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 ผลึกของเอนไซม ์Os4BGlu12 อิสระ และเอนไซมท่ี์รวมอยูก่บัสารยบัย ั้ง 2,4-dinitrophenyl-
2-deoxy-2-fluoroglucoside (DNP2FG) และ 2-deoxy-2-fluoroglucose 
(G2F)และเอนไซมก์ลายพนัธ์ Os4BGlu12 E179Q ท่ีรวมอยูก่บั TAG ไดถู้กผลิตข้ึน ผลึกทั้ง 4 
ชนิดสามารถหกัเหรังสีเอกซเรยไ์ดค้วามละเอียดถึง 2.50 2.45 2.40 และ 3.2 องัสตรอม ตามล าดบั 
จากการเปรียบโครงสร้างสามมิติกบัเอนไซมช์นิดอ่ืนท่ีอยูใ่นตระกูลเดียวกนัพบวา่โครงสร้างโดยรว
มมีลกัษณะเหมือนกนั แต่ตรงบริเวณ  loop B ของเอนไซม์ Os4BGlu12 จะมี disulfide bridge 
เพิ่มข้ึนมา บริเวณเร่งปฏิกิริยาของเอนไซมมี์ลกัษณะเป็นช่องและมีความลึกประมาณ 20 องัสตรอม 
ตรงบริเวณท่ีลึกสุดของต า แหน่งเร่งปฏิกิริยาของเอนไซมก์บัตวัยบัย ั้ง G2F จะพบโครงรูปแบบ 4C1 
chair ซ่ึงเกิดพนัธะโควาเลนทก์บักรดอะมิโนท่ีท า หนา้ท่ีเป็น nucleophile 
แต่ในขณะเดียวกนัตรงบริเวณเร่งปฏิกิริยาของเอนไซมก์บัตวัยบัย ั้ง DNP2FG จะพบโครงรูปแบบ 
1S3 skew boat ซ่ึงสอดคลอ้งกบัโครงรูปแบบ 4H3 half-chair 
ในสภาวะทรานซิชนัของปฏิกิริยาการยอ่ยสลาย เม่ื อเปรียบเทียบต า แหน่ง 
ของกรดอะมิโนท่ีท าหนา้ท่ีเป็น nucleophile ในโครงสร้างของเอนไซม ์ Os4BGlu12 
ท่ีจบัอยูก่บัตวัยบัย ั้ง G2F มีความคลา้ยคลึงกบัท่ีพบในเอนไซม ์ Sinapsis alba myrosinase 
มากกวา่เอนไซมใ์นกลุ่ม O-glucosidase เช่น เอนไซม ์ Os3BGlu6 หรือ เอนไซม ์ Os3BGlu7 
ซ่ึงสอดคลอ้งกบัการท่ีเอนไซม ์ Os4BGlu12สามารถยอ่ยสับสเตรท  S-glycoside ได ้
โดยไม่พบการยอ่ยสับสเตรท S-glycoside ในกลุ่ม  O-glucosidase ตวัอ่ืน จากการเปรียบเทียบต า  
แหน่ง  aglycon biding site ของเอนไซม ์ Os4BGlu12 
กบัเอนไซมต์วัอ่ืนท่ีอยูใ่นตระกูลเดียวกนัพบวา่บริเวณ aglycon ของตวัยบัย ั้ง DNP2FG และ 
สับสเตรท TAG ในโครงสร้างของเอนไซม ์ Os4BGlu12 
ถูกลอ้มรอบดว้ยกรดอะมิโนชนิดไม่ชอบน ้า 
และกรดอะมิโนชนิดมีขั้วซ่ึงกรดอะมิโนเหล่าน้ีมีความแตกต่างกบักรดอะมิโนท่ีพบใน  aglycon 
biding site ของเอนไซมต์วัอ่ืนท่ีอยูใ่นตระกูลเดียวกนั 
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 จากการ เปรียบเทียบโครงสร้างของ เอนไซม์  Os3BGlu6 และ เอนไซม ์ Os4BGlu12 กบั 
เอนไซม ์ Os3BGlu7 ท่ีจบักบัโอลิโกแซคคาไลด ์แสดงใหเ้ห็นวา่กรดอะมิโน  Met251 ในเอนไซม ์
Os3BGlu6 กีดขวางการเขา้จบัของเซลโลโอลิโกแซคคาไลดท่ี์บริเวณ subsite +2 ขณะท่ีกรดอะมิโน 
His252 ในเอนไซม์  Os4BGlu12 
ในบริเวณสอดคลอ้งกนัน้ีสามารถสร้างพนัธะไฮโดรเจนกบัโอลิโกแซคคาไลดไ์ดเ้หมือนกับเอนไซ
ม ์ Os3BGlu7  การเปล่ียนกรดอะมิโน  Met251 เป็น Asn ของ เอนไซม์ กลายพนัธ์ Os3BGlu6 ท า  
ใหค้่า kcat/Km  ในการยอ่ย laminaribiose เพิ่มข้ึน 15 เท่าเม่ือเทียบกบัเอนไซม ์ Os3BGlu6 ดั้งเดิม 
และค่า kcat/Km  เพิ่มข้ึน 9 ถึง 24 เท่าในการยอ่ย เซลโลโอลิโกแซคคาไลดท่ี์มีหน่วยความยาว  2 ถึง 5 
หน่วย ในทางกลบักนัการเปล่ียนกรดอะมิโนAns245 เป็น Met ในเอนไซม ์ Os3BGlu7 ท า  ใหค้่า 
kcat/Km  ในการยอ่ย laminaribiose ลดลง 6.5  เท่า และ 17 ถึง 30 เท่าส า  
หรับเซลโลโอลิโกแซคคาไลดท่ี์มีหน่วยความยาวสายมากกวา่ 2 หน่วย 
ในขณะท่ีการเปล่ียนกรดอะมิโน His252 เป็น Met ในเอนไซม ์Os4BGlu12 ค่า kcat/Km  ลดลง 2 ถึง 6 
เท่า 
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The crystal structures of apo wild type Os4BGlu12, and its complexes with

2,4-dinitrophenyl-2-deoxyl-2-fluoroglucoside (DNP2FG) and 2-deoxy-2-

fluoroglucose (G2F) and the acid/base mutant Os4BGlu12 E179Q complex with TAG

were solved at 2.50, 2.45, 2.40 and 3.2 Å resolution, respectively. The overall

structure of rice Os4BGlu12 is typical of GH1 enzymes, but it contains an extra

disulfide bridge in the loop B region. The active site is located at the bottom of an

approximately 20 Å deep slot-like pocket surrounded by a large surface loop. In the

innermost part of the active site (the -1 subsite), the glucose ring of the G2F in the

covalent intermediate was found in a 4C1 chair conformation, while that of the

noncovalently bound DNP2FG had a 1S3 skew boat, consistent with hydrolysis via a

4H3 half-chair transition state. The 1S3 skew boat conformation of the glucose ring of

TAG also fit to the electron density best with the lowest B-factor value when

compared to the 4C1 chair conformation. The position of the catalytic nucleophile

(Glu393) in the G2F structure was more similar to that of the Sinapsis alba

myrosinase G2F complex than to that in covalent intermediates of other O-

glucosidases, such as rice Os3BGlu6 and Os3BGlu7 β-glucosidases. This correlated

with a significant thioglucosidase activity for Os4BGlu12, although with 200-
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to 1200-fold lower kcat/Km values for S-glucosides than the comparable O-glucosides,

while hydrolysis of S-glucosides was undetectable for Os3BGlu6 and Os3BGlu7. The

aglycones of DNP2FG and TAG were in contact with both hydrophobic and polar

residues, which had little similarity to those aglycone-binding residues in other known

GH1 β-glucosidase structures.

Superimposition of the structures of Os3BGlu6 and Os4BGlu12 with those of

Os3BGlu7 bound to oligosaccharides showed that the corresponding Os3BGlu6

residue, Met251, appears to block the binding of cellooligosaccharides at the +2

subsite, whereas His252 in this position in Os4BGlu12 could hydrogen bond to

oligosaccharides. Mutation of Os3BGlu6 Met251 to Asn resulted in a 15-fold

increased kcat/Km value for hydrolysis of laminaribiose compared to wild type

Os3BGlu6 and 9 to 24-fold increases in the kcat/Km values for cellooligosaccharides

with degrees of polymerization (DP) of 2-5. On the other hand, mutation of

Os3BGlu7 Asn245 to Met decreased the kcat/Km of hydrolysis by 6.5-fold for

laminaribiose and 17 to 30-fold for cellooligosaccharides with DP > 2, while mutation

of Os4BGlu12 His252 to Met decreased the corresponding kcat/Km values 2 to 6-fold.

Together, these studies have clarified the binding and hydrolysis of various

substrates in plant GH1 β-glucosidases.
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CHAPTERCHAPTERCHAPTERCHAPTER IIII

INTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTION

1.11.11.11.1 GlycosideGlycosideGlycosideGlycoside hydrolaseshydrolaseshydrolaseshydrolases

Glycoside hydrolases (GH; EC 3.2.1-3.2.3) are enzymes that catalyze the

hydrolysis of glycosidic linkages between sugars or between sugar and nonsugar

aglycone moieties of glycosides, leading to the formation of a sugar hemiacetal or

hemiketal and the corresponding free aglycone (Figure 1) (Esen, 1993). Glycoside

hydrolases are also referred to as glycosyl hydrolases, glycosidases, and

carbohydrolases. Glycoside hydrolases can catalyze the hydrolysis of O-, N- and S-

linked glycosides. The existence of glycosidases has been known for more than 100

years and they were the very first biological catalyst investigated. Glycosidases are

truly remarkable enzymes. They are able to catalyze glycoside hydrolysis at rates of

up to 1000 s-1, which are rate enhancements of 1017 fold (Wolfenden et al., 1998).

Different glycosidases form different products and display completely

different ranges of bond specificity. For example, α-amylase is an enzyme that

hydrolyses endo-α-(1-4) bonds in polysaccharide chains and produces α-(1-4)-linked

oligosaccharides with α-D-glucosyl residues on the reducing end of the

oligosaccharides released from the nonreducing end of the original polysaccharide

molecules (it is a so-called retaining enzyme) (Boel et al., 1990). β-amylase also

hydrolyzes α-(1-4) bonds of amylase, but it cuts off only maltose from the

nonreducing ends (exo) and forms a different anomeric configuration (β-maltose;



 

 

 

 

 

 

 

 

glycoside glycoside glycoside glycoside 
hydrolasehydrolasehydrolasehydrolase
glycoside glycoside glycoside glycoside 
hydrolasehydrolasehydrolasehydrolase

it is also called inverting enzyme) (Mikami et al., 1992)

FigureFigureFigureFigure 1.11.11.11.1 General catalytic mechanism of a glycoside hydrolase.

1.21.21.21.2 GlycosideGlycosideGlycosideGlycoside hydrolasehydrolasehydrolasehydrolase classificationclassificationclassificationclassification andandandand structurestructurestructurestructure

Glycoside hydrolases have been classified based on two independent criteria.

The first criterion is catalytic specificity, as designated by their EC (Enzyme

Commission) numbers, while the second criterion is sequence homology (Rojan et al.,

2004). On the basis of sequence similarity, GH have been grouped into 132 families

by the Carbohydrate-Active Enzymes (CAZy) classification system (Henrissat, 1991;

Henrissat and Bairoch, 1993, 1996; Henrissat and Davies, 1997). The up-to-date

information is available on Carbohydrate-Active Enzymes database (CAZY at

http://www.cazy.org/CAZY/index.html, Cantarel et al., 2009). In the case of

multiple-domain proteins, each catalytic domain is considered separately. Since

three-dimensional structures are more strongly conserved than the sequence, GH

families can be further grouped into clans (or superfamilies) of enzymes with related

structures and catalytic mechanisms (Henrissat and Davies, 1997).

A family was initially defined as a group of at least two amino acid sequences

displaying significant similarity and with no significant similarity with other families

(Henrissat, 1991). Later, some related families of glycosidases have been combined.
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into clans (Henrissat and Bairoch, 1996; Henrissat and Davies, 1997). According to

its definition, a clan is a group of families that are thought to have a common ancestry,

which is recognized by significant similarities in tertiary structure together with

conservation of the catalytic residues and catalytic mechanism. For example,

glycosidases catalyze hydrolysis of glycosidic bonds of their substrates via two

general mechanisms, leading to either overall inversion or retention of the anomeric

configuration at the cleavage point, and members of one clan will generally all be

either inverting or retaining (McCarter and Withers 1994; Davies and Henrissat 1995;

Henrissat and Davies, 1997).

Families of four clans (GH-A, GH-D, GH-H, and GH-K), as well as several

other families that have not been assigned to any clan, contain proteins with a similar

(β/α)8 barrel folds of their catalytic domains.... The (β/α)8 barrel is also called the TIM

barrel, derived from the first enzyme in which it was identified, triose phosphate

isomerase (Banner et al., 1975). This typical alpha/beta barrel comprises 8 α-helices

and 8 β-strands creating a barrel-like structure, the core of which is formed by a

barrel-shaped parallel β-sheet, which is surrounded by the α-helices (Figure 2).

GH Clan A is the largest clan and its members share a similar core (β/α)8

barrel structure. The active sites of these enzymes are located at the C-terminal

portion of the β-barrels and are surrounded by loops connecting the α-helices to the β-

strands. Two catalytic amino acid residues are located at the C-terminal ends of β-

strands 4 and 7 of the barrel, and the enzymes hydrolyze the glycosidic bond with

retention of the anomeric configuration (Jenkins et al., 1995; Henrisatt et al., 1995;

Coutinho and Henrissat, 1999). These residues are found near the bottom of a cleft or

crater-shaped active site at the carboxy-terminal end of the β -stand of the central
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barrel (Cantarel et al., 2009, Ketudat Cairns and Esen, 2010).... This group comprises

more than 1000 enzymes with various substrate specificities from 19 different

families, including GH families 1, 2, 5, 10, 17, 26, 30, 35, 39, 42, 50, 51, 53, 59, 72,

79, 86, 113 and 128 (Henrissat et al., 1995; Jenkins et al., 1995; Bolam et al., 1996;

Henrissat and Bairoch, 1996; Cantarel et al., 2009).
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FigureFigureFigureFigure 1.21.21.21.2 The overall topology of the white clover cyanogenic β-glucosidase (PDB

file 1CBG).

A.A.A.A. Ribbon diagram showing the overall fold of the molecule. The catalytic residues

Glu183 in green and Glu397 in red. B.B.B.B. Secondary structure diagram of white clover

cyanogenic β-glucosidase showing the eight parallel β-strands that form the barrel

core. The β-strands are represented by arrows and the α-helices by circles. The eight

β-strands forming the barrel are labeled β1–β8 and the eight peripheral helices α1–α8

(Barrett et al., 1995).

1.31.31.31.3 MorphologyMorphologyMorphologyMorphology ofofofof activeactiveactiveactive sitessitessitessites inininin glycosideglycosideglycosideglycoside hydrolaseshydrolaseshydrolaseshydrolases

Davies and Henrissat (1995) described the different active-site structures

among GH. First, a pocket or crater–like active site is seen in exo-acting hydrolases,

such as β-amylase, glucoamylase, and monosaccharidases, like β -glucosidase, β -
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galactosidase and neuraminidase. This type of active site is capable of recognizing

polysaccharide substrates; however, the specificity is determined by the depth and

shape of the pocket, which in turn reflects the number of subsites that contribute to

binding and to the length of the leaving group. Second, the cleft-like active site allows

random binding of several sugar units in polymeric substrates and is commonly found

in endo-acting polysaccharides, which include β-1,3-1,4-glucanases and β-1,3-

glucanases. Third, the tunnel-like active site is created by the covering of an open

groove by a long loop of the protein. This morphology is seen in the

cellobiohydrolases (Rouvinen et al., 1990) and α-carrageenases. In cellobiohydrolases,

the tunnel enables the polysaccharide chain to be threaded through it, releasing the

product while the enzyme is still attached to the polysaccharide substrate, thereby

allowing for processivity. Hydrolysis will cease when the movement of the enzyme is

blocked by steric factors or when the loops closing the active site move and free the

polysaccharide chain.
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FigureFigureFigureFigure 1.31.31.31.3 The three types of active site shapes found in glycoside hydrolases.

(A) The pocket (glucoamylase from A. awamori). (B) The cleft (endoglucanase E2

from T. fusca). (C) The tunnel (cellobiohydrolase II from T. reesei). Stereo views of

the enzyme surfaces are shown in each case. The figure is from Davies and Henrissat

(1995).
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1.41.41.41.4 GlycosideGlycosideGlycosideGlycoside hydrolasehydrolasehydrolasehydrolase mechanismsmechanismsmechanismsmechanisms

As mentioned above, two mechanisms of GH, inverting and retaining

mechanisms, have been identified (McCarter and Withers, 1994). Each mechanism is

classified by the anomeric configuration of the products generated from the reaction

which is the opposite or the same as the substrate (Figure 4). Two active site

carboxylic acids residues are involved in both mechanisms, but with different roles.

1.4.11.4.11.4.11.4.1 InvertingInvertingInvertingInverting mechanismmechanismmechanismmechanism

Inverting glycosidases catalyze hydrolysis via a direct displacement of the

aglycone (leaving group) by water (which acts as a nucleophile). During catalysis, one

carboxylated residue acts as a general base to activate the water molecule as a

nucleophile (Figure 4B). The activated water then attacks the anomeric carbon of the

sugar, while another carboxylated residue acts as general acid to assist the departure

of the aglycone part by protonating the oxygen atom at the glycosidic bond. The

distance between these two catalytic residues is ~10 Å, which allows the water and

substrate to bind simultaneously (Zechel and Wither, 2000).

1.4.21.4.21.4.21.4.2 RetainingRetainingRetainingRetaining mechanismmechanismmechanismmechanism

In retaining glycosidases, including GH1, the cleavage of the glycosidic bond

is performed by a double displacement mechanism (Figure 4A). The distance between

the two catalytic residues is ~5-5.5 Å. The catalysis is performed in two separate steps.

In the first step, one carboxylated residue acts as an acid catalyst, protonating the

glycosidic oxygen, while the other carboxylated residue acts as a nucleophile to attack

at the sugar anomeric center to form a covalent glycosyl-enzyme intermediate.
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In the second step, the resulting glycosyl-enzyme intermediate is hydrolyzed by a

water molecule and this second nucleophilic substitution at the anomeric carbon

generates a product with the same stereochemistry as the substrate (Davies and

Henrissat, 1995; Zechel and Wither, 2000).

1.4.31.4.31.4.31.4.3 Acid/baseAcid/baseAcid/baseAcid/base andandandand nucleophilenucleophilenucleophilenucleophile mutantsmutantsmutantsmutants withwithwithwith rescuedrescuedrescuedrescued activityactivityactivityactivity

The catalytic residues of retaining glycosidases can be identified by mutation

and rescue of the activity by small nucleophiles (Wang et al., 1994, 1995). In these

studies, either of the two catalytic residues (glutamates in GH1) are generally mutated

to alanine or glycine, and these mutations of either the catalytic nucleophile or

acid/base show extremely low activity. The activity of the nucleophile to Ala or Gly

mutants of Agrobacterium sp. β-glucosidase (Abg) was reactivated for cleavage of

2,4-dinitrophenyl β-D-glucoside by azide to produced β-D-glucosyl azide, a product

with the inverted anomeric configuration (Figure 5A) (Wang et al., 1994). In the case

of acid/base mutations, a substrate with a good leaving group, which has a low pKa

and therefore does not require protonation, eliminates the requirement for acid

catalysis in the glycosylation step, while the small nucleophile (azide) does not

require basic assistance in the deglycosylation step (Wang et al., 1995). Thus, the

covalent intermediate can form normally in the glycosylation step and the product

with the same anomeric configuration as the substrate (β-D-glucosyl azide in the case

of Abg acid/base mutants) is produced by transglycosylation in the deglycosylation

step. These results have been observed with mutant species of other retaining β-

glycosidases, such as Cellulomonas fimi β-1,4-glycanase, Geobacillus
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stearothermophilus T6 β-xylosidase and Streptomyces sp. β-glucosidase (MacLeod et

al., 1996; Bravman et al., 2003; Vallmitjana et al., 2001).

FigureFigureFigureFigure 1.41.41.41.4 General pathways of the two major mechanisms of enzymatic glycosidic

bond hydrolysis:

(A) retaining and (B) inverting mechanisms pathway (Davies and Henrissat, 1995).
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FigureFigureFigureFigure 1.51.51.51.5Mechanisms of azide rescue of a nucleophile mutant:

(A) and an acid/base mutant (B) ( Ly and Withers, 1999).

1.51.51.51.5 GHGHGHGH 1111 substratesubstratesubstratesubstrate specificityspecificityspecificityspecificity andandandand itsitsitsits structuralstructuralstructuralstructural basisbasisbasisbasis

Over the past 20 years, there has been a great increase in the number of 3D

structures of glycoside hydrolases. GH1 includes retaining glycosidases from archaea,

eubacteria and eukaryotes, with a wide range of substrate and reaction specificities, as

well as proteins with other biological and enzymatic functions (Ketudat Cairns et al.,

2012). These include β-D-glucosidases, β-D-mannosidases, β-D-galactosidases,
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phospho-β-D-glucosidases, disaccharidases like primeverosidase (Mizutani et al.,

2002) and furcatin hydrolase (Ahn et al., 2004), myrosinases (thio-β-glucosidases)

hydrolyzing the S-glycosidic bonds of plant 1-thio-β-D-glucosides (glucosinolates)

(Burmeister et al., 1997), and hydroxyisourate hydrolase, which hydrolyzes an

internal bond in a purine ring, rather than a glycosidic bond (Raychaudhuri and

Tipton, 2002).

The structures of around thirty-nine GH1 enzymes have been determined, and

their catalytic domains all consist of a (β/α)8 barrel with a cleft or crater-shaped active

site at the carboxy-terminal end of the β-strands of the central barrel (Cantarel et al.,

2009; Ketudat Cairns and Esen, 2010). The first structure from this family was that of

the white clover (Trifolium repens) cyanogenic β-glucosidase, which is thought to

perform a defensive function by hydrolyzing linamarin, leading to the release of

hydrogen cyanide (Barrett et al., 1995). Based on the three-dimentional structures, the

active site of GH1 enzymes range from narrow slots to wide pockets and can be

divided into two parts, the glycone and aglycone binding subsites. The glycone

subsite (also called subsite -1) binds the nonreducing end monosaccharide of the

substrate, whereas the aglycone binding site binds with the remaining part of the

substrate. The aglycone binding region may be formed by several subsites (+1, +2, +3

and so on, where each subsite binds one monosaccharide residue in the case of

oligosaccharide substrates). The substrate cleavage point is between subsites -1 and

+1 (Marana, 2006). The glycones recognized by GH1 β-glycosidases include β-D-

glucose, β-D-galactose, β-D-fucose, β-D-mannose, β-D-xylose, 6-phospho-β-D-

glucose and 6-phospho-β-D-galactose (Ketudat Cairns and Esen, 2010). The diversity

of aglycones is higher, including monosaccharides, oligosaccharides, and aryl or alkyl
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groups (Coutinho and Henrissat, 1999). The enzymes may hydrolyze a broad range of

substrates with different glycones and aglycones with different specificity, but some

enzymes may be specific for only one type of glycone or aglycone. The fundamental

substrate specificity of these enzymes depends on their overall binding shape,

dimensions and geometry of the binding site, and conformation of the active site

amino acids that are important for the substrate recognition and binding, as well as the

structure of the aglycone and glycone moieties of the substrate (Czjzek et al., 2000;

Verdoucq et al., 2004).

Since several crystal structures of enzyme-ligand complexes have been

determined, the residues forming the glycone binding site (subsite -1) and the non-

covalent interaction with the glycone are well identified (Burmeister et al., 1997;

Czjzek et al., 2000; 2001; Zechel et al., 2003; Verdoucq et al., 2004; Isorna et al.,

2007; Chuenchor et al., 2008; 2011 and Seshadri et al., 2009) The interactions

between the residues at subsite -1 and the monosaccharide moiety at the substrate

nonreducing end involves a hydrogen bond network of at least 5 active site amino

acids and 4 substrate hydroxyls (Marana, 2006). All hydrogen bonds and residues

forming these interactions are conserved among GH1 enzymes. In Z. mays Glu1,

amino acid residues critical for glucose binding, as identified by Czjzek et al. (2001),

include Asn38, Trp465 and His142, which interact with OH3, Gln38, Trp457 and

Glu464, which interact with OH4, while Glu464 also interacts with OH6, and the

basal platform residue W457. This basal platform establishes stacking interactions

with the glycone ring in the form of soft hydrogen bonds between the pi electrons of

the indole ring and the slightly positively charged C-H protons of the glucose ring. In

T. maritima, Bacillus polymyxa, Sinapis alba, Lactoccocus lactis, Z. mays and S.
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bicolor β-glycosidases, the OH2 forms a bidentate hydrogen bond with an asparagine

and a glutamate residue (eg. N188 and E404 in S. bicolor). This glutamate also acts as

the catalytic nucleophile of the β-glycosidases. A histidine residue also forms a

hydrogen bond with OH2 in B. polymyxa (Isorna et al., 2007) and S. bicolor

(Verdoucg et al., 2004). Although the amino acid residues forming the hydrogen bond

network at subsite -1 are conserved, differences of glycone specificity of the GH1

enzymes have been reported (Czjzek et al., 2000, Opassiri et al., 2004; 2006).

Some cases of structural differences between the crystallographic structures of

the apoenzyme and its complexes occur at the positions of the nucleophilic residues.

In the covalent intermediate complex structures of the P. polymyxa, S. solfataricus, T.

maritima, rice Os3BGlu6, and rice Os3BGlu7 with 2-deoxy-2-fluoroglucoside (G2F)

and human cytosolic β -glucosidase’s acid/base mutant with native D-glucoside, the

side-chain position of the nucleophilic residue has moved to link with the anomeric

carbon of the G2F or glucosyl residue. For example, a displacement of Cδ by 1.5–1.6

Å is observed when the rice Os3BGlu7 covalent complex (2RGM) is compared to the

apoenzyme structure, 2RGL (Chuenchor et al., 2008). In these structures, the angles

between the sugar anomeric carbon, Oε1 and Cδ of the nucleophilic residue, fall in

the range of 113–117°. In contrast, in S. alba myrosinase, an S-glycosidase, the

displacement of Cδ is only 0.2 Å in the covalent G2F complex (PDB accession 1E73)

compared to the apo protein (1MYR) and the angle between the anomeric carbon,

Oε1 and Cδ of the nucleophilic residue is wider (138°) (Burmeister et al., 2000).

The high diversity of aglycones recognized by β-glycosidases is correlated

with the structural variability of the aglycone binding subsite (Marana, 2006). The

study of the active site structure and the amino acids which are responsible for
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substrate binding and recognition should reveal the substrate specificity of these

enzymes. Recently, several β-glycosidases crystallized in complex with a ligand

occupying the aglycone-binding region have been published (Czjzek et al., 2000;

Verdoucq et al., 2004; Sue et al., 2006; Isorna et al., 2007; Barleben et al., 2007;

Chuenchor et al., 2008; 2011; Seshadri et al., 2009 and Sue et al., 2011; Barleben et

al., 2007 and Xia et al., 2012).

Maize β-glucosidase (ZmGlu1) and sorghum dhurrinase (SbDhr1) share 72%

sequence identity, but ZmGlu1 shows broad substrate specificity, which includes its

natural substrate, DIMBOA-Glc, but not dhurrin. SbDhr1, on the other hand, is

specific to dhurrin. Swapping of the C-terminal domain between ZmGlu1 and SbDhr1

gave rise to a chimeric ZmGlu1 with dhurrinase activity. Amino acid sequence

comparison and homology modeling of ZmGlu1 and SbDhr1 revealed three amino

acids, Ser462, Ser463, and Phe469, at the C-terminus of SbDhr1 that are involved in

dhurrinase specificity (Czjzek et al., 2001). Later, comparison of the crystal structures

of ZmGlu1 and SbDhr1 showed that these two β-glucosidases are different in their

active site (Verdoucq et al., 2004). The active site of ZmGlu1 appears to be a

flattened crater or slot, while the active site of SbDhr1 is wider and smaller. In

ZmGlu1, the aromatic side chains of Trp378, Phe198, Phe205, and Phe466 form the

aglycone binding site and are responsible for binding to DIMBOA or other aromatic

aglycones by aromatic stacking π-interactions (Czjzek et al., 2000). This is different

from SbDhr1, in which Asn259, Phe261, and Ser462 are crucial for aglycone

recognition and binding via hydrogen bonding, as well as hydrophobic interactions

and π-interactions (Verdoucq et al., 2004).

One case of importance to plant secondary metabolism is the enzymes
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involved in indole alkaloid metabolism, strictosidine-β-glucosidase (SG) and

raucaffricine glucosidase (RG) (Barleben et al., 2007 and Xia et al., 2012).

Strictosidine-β-glucosidase (SG) is known to hydrolyze its natural substrate

strictosidine, while raucaffricine glucosidase (RG) is also involved in indole alkaloid

metabolism and uses the downstream metabolite raucaffricine glucoside as a substrate.

In terms of specificity, RG converts strictosidine, the substrate of SG, but SG does not

accept raucaffricine, the substrate of RG (Barleben et al., 2007 and Xia et al., 2012).

The inactive mutant crystal structures of both enzymes were solved, SG E207Q

complexed with strictosidine glucoside (PDB; 2JF7) and RG E186Q with

raucaffricine glucoside (4A3Y). Comparison of the two structures showed that the

aglycone binding site of RG is a little similar to that of SG, but more similar to other

β-glucosidases. The active site morphology of RG has a wider gate, which allows

strictosidine to enter the catalytic site, whereas the slot-like entrance of the active site

of SG prevents access by raucaffricine. The critical residues to make a different of

active site morphology of the two enzymes are Trp392 in RG and Trp388 in SG. The

conserved Trp residues are positioned in opposite directions and the Trp392 direction

makes a wider gate that allows both raucaffricine and strictosidine substrates to bind

in the catalytic site of RG enzyme, while the Trp388 direction facilitates stronger

hydrophobic, sandwich-like interactions with the strictosidine substrate. When this

conserved Trp is compared to the corresponding Trp in other GH1 β-glucosidase

structures, such as cyanogenic β-glucosidase (1CBG), Maize (ZmGlu1) β-glucosidase

(1E4L), rice Os3BGlu7 β-glucosidase (2RGL), the position of Trp392 in RG is

similar to other GH1 β-glucosidase, but has an opposite side chain chi angle when

compared to the SG Trp388 (Xia et al., 2012).
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In the structure of the strictosidine β-glucosidase (mutant SG-Glu207Gln)

complexed with strictosidine, other residues making interactions in the binding site

have been described as follows (Barleben et al., 2007). The aglycone part of the

strictosidine substrate is surrounded by Phe221, Trp388, Gly386, Met275, Thr210,

and Met297, most of which are hydrophobic (Barleben et al., 2007). The critical

residues for recognition of the aglycone are Gly386 and Trip388. Gly386 is in very

close proximity to the indole system of strictosidine, hence replacing it with a larger

residues like serine decreases the enzyme activity, as demonstrated for the G386S

mutant. The glucose moiety interacts with the conserved residues found in other GH1

structures (Asn206, Gln207, Asn343, Tyr345, Glu416, Trp473, His161, Gln57,

Trp465, Glu472, and Tyr481). Glu207 (or its substitute Gln207, in the E2207Q

mutant) and Glu416 of SG are located within the pocket near the sugar moiety, with a

distance of 5.2 Å between their carboxyl carbons, which is appropriate for the

substrate to enter and to place the glucosidic bond in an optimal position for

hydrolysis. His161, which is located 5.8 Å away from the anomeric carbon atom of

the glucosyl moiety, is not a catalytic residue, but forms a hydrogen bond to the O3 of

the sugar moiety of strictosidine, thereby helping the substrate to be in correct

orientation for deglucosylation. Tyr481 corresponds to Tyr473 in ZmGlu1, which was

suggested to be important for aglycone recognition by the maize enzyme (Czjzek et

al., 2000), and is hydrogen bonded with the amide group of Trp388 (Trp378 in

ZmGlu1) (Verdoucq et al., 2003).
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1.61.61.61.6 RiceRiceRiceRice ββββ-glycosidases-glycosidases-glycosidases-glycosidases

Database analysis has indicated the presence of 34 GH1 genes in the rice

genome that are likely to encode active glycosidases (Opassiri et al., 2006). Recently,

three rice GH1 enzymes have been characterized at the molecular and structural level,

Os3BGlu6, Os3BGlu7, and Os4BGlu12, which share 51–53% sequence identity,

come from three distinct phylogenetic branches of plant GH1 enzymes, yet all

hydrolyze oligosaccharides and glycosides, although with different preferences.

Rice Os3BGlu7, originally known as BGlu1, is encoded by a gene that was

cloned from rice seedling and characterized by Opassiri et al., 2003. The Os3BGlu7

mRNA is highly expressed in shoot during germinating and flower during expansion

(Opassiri et al., 2003). The Os3BGlu7 fusion protein hydrolyzed β-(1,4)-linked gluco-

oligosaccharides with increasing catalytic efficiency (kcat/Km) values as the DP

increased from 2 to 6, while the hydrolysis efficiency of β -(1,3)-linked

oligosaccharides decreased with the DP from 2 to 3 and was not detectable for longer

laminarioligosaccharides (Opassiri et al., 2003 and 2004). The purified Os3BGlu7

fusion protein also hydrolyzed several pNP glycosides with varying efficiency. The

Os3BGlu7 hydrolysis efficiency was most similar to barley BGQ60 β -D-

glucosidase/β -D-mannosidase, with which it shares over 66% amino acid sequence

identity, and both hydrolyze short β-(1,3)-and longer β-(1,4)-linked oligosaccharides.

However, barley BGQ60 is a better β-mannosidase than β-glucosidase, whereas rice

Os3BGlu7 is a better β-glucosidase than β-mannosidase (Leah et al., 1995; Hrmova et

al., 1998; 2006 Opassiri et al., 2003 and 2004 ). Os3BGlu7 hydrolyzed pNP-β -D-

mannoside (pNPMan) with 10% relative activity when compared to pNP- β -D-
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glucoside (pNPGlc). Other rice isoenzymes in the same phylogenetic cluster with

Os3BGlu7 (Os3BGlu8 and Os7BGlu26) also hydrolyzed both pNPGlc and pNPMan,

but with different relative activities. Os3BGlu8 hydrolyzed pNPGlc much faster than

pNPMan, while Os7BGlu26 showed higher hydrolysis efficiency for pNPMan than

pNPGlc (Opassiri et al., 2004; Kuntothom et al., 2009).

The crystals structure of apo Os3BGlu7 and its covalent intermediate with 2-

deoxy-2-fluoroglucoside was solved by Chuenchor et al. (2008). The overall structure

of Os3BGlu7 was similar to the known structures of other GH1 β -glucosidase, but

showed several differences in the loop around the active site (loop C). The amino acid

residues surrounding the -1 subsite (glycone binding site) are conserved residues

found in other GH1 enzyme, while docking studies with cellotriose indicated that the

residues Tyr131, Arg178, Leu183, Asp243 His267 and Trp337, all of which are

conserved in barley BGQ60, might be crucial for binding of oligosaccharide

substrates (Chuenchor et al., 2008). Recently, the crystal structures of an Os3BGlu7

catalytic acid/base mutant (Glu176 mutated to Gln: E176Q) with oligosaccharides

(laminaribiose, cellotetraose and cellopentaose) were solved (Chuenchor et al., 2011).

The amino acid residues crucial for binding of oligosaccharide substrates beyond the -

1 subsite included Trp358 (the conserved Trp residue discussed for other plant GH1

enzyme in Section1.5), Leu183, Asn190, Asn245 and Leu442 (at the +1 and +2

subsites), of which Asn245 showed two strong hydrogen bonds to Glc residues 3. The

nonreducing end glucosyl residues (at subsite +3 and +4) interact with Tyr341 and

Ser334 (Chuenchor et al., 2011).

The mutation of the Os3BGlu7 catalytic nucleophile (Glu386) destroys the

hydrolysis catalytic activity, but creates a glycosynthase that can synthesize long
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oligosaccharides by transglucosylation, when α-glucosyl fluoride is used as a donor

and pNP-cellobioside as accepter (Hommalai et al., 2007 and Pengthaisong et al.,

2012). Transglucosylation activity has also been observed in the native Os3BGlu7,

which produced pyridoxine glucoside with pNPGlc as a glucosyl donor (Opassiri et

al., 2004). The crystal structures of the E386G glycosynthase with and without α-D-

glucosyl fluoride and cellooligosaccharides (cellotetraose and cellopentaose) were

solved by Pengthaisong et al. (2012). In the complex of E386G glycosynthase with α-

glucosyl fluoride, an ordered water molecule was found near the 2-OH (replaced by

fluoride), and this water was calculated to be important to glycosynthase activity

(Pengthaisong et al., 2012; Wang et al., 2013). In the complex structure of the

Os3BGlu7 catalytic acid/base and nucleophile mutants with cellotetraose and

cellopentaose, the aromatic ring of Tyr341 had interactions with glucosyl residues at

the +3 and +4 subsites, but the mutation of Tyr341 to alanine and leucine showed

only small effects on the hydrolysis of oligosaccharides (Chuenchor et al., 2011;

Pengthaisong et al., 2012). However, Pengthaisong et al. (2012) observed that

mutation of Os3BGlu7 Tyr341 (Y341A) resulted in cellotetraose binding in an

alternative productive position, which could explain why the mutant enzymes

hydrolyzed cellotetraose and cellopentaose with kcat /Km values similar to those of the

wild type enzyme. However, the Y341A and Y341L mutations of the Os3BGlu7

E386G glycosynthase synthesized shorter pNP-cellooligosaccharides than does the

E386G glycosynthase, suggesting that Tyr341 plays on important role in the synthesis

of long oligosaccharides by the glycosynthase. These studies suggest that aglycone-

binding is complex and the active site shape may play at least as critical a role as the

surface residues.
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Rice Os3BGlu6 is a member of cluster At/Os1 in the phylogenetic analysis

based on amino acid sequence similarity (Opassiri et al., 2006). The first expression

and characterization of Os3BGlu6 was done by Seshadri et al. (2009). Os3BGlu6 only

hydrolyzes β -1-2- and β -(1-3)-linked disaccharides (sophorose and laminaribiose),

while β-(1-4)-linked cellooligosaccharides were hydrolyzed extremely poorly. Among

pNP glycosides, Os3BGlu6 had highest activity on pNP- β -D-fucopyranoside,

followed by pNPGlc and pNP- β -D-galactoside, respectively. Os3BGlu6 also

hydrolyzes certain natural glycosides, including apigenin-7-O-glucoside, glycitin,

diadzin, genistin, esculin, arbutin, coumaryl alcohol β -D-glucoside, coniferin and

salicin, although at low rates. Os3BGlu6 had highest hydrolysis activity with n-octyl-

β -D-glucoside, followed by n-heptyl- β -D-glucoside, respectively (Seshadri et al.,

2009). Recently, Os3BGlu6 was shown to hydrolyze gibberellin A4 glucosyl ester

(GA4-GE) to free GA4 and glucose with the highest activity of five rice GH1 enzymes,

which had been recombinantly expressed in our laboratory (Os3BGlu6, Os3BGlu7,

Os4BGlu12, Os4BGlu18 and Os4BGlu31) (Hua et al., 2013). The tranglucosylation

activity was seen in the acid/base mutants of Os3BGlu6 (E178Q and E178A) when

GA4-GE was used as a donor and sodium azide as an acceptor, despite the observation

that wild type Os3BGlu6 had no tranglucosylation activity (Hua et al., 2013). The

crystal structures of apo Os3BGlu6 and its complexes with inhibitors (2-deoxy-2-

fluoro-glucoside and n-octyl-β-D-thioglucoside) were solved by Seshadri et al. (2009).

The hydrolytic specificity of rice Os3BGlu6 was different from rice Os3BGlu7 in that

Os3BGlu6 had little activity toward cellooligosaccharides, while Os3BGlu7

hydrolyzed β -(1-4)-linked oligosaccharides with increasing efficiency as the DP
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increased up to 6 glucosyl residues (Opassiri et al., 2004 and Seshadri et al., 2009). A

comparison of the structures of the covalent intermediates of rice Os3BGlu6 and

Os3BGlu7 found that the amino acid residues at the -1 subsite are the same, except

that Trp133 in the structure of Os3BGlu6 was replaced by Tyr131 in the structure of

Os3BGlu7. In the aglycone binding site of the two enzymes, Os3BGlu7 Asn245,

which acts at subsite + 2 in binding of cellooligosaccharides, is replaced with Met251

in Os3BGlu6 (Seshadri et al., 2009). This Met251 appears to block the third glucosyl

residue of cellooligosaccharides from binding to Os3BGlu6 in the same position as in

Os3BGlu7, and the Os3BGlu7 N245V mutation gave a kcat/Km value for hydrolysis of

cellotriose 15 times lower than wild type Os3BGlu7, due to a 42- fold increase in Km

(Chuenchor et al., 2008). These effects show the importance of Asn245 in Os3BGlu7

binding of the third glucosyl residue in cellooligosaccharides (Chuenchor et al., 2011).

Os4BGlu12 is a rice β-glucosidase that has been characterized and belongs to

the plant GH1 phylogenetic tree cluster At/Os7 (Opassiri et al., 2006). Os4BGlu12

showed the highest similarity to the cell wall associated β-glucosidase that had been

previously characterized and shown to hydrolyze β -(1,3)- and β -(1,4)-linked gluco-

oligosaccharides (Akiyama et al., 1998). Os4BGlu12 that was expressed in

recombinant Escherichia coli was shown to similarly hydrolyze gluco-

oligosaccharides and also hydrolyzes certain glucosides with large, rather apolar

aglycones, such as apigenin 7-O-β -D-glucoside and deoxycorticosterone 21-O-β -D-

glucoside (Opassiri et al., 2006, 2010). Northern blot analysis revealed the

Os4BGlu12 gene is highly expressed in rice seedling shoot and in the leaf sheath and

stem of rice at flowering stage (Opassiri et al., 2010). It was also shown to be

wounding induced and to hydrolyze the β-(1,3),(1,4)-mixed linkage oligosaccharides
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released by a wounding induced β -glucanase, suggesting a role for Os4BGlu12 in

wound recovery (Opassiri et al., 2010). Os4BGlu12 shares 51-53% amino acid

sequence identity with rice Os3BGlu7 and its close relatives Os3BGlu8 and

Os7BGlu26. However, unlike these enzymes, for which the catalytic efficiencies

(kcat/Km) increase as the lengths of β-1,4-linked gluco-oligosaccharides increase from

DP3 to DP6 (Opassiri et al., 2004; 2006 and Kuntothom et al., 2009), Os4BGlu12

shows only a slight increase in going from cellotriose to cellopentaose, and drops at

cellohexaose. Recently, Os4BGlu13, the rice isoenzyme that is most closely related

to Os4BGlu12, was identified as a tuberonic acid glucoside (TAG) β -glucosidase

(TAGG) (Wakuta et al., 2010). Os4BGlu12 was later identified as another isoenzyme

that hydrolyzed tuberonic acid glucoside and designated TAGG2 (Wakuta et al.,

2011). As tuberonic acid, a derivative of jasmonic acid, is glycosylated on the end of

an unsaturated 5-carbon chain, it is possible the hydrolysis of apolar glycosides

reflects a role in hydrolysis of tuberonic acid or similar compounds in the plant.

In order to understand the enzymes substrate binding mechanism leading to

the substrate preference of Os4BGlu12 and the basis for the different substrate

specificity among rice GH1 enzymes, the three-dimensional structure of Os4BGlu12

was determined in the current work. Moreover, the critical residues that appear to

differentiate substrate specificity for cellooligosaccharides were mutated between the

rice enzymes for which structures are available. To investigate substrate-enzyme

interactions further, the structures of catalytically compromised mutants of Os3BGlu6

and Os4BGlu12 were determined with putative natural substrates. This study will help

to further clarify the enzyme-substrate binding mechanism by demonstrating the

relationship of the active site architecture of the GH1 enzymes to substrate binding
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and hydrolysis.

1.71.71.71.7 ResearchResearchResearchResearch ObjectivesObjectivesObjectivesObjectives

The objectives of this thesis project are:

1. To determine the structure of Os4BGlu12 alone and in complex with a

mechanism-based inhibitor in order to learn about substrate binding of this enzyme.

2. To clarify the basis for differential oligosaccharide hydrolysis by Os3BGlu6,

Os3BGlu7 and Os4BGlu12 by site-directed mutagenesis to exchange residues

apparently critical for differential oligosaccharide binding.

3. To identify the determinants of substrate-specificity of Os3BGlu6 and

Os4BGlu12 by determination of the X-ray crystal structures of inactive mutants of

these enzymes in complexes with synthetic and natural substrates.

4. To investigate the substrate specificity of Os4BGlu12 further by

characterizing the activity of the tag-free form of the enzyme used for crystallization

against natural substrates, including tuberonic acid β-D-glucoside and salicylic acid β

-D-glucosides.



 

 

 

 

 

 

 

 

CHAPTERCHAPTERCHAPTERCHAPTER IIIIIIII

MATERIALSMATERIALSMATERIALSMATERIALS ANDANDANDANDMETHODSMETHODSMETHODSMETHODS

2.12.12.12.1 MaterialsMaterialsMaterialsMaterials

2.1.12.1.12.1.12.1.1 RecombinantRecombinantRecombinantRecombinant plasmidsplasmidsplasmidsplasmids andandandand bacterialbacterialbacterialbacterial strainsstrainsstrainsstrains

The recombinant plasmids for this work, pET32a+/DEST-Os4bglu12

and pET32a+/DEST-Os3bglu6 were previously made by Tassanee Onkoksoong

(Opassiri et al., 2006) and Supriya Seshadri (Seshadri et al., 2009), respectively.

These plasmids were used to produce recombinant Os4BGlu12 and Os3BGlu6 as N-

terminal thioredoxin/His-tag fusion proteins. The mutations for this study were

constructed by mutagenesis of these wild type recombinant plasmids.

The Escherichia coli strains Origami B(DE3) and Origami(DE3) were

used to produce the recombinant thioredoxin β-glucosidase fusion proteins

Os4BGlu12 and Os3BGlu6, respectively. The E. coli strain DH5α was used for

cloning plasmids.
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2.1.22.1.22.1.22.1.2 Site-directedSite-directedSite-directedSite-directed mutagenesismutagenesismutagenesismutagenesis andandandand oligonucleotidesoligonucleotidesoligonucleotidesoligonucleotides primersprimersprimersprimers

The mutagenesis to produce cDNA encoding the six mutants including;

Os3BGlu6 E178Q, Os3BGlu6 E394D, Os3BGlu6 M251N, Os3BGlu7 N254M, and

Os4BGlu12 E179Q, Os4BGlu12 H252M was performed with the QuikChange® Site-

Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) and the oligonucleotides

primers shown in Table 2.1. These primer were ordered from Pacific Science Co. Ltd.

TableTableTableTable 2.12.12.12.1Mutagenic oligonucleotide primers

PointPointPointPoint
mutationmutationmutationmutation

OligonucleotideOligonucleotideOligonucleotideOligonucleotide sequencessequencessequencessequences

Met251 → Gln “f” 5’ GCTTGGGATAGCGTTCGACGTGAATTGGTTCGAGCCG 3’

“r” 5’ CGGCTCGAACCTTCACGTCGAACGCTATCCCAAGA 3’

Glu178 → Gln “f” 5’ GGATCACGCTCAACCAACCGCACACGGTGGC 3’

“r” 5’ GCCACCGTGCGGTTGGTTGAGCGTGATCC 3’

His252 → Met “f” 5’ GATTGGAATAACTCTGGTCTCGATGTGGTTTGTTCCCTTCTCC 3’

“r” 5’ GGAGAAGGGAACAAACCACATCGAGACCAGAGTTATTCCAATC 3’

Glu179 → Gln “f” 5’ AGAGTGAAAAATTGGATCACCTTCAATCAGCCTTGGACTTTC 3’

“r” 5’ GAAAGTCCAAGGGTGATTGAAGGTGATCCAATTTTTGACTCT 3’

Gln245 → Met “f” 5’GAGTTGGAAAGAGCTTCATACCACATGAAGTCCAGAACTATTCCAAC 3’

“r” 5’ GTTGGAATAGTTCTGGACTTCATGTGGTATGAAGCTCTTTCCAACTC 3’

2.1.32.1.32.1.32.1.3 ChemicalsChemicalsChemicalsChemicals andandandand reagentsreagentsreagentsreagents

Chemicals and reagents used for this work came from a variety of

suppliers. Reagents used included: acrylamide, N,N´–methylene–bis–acrylamide,

ammonium persulfate, ampicillin, acetonitrile, acetic acid, bacto agar, bacto peptone,

calcium chloride, cellooligosaccharides, Coomassie brilliant blue R250, DNase I,

enterokinase, glycine, glucose, HPLC-grade water, hydrochloric acid, imidazole,

isopropyl thio-β-D-galactoside (IPTG), kanamycin, 2-mercaptoethanol, molecular
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weight standards for SDS–PAGE, phenylmethylsulfonylfluoride (PMSF),

polyethylene glycol 4000, sodium dodecyl sulfate, TEMED, tetracycline, Triton X–

100, and yeast extract. The oligosaccharides and synthetic glycosides used in this

thesis, including p-nitrophenyl (pNP) β-D-glucoside, pNP-β-D-fucoside, pNP-β-D-

galactoside, pNP-β-D-xyloside, pNP-β-D-mannoside, sophorose, gentiobiose and

cellobiose, were purchased from Sigma (St. Louis, Mo, USA). Cellooligosaccharides

of degree of polymerization (DP) 3-6 and laminaribiose were purchased from

Seikagaku Kogyo Co. (Tokyo, Japan) and salicylic acid β-glucoside (SAG), meta-

salicylic acid glucoside (m-SAG), para-salicylic acid glucoside (p-SAG), and

tuberonic acid glucoside (TAG) were provided by Dr. Shinji Wakuta, Dr. Wataru

Saburi, and Prof. Hirokazu Matsui, Research Faculty of Agriculture, Hokkaido

University. The crystallization screening kits used include the Sigma Crystallization

Basic Kit, JBScreen HTS I and II (Jena Bioscience, Jena, Germany), Crystals Screen

High Throughput HR2-130 and HR2-134 (Hampton Research, Alisa Viejo, CA,

USA), JY Screen (Mahidol University, Thailand) and Emerald Biosystems Wizard I

and II (Emerald BioSystems, Bainbridge Island, WA, USA).

2.22.22.22.2 GeneralGeneralGeneralGeneral methodsmethodsmethodsmethods

2.2.12.2.12.2.12.2.1 TransformationTransformationTransformationTransformation ofofofof expressionexpressionexpressionexpression hosthosthosthost cellscellscellscells withwithwithwith recombinantrecombinantrecombinantrecombinant

expressionexpressionexpressionexpression plasmidplasmidplasmidplasmid

The recombinant plasmids for both wild type Os4BGlu12 and its

mutants (pET32a+/DEST-Os4bglu12 and its derivatives) were transformed into

Origami B(DE3) competent cells, while wild type Os3BGlu6 and its mutants

(pET32a+/DEST-Os3bglu6) were transferred into Origami(DE3) competent cells.
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One microliter (100 ng) of plasmid was added to 50 µL thawed competent cells,

mixed gently and the tube stored on ice for 30 min. The mixed cells were heat

shocked at 42 °C for 60 second and the tube rapidly transferred to ice for 2 min. Five

hundred microliters of LB broth was added to the transformed cells and they were

incubated at 37 °C for 1 h. Then, 200 µL of the transformation medium was spread

directly onto an LB agar plate containing 100 µg/mL of ampicillin, 15 µg/mL

kanamycin and 12.5 µg/mL tetracycline and incubated overnight at 37 °C.

2.2.22.2.22.2.22.2.2 RecombinantRecombinantRecombinantRecombinant expressionexpressionexpressionexpression

Selected Origami(DE3) colonies containing pET32a+/DEST-Os3bglu6

and its mutants were grown overnight in 50 mL LB medium containing 50 µg/mL

ampicillin, 15 µg/mL kanamycin and 12.5 µg/mL tetracycline and cultured at 37 °C in

an incubator shaker. The starter culture was then transferred into four 2 liter

Erlenmeyer flasks containing 800 mL LB medium with the same antibiotics as above

to give 1% culture and incubated at 37 °C until the optical density (OD) at 600 nm

reached 0.5–0.6. Then, to induce the expression of the target proteins, the culture

temperature was changed to 20 °C for 16 h.

The positive colonies of Origami B(DE3) containing pET32a+/DEST-

Os4bglu12 and its mutants were used to express Os4BGlu12 by the same methods as

used for Os3BGlu6, except that when the OD at 600 nm reached 0.5–0.6, IPTG was

added to a final concentration of 0.4 mM to induce the expression of the target

proteins and the culture was grown for 16 h at 20 °C. Then the induced cultures were

transferred to 50 mL precooled centrifuge tubes and chilled on ice for 10 min, then

centrifuged at 3500 rpm for 15 min at 4 °C. The weights of the cell pellets were
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recorded and the pellets stored at -80 °C.

2.2.32.2.32.2.32.2.3 ProteinProteinProteinProtein extractionextractionextractionextraction fromfromfromfrom E.coliE.coliE.coliE.coli

Frozen bacterial cells pellets from expression of either Os3BGlu6 or

Os4BGlu12 were thawed, and then resuspended in 5 mL per gram cells freshly

prepared extraction buffer containing 20 mM Tris-HCl, pH 8.0, 200 µg/mL lysozyme,

1% Triton–X 100, 1 mM phenylmethylsulfonylfluoride (PMSF) and 0.25 µg/mL

DNase1. The cell suspension was then incubated at room temperature for 30 min. The

supernatant containing soluble protein was separated from the cell debris by

centrifugation at 12000 rpm for 15 min at 4 °C, and the protein solution was kept at 4

°C.

2.2.42.2.42.2.42.2.4 PurificationPurificationPurificationPurification ofofofof recombinantrecombinantrecombinantrecombinant thioredoxin-thioredoxin-thioredoxin-thioredoxin-ββββ-glucosidase-glucosidase-glucosidase-glucosidase fusionfusionfusionfusion

proteinsproteinsproteinsproteins

The thioredoxin-Os3BGlu6 and thioredoxin-Os4BGlu12 fusion proteins

were purified by immobilized metal affinity chromatography (IMAC) on Co2+ (Talon

resin, Clontech, Palo Alto, CA, USA) at 4 °C. In each round of protein purification,

fifteen-milliliters of soluble protein extract was loaded onto a 3 mL Co2+ IMAC

column, which was pre-equilibrated with equilibration buffer (20 mM Tris-HCl, pH

8.0, and 150 mM NaCl). Next, the column was washed with 5 column volumes of

equilibration buffer and 5 column volumes each of 5 and 10 mM imidazole in

equilibration buffer. The bound protein was eluted with 5 column volumes of 250 mM

imidazole in equilibration buffer. All fractions from the purification steps were

assayed for β-glucosidase activity with 1 mM pNPGlc as described by Opassiri et al.,

(2003). Then the pure protein was pooled and concentrated in a 30 kDa molecular
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weight cut-off (MWCO) Centricon centrifugal filter (Millipore, Bedford, MA, USA)

and the buffer was changed to 150 mM NaCl in 20 mM Tris/HCl, pH 8.0.

2.2.52.2.52.2.52.2.5 PurificationPurificationPurificationPurification ofofofof tag-freetag-freetag-freetag-free ββββ-glucosidases-glucosidases-glucosidases-glucosidases

For the crystallization and kinetic studies the thioredoxin and histidine

fusion tags were cleaved off and the tag-free β-glucosidases were used. To remove the

N-terminal fusion tag, Os4BGlu12 fusion protein was cleaved with 1:1000 (w/w) of

enterokinase (New England Biolabs, Ipswich, MA, USA) and proteins in 150 mM

NaCl, 20 mM Tris-HCl, pH 8.0, at 23 °C for 16 h. Os3BGlu6 fusion protein was

instead cleaved with tobacco etch virus (TEV) protease at the ratio of 1:50 (w/w) TEV

protease to the fusion protein in 20 mM Tris-HCl, pH 8.0, 150 mM NaCl for 16 h at 4

°C. The tag-free protein was separated from the fusion tag and uncleaved fusion

protein by loading the digest onto a Co2+ IMAC column. The unbound protein

fraction was collected and the resin was washed with 5 and 10 mM imidazole in

equilibration buffer (150 mM NaCl, 20 mM Tris-HCl, pH 8.0). The unbound and

wash fractions containing the tag-free protein were combined. The protein sample was

concentrated and the buffer was changed to 20 mM Tris-HCl, pH 8.0, 150 mM NaCl,

in a 10 kDa MWCO Centricon filter by centrifugation at 1062 g at 4 °C. Finally, the

tag-free protein was further purified by Sephacryl S200 chromatography on an ÄKTA

Protein Purifier system (GE Healthcare, Sweden). The protein was equilibrated and

eluted with 150 mM NaCl, 20 mM Tris-HCl, pH 8.0, at a flow rate of 0.25 mL/min.

Fractions containing β-glucosidase activity were pooled.
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2.2.62.2.62.2.62.2.6 ProteinProteinProteinProtein analysisanalysisanalysisanalysis

2.2.6.12.2.6.12.2.6.12.2.6.1 EnzymeEnzymeEnzymeEnzyme activityactivityactivityactivity

The β-glucosidase activity for all enzymes in this study were determined

according to the method of Opassiri et al., (2003). Activity toward pNPGlc was

assayed in a reaction mixture containing 90 µL of 50 mM sodium acetate, pH 5.0, 5

µL of 10 mM pNPGlc (0.5 mM final concentration) and 5 µL of crude enzyme. The

reaction was incubated at 37 °C for 10 min, and then 50 µL of 0.4 M sodium

carbonate (Na2CO3) was added and to alkalize and stop the reaction. The free p-

nitrophenolate was measured with an iEMS reader MF microplate photometer

(Labsystem iMES MF, Finland) at 405 nm. A reaction without enzyme was used as a

blank.

Glucose released from oligosaccharide substrates was measured with a

coupled peroxidase-glucose oxidase assay. 25 μL each of substrate (5 mM final

concentration) and protein (0.1-1 mg/mL final concentration) in 50 μL buffer (50 mM

sodium acetate, pH 5.0) was mixed well in 1.5 mL tubes and incubated at 30 °C for

30 min. The reactions were stopped by heating at 100 °C for 5 min, and then

transferred to a microtiter plate for measurement of the glucose. 100 μL of

peroxidase-glucose-oxidase enzyme and 50 μL of ABTS were added to each

microtiter plate well and the plate was incubated at 37 °C for 30 min. The release of

glucose was determined by measuring the absorbance of the reaction at 405 nm.

The comparison of the hydrolytic activities of Os4BGlu12 toward various

substrates (pNP glycoside, cellooligosaccharides and natural glycocides) at 2 mM

concentration (Table 3.1) was done by the same assay methods described above, with

0.1-1 µg of enzymes incubated at 30 °C for 5-60 min in 50 mM sodium acetate, pH
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5.0, and terminated as described above.

2.2.6.22.2.6.22.2.6.22.2.6.2 SDS-PAGESDS-PAGESDS-PAGESDS-PAGE electrophoresiselectrophoresiselectrophoresiselectrophoresis

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

was performed according to Laemmli (1970). The 12% acrylamide separating gel was

prepared in 0.376 M Tris-HCl buffer, pH 8.8, while the 4% stacking gel contained

was prepared in 0.125 M Tris-HCl buffer, pH 6.8. The protein sample was mixed with

1X SDS-PAGE loading buffer (50 mM Tris-HCl, pH 6.8, 10% (v/v) glycerol, 2%

(w/v) SDS, 14.4 mM 2-mercaptoethanol and 0.1% bromophenol blue) and then boiled

at 100 °C for 5 min. A 10-15 µL aliquot was loaded onto the gel, and then

electrophoresed at 150 V. Protein bands were then visualized by staining of this gel in

Coomassie brilliant blue R-250 staining solution (0.1% (w/v) Coomassie brilliant blue

R-250, 45% (v/v) methanol, 45% (v/v) distilled water and 10% (v/v) glacial acetic

acid) for 1 h at room temperature, and then destainin with destaining solution (45%

(v/v) methanol, 45% (v/v) distilled water and 10% (v/v) glacial acetic acid) until

excess of dye was removed. The size of protein was estimated by comparing its

migration with those of the protein standard markers, which included bovine α-

lactalbumin (14 kDa), trypsin inhibitor (21.5 kDa), bovine carbonic anhydrase (31

kDa), ovalbumin (45 kDa), bovine serum albumin (66 kDa), and phosphoryase (97.4

kDa).

2.2.6.32.2.6.32.2.6.32.2.6.3 ProteinProteinProteinProtein concentrationconcentrationconcentrationconcentration determinationdeterminationdeterminationdetermination

Protein concentrations in all the purification steps were estimated by the

method of Bradford (Bradford et al., 1976) with a Bio-Rad kit (Bio-Rad Corp.,

Hercules, CA, USA) using bovine serum albumin (BSA) as a standard (0-5µg). The
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assay solution contained suitably diluted enzyme in distilled water in a total volume

of 800 µL. The solution was mixed and incubated at room temperature for 10 minutes,

and then the absorbance was measured at 595 nm with a Genesys 10UV

spectrophotometer (Spectronic Instruments, Rochester, NY, USA).

For enzymological studies, purified tag-free Os4BGlu12 concentration was

measured by absorbance at 280 nm. The extinction coefficient (ε )280 of 107160 M-1

cm-1 used in the protein concentration calculation was calculated by the equation of

Gill and von Hippel (1989).

2.32.32.32.3 TemperatureTemperatureTemperatureTemperature stabilitystabilitystabilitystability assayassayassayassay

For comparison of thermo-stability Os4BGlu12 with Os3BGlu7, tag-free

Os3BGlu7 enzyme (which was produced as described by Chuenchor et al., 2006) was

compared with tag-free Os4BGlu12. In 50 µL reactions, 0.5 µg of Os4BGlu12 or

Os3BGlu7 enzyme was incubated with or without 1 mM dithiothreitol (DTT) in 50

mM sodium acetate, pH 5.0, for 60 min at temperatures ranging from 0 to 60 °C. The

enzyme was then cooled on ice and then assayed at 30 °C with 0.3 mM pNPGlc as

substrate for 10 min, and the reactions stopped and measured as described in section

2.2.6.1.

2.42.42.42.4 KineticKineticKineticKinetic analysisanalysisanalysisanalysis

All kinetic parameters were calculated from triplicate assays done at 30 °C, in

50 mM sodium acetate, pH 5.0, as described in Section 2.2.6.1. For comparison of the

hydrolysis efficiency of O- and S-glycosides by Os4BGlu12, the initial velocity was

determined by measuring the enzyme activity at 3-6 different time points for 5 to 120
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min, depending on the individual substrates used. Enzyme amounts in the range of 0.1

to 1 μg were used in the initial assay. The time point and amount of the enzyme where

the reaction rate was linear and the absorbance value was in the range of 0.1-1.0 were

then used to determine the kinetic constants. Substrate concentrations over a range of

approximately one-third to three times the apparent Km were included in calculations

of kinetic parameters.

The activities toward a various substrates (β-1,3-linked (laminaribiose) and β-

1,4-linked (cellooligosaccharides DP 2 to 6)) of Os3BGlu6, Os3BGlu6 M251N,

Os3BGlu7, Os3BGlu7 N245M, Os4BGlu12 and Os4BGlu12 H252M were

determined by measuring the activity at 3–6 different time points to determine the

time giving the initial velocities (v0). The enzyme concentrations used were 2 µg of

wild type Os3BGlu6 and 0.3–0.5 µg of Os3BGlu6 M251N, Os3BGlu7, Os3BGlu7

N245M, Os4BGlu12 and Os4BGlu12 H252M. Substrate concentrations over a range

of approximately 0.3 to 3 times the apparent Km were used to determine the kinetic

parameters. The apparent kinetic parameters including kcat, Km, kcat/Km were calculated

by nonlinear regression of Michaelis–Menten plots with the Grafit 5.0 computer

program (Erithacus Software, Horley, UK).

Changes in transition state binding energies in the mutations (((GS*mut) were

calculated as described by Fersht et al. (1987): ((GS*mut = -RT [ ln(kcat/Km)mutant -

ln(kcat/Km)wildtype(.
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2.52.52.52.5 TrisTrisTrisTris inhibitioninhibitioninhibitioninhibition

Competitive Ki values were determined by incubating of 0.5 µg enzyme

with ten different concentrations of the inhibitor (20 to 200 mM) in presence of 0.1,

0.3, 0.5, 1.0, 3.0 and 5.0 mM pNPGlc as the substrate under the reaction conditions

described in Section 2.2.6.1. A series of Lineweaver–Burk plots were drawn to verify

the inhibition was competitive, and then Dixon plots were used to calculate the

inhibition constants (Dixon, 1953).

2.62.62.62.6 ProteinProteinProteinProtein crystallizationcrystallizationcrystallizationcrystallization

2.6.12.6.12.6.12.6.1 PreparationPreparationPreparationPreparation ofofofof proteinproteinproteinprotein forforforfor crystallizationcrystallizationcrystallizationcrystallization

For crystallization screening, the purified Os4BGlu12 and Os3BGlu6

wild type and mutant proteins were adjusted to 3-10 mg/mL, in 20 mM Tris/HCl, pH

8.0, in a 10 kDa MWCO Centricon by centrifugation at 3000 rpm, 4 °C and the

protein was filtered through an Ultrafree-MC 0.22 μm filter (Millipore) by

centrifugation at 2500 rpm for 5 minute. The precipitant solutions were prepared with

HPLC grade water, filtered with 0.45 µm filter and stored at 15 °C.

2.6.22.6.22.6.22.6.2 Apo-Os4BGlu12Apo-Os4BGlu12Apo-Os4BGlu12Apo-Os4BGlu12 crystallizationcrystallizationcrystallizationcrystallization

Conditions for the crystallization of apo-Os4BGlu12 were previously

screened by the microbatch method with a systematic screen of monovalent and

divalent salts (0.2 M) and pH (in the range 4.0–8.5 at 0.1 M buffer concentration) in

the presence of 25% (w/v) polyethylene glycol (PEG) 4000 (Sansenya et al., 2010). A

promising condition (25% (w/v) PEG 4000 in 0.1 M Tris–HCl, pH 8.5, 0.2 M NaCl)
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was optimized by hanging-drop vapor diffusion by varying the molecular weight and

percentage of PEG and the concentrations of NaCl and protein, as described by

Sansenya et al., 2010. The crystallization trials were performed in 24 well plates

(Greiner Bio-One, Germany). Glass cover slips (Menzel-Glaser, Germany) were

siliconized to reduce the contact area of the drop protein with the glass surface of the

cover slip. High vacuum grease (Dow Corning, USA) was applied to the top edge of

each well. A hanging drop of 2 µL of 2.5-5 mg/mL pure Os4BGlu12 was mixed with

1 µL of precipitant solution on the center of a siliconized cover slip. The cover slip

with the drop was inverted and placed on to the top of the well containing 0.5 mL of

precipitant solution, and the grease seal on the top was twisted a few degrees to

complete sealing. The drop was equilibrated against a reservoir of precipitant solution

at 15 °C. Microseeding (Bergfors, 2003) was performed to produce larger crystals

with pre-incubation of the drop and reservoir for 1 h before streaking in the crystal

seeds as described in the Section 2.6.5.

2.6.32.6.32.6.32.6.3 CrystallizationCrystallizationCrystallizationCrystallization ofofofof wildwildwildwild typetypetypetype Os4BGlu12Os4BGlu12Os4BGlu12Os4BGlu12 andandandand Os4BGlu12Os4BGlu12Os4BGlu12Os4BGlu12 E179QE179QE179QE179Q

complexescomplexescomplexescomplexes

To produce wild type Os4BGlu12 complexes with inhibitor or substrate,

protein solution was mixed with 2-10 mM 2,4-dinitrophenyl-2-deoxy-2-fluoro-β-D-

glucopyranoside (DNP2FG). In the case of Os4BGlu12 E179Q, the protein was

crystallized with 2-10 mM tuberonic acid glucoside (TAG) solution, then the mixture

was incubated at 4 °C for 10 min. Crystallization of the complexes was then

performed as described for the native crystals.
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2.6.42.6.42.6.42.6.4 CrystallizationCrystallizationCrystallizationCrystallization ofofofof Os3BGlu6Os3BGlu6Os3BGlu6Os3BGlu6 E178QE178QE178QE178Q andandandand E394DE394DE394DE394D complexescomplexescomplexescomplexes

withwithwithwith gibberellingibberellingibberellingibberellin GAGAGAGA4444 β----DDDD-glucosyl-glucosyl-glucosyl-glucosyl esteresteresterester

Purified Os3BGlu6 E178Q was concentrated to 3-5 mg/mL and hanging

drop vapor diffusion crystallization trials were set up to optimize the initial

crystallization condition (0.1 M Bis-Tris, pH 6.5, and PEG 5000MME; Seshadri et al.,

2009). For the crystal of complexes Os3BGlu6 E394D with gibberllin GA4-β-D-

glucosyl ester (GA4GE), a 20 mM GA4GE solution was prepared in the HPLC grade

water, then was mixed to a final concentration of 2-5 mM of GA4Glc with 3-5 mg/mL

of Os3BGlu6 E394D (final concentration) protein solution and the mixture was

incubated for 10 min at 4 °C. The hanging drops consisted of 2 µL of the protein

substrate mixture solution and 1 µL of precipitant solution. Then, the drop was

equilibrated with 0.5 mL of reservoir solution, and kept at 15 °C.

Hua et al. (2013) observed the release of free glucose from both GA4GE

and pNPGlc by the hydrolytic activity of Os3BGlu6 E178Q, but it had a slow rate

when compared to the wild type Os3BGlu6 and Os3BGlu6 E178Q preferred

transglycosylation of small nucleophiles with the glucosyl moiety over hydrolysis.

This suggested a covalent intermediate might be built-up on the enzyme. The crystals

of complexes of Os3BGlu6 E178Q with GA4GE and pNPGlc were obtained from the

apo Os3BGlu6 E178Q crystals, produced as described above with optimization

conditions for crystallization trials that were the same as described for Os3BGlu6

E394D above.
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2.6.52.6.52.6.52.6.5 MicroseedingMicroseedingMicroseedingMicroseeding

The microseeding technique was performed to produce the large, single

crystals. The small crystals or cluster crystals obtained from the first optimization

conditions were used as a seed stock for microseeding. The crystals were removed

from their initial drop, and then transferred to 10 µL of reservoir solution. The crystal

was crushed with a cat whisker, and then the suspension was added to a 1.5 mL

microcentrifuge tube containing 100 µL of reservoir solution. The tube was

centrifuged for 5 min at 3000 rpm at room temperature, then the supernatant

containing the microcrystals was serially diluted with mother liquor to 1/100, 1/500

and 1/1000 and the stock solution was stored at 4 °C. For crystal growth, the protein

precipitant drop was pre-equilibrated with 0.5 mL of reservoir solution for 2 h at 15

°C. The equilibrated drops were streaked with the diluted microseed suspension on a

cat whisker, and then incubated at 15 °C.

2.6.62.6.62.6.62.6.6 SoakingSoakingSoakingSoaking ofofofof crystalcrystalcrystalcrystal withwithwithwith ligandligandligandligand

To obtain complexes Os4BGlu12 E179Q with tuberonic acid glucoside

(TAG) and salicylic acid glucoside (SAG), the crystals from co-crystallization with

the same ligand were soaked in the precipitant containing 10 or 20 mM TAG or SAG,

10-30 min before flash vitrificatiom. To obtain Os4BGlu12 crystals with 2-deoxy-2-

fluoroglucopyranoside (G2F), the co-crystal with 2 mM DNP2FG was picked from

the original drop with a nylon loop. The picked crystal was then soaked in the

precipitant solution for 5-15 s without DNP2FG at room temperature on a glass cover

slip. For the Os4BGlu12 complex with DNP2FG, Os4BGlu12 was crystallized in the

presence of 2 mM DNP2FG, and the crystal was soaked in cryosolution containing 10
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mM DNP2FG, and this protocol resulted in electron density for the noncovalent

complex.

To try to obtain crystals of Os3BGlu6 E178Q with substrate, free

Os3BGlu6 E178Q crystals were picked and then briefly (1-5 s) soaked in the

precipitant solution containing either 10 mM pNPGlc or GA4GE at room temperature.

Os3BGlu6 E394D co-crystallized with GA4GE was soaked in the cryosolution

containing 10 mM GA4GE 10-30 min at room temperature, before flash vitrification.

2.72.72.72.7 DataDataDataData collectioncollectioncollectioncollection andandandand processingprocessingprocessingprocessing

2.7.12.7.12.7.12.7.1 FlashFlashFlashFlash vitrificationvitrificationvitrificationvitrification

When the crystal was cooled in liquid nitrogen or during X-ray data

collection, the temperature of the system is lower than the melting point of the

precipitant solution. In this case the crystal might have been damaged by ice crystal

formation. Prior to diffraction, the crystal was mounted in a nylon loop of the

appropriate size (Hampton Research, 0.1-0.2 mm) and soaked briefly (5-15 s) in the

fresh cryo-protectant, then flash cooled in liquid nitrogen (-180 °C) for X-ray

diffraction. The cryo-protectant solution contained each of the crystallization

precipitant components at a concentration increased from the original concentration.

All the crystals of wild type Os4BGlu12 and Os4BGlu12 E179Q were soaked in the

cryo-protectant including 21% increased of all precipitant components and 28% (v/v)

glycerol, as described previously (Sansenya et al., 2010). For the Os3BGlu6 mutant

crystals, each crystallization precipitant component was increased 15% and 18% (v/v)

glycerol was present in the cryo-solution, as described previously by (Seshadri et al.,

2009). In the case of crystals with ligands, the cryo-protectant contained the ligand at
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the same concentrations in which the crystals had been soaked (Section 2.6.6).

2.7.22.7.22.7.22.7.2 SynchrotronSynchrotronSynchrotronSynchrotron X-rayX-rayX-rayX-ray diffractiondiffractiondiffractiondiffraction

All crystals data sets reported in this thesis were collected with

synchrotron radiation as the X-ray source and an ADSC Quantum 315 CCD (Charge-

Coupled Device) detector at the BL13B1 beamline of the National Synchrotron

Radiation Research Center (NSRRC), Hsinchu, Taiwan. The vitrified crystal in the

cryo-loop was placed onto the goniometer head between the X-ray beam and the

detector. During X-ray diffraction, the distance between the crystal and detector was

280-350 mm for Os4BGlu12 crystals and 250-300 mm for Os3BGlu6 crystals. The X-

ray wavelength was set at 1.00 Å and crystals were kept at 100 K with a nitrogen

stream from an Oxford Cryosystems Cryo-stream during X-ray diffraction. All crystal

diffraction datasets were collected over 180° rotation or until the data were complete

with 0.50° oscillations, and the exposure time per frame was 15-20 s for Os4BGlu12

and 5-10 s for Os3BGlu6. The maximum resolution limit of the diffraction data was

judged based on the ratio of intensity measured to the background noise, referred to

as I/σ and calculated as I/σ= Ʃ(I – σ)/Ʃσ, where I is the intensity of a reflection and

sigma is the background noise surrounding it in the detector. When cutting of the

resolution limit of the data, this ratio was kept (2 in the outer shell. The diffraction

resolution was also limited by the overall quality of the data, which was assessed by

the dataset completeness, average redundancy per shell and Rmerge. In general, the

overall linear Rmerge was kept <12-14% and the Rmerge in the outer shell below 35-50%,

depending on the redundancy. All the diffraction images were indexed, integrated

and scaled with the HKL-2000 program (Otwinowski and Minor, 1997).
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2.82.82.82.8 StructureStructureStructureStructure solution,solution,solution,solution, refinementrefinementrefinementrefinement andandandand validationvalidationvalidationvalidation

The crystal structure of the Os4BGlu12 apo enzyme was solved by molecular

replacement with the MOLREP program (Vegin and Teplyakov, 1997) with the

structure of cyanogenic β glucosidase from white clover (PDB code 1CBG, 63%

amino acid sequence identity to Os4BGlu12) (Barrett et al., 1995) as the search

model. The crystals for the structures of Os4BGlu12 with DNP2FG, G2F and TAG

were isomorphous with that for the apo Os4BGlu12 structure, allowing the structures

to be solved by rigid body refinement with the native structure as a search model in

the Refmac 5.0 program (Murdushov et al., 1999; CCP4 suit). The three structures

were also refined with Refmac 5.0. The analysis of the electron density and model

building were done in the Coot program (Emsley and Cowtan, 2004). In the

refinement and model building step, the structure factors, including the amplitudes

from the reflection intensities and the phase estimates, were converted to electron

density by Fourier transform (i.e. the FFT program of CCP4) or the automatic FFT

calculation in Coot.

Subsequently, coot was used to manually rebuild the structural model. The

2m|Fobs|-d|Fcalc| and m|Fobs|-d|Fcalc| Fourier maps were calculated from the observed

structure factor amplitudes and the calculated structure factor amplitudes and phases.

The model rebuilding was carried out based on these 2 maps, which were re-

calculated for each cycle of the rebuilding and refinement process. The atomic

positions and B-factors of all atoms were refined to fit the observed diffraction data.

The water molecules were added with the ARP/wARP program in the CCP4 suite.

The water molecules were added or deleted based on the electron density (2mFo-dFc

map contoured at 1.5-2.0 σ ), B-factor and hydrogen bonding distances between the
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water molecules and neighboring amino acid residues. The occupancies of the

DNP2FG molecules binding in each of the active sites of the Os4BGlu12/DNP2FG

structure were refined to 0.8, by setting the occupancy at different values and refining

the structures to determine which value gave the minimum values of the temperature

factors (B-factors) of the ligand and Rfree, and the glucosyl residue was refined to a 1S3

conformation (the initial conformation was similar to 4C1, taken from Bacillus

polymyxa (PDB: 1E4I) in which the whole DNP2FG was bound at the surface of this

structure, not in the -1 subsite), which fit into the density at 0.8 occupancy. A G2F

ring in the 4C1 conformation was fit to the occupancy of 1 in the electron density map

of the Os4BGlu12G2F complex structure. And the glucosyl residue of

Os4BGlu12E178Q with TAG was refined as 1S3 to the density, based on this

conformation having the lowest of temperature factor (B-factor), when the 4C1 and 1S3

conformations were tried.

The structure of Os3BGlu6 E178Q with pNPG and Os3BGlu6 E178Q

with GA4GE were solved via rigid body refinement with the wild type Os3BGlu6

structure (PDB_3GNO; Seshadri et al., 2009) from which the waters and heteroatoms

were removed as a template model. Manual rebuilding of the model was performed in

Coot and refinement was done with Refmac 5.0. The glucosyl residues at the -1

subsite of the structures of Os3BGlu6 E178Q with pNPGlc and Os3BGlu6 E178Q

with GA4GE were refined as 4C1, based on its fit into the electron density for both

structures. The overall quality of each model was evaluated with the PROCHECK and

MolProbity programs (Laskowski et al., 1993 and Davis et al., 2007). The refinement

and model statistics are given in Tables 3.4, 3.5 and 3.7. The structural

superimposition and figures were produced with PyMol (Schrödinger LLC, Portland,
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OR, USA).

2.92.92.92.9 DockingDockingDockingDocking studiesstudiesstudiesstudies

Docking trials were run in Autodoc 4.0 using the Lamarckian genetic

algorithm (Morris et al., 1998) with cellotriose with the nonreducing sugar in the 1S3

skew boat configuration, as previously described for Os3BGlu7 (Chuenchor et al.,

2008). Ten docking trials were run under default parameters from Autodock 4.0 for

each of Os3BGlu6 and Os4BGlu12. Due to lack of water in the simulation, these trials

were not expected to give accurate energies, but simply to show the feasibility of

binding in positions similar to cellooligosaccharides in crystal structures of Os3BGlu7.



 

 

 

 

 

 

 

 

CHAPTERCHAPTERCHAPTERCHAPTER IIIIIIIIIIII

RESULTSRESULTSRESULTSRESULTS

3.13.13.13.1 ProteinProteinProteinProtein expressionexpressionexpressionexpression andandandand purificationpurificationpurificationpurification

3.1.13.1.13.1.13.1.1 PurificationPurificationPurificationPurification ofofofof recombinantrecombinantrecombinantrecombinant Os4BGlu12Os4BGlu12Os4BGlu12Os4BGlu12

The thioredoxin/His6-tagged Os4BGlu12 fusion protein was expressed in

the soluble fraction in E. coli strain Origami B(DE3) cells from the pET32a+/DEST-

Os4BGlu12 expression vector under the optimized conditions (Opassiri et al., 2006).

The thioredoxin-Os4BGlu12 fusion protein contains a His6-tag and a cleavage site for

enterokinase following the thioredoxin at the N-terminus of the mature Os4BGlu12

protein. When the recombinant fusion protein was purified by a single step of IMAC

on a Co2+ resin column, a major band of fusion protein at 69 kDa and many

nonspecifically binding and contaminating proteins were seen on the SDS-PAGE

(Figure 3.1). The yield of protein obtained from the elution fractions that contained β-

glucosidase activity was approximately 5 mg protein per liter of E. coli culture. To

remove the fusion tag at the N-terminus, which might interfere with crystallization,

the protein obtained from the first IMAC was cleaved with enterokinase to generate

the tag-free Os4BGlu12 protein. The thioredoxin fusion tag was removed from the

protein solution by adsorption to Co2+ bound resin in the second IMAC step. The

purification profile of tag-free Os4BGlu12 protein obtained from the second IMAC is

shown in Figure 3.2. The fractions contain tag-free Os4BGlu12 protein, which was
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detected at approximately 55 kDa on SDS-PAGE, along with different amounts of

minor contaminating protein bands. These fractions were pooled and concentrated,

and the buffer was changed to 20 mM Tris-HCl, pH 7.2. After the second IMAC step,

the Os4BGlu12 protein was obtained with >95% purity, with a yield of about 2.5 mg

per liter of culture. This protein is compared to that from the first IMAC in Figure 3.3.

The protein from this second IMAC was used for crystallization screening and the

production of sufficient crystals in the optimization experiment.

FigureFigureFigureFigure 3.13.13.13.1 SDS-PAGE of fractions from purification of recombinant thioredoxin-

Os4BGlu12 protein by Co2+-IMAC.

Lane M, molecular weight protein marker. Lane 1, soluble fraction of induced E. coli

cells containing pET32a+/DEST-Os4bglu12. Lane 2, flow-through of IMAC column.

Lane 3, the protein eluted in the wash with equilibration buffer. Lanes 4-6, the protein

fractions eluted in the wash with 5 mM imidazole. Lanes 7-9, the protein fractions

eluted in the wash with 10 mM imidazole. Lanes 10-12, the elution fractions of

thioredoxin-Os4BGlu12 protein eluted with 250 mM imidazole.
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FigureFigureFigureFigure 3.23.23.23.2 SDS-PAGE of tag-free Os4BGlu12 protein fractions purified via a second

IMAC step.

The purified fusion protein was cleaved with enterokinase and purified by Co2+-

IMAC to remove the fusion tag. Lane M, molecular weight protein marker. A. Lane 1,

flow-through. Lane 2, fraction washed from the column with equilibration buffer.

Lanes 3-9, the protein fractions eluted with 5 mM imidazole. B. Lanes 10-18, the

protein fractions eluted with 10 mM imidazole.
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FigureFigureFigureFigure 3.33.33.33.3 SDS-PAGE analysis of Os4BGlu12 protein from two steps of purification.

Lane M, molecular weight protein maker. Lane 1, soluble protein extract of E. coli

cells expressing Os4BGlu12. Lane 2, thioredoxin-Os4BGlu12 fusion protein after

initial IMAC. Lane 3, tag- free Os4BGlu12 after second IMAC.

3.1.23.1.23.1.23.1.2 PurificationPurificationPurificationPurification ofofofof Os4BGlu12Os4BGlu12Os4BGlu12Os4BGlu12 E179QE179QE179QE179Q andandandand H252MH252MH252MH252M

Purification of the Os4BGlu12 mutants Os4BGlu12 E179Q and

Os4BGlu12 H252M was also carried out using the same two-step of immobilized

metal affinity chromatography (IMAC) procedure, with similar yields of

approximately 3-5 mg of highly purified protein per liter of bacterial culture. The

purification profiles of the two mutants are show in Figure 3.4.
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FigureFigureFigureFigure 3.43.43.43.4 The purification profile of the two recombinant Os4BGlu12 mutant

proteins E179Q (A) and H252M (B).

Purification fraction pools with the two steps of IMAC on Co2+ IMAC resin are shown.

Lane M, molecular weight protein maker. Lane 1, crude protein extract of Origami

B(DE3) cells expressing the protein. Lane 2, the fusion protein after initial IMAC.

Lane 3, protein after cleavage of tag and second IMAC.

3.1.33.1.33.1.33.1.3 PurificationPurificationPurificationPurification ofofofof Os3BGlu6Os3BGlu6Os3BGlu6Os3BGlu6 E178QE178QE178QE178Q andandandand M251NM251NM251NM251N mutantmutantmutantmutant

proteinsproteinsproteinsproteins

The optimized expression and purification of wild type Os3BGlu6

recombinant protein was previously described by Seshadri et al., 2009. The initial

purification of two Os3BGlu6 mutants, E178Q and M251N, was also done by IMAC

on a Co2+-IMAC column, followed by TEV protease digestion to cleave between the

thioredoxin fusion-tag and the Os3BGlu6 mutant proteins. The fusion-tag and TEV
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protease were then removed by binding them to the IMAC column. The results

obtained from large scale purification with these steps are shown in Figure 3.5. The

overall yield obtained from 3.2 liters of bacterial culture was approx. 15-20 mg of the

approximately 95 % pure Os3BGlu6 protein.

FigureFigureFigureFigure 3.53.53.53.5 SDS page profiles of the Os3BGlu6 E179Q and M251N mutants after the

first and second IMAC steps.

Panel A, Os3BGlu6 E178Q purification fractions, Lane 1, crude protein extract of

induced Origami(DE3) cells. Lane 2, the recombinant thioredoxin fusion-tag protein

after 1st IMAC column. Lane 3, non-fusion protein after it was cut with TEV and

passed through the second IMAC column. Panel B, Os3BGlu6 M251N purification

fractions. Lane 1, fusion protein after the 1st IMAC column. Lane 2, tag-free protein

after it was cut with TEV and passed through a second IMAC column. Lane M is the

molecular weight protein markers in both A and B.
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3.23.23.23.2 SubstrateSubstrateSubstrateSubstrate specificityspecificityspecificityspecificity ofofofof Os4BGlu12Os4BGlu12Os4BGlu12Os4BGlu12

The of hydrolysis activity of tag-free Os4BGlu12 on pNP-glycosides and

oNP-β-D-glucoside were tested, as shown in Table 3.1. Of the pNP derivatives,

Os4BGlu12 showed highest activity for hydrolysis of pNP-β-D-fucoside (96.7 ± 9.9

µmol/min/mg protein), while the hydrolytic efficiency for oNP-β-D-glucoside (23.0 ±

1.6 µmol/min/mg protein) was approximate 3 times lower than that for pNP-β-D-

glucoside (60.7 ± 1.1 µmol/min/mg protein). Os4BGlu12 had the lowest hydrolysis

activity for pNP-β-D-mannoside (0.37 ± 0.03 µmol/min/mg protein). The hydrolysis

of synthetic and natural glycosides and cello-oligosaccharides is also shown in Table

3.1. Among the β -(1,4)-linked oligosaccharides tested, Os4BGlu12 had the best

activity toward cellotetraose (26.1 ± 1.2 µmol/min/mg protein), followed by

cellotriose (15.5 ± 0.49 µmol/min/mg protein) and cellobiose (0.520 ± 0.003

µmol/min/mg protein), respectively. In this study the hydrolysis of Os4BGlu12

toward β-(1,4)-linked oligosaccharides was only tested for DP 2 to 4, while Opassiri

et al., (2010) showed that Os4BGlu12 had the best hydrolytic efficiency (kcat/Km) on

cellopentaose (4.9 ± 0.1 s−1mM−1), which was higher than cellotetraose (3.0 ± 0.2

s−1mM−1), and the catalytic efficiency was lower for cellohexaose (3.8 ± 0.2

s−1mM−1). Os4BGlu12 hydrolyzed the β -(1,3)-linked disaccharide laminaribiose

(28.8 ± 0.24 µmol/min/mg protein) best, with lower activities toward the β -(1,2)-

linked disaccharide sophorose (4.28 ± 0.33 µmol/min/mg protein) and the β -(1,6)-

linked disaccharide gentiobiose (0.450- ± 0.006 µmol/min/mg protein). Os4BGlu12

also hydrolyzed other glycosides, including helicin, meta-salicylic acid glucoside (m-

SAG), para-salicylic acid glucoside (p-SAG), salicylic acid glucoside (ortho-salicylic
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acid, SAG), tuberonic acid glucoside (TAG) and salicin. All the hydrolysis activities

shown in Table 3.1 are higher than previously reported by Opassiri et al. (2010), but

showed a similar trend for the hydrolysis efficiently toward various substrates.

Opassiri et al. (2010) characterized hydrolysis by the fusion protein that had only one

step of purification (1st IMAC), while in this study the tag-free protein was prepared

with two steps of purification (1st and 2nd IMAC).

TableTableTableTable 3.13.13.13.1 Substrate specificity of Os4BGlu12 for the Hydrolysis of various substrates

SubstrateSubstrateSubstrateSubstrate µµµµmolmolmolmol
minminminmin-1-1-1-1
mgmgmgmg-1-1-1-1 proteinproteinproteinprotein

PercentPercentPercentPercent
RelativeRelativeRelativeRelative
activityactivityactivityactivity

pNP β-D-Glucoside 60.7 ± 1.1 100
oNP β-D-Glucoside 23.0 ± 1.6 33
pNP β-D-Fucoside 96.7 ± 9.9 159.3
pNP β-D-Galactoside 43.0 ± 4.5 70.8
pNP β-D-Xyloside 13.4 ± 0.32 22.1
pNP β-D-Mannoside 0.37 ± 0.03 0.6
TAG 50.1 ± 1.0 82.5
Helicin 186.1 ± 3.0 309.6
Salicin 0.16 ± 0.009 0.3
SAG 60.3 ± 1.4 99.3
m-SAG 61.0 ± 3.3 100.5
p-SAG 104.7 ± 4.9 172.5
Cellobiose 0.52 ± 0.003 0.9
Cellotriose 15.5 ± 0.49 25.5
Cellotetraose 26.1 ± 1.2 43
Sophorose 4.28 ± 0.33 7
Laminaribiose 28.8 ± 0.24 47.4
Gentiobiose 0.45 ± 0.006 0.7
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3.33.33.33.3 StabilityStabilityStabilityStability studystudystudystudy comparingcomparingcomparingcomparing twotwotwotwo ricericericerice ββββ-glucosidase-glucosidase-glucosidase-glucosidase enzymesenzymesenzymesenzymes

Figure 3.6 shows the activity levels for Os4BGlu12 (Figure 3.6 A) and

Os3BGlu7 (Figure 3.6 B) after preincubation at temperatures of 0-90 °C for 60 min.

The O4BGlu12 activity remained stable after incubation at 20-50 °C for 60 min,

whereas the activity dropped about 5% at 60 °C after 60 min. Inclusion of DTT in the

enzyme solution resulted in decreases in the enzyme activity of 26% at 40 °C, and

80% at 60 °C. In contrast, Os3BGlu7 began to lose activity at 40 °C and was inactive

at higher temperatures, while inclusion of DTT resulted in a decrease in the enzyme

activity of 25% at 10 °C and 90% at 30 °C, suggesting that Os3BGlu7 stability was

more sensitive to reduction of the disulfide bonds than that of Os4BGlu12 (Figure 3.6

A and B).
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FigureFigureFigureFigure 3.63.63.63.6 Comparison of the thermostabilities of Os4BGlu12 and Os3BGlu7.

The enzyme activities were measured in the standard assay (0.3 mM pNPGlc in 50

mM sodium acetate, pH 5.0, for 10 min) after incubation of enzyme with (●) and

without (▄) 1 mM of DTT for 1 h at the designated temperatures in 50 mM sodium

acetate, pH 5.0.
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3.43.43.43.4 CrystalsCrystalsCrystalsCrystals ofofofof apo-Os4BGlu12apo-Os4BGlu12apo-Os4BGlu12apo-Os4BGlu12

The initial condition for crystallization of wild type apo Os4BGlu12 was

previously identified by Sansenya (2008), by screening via the microbatch under oil

technique. Small crystals were observed with a precipitant consisting of 25% (w/v)

PEG 4000 in 0.1 M Tris-HCl, pH 8.5, 0.2 M NaCl within 17 days (Sansenya et al.,

2010). Optimization for this condition was carried out by hanging-drop vapor

diffusion with microseeding and 3-9 mg/mL protein concentrations (Sansenya, 2008).

The suitable apo-Os4BGlu12 crystals were obtained in 19% (w/v) PEG 3350 in 0.1 M

Tris-HCl, pH 8.5, 0.16-0.26 M NaCl with 3.5 mg/mL protein concentration (Figure

3.7).

3.53.53.53.5 CrystalsCrystalsCrystalsCrystals ofofofof ComplexesComplexesComplexesComplexes ofofofof Os4BGlu12Os4BGlu12Os4BGlu12Os4BGlu12 withwithwithwith DNP2FGDNP2FGDNP2FGDNP2FG andandandand G2FG2FG2FG2F

The crystals with DNP2FG and G2F were crystallized in the presence of 2

mM of DNP2FG. The suitable condition for both complexes was optimized starting

from the condition used for the initial apo-Os4BGlu12 crystals with 3.5 mg/mL

protein by hanging-drop vapor diffusion with microseeding. The maximum size

crystals were obtained within 10-17 days in the optimized condition (Figure 3.8).
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3.63.63.63.6 CrystalsCrystalsCrystalsCrystals ofofofof Os4BGlu12E179QOs4BGlu12E179QOs4BGlu12E179QOs4BGlu12E179Q withwithwithwith TAGTAGTAGTAG

The inactive Os4BGlu12 E179Q variant was crystallized from a solution of

3.5 mg/mL protein with 2 mM of TAG in the condition optimized from that of the

initial apo-Os4BGlu12 crystallization condition by hanging-drop vapor diffusion with

microseeding. High quality crystals were obtained from several conditions within 10-

20 days (Figure 3.9).

3.73.73.73.7 CrystalsCrystalsCrystalsCrystals ofofofof apoapoapoapo Os3BGlu6Os3BGlu6Os3BGlu6Os3BGlu6 E178QE178QE178QE178Q

Seshadri et al. (2009) reported three crystal structures of apo Os3BGlu6 and

its complexes with inhibitors. The crystallization conditions of Os3BGlu6 E178Q

with pNPGlc and GA4GE were optimized from the conditions in that previous report.

Hanging drop vapor diffusion trials were run with 5 mg/mL of pure Os3BGlu6

E178Q and 13% PEG5000MME, 0.1 M Bis/Tris at different pH with microseeding.

The crystals with maximum size grew within 2-5 days in the optimization conditions

with different pH (Figure 3.10).
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FigureFigureFigureFigure 3.73.73.73.7 Photographs of apo-Os4BGlu12 crystals produced in various NaCl

concentrations.

The table shows the composition of the precipitants in the conditions that produced

the crystals. In all the conditions, small crystals were observed within 1 day and the

maximum size crystals were observed within 10-15 days.

ConditionConditionConditionCondition

numbernumbernumbernumber
ChemicalChemicalChemicalChemical compositioncompositioncompositioncomposition

MaximumMaximumMaximumMaximum

dimensiondimensiondimensiondimension ((((µµµµm)m)m)m)

1
19% (w/v) PEG 3350 in 0.1 M

Tris-HCl, pH 8.5, and 0.16 M NaCl

120 x 25 x 20

2
19% (w/v) PEG 3350 in 0.1 M

Tris-HCl pH 8.5 and 0.18 M NaCl

80x 15 x 15

3
19% (w/v) PEG 3350 in 0.1 M

Tris-HCl pH 8.5 and 0.20 M NaCl

80 x 30 x 30

4
19% (w/v) PEG 3350 in 0.1 M

Tris-HCl pH 8.5 and 0.22 M NaCl

125x 30 x 25

5
19% (w/v) PEG 3350 in 0.1 M

Tris-HCl pH 8.5 and 0.24 M NaCl

120x 25 x 20

6
19% (w/v) PEG 3350 in 0.1 M

Tris-HCl pH 8.5 and 0.24 M NaCl

75x 20 x 20
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FigureFigureFigureFigure 3.83.83.83.8 Photographs of Os4BGlu12 crystals produced in co-crystallization with 2

mM DNP2FG in various NaCl concentrations.

The table shows the composition of the precipitants in different conditions. In all the

conditions, small crystals were observed within 1-2 day and the maximum size

crystals were observed within 10-17 days.

ConditionConditionConditionCondition

numbernumbernumbernumber
ChemicalChemicalChemicalChemical compositioncompositioncompositioncomposition

MaximumMaximumMaximumMaximum

dimensiondimensiondimensiondimension ((((µµµµm)m)m)m)

1
19% (w/v) PEG 2000 in 0.1 M Tris-HCl,

pH 8.5, and 0.16 M NaCl

120 x 25 x 25

2
19% (w/v) PEG 2000 in 0.1 M

Tris-HCl, pH 8.5, and 0.18 M NaCl

145 x 20 x 20

3
19% (w/v) PEG 2000 in 0.1 M

Tris-HCl, pH 8.5, and 0.20 M NaCl

110 x 15 x 20

4
19% (w/v) PEG 2000 in 0.1 M

Tris-HCl, pH 8.5, and 0.24 M NaCl

110 x 30 x 25

5
19% (w/v) PEG 2000 in 0.1 M

Tris-HCl, pH 8.5, and 0.26 M NaCl

120 x 35 x 25

100 µm

1111

55554444

33332222

100 µm

1111

55554444

33332222
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FigureFigureFigureFigure 3.93.93.93.9 Photographs of crystals obtained from co-crystallization of Os4BGlu12

E179Q with 2 mM TAG in various NaCl concentrations.

The table shows the composition of precipitant in different conditions. In all the

conditions, small crystals were observed within 1-2 day and the maximum size

crystals were observed within 10-20 days.

ConditionConditionConditionCondition

numbernumbernumbernumber
ChemicalChemicalChemicalChemical compositioncompositioncompositioncomposition

MaximumMaximumMaximumMaximum

dimensiondimensiondimensiondimension ((((µµµµm)m)m)m)

1
19% (w/v) PEG 4000 in 0.1 M

Tris-HCl, pH 8.5, and 0.16 M NaCl

120 x 20 x 20

2
19% (w/v) PEG 4000 in 0.1 M

Tris-HCl, pH 8.5, and 0.18 M NaCl

95 x 20 x 20

3
19% (w/v) PEG 4000 in 0.1 M

Tris-HCl, pH 8.5, and 0.20 M NaCl

110 x 15 x 20

4
19% (w/v) PEG 4000 in 0.1 M

Tris-HCl, pH 8.5, and 0.22 M NaCl

110x 30 x 25

5
19% (w/v) PEG 4000 in 0.1 M

Tris-HCl, pH 8.5, and 0.24 M NaCl

120x 35 x 25

6
19% (w/v) PEG 4000 in 0.1 M

Tris-HCl, pH 8.5, and 0.26 M NaCl

120x 35 x 25



 

 

 

 

 

 

 

 

59

FigureFigureFigureFigure 3.103.103.103.10 Apo Os3BGlu6 E178Q crystals developed in precipitants with different

pH values.

The table shows the composition of each precipitant. In all the conditions, small

crystals were observed within 1 day and the crystals achieved maximum size within 2

days.

ConditionConditionConditionCondition

numbernumbernumbernumber
ChemicalChemicalChemicalChemical compositioncompositioncompositioncomposition

MaximumMaximumMaximumMaximum

dimensiondimensiondimensiondimension ((((µµµµm)m)m)m)

1 13% PEG5000MME, 0.1 M Bis/Tris, pH 5.5 500 x 20 x 20

2 13% PEG5000MME, 0.1 M Bis/Tris, pH 6.2 200 x 35 x 35

3 13% PEG5000MME, 0.1 M Bis/Tris, pH 6.4 500 x 20 x 20

4 13% PEG5000MME, 0.1 M Bis/Tris, pH 6.5 500 X 55 X 40

5 13% PEG5000MME, 0.1 M Bis/Tris, pH 6.7 450 x 50 x 20

6 13% PEG5000MME, 0.1 M Bis/Tris, pH 6.9 350 x 45 x 20
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Crystals obtained from the above conditions diffracted X-rays from a

synchrotron radiation source at the BL13B1 beamline of the National Synchrotron

Radiation Research Center (NSRRC), Taiwan. The data sets with the resolutions high

enough to produce quality electron density maps were used to solve the three

dimensional structures, as summarized in Tables 3.2 and 3.3.

TableTableTableTable 3.23.23.23.2 The Os4BGlu12 crystallization conditions and X-ray diffraction.

CrystalsCrystalsCrystalsCrystals PrecipitantPrecipitantPrecipitantPrecipitant

compositioncompositioncompositioncomposition

Cryo-solutionCryo-solutionCryo-solutionCryo-solution SoakingSoakingSoakingSoaking

timestimestimestimes (s)(s)(s)(s)

ResolutionResolutionResolutionResolution

((((ÅÅÅÅ))))

Apo-

Os4BGlu12

19% (w/v) PEG

3350 in 0.1 M

Tris-HCl, pH 8.5,

and 0.16 M NaCl

23% (w/v) PEG 3350,

0.12 M Tris-HCl, pH

8.5, 0.19 M NaCl in 18%

(v/v) Glycerol

5 2.50

Os4BGlu12

with G2F

19% (w/v) PEG

2000 in 0.1 M

Tris-HCl, pH 8.5,

and 0.18 M NaCl

23% (w/v) PEG 2000,

0.12 M Tris-HCl, pH

8.5, 0.19 M NaCl in 18%

(v/v) glycerol

15 2.40

Os4BGlu12

with

DNP2FG

19% (w/v) PEG

2000 in 0.1 M

Tris-HCl, pH 8.5,

and 0.16 M NaCl

10 mM DNP2FG in 23%

(w/v) PEG 2000, 0.12 M

Tris-HCl, pH 8.5, 0.19

M NaCl with 18% (v/v)

glycerol

15 2.45

Os4BGlu12

E179Q

with TAG

19% (w/v) PEG

4000 in 0.1 M

Tris-HCl, pH 8.5,

and 0.26 M NaCl

10 mM TAG in 23%

(w/v) PEG 4000, 0.12 M

Tris-HCl,,pH 8.5, 0.19

M NaCl with 18% (v/v)

glycerol

900 3.20
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TableTableTableTable 3.33.33.33.3 Os3BGlu6 crystallization conditions and X-ray diffraction experiments.

CrystalsCrystalsCrystalsCrystals PrecipitantPrecipitantPrecipitantPrecipitant

compositioncompositioncompositioncomposition

Cryo-solutionCryo-solutionCryo-solutionCryo-solution SoakingSoakingSoakingSoaking

timestimestimestimes (s)(s)(s)(s)

ResolutionResolutionResolutionResolution

((((ÅÅÅÅ))))

Os3BGlu6

E178Q_

pNPGlc

13% PEG5000MME,

0.1 M Bis/Tris, pH

6.5

2 mM pNPGlc in

22% PEG5000MME,

0.2 M Bis/Tris, pH

6.5, with 18% (v/v)

glycerol

5 1.90

Os3BGlu6

E178Q_

GA4GE (2 min)

13% PEG5000MME,

0.1 M Bis/Tris, pH

6.4

10 mM GA4GE in

22% PEG5000MME,

0.2 M Bis/Tris, pH

6.4, with 18% (v/v)

glycerol

120 2.40

Os3BGlu6

E178Q_

GA4GE (3 min)

13% PEG5000MME,

0.1 M Bis/Tris, pH

6.9

10 mM GA4GE in

22% PEG5000MME,

0.2 M Bis/Tris, pH

6.9, with 18% (v/v)

glycerol

180 1.97

Os3BGlu6

E178Q_

GA4GE (10

min)

13% PEG5000MME,

0.1 M Bis/Tris, pH

5.5

10 mM GA4GE in

22% PEG5000MME,

0.2 M Bis/Tris, pH

5.5, with 18% (v/v)

glycerol

600 2.50
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3.83.83.83.8 Os4BGlu12Os4BGlu12Os4BGlu12Os4BGlu12 structurestructurestructurestructure determinationdeterminationdeterminationdetermination

3.8.13.8.13.8.13.8.1 X-rayX-rayX-rayX-ray analysisanalysisanalysisanalysis

The crystals of apo Os4BGlu12 and its complexes with DNP2FG and

G2F and of Os4BGlu12 E179Q with TAG diffracted X-rays to give data sets with

2.50, 2.45, 240 and 3.20 Å resolutions, respectively. The statistics for all the X-ray

data sets are summarized in Table 3.4. The diffraction patterns showed that the apo

and complex crystals had tetragonal unit cells with similar unit-cell parameters of a =

b = 112.7, c = 182.8 Å (α=β=γ = 90°) (apo Os4BGlu12), a = b = 114.1, c = 184.5 Å,

(α=β=γ = 90°) for Os4BGlu12 with DNP2FG, a = b = 114.0, c = 184.1 Å, (α=β=γ =

90°) for Os4BGlu12 with G2F and a = b = 113.2, c = 183.4 Å, (α=β=γ = 90°) for

Os4BGlu12 E179Q with TAG. The systematic absences were consistent with either

space group P41212 or P43212. Two protein molecules were found in the asymmetric

unit with a Matthews coefficient (Vm) of 2.46 Å3 Da-1 and solvent content of 50% for

apo Os4BGlu12, while the crystals of Os4BGlu12 with DNP2FG and G2F and had

solvent contents of 53–55%, due to their slightly larger unit cell volumes. The

structure of Os4BGlu12 was solved by molecular replacement with the MOLREP

program (Vagin & Teplyakov, 1997) with the cyanogenic β -glucosidase from white

clover structure (PDB code 1CBG; Barrett et al., 1995) as the search model to give an

initial Rfactor of 0.450, an Rfree of 0.466 and a figure of merit (FOM) of 0.502. The

space group of the two crystals was determined to be P43212 because it gave better R

values than the solution in the P41212 space group. Further refinement with inclusion

of water molecules and other heteroatoms found in the solvent gave the final residual

values of R = 0.203 and Rfree = 0.248 (Table 3.5).
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The crystals of Os4BGlu12 complexed with DNP2FG and G2F and

Os4BGlu12 E179Q with TAG were isomorphous with the apo Os4BGlu12 crystals.

Rigid-body refinement was used as a simple molecular replacement protocol with the

apo Os4BGlu12 structure from which the heteroatoms had been removed as a search

model to give the initial complex structures. The Os4BGlu12/DNP2FG complex data

yielded a solution with an initial Rfactor of 0.388, an Rfree of 0.390 and an FOM of

0.794. The solution of rigid-body refinement of the apo Os4BGlu12 structure into the

Os4BGlu/G2F data yielded an initial Rfactor of 0.380, an Rfree of 0.390 and an FOM of

0.808, while that for the Os4BGlu E179Q/TAG structure factors gave an initial Rfactor

of 0.302, an Rfree of 0.305 and an FOM of 0.763.
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TableTableTableTable 3.43.43.43.4 Data collection statistics for Os4BGlu12 data sets.

DatasetDatasetDatasetDataset Os4BGlu12Os4BGlu12Os4BGlu12Os4BGlu12 Os4BGlu12_Os4BGlu12_Os4BGlu12_Os4BGlu12_

DNP2FGDNP2FGDNP2FGDNP2FG

Os4BGlu12Os4BGlu12Os4BGlu12Os4BGlu12

_G2F_G2F_G2F_G2F

Os4BGlu12Os4BGlu12Os4BGlu12Os4BGlu12

E179Q_E179Q_E179Q_E179Q_

TAGTAGTAGTAG

Beamline BL13B1 BL13B1 BL13B1 BL13B1

Wavelength (Å) 1.00 1.00 1.00 1.00

Space group P43212 P43212 P43212 P43212

Unit-cell

parameters (Å)

a = 112.6

b = 112.6

c = 182.7

a = 114.1

b = 114.1

c = 184.5

a = 114.0

b = 114.0

c = 184.1

a = 113.2

b = 113.2

c = 183.4

Resolution range

(Å)
30-2.50 30-2.45 30-2.40 30-3.20

Resolution outer

shell (Å)
2.50-2.49 2.51-2.45 2.49-2.40 3.31-3.20

No. Unique

reflections
39533 43131 48334 20392

No. Observed

reflections
408534 381316 329557 181617

Completeness

(%)a
100.0 (99.9) 100.0 (99.9) 99.6 (99.9) 100.0 (99.9)

Average

redundancya

per shell

9.7 (10.0) 8.4 (8.6) 6.8 (6.2) 8.9 (9.2)

I/σ(I)a 19.6 (6.4) 21.7 (4.4) 17.5 (3.4) 12.7 (3.8)

R (merge) (%)ab 10.6 (41.7) 9.4 (49.9) 10.4 (53.7) 15.1 (52.6)

a Values in parentheses refer to the corresponding values of the highest resolution

shell, from 10 shells of data. b R merge = ∑hkl∑i│Ii(hkl)-{I(hkl)}│⁄ ∑hkl∑i Ii(hkl)

where Ii (hkl) is the intensity of the ith measurement of reflection hkl and {I(hkl)} is

the mean value of Ii (hkl) for all i measurements.



 

 

 

 

 

 

 

 

65

3.8.23.8.23.8.23.8.2 ModelModelModelModel qualityqualityqualityquality andandandand overalloveralloveralloverall structurestructurestructurestructure

The refinement and model quality statistics for all the Os4BGlu12

structures are shown in Table 3.5. In general, the electron density of almost all

residues was seen clearly in the final models of all structures. The electron density for

residues 9-486 were observed in the structures of the apo enzyme and its complexes

with and DNP2FG and G2F and in that of the Os4BGlu12 E179Q acid/base mutant

with TAG, but eight residues from Os4BGlu12, including Ala1, Tyr2, Asn3, Ser4,

Ala5, Gly6, Glu7 and Pro8, and 19 amino acid residues remaining from the N-

terminal fusion tag (Ala-Met-Ala-Asp-Ile-Thr-Ser-Leu-Tyr-Lys-Lys-Ala-Gly-Ser-

Ala-Ala-Ala-Pro-Phe) were not visible. At the C-terminus, the side chains of Lys486

in all four structures had poorly defined electron densities. Residues Ser333, Asn334,

Gly335, Leu336 and Asn337 in the loop C region had weak density, especially for

molecule B, and the surface residues Arg76, Glu108, Glu228, Glu306 and Ile355 did

not have defined electron densities for their side chains in all four structures. In fact,

the poorly defined part of loop C sits at the entrance to the active site and was found

to be cleaved between Asn334 and Gly335 in the protein purified from rice panicles,

the same position as proteolysis of OsTAGG1 (Wakuta et al., 2010, 2011), although

no evidence of cleavage at this site was seen in the crystallized recombinant protein.

The overall structure of Os4BGlu12 portrayed in Figure 3.12 shows 478

residues for each monomer, starting at residue 9 after the predicted mature protein N-

terminus and ending with residue 486 as the last well defined residue. The typical

GH1 ( β /α)8-barrel structure, shown in Figure 3.12, placed the putative catalytic

acid/base, Glu179, and nucleophile, Glu393, at the C-terminal ends of β-strands 4 and

7, respectively, on opposite sides of the glucose ring at the bottom of the active site,
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as expected for a GH A enzyme (Jenkins et al., 1995 and Henrissat et al., 1995). The

substrate binding pocket of Os4BGlu12 is shaped primarily by the four extended

variable loops connecting strands and helices at the C-terminal side of the barrel

(Sanz-Apparasio et al., 1998) in Figure 3.12 and 3.13: loop A (Ser25-Asp66, between

β1 and α1), loop B (Glu179-Arg213, between β4 and α4), loop C (Trp321-Pro370,

between β6 and α6) and loop D (Asn394-Asp412, between β7 and α7). The structures

of monomers A and B in the asymmetric unit are nearly identical, with an RMSD of

0.06 Å over all C alpha atoms.

In the asymmetric unit of Os4BGlu12 crystals, His69 of both molecules

and Asp66 of molecule A and Asp36 of molecule B chelate a Zn ion asymmetrically

between the two protein molecules, as seen in Figure 3.12, and shown in detail in

Figure 3.14. The presence of zinc bound to the protein in the crystal packing was

identified on the basis of its coordination (tetrahedral coordination through four

residues, His69 and Asp36 from molecule A and Glu36 and His69 from molecule B)

and small ligand-ion distances (1.90-2.08 Å) and the B factor of Zn ion (24.23 Å2),

which is similar to that of the liganding amino acid residue atoms (20.67 Å2 for Oδ2

of Asp66, 21.48 Å2 for Nδ1 of His69 and 23.56 Å2 for Oε2 of Glu36 and 24.84 Å2 for

Nε2 of His69). The Zn2+ stabilizing interaction is not expected to occur in solution.

Os4BGlu12 is a monomeric protein in solution, as judged by gel filtration and

dynamic light scattering (DLS) (Figure 3.11), and the maximum interface of 488 Å2

between molecules A and B, 2.7% of the average monomer surface area of 18,307 Å2,

is predicted to not result in a dimer in solution by the PISA program (Krissinel and

Henrick, 2007).
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FigureFigureFigureFigure 3.113.113.113.11 Dynamic light scattering (DLS) spectrum of tag-free Os4BGlu12 protein.

DLS was used to determine the mean particle size and size distribution in a solution

of 1 mg/mL protein in 20 mM Tris-HCl, pH 7.2, and was performed at 293K. The size

distribution was plotted as intensity (%) versus size as the diameter of particle (d.nm).

The protein gave a single peak (100% of scattering) at 5.454 nm diameter, which

corresponds to the estimated molecular weight of tag-free Os4BGlu12 monomer (55

kDa). This result confirmed that Os4BGlu12 forms a functional monomeric enzyme

in solution.
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TableTableTableTable 3.53.53.53.5 Refinement statistics for the structures of Os4BGlu12 apo enzyme and its

complexes with G2F and DNP2FG and Os4BGlu12 E179Q with TAG.

DatasetDatasetDatasetDataset Os4BGlu12Os4BGlu12Os4BGlu12Os4BGlu12 Os4BGlu12Os4BGlu12Os4BGlu12Os4BGlu12

_DNP2FG_DNP2FG_DNP2FG_DNP2FG

Os4BGlu12Os4BGlu12Os4BGlu12Os4BGlu12

_G2F_G2F_G2F_G2F

Os4BGlu12Os4BGlu12Os4BGlu12Os4BGlu12

E179Q_TAGE179Q_TAGE179Q_TAGE179Q_TAG

PDB code 3PTK 3PTQ 3PTM Unpublished

Rfactor (%) 20.3 20.9 19.6 23.4

Rfree (%) 24.8 25.1 23.4 27.9

No. of residues in protein 486
(2 molecules =
972)

486
(2 molecules

= 972)

486
(2 molecules =
972)

486
(2 molecules

= 972)
No. protein atoms 7720 7720 7720 7720
No. Ligand atoms 16 (Tris) 48 (DNP2FG) 22 (G2F) 34 (TAG)

No. Other hetero atoms 1 (Zn) 31 (GOL, Zn) 37 (GOL, Zn) 1 (Zn)

No. waters 228 280 511 64

Mean B-factor

Protein 32.47 33.18 28.31 53.8

Ligand 52.70 (Tris) 62.69
(DNP2FG)

21.47 (G2F) 71.2 (TAG)

Other hetero atoms 24.23(Zn) 45.04 (GOL),
22.75 (Zn)

51.20 (GOL),
22.40 (Zn)

43.6 (Zn)

Waters 32.18 31.60 30.40 25.1

r.m.s. bond deviations
(length)

0.009 0.010 0.006 0.006

r.m.s angle deviations (degrees) 1.19 1.26 1.02 0.892

Ramachandran plot
Residues in most favorable
regions (%)

88.4 89.4 89.5 87.7

Residues in additional allowed
regions (%)

10.5 9.4 9.6 11.7

Residues in generously allowed
regions (%)

1.1 1.2 0.9 0.9

Residues in disallowed regions
(%)

0 0 0 0

Numbers in parentheses are statistics for the outer resolution shell. Ramachandran

values were determined from PROCHECK (Emsley et al., 2004). For the ligands,

DNP2FG stands for dinitrophenyl 2-deoxy-2-fluoro-β-D-glucopyranoside, G2F for 2-

fluoro-α-D-glucopyranoside and GOL for glycerol.
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FigureFigureFigureFigure 3.123.123.123.12 Ribbon diagram representation of the Os4BGlu12 apo protein structure in

the asymmetric unit.

The catalytic acid/base, Glu179, and nucleophile, Glu393, are labeled and shown as

sticks, colored in red for oxygen and purple for carbon. The four variable loops

between the β-strands and α-helices of the (β/α)8 barrel are labeled and colored green

for loop A, magenta for loop B, blue for loop C, and orange for loop D (including

variable helices and strands that fall in these loop regions). The Zn2+ ion between the

A and B protein molecules in the asymmetric unit is shown as a red sphere. Two

molecules of Tris associated with the A and B molecules in the asymmetric unit of the

Os4BGlu12 structure are represented by sticks with carbon in cyan, oxygen in red and

nitrogen in blue. Two disulfide bridges located in the loop B region are represented by

a thick bond (in gold with carbons in cyan). The Cys198-Cys206 disulfide bond is

present in other structures of GH1 enzymes, while the Cys184-Cys219 bond is not

observed in other GH1 enzymes but is located in the same loop region.
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FigureFigureFigureFigure 3.133.133.133.13 Superimposition of the 3D structures of different plant GH1 β -

glucosidases.

The structures shown as alpha-carbon traces are: white clover (1CBG) in cyan, rice

Os3BGlu7 (2RGM) in blue, rice Os3BGlu6 (3GNO) in yellow, Sinapis alba

myrosinase (1MYR) in green, and Os4BGlu12 in red. Two disulfide bridges located

at the loop B region are in pink space filling representation for the Cys198-Cys206

disulfide, which is present in other structures of plant GH1 enzymes, and in orange for

the Cys184-Cys219 bond, which is not observed in other GH1 enzymes but is located

in the same loop region. The green spheres represent another two disulfide bridges

found in S. alba myrosinase between its N-terminal region and helix 7 of the (β/α)8

barrel.



 

 

 

 

 

 

 

 

71

FigureFigureFigureFigure 3.143.143.143.14 Binding of a Zn2+ ion between the two molecules in the asymmetric unit.

Key residues interacting with the zinc ion are labeled and depicted as balls and sticks

with carbons colored green, nitrogen blue, and oxygen red. The zinc ion is shown as

yellow sphere, and the distances between interacting atoms and the Zn2+ ion are given

in Å nströms.
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3.93.93.93.9 Os4BGlu12Os4BGlu12Os4BGlu12Os4BGlu12 interactionsinteractionsinteractionsinteractions withwithwithwith ligandsligandsligandsligands

3.9.13.9.13.9.13.9.1 Apo-Os4BGlu12Apo-Os4BGlu12Apo-Os4BGlu12Apo-Os4BGlu12 bindingbindingbindingbinding ofofofof TrisTrisTrisTris

The active site of Os4BGlu12 is located at the bottom of an

approximately 20 Å deep, slot-like pocket, with two walls approximately 8 Å apart at

the narrowest point. As seen in Figure 3.12, a Tris molecule was observed at the

bottom of the active site of the apo Os4BGlu12 structure in two different

conformations in molecules A and B of the asymmetric unit (Figure 3.15). To support

this assignment, Tris was found to be a competitive inhibitor (Figure 3.16), although

with a high Ki of 144 ± 0.1 mM. Because Tris was present at 0.1 M in the

crystallization condition, it could be found in the active site of the apo enzyme of

Os4BGlu12, despite its low affinity, but was not likely to compete effectively with

specific ligands. Tris is commonly a weak inhibitor of β -glucosidases, and it was

previously reported that the active site of the apo enzyme of Os3BGlu6 (PDB

accession 3GNO) contained Tris (Seshadri et al., 2009), which was a component of

the storage buffer of the protein and a competitive inhibitor with a Ki of 5.1 mM.
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FigureFigureFigureFigure 3.153.153.153.15 The active site region of native Os4BGlu12 with Tris bound.

Panels A and B show the 2mFobs-dFcalc electron density maps of the Tris molecules

bound in the active sites of monomers A and B are show. The Tris molecules are

shown in balls and sticks with carbon in purple, oxygen in red and nitrogen in dark

blue for both monomers. The maps are contoured at the 1σ level. The amino acids

surrounding Tris are represented by sticks with carbon in purple, oxygen in red and

nitrogen in dark purple. The dashed lines indicate interactions from amino acids

within hydrogen-bonding distance of the ligands.
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3.7.13.7.13.7.13.7.1 Apo-Os4BGlu12Apo-Os4BGlu12Apo-Os4BGlu12Apo-Os4BGlu12

FigureFigureFigureFigure 3.163.163.163.16 The Lineweaver Burk plots for hydrolysis of pNPGlc in different

concentrations of Tris.

The intersection on the Y-axis demonstrates Tris acts as a competitive inhibitor of

Os4BGlu12.

3.9.23.9.23.9.23.9.2 Os4BGlu12Os4BGlu12Os4BGlu12Os4BGlu12 complexcomplexcomplexcomplex withwithwithwith DNP2FGDNP2FGDNP2FGDNP2FG

When Os4BGlu12 was crystallized with precipitant solution containing 2

mM DNP2FG then soaked in cryoprotectant containing 10 mM DNP2FG before

cooling and X-ray diffraction, the anticipated covalent intermediate of α-2-deoxy-2-

fluoroglucoside was not observed in the electron density. Instead, the electron density

map of Molecule A clearly revealed the presence of the 2-deoxy-2-fluoroglucose ring

in a β-linkage to a weak density for the 2,4-dinitrophenol group, as shown in Figure

3.17 A and B. The whole ligand had a high average B-factor of 72 Å2 at full

occupancy and refined to a partial occupancy of 0.8 with the B-factor of 63 Å2, in line
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with the transient nature of the Michaelis complex. The sugar ring was better defined

than the nitrophenyl ring, and molecule B had poor density for the aglycone and

higher B-factors, suggesting the active site was partially occupied with covalently

linked or free 2-F-glucose, with different occupancies for the two molecules.

However, the glucosyl moiety fit the electron density better in the 1S3 skew-boat

conformation previously observed for noncovalent β -glucosidase/substrate

intermediates than in a relaxed 4C1 chair conformation, which has generally been

observed for covalent intermediates (Burmeister et al., 1997; Malet and Planas, 1998;

Czjzek et al., 2001; Zechel et al., 2003; Isorna et al., 2007; Noguchi et al., 2008;

Chuenchor et al., 2008; 2011 and Seshadri et al., 2009).
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FigureFigureFigureFigure 3.173.173.173.17 Protein-ligand interactions in the active site of the Os4BGlu12 DNP2FG

complex.

(A) Stereo view of the electron density (2mFobs-dFcalc map contoured at the 1 σ level)

of DNP2FG, calculated with a model from which DNP2FG was omitted. (B) The

amino acid residues surrounding DNP2FG are displayed in stick representation, with

carbon, nitrogen and oxygen atoms colored in cyan, blue and red, respectively.

DNP2FG is drawn in ball and stick representation in the same colors, except carbon

atoms are in yellow and fluorine in green.
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3.9.33.9.33.9.33.9.3 Os4BGlu12Os4BGlu12Os4BGlu12Os4BGlu12 complexcomplexcomplexcomplex withwithwithwith G2FG2FG2FG2F

Because the crystal soaked in a high concentration of DNP2FG before

freezing gave a noncovalent complex instead of the expected covalent intermediate,

another crystal from cocrystallization with DNP2FG was soaked in the cryo-solution

containing precipitant but without DNP2FG, and this crystal diffracted X-ray to yield

electron density for the covalent intermediate. In the structure of Os4BGlu12 with a

covalent bond between the anomeric carbon of G2F and the Glu393 nucleophile

residue Oε1, the 4C1 chair conformation of the G2F ring was observed in subsite -1

(Figure 3.18 A and B). Aside from the covalent bonding of the nucleophile, the

glucose was bound by hydrogen bonds similar to the Michaelis complex. Figure 3.18

B shows that the density was clear and Tyr322 was seen to have an alternative

conformation, in which it can hydrogen bond to the catalytic nucleophile in this

complex, in addition to a conformation hydrogen bonding to O5, similar to the

noncovalent complex. The covalent complex of Os4BGlu12 is more similar to that of

the covalent complex of S. alba myrosinase (1E73), the enzyme that hydrolyzed S-

glucoside substrate, than to those of O-glucosidase enzymes, such as rice Os3BGlu7

(Chuenchor et al., 2008). The similarity of the structures of the covalent complex of

Os4BGlu12/G2F and the covalent complex of S. alba myrosinase is consistent with

the fact that Os4BGlu12 had hydrolysis activity with S-glucoside substrates (Table

3.6).
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FigureFigureFigureFigure 3.183.183.183.18 The active site region of the covalent complex of Os4BGlu12 with G2F.

(A) Ligand binding of the monomer A. Amino acids surrounding the ligand are

represented as sticks with carbons colored cyan. The ligands are represented in ball

and stick and include G2F and glycerol with carbons in pink and yellow, respectively.

(B) Electron density map (Omit Fobs-Fcalc contoured at 3σ) of the glycosyl-enzyme

intermediate showing the two conformations of Tyr322 in the structure of Os4BGlu12

with G2F. (C) Superimposition of nucleophile and sugar residues of the glycosyl-

enzyme intermediate of the Os4BGlu12/G2F complex with those of S. alba

myrosinase and rice Os3BGlu7. Carbons are shown in cyan for Os4BGlu12/G2F

(3PTM), in pink for rice Os3BGlu7 (2RGM) and in yellow for S. alba myrosinase

(1E73).
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TableTableTableTable 3.63.63.63.6 Hydrolysis of O-glucosides and S-glucosides by Os4BGlu12.

1111The kcat values given are apparent values calculated by division of the Vmax by the

molar amount of Os4BGlu12 protein (Sansenya et al., 2011).

3.9.43.9.43.9.43.9.4 Os4BGlu12Os4BGlu12Os4BGlu12Os4BGlu12 E179QE179QE179QE179Q TAGTAGTAGTAG complexcomplexcomplexcomplex

The rice Os4BGlu12 β -glucosidase has recently been shown to

hydrolyze the natural substrate tuberonic acid β -D-glucoside (TAG) and given the

additional name TAG β -glucosidase 2 (TAGG2) (Wakuta et al., 2011). The crystal

structure of the inactive mutant Os4BGlu12 E179Q with TAG was determined to

elucidate the aglycone binding determinants. The Os4BGlu12 E179Q was co-

crystallized with TAG by hanging drop vapor diffusion, and its structure solved at 3.2

Å resolution. The TAG molecule was observed in the active site of Os4BGlu12

E179Q in this structure (Figure 3.19 A). The density of the glucose ring was best fit to

a 1S3 skew boat conformation with the average B-factor was 67.5 Å2, while the

density was fit to the TA aglycon with an average B-factor was 74.6 Å2 (Figure 3.19

B), compared to the average B-factor of 53.8 Å2 for the protein. The glycone residue

was in a similar position to that of G2F in the G2F and DNP2FG complexes (Figure

3.19 C). At the -1 subsite, a group of conserved residues (Gln29, His133, Asn178,

SubstrateSubstrateSubstrateSubstrate
VVVVmaxmaxmaxmax

((((µµµµmolmolmolmol minminminmin-1-1-1-1
mgmgmgmg-1-1-1-1 protein)protein)protein)protein)

KKKKmmmm
(mM)(mM)(mM)(mM)

kkkkcatcatcatcat 1111

(s(s(s(s-1-1-1-1))))
kkkkcatcatcatcat////KKKKmmmm

(mM(mM(mM(mM-1-1-1-1 ssss-1-1-1-1))))

pNPG 20.1 ± 0.6 0.56 ± 0.03 18.5 ± 0.15 33
pNPSG 0.29 ± 0.007 1.64 ± 0.10 0.27 ± 0.015 0.17

n-heptyl-β-D-glucoside 13.2 ± 0.13 0.91 ± 0.07 12.1 ± 0.05 13
n-octyl-β-D-glucoside 10.7 ± 0.3 0.44 ± 0.015 9.8 ± 0.22 22

n-octyl-β-D-
thioglucopyranoside

4.00 x 10-2

± 0.003 1.61 ± 0.10
3.76 x 10-2

± 0.004 2.34 x 10-2
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Tyr322, Glu393, Trp450 and Glu449) form hydrogen bonds with O2, O3 and O4 of

the TAG glucosyl moiety. The hydrogen bonding with glucosyl unit in the structures

of Os4BGlu12 with DNP2FG and Os4BGlu12 E179Q with TAG was similar, except

that Glu449 was displaced away from the glucosyl O6 of TAG in the structure of

Os4BGlu12 E179Q with TAG (Figure 13.9 C). The aglycone binding subsite is

defined by both hydrophobic and polar residues. The TA group was bound by

hydrophobic and polar residues, including Trp181, Thr182, Asn186, His252, and

Trp363. Thus, despite the relatively low resolution of the structure, residues active in

natural substrate binding could be identified.
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FigureFigureFigureFigure 3.193.193.193.19 Active site of the crystal structure of Os4BGlu12 E179Q with TAG.

(A) The amino acid residues surrounding the TAG ligand in the active site. The

amino acids are represented as sticks with carbon in hot pink, while TAG shown in

ball and stick representation with carbon in purple,. (B) The │Fobs│-│Fcalc│ electron

density map around the TAG ligand is shown contoured at 3σ, as calculated before

insertion of the ligand. (C) Superimposition of the complexes with the three ligands,

DNP2FG (carbon in cyan), G2F (carbon in yellow) and TAG (carbon in purple). The

catalytic acid/base (E179), nucleophile (E393) and E449 positions in each of the three

structures are shown with the ligands. Oxygen is in red and nitrogen in dark blue in all

pictures.
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3.103.103.103.10 DeterminationDeterminationDeterminationDetermination ofofofof Os3BGlu6Os3BGlu6Os3BGlu6Os3BGlu6 E178QE178QE178QE178Q complexcomplexcomplexcomplex structuresstructuresstructuresstructures

3.10.13.10.13.10.13.10.1 X-rayX-rayX-rayX-ray analysisanalysisanalysisanalysis andandandand structurestructurestructurestructure refinementrefinementrefinementrefinement

From previous study (Hua et al., 2013), Os3BGlu6 had highest

hydrolysis activity to GA4GE among the enzymes expressed in recombinant systems

in our lab. The purified Os3BGlu6 E178Q protein was crystallized with and soaked

with GA4GE and pNPGlc in an effort to obtain complexes with these substrates. The

crystals of Os3BGlu6 E178Q with GA4GE and pNPGlc diffracted X-rays to 1.97 Å

and 1.90 Å resolutions, respectively, and the processing statistics are shown in Table

3.7. The crystals of Os3BGlu6 E178Q with GA4GE and pNPGlc had P212121 space

group symmetry, as did that of the native structure (Seshadri et al., 2009). The unit

cell parameters were a = 57.05, b = 91.22, c = 111.37 Å (α = β = γ = 90°) for

Os3BGlu6 E178Q with GA4GE and a = 56.99, b = 91.13, c = 111.22 Å (α = β = γ =

90°) for Os3BGlu6 E178Q with pNPGlc, respectively. The crystals of Os3BGlu6

E178Q with GA4GE and Os3BGlu6 E178Q with pNPGlc were isomorphous with that

of the native Os3BGlu6 structure, allowing the structures to be solved by rigid body

refinement with the native enzyme structure as a search model. Both crystals

contained one molecule in the asymmetric unit, with a Matthews coefficient (Vm) of

2.59 Å3Da-1 and solvent content of 52.49% for the crystal with GA4GE and a Vm of

2.58 Å3Da-1 and solvent content of 52.33% for Os3BGlu6 E178Q with pNPGlc. These

crystal parameters are similar to those of the previous three Os3BGlu6 structures

(Seshadri et al., 2009).

The crystal structures of Os3BGlu6 E178Q with GA4GE and pNPGlc

were refined at 1.97 and 1.90 Å, respectively. The initial residual factors were: an

Rfactor of 25.90% and Rfree of 27.11% for Os3BGlu6 E178Q with GA4-GE and Rfactor of
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26.15% and Rfree of 26.84% for Os3BGlu6 E178Q with pNPGlc. After the ligand,

water and other hetero atoms were added, the refinement yielded a final Rfactor of

14.4% and Rfree of 18.1% for Os3BGlu6 E178Q with GA4GE and Rfactor of 14.7% and

an Rfree of 18.1% for Os3BGlu6 E178Q with pNPGlc. The protein structure was well

defined from Gly11 to Thr488, except for the loop of residues 331 to 337, which was

poorly defined by the electron density, as was the N-terminus (similar to the

previously reported wild type structure). The final model gives the average B-factors

for the protein atoms of 20.4 Å2 for Os3BGlu6 E178Q with GA4GE and 16.4 Å2 for

Os3BGlu6 E178Q with pNPGlc, as shown in the refinement statistics in Table 3.7.



 

 

 

 

 

 

 

 

84

TableTableTableTable 3.73.73.73.7 Data-collection and structure-refinement statistics.

DatasetDatasetDatasetDataset Os3BGlu6E178Q_Os3BGlu6E178Q_Os3BGlu6E178Q_Os3BGlu6E178Q_
ppppNPGNPGNPGNPG

Os3BGlu6E178Q_Os3BGlu6E178Q_Os3BGlu6E178Q_Os3BGlu6E178Q_
GAGAGAGA4444-GE-GE-GE-GE

PDB code 3WBA 3WBE
Beamline BL13B1 BL13B1
Wavelength (Å) 1.00 1.00
Space group P212121 P212121

Unit-cell parameters (Å)

a = 56.99

b = 91.13

c = 111.22

a = 57.05

b = 91.22

c = 111.37
Resolution range (Å) 30-1.90 30-1.97
Resolution outer shell(Å) 2.33-1.90 2.04-1.97
No. Unique reflections 46370 41777
No. Observed reflections 297256 297549
Completeness (%) 97 (99.9) 99.9 (100)
Average redundancy per shell 6.5 (6.3) 7.1 (7.2)
I/σ(I) 28.9 (4.5) 23.3 (6.6)
R (merge) (%) 6.0 (41.0) 8.4 (27.6)
Rfactor (%) 14.8 14.7
Rfree (%) 17.9 18.0
No. of residues in protein 478 478
No. protein atoms 3917 3952
No. Ligand atoms 11 (Glc) 11 (Glc)
No. Other hetero atoms 36 (GOL, Tris) 36 (GOL)
No. waters 534 491
Mean B-factor
Protein 16.6 20.6
Ligand 12.1 10.4
Other hetero atoms 35.3 (GOL) 44.2 (GOL)
Waters 34.3 36.8
r.m.s. bond deviations (length) 0.013 0.014
r.m.s angle deviations (degrees) 1.290 1.264
Ramachandran plot
Residues in most favorable regions
(%)

88.9 88.6

Residues in additional allowed
regions (%)

10.7 10.9

Residues in generously allowed
regions (%)

0.5 0.5

Residues in disallowed regions (%) 0 0



 

 

 

 

 

 

 

 

85

3.10.23.10.23.10.23.10.2 StructureStructureStructureStructure ofofofof Os3BGlu6Os3BGlu6Os3BGlu6Os3BGlu6 E178QE178QE178QE178Q soakedsoakedsoakedsoaked withwithwithwith ppppNPGlcNPGlcNPGlcNPGlc

A glucosyl moiety was observed at the bottom of the active site of

Os3BGlu6 E178Q in the structure derived from a crystal soaked with pNPGlc. The

anomeric carbon of glucose is covalently bonded with Oε1 of Glu394 at a distance of

1.50 Å (Figure 3.20 A). The hydrogen bonding network between the glucose moiety

and the surrounding amino acid residues includes Gln31, His132, Asn177, Asn178,

Tyr321, Glu451 and Trp452. The density clearly shows a 4C1 chair conformation of

the glucosyl ring in the -1 subsite. Its binding is mediated by nine hydrogen bonds

(Figure 3.21 A and Table 3.8). O2 of glucose formed hydrogen bonds with His132

Nε2 (3.30 Å), Asn177 OD1 (3.01 Å) and Gln178 Nε2 (2.99 Å), while O3 of glucose

is within hydrogen bonding distance of Gln31 Oε1 (2.66 Å) and Trp452 Nε1 (2.85 Å).

The O5 atom of glucose formed a hydrogen bond with Tyr321 OH (2.70 Å) and O4 is

hydrogen bonded to Gln31 Nε2 (2.91 Å) and Glu451 Oε1 (2.61 Å), while O6 forms a

hydrogen bond with Glu451 Oε2 (2.60 Å). Another hydrogen bonding interaction is

mediated by a water molecule (water 52 in the structure file) that interacts with O2 of

glucose (2.80 Å) and Glu394 Oε1 (2.98 Å). A glycerol molecule was observed with

two conformations in the +1 subsite. Following refinement with the two

conformations of glycerol, the │F
obs

│-│F
calc

│electron density difference map was

relatively clean.
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TableTableTableTable 3.83.83.83.8 Hydrogen bonds occurring between active site amino acid residues and

glucose in the structure of Os3BGlu6 E178Q soaked with pNPGlc.

3.10.33.10.33.10.33.10.3 TheTheTheThe structurestructurestructurestructure ofofofof Os3BGlu6Os3BGlu6Os3BGlu6Os3BGlu6 E178QE178QE178QE178Q withwithwithwith GAGAGAGA4444GEGEGEGE

A glucose molecule was also observed in the active site of the

Os3BGlu6 E178Q structure from the crystal soaked with GA4GE. The glucose in a

4C1 conformation was well refined to the density, with the anomeric carbon covalently

bound with Oε1 (1.45 Å) of Glu394, the catalytic nucleophile residue (Figure 3.20 B

and 3.21 B). The glucose was set to 0.5 occupancy, since glycerol appeared to occupy

the active site in half of the molecules, and the average B-factor was 10.4 Å2 for

glucose and 22 Å2 for glycerol (Figure 3.21 B and C). As seen in the Figure 3.20 B

and 3.21 B, the catalytic nucleophile residue Glu394 refined to two different

GLUCOSEGLUCOSEGLUCOSEGLUCOSE

ResiduesResiduesResiduesResidues GlucoseGlucoseGlucoseGlucose DistanceDistanceDistanceDistance ((((ÅÅÅÅ))))

Gln31Oε1 O3 2.66

Nε2 O4 2.91

His132 Nε2 O2 3.303.303.303.30

Asn177OD1 O2 3.01

Gln178Nε2 O2 2.99

Tyr321OH O5 2.70

Glu451Oε1 O4 2.61

Oε2 O6 2.60

Trp452Nε2 O3 2.85

Residues/GlucoseResidues/GlucoseResidues/GlucoseResidues/Glucose Wat52Wat52Wat52Wat52 DistanceDistanceDistanceDistance ((((ÅÅÅÅ))))

Glu451Oε1 Wat52 2.98

Glucose Wat52 2.80
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conformations, one covalently bound with the anomeric carbon of the glucosyl moiety

and another one hydrogen bonded with O2 of glycerol (2.48 Å). The distance between

Oε1 of Glu394 in the noncovalently bound conformation and glucose C1 was 2.11 Å.

The glucose residue formed hydrogen bonds with 7 amino acid residues around the -1

subsite (Gln31, His132, Asn177, Gln178, Try321, Glu394, Glu451 and Trp452)

(Table 3.8). The Oε1 and Nε2 atoms of Gln31 hydrogen bonded with O3 (2.73 Å)

and O4 (2.90 Å) of the glucose ring, respectively. The O2 atom of glucose formed

hydrogen bonds with Nε2 of His132 (3.19 Å), Oδ1 of Asn177 (3.04 Å), and Nε2 of

Gln178 (3.22 Å), while O3 of glucose hydrogen bonded with Nε1 of Trp452 (2.76 Å).

The O4, O5 and O6 atoms of glucose formed hydrogen bonds with Oε1 of Glu451

(2.50 Å), OH of Tyr321 (2.84 Å), and Oε2 of Glu451( 2.61 Å), respectively. These

interactions are summarized in Table 3.9.

The glycerol molecule was present in the same positions as C2, C3 and

C4 of the glucose ring, so that O1, O2 and O3 of glycerol can be compared with O2,

O3 and O4 of glucose (Figure 3.21 A, B, C and D). Oxygen 1 and oxygen 2 of

glycerol project at angles similar to those of O2 and O3 of glucose, but O3 of glycerol

has a different position when compared to O4 of glucose. O3 of glycerol is in a

position equivalent to the axial O4 of D-galactose, rather than the equatorial O4 of D-

glucose. Hydrogen bonds to the glycerol molecule are formed by 6 amino acid

residues (Table 3.9). O1 of glycerol is in the position to form hydrogen bonds with

Oδ1 of Asn177 (2.78 Å) and Oε2 of Glu394 (3.03 Å). O2 of glycerol forms hydrogen

bonds with Oε1 of Gln31 (2.49 Å) and Nε1 of Trp452 (3.04 Å), while O3 of glycerol

hydrogen bonds with Oε2 of Glu451 (3.11 Å).



 

 

 

 

 

 

 

 

88

TableTableTableTable 3.93.93.93.9 Hydrogen bonds occurring between glucose or glycerol with amino acid

binding residues in the structure of Os3BGlu6 E178Q soaked with GA4GE.

GLUCOSEGLUCOSEGLUCOSEGLUCOSE GLYCEROLGLYCEROLGLYCEROLGLYCEROL

ResiduesResiduesResiduesResidues GlucoseGlucoseGlucoseGlucose DistanceDistanceDistanceDistance

((((ÅÅÅÅ))))

ResiduesResiduesResiduesResidues GlycerolGlycerolGlycerolGlycerol DistanceDistanceDistanceDistance

((((ÅÅÅÅ))))

Gln31Oε1 O3 2.73 Gln31Oε1 O2 2.49

Nε2 O4 2.90 Asn177OD1 O1 2.78

His132 Nε2 O2 3.19 Glu394Oε2 O1 3.03

Asn177OD1 O2 3.04 Glu451Oε2 O3 3.11

Gln178Nε2 O2 3.22 Trp452Nε1 O2 3.04

Tyr321OH O5 2.84

Glu451Oε1 O4 2.50

Oε2 O6 2.61

Trp452Nε2 O3 2.76
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FigureFigureFigureFigure 3.203.203.203.20 The electron density maps of the glycosyl-enzyme intermediate of

Os3BGlu6 E178Q with pNPGlc (A) and GA4GE (B, C).

The positive Fobs-Fcalc Omit maps are shown in red mesh contoured at 3σ . A. The

glucose and two conformations of glycerol in the active site of Os3BGlu6 E178Q

soaked with pNPGlc are represented by balls and sticks with carbon in yellow for

glucose and in green for glycerol. The nucleophile residue (E394) is represented by

sticks with carbon in gray, oxygen in red and nitrogen in dark blue. B. The mixed

structures of apo Os3BGlu6 E178Q and Os3BGlu6 E178Q covalently bound to Glc

from GA4GE was modeled with two conformations of E394 and glucose and glycerol

occupying the same position, by setting the occupancy at 0.5 for glucose and glycerol

and each of the E394 conformations. The glucose and glycerol are shown in ball and

stick representation with carbon in cyan for glucose and in green for glycerol. The

nucleophile residue (E394) is represented as sticks with carbon in gray, oxygen in red

and nitrogen in dark blue. C. Different view of the electron density of figure B.



 

 

 

 

 

 

 

 

90

FigureFigureFigureFigure 3.213.213.213.21 Binding of glucose in the active site of Os3BGlu6 E178.

A and B, Stereo view of protein-ligand interaction in the active site of the Os3BGlu6

E178Q soaked with pNPGlc and with GA4GE, respectively. The amino acids

surrounding the -1 subsite are represented as sticks with carbon in gray, nitrogen in

dark blue and oxygen in red. The covalent glucosyl moiety is represented as balls and

sticks with carbon in yellow for Os3BGlu6 E178Q soaked with pNPGlc and in cyan

for Os3BGlu6 E178Q soaked with GA4GE, and oxygen in red. The two glycerols in

both complex structures are represented as balls and sticks with carbon in green and

oxygen in red. Hydrogen bonding interactions of glucose and glycerol with amino

acid residues are shown as black dashed lines



 

 

 

 

 

 

 

 

91

3.113.113.113.11 KineticKineticKineticKinetic comparisonscomparisonscomparisonscomparisons ofofofof ricericericerice wildwildwildwild typetypetypetype ββββ-glucosidases-glucosidases-glucosidases-glucosidases andandandand theirtheirtheirtheir

cello-oligosaccharide-bindingcello-oligosaccharide-bindingcello-oligosaccharide-bindingcello-oligosaccharide-binding subsitesubsitesubsitesubsite +2+2+2+2 mutantsmutantsmutantsmutants

Native and complex structures of rice Os3BGlu6, Os3BGlu7 and

Os4BGlu12 have been solved (Chuenchor et al., 2008; 2011; Seshadri et al., 2009;

this work). These include covalent intermediates of all three enzymes with 2-

fluoroglucoside, oligosaccharide-bound complexes of an inactive Os3BGlu7 mutant,

and substrate-like inhibitor complexes with Os3BGlu6 and Os4BGlu12. The amino

acid residues surrounding the nonreducing end glucosyl residue in the -1 subsite of

the three enzymes are all conserved, while their aglycone binding subsites are not.

One important position for aglycone binding is that of Os3BGlu7 Asn245, which was

seen to make hydrogen bonds to the glucosyl residue in subsite +2 in

cellooligosaccharides and to that in subsite +1 in laminaribiose (Chuenchor et al.,

2011). A comparison of the cellooligosaccharide complex structures with Os3BGlu6

shows that the Met251 at the position corresponding to Os3BGlu7 Asn245 extends

into the active site cleft in a position that would sterically block the binding of β -

(1,4)-linked oligosaccharides in the same position in Os3BGlu6 (Figure 3.22)

(Chuenchor et al., 2011 and Seshadri et al., 2009). In contrast, Os4BGlu12 has

His252 in this position, which may be able to form hydrogen bonds to the

cellooligosaccharides.

To assess the effects of the residue corresponding to Os3BGlu6 Met251 and

Os3BGlu7 Asn245, the kinetic constants for hydrolysis of the β -(1,3)-linked

disaccharide laminaribiose and β -(1,4)-linked cellooligosaccharides (DP 2-6) were

determined for Os3BGlu6 M251N, Os3BGlu7 N245M and Os4BGlu12 H252M, and
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compared to the wild type enzymes, as show in Table 3.10 Os3BGlu6 M251N

showed a 10- to 24-fold increase in the kcat/Km of all the substrates compared with the

wild type enzyme. The greatest change was seen for cellotriose, where the 24-fold

increase in kcat/Km corresponds to an 8 kJ/mol improvement in the binding of the

transition state (∆∆GS*mut = -8 kJ/mol). The kcat/Km of cellotetraose was within error

of that of cellotriose, while that of cellopentaose was lower. In contrast, the

Os3BGlu7 N245M mutant showed a 6.5-fold drop in kcat/Km for laminaribiose and 17-

to 30-fold drop in kcat/Km for cellooligosaccharides with DP of 3-6 compared to wild

type. Although Os3BGlu7 N245M did show an increase in kcat/Km with DP from 2 to

6, similar to the wild type enzyme, the largest decrease in kcat/Km was seen at

cellohexaose. In Os4BGlu12, the corresponding H252M mutation decreased the

kcat/Km 3 fold for laminaribiose and 2-6 times for cellooligosaccharide with DP of 2 to

5.
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FigureFigureFigureFigure 3.223.223.223.22 Comparison of the structures of three rice β -glucosidases in complexes

with substrates or inhibitors.

The relaxed eye stereo view of the ligands in the active sites of the superimposed

structures of the complexes of Os3BGlu7 E176Q with cellopentaose (PDB ID: 3F5K,

yellow carbons; Chuenchor et al., 2011); Os3BGlu6 with n-octyl-β-D-

thioglucopyranoside (PDB ID:3GNP, cyan carbons; Seshadri et al., 2009); and

Os4BGlu12 with 2,4-dinitrophenyl 2-deoxy-2-fluoro- β -D-glucopyranoside. The

acid/base and nucleophile residues are shown, as well as the residues at the positions

mutated in this work, with the mutations designated by the arrows.



 

 

 

 

 

 

 

 

TableTableTableTable 3.103.103.103.10 Kinetic constants of Os3BGlu6, Os3BGlu6 M251N, Os3BGlu7, Os3BGlu7 N245M Os4BGlu12, and Os4BGlu12

H252M for hydrolysis of oligosaccharides.

a ND means not determined. b Kinetics constants were taken from Opassiri et al., 2004..c Kinetic constants for wild type Os4BGlu12 were taken from Opassiri et al., 2010. d The change in Gibbs

free energy for transition state binding by the mutants compared to the wildtype enzyme was calculated as ∆∆GS*mut = -RT[ln (kcat/Km)mutant – ln(kcat/Km)wildtype] (Fersht et al., 1987)....

SubstateSubstateSubstateSubstate KineticKineticKineticKinetic parametersparametersparametersparameters Os3BGlu6Os3BGlu6Os3BGlu6Os3BGlu6 Os3BGlu6Os3BGlu6Os3BGlu6Os3BGlu6M251NM251NM251NM251N Os3BGlu7Os3BGlu7Os3BGlu7Os3BGlu7bbbb Os3BGlu7N245MOs3BGlu7N245MOs3BGlu7N245MOs3BGlu7N245M Os4BGlu12Os4BGlu12Os4BGlu12Os4BGlu12cccc Os4BGlu12Os4BGlu12Os4BGlu12Os4BGlu12 H252MH252MH252MH252M

LaminaribioseLaminaribioseLaminaribioseLaminaribiose (β-1,3-linked Glc2) Km (mM) 8.7 ± 0.07 3.5 ± 0.2 2.05 ± 0.10 4.5 ± 0.3 5.1 ± 0.2 7.2 ± 0.4

kcat (s-1) 1.64 ± 0.06 9.9 ± 0.5 32 ± 3 9.6 ± 0.3 23 ± 1 10.6 ± 0.3

kcat/Km (M-1 s-1) 180 2,830 15,700 2,410 4,500 1,460

∆∆GGGGS*mutS*mutS*mutS*mut ((((kJ mol-1) -6.9 +4.7 +1.3
CellobioseCellobioseCellobioseCellobiose (β-1,4-linked Glc2) Km (mM) 17.5 ±0.3 14.3 ±1.2 31.5 ± 1.6 46 ± 3 27 ± 2 22.7 ± 1.9

kcat (s-1) 0.27 ± 0.004 1.97 ± 0.09 1.52 ± 0.13 1.18 ± 0.09 5.9 ± 0.4 2.42 ± 0.11

kcat/Km (mM-1 s-1) 15 140 50 30 220 110

∆∆GGGGS*mutS*mutS*mutS*mut ((((kJ mol-1) -5.6 +1.3 +1.7
CellotrioseCellotrioseCellotrioseCellotriose Km (mM) 25.1 ±0.8 3.2 ± 0.2 0.72± 0.002 1.51 ± 0.10 5.0 ± 0.5 11.2 ± 0.4

kcat (s-1) 0.41 ± 0.014 1.32 ± 0.12 18.1± 0.4 2.16 ± 0.13 44.3 ± 0.3 41.9 ± 0.13

kcat/Km (M-1 s-1) 17 410 25,400 1,430 8,820 3,580

∆∆GGGGS*mutS*mutS*mutS*mut ((((kJ mol-1) -8.0 +7.2 +2.3
CellotetraoseCellotetraoseCellotetraoseCellotetraose Km (mM) 20.3 ± 0.3 3.9 ± 0.2 0.28 ± 0.01 1.78 ± 0.16 5.9 ± 0.5 23.4 ± 0.16

kcat (s-1) 0.54 ± 0.004 1.62 ± 0.10 17.3 ± 0.6 5.5 ± 0.2 89 ± 3 87.8 ± 0.2

kcat/Km (M-1 s-1) 27 420 61,000 3,100 15,000 5,760

∆∆GGGGS*mutS*mutS*mutS*mut ((((kJ mol-1) -6.9 +7.5 +2.4
CellopentaoseCellopentaoseCellopentaoseCellopentaose Km (mM) 27.0 ± 0.5 4.6 ± 0.4 0.24 ± 0.01 1.32 ± 0.11 5.5 ± 0.4 20.25 ± 0.11

kcat (s-1) 0.25 ± 0.003 0.62 ± 0.04 16.9 ± 0.1 6.7 ± 0.5 105 ± 9 62.1 ± 0.5

kcat/Km (M-1 s-1) 9 140 72,000 5,050 19,000 3,070

∆∆GGGGS*mutS*mutS*mutS*mut ((((kJ mol-1) -6.9 +6.7 +4.6
CellohexaoseCellohexaoseCellohexaoseCellohexaose Km (mM) NDa ND 0.11 ± 0.01 1.52 ± 0.08 ND ND

kcat (s-1) ND ND 16.9 ± 0.3 7.73 ± 0.4 ND ND
kcat/Km (mM-1 s-1) ND ND 153,000 5,100 ND ND
∆∆GGGGS*mutS*mutS*mutS*mut ((((kJ mol-1) +8.6



 

 

 

 

 

 

 

 

CHAPTERCHAPTERCHAPTERCHAPTER IVIVIVIV

DISCUSSIONDISCUSSIONDISCUSSIONDISCUSSION

4.14.14.14.1 TheTheTheThe crystalcrystalcrystalcrystal structurestructurestructurestructure ofofofof Os4BGlu12Os4BGlu12Os4BGlu12Os4BGlu12

4.1.14.1.14.1.14.1.1 OverallOverallOverallOverall structurestructurestructurestructure

To date, 39 structures of glycoside hydrolase family 1 enzymes are

available in the structural database, including five structures from archaea, seventeen

structures from bacteria and seventeen structures from eukaryotes

(http://www.cazy.org/GH1). The overall folds of these known structures include a (β

/α)8 TIM barrel fold for the catalytic domains, with the two catalytic residues located

at the ends of β-strands 4 (acid/base) and 7 (nucleophile) (Henrissat et al., 1995).

Recently, three structures of rice enzymes were determined: rice Os3BGlu7, by

Chuenchor et al.(2008); rice Os3BGlu6, by Seshadri et al.(2009); and Os4BGlu12, in

the current work (Sansenya et al., 2012). These enzymes also exhibited a (β/α)8 TIM

barrel fold similar to known structures in GH1.

For structural comparison, cyanogenic β -glucosidase from Trifolium repens

(1CBG) (Barrett et al., 1995), rice Os3BGlu7 β-glucosidase (2RGM) (Chuenchor et

al., 2008) and Os3BGlu6 (3GNO) (Seshadri et al., 2009) and myrosinase from

Sinapis alba (1MYR) (Burmeister et al., 1997) were superimposed on the Os4BGlu12

structure, as shown in Figure 3.13. The 1CBG, 2RGM and 3GNO structures represent

plant O-glucosidases, and 1MYR is a plant S-glycosidase.

http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?cmd=prlinks&dbfrom=pubmed&retmode=ref&id=7624375
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Os4BGlu12 showed the highest amino acid sequence identity with 1CBG (63%),

followed by 3GNO (53%), 2RGM (51%) and 1MYR (43%). The Cα atoms of

molecule A from the 1CBG, 3GNO, 2RGL and 1MYR structures superimposed to

rice Os4BGlu12 molecule A with RMSD of 0.61, 0.71, 0.77 and 0.78 Å for 444, 431,

428 and 413 Cα atoms, respectively. The main-chain trace of loop C of Os4BGlu12

differs significantly from that of other GH1 structures. This agrees with previous

reports that this loop is less conserved (Burmeister et al., 1997). Loop C and its

neighboring loops are mainly responsible for formation of the aglycone-binding site

and thus contribute to the substrate specificity among GH1 enzymes (Burmeister et al.,

1997; Czjzek et al., 2001; Husebye et al., 2005; Sue et al., 2006 and Chuenchor et al.,

2008).

As shown in Figure 3.12, the monomer structure of Os4BGlu12 contains two

disulfide bridges between Cys198-Cys206, located in loop B, and Cys184-Cys219,

connecting the α-helix at the beginning of loop B and α-helix 4 of the (β/α)8 barrel,

which follows loop B. The disulfide bond between Cys198 and Cys206 is conserved

among the known structures of plant plastid and secretory pathway-targeted GH1

enzymes (Barrett et al., 1995; Burmeister et al., 1997; Cicek and Esen, 1999;

Verdoucq et al., 2004; Sue et al., 2006; Chuenchor et al., 2008 and Seshadri et al.,

2009). Most of these GH1 proteins have only this one disulfide bridge, but S. alba

myrosinase (1MYR) has another two disulfide bridges between its N-terminal region

and helix 7 of the (β/α)8-barrel (shown in Figure 3.13), which probably confer

additional stability to the enzyme (Burmeister et al., 1997). The conserved disulfide

bond was also reported to be necessary for proper folding of maize ZmGlu (Rotrekl et

al., 1999). It was hypothesized that the presence of two disulfide bridges in the loop B
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region might help explain the fact that Os4BGlu12 has higher temperature stability

than rice Os3BGlu7, which has only one disulfide bond (Opassiri et al., 2003).

However, the reducing agent dithiothreitol showed a larger effect on the stability of

Os3BGlu7 than on that of Os4BGlu12. Thus, although the conserved and

nonconserved disulfide bonds may contribute slightly to Os4BGlu12 stability, other

factors appear to explain its higher stability than Os3BGlu7.

Aside from the disulfide bonds, the structure of Os4BGlu12 contains several

salt bridges and hydrogen bonds that contribute to its stability. Of the 25 arginine

residues, 18 residues form direct salt bridges with other residues within the same

monomer, while 15 of 30 lysine residues and 3 of 10 histidine residues form such salt

bridges. Fifteen salt bridges are obtained from 27 aspartate residues, while 15 are

formed by the 20 glutamate residues. For comparison, the structure of rice Os3BGlu7

(PDB entry 2RGM) has only 8 of 21 arginine residues, 5 of 25 lysine residues, 3 of 11

histidine residues, 14 of 24 aspartate residues, and 4 of 12 glutamate residues

involved in intramolecular salt bridges. Thermophilic proteins have been observed to

have more salt bridges than their mesophilic relatives (Tanner et al., 1996), so the

greater number of salt bridges in Os4BGlu12 may contribute to its greater stability

than Os3BGlu7, along with other factors.

In the asymmetric unit of Os4BGlu12 crystals, His69 of both molecules and

Asp66 of molecule A and Asp36 of molecule B chelate a Zn2+ ion asymmetrically

between the two protein molecules, as seen in Figure 3.12, and shown in detail in

Figure 3.14, but this stabilizing interaction is not expected to occur in solution.

Os4BGlu12 is a monomeric protein in solution, as judged by gel filtration and

dynamic light scattering, and the maximum interface of 488 Å2 between molecules A
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and B, 2.7% of the average monomer surface area of 18,307 Å2, is predicted to not

result in a dimer in solution by the PISA program (Krissinel and Henrick, 2007). The

Zn2+ ion appears to have been a fortuitous contaminant in the purification solution or

precipitant, which facilitated the contacts between the proteins in the crystal matrix,

similar to our group’s previous experience with Os3BGlu7 (Chuenchor et al., 2008).

4.1.24.1.24.1.24.1.2 TheTheTheThe bindingbindingbindingbinding ofofofof ligandligandligandligand inininin thethethethe activeactiveactiveactive sitesitesitesite ofofofof Os4BGlu12Os4BGlu12Os4BGlu12Os4BGlu12

DNP2FG has been used to show that the enzymatic mechanism of

retaining glycosidases proceeds via a covalent glucosyl-enzyme intermediate, because

the electron withdrawal by the 2-fluoro group slows both the glycosylation and

deglycosylation steps (the first and second reactions of Figure 4.1, respectively), but

the use of a good leaving group (2,4-dinitrophenolate) as the aglycone allows the

covalent intermediate with the nucleophile residue to form faster than hydrolysis

(Withers et al., 1990). However, it has been shown that acceptors for

transglycosylation may allow rescue of the enzyme by accepting the 2-fluoroglucosyl

moiety (Malet and Planas, 1998; Okuyama et al., 2002 and Hommalai et al., 2007). In

the case of the Os4BGlu12 complex structures, the inclusion of 10 mM DNP2FG in

the cryoprotectant might have allowed rescue of the enzyme, and resulted in the

unhydrolyzed DNP2FG being seen in the active site. When the co-crystals were flash

cooled after a 15 s incubation in cryoprotectant without DNP2FG, their diffraction

yielded an electron diffraction map that showed the covalent intermediate of α-2-

fluoroglucoside (G2F) bound to the O ε2 of the catalytic nucleophile, Glu393, in a

relaxed 4C1 chair conformation (Figure 3.18 A and B). Thus, the use of different

cryoprotectant conditions allowed solution of the structures of both the Michaelis
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complex of DNP2FG and the covalent intermediate with G2F, which supported the

postulated conformational trajectory of the glucosyl residue through a 1S3 skew boat

to a 4H3 half chair transition state to the 4C1 chair covalent intermediate.

FigureFigureFigureFigure 4.14.14.14.1Mechanism of retaining β-glycosidases, as seen in rice Os4BGlu12.

Upon formation of the Michaelis complex between enzyme and substrate, the reaction

proceeds via two steps, glycosylation to form the covalent intermediate, and

deglycosylation to release the sugar from the protein. In Os4BGlu12, Glu179 serves

as the catalytic acid/base, while Glu393 serves as the catalytic nucleophile. The

figure is from Sansenya et al., 2011.

4.1.2.14.1.2.14.1.2.14.1.2.1 MichaelisMichaelisMichaelisMichaelis complexcomplexcomplexcomplex ofofofof Os4BGlu12Os4BGlu12Os4BGlu12Os4BGlu12 withwithwithwith DNP2FGDNP2FGDNP2FGDNP2FG

Figure 3.17 B, shows the Os4BGlu12 Michaelis complex with DNP2FG,

in which the Glu393 Oε1 was hydrogen bonded with O5 (3.09 Å) and within 3.2 Å of

the anomeric carbon of the sugar ring. The O ε 2 of Glu393 was within hydrogen

bonding distance of the F2 (2.62 Å), suggesting it would likely hydrogen bond to the

O2 atom of a normal glucosyl moiety. The distance between O ε 2 of the catalytic



 

 

 

 

 

 

 

 

100

acid/base residue Glu179 and O1 of DNP2FG was 3.30 Å. Thus, the 1S3 conformation

of the Michaelis complex placed the substrate in position for nucleophilic attack and

protonation by the catalytic acid. The glycone residue formed hydrogen bonds with 6

residues around the -1 subsite (Gln29, His133, Tyr322, Glu393, Gln449 and Trp450).

In addition to the interactions described above, O3 of the 2-F-glucose was hydrogen

bonded with His133 Nε2 (2.88 Å), Glu29 Oε1 (2.75 Å) and Trp450 Nε1 (2.82 Å). O4

hydrogen bonds with Gln29 N ε 2 (2.71 Å) and Glu449 O ε 1 (2.54 Å), while O5

hydrogen bonds with the phenolic hydroxyl of Tyr322 (2.80 Å) and O6 with Glu449

Oε2 (2.63 Å). These hydrogen bonds between the glucose and the active site residues

have been observed for other GH1 β -glucosidase/substrate complexes (Verdoucq et

al., 2004). Other conserved residues making up the glycone binding site include

Trp134, Asn178, Asn320, Trp365, Trp442 and Phe458. The aglycone binding site is

occupied by hydrophobic residues and a few polar residues. The 2,4-dinitrophenyl

group was bound by hydrophobic and aromatic stacking interactions with Trp181 and

Phe193 on one side and Trp365 on the other. The polar residues found in the aglycone

binding subsite include Thr182, Asn186, Asn325, and Asn452. In GH1, Trp365 is a

conserved residue, which corresponds to Trp358 in Os3BGlu7 and Trp366 in

Os3BGlu6 (Figure 4.2 A and B).
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FigureFigureFigureFigure 4.24.24.24.2 Comparison of ligand binding by three rice β-glucosidases.

(A) Superimposition of Os4BGlu12_DNP2FG (cyan carbons) with Os3BGlu6 with

n-octyl-β -D-thioglucopyranoside (gray carbons). The ligands are shown in ball and

stick representations, with pink carbons for DNP2FG and yellow carbons for n-octyl-

β -D-thioglucopyranoside. (B) Superimposition of the binding of DNP2FG by

Os4BGlu12 (cyan carbons) and cellopentaose by Os3BGlu7 (3F5K) (green carbons).

The ligand carbons are drawn in yellow for DNP2FG and blue for cellopentaose.
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4.1.2.24.1.2.24.1.2.24.1.2.2 TheTheTheThe covalentcovalentcovalentcovalent intermediateintermediateintermediateintermediate ofofofof Os4BGlu12Os4BGlu12Os4BGlu12Os4BGlu12 withwithwithwith G2FG2FG2FG2F

In the structure of Os4BGlu12 with a covalently bound G2F, the

anomeric carbon formed a covalent bond with the Glu393 nucleophile residue Oε1

and the G2F was observed in a 4C1 chair conformation of the ring in subsite -1 (Figure

3.18 A and B). Aside from the covalent bonding to the nucleophile, the glucose is

bound by hydrogen bonds similar to the Michaelis complex. Figure 3.18 B shows that

the density was clear and Tyr322 was seen to have an alternative conformation, in

which it can hydrogen bond to the catalytic nucleophile in this complex, in addition to

a conformation hydrogen bonding to O5, similar to the noncovalent complex. The

major structural differences between the apo enzyme and covalent intermediate

complexes of many GH1 enzymes are the positions of the nucleophilic residues. In

the complex structures of the P. polymyxa, S. solfataricus, T. maritima, rice

Os3BGlu6, rice Os3BGlu7, and human cytosolic β -glucosidases, the side-chain

position of the nucleophilic residue has moved to link with anomeric carbon of G2F.

For example, a displacement of Cδ by 1.5-1.6 Å is observed when the rice Os3BGlu7

covalent complex, 2RGM (pink structure in Figure 3.18 C), is compared to the

apoenzyme structure, 2RGL (Chuenchor et al., 2008). In these structures, the angles

between the sugar anomeric carbon, Oε1 and Cδ of the nucleophilic residue, fall in

the range of 113-117°. In Os4BGlu12, the Cδ is only displaced 0.3 Å (molecule B) to

0.7 Å (molecule A), and the angle between the sugar anomeric carbon and Glu393

Oε1 and Cδ is strained (142°). This is similar to the S. alba myrosinase (shown in

yellow in Figure 3.18 C), an S-glycosidase, where the displacement of Cδ is only 0.2

Å in the covalent G2F complex (PDB accession 1E73) compared to the apo protein

(1MYR) and the angle is similarly wide (138°) (Burmeister et al., 2000).
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4.1.2.34.1.2.34.1.2.34.1.2.3 ThioglucosidaseThioglucosidaseThioglucosidaseThioglucosidase activityactivityactivityactivity

The similarity of the covalent intermediate of Os4BGlu12 to that of S.

alba myrosinase suggested that Os4BGlu12 might show mechanistic similarities to

the myrosinase, so its ability to hydrolyze thioglucosides was tested. Os4BGlu12

could hydrolyze the S-glycosides pNP- β -D-thioglucoside and n-octyl- β -D-

thioglucoside, as shown in Table 3.6. Os4BGlu12 β -glucosidase catalyzed the

hydrolysis of n-octyl-β-D-thioglucopyranoside with about 1000-fold lower efficiency

than it hydrolyzed n-octyl- β -D-glucopyranoside and pNP- β -D-thioglucoside with

about 200-fold less efficiently than it hydrolyzed pNP-β-D-glucoside. The Km values

of S-glycosides were higher than the corresponding O-glycosides by only about 3-fold,

showing that most of the difference was due differences in the rates of the forward

reactions.

Commercial sweet almond β -glucosidase has been shown to have

thioglycohydrolase activities similar to Os4BGlu12, and the Km values for the S- and

O-glycosidase are also similar (0.9 mM for pNP-β-D-fucoside and 1.6 for pNP-β-D-

thiofucoside), while the kcat/Km value was about 1000-fold lower for the S-glycoside

(Shen et al., 2007). In contrast, Os3BGlu6 and Os3BGlu7 exhibited no significant

hydrolysis of pNP-β -D-thioglucoside under the conditions of the assay, although a

slight hydrolysis of pNP- β -D-thioglucoside by Os3BGlu7 was recently reported at

high concentrations of substrate and enzyme in NMR (Kuntothom et al., 2010). This

is consistent with the fact that their covalent intermediate structures were different

from myrosinase and Os4BGlu12, but the reason for this correlation remains unclear.
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It has been suggested in the myrosinase literature that classic myrosinases are

derived from the defense-related β -glucosidases, such as cyanogenic β -glucosidases

(Wang et al., 2009). Indeed, the minimum evolution-based phylogenetic tree groups

the myrosinases group with cluster At/Os7, which contains the cyanogenic β -

glucosidases, although in our previous analyses (Opassiri et al., 2006) and distance-

based neighbor-joining and maximum likelihood trees of the same sequences failed to

show a significance to this association. The structural similarity of the covalent

intermediate to that of S. alba myrosinase and the higher thioglucosidase activity of

Os4BGlu12 and almond β -glucosidase (Shen et al., 2007) compared to the more

distantly related Os3BGlu6 and Os3BGlu7 provide mechanistic support for this

similarity.

4.1.2.44.1.2.44.1.2.44.1.2.4 TheTheTheThe hydrolysishydrolysishydrolysishydrolysis ofofofof naturalnaturalnaturalnatural glucosideglucosideglucosideglucoside substratesubstratesubstratesubstrate bybybyby ricericericerice

Os4BGlu12Os4BGlu12Os4BGlu12Os4BGlu12

Recently a rice tuberonic acid glucoside (TAG) β -glucosidase has been

identified and designated OsTAGG1 (Wakuta et al., 2010). The OsTAGG1, which is

designated Os4BGlu13 in the genome-base systematic nomenclature of Opassiri et al.

(2006), has about 80% amino acid sequence identity with rice Os4BGlu12 β -

glucosidase, and Os4BGlu12 was also identified as a tuberonic acid glucoside β -

glucosidase (designated OsTAGG2) by Wakuta et al. (2011). The enzymic properties

of the two enzymes are quite similar with pH optima of 4.5 for Os4BGlu12 and 4.0

for Os4BGlu13, and thermal stability at ≤ 55 °C for Os4BGlu12 and at ≤ 50 °C for

Os4BGlu13, while the optimum temperature and pH stability of both enzymes are the

same (Wakuta et al., 2010 and 2011). The kinetic parameters for hydrolysis of TAG
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substrate are different for the two enzymes. The Km of Os4BGlu12 (146 ± 10 µµµµM) is

four times higher compared to Os4BGlu13 (31.7 ± 1.4 µM), while the Vmax of

Os4BGlu12 (38.0 ± 2.5 µmol/mg/min) is 2.5 times higher than Os4BGlu13 (14.7 ± 0.4

µmol/mg/min) (Wakuta et al., 2011).

The amino acid residues at the -1 subsite in the crystal structure of Os4BGlu12

E179Q with TAG are conserved with those in the model structure of Os4BGlu13 with

TAG (Figure 4.3). The glucosyl residues interacted with Gln29, His133, Trp134,

Asn178, Glu179, Tyr322, Glu393, Trp442, Glu449, Trp450 and Phe458 in the crystal

structure of Os4BGlu12 and with the corresponding Gln49, His153, Trp154, Asn198,

Glu199, Tyr342, Glu413, Trp462, Glu469, Trp470 and Phe478 in the modeled

structure of Os4BGlu13 with TAG. The hydrogen bonding patterns of the Os4BGlu12

crystal and modeled Os4BGlu13 structures are similar at the -1 subsite. The aglycone

binding site of the crystal structure of Os4BGlu12 E179Q with TAG is occupied by

both hydrophobic and polar residues, which are different from those in the modeled

structure of Os4BGlu13 with TAG. The TA group was bound by Trp181, Thr182,

Ser185, Asn186, His252 and Trp365 in the TAG complex with Os4BGlu12 E179Q,

while these residues are replaced by Leu201, Ser202, Val205, Ala206, Asn272 and

Trp385 in the modeled structure of Os4BGlu13 with TAG (Figure 4.3). The

differences in the amino acid residues surrounding the TA group between the

structure of Os4BGlu12 E179Q with TAG and the model of Os4BGlu13 with TAG

may explain why the hydrolysis efficiency of TAG substrate by the two enzymes is

different, although both can bind and hydrolyze this substrate.
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FigureFigureFigureFigure 4.34.34.34.3 Active site cleft of the crystal structure of Os4BGlu12 E179Q with TAG

and the homology model of Os4BGlu13 with TAG.

A, the active site surface cleft of Os4BGlu12 E179Q with TAG and B, Os4BGlu13

model with TAG. The amino acid residues are drawn as stick structures with carbon

in purple for Os4BGlu12 E179Q and pink for Os4BGlu13, oxygen in red and nitrogen

in blue. The TAG is represented in ball and stick with carbon in yellow and oxygen in

red for both structures.

4.24.24.24.2 StructuresStructuresStructuresStructures ofofofof Os3BGlu6Os3BGlu6Os3BGlu6Os3BGlu6 covalentcovalentcovalentcovalent glucosyl-intermediateglucosyl-intermediateglucosyl-intermediateglucosyl-intermediate

Rice Os3BGlu6 shown higher hydrolytic activity on GA4GE than other rice

enzymes tested (Os3BGlu7, Os4BGlu12, Os4BGlu18 and Os9BGlu31), while its

acid/base mutant Os3BGlu E178Q could produce β-D-glucosyl azide from

transglycosylation reactions with GA4GE as a glucosyl donor substrate and azide as

an acceptor (Hua et al., 2013). The crystals of the Os3BGlu6 mutants E178Q and

E394D were produced to obtain the enzyme-GA4GE complex. This noncovalent

GA4GE complex with an Os3BGlu6 mutant was not obtained, due to the high

reactivity of this substrate, which resulted in poor density in the E394D nucleophile
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mutant active site and the covalent glucosyl-enzyme intermediate in the E178Q

acid/base mutant.

Figure 4.4 shows that the positions and interactions made by amino acid

residues surrounding the native glucosyl moiety in the active site of Os3BGlu6

E178Q with glucose from GA4GE (PDB: 3WBE) or pNPGlc (PDB: WBA) were

similar to those interacting with the 2-deoxy-2-fluroglucopyranoside residue (G2F) in

the structure of wild type Os3BGlu6 with G2F (3GNR). In the Os3BGlu6/G2F

complex (Seshadri et al., 2009), the density of the 2-deoxy-2-fluoroglucosyl residue

matched a relaxed 4C1 chair conformation, as did that for the glucosyl moiety in the

Os3BGlu6 E178Q covalent intermediate structure (Figure 4.4D). However, the

distances between the anomeric carbon of glucose and the Glu394 nucleophile residue

of Os3BGlu6 E178Q (1.5 Å) was significantly longer than in the G2F covalent

complex (1.34 Å). A water molecule was observed between the 2-OH of glucose or

fluorine atom of G2F and N177 and E394 in the Os3BGlu6 E178Q/Glc and

Os3BGlu6/G2F structures. A water molecule in this position has been shown to be

critical for the hydrolysis and glycosynthase reactions of Os3BGlu7 (Wang et al.,

2013). The hydrogen bonding pattern between the glucosyl moiety and residues at the

-1 subsite of the Os3BGlu6 E178Q/Glc covalent complex structure is similar to that

of the Os3BGlu6/G2F complex (Figure 4.4 A, B and C). The average distances

between the 2-OH of the glucose and 2-fluorine of the G2F moieties and the polar

atoms of the surrounding amino acid residues are similar (Figure 4.4 A-D). Many

structures of GH1 glycosyl-enzyme intermediates with a 2-deoxy-2-fluoroglucosyl

(G2F) moiety bound to the nucleophilic residue have been reported, including one for

Os3BGlu6 (PDB code 3GNR) (Burmeister et al., 1997, Zechel et al., 2003, Gloster et



 

 

 

 

 

 

 

 

108

al., 2004, Isorna et al., 2007, Chuenchor et al., 2008, Seshadri et al., 2009 and

Sansenya et al., 2011). These GH1 glycosyl enzyme intermediates used 2,4-

dinitrophenyl 2-deoxy-2-fluoroglucoside, with which the substitution of an

electronegative fluorine atom for a hydroxyl group at C-2 adjacent to the reaction

center destabilizes the transition states and decreases the rates of both glycosylation

and deglycosylation (Rempel and Withers, 2008). The human cytosolic β-glucosidase

acid/base mutant glucosyl complex (2ZOX) is the only previously reported GH1

structure with the nucleophile covalently bound to native glucose (Noguchi et al.,

2008). The hydrogen bonding pattern between the G2F molecule and the enzyme at

the -1 subsite is conserved in other reported GH1 covalent intermediates, but this

pattern lacks the hydrogen bonds for which the 2-OH is the proton donor seen in

human cytosolic β-glucosidase and Os3BGlu6 E178Q covalent glucoside complex

structures. In general, the reports of G2F complexes do not report hydrogen bonds to

the 2-F group, but the conservation of the water in proximity to the fluorine in these

complexes supports the idea that the fluorine may accept a hydrogen bond from the

water and other nearby hydrogen donors. On the other hand, the loss of possible

hydrogen bonds from the 2- OH to Oδ of N177 and Oε2 of E394 in Os3BGlu6, which

are seen in the native glucosyl-enzyme intermediates (Figure 4.4), may result in a

further loss of stabilization of the transition state in the 2-F-glucoside reaction

(Rempel and Withers, 2008).
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FigureFigureFigureFigure 4.4.4.4.4.4.4.4. Comparison of the active site region of Os3BGlu6 bound with G2F (A)

and those of the structures of Os3BGlu6 E178Q soaked with pNPGlc (B) and

Os3BGlu6 E178Q soaked with GA4GE (C) (Hua et al., 2013).

The G2F and glucosyl moieties are represented as balls and sticks with carbon in pink

for G2F, in yellow for Os3BGlu6 E178Q soaked with pNPGlc and cyan for

Os3BGlu6 E178Q soaked with GA4GE, oxygen in red and fluorine in pale cyan. The

amino acid residues surrounding the ligands are represented by sticks with carbons in

gray, nitrogens in dark blue and oxygens in red for all three structures. (D)

Superpositioin of the three structures in A, B and C, with pNPGlc (yellow carbons)

and GA4GE_(cyan carbons) and to the G2F moiety in Os3BGlu6 (3GNP, pink

carbons).
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4.34.34.34.3 ComparisonComparisonComparisonComparison ofofofof oligosaccharideoligosaccharideoligosaccharideoligosaccharide bindingbindingbindingbinding bybybyby ricericericerice ββββ-glucosidases-glucosidases-glucosidases-glucosidases

The three rice β -glucosidases for which structures have been determined,

Os3BGlu6 (Figure 4.5 A), Os3BGlu7 (Figure 4.5 B) and Os4BGlu12 (Figure 4.5C),

come from three distinct phylogenetic branches of plant GH1 enzymes, yet all

hydrolyze oligosaccharides and glycosides, although with different preferences.

Os3BGlu6 only hydrolyzes β -1,2- and β -(1,3)-linked disaccharides (sophorose and

laminaribiose) efficiently, while Os3BGlu7 and Os4BGlu12 efficiently hydrolyze β -

(1,4)-linked gluco-oligosaccharides (cellooligosaccharides) of 3-6 residues, as well as

laminaribiose (Opassiri et al., 2010). The superimposition of rice Os3BGlu6 and

Os3BGlu7 found that Asn245 at subsite +2 for binding cellooligosaccharides in

Os3BGlu7 (Figure 4.5 A) is replaced with Met251 in Os3BGlu6 (Figure 4.5 B)

(Seshadri et al., 2009). This Met251 in Os3BGlu6 is in the same position as Asn245

in Os3BGlu7, and the Os3BGlu7 N245V mutation gave a kcat/Km value for hydrolysis

of cellotriose 15 times lower than wild type Os3BGlu7, due to a 42-fold increase in

Km (Chuenchor et al., 2008). These effects show the importance of Asn245 in

Os3BGlu7 binding of the third glucosyl residue in cellooligosaccharides (Chuenchor

et al., 2011). The corresponding residue in Os4BGlu12 is His252 (Figure 4.2 A and

B), which also has the potential to hydrogen bond to the third glucosyl residue in

glucooligosaccharides, thereby explaining the binding of Os4BGlu12 to cellotriose

and longer oligosaccharides.

The superimposition also showed that the Met251, which extends into the

Os3BGlu6 active site cleft, would interfere with binding of cellooligosaccharides in

the same mode as in Os3BGlu7, since it comes within 0.9 Å of O2 of the third

glucosyl residue of cellotetraose or cellopentaose, when the Os3BGlu6 structure is
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superimposed on structures of those complexes, as illustrated in Figure 3.22. When

cellotriose was docked into the active site, the nonreducing glucosyl residue in the +2

subsite turned away from this position in Os3BGlu6, but the subsite -1 and +1

glucosyl residues were in similar positions to those in cellooligosaccharides in the

Os3BGlu7 active site (Figure 4.5 A and B). Replacement of Met251 in Os3BGlu6

with the hydrogen-bonding Asn of Os3BGlu7 afforded the opportunity to introduce a

new glucosyl residue-binding subsite, while relieving the steric block. Consequently,

Os3BGlu6 M251N showed a 10 to 24-fold increase in the kcat/Km values for all the

oligosaccharide substrates compared with the wild type enzyme. The Os3BGlu6

M251N mutation increased the efficiency of hydrolysis (kcat/Km) for laminaribiose and

cellobiose by 15 to 16-fold. The greatest change was seen for cellotriose, where the

24-fold increase in kcat/Km corresponds to an 8 kJ/mol improvement in the binding of

the transition state (ΔΔGS*mut = -8 kJ/mol). The kcat/Km of cellotriose was threefold

that of cellobiose, but that of cellotetraose was within error of that of cellotriose,

while that of cellopentaose was lower. Thus, the Asn251 in the Os3BGlu6 mutant can

carry out a similar role to Asn245 in Os3BGlu7 in stabilizing β-(1,3)- and β-(1,4)-

linked gluco-disaccharide binding and produce a binding site for the third glucosyl

residue in cellooligosaccharides. The fact that cellotetraose and longer gluco-

oligosaccharides were hydrolyzed with similar or lower kcat/Km values suggests that

only the +2 subsite was created by the mutation and no further binding sites are

accessible for longer cellooligosaccharides.

It was hypothesized that replacement of Os3BGlu7 Asn245 with Met might

provide a steric block to cellooligosaccharide binding, similar to the role of Met251 in

Os3BGlu6. The Os3BGlu7 N245M mutant showed a 6.5-fold drop in the kcat/Km value
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for laminaribiose and 17-fold to 30-fold drops in those for cellooligosaccharides with

DP of 3–6 compared to wild type. Os3BGlu7 N245M did show an increase in kcat/Km

values with increasing DP from 2 to 6, similar to the wild type enzyme, but the largest

decrease in kcat/Km compared to wild type was seen at cellohexaose. The decreases in

kcat/Km for cellobiose and cellotriose were similar to the 2-fold and 15-fold drops for

these substrates in the Os3BGlu7 N245V mutant, which was not expected to

introduce a steric block (Chuenchor et al., 2008). This suggests that the introduced

Met may not extend into the active site cleft in Os3BGlu7 as much as in Os3BGlu6,

or that the substrate is able to adjust its position without further loss of energy. We

recently observed that mutation of Os3BGlu7 Tyr341, which interacts with glucosyl

residues in the +2 to +4 subsites (Chuenchor et al., 2011) resulted in cellotetraose

binding in an alternative productive position, which interacted less with Asn245

(Pengthaisong et al., 2012). So, the steric influence of the Met could cause cellotriose

and longer oligosaccharides to bind in this alternative position.

When the structure of Os4BGlu12 was superimposed on the Os3BGlu7

cellopentaose and laminaribiose complex structures, His252 of Os4BGlu12 appeared

to be within range to form hydrogen bonds with the glucosyl residues in the +1 and

+2 subsites. Docking of cellotriose into Os4BGlu12 placed the 3 glucosyl residues in

nearly the same positions in the lowest energy conformation, including a possible

hydrogen bond from O3 of the glucosyl residue in subsite +2 to His252 (Figure 4.5C).

Mutation of Os4BGlu12 His252 to Met decreased the kcat/Km three-fold for

laminaribiose and 2 to 6-fold for cellooligosaccharides with DP of 2–5. The relatively

minor effect on cellotriose hydrolysis (ΔΔGS*mut of 2.3 kJ/ mol), compared to the

corresponding mutation in Os3BGlu7 (ΔΔGS*mut of 7.2 kJ/ mol), shows weaker
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interaction between His252 and the oligosaccharide. This suggests that the position of

binding of cellooligosaccharides by Os4BGlu12 is similar to, but not the same as, that

seen in Os3BGlu7, at least at the +2 subsite.

The efficiency of hydrolysis increases with the length of cellooligosaccharides

from 3 to 6 for Os3BGlu7, but shows little change as the length increases in

Os4BGlu12, which maintains a rather high Km of approximately 5 mM for all these

cellooligosaccharides (Opassiri et al., 2010). The distance from the deepest part of the

active site slot to the surface entrance of Os4BGlu12 is approximately 20 Å, but the

lack of increase in affinity for longer cellooligosaccharides suggests the outer parts of

this cleft have little interaction with these cellooligosaccharides. Figure 4.2 B shows

that superimposition of the structures of Os4BGlu12 with DNP2FG and Os3BGlu7

E176Q with cellopentaose (3F5K) (Chuenchor et al., 2011) indicated that, while all

residues in the -1 subsite of these two enzymes are the same, except for the Trp134 in

Os4BGlu12 being replaced by Tyr131 in Os3BGlu7, their aglycone-binding sites

show little similarity. Although both contain the conserved Trp at the +1 and +2

subsites (Trp 365 in Os4BGlu12, Trp 358 in Os3BGlu7), the aglycone-binding subsite

residues Trp181, Thr182, Ser185, Asn186, Thr190, Phe193, Phe254 and His252, in

Os4BGlu12 are replaced by Arg178, Ile179, Leu182, Leu183, Gln187, Asn190,

Asn245 and Tyr247, respectively, in Os3BGlu7. The Tyr341 residue, which stacks

the residues in the +3 and +4 subsites in Os3BGlu7 (Chuenchor et al., 2011) is

replaced by Leu348 in Os4BGlu12, which may explain the relatively poor binding of

cellotetraose and longer oligosaccharides in Os4BGlu12 compared to Os3BGlu7

(Opassiri et al., 2010).
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Os4BGlu12 had a 2-fold higher Km for n-heptyl-β-D-glucopyranoside than for

n-octyl-β-D-glucopyranoside, suggesting that Os4BGlu12 may prefer glycosides with

more extensive apolar regions. This is similar to Os3BGlu6, which showed a similar

preference for octyl over heptyl glucoside (Seshadri et al., 2009), but Os4BGlu12 is

over 10 times more efficient at hydrolyzing both substrates than Os3BGlu6.

Os4BGlu12 was previously noted to efficiently hydrolyze the large, hydrophobic

deoxycoricosteroid glucoside (kcat/Km = 20.1 mM-1 s-1) (Opassiri et al., 2010). This

seems to reflect the presence of various nonpolar groups in the active site, as

mentioned above, although Os3BGlu6 and Os4BGlu12 show little difference in the

overall polarity of the aglycone binding site, as seen in Figure 4.2A.



 

 

 

 

 

 

 

 

FigureFigureFigureFigure 4.54.54.54.5 Comparison of cellooligosaccharide binding in the active sites of Os3BGlu7, Os3BGlu6 and Os4BGlu12.

(A) The active site of the Os3BGlu7 E176Q complex with cellopentaose showing the surface and underlying residues that

interact with the ligand. (B) The active site of Os3BGlu6 with cellotriose docked into the active site and the cellotetraose from

the superimposed complex of Os3BGlu7 (PDB ID: 3FKJ) shown for comparison. (C) The active site of Os4BGlu12 with

cellotriose docked into it and cellotetraose from the superimposed complex of Os3BGlu7 with cellotetraose shown for

comparison. In all panels, the amino acids are represented by sticks and ligands by balls and sticks with oxygen in red, sulfur in

dark yellow and nitrogen in dark blue, carbon in yellow for Os3BGlu7 with cellopentaose or cellotetraose, cyan for Os3BGlu6

with n-octyl-β-D-thioglucopyranoside and green for Os4BGlu12 with 2,4-dinitrophenyl 2-deoxy-2 fluoro-β-D-glucopyranoside.

Docking of cellotriose in B and C was done with Autodoc 4.0 (Morris et al., 1998).
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CONCLUSIONCONCLUSIONCONCLUSIONCONCLUSION

The thioredoxin/His6-tagged Os4BGlu12 fusion protein was expressed in the

soluble fraction in E. coli strain Origami B(DE3) cells and purified for crystallization.

After purification, the Os4BGlu12 protein with the N-terminal tag removed was

approximately 95% pure and had a yield of approximately 2.5 mg purified protein per

liter of LB medium. Two mutations of Os4BGlu12 (E179Q and H252M) were

generated and expressed in the same system with native enzyme and the yields and

purities of both mutant proteins were similar to those of native Os4BGlu12 protein.

The purified Os4BGlu12 from which the fusion tag had been removed was used to

test the hydrolysis ability of various substrates, similar to the previous

characterization of the full fusion protein (Opassiri et al., 2010). Among pNP and

oNP glycosides, Os4BGlu12 hydrolyzed pNP-β-D-fucoside, pNP-β-D-glucoside,

pNP-β-D-galactoside, oNP-β-D-glucoside, pNP-β-D-xyloside and pNP-β-D-

mannoside, in order of efficiency of hydrolysis. Among glucosyl disaccharides,

laminaribiose (β-1→3-linked) was hydrolyzed most rapidly, followed by sophorose

(β-1→2-linked) and gentiobiose (β-1→6-linked), while among β-1→4-linked,

Os4BGlu12 hydrolyzed cellotetraose, cellotriose and cellobiose, in order of

decreasing relative activity. Among natural glucosides, Os4BGlu12 had hydrolytic
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p-SAG (172.5%), m-SAG (100.5%), SAG (99.3%), TAG (82.5%) and salicin (0.3%)

respectively, but did not hydrolyze arbutin.

The initial native crystal of wild type Os4BGlu12 was obtained from a

precipitant consisting of 25% (w/v) PEG 4000 in 0.1 M Tris–HCl, pH 8.5, 0.2 M

NaCl within 17 days under with the microbatch under oil technique at 15 °C.

Optimization of the native crystal conditions was carried out by hanging-drop vapor

diffusion with microseeding to obtain crystals of sufficient size to allow X-ray

diffraction. Native Os4BGlu12 crystals were obtained from the precipitant consisting

of 19% (w/v) PEG 3350 in 0.1 M Tris-HCl, pH 8.5, 0.16 M NaCl with the maximum

size of 120 x 25 x 25 µm. Both the Michaelis complex with DNP2FG and the

subsequent covalent intermediate with G2F could be observed by including or

omitting DNP2FG from the cryoprotectant, respectively. These two crystals were

obtained from the co-crystallization condition with 2 mM DNP2FG and the

precipitant consisting of 19% (w/v) PEG 2000 in 0.1 M Tris-HCl, pH 8.5, 0.16 M

NaCl for the Os4BGlu12 crystal with DNP2FG and 19% (w/v) PEG 2000 in 0.1 M

Tris-HCl, pH 8.5, 0.18 M NaCl for the Os4BGlu12 crystal with G2F, respectively.

The crystal of Os4BGlu12E179Q with TAG was obtained from the crystallization

condition including 19% (w/v) PEG 4000 in 0.1 M Tris-HCl, pH 8.5, 0.26 M NaCl

and 2 mM TAG. Diffraction data sets for the apo Os4BGlu12 structure and inhibitor-

bound (DNP2FG and G2F) and TAG complexes were collected to 2.50, 2.45, 2.40

and 3.2 Å resolution, respectively. The space group and the unit-cell parameters of the

crystals indicated the presence of two molecules per asymmetric unit, with a solvent

content of 50%. Os4BGlu12 crystals exhibited P43212 space group symmetry. The

apo Os4BGlu12 structure was solved by molecular replacement using the white



 

 

 

 

 

 

 

 

118

clover cyanogenic β-glucosidase structure (PDB code: 1CBG) as a search model. The

structures of Os4BGlu12 in complexes with the ligands DNP2FG and G2F and the

Os4BGlu12 mutant E179Q complex with TAG were solved by rigid body refinement

with the apo-Os4BGlu12 structure as the template model. Several cycles of model

rebuilding and refinement resulted in convergence to give the final R and free R (Rfree)

factors of 20.3% and 24.8% for apo Os4BGlu12, 20.9% and 25.1% for the

Os4BGlu12 complex with DNP2FG, 19.6% and 23.4% for its complex with G2F, and

23.4% and 27.9% for Os4BGlu12 E179Q with TAG.

The overall structure of Os4BGlu12 exhibits the (β/α)8 barrel fold

characteristic of GH1 enzymes. Os4BGlu12 is a monomer in solution, while the

crystal contains a crystallographic dimer, which is stabilized by a Zn2+ ion bound

between two molecules in the asymmetric unit, by four residues (Asp66 and His69

from molecule A and Glu36 and His69 from molecule B). The structure of

Os4BGlu12 contains two disulfide bridges (non-conserved Cys184-Cys219 and

conserved Cys198-Cys206), located in loop B, while most plant GH1 β-glucosidases

only have the conserved disulfide bond. However, the extra disulfide bond did not

appear to explain the higher stability of Os4BGlu12, compared to Os3BGlu7

produced in the same system. In the complex structures with DNP2FG, G2F and TAG,

the glucosyl residues were located in a similar position at the -1 subsite and

surrounding by conserved amino acid residues, to which the glucosyl group formed

hydrogen bonds similar to those seen in other GH1 enzymes. The position of the

catalytic nucleophile, Glu393, in the Os4BGlu12/G2F complex was similar to that of

the nucleophile in the S. alba myrosinase, an S-glycosidase, consistent with

Os4BGlu12 catalysis of the hydrolysis of S-glycosides. The aglycone binding subsite
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in the structures of the complexes with DNP2FG and TAG was surrounded by both

aromatic and polar amino acids, accounting for its ability to hydrolyze glycosides

with a range of hydrophobic and polar aglycones.

The structure of Os4BGlu12 was compared to those of other rice GH1 enzyme

with known structures (Os3BGlu6 and Os3BGlu7) to compare the residues affecting

the substrate binding specificity. The hydrolysis pattern of oligosaccharides observed

in the three rice enzyme was different and the amino acid residues located at the

aglycone binding site were also different. At the +2 subsite the residue Asn245, which

acts in binding oligosaccharides in the structure of Os3BGlu7, was replaced by

His252 in Os4BGlu12, which can also hydrolyze long cellooligosaccharides, while

the corresponding position was replaced by Met251 in Os3BGlu6, which hydrolyzes

cellooligosaccharides very poorly. This Met251 appeared to block the third glucosyl

residue of cellooligosaccharides from binding to Os3BGlu6, if they were bound in the

same position as in Os3BGlu7 (Seshadri et al., 2009; Chuenchor et al., 2011; and

Sansenya et al., 2012). Conversion of the corresponding Met251 to Asn, created a

new cellooligosaccharide binding subsite for Os3BGlu6 and allowed it to hydrolyze

cellooligosaccharides with DP 2-5 at much higher rates, while the inverse

replacements of Os3BGlu7 Asn245 and Os4BGlu12 His252 with Met decreased

hydrolysis of cellooligosaccharides.

The aglycone-binding cleft of Os4BGlu12 appears to be less adapted for

binding long cellooligosaccharides than Os3BGlu7 and the amino acid residues at

their aglycone binding sites show little similarity. The aglycone binding subsite

residues Trp181, Thr182, Ser185, Asn186, Thr190, Phe193, Phe254 and His252, in

Os4BGlu12 are replaced by Arg178, Ile179, Leu182, Leu183, Gln187, Asn190,
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Asn245 and Tyr247, respectively, in Os3BGlu7. The Tyr341 residue, which stacks

the residues in the +3 and +4 subsites in Os3BGlu7 (Chuenchor et al., 2011) is

replaced by Leu348 in Os4BGlu12, which may explain the relatively poor binding of

cellotetraose and longer oligosaccharides in Os4BGlu12 compared to Os3BGlu7

(Opassiri et al., 2010).

The Os3BGlu6 mutants E178Q and M251N were expressed and purified with

the same system in which wild type Os3BGlu6 was previously (Seshadri et al., 2009).

After purification, the overall yield obtained from 3.2 liters of bacterial culture was

approx. 15-20 mg of protein with more than 95% purity. The crystals of Os3BGlu6

E178Q with pNPGlc and Os3BGlu6 E178Q with GA4GE were obtained by

optimizing around the conditions previously used for crystals of apo Os3BGlu6 and

Os3BGlu6 complexes with G2F and n-octyl-β-D-glucoside (3GNO, 3GNP and

3GNR). The crystals of Os3BGlu6 E178Q with GA4GE and pNPGlc diffracted X-

rays to 1.97 Å and 1.90 Å resolution, respectively, and belong to the P212121 space

group, as did the native crystal structure. The overall structure gave visible electron

density for residues from Gly11 to Thr488 except for the loop of residues 331 to 337,

which was poorly defined by the electron density. When two crystals of Os3BGlu6

E178Q were soaked either with GA4GE or pNPGlc the covalent intermediate was

defined at the -1 subsite, between the anomeric carbon (C1) of glucose and Oε1 of the

catalytic nucleophile (E394) and the hydroxyls of the glucose ring, which took a 4C1

chair conformation.

When the three Os3BGlu6 covalent intermediate structures Os3BGlu6 E178Q

with glucose from GA4GE (PDB: 3WBE) or pNPGlc (PDB: 3WBA) and wild type

Os3BGlu6 with G2F (PDB: 3GNR), were superposed, the interaction between the
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amino acid residues and glucosyl residues were similar. The catalytic nucleophile

(E394) of Os3BGlu6 E178Q with glucose from GA4GE (PDB: 3WBE) was refined to

two conformations, one forming a covalent with anomeric carbon (C1) of the glucosyl

moiety and the other one in the position of an apo enzyme catalytic nucleophile,

noncovalently bound to a glycerol. In the later conformation, the E394 Oε2 was

located the same position as a water molecule (Wat52) in the Os3BGlu6 E178Q with

pNPGlc structure, when the two structures were superimposed. The water molecule

(Wat52) was also present in the structure of the Os3BGlu6/G2F complex and a

similar water molecule has been shown to be critical for the hydrolysis and

glycosynthase reactions of Os3BGlu7 (Wang et al., 2013). So, the covalent

intermediate of Os3BGlu6 E178Q with unmodified α-D-glucoside was observed with

either pNPGlc or GA4GE donor substrate, supporting the covalent double

displacement mechanism for this enzyme with either glycoside or glycosyl ester

substrates.

The structural information and enzyme kinetic evaluation of the function of

rice Os4BGlu12 and its comparison to other rice GH1 enzymes (Os3BGlu6 and

Os3BGlu7) from these studies provide a basis for understanding the substrate-enzyme

interactions. At the glycone binding site, the amino acid residues were conserved

when compare to other GH1 enzymes, while at the aglycone binding site rice

Os4BGlu12 shows little similarity when compared to the other GH1 enzymes. From

this observation, we can surmise that the differences in the aglycone binding subsites

of GH1 enzymes lead to the varieties of substrate specificities and functions of these

enzymes.
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