaces of GTHase and An-Amylase are shown in Figure II-7.

Ratios of hydrophobic, polar, and charged residues (in the same classification of

GTSase in Chapter I) on surfaces were 18.4"/",26.0o/", and55.6"/" on GTHase, and23.1"/",

51.0"/", arrd 25.9"h on An-Amylase, respectively. These ratios of surfaces were calcu-

lated AREAIMOL sl. b:r GTHase, surface area of charged residues was major of the

SASA. In comparison of ion networks (5 A cutoff), GTHase showed the similar trend

(b)

Figure II-7 SASAs of GTSase and An-Amylase. (a) Col-

ored SASAs of KMI-GHSase. (b) Colored SASAs of

An-Amylase. Gray, green, and yellow represents hydrophobic

residues, polar, and charged, respectively.

of GTSase also. Ion net-

works of intra-helices, in-

ter-helices, and more than

4 residues are 0.9Yo, 4.5"/",

and 1.1% in GTHase, re-

spectively. Those results

propose that ion interac-

tions contribute thermo-

stability of GTHase.
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II-3-2. Structure and reaction mechanism

It has been predicted that several substrate-binding subsites and some active site

strucfures act as steric barrier to capture and recognize the substrate at the +2 subsite in

GTHase 6. To determine the substrate recognition medranism of GTFIase, which is

important for improving the substrate specificity and thus increasing the enzymatic

yield for industrial trehalose production, the author undertook two mutagenic ap-

proaches. One was complete inactivation by substitution of catalytic acid/base Glu283

with the corresponding amide, and the other was to trap the enzyme-substrate adduct

by substituting Asp252 with two other nucleophiles, namely, serine and glutamate.

Although the author's attempt to obtain an enzyme-substrate adduct was unsuccessful,

the structure analysis of E283Q-G3-Tre revealed that at least 5 subsites from -3 to +2,

including the +L and +2 subsites, direct$ recognize the trehalose moiety of the sub-

strate. This observation was consistent with the result that a substrate longer than

G3-Tre shows a similar reaction rate and only one or two glucose residues can be

cleaved from maltooligosaccharides.

The structure of bound trehalose reported for maltooligosyltrehalose trehalohy-

drolase (MTHase; another name of GTHase) derived fuom Deinococcus radiodurans e

(Fig. II-Se) (PDB ID:zry) is quite different from the structure for E283Q-G3-Tre (Fig.

II-Sa). The glucose moiety of trehalose interacts with His310 and Glu376 in Deinococ-

cus railioduransMTHase (Fig. II-Se) whereas the glucose moiety of G3-Tre at the +2 sub-

site was surrounded by several residues, Asp30$ Tyr325, Phe352, and Arg353 in

GTHase. The stacking interaction between the pyranose and hydroxyphenyl ring of

Tyr325 observed at the +2 subsite in GTHase was nearly parallel, indicating a stacking

interaction for trehalose recognition. In contrast, the stacking interaction with Tyr345,
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which corresponds to Tyr325 of GTHase, was not observed in the trehalose complex of

Deinococcus radiodurans MTHase. Thus, the steric barrier in GTHase is athibuted to

the residues Tyr325, Phe3SZ and Arg353 located at the +2 subsite (Fig. II-sa).

The structural analysis of E283Q-G7 also provided important information about

the substrate specificities of KMl-GTHase. It was known that GTHase weakly binds

G7 that has o.:J.,4linked glucose residues 5. The structure analysis of E283Q-G7 re-

vealed that the +2 subsite is vacant andGT is bound through the +1 to -4 subsites (Figs.

II-3c and -5c), indicating the lack of affinity of the +2 subsite to glucose with a-1,4link-

age. Since the a-L,L linkage of the trehalose moiety gives it a very different shape than

the a-'J",4linkage gives to maltose, GTHase has a different stacking interaction of the

aromatic side ckrains (Tyr325 in KMl-GTHase is similar to Tyrl5l in PPA 6 [PDB ID:

1HX0l) to recognize the a-L,1. linked glucose moiety at the +2 subsite (Figs. II-Sa and

-5b). To compare recognition mechanisms between trehalose and maltose moieties,

the author chose PPA because, there is a crystal structure of PPA complexed with acar-

bose in high-resolution and PPAhas high structure similarity against GTHase (Z= 47.5

with 3D library seardr using MATRI+552).

In order for this observation to be more useful, the author further investigated the

conformation of the trehalose moiety in the GTHase-G3-Tre complex and compared it

to the calculated minimum energy conformation for trehalose and maltose as shown in

Fig. II-8. The angle of cr-L,1. bond (Q :-26$" and {, = -45.9") was similar to that of the

lowest energy conformation of trehalose (Q = -48.8', {, : -48.8o) s. Furthermore, the

low-energy conformations of maltose (Q = -2.31", Q = -23.6o) 6 are very different from

those of trehalose. Tyr325 provides specific binding with a low energy conformation

of the subsite +2 glucose in the trehalose moiety. Only very high-energy conforma-
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(α)

0=H― Cl-0-Cl'
Ψ =Cl-0~Ctr― げ

(b)

:n Osta:structure Trehalose

#1

o=-488
v=‐ 488

|=H― Cl-0-C″
Ψ =Cl-0-ば ~H′

Figure II-8 (a) <p and V angle definitions of trehalose and maltose, respectively. (D) Compari-

son of the +l and *2 conformation and minimum energy conformations of trehalose and maltose.

The lowest (#1) and second lowest (#2) energy conformations of trehalose and maltose are

shown. The definitions of the g and y angles are provided at the left.

tions of maltooligosaccharides could have the same stacking interaction with Tyr325;

this is consistent with the finding of the co-crystallizatron experiment of E283Q-G7 in

which the +2 subsite was empty. This result indicates that the +2 subsite is disfavored

for a-1., linked glucose moiety relative to cr-1,L linked glucose moiety. It seems that

an important aspect of the enzyme's specificity for maltooligosyltrehalose arises from

the ability of the a-1,1 linked glucose residue at the +2 subsite to make a stacking in-

teraction with Tyr325, which is then not available to cx-1,4linked glucose residues.

The mechanism of binding of the natural substrate (G3-Tre) to the inactive E283Q

mutant KM1-GTHase, especially the +1 and -1 subsites, was successfully determined.

The glucose moiety of G3-Tre bound to the +1 subsite was essentially in the same posi-

tion and orientation as seen in PPA (Figs. II-Sa and -5b). The glucose molecule ap-

pears to form hydrogen bonds with HisL92, Gln283, and Asp377 via its 2-,3-, 4-, and

5-hydroxyls and has a van der Waals contact with Trp215. Trp21"5 interacts with both

the glucose molecules at the -L and +1 subsites; in this interaction, the indole ring of



Trp215 is located almost perpendicular to the pyranose ring of the +1 subsite and also

has contact with the C5 of the subsite *1 glucose (Iig. II-6). This hydrophobic contri-

bution of Trp215 to the substrate binding at the -1 and +1 subsites appears unique to

GTHase because the indole ring of Trp215 is fixed by adjacent ?ro214 and is replaced

with 2 hydrophobic residues (Leu162 and Val163) in PPA, which may conserve the role

of Trp215 (Fig. II-sb). The subsite -1 glucose of G3-Tre is also stabilized by the in-

variant residues TyrIlZ, HisL92, and His376 (Figs. II-5a and -6). 7yr1,52 makes a

stacking interaction with the saccharide ring of the glucose at the -1 subsite (Fig. :I-6).

His192 and His376 form hydrogen bonds with the 6-hyd:oxyl and the 2- or 3-hydroxyl

of the glucose at the -1 subsite via their Ne atoms. These interactions are commonly

conserved in a-amylases 66 and also shown by His101 and His299 in ?PA complexed

with acarbose. Together with the collision between the 06 atom and the indole ring of

Trp21,5, these histidine residues seems to stabilize the distorted half-chair conformation

p:oposed to be adopted by this glucose residue in the transition state. Indeed, the

mr:tants of MTHase obtained from 5. solfatarims ATCC 35092 that have substitution at

Trp218 (W218A and W21BF, Trp21B corresponds to Trp215 of KM1-GTHase) show a

decrease in specific activities and catalytic efficiencies 67.

The structure of H283Q with C3-Tre will provide clues as to how to convert the

catalytic mechanism of this enzyme. Previously, the author's group found that the

location of nucleophile (Asp52) in hen egg white lysozyme is stracturally equivalent to

Thr26 in T4 phage lysozyme, and the replacement of these positions with a glutamate

resulted in forming an enzyme*substrate adduct in both a-glycosidase (T4-phage ly-

sozyme) z6(H2 and f3-glycosidase (hen egg whiie lysozyme) 68. The author's group also

found f:om the structural analysis of a series of mrtant T4 phage lysozymes 60 that the
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size of Serffhr with a bound water molecule is similar to that of a glutamate 58.

Therefore, the conversion of a nucleophile at Asp252 to shorter side drains (Thr, Ser)

may position the water molecule between the enzyme and substrate and result in

changing a double displacement mechanism to a single displacement mechanism.

The conversion to a longer side drain (Gtu252) forms a stable covalent en-

4rme-substrate adduct.

Although the author could not identify the location of the water molecule inter-

acting with Ser252, the location of 0L of the bound glycerol (suggesting the oxygen po-

sition of water) was hydrogen bonded to OG of Ser252 and was located at a distance of

1,.4 A from the CL of the subsite -L glucose (Fig. II-6b). This suggests that the side

chain of Ser2il2may provide a catalytic water molecule to cleave the glycosidic bond

between subsites -1 and +1 glucose through a single displacement mechanism. In this

case, the enzymatic product of the D2525 mutant GTHase should be a p-anomer, whidr

is inconsistent with the a-anomer seen in the crystal structure of D2525-G3-Tre. Due

to the relatively long period for crystallization, the p-anomer formed after hydrolysis

may have spontaneously mutarotated to the more stable a-anomer.

The crystal structure of E283Q-G3-Tre also provided an explanation for the inacti-

vation of the Dzs2[mutant. The substrate-binding site of D2528 was empty, despite

the presence of G3-Tre in the crystallization solution. \Mhen the structure of D2528 is

superposed on the structure of E283Q-G3-Tre, the side chain of GLA52 forms an

ion-pair with adjacent His192. The author originally expected that the side chain of

Glu*S2would be located near the C1 of the subsite -L glucose (relative rotamer posi-

tion of Glu252 is represented by thin sticks in Fig. II-6c). The shift of the Glu252 side

chain towards His192 observed in the crystal structure of D252E mutant appears to
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block the substrate-binding site at the -1 subsite, whidr may also lead to loss of the

enzymatic activity in the D2121mutant (Table II-2).

Together with the crystal structures of the above-mentioned catalytic site mutants,

the structural analysis of E283Q-G3-Tre suggests the specific substrate recognition

mechanism, including the role of the structural features of the substrate binding site in

the recognition of the trehalose moiety and stabilization of the distorted substrate.

These findings are important for improving the catalytic activity and substrate speci-

ficity of GTHase, especially for the industrial applications of this enzyme.

II-4. Materials and methods

II-4-L. Materials

G3-Tre and G7 were prepared as reported previously 27. Restriction endonucle-

ases and T4 DNA ligase were obtained from Takara Shuzo (Iapan). KOD DNA poly-

merase was obtained from TOYOBO (japan). The concentration of purified protein was

spectrophotometrically estimated at 280 nm using the previously reported extinction

coefficient 32.

ll'4-2. Mutagenesis

D2525, D2528, and E283Q variants were prepared by substituting the

KMt-GTHase open reading frame of pGUSS2 58 with the appropriate synthetic oli-

gonucleotide. Replacement was performed using a mutagenesis kit (LA PCR in vitro

Mutagenesis Kit, Takara, Iapan) according to the protocol provided by the manufac-

turer. The Xbal-BglII fragment of pSS was ligated to tlre XbaI and BamHI sites of
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pGAPURAI to construct pGUSSl. The pGAPURAI construct was prepared by insert-

ing a NofI-PsfI fragment containing the promoter and terminator sequences of the GAP

gene isolated from the plasmid pGAPPT1O @ into the NofI and PsfI sites of pURALIQ

whidr contains the CYHr gene as well as the 5' and 3'fragments of the URA3 gene

from C. utilis 6e.The plasmid pGUSS2 for high-level production of a-amylase was con-

structed in the same miilrner using pURALll os. The plasmid was used for transforma-

tion after cutting at the BgIII sites to stimulate integration.

Il-4-3. Cultivation

For production of a-amylase, seed cultures, grown in 100 mL of yeast extract pep-

tone dextrose (YPD) medium in a 500 mL conical flask for 72 hr at 30 oC, were inocu-

lated in L.5 L of modified SD medium (3% glucose, 0.5"/" (NH+)zSO+, vitamin, and rare

metals) tn a 2.5liter jar for fed-batdr fermentation (Tokyo Rika Co., Ltd. Japan). The

fermentor was operated for 60 hrs at 30 "C and the pH was maintained at 5.0 by adding

NH+OH. A concentrated medium containing glucose, (NH+)zSO+, rare metals, and vi-

tamins was successively fed to the growing cells to obtain a high cell density culture.

The glucose concentration was keptbetweenla/o and 5%.

ll-4-4. Protein purification

Cells cultured in YPD medium were resuspended in 50 mM sodium acetate (pH

5.5) containing 0.3 mg/ml Zymolyase 100T (Seikagakukogyo Co., Ltd. ]apan) and in-

cubated at 37 "C for 30 min and then at 70 "C for L hr. Cells in suspension were dis-

rupted by vortexing for 5 min with glass beads (diameter, 400-600 pm; Sigma Chemical

Co., Ltd.). Cell debris was removed by centrifugation at 12,000 g for 10 min. The
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soluble fractions were recovered for further purification.

The mutant GTHases were purified as previously described 70. [r brief, the cul-

ture supernatant was loaded on the Shodex AsahiPak ES502C anion exclrange column

(7.5 x 100 mm, Showa Denko K.li Japan). The protein was eluted by forming a linear

gradient of 50 mM sodium acetate buffer (pH 5.0) in the same buffer containing 1.0 M

sodium chloride at a flow rate of 0.5 ml/min for 40 min.

II-4-5. Crystallization and data collection

Co-crystallization experiments were performed using a mixture of L5 mg/ml (0.25

mM) of GTHase and 5 mM of G3-Tre or G7. The mutant GTHases and G3-Tre/G7

were crystallized isomorphously with the wild-type enzyme at 4 "C by the hanging

drop vapor diffusion method by using 0.6-1..1.M sodium citrate, 0.1, MHEPES at pH

7.5.

Diffraction data of wild-type and mutant KMl-GTHases were measured at beam-

lines BL40B 2 and,BL4lXU by using SPring-8 (Hyogo, Japan). Reflections of wild-type

and D252S and of E283Q and D252E were collected on Quantum 4R (Area Detector

Systems Corporation, USA) and Marl55 (Rayonix/Tvlar, USA) CCD detectors at BL40B2

and BL41XU, respectively. Crystals were soaked in a solution containing 1.35 M so-

dium citrate, 0.1. MHEPES (pH 7.5) and 10% (ala) glycerol and then flash-frozen in a

nitrogen gas stream for data collection at L00 K. Datasets of the wild-type, E283Q

with G3-Tre, E2S3Q with GZ D2525 with G3-Tre, and D2s2lwith G3-Tre were col-

lected. The diffraction data were processed using the HKL2000 suite of programs a7.

All of the crystals belonged to space Soup P3z2l with unit cell dimensions of a: b =78

A, c = 282 A, arrd y = 120o. Details of data collection statistics are shown in Table II-2.
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Il-4-6. Structure determination

Initial phase information was obtained by molecular replacement methods using

the program MOLREP a8 with the previous structure, KML-GTHat" ez (PDB ID: 1EH9),

as the search model. Each KML-GTHase molecule was found in the asymmetric unit

with a solvent content of.69"/". The refinement process for each model was carried out

by using the programs CNS 'J..2'1.4 and REFMAC 5.5 4e. Modification of the model, the

initial selectiory and manual verification of water molecules were performed with the

program Coot s0. The refinement statistics are also given in Table II-2.

Il-4-7. Enzymaticactivity

Enzymatic activities of the wild-type and mutant GTHases were assayed as re-

ported previously zs,rt. In brief, the KM-L GTHase was incubated in 10 mM malto-

triosyltrehalose in 50 mM sodium acetate buffer (pH 5.5) at 60 oC. After the reaction

was stopped by heating at 100 oC for 5 mrn, the trehalose produced was analyzedby

HPLC using a TSKgel Amide-8O column (4.6 x 250 mm, Tosoh, ]apan). Trehalose was

eluted by 72.5% acetonitrile-deionized water solution and detected with a differential

refractometer (RID.5A" Shimadzu, Kyoto, Japan). One unit (U) of GTHase was de-

fined as the amount of enzyme that would liberate 1 pmol of trehalose from maltotrio-

syltrehalose per min at 60 "C.
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Chapter III
Structure determination of other proteins
from thermophiles for application to in-
dustrial use

il-l. Introduction

In Chapter I and II, structure of a-amylases related to trehalose synthesis were de-

scribed. For investigating strucfural features of thermostable proteins, more struc-

tures of thermostable proteins are required comprehensively. Sudr comprehensive

structural analysis to accumulate lcrowledge is one of approadr to apply thermostable

structural features to processes of industrial biosynthesis. Especially, it is thought that

the knowledge of structural features provides solutions to biomass in energy issue,

bioreactor with proteins, and production of expensive dremical compounds. On the

other hand, the properties of thermostability and the details of reaction mechanisms

including hydrogen atoms can not been enough recognized. Therefore, structural in-

formation containing hydrogen atoms is very important for further investigation.

There is another way whidr is an analysis combined structural information and com-

puter simulatiorL such as molecular dynamics calculation (MD). The analysis will be

helpful to design an engineered protein whidr has superior ability sudr as thermosta-

bility. For the purpose, accurate MD result is necessary, but it needs structural infor-

mation of hydrogen atoms. However, X-ray protein crystallography is difficult to de-

termine the positions of hydrogen atoms. If researchers want to determine them, ul-

trahigh-resolution X-ray result is required. Or, there is another approach, whidt is

neutron crystallography. X-ray diffraction depends on electron number of atom; by
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contrast, neutron diffraction depends on atomic nucleus. The feature of neutron

crystallography enables to determine positions of hydrogen atoms. For obtaining

structural information including hydrogen atoms, the author attempted structure de-

termination with X-ray crystallography by using D-Cha (see Appendix A) and neutron

crystallography. In additioru neutron crystallography requires large high-quality

crystals, which needs different trials from crystallization for *ray diffraction meas-

urement. Therefore, in neutron diffraction experiments, trial of structure determina-

tion by using neutron did not conduct only on thermostable protein, but also on some

proteins except thermostable ones, whidr are human immunodeficienry virus (HIV-l)

protease 71 and porcine pancreatic elastase (PPE) ?,.

In this drapteq, the author will describe cases of structure determination and pre-

liminary diffraction study by using X-ray and neutron diffraction measurements. One

is the structure of the TTHA0281 protein whictr is a UPFOlSO-family protein fuomTher-

mus thermophilustlBST3. The UPF0150 family (http://pfam.janelia.orgffamily/PF03681)

in the Pfam database 7a is an undraracterized protein family containing 28l.bactefial, M

ardraeal and five virus proteins. br the T. thermophilus HBB genome, five ORFs en-

coding the UPF0150-family proteins have been identified. Next, the preliminary dif-

fraction studies are a novel chitinase fromRalstonia sp. ,4.471 (Ra-ChiC) and ADP-ribose

pyrophosphatase-I from T. thermophilus HB8 (Tt-ADPRase-I) complexed with a

non-hydrolyzable ADP-ribose (ADPR) analogue a,p-methyleneadenosine diphospho-

ribose (AMPCPR) by using X-ray and neutron" respectively. Ra-ChiC hydrolyzes

N-acetylglucosamine hexasaccharide [(GtcNAc)o] and produces (GlcNAc)z + (GlcNAc)r

and (GlcNAc)s + (GlcNAc)s, resulting from the second and third glycosidic linkage be-

ing split from the non-reducing end, at almost the same concentrations.
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Tt-ADPRase-I is one of the main Nr,rdix proteins 75,75. ?he ADPRases prevent the in-

tracellular accumulation of ADPR by hydrolyzing it to AMP utt6 5'-phosphate, and

they are widely distributed in many o:ganisms. ADPRases can be classified into the

categories of ADPRase-I and Il by their specificity in binding to ADPR. After that, the

author will discuss about structural features of thermostabilitv with those proteins in-

cluding described in the former chapters. The discussion will mention application of

structural features for industrial use.

aII-?. Results

III-2-1. Overall structure of the thermostable protein TTHA0281"

?THA0281 exists as a single-domain structure o{ 87 residues with two a-helices,

a1 and a2, and three p-strands, p1, p2 and p3 (Fig. III-1a). This arrangement forms a

three-stranded twisted antiparallel p-sheet flanked by a2, known as an a-p-p-p-a fold,

which is also present in several double-helical nucleic acid-binding proteins, such as

ribosomal protein 55 and RNase tII77-7e. The TTHA0281 protein formed a tetramer in

the asymmetric unit of the crystal (Fig. III-1b). This is consistent with the fact that the

TTHA0281 protein forms an oligomer in solution, although the molecular weight in

solution is estimated to be slightly higher than that of the tetrameric state of this pro-

tein, as described above. ?he interactions between subunits A and B and between

subunits C and D are stabilized by hydrogen-bonding interactions between the N atom

of ThrS in a1 and the side-chain O atom of Glu58 in a2. The amido O atoms of Lvs44

in the loop between p3 and a2, the side*chain N atom of Lys47 in cr2 and the side-chain

hydroxyl group of Tyr29 in P2 of subunit A form hydrogen bonds to the side-chain
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amido group of ,A'r9l9 in p1, the amido O atom of Glul2 in a1 and the N atom of Tyr20

in p1 of subunit D, respectively; furthermore, the side-chain N atom of Lys47 in a2, the

side-chain hydroxyl group of.Tyr29 in p2 and the N atom of Tyr20 in pl of subunit B

form hydrogen bonds to the amido O atom of Alal8 in the loop between al and p1, the

side-chain carboxyl group of Glu21 in p1 and the side-chain hydroxyl group of Tyr29 tn

p2 of subunit C, respectively. The interaction surface areas at the interfaces of sub-

units AB arrd AD, calculated with the AREAIMOL program (Collaborative Computa-

tional Projec! Number 4, 1gg4), are -800 and -600 A,, *hi.h are 15"/o and 11o/o of the

total surface area of subunit A, respectively (Fig. nl-lb). [r the crystal, CHES mole-

cules, which may be derived from the crystallization reagent, were found around

(α)

C   Figure III-1. Schematic representations of the

Overall fold of TTHA0281。 (α)The mOnomer

structllre(subunit A)of TTHA0281.Bluc and red

represent α‐heHx and β‐Strand,Кspec伍vely(b)

The tetrameric structure of TTHA0281.The sub―

units A一D,CHES and M♂ 十are indicated.The

residues that interact with NIIg2+are Shown as stick

models.   These flgures were prepared using

MOttSCRIPT 135 and R″″汚D136.

(b)

62



Glu13 and Trp40 of subunit C in the difference Fourier map, at 2o and 4o (Fig. III-1b).

A magnesium ion was located around the side chains of Asp25 and Glu26 in subunit B

(Fig.III-1b).

Ill-2-2. Crystallization and preliminary X-ray diffraction studies of the

thermostable protein Ra-ChiC for structure determination

Crystallization conditions for Ra-ChiC*"** (Fig. III-2b) were screened using the

screening kits at 100 and 50% (CS, CS2,WZI and WZU) or 100, 67 and 33% (PS) of the

initial concentrations of the precipitating agents. In addition, the protein was pre-

pared at four different concentrations (2Q 10, 6.5 and 3.3 mg mt1) for each crystalliza-

tion screening. However, Ra-ChiC-ut * did not crystallize despite the screening of

over 2000 cystallization conditions. The difficulty in crystallization of Ra-ChiC*u**

might derive from the flexibility of the proteiry the linker of which includes seven con-

secutive glycines between the two domains. Therefore, the author constructed a dele-

tion mutant, Ra-ChiCarzsz (Fig. III-2c\, from whidr the chitin-binding domain and con-

(a) Ra-chic

(b) Ra-chic,"*"

HisTag

(c) Ra-chicogzsz
17aa 89 103 252 ?aa

Figure III-2. Schematic representation of the Ra-ChiC domain structure. (D) and (c) are

the recombinant constructs used in this study. The pCold I vector-derived amino acids cor-

respond to the grey regions in (6) and (c).

17aa 89  103
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secutive glycines were removed, for crystallization. Ra-ChiCes-zsz eluted as two inde-

pendent peaks in cation-exchange chromatography. The two eluates were concen-

trated to 3.6 mg mlr (sample 1) and 2.8 mg mL{ (sample 2). A total of 384 conditions

were screened for crystallization of samples 1 and 2 using CS, CS2, WZT,WZI and PS.

When using PS the original solution was also diluted to 33o/" for crystallization screen-

itg. After 10 d, small crystals had formed in 22 conditions. There was no significant

difference in crystallization between samples L and 2. Two crystallization conditions,

PS condition No. 44 at 33% concentration and PS condition No. 49 at 33% concentration,

were optimized to produce crystals suitable for X-ray analysis. From the results of

optimization, bipyramidal crystals with dimensions of over 0.1 mm were obtained us-

ing both precipitant solutions (Fig. III-3). Crystals A and B were obtained in 6% (ala)

PEG 400, 9"/" (wlu) PEG 1500, 30 mM HEPES pH 7.5 (PS condition No. M at 30o/o con-

centration) and'1,.2o/o (ola) 2-propanol, 7.5% (wlu) PEG 3350, 30 mM calcium chloride,

30 mM HEPES pH7.5 (PS condition No. 49 at30"/o concentration), respectively.

For X-ray diffraction measurements at 100 K, crystals A and B were soaked in res-

ervoir solutions containing cryoprotectant [PEG 400 for crystal A and

Figure ⅡI… 3。 Crystals of Ra… ChiC89 252・ (a)CryStal A from 6%(″ ν)PEG 400,9%(ル ッ/ソ)PEG
1500,30祠′HEPES pH 7.5.(b)Crystal B■om l.5%(ブ ッ)2-propanol,7.5%(ル ッ/V)PEG 3350,

30 nJИ calcium chloride,30」 由ИHEPESpH 75.

64



2-methyL-2,4-pentanediol (MPD) for crystal Bl. Crystal A was soaked in 28% (tila)

PEG 400, 97" (wla) PEG 1500, 30 mM HEPES pH7.5 and crystal B was soaked :rl20%

(tila)MPD,7.5% (tnla) PEG 3350,30 mM calcium chloride and 30 mM HEPES pH 7.5.

Both soaking experiments were carried out by increasing the concentration of the

cryoprotectant in a stepwise fashion. Crystals A and B belonged to space group P6fl2

or P6s22, with unit-cell parameters a = b = 1"00, c = 243 A. The Matthews coefficient

(Vv) was 9.2,2.4or'!..9 At Da-t, assuming the presence of three, four or five molecules in

the asymmetric unit, respectively. The diffraction data sets from crystals A and B

were integrated and scaled to maximum resolutions of 1.90 and 1.85 Ar respectively.

The data-collection statistics are summarized in Table III-L. Both crystals had suffi-

cient diffraction quality for continued structure determination to elucidate the struc-

ture-function relationship of Ra-ChiC in detail. MR analysis was attempted using

several sets of coordinates; however, no search model gave a significant solution for

phase determination. Therefore, a search for heavy-atom derivatives for phase

determination is under way using the isomorphous replacement and multiple/single

anomalous dispersion (MAD/SAD) methods. In additiorU selenomethionyl

Table III-1. Data-collection and reduction statistics for Ra-ChiCse-252 crlstals.

Space group
Unit-cell parameters (A)
Resolution (A)
No. of measured reflections
No. of unique reflections
Redundancy
Ilo(I)
R*".s" r(%)

P6122 or P6522

′=b=100.0′ c=242.8     α=♭ =99,7′ ε=242.5

Completeness of data
Wilson plot B factor(A

Values in parentheses are for the highest resolution shell,

†Rmerge=L″ み陽(″たの一く【みの引/Σ渚′乃鳥⑫0

P6122 or P6522

1.90

653979

5c315

11.7(6.7)

32.6(2・ 7)

8.0(43.8)

97.8(89.1)

24.9

1.85

89&217

5%568

15.1(6.0)

47.3(3.2)

7.7140.5)

96.7(88.0)

26.3
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Ra-ChiCss-xz is being prepared for SADA\4AD analysis.

III-2-3. Crystallization and preliminary neutron diffraction studies of the

thermostable protein Tt-ADPRase-I for further investigation with

X-rayfneutron combined structure determination

A neutron diffraction experiment requires a relatively larger crystal than an X-ray

diffraction experiment because of the weak neutron diffraction signal. Although the

initial crystallization attempts using a 5 pL crystallization volume and the h*g-g

drop vapour diffusion method yielded a Tt-ADPRase-I crystal with a size of 1".0 x L.0 "

0.4 mm, the crystal was still too small to obtain neutron diffraction signals in the BIX-3

diffractometer in IRR-3 research reactor at |apan Atomic Energy Agenry (Ibaraki, ]a-

pan). Therefore, the author attempted to further grow the Tt-ADPRase-I crystal by

increasing the crystallization volume in combination with the macro-seeding proce-

dure. The initial seed crystals were prepared by mixing a 20 pL reservoir of solution

A with a20 p:,L protein solution containing 70 mg mL{ of Tt-ADPRase-I. The result-

ing drops were equilibrated by vapour diffusion against the reservoir of solution A.

After 30 days, the initial crystals, 0.2 x 0.2 x 0.2 mm in size, were obtained. The crys-

tals with the clearest edges were selected and used as seeds.

After seeding the growth of the crystal was monitored by measuring its length, as

shown in Fig. III-4b. The labels I-VIII indicate the points at which the crystal length

was observed, and the corresponding crystal images are shown in Fig. III-Aa. After

the initial seeding into 50 pL of solution (the period from point I to II), a crystallization

drop that did not contain a cracked crystal or a side cystal was chosery and 200 pL of

protein solution was added. After a slow growth phase (four days from point II to III),
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Figure III-4. Macro-seeding procedure and plot of

crystal length vs. elapsed days. (a) Macro-seeding

procedure. The orange and the green boxes indicate the

pictures of the crystals after adding 50 pL and 200 pL of

solution A containing protein, respectively. Numbers

below pictures correspond to numbers in (D). (b) Plot of

crystal length vs. elapsed days. The day when the 50 pL

of solution A containing protein (28 mg ml--r) was added

is shown as the 0 day. The 200 pL of the same protein

solution was added at the green arrow (elapsed 7 days).

20 30 40
Elapsed day

followed by a short rapid phase (two days from point III to IV), the crystal consistently

grew to 2.5 x 2.5 x L.5 mm (from point IV to W). The cryrstal growth seemed to stop

after 50 days, that is, at point VIL After 55 days, the crystal was harvested at point

VIII; by then, the crystal was 2.5 x 2.5 x 1..5 mm (Fig. III-Sa), which was aPpropriate for

the neutron diffraction experiment. Thery the crystal was transferred into deuterated

mother liquor before the neuhon diffraction experiment in order to reduce the back-

Figure m-5. Tt-ADPRase-I crystal and diffraction images. (a) The Tt-ADPRase-I crystal, ap-

proximate dimensions 2.5 x 2.5 x 1.5 mm (-10 mm3), sealed into a quartz capillary (diameter of 2.5

mm). (b) An image of neutron diftaction spots taken from the Tt-ADPRase-I crystal. The area in

the small red box on the left image is enlarged to the right.

曲1胴■■■■曲
1 IV Ⅵ VII Ⅵ ll

Ｖ　″′′」Ｗ
　
　
ｍ

67



ground noise caused by the hydrogen atoms. The crystal was soaked in a solution (fi-

nal pD 5.3) contai:ring both AMPCPR and MgClz for 2 days to obtain the teraary com-

plex.

Neutron data collection entailed 4 h of exposure for each image (fig. III.sb).

These diffraction images were integrated and scaled into 8082 unique reflections with

an R*",gu of 9.7o/o. The crystal beiongs to the space group P3z2l with unit-cell parame-

ters a - b :5A.7 and c : 119 A. The data collection statistics are summarized in Table

IlI-2. The X-ray diffraction dataset was collected with a Quantum 4R (Area Detector

Systems Corporation, USA) charge coupled device (CCD) installed at the BL-6A beam-

line of the Photon Factory. The crystal diffracted to 1.5 A resolution with a space

group of P3227 and unit-cell parameters of n =b:50.7 and c:1i9 A at room tempera-

ture, as shown i:r Table IIl-2. The neutron dataset has sufficient sualitv to determine

Table III-2. Data collection statistics

Neutron

Collected at -3 BIX-3 KEK― PF BL-6A

Detector Quantr-rm 4R

Temperafure
SPaCe grouP

Uni卜cell Parameters(Å )

Resolution range(A)

No.of lneasured rettectioIIls

No of unique reflections

MultiPlicitV

Mean 1/σ (7)
RmorgOす(%)

RP,m拿(%)

Average mosaiciサ
(° )

Completellless

Wilson plot B factor {A2

P3221

′=ι =50,7′ σ=119

439-2.10(221-210)

24/909

8′023

31(24)
18.6(6.7)

9.5(30.4)

5,7(21.2)

1.11

75.5(62.8)

9.6

P3221

α=ι =507′ ε=119

29.5-1.50(158-150)

303′532

28′885

10.5(10.7)

41.0(9.8)

3.7(35.3)

12(112)

015
98.8(99,8)

18.8

(ヽalues in pttenthescs are for tlle llighcst resoltttion shcll.

十
R!n∝ざ=Σヵ々/Σ′|ム(/7X/1~<ム /7/t//1>1/Σヵた/Σ.ム(/7/tFl,WhCrc′ is thc intensity of a rencction and φ  is the

avcragc oftllc intcnsitン L

‡Rpim=Σヵ〃[1/IV-1)]1′勺弓|う(みため―くf(力た/1>1/Σヵた′ヽ 4(力 ′々)
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the location of hydrogen and deuterium, considering their scattering lengths 80.

The author has also attempted to reduce the incoherent back ground noise origi-

nating from residual hydrogen atoms in Tt-ADPRase-I. Because of the high yield of

Tt-ADPRase-I in this E. coli expression system, perdeuteration of Tt-ADPRase-I using

Bioexpress cell growth media (U-D, 98o/o, Cambridge Isotope Labs) was performed and

yielded 20 mg of purified protein from L liter cultivation (data not shown). The per-

deuteration of Tt-ADPRase-I as well as the reproducible preparation of large crystals

will help us to examine the hydration structure of the active site of Tt-ADPRase-I as a

structure before substrate recognition, and to elucidate the substrate or inhibitor inter-

action with Tt-ADPRase-I after soaking into the crystal. These neutron diffraction

data will elucidate the catalytic medranism of Tt-ADPRase-I by permitting observation

of the important water molecules and hydrogen atoms involved in the catalysis.

III-3. Discussion

The author described crystal structures from thermophiles. Many structural fea-

tures have been suggested for thermostability, such as hydrophobic interaction, hy-

drogen bonds, ion-pairs and solvent-accessible surface areas (SASAs). The author will

discuss structural feafures from the solved structures and known strucfures by com-

paring SASAs and numbers of ion-pairs. Generally, decrease of SASA and increase of

the fraction of buried hydrophobic atoms have been discussed as the stabilizing princi-

ples for thermostable proteins 3. br this sectiorL differences between thermophilic

proteins which have been described in this thesis will be discussed. The discussion

about thermostability witl bring forward to the application of improving industrial use
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of enzymes with thermostable feafures. In this discussiorg comparison among

a-amylase family proteins induding GTSase (Chapter I) and GTHase (Chapter II) will

be discussed. And the author will extend the insights of structural features from the

knowledge of a-amylases to other protein (TTHA0281; described in Chapter III) and

discuss about their thermostable features. After that, the trial of strucfural research of

the thermostable proteins by using neutron diffraction study will be described. Neu-

tron crystallography has some differences about crystallization and structural informa-

tion from X-ray crystallography. The features of the method help improving the

knowledge of thermostable features.

III-3-L. Comparison among d-amylase family proteins

The author described about enzymes from thermophiles, which involves in bio-

synthesis of trehalose, 5389-GTSase in Chapter I and KMl-GTHase in Chapter II.

Those enzymes belong to a-amylase family. In this sectiory thermostability derived

from the structural features of a-amylases will be discussed about structural compari-

son of 5389-GTSase and KMl-GTHase with other structures which are S. acidocaldarius

MTSase sa (Sa-MTSase; PDB ID: 1IV8; 720 residu es), Thermoactinomyces aulgaris R-47

a-amylase 1 at (TVAII; PDB ID: UIB; 585 residues), Deinococcus radiodurans MTHase 6a

(Dr-MTHase; PDB ID: 2BHY: 602 residues), and Aspergillus niger a-amylase 36

(An-Amylase; PDB ID: 2AAA; 484 residues). The comparison about SASA and

ion-pair network will be discussed in below.

Table III-3 shows comparison of the SASAs of a-amylases from thermophilic or-

ganisms (KMl-GTHase, 5389-GTSase, Sa-MTSase, and TVAII), radioresistant bacterium

(Dr-MTHase), and Aspergillus (An-Amylase). SASAs per residue of these a-amylase
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proteins are about 35-40 A,, which are broadly similar to each other. On the other

han4 SASAs classified by properties of residues show remarkable differences.

Thermostable proteins, KML-GTHase, 5389-GTSase, Sa-MTSase, md TVAII, have

2W25% of hydrophobic SASA, 25-30% of polar, and 5G-55% of drarged, approximately.

Dr-MTHase has nearly fraction, which have 30% of hydrophobic SASA, 26% of polar,

and 44%" of drarged. In contrast, An-Amylase is significantly different from the other

proteins. Ithas 23%ofhydrophobicSASA, Sl%otpolar,and26"/"of charged. These

proteins from the extremophilic bacteria (thermophilic and radioresistant) has a sig-

nificantly high SASA ratio of drarged residues in spite of no remarkably difference of

Table III-3. Comparison of solvent-accessible surface areas (SASAs)

KMl―GTHase■ 5389-く3TSase=     Sa― MTSase

Identity (%)

R.m.s.d.

９

　

・
０

１

３

２２

３
．
０

Total SASA (,AP per residue)

SASA of hydrophobic residues (,+) (% of total)
SASA of polar residues (A') f/" of total)
SASA of drarged residues (N) (% of total)
No. of residues in crystal structure
No. (% of total; of hydrophobic residues

No. (% of total) of polar residues
No.r%of

Identity (%)

R.mos.d.

Total SASA (A2 per residue)

SASA of hydrophobic residues W) % of total)
SASA of polar residues (AzXy. of total)
SASA of charged residues (N) (% of total)
No. of residues in crystal structure
No. (% of total) of hydrophobic residues

No. (% of total) of polar residues

20,978

3,858

5,83
1'l',,627

557

244

1.54

r59

21,272

5,197

5,668
10,406

585

277

ts3
155

(37.6)

(18.4)

(26.0)

(55.6)

(43.8)

(27.7)

28,550

5,088

7,244
'l..5,217

725
306
195

224

(3e.4)

(17,8)

(25.4)

(s5.8)

(42.2)

(26.e)

25,535

1304
7,593

\3,737
70r
300

206
195

(38.0)

(7e.e)

(28.s)

(51.6)

(42.8)

(2e.4)

TVAII Dr―MTHase
８

７

１

２

３６

・
・
７

２２

２
．
５

(36.4) 20,337

(24.4) 6,745

Q6.7) 5,249
(48.e) 8,942

580

(47.4) 290
(25.r) 1s8

(35.1) 16,554 (34.8)

(30.2) 3,823 (23.1)

(25.8) 8,456 (s1.0)

(44.0) 4,284 (25.9)

476

(50.0) 20e (43.e)

(27.2) 188 (3e.5)

No.(%of of chareed residues 132

SASAs are calculated by programlREAIMOL. The author defined that hydrophobic residues are Ala, Val,

Phe, Pro, Ile, Leu, Met and Gly, polar residues are Ser, Thr, Tyr, Cys, Asn, Gln, His and Trp, and charged

residues are Asp; Glu, Lys and Arg. Values in parentheses indicates ratio to number of residues.

*) Structures of these enzymes have been analyzed in this thesis.
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fractions of hydrophobic, polar, and charged residues. This indicates that these pro-

teins expose less hydrophobic and more charged residues to the solvent region.

Recent structural studies on hyper-thermophilic proteins reveal an increase the

number of ion-pairs and the ion-pair networks from mesophilic ones. Following that,

Table III-4 shows comparison of ion-pairs among a-amylase family proteins. The total

numbers of ion-pairs and the numbers of intra-, inter-helical ion-pairs, and numbers of

ion-pair networks formed by over four residues a are shown in Table III-4. The criteria

of counting ion-pairs and networks are following. L) Secondary structures are speci-

fied by using the program DSSP 82. 2) Helices are defined a-helix in DSSP criteria.

3) The distances of ion-pairs are calculated by using the program NCONT 5a. And

those are identified using a cutoff of distance between oppositely charged residues of

KMl― GT「Iase= 5389-GTSase■       Sa― MTSase

cutoff total (ion-pairs per residue)
Intra-helix
Inter-helix
Network > 4 residues

cutoff total (ion-pairs per residue)
Intra-helix
Lnter-helix
Network ) 4 residues

cutoff total (ion-pairs per residue)
L:rtra-helix
Inter-helix
Network > 4 residues

cutoff total (ion-pairs per residue)
Intra-helix
Irter-helix
Network ) 4 residues

43     (7.8)

5      (0.9)

18   13.2)

IVAII

37     (6.3)     29

9     (1.5)     1

15   12.6)  12

87    (12.0)    71    (10.1)

11     (1.5)     10     (1.4)

43      (5.9)     32     (4.6)

Dr―MTHase

58    (10.4)

5     (0.9)

25     (4.5)
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(4.9)

(0.2)

(2.0)

residue)

This table values are calculated by DSSP and NCONT. The author defined that positive residues are Arg

and Lys, and negative residues are Glu and Asp. Values in parentheses indicates ratio to number of resi-

dues.

Table Iコ [-4。  Comparison ofthe number ofion― pairs
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4.0 s3 and 5.0 A. 4) The networks over four residues means that number of residues

involved in the network are four residues or more. The extremophilic pfoteins (pro-

teins excluded An-Amylase) have high ratios of ion-pairs or networks per residue.

Especially, proteins from Sulfolobus have remarkably high ratios of inter-helical

ion-pairs than TVAII and Dr-MTHase. This may indicate that inter-helical ion-pairs

contribute to higher thermostability. The result of inter- and intra-helical ion-pairs

follows the result of Purococcus kodakaraensis KOD'L u.

III-3-2. Expanding structural features to other thermostable protein

As described abovg there are distinguished features in SASAs and ion-pair net-

works in the a-amylase family proteins. Those discussions are about proteins which

are members of a same family, a-amylases. Here, the author makes an attempt to ex-

pand the discussed features to a protein which belongs to other family. The protein is

a tlPF0l50-family protein TTHA0281 from I thermophilus HB8, whidr has been de-

scribed in this clrapter (PDB ID 2DSY:87 residues 73). Features, SASA and ion-pair

networks, of the thermostable protein TTHA0281, will be discussed.

In SASA of the TTHA0281, the ratios of hydrophobic, polar, and drarged residues

arc 53.8"/o, L8.7y", and27.5"/o, respectively (Table III-5). This property is similar to the

former results in the discussion. In the TTHA0281 protein" the largest SASA is the

area of the charged residues (50.1% of total SASA). This result follows the compari-

son results of thermostable proteins in discussion as above. Moreover, the numbers of

ion-pairs of TTHA0281 are shown in Table III-5.
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Table III-5. Comparison of solvent-accessible surface area (SASA)

1司日ロレゝ 0281・

Total SASA (A2 per residue)
SASA of hydrophobic residues G9 &of total)
SASA of polar residues (k) & of total)
SASA of charged residues (A) f/" of total)
No. of residues in crystal structure
No. (7' of total) of hydrophobic residues
No. (% of total) of polar residues

4,004
't,41.6

581

2,005

80
q3

15

22

(50.1)

(35.4)

(14.5)

(s0.1)

(53.8)

(18.7)

No.r%of of drareed residues .5

冨 Hし 0ヽ281`

5 A cutoff total (ion-pairs per residue)
Intra-helix
Inter-helix
Network > 4 residues (networks

cutoff total (ion-pairs per residue)
Intra-helix
Inter-helix
Network > 4 residues

These results discussed as above show the features of ratio of SASA and ion-pairs

in thermostable proteins. It is essential for introducing the features to enzymes in in-

dustrial use to expand the knowledge of structural features of the proteins (i.e.

d-amylase family) to other thermostable proteins. The ratio of hydrophobic surface is

the major area in proteins discussed as above. This comparison demonstrates that

SASAs of the thermostable proteins are very different from mesophilic one. Charged

ratio of SASA among each thermophilic protein is the largest area, whidr are 50% to

60"/" of. total SASA. This trend is similar to eadr other even though there are not so

high identities (-30%). It is remarkable that thermostable proteins expose less hy-

drophobic and more cLrarged residues to its surface. The effects of the electrostatic

contribution of the charged residues were reported s. According to the report, the

charged residues contribute to protect their protein from temperature changes. The

comparison results as above follow the feafure, and charged-residue-ridr surface seems
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Table III-6. Comparison of the number of ion-pairs
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to make its insensitive property higher than non-thermostable one. In contrast, the

ratios of the hydrophobic surface areas are decreased against the ratios of the hydro-

phobic residues in thermostable proteins. The ratios of the hydrophobic SASA in

thermostable proteins are smaller than the charged one. This shows that the hydro-

phobic residues located inside of the protein. About hydrophobic residue, there is a

report which describes that cavity-filling mutation of hydrophobic core increases

thermostability of itself 86. The report shows that filling intemal cavities of protein

have an advantage in higher temperature. According to the comparison results of the

proteins, thermostable proteins have smaller hydrophobic SASA than charged one. In

contrast, hydrophobic SASA and charged one are similar size on non-thermostable

An-Amylase. In other words, hydrophobic residues are packed in the internal of pro-

tein in thermostable proteins for increasing thermostability. The hydrophobic resi-

dues which are located inside of the proteins interact to each other and can contribute

to forming the structure rigidly. This rigid structure increases its thermostability. As

just described, the charged residues and the hydrophobic ones contribute thermosta-

Uiiity of the protein.

In additiorU the numbers of ion-pairs in thermophilic proteins are more than

non-thermophilic one. These ion-pairs are considered to contribute increasing ther-

mostability. It has been reported that the helical conformation is stabilizedby [i+4] or

[i+3] glutamate-lysine intra-helical ion-pairs in a short model peptides system 87.

Flowever, the thermostable proteins do not always have larger numbers of intra-helical

ion-pairs than non-thermostable one. Lr the comparison results (Table III-4),

Dr-MTHase has only one intra-helical ion-pair (4A cutoff), which is same number to

non-thermostable An-Amylase. Especially, the TTHA0281 protein has no intra-helical
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ion-pair (Table III-6). On the other hand, inter-helical ion-pairs are seen among the

thermostable proteins, which are larger numbers than non-thermostable An-Amylase.

From the things, it is considerable that inter-helical interactions have grater impact on

thermostability of protein than intra-helical ones. Considerable reasons are following.

1) Intra-helical ion-pairs maintain mainly secondary structure. This may affect in

shorter rtu:lge than overall structure. 2) hrter-helical ion-pairs involve in forming

overall structures of proteins. Therefore, it is possible that forming inter-helical

ion-pairs has higher priority to obtain thermostability than intra-helical ones. This

hypothesis indicates that putting inter-helical ion-pairs in can be more effective to in-

crease thermostability.

III-3-3. Further investigation on thermostable proteins

For further investigatior; more cases of strucfure determination on thermostable

proteins. The author attempted crystallizatron and preliminary X-ray diffraction

studies of thermostable protein Ra-ChiC 88. The Ra-ChiC involves in degrading of

chitin, which is useful for potential applications as a utilization of biomass. This re-

sult can contribute to the accumulation of structural information has been proceed-

ing-

Structural information obtained by using neutron diffraction has also advantage

about determination of hydrogen atom position 8e. Those structural information in-

cluding hydrogen atoms makes computer simulation, sudr as MD, accurate and it is

possible to apply on investigation of thermostable features. The author aims to apply

thermostable features to enzymes in industrial use (for example, biosynthesis).

Simulation results based on structural information can lead such protein engineering to
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improving productivity. The author has carried out structure determination by using

combination of X-ray and neutron diffraction on some Proter:s 7r,72,8e. Flowever, ob-

taining crystals for neutron diffraction measurements are more difficult work for X-ray

ones. The author attempted crystallization on standard samples, whidt are HIV-1

protease and elastase. In consequence, although th" proteins have no endurance abil-

ity at high temperature, which were determined those structures with neutron crystal-

lography. Structural information by using neutron crystallography whidr combined

with computer simulation has been used for molecular design of inhibitor in the case of

the HIV-L protease 71. According to the HIV-1 protease, using neutron crystallography

and structural information including hydrogen atoms is able to design efficient mole-

cules related to reactions. This is a model case of demonstrating advantage of neutron

crystallography. TherU the author attempted structure determination on thermostable

protein. Using neutron crystallography, obtaining crystals suitable for neutron dif-

fraction measurement is tough work. However, the author has carried out crystalliza-

tion and preliminary neutron diffraction study of a thermostable protein 15. This re-

sult will lead structural analysis with neutron crystallography to elucidation of details

of strucfural feafures on thermostable proteins. Therefore, strucfural information

with neutron crystallography will realize application of thermostability to proteins

which involves in industrial convenient reaction by using protein engineering in fu-

ture.

The accumulation of the knowledge described above will make a leap of applying

biosynthesis to industrial productions. It is thought that the use of glycosidases, as

described in Chapter I and II, is clearly effective. Trehalose production enzymes be-

long to a-amylase family. Variety substrates are targets of a-amylases, whidr are
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mainly sugars as useful products for our lives. In addition, a-amylases have small

differences of catalytic centers each other, which are derived from similar catalytic

medranisms. Hence, it can be relatively realistic to apply protein engineering in the

family. Actually, the author introduced the mutation for dranging anomeric configu-

ration of the reaction in KMl-GTHase e0. In this way, the accumulation of the results

of the comprehensive structure analysis will be expected to expand for protein engi-

neering in industrial use.

III-4. Materials and methods

III-4-L. Preparation, crystallization, and structure determination of the

TTHA0281 protein

III-4-1-1. Preparation and gel-filtration analysis

The TTHA028L gene was cloned under the control of the T7 promoter on the

pET-11a expression vector (Novagery Madison, WI, USA). In order to obtain the se-

lenomethionine-labeled TT}IA0281 protein (Se-TTHA0281), the E. coli methion-

ine-auxotroph strain Rosetta834 (DE3), whidr the author obtained by introducing the

pRARE plasmid carrying the tRNA genes for the codons AUA, AGG, AGA, CUA, CCC

and GGA (Novagen) into the 8834 (DE3) strain (Novagen), was used as the host. The

recombinant strain was cultured in minimal medium containing 25 Fg ml-l

L-selenomethionine, 30 t g mL{ drloramphenicol and 50 Fg mL-1 ampicillin. When an

Aeoo of 0.7 was attained, isopropyl p-o-thiogalactopyranoside was added to a final con-

centration of 1 mM and the culture was incubated at 3L0 K for a further 5 h. The cells

were collected by centrifugation and were disrupted by sonication lr.20 mM Tris-HCl
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buffer pH 8.0 containing 50 mM NaCl. The soluble fraction obtained after centrifugu-

tion at 15 0009 for 20 min was heated at 343 K for 30 min. After the denatured pro-

teins had been removed by centrifugation at 15 0009 for 20 miru the sample was ap-

plied onto a Resource ISO column (GE Healthcare Bioscience Corp., Piscataway, Nt

USA) pre-equilibrated with 50 mM sodium phosphate buffer pH7.O containing 1,.5 M

(NH+)zSOr. The bound proteins were eluted with a linear gradient of 1.5-0 M

(NH+)zSO+. The fractions containing Se-TTHA0281 were collected and applied onto a

Resource Q column (GE Healthcare Bioscience Corp.), which was eluted with a linear

gradient of G-l M NaCl. The fractions containing Se-TTHA0281 were collected and

applied onto a BioScale CHTS-I hydroxyapatite column (Bio-Rad Laboratories Inc.,

Hercules, C& USA) pre-equilibrated with 10 mM sodium phosphate buffer pH 7.0.

The flowthrough fraction was collected, concentrated and then applied onto a Hiload

16160 Superdex 75 pg column (GE Healthcare Bioscience Corp.) pre-equilibrated with

20 mM Tris-HCl buffer pH 8.0 containing 0.15 M NaCl. Finally, the purified protein

was applied onto a HiPrep 26110 Desalting column (GE Healthcare Bioscience Corp.)

pre-equilibrated with 2A nM Tris-HCl buffer pH 8.0. The sample was concentrated to

7.9 mg mL{ with a Vivaspin 5 concentrator (5 kDa molecular-weight cutoff, Sartorius

AG Goettingen, Germany).

The TTHA0281 protein and molecular-weight standards were applied onto a Su-

perdex 200 3.2130 (GE Healthcare Bioscience Corp.) column, using HPLC (model 110O

Agilent Technologies, Palo Alto, CA) at a flow rate of 50 prl- min-l. The elution buffer

was 20 mM Tris-HClbuffer pH 8.0 containing 1 mM DTT.
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lll-4-l-2. Crystallization

Crystals of the Se-TTHA0281 protein were obtained by the microbatch method e1 at

29L K using a TERA crystallization robot (Takeda Rika Kogyo Co. Ltd, Tokyo ]apan).

A 0.5 prl- aliquot of crystallization reagen! consisting of 17.5%(wlra) PEG4000, }Jl. M

CHES buffer pHg.Acontaining 50 mM MgClz, was mixed with 0.5 pL 7-9 rrrg*1-r pro-

tein solution and the mixture was then covered with 15 ptl, silicone and paraffin oil.

Octahedral crystals grew in ten weeks to approximate dimensions of 0.2 x 0.L5 x 0.1"5

mm.

III-4-1-3. X-raydiffractionandstructure determination

Data were collected at the RIKEN Structural Genomics Beamline II (BL26B2) tt at

SPring-8 (Hyogo, Japan). The crystals were mounted in a nylon loop and cooled in an

Nz-gas stream at 100 K using the SPring-8 Precise Automatic Cryo-sample Exchanger

(SPACE), which was controlled using the beamline-sche:duling software (BSfl rors. Mul-

tiple-wavelength anornalous dispersion (MAD) data were collected utilizing the

anomalous scattering from Se atoms. The data sets were collected to L.9 A resolution

using a jupiter21"O CCD detector (Rigaku MSC Co., Tokyo, Japan). The data were

processed using the HKL2000 program suite a7. The atomic positions of the Se atoms

in the unit cell were determined using the program SOLWe2 and density modification

was then performed using the program RESOLI4 e3. The automatic tracing procedure

in the program ARP/wARP ea was utilized to build the initial model. Model refine-

ment was carried out using the programs REFMAC ae and Coot s|from the CCP4 pro-

gram suite sa. hritial picking and manual verifying of water molecules were per-

formed with the program Coof. According to PROCHE CK ss, the final model has
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93.8% of the residues in the most favored conformation of the Ramachandran plot and

no residues in the disallowed regions. Data-collection statistics and processed data

statistics are shown in Table III-7.

Wavelength (A) 0.9791 0.9794

Space group P2t
a = 38.00 A, b = 6z.zq A, c = 65.72e" p = fO+.a"Unit cell parameters

Resoluuona(Å )
No.of measured renections

No.of u五que reflections

Rttrget(%)

Completeness of data(%)

1/σ(D

R―factorl(%)

Rfreet(%)

No.of protein aoms

No.of water molecules

RMSD bonds内

1.9(1.97-1.90)

8%118

24′ 539

6.9126.3)

100(99,9)

10.915.2)

18.5

23.2

2495
174

0.015

1.487

1・9(1・ 97-1.90)

88′350

24536

7.0(33.5)

99.9(99.5)

10.814.0)

0.9815

1・9(1・ 97‐ 1.90)

8C333

2t497

5.7(40.4)

99.2193.1)

12.l12.8)

Values in parentheses are for the highest resolution shell.

t R.",r": tl1- <I>l />1.

I R-factor and R6." : tllF"l - lF"ll /XlFol, where the free reflections (5% of total used) were held aside

for calculation of R6,"" throughout refinement.

lll-4-2. Preparatiory crystallization, and X-ray diffraction measurement of

the Ra-ChiC

lll-4-2-1. Expressionandpurification

Mature Ra-ChiC with an N-terminal hexahistidine tag (Ra-ChiC*ut"*; Fig. III-2b)

was expressed in Escherichia coli as a soluble protein and purified using a HisTrap FIP

column e6. Ra-ChiC mature was further purified for crystallizatton. The eluted frac-

tion containing protein from the HisTrap HP column was desalted by gel filtration us-

ing a PD10 column (10 x 50 mrn; GE Healthcare) equilibrated with 20 mM Tiis-HCl

Thble III-7. Summary of data-collection and refinement statistics.
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buffer pH 8.0. The desalted solution containing Ra-ChiC*uture w&s applied onto a

RESOURCE S cation-exchange column (1.0 ml; GE Healthcare). After the column had

been washed with 5 ml 20 mM Tris-HCl buffer pH 8.0, Ra-ChiC-utore w?s eluted with a

linear gradient from 20 mM Tlis-HCl buffer pH 8.0 to the same buffer containing 250

mM sodium chloride at a flow rate of 1.0 ml min-l over 30 min. The purity of the re-

combinant Ra-ChiC-uture wos verified by SDIPAGE analysis.

The expression vector for the catalytic domain with Proffhr-rich repeats in the in-

terdomain linker, which includes residues 89-252 (Ra-ChiCar-zsz; Fig. III-2c), was con-

structed by PCR using a Ra-ChiC DNA clone as template. The forward (S'-CGC CAT

ATG GGA ACT ACA CCA TCC GAT-3'; the NdeI site is shown in bold) and reverse

primers (S'-TGC TCT AGA ATA TCT GCC GCC ATA GCT CTT-3'; the Xbal site is

shown in bold) for PCR were synthesized for the regions corresponding to amino-acid

residues 89-94 and 24G252 of. Ra-ChiCse-zsz, respectively. PCR was conducted ac-

cording to the method described by Ueda et al.s6. A 0.5 kb DNA fragment obtained by

PCR was cloned into pCR Il-Blunt-Topo vector (Invitrogen). The nucleotides of the

amplified fragments were confirmed by sequencing after ligation. The pCR

Il-Blunt-Topo vector containing the DNA fragment was treated with NdeI and Xbal and

the fragment was recovered by agarose-gel electrophoresis. The DNA fragment and

pCold I vector, which had been digested by Ndel and XbaI, were mixed and ligated

with T4 DNA ligase. Ra-ChiCse-zs2 was expressed and purified in E. coli in the same

manner as used for Ra-ChiC^uto.".

Crystallization

Initial crystallization conditions were screened by the sitting-drop va-
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pour-diffusion method using Crystal Screen (CS) and Crystal Screen 2 (CS2) from

Hampton Research (Califomia, USA) and Wizardl (WZ I), Wizard ll (WZ II) and Pre-

cipitant Synergy (PS) from Emerald BioSystems (Bostory USA) at 293 K. The screens

were performed using 96-well Intelli-Plates (Art Robbins Instruments, USA) and a Hy-

dra II Plus One (Thermo Fisher Scientific, USA). Drops were prepared by mixing 0.3

prl- reservoir solution with 0.3 prl, protein solution and were equilibrated by va-

pour-diffusion against the reservoir solution. The crystallization conditions for dif-

fraction studies were optimizedby the hanging-drop vapour-diffusion method, mixing

2.0 pL reservoir solution with 2.0 ;.rL protein solution.

X-ray dffiaction and molecular replacement

X-ray diffraction data from a crystal of the catalytic domain of Ra-ChiC were col-

lected in a cold nitrogen-gas stream at L00 K using arr NIX-225HE system (Rayonix,

USA) and synchrotron radiation (1.000 A wavelength) on beamline BL41XU at SPring-8

(Hyogo, Japan). The oscillation angle was 1.0" and the exposure time was 1.0 s per

frame. A total of 180 diffraction images were recorded at a camera distance of 170

mm and were processed using HKL2000 4?. Molecular-replacement (MR) analysis was

performed using the program Phaser sz using the coordinates of goose lysozyme (PDB

entry 154L) e8, which has'16"/" sequence identity to Ra-ChiCae-zsz. The partial structure

of bovine annexin VI (PDB ID: IAVC) ee and the monozinc carbapenemase CphA from

Aeromonas lrydrophila (PDB ID: IXSG) 100 were also selected as search models for MR

analysis from a protein BLAST seardt 101.
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III-4-3. Preparatiory crystallization, and neutron/X-ray diffraction meas-

urement of the Tt-ADPRase-I

III-4-3-1. Expressionandpurification

Tt-ADPRase-I was expressed and purified as described previously tM, with minor

modifications. Briefly, the expression plasmid (pET-11a) containing the gene encod-

ing Tt-ADPRase-I was used to transform the Escherichia coli strainBl-2l (DE3) (Merck).

The transformant was cultured at 310 K in Luria-Bertani medium containing 50 mg

ml-l ampicilliru and Tt-ADPRase-I was overproduced without adding IPTG.

The complete purification procedure was performed at room temperature. After

the cultured cells were suspended in 20 mM Tris-HCl (pH 8.0) containing 5 mM

2-mercaptoethanol and 50 mM NaCl, the cells were disrupted by sonication. The cell

lysate was incubated at 343 K for 20 min, kept on ice, and then centrifuged (12 000 g)

for 2O min at 277 K. Ammonium sulfate was added to the resulting supematant to a

final concentration of 1,.35 M. The solution was applied to a Toyopearl Phenyl-650M

column (25 x 100 mm, TOSOH, lapt), equilibrated with 50 mM sodium phosphate

(pH 7.0) containing 1.35 Mammonium sulfate. The proteins were eluted with a linear

gradient from 1.35 to 0 M ammonium sulfate in 50 mM sodium phosphate (pH 7.0).

Fractions containing the target protein were collected, desalted by dialysis against 20

mM Tris-HCl (pH 8.0), and applied to a Hiloa d 26110 Q Sepharose HP column (GE

Healthcare, UK). Proteins were eluted with a linear gradient from 0 to 500 mM NaCl

in 20 mM Tris-HCl (pH 8.0). Fractions containing the Tt-ADPRase-I protein were then

dialyzed against the 20 mM Tris-HCl buffer (pH 8.0). The protein solution was con-

centrated to 75 mg mL{ and stored at 277 K. From 1" liter cultivation, 120 mg of

Tt-ADPRase-I was purified, finally.
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lll-4-3-2. Crystallization

The initial seed crystals were obtained by sitting drop vapour diffusion method.

The drops were prepared by mixing a 20 pL reservoir with 20 prl. of 35 mg mL{

Tt-ADPRase-I in 20 n'tNI Tris-HCl buffer (pH 8.0), and were equilibrated against the

reservoir solution containing 1,8% (wla) PEG4000, 0.1M sodium acetate buffer (pH 5.3),

20% (wla) glycerol, and 0.2 M ammonium sulfate at293K.

Macro seeding was performed using the seed crystals washed with the solution A

containing 18% (wla) PEG400O 0.05 M sodium acetate buffer (pH 5.3), 20% (wla) glyc-

erol, and 0.2 M ammonium sulfate and moved it to 5 pL of solution B (26% (wlu)

PEG4000 instead of. 1.8"/" in solution A) with a cryoloop. After keeping the washed

seed crystals for a day in a 50 prl. drop of solution B, 50 prl- of solution A containing 28

mg ml--t protein was added to the drop. After 7 days, another 200 pL of the same pro-

tein solution were added to the drop and kept for 55 days to obtain a large crystal (2.5 x

2.5 "'1..5 mm). This process is shown in Figure III-4a.

The solvent exdrange of the crystal prior to neutron diffraction experiment was

conducted by performing the vapour diffusion method. The large crystal in 250 pL of

crystallization solution was vapour diffused against 1000 pL of the 50 mM

D-substituted sodium acetate buffer (pD 5.3) containing 20% (alo) D-substituted glyc-

eroi, and 0.2M(ND+)zSO+ in DzO forT d.ays. Then, the crystal was transferred into 250

prl. of the same buffer (50 mM D-substituted sodium acetate buffer (pD 5.3) containing

20% (ala) D-substituted glycerol and 0.2M (NDe)zSO+) and soaked f.or 2'1. days.

The crystal of a temary complex comprising TfADPRase-L AMPCPff and Mg2*

was obtained by soaking the crystal into 50 mM D-substituted sodium acetate buffer
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(pD 5.3) containing 20% (ola) D-substituted glycerol, 0.2 M (ND+)zSO+, 71. mM

AMPCPR (10 times excess amount of Tt-ADPRase-I) and 80 mM magnesium chloride.

III-4-3-3. Neutron and X-rav diffraction

The crystal thus obtained was sealed in a quartz capillary (Fig. III-Sa) and used in

both the neutron and X-ray diffraction experiments. The neutron diffraction data set

was collected at room temperature with a monodrromatic neutron beam (I :2.9 A; ort

the BIX-3 diffractometer, whidr was installed at the 1G-A port of the JRR-3 researdr re-

actor of the Japan Atomic Energy Agency roa, and diffraction signals were recorded on a

Neutron Imaging Plate. The diffraction data were collected to 2.1 A resolution (Fig.

III-Sb) using the step-scanning method, and they consisted of.285 still images covering

85.5" with an interval angle of 0.3o. The exposure was 4 h per frame. The neutron

diffraction data from the temary complex of Tt-ADPRase-I with AMPCPR and Mgz.

were processed by the DENZO and SCALEPACK programs a7. Additional X-ray dif-

fraction data were collected with the same crystal at room temperature at the BL-6A

beamline of the Photon Factory (KEK Iapan) for joint refinement re. These data were

processed using theHKL2000 suite of programs a7.
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General discussion and conclusion
br this thesis, crystal structures of thermostable proteins, and further investigation

with the newly developed system D-Cha and neutron crystallography were discussed.

Protein structural information is more important today. The author approached the

features of thermostable proteins with strucfural analysis. To determine more num-

bers of protein strucfures, the author used the newly developed measurement system

D-Cha. And to recognize more details of thermostability and reaction mechanism, the

author attempted structure determination including hydrogen atoms of thermostable

protein with neutron crystallography.

Lr Chapter I and II, the author described two proteins from thermophilic archaeon

Sulfolobus,which are GTSase (glycosyltrehalose synthase) and GTHase (glycosyltreha-

lose trehalohydrolase). Those proteins involve in synthesis of trehalose from starch.

Trehalose is widely used in industrial use, whose cost of production has been reduced

with biosynthesis by the thermophilic enzymes. This is a major example of utilization

of thermostable proteins for industrial production. The author figures out the struc-

tural features of thermostability, recognitiory and reaction medranisms with crystal

structures. GTSase and GTHase have structures that are thought as stabilizing them,

respectively. Additionally, comparisons of them with other proteins from thermo-

philes will be described in the latter of this chapter. hr Chapter III, the author de-

scribed the other thermostable proteins and obtaining large crystal for neutron diffrac-

tion measurement on thermostable protein. Lr this chapter, the author discussed the

structural features of thermostability on proteins with structural analysis. First, with

GTSase and GTHase in the previous drapters, the comparisons of structural features

sudr as SASA and ion-pairs were discussed, which are in same classification of enzyme,
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a-amylase family. The comparison revealed differences of structural feafures on

SASA and ion-pairs. After that, an expanding the insight of the comparison among

the a-amylase family proteins to other protein which was described this chapter was

discussed. br the discussion, drarged-residue-rich surface is the major area in sol-

vent-accessible surface. Those charged residues have a role of easing up temperafure

changes, which can increase thermostability of the proteins. The comparison result

mentioned one more important factor which was that the thermostable proteins ob-

tained thermostability by interaction of hydrophobic residues. Packing the hydro-

phobic residues into the inside of the proteins was also increase thermostability. The

thermostability is affected from various factors. One of the factors is effect of ion-pair

networks. The discussion about comparison showed suggestions on the ion-pairs.

lrtra- and/or inter-helical ion-pairs can affect thermostability of the protein. Accord-

ing to the comparisory intra-helical ion-pairs did not always form in the compared

proteins, even thermostable proteins. It suggested that inter-helical ion-pairs were

more effective to maintain the folding of the proteins than intra-helical ones.

The discussions about differences between thermostable and un-thermostable

proteins are useful for industrial use of proteins. As discussed above, proteins from

thermophiles have remarkable features in solvent-accessible areas and ion-pair net-

works. Those features have been brought out by structural analysis. They will con-

tribute to more effective and manageable bioreactor systems. With these trends, re-

sults like these cases are required higher efficienry and quality in these days. As pre-

viously described, D-Cha improved the solution of the requirements and verified the

potential by itself. Flowever, the elucidation of structural features of thermostability

requires more and more strucfures. The author had developed a new effective system,
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D-Cha. In such sifuatiory more effective methods of strucfure determination are de-

sired, whidr will be conducted by a system beyond D-Cha. And neutron diffraction

method becomes more important for desire of understanding roles of hydrogen atoms

and bonds. Lr this thesis, the preliminary neutron diffraction study on thermostable

protein was carried out. However, overall strucfure of a thermostable protein by us-

ing neutron crystallography has not been determined yet. The structure including

hydrogen atoms is needed for use of computer simulation. These results have impor-

tant roles not only for further investigation of thermostability, but also for structure

based drug discovery. From the things, use of neutron crystallography will be more

important technique for application of structural information to industrial use. And,

the author strongly desires using those methods for increasing thermostability of en-

zymes in industrial use. The author believes that the combination of these techniques

will improve the world of structural analysis and accelerate practical use of structural

information.
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Appendix

Appendix A.
Mail-in data collection at SPring-8 protein crystallography
beamlines

Introduction

At SPring-8, the RIKEN Structural Genomics Beamlines I and II (8L2681, and 821 tt

are constructed to contribute to strucfural genomics research. To achieve

high-throughput protein crystallography, the author's group has developed two special

components: an automated sample dranger robot, SPring-9 Precise Automatic

Cryo-sample Exchanger (SPACE) 10, which can change up to L00 crystal diffracto-

meter, and the beamline control software BSS (Beamline Scheduling Software) 13, which

can perform successive data collection by controlling beamline devices, including

SPACE,and managing the data collection sclredule. The combination of SPACE and

BSS enables unmanned overnight data collection and allows the beamline to operate

with high efficienry.

To better accommodate the ne_w system to the needs of distant users and a labora-

tory information management system (LIMS) for beamline operation and experiments,

the author developed a new operation system that enables researchers to use the beam-

lines from their own laboratories. In general, the methods of conducting experiments

using the qmdrrotron facilities from remote locations fall into two categories: (L)

mail-in data collection and (2) remote-controlled data collection. The first method is

used by the Swiss Light Source at the Paul Scherrer Institut (SLS/PSI) and the Ad-

vanced Photon Source (APS) (Advanced Photon Source, 2006). These users send their

samples to a beamline, and datasets collected by beamline staff are returned to the us-
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ers. The users, by the remote-controlled metho4 can actually control their experi-

ments from remote locations via a network program after sending their samples to a

beamline. For examplg at the Stanford Syndrrotron Radiation Laboratory (SSRL)

remote data can be collected by using the beamline control application Blu-lce and the

Distributed Control System (DCS) 10s. At the European Syndrotron Radiation Facility

(ESRF), this kind of service is available via their remote access control system (Euro-

pean Synchrotron Radiation Facility, 2007). The author has developed a mail-in data

collection system, which is a combination of the mail-in and remote access methods.

In our system, users can decide their own measurement conditions and benefit from

the beamline operator's assistance. Here, the author discusses in detail the mail-in

data collection at SPring-8 using the web database application D-Cha (Database for

Crystallography with Home-lab Arrangemenfs), whictr enables remote operation and

mail-in data collection.

Automated operation

The beamline automation system at BL26B2 11 has been in operation since 2003.

There are two modes of operation: mode-L is the evaluation phase and mode-2 is the

data collection phase (Fig. A-1). These operations are made possible by the repro-

ducibility of the SPACE mounting. In mode-L, the user or beamline operator interac-

tively centers the crystal on the X-ray beam path and a few diffraction images and op-

tionally the XAFS spectrum of the crystal are automatically measured by BSS. The

centering position of eadr crystal is recorded in addition to the diffraction images and

XAFS spectrum. Before the using mode-? the user selects crystals from which to col-

lect datasets, based on the mode-L evaluation, and enters the measurement conditions
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into BS5. In mode-2, each crystal is automatically restored to the centering position

recorded in mode-l, and measurement is performed automatically and continuously.

Thus, mode-L requires the user to inspect the crystals and diffraction images, whereas

mode-2 is an unmanned operation and the user simply waits for completion of data

collection. Therefore, modes-l and -2 are usually conducted during the day and night

respectively.

10:00
Mode‐ 1:Eva:uation

Screenino samoles

1Omin / sample
= SOsamples / Shours

llounting crystal

t
Centerinq bv manual

I

サ

17:00
:

:

:

:

:

:

▼

10:00

Figure A-1. Schematic diagram of the two modes of operation. In a typical procedure, mode-l

conducted in daytime and mode-2 is operated during the night.

Mail-in data collection

Aims

Slmchrotron facilities are usually at distant location from the user's laboratory,

which necessitates considerable expendifure of time and money in traveling and car-

rying samples. Remote users would therefore benefit from being able to conduct their

experiments without visiting the synchrotron facility. Although an outsourcing ser-

vice is a possible solution, another possibility is remote beamline operation by users.

Di"hctlon′ XAFS spectrum

・ Plannino daL collectlon shteav
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The aim of our mail-in svstem is to provide such a service with flexible use of the

beamline for distant users. Such a system would both improve beamline usability for

researchers and increase the efficiency of data collection. Our mail-in data collection

system was designed so that: (1) the user need not visit SPring-8; (2) the user cal re-

quest particular measurement conditions; (3) the user can check their measurement

results and have the collected data returned to them with storage media or via the

Internet; and (a) the system performs as a LIMS. To establish this system an addi-

tional component is required: a remote-access user interface to enable the user to re-

cord sample information, edit the measurement conditions, browse, and acquire meas-

urement data.

Mail-in data collection cycle and database

A typical experimental protocol is shown in Fig. A-2. At the first stage of mail-in

data collection, the remole user mounts their measurement samples in trays designed

for SPACE. This mounting operation is performed using an offline type of mounting

robot, which is dedicated to packing the sample or a special toolkit at the user's labo*

ratory. The offline SQACE provides automated mounting o{ the samples to the sample

tray for preparation and is a customized for the beamline. Another way of sample

preparation is to use a compact toolkit designed for mounting crystals by hand (Fig.

A-3). After the trays are prepared, the user sends the samples to SPring-8 and enters

measurement schedule from their laboratory using D-Cha. The beamline ope:ators

load the sample trays sent by the users into SPACE and perform the centering of each

crystal. The centering position is stored in the sample information database and can

be retrieved by SPACI and BSS. In evaluation mode (mode-1), 10 minutes are re-
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quired for each sample, so that the evaluation of 50 samples can be completed in about

8 hours of beamline operators' working time. At this time, the user can browse the

measurement results (diffraction images and XAFS spectra) at their remote laboratory

using the D-Cha web interface. When evaluation mode is completed, the data collec-

tion mode (mode-2) is conducted automatically overnight without an operator. The

merit of this scheme is that human manipulation and inspection are completed during

the daytime.

Sending samples to SPring-B

▼

Setting c€ntoring position

X-ray exposure

Checking measured images

Dataset collection

▼

Obtaining measured datasets

Figure A-2. Tlpical scheme of our mail-in

data collection. Red and blue boxes show

operations performed by users and beamline

operators respectively. Procedures in the yel-

low box are repeated for each sample.

D-Chaz a web database application

Overview

Figure A-3. Overview of the compact tool-

kit designed for mounting crystals by hand.

D-Cha is a web application consisting of a relational database and a web server.

The user can use D-Cha via the Internet. Fig. A-4 shows the relationships among the

user, the beamline, and D-Cha. At the user's laboratory, the user can access D-Cha
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with a web browser. Thev can enter and modifv measurement conditions, and check

the results at their remote laboratory. Offline-SPACE is used to upload information on

the mounted crystals to D-Cha using the Hypertext Transfer Protocol (HTTP). BSS

fetches measurement conditions from D-Cha and uploads experimental results. BSS

and offline SPACE communicate with D-Cha in the eXtensible Markup Language

(XML) format. BSS controLs SPACE and other beamline components, such as the de-

tector, according to the recorded schedule. In this way, the user and the beamline can

communicate using D-Cha. Thus, the user can conduct experiments with the syn-

chrotron facility at their laboratory viaD-Cha.

Users'Laboratory BeamlineSPり

(SPACE br rrcuntlng crystals)

Figure A-4. Schematic diagram of relationships among D-Cha, the user, and the beam-

line. Light green lines represent connections over HTTP or secure HTTP (HTTPS).

Usage and graphical user interface (GUI) of D-Cha

The user first accesses D-Cha with a web-based GUI and logs in with a registered

account name and password. In the next step, the user enters the sample information

and experimental conditions using the GUI of the web browser. Two types of sample

registration scheme are available on D-Cha. One uses the Tray Manager and Crystal

∠

SPACE
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Manager windows (Figs. A-Sa and -5b); alternatively, sample information can be en-

tered via the offline SPACE control GUI while the samples are being mounted on the

trays. When the samples are all registered, the user enters the measurement schedule

for each crystal using the Crystal Manager window (Fig. A-sc). Measurement experi-

ments performed by BSS are classified into the following four types: (i) diffraction

checking; (ii) XAIS; (iii) single dataset colleciion; and (iv) multiwavelength anomalous

dispersion (MAD) dataset collection. The first two measurement modes are in the

evaluation phase (mode*1), and the last two modes are in the data collection phase

(mode-2). Details of measurement conditions are entered via the Condition dialog win-

dow (Fig. A-5d). The appearance of the window is similar to those of BSS, so that BSS

users can easily operate this GUI interface.

The user can browse the measurement results <sn D-Cha. Ttrc Condition dialog

displays a list of the result iiles (Fig. A-6a). The user can browse the photographs,

diffraction images, and XAFS spectra of each crystal (Figs. A-6b, *6c, and -6d) and

download their raw data through these dialog windows.

Data management

D-Cha is designed to manage massive amounts of data, including sample informa-

tion, measurement conditions, and the results. Trays, crystals and measurement con-

ditions are identified by a unique tray ID, crystal ID and experiment number for each

crystal ID, respectively. All information is accessible only by its owner and illegal ac-

cess is prohibited to ensure privacy for each user.

D-Cha provides a simple experimental database that can store any information that

the user has independently defined for the crystals and measurements (for example,
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sample name, cryo conditiory heavy atoms, and comments). The user can use these

data freelv and relate records tnD-Cha to their own database and to the LIMS.

*F, . r."y r.nag€r
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I I TrryID:999996qtm2 welNo! I New conditlon
: cryrt.lIo: Ts200@?a2104355{r000

0
Figure A-5. GUI for registering crystals and

measurements. (a) Tray Manager: Registering

SPACE trays. (b) Crystal Manager-l: Register-

ing and browsing crystals. The box highlighted

in green is a tab for switching between crystals

and measurements. (c) Crystal Manager-2: En-

tering and browsing measurement conditions.

The box highlighted in green shows measurement

status. Users can check the progress of meas-

urements. (d) Condition dialog window
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(b)(の

0

Figure A-6. Dialog windows for browsing measurement results. (a) Condition dialog with

result file listing. The user can open the result browser by clicking the filename. (D) Crystal

snapshot view. (c) XAFS spectrum browser. (d) Diftaction image viewer.

Operation result

At BL26B2, mail-in data collection runs in a routine manner. It is used by this

way by facilities like the Genomic Science Center (RIKEN Yokohama), the SR System
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Biology Research Group (RIKEN SPring-8 Center), and the Advanced Protein Crystal-

lography Research Group (RIKFN SPring-8 Center). Beamline operation results for

the first half of the year 2007 (2007Aperiod) is shown in Table A-1.

Evaluated crystals
Single datasets

Average 25 crystals/daytime

MAD exoeriments

Total datasets Averase 9 datasets/n

Trials of mail-in data collection were conducted at the Structural Biology Beamline

for the public (BL38B1). Hleven academic users have ccnducted their measurements

with the mail-in data collection system.

Platform, language and availability

D-Cha was developed as a web application suitable {or Firefax (Mozilla Foundation,

http://www.mozilla.org/). For ease of maintenance, the application is written in the

Perl scripting language (http://www.per1.org/). It runs wlth mod4erl on the Apache

Web Server (Apache Software Foundatiory http://www.apache.org/). The mod4erl is

the PerI interface for Apache, used widely in web application development to improve

the performance of applications. D-Cha consists of several modules: CGl::Application

(a web application framework), DBIx::Class (an object-relational mapper), and Template

Toolkit for HTML processing. These modules are obtainable from the Comprehensive

Perl Archive Network (CPAN, http://www.cpan.org/). D-Chs uses a relational data-

base, Pos fgre SQL (http://www. postgresql.org/).

D-Cha is currently customized to work with SPACE and 855 at SPring-B and is

used at the Pharmaceutical lndustry Beamline (BL32B2),BL2681,AL26A2 and BL38B1.

Table A*1. Measurements made in2SBTAperiod.
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Appendix B.
Surther structural investigation by using neutron
crystallography

lntroduction

Increasing the number of solved protein structures will enable us to understand

protein function as well as to create use{ul mo}ecules. X-ray crystallography is the

most popular technique for obtaining protein structure information. It is known that

H atoms play crucial roles in the molecular recognition and catalytic reactions of en-

zymes. The locations of H atoms in protein molecules are usually predicted by theo-

retical approaches, but ii is still very difficult to determine the ionization status of

catalytic residues, the hydration structure and the characteristics of hydrogen-bonding

interactions, especially low-barrier hydrogen-bonding interactions. There are two

approaches to observing the location of H atoms: ultrahigh-resolution X-ray crystal-

lography and neutron crystallography 80,106. Since X-ray diffraction shows the location

of the electrory the bond distance is sometimes different when obse:ved by neutron

diffraction. On the basis of these {eatures, the author attempted to determine p:otein

structures using both X-ray and neutron diffraction. Three different data sets were col-

lected, including X-ray diffraction data at 100 K and room-temperalure and neutron

diffraction data at room temperature (using exactly the same crystal as used for X-ray

data collection at room temperature). F{ere, the author reports successful examples of

the stmcture determination of human immunodeficiency virus (HIV-1) protease and

porcine pancreatic elastase (PPE) using a combination of neutron and X-ray diffraction

data. These proteins are not thermostable. Obtaining crystals which satisfy volume

for neutron diffraction measurement are challenging works. Therefore, the author at-
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tempted those cases of neutron crystallography during crystallization of thermostable

proteins. In next chapter, the author will describe crystallization on thermostable

protein before neutron crystallography.

More than 60 000 X-ray structures have been ardrived in the Protein Data Bank;

although neutron crystallography is a powerful tool for determining the locations of H

atoms, neutron diffraction has contributed a total of at most 40 strucfures

(http:/hvww.pdb.org/). Therefore, further technical developments are needed for

further effective utilization of neutron diffraction in protein structure determination.

The author approaches to developing cystallization and changing the crystal lattice by

protein engineering are also described.

Figure B-1. The BIX-4 neutron diffractometer at JRR-3. The camera body of BIX-4 is

shown (left) and its main components: the NIP and laser modules (top right) and the reading rod

and erasing lamp (bottom right). The camera body (height : 17l0 mm, width: 960 mm) is cov-

ered by a cylindrical shielding (not shown) composed of two layers: a 50 mm thick B4C * resin

shield against neutrons and a 50 mm thick lead shield against y rays.
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Porcincparcreaticela$ase HIV-I protc8ewithKM-272,
with FRl30l80, 1.65 A,3hgn l.9A,2zyc

Neutron structute analysis of drug-target enzymes

Neutron diffractometers

Neutron diffractometers (BIX-3 and BIX-4) equipped with neutron imaging plates

(NIPs) were designed and built by Niimura and coworkers 103,107. These diffractome-

ters are installed at the 1G-A and 1G-B ports, respectively, of the IRR-3 research reactor

at ]apan Atomic Energy Agenry, Tokai, Japan. The basic architectures of BIX-3 and

BIX-4 are essentially the same. In Figure B-L, the appearance of the camera body of

BIX-4 is shown. The NIP covers a large solid angle subtended at the sample with a

Photmtive yellw protcin
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Figure B-2. Tertiary structures of biological macromolecules obtained using BIX-3 and BIX-4.

A total of l5 structures of biological macromolecules have been determined using BIX-3 and BIX-4

since 2002 and are shown as space-filling representations. The molecular name, resolution and PDB

code of each sample are shown under the structure models. Figures of protein structures were drawn

using the program PyMOL (http://pymol.org/).
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The circumference of the NIP cylinder is 980 mm (29s angle range = +140o), its height is

450 mm and the camera radius is 200 mm. The wavelengths of the incident neutrons

for BIX-3 and BIX-4 are 2.9 and 2.6 A, respectively. According to these wavelength

values l.e. the highest possible resolution values, are 1.53 and 1.38 A, respectively.

Since 2002 BIX-3 and BIX-4 have contributed to 15 structure determinations of biologi-

cal macromolecules (as shown in Fig. B-2).

Data collection and :efinement

Neutron diffraction data collections using BIX-3 and BIX-4 were usually carried

out at room temperature with protein crystals of 1-10 mm3 in volume. The intensity

data were processed using the programs DHNZO and SCAIEQACK 17. After neutron

data collection, the same crystals were used to collect X-ray diffraction data for joint

neutron/X-ray refinement 104,108. The dif{raction data were processed using HKL2000

47.

Coordinate sets for neutron structures were obtained using the joint refinement

method with the program PHENIXI0e, which used 1.9 A neutron and 1.4 A X-ray clif-

fraction data sets for HIV-1 protease 71 and 1.65 A neutron and 1.2 A X-ray diffraction

data sets for PPE 72. Manual model modifications in these refinements were carried

out using the programs XtaIVie* tto, Coot s0 and QUAN?X (Accelrys lnc., San Diego,

California, USA).

High-resolution X-ray diffraction data were also collected from a crystal with a

volume of -0.001 mm3 at 100 K at the synchrotron-radiation sources SPring-8 (Hyogo,

lapan) and Photon Factory (Tsukuba, japan) and were processed using HKL20A0.

High-resolution X-ray structures for each protein were refined using CNS 44 followed
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by SHELX-g7111

Structure of IIIV-I protease in complex with the potent inhibitor KNI-272

HfV-1 protease is a dimeric aspartic protease that contains two aspartic acid resi-

dues as catalytic residues (defined as residue positions Asp25 and Aspl25) and plays

an essential role in viral replication. To develop HIV-L protease inhibitors through

(c)

Figure B-3. Tertiary structure of HfV-l protease

in complex with its inhibitor determined by

neutron diffraction. (a) Overall dimer structure

of HIV-I protease determined by neuhon diffrac-

tion. The HIV-I protease is shown as a

ball-and-stick model; water molecules and bound

inhibitor are shown in space-filling representation.

H and D, C, O, N and S atoms are represented in

white, cyan, red, blue and yellow, respectively. C

atoms in KM-272 are shown in dark grey. (b)

Interaction between the active site and KNI-272 in

the yellow box in (c). The lF"-F"l omit nuclear

density map shown at the 5o level in blue was cal-

culated without the contributions of the D62 and

DO2 atoms. (c) Chemical structure of the inhibi-

tor KNI-272. The blue box indicates the hy-

droxymethylcarbonyl moiety.
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structure-based drug design, it is useful to understand the catalytic mechanism and

inhibitor recognition of HIV-1 protease. Thus, the author's group determined all atom

positions, including H atoms, of HIV-1 protease in complex with KNI-272 using neu-

tron diffraction (PDB ID:22\E;71; Figs. B-3a and -3b). The inhibitor KNI-272 used in

this study contains a hydroxymethylcarbonyl isostere moiety (shown in a blue box in

Fig. B-3c) that interacts with the catalytic residues of HtV-1 protease. The neutron

diffraction analysis directly showed that Asp25 is protonated and that Asp125 is un-

protonated (Fig. B-3b). Although the catalytic mechanism of HIV-1 protease has been

a matter of some debate, the results demonstrate that Asp25 provides a proton to the

carbonyl group of the substrate and Asp125 ccntributes to activating the attacking wa-

ter molecule as a nucleophile. The structural information, including the protonation

states of the catalytic residues, determined in this study will provide us with important

information for the design of more effective inhibitors.

Structures of porcine pancreatic elastase in complex with the potent inhitritor FRl30l80

Elastase is a serine protease classified in the chymotrypsin family and is possibly

the most destructive enzyme, with an ability to degrade virtually all of the connective

components in the body. To help resolve long-standing questions regarding the cata-

lytic activity of the serine proteases, the structure of PPE has been analyzed by com-

bined high-resolution neutron and X-ray crystallography (Figs.B-4a and -4b). In this

analysis, the peptidic inhibitor FR130180 (chemical structure shown in Fig. B-4c) was

used to mimic the tetrahedral intermediate. A single large crystal for diffraction ex-

periments was prepared by repeating macroseeding into a crystallization solution pre-

pared with deuterated reagents 112.
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The tertiary structure of PPE in complex with FR130180 was determined to 1.65 A

resolution by neutron crystallography and also to 1.20 A resolution by X-ray crystal-

lography using diffraction data obtained at room temperature from the same crystal

(PDB ID: 3HGN; 2). The complex structure includes a total of. 1792 H and D atoms

and L90 hvdration water molecules. The neutron analysis showed that the O atom of

(a)

(b)

Figure B-4. Inhibitor recognition of PPE de-

termined by neutron diffraction. (a) Tertiary

structure of the oxyanion hole of PPE. H and D,

C, O and N atoms are represented in white, cyan,

red and blue, respectively. C atoms in

FRl30l80 are shown in dark grey. The lF"-F"l

omit nuclear density maps were calculated with-

out the contributions of H and D atoms. The blue

and red contours show +5.0o and -4.5o densi-

ties, respectively. (b) Tertiary structure of the

95 catalytic triad of PPE. The lF.-F"l nuclear den-

sity maps were calculated as above. (c)

Chemical structure of FRl30l80.
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the oxopropyl group of the inhibitor was pre$€nt as an oxygen anion rather than a hy-

droxyl group (Fig. 3-4a) because the O atom (O32) was directed towards the D (H) at-

oms of the backbone amides of G1y193 and Ser195 and no nuclear densitv was ob-

served for deuterium attached to O32.

The neutron and X-ray data also show thai the hydrogen bond between His57 and

Asp102 (chymotrypsin numbering) is 2.6 A in length and that the hydrogen-bonding

hydrogen is 0.8-1.0 A from the histidine N atom (fig. B-ab). This is not consistent with

a low-barrier hydrogen bond, which would be predicted to position the hydrogen

midway between the dono: and acceptor atoms. The observed interacticn between

His57 and Asp102 is essentially a short but conventional hydrogen bond, sometimrs

described as a short ionic hydrogen bond.

Suture aspects of solving the problem of enzyme-inhibitor interaction by

neutron crystallography

It is generally known that a large-volume crystal (1.0-10 mm3) is needed for neu-

tron diffraction because of the weak diffraction. Since reducing the unit-cell volume

of a protein crystal empirically improves the maximum diffraction resolution by

strengthening the diffraction intensities, engineering of the protein crystal lattice to

change the space group should contribute to reducing the neukon data-collection time

by improving the symmetry. The authcr's group has attempted "crystal lattice engi-

neering" to change the packing and the space group by introducing a new interface.

The first attempts involved the incorporation of a leucine zipper-like hydrophobic in-

terface (comprisi::g four leucine residues) into a helical region (helix 2) of human pan-

creatic ribonuclease 1 (RNase 1). The mutant RNase 1 was successfully crystallized in
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(α) (b)

Figure B-5. Leucine-induced artificial association of mutant human RNase-l. (a) Association

of the 4L mutant human RNase I in which four leucines were incorporated into helix 2. Two mu-

tant RNases were associated by leucines (shown as van der Waals representations). (b) Association

of the N4L mutant human RNase I in which four leucines were incorporated into helix 3. Fow

mutant RNases were associated; the incorporated leucines are shown as van der Waals representa-

tions.

space group I4r, with a unit-cell volume of 412 678.7 L3, and the crystal structure was

subsequently determined by X-ray crystallography tt'. The overall structure of

4L-RNase L, in which amino acids at four positions were mutated to leucine, is quite

similar to that of bovine RNase A and the introduced leucine residues formed the de-

signed crystal interface (Fig. B-Sa). To further characterize the role of the introduced

leucine residues in the crystallization of RNase L, the number of leucines was reduced

to three or two (3L-RNase 1 and 2L-RNase L, respectively). Both mutants crystallized

and a similar hydrophobic interface to that in 4L-RNase L was observed. A related

approach of engineering cystal contacts at helix 3 of RNase 1 (N4L-RNase L) was also

evaluated. N4L-RNase L was also successfully crystallized in space group P622, wlth

a unit-cell volume of g4'1. 059.7 L3, and formed the expected hydrophobic packing in-
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terface. In Figure B-Sb, the crystal packings of 4L-RNase 1 and N4L-RNase 1 are

shown. These results suggest that the appropriate introduction of a unique leucine

zipper-like hydrophobic interface can promote intermolecular symmetry, i.e. twofold

for more efficient protein crystallization in crystal lattice engineering efforts, and may

optimize the crystal lattice for neutron crystallography.
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