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Abstract: Rice BGlu1 (Os3BGlu7) is a glycoside hydrolase family 1 b-glucosidase that hydrolyzes

cellooligosaccharides with increasing efficiency as the degree of polymerization (DP) increases
from 2 to 6, indicating six subsites for glucosyl residue binding. Five subsites have been identified

in X-ray crystal structures of cellooligosaccharide complexes with its E176Q acid-base and E386G

nucleophile mutants. X-ray crystal structures indicate that cellotetraose binds in a similar mode in
BGlu1 E176Q and E386G, but in a different mode in the BGlu1 E386G/Y341A variant, in which gluco-

syl residue 4 (Glc4) interacts with Q187 instead of the eliminated phenolic group of Y341. Here, we

found that the Q187A mutation has little effect on BGlu1 cellooligosaccharide hydrolysis activity or
oligosaccharide binding in BGlu1 E176Q, and only slight effects on BGlu1 E386G glycosynthase

activity. X-ray crystal structures showed that cellotetraose binds in a different position in BGlu1

E176Q/Y341A, in which it interacts directly with R178 and W337, and the Q187A mutation had little
effect on cellotetraose binding. Mutations of R178 and W337 to A had significant and nonadditive

effects on oligosaccharide hydrolysis by BGlu1, pNPGlc cleavage and cellooligosaccharide inhibi-

tion of BGlu1 E176Q and BGlu1 E386G glycosynthase activity. Hydrolysis activity was partially res-
cued by Y341 for longer substrates, suggesting stacking of Glc4 on Y341 stabilizes binding of

cellooligosaccharides in the optimal position for hydrolysis. This analysis indicates that complex

interactions between active site cleft residues modulate substrate binding and hydrolysis.
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Introduction
Plant derived cellulose and related b-glucans com-

prise the largest source of biomass on earth, and

breakdown of these b-glucans is of great interest for

biomass conversion and biofuel production.1 Bacteria

and fungi make use of the abundant b-glucan
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biomass as a nutritional source, while plants need to

recycle their cell walls during development, and

each of these phyla has developed their own set of

enzymes for b-glucan breakdown. The enzymes

involved in b-glucan breakdown include endogluca-

nases, exoglucanases, and b-glucosidases (b-D-gluco-

side glucohydrolases; E.C. 3.2.1.21), and in

microorganisms polysaccharide lyases and polysac-

charide oxidases,1,2 which have been catagorized

into families based on protein sequence similarity in

the Carbohydrate-Active enZYme (CAZY) database

(www.cazy.org).3 The binding of the glycoside hydro-

lases to cellooligosaccharide substrates at their

active site must be strong enough to position and

stabilize the substrate for hydrolysis, yet weak

enough to allow release of the products.4,5 A more

thorough understanding of this binding is needed for

engineering of oligosaccharide-active b-glucosidases

and transglucosidases.

b-glucosidases hydrolyze b-glycosidic linkages of

oligosaccharides and glycosides to release nonreduc-

ing terminal glucosyl residues.6 Henrissat et al. have

categorized b-glucosidases into glycoside hydrolase

(GH) families GH1, GH3, GH5, GH9, GH30, and

GH116, with GH1 containing the most b-glucosidases

that have been described.3,7 b-glucosidases can have

varying levels of specificity, from enzymes that

appear to hydrolyze a single substrate, such as

Sorghum bicolor dhurrinase, to enzymes that act on

a variety of alkyl and aryl glycosides, as well as

oligosaccharides.8–11 Most b-glucosidases act through

a two-step retaining mechanism, in which the

catalytic nucleophile (a glutamate residue for

GH1 enzymes) displaces the aglycone with acid-

assistance from the catalytic acid-base (a glutamic

acid residue for GH1) in the first step to form an a-

linked glucosyl-enzyme intermediate. A water mole-

cule, which is deprotonated by the catalytic acid-base,

displaces the enzyme to release b-D-glucose in the

second step.

Mutations of the catalytic acid-base and nucleo-

phile have been developed to allow transglycosyla-

tion to proceed with minimal hydrolysis.

Glycosynthases are nucleophile mutants of glycosi-

dases that can be used for synthesis of oligosaccha-

rides and glycoconjugates from glycosyl fluoride

donors and suitable acceptors without hydrolysis of

the products.12–15 Thioglycoligases are mutants in

which the acid–base residue is replaced with a non-

ionizable amino acid residue to allow transfer of a

glycosyl residue to the enzyme from substrates with

good leaving groups that do not require acid-

assistance and transfer to nucleophiles that do not

require basic-assistance, such as thiols.16–18 Both of

these types of mutations result in transglycosyla-

tion, with the glycosynthases acting through an

inverting mechanism, while the thoiglycoligases

maintain a retaining mechanism.

Rice BGlu1 b-glucosidase, also known as Os3B-

Glu7, acts as an exo-b-glucosidase on b-1,3- and b-

1,4-linked gluco-oligosaccharides and belongs to gly-

coside hydrolase family GH110,19 BGlu1 also exhibits

transglucosylation activity toward oligosaccharide

substrates. Kinetic subsite analysis of cellooligosac-

charide hydrolysis indicated that rice BGlu1 has at

least six subsites for binding of b-1,4-linked D-gluco-

syl residues. The BGlu1 nucleophile mutant E386G

is a glycosynthase that can synthesize long para-

nitrophenyl (pNP)-cellooligosaccharides of up to 11

b-1,4-linked glucosyl residues.20 The BGlu1 E176Q

acid-base mutant can cleave aryl glycosides with

good leaving groups, such as pNPGlc, but cannot

cleave oligosaccharides, such as cellotriose, cellote-

traose, cellopentaose, cellohexaose and laminari-

biose.4 These oligosaccharides nonetheless bind in

the active site cleft and act as competitive

inhibitors.

The X-ray crystal structures of BGlu1 E176Q

acid-base mutant and BGlu1 E386G glycosynthase

in complexes with cellotetraose and cellopentaose

show that the sidechains of N245, S334 and Y341

interact with glucosyl residues in cellooligosacchar-

ide binding subsites 12, 13 and 14.4,21 In com-

plexes with cellotetraose and cellopentaose, the

N245 sidechain forms direct hydrogen bonds to the

glucosyl residue in the 12 subsite in BGlu1 E176Q

and to the glucosyl residues in both the 11 and 12

subsites in BGlu1 E386G. The BGlu1 N245V mutant

had higher Km values for hydrolysis of pNP-b-D-glu-

copyranoside (pNPGlc) and cellobiose than does wild

type BGlu1,22 and it also had a 10-fold lower cata-

lytic efficiency value (kcat/Km) than wild type for cel-

lotriose, but only 3-fold lower for cellotetraose and

cellopentaose.21 The Y341 residue interacts via a

water-mediated hydrogen bond to the glycosidic oxy-

gen between subsites 12 and 13 and aromatic-

sugar stacking interactions at subsites 13 and 14

in the active sites of the BGlu1 E176Q acid-base

mutant and BGlu1 E386G glycosynthase complexes

with cellotetraose and cellopentaose.4,21,22 However,

the BGlu1 Y341A variant had only slightly higher

Km values and slightly lower kcat/Km values for cello-

triose, cellotetraose and cellopentaose compared to

wild type BGlu1. When the same mutation was

made in the BGlu1 E386G glycosynthase, the

E386G/Y341 variant synthesized shorter pNP-celloo-

ligosaccarides compared to the original BGlu1

E386G glycosynthase. The structure of BGlu1

E386G/Y431A in complex with cellotetraose revealed

that the Glc2, Glc3, and Glc4 residues of cellote-

traose at subsites 11, 12, and 13 were rotated

nearly 180� and moved across the active site groove

compared to the structure of BGlu1 E386G with cel-

lotetraose. The cellotetraose position in BGlu1

E386G/Y341A allowed the O6 of Glc4 to form direct

hydrogen bonds to Q187. The alternative binding
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mode observed for cellotetraose in the structures of

the BGlu1 E386G/Y341A glycosynthase variant was

suggested to explain the fact that BGlu1 Y341A had

similar hydrolysis activity to wild type BGlu1, but

BGlu1 E386G/Y341A exhibited poorer synthesis of

long oligosaccharides than the BGlu1 E386

glycosynthase.

To further investigate the roles of active site

cleft residues of BGlu1 in cellooligosaccharide bind-

ing and hydrolysis and in glycosynthase production

of long cellooligosaccharides, the glucose binding

sites of the wild type BGlu1, BGlu1 E176Q acid-base

mutant and BGlu1 E386G glycosynthase were dis-

rupted by site-directed mutagenesis and the func-

tional and structural effects of these mutations

characterized.

Results

BGlu1 variants with the Q187A mutation

Hydrolysis. Based on the observed interactions

between Q187 and cellotetraose in the BGlu1

E386G/Y431A complex with cellotetraose,21 BGlu1

variants with the mutations Q187A, Y341A/Q187A,

and N245V/Q187A were generated to investigate

how the loss of the Q187 side chain would affect oli-

gosaccharide binding, hydrolysis and synthesis of

cellooligosaccharides. As shown in Table I, the

BGlu1 Q187A variant had similar Km values and

slightly lower kcat/Km values for hydrolysis of cello-

triose, cellotetraose and cellopentaose compared to

wild type BGlu1. The Y341A/Q187A mutant had

similar kcat/Km values for cellotriose and cellote-

traose and a slightly lower kcat/Km value for cello-

pentaose compared to BGlu1 Y341A. Moreover, the

N245V/Q187A variant had slightly lower kcat/Km val-

ues for cellotriose, cellotetraose, and cellopentaose

than BGlu1 N245V. Kinetic subsite analysis by the

method of Hiromi23 verified that the Q187A, Y341A/

Q187A and N245V/Q187A mutations had little effect

on the apparent affinity at the 13 and 14 subsites,

as illustrated in Figure 1. The only significant

change was that the Y341A/Q187A mutant gave

lower subsite 14 affinity than BGlu1 Y341A, sug-

gesting that the Q187 residue only affects binding at

the 14 subsite when the phenolic group of Y341 is

missing.

Oligosaccharide binding by BGlu1 E176Q

mutants. Previously, we used this rescue of the

BGlu1 E176Q acid–base mutant for kinetic investi-

gation of the binding of oligosaccharides to the

BGlu1 E176Q active site by inhibition studies.4 Cel-

looligosaccharides are not hydrolyzed by the BGlu1

E176Q and its variants, but instead display competi-

tive inhibition of the release of pNP from pNPGlc in

the presence of azide. Although cellobiose displaysT
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mixed inhibition, the competitive inhibition con-

stant, Ki, of 44 mM is much lower than the uncom-

petitive inhibition constant, Ki,u, of 649 mM, so the

contribution from binding of the substrate to an

enzyme-inhibitor complex is negligible and the com-

petitive Ki serves as a reasonable estimate of the KD

for cellobiose as well. Applying this method to the

active site cleft mutations made in the BGlu1

E176Q background allowed us to calculate binding

affinities for different length oligosaccharides.

First, we assessed the effects of the mutations

on pNPGlc hydrolysis. The BGlu1 E176Q/Q187A,

BGlu1 E176Q/Y341A and BGlu1 E176Q/Y341A/

Q187A variants had slightly lower kcat/Km values

than BGlu1 E176Q for pNPGlc hydrolysis (Table II).

The BGlu1 E176Q/Q187A variant had similar appa-

rent competitive inhibition constants (Ki) compared

to the BGlu1 E176Q for cellobiose, cellotriose, cello-

tetraose, cellopentaose and cellohexaose (Table III).

Moreover, the binding free energy changes for gluco-

syl residue addition (DGb,Cn!Cn11, where n is the

number of b-1,4-linked glucosyl residues in the cel-

looligosaccharide C) were similar to those for BGlu1

E176Q. The BGlu1 E176Q/Y341A variant had a

slightly higher Ki value compared to BGlu1 E176Q

for cellobiose, whereas, it had 5-, 11-, 46-, and 111-

fold higher Ki values for cellotriose, cellotetraose,

cellopentaose and cellohexaose, respectively, thereby

verifying that Y341 is involved in binding longer oli-

gosaccharides. The BGlu1 E176Q/Y341A/Q187A var-

iant had similar Ki values to the BGlu1 E176Q/

Y341A variant for cellobiose, cellotriose, cellote-

traose, cellopentaose, and cellohexaose, and conse-

quently, their binding energies were similar to those

of BGlu1 E176Q/Y341A. However, the DGC4!C5,

which was unfavorable for BGlu1 E176Q/Y341A

(11.7 kJ mol21), was more unfavorable for BGlu1

E176Q/Y341A/Q187A (13.0 kJ mol21). Therefore,

despite the observation of cellotetraose binding to

Q187 in the crystal structure of the BGlu1 E386G/

Y341A variant complex with cellotetraose,21 the

Q187A mutation has little effect on cellooligosac-

charide binding in the active sites of BGlu1 and its

E176Q acid-base mutant.

Transglucosylation. Previously, the BGlu1

E386G/Y341A and BGlu1 E386G/N245V glycosyn-

thases were shown to synthesize shorter pNP-celloo-

ligosaccharides than BGlu1 E386G glycosynthase.21

BGlu1 E386G/Q187A was found to have slightly

higher synthesis activity, producing approximately

twofold as much pNP-cellooligosacchairdes with DP

of 7–9, compared to the BGlu1 E386G glycosynthase

(Table IV). In contrast, BGlu1 E386G/Y341A/Q187A

produced 2 to 7-fold less DP 3–5 pNP-cellooligosac-

charides than BGlu1 E386G/Y341A, and no detecta-

ble DP6 product, which was clearly detectable for

BGlu1 E386G/Y341A. Thus, the Q187A mutation

had differential effects on cellooligosaccharide syn-

thesis activity of BGlu1 E386G glycosynthase, which

depended on the presence of Y341.

Structures of BGlu1 Y341A variants with cello-

tetraose. Despite the previous observation that

cellotetraose forms hydrogen bonds to Q187 in the

E386G/Y341A variant,21 mutation of Q187 to A had

only minor effects on hydrolysis by BGlu1/Y341A

and on BGlu1 E386G glycosynthase activity. To elu-

cidate the structural basis for these results, BGlu1

E176Q/Y341A, BGlu1 E176Q/Y341A/Q187A and

E386G/Y341A/Q187A were crystallized, cellotetraose

was soaked into these crystals, and the structures

were determined.

Figure 1. Subsite affinities for subsites 13 and 14 in BGlu1

and its mutants determined by kinetic subsite mapping. Sub-

site affinities were calculated by the method of Hiromi et al.23

as applied to cellooligosaccharides by Hrmova et al.24:

Ai 5 2DG 5 RTln[(kcat/Km)n/(kcat/Km)n 2 1] as a means of esti-

mating the effect of each successive sugar residue.

Table II. Kinetic Parameters of BGlu1 E176Q and its Variants for Hydrolysis of pNPGlc

Enzyme Km (mM) kcat (s21) kcat/Km (s21M21)

E176Q 0.188 6 0.007 3.68 6 0.06 20,000
E176Q/Y341A 0.225 6 0.004 3.71 6 0.03 17,000
E176Q/Q187A 0.188 6 0.005 3.11 6 0.03 17,000
E176Q/Y341A/Q187A 0.249 6 0.005 3.86 6 0.03 16,000
E176Q/R178A 0.108 6 0.004 1.05 6 0.01 9800
E176Q/W337A 0.144 6 0.009 2.25 6 0.04 17,000
E176Q/Y341A/R178A 0.135 6 0.006 1.28 6 0.02 9500
E176Q/Y341A/W337A 0.204 6 0.012 3.03 6 0.06 15,000
E176Q/Y341A/R178A/W337A 0.333 6 0.006 1.98 6 0.01 6000
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The X-ray diffraction statistics are shown in

Table V. The observed electron densities, shown in

Figure 2, indicated that cellotetraose bound with the

nonreducing residue in the 21 subsite as a hydroly-

sis substrate or transglycosylation product, as previ-

ously seen for the E176Q acid-base mutant4 and

E386G glycosynthase.21 To obtain sufficient ligand

occupancies in the active site, the crystals were

soaked in cryoprotectant saturated with the cellote-

traose, thus an extra cellotetraose was bound on the

surface of the protein, as was previously found in

the structures of cellotetraose complexes with BGlu1

E386G, BGlu1 E386G/S334A and BGlu1 E386G/

Y341A.21 Aside from the mutated residues, the

amino acid residues in the active sites of the BGlu1

E176Q/Y341A and BGlu1 E176Q/Y341A/Q187A acid-

base variants and BGlu1 E386G/Y341A/Q187A gly-

cosynthase variant were similar to those in the

active sites of BGlu1 E176Q and BGlu1 E386G in

complex with cellotetraose (Fig. 3). The Glc2, Glc3,

and Glc4 residues at subsites 11, 12, and 13 in the

structure of the BGlu1 E386G/Y341A/Q187A glyco-

synthase variant were rotated nearly 180� compared

to the structure of BGlu1 E386G with cellotetraose,

and the Glc3 and Glc4 residues in the active site of

the BGlu1 E386G/Y341A/Q187A variant moved to

positions similar to their positions in the complex of

cellotetraose with BGlu1 E386G/Y341A glycosyn-

thase [Fig. 3(A)].21 Hydrogen bonding interactions

between the glucosyl residues of cellotetraose,

ordered water molecules and amino acid residues in

the active site of BGlu1 E386G/Y341A/Q187A are

shown in Figure 4(A). The hydrogen bonds and

aromatic-sugar stacking interactions of the Glc2,

Glc3, and Glc4 residues at subsites 11, 12, and 13

are similar to those in the BGlu1 E386G/Y341A

complex with cellotetraose. A new ordered water

molecule hydrogen bonded to O6 of Glc4 in place of

the Q187 sidechain [Figs. 3(A) and 4(A)].

In contrast, the Glc2, Glc3 and Glc4 residues at

subsites 11, 12, and 13 in the structures of the

BGlu1 E176Q/Y341A and BGlu1 E176Q/Y341A/

Q187A acid-base mutant variants were found in

positions that were different from both those in the

cellotetraose complexes with BGlu1 E176Q4 and

BGlu1 E386G,21 and the BGlu1 E386G/Y341A var-

iants [Fig. 3(B,C)]. In this new position, the O3 of

Glc4 directly hydrogen bonds to R178 (3.0 Å) and

Glc4 stacks onto the indole ring of W337 (3.9 Å).

Moreover, the shift in the positions of the oligosac-

charide glucosyl moieties allowed the N245 Nd to

form hydrogen bonds with Glc3 O2 [Fig. 4(B)]. The

positions of the amino acid residues and cellote-

traose in the active sites of BGlu1 E176Q/Y341A

and BGlu1 E176Q/Y341A/Q187A were similar and

the Q187 amide was replaced by two water mole-

cules that formed hydrogen bonds to Glc3 O6 and

S334 Og in the latter [Figs. 3(B) and 4(C)].T
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The BGlu1 variant active site cleft structures

indicate that the position of binding of cellotetraose

in the presence of the Y341A mutation is dependent

on the nature of the inactivating mutation at the 21

subsite, despite the fact that the positions of cellote-

traose in its complexes with BGlu1 E176Q and

E386G are quite similar. The only significant differ-

ence noted in the BGlu1 E176Q and E386G com-

plexes was that N245 moved to interact with Glc2

and Glc3 in BGlu1 E386G, whereas N245 remains

in a similar position as in the native structure in

the BGlu1 E176Q cellotetraose complex and only

interacts with Glc3.21

Effects of R178 and W337 mutations on
oligosaccharide binding with and without Y341

Hydrolysis. On the basis of the observed interac-

tions of R178 and W337 with cellotetraose in the

BGlu1 E176Q/Y341A and BGlu1 E176Q/Y341A/

Q187A structures (Figs. 3 and 4), we hypothesized

that these residues should play roles in the binding

of cellotetraose to BGlu1 and BGlu1 E176Q in the

absence of the Y341 phenolic group. To test this

hypothesis, BGlu1 variants with the mutations

R178A, W337A, Y341A/R178A, Y341A/W337A and

Y341A/R178A/W337A were characterized. Table I

shows that the BGlu1 R178A variant had a nearly

fourfold higher Km value and threefold lower kcat/Km

value for hydrolysis of cellotriose compared to wild

type BGlu1, with smaller effects on cellotetraose,

and cellopentaose hydrolysis. The BGlu1 Y341A/

R178A variant had 5-, 5-, and 11-fold lower kcat/Km

values than the BGlu1 Y341A variant for cellotriose,

cellotetraose, and cellopentaose, respectively. The

W337A variant was similar to the R178A variant,

with a 2.4-fold lower kcat/Km value for cellotriose and

slightly lower kcat/Km values for cellotetraose and

cellopentaose compared to wild type BGlu1, while

the Y341A/W337A variant had 2- to 3-fold lower kcat/

Km values than BGlu1 Y341A for cellotriose, cellote-

traose, and cellopentaose. The BGlu1 Y341A/R178A/

Table V. Data Collection and Refinement Statistics

PDB code
E386G/Y341A/

Q187A 1C4; 4QLJ
E176Q/Y341A 1 C4;

4QLK
E176Q/Y341A/

Q187A 1 C4; 4QLL

Beamline BL13B1 BL13B1 BL13B1
Wavelength (Å) 1 1 1
Space group P212121 P21 P212121

Unit cell parameters (Å, ˚) a 5 79.5 a 5 63.7 a 5 79.6
b 5 101.2 b 5 79.5 b 5 101.3
c 5 127.3 c 5 102.0 c 5 127.4

a 5 b 5 g 5 90˚ a 5 g 5 90˚; b 598˚ a 5 b 5 g 5 90˚
No. of molecules per ASU 2 2 2
Resolution range (Å) 30–1.95 (2.02–1.95) 30-1.83 (1.90–1.83) 30–1.85 (1.92–1.85)
Completeness (%) 100.0 (100.0) 98.7 (92.8) 97.5 (96.4)
I/r(I) 18.3 (4.4) 13.7 (2.0) 25.5 (4.9)
Rsym (%)a 10.3 (45.6) 8.4 (46.5) 7.7 (41.6)
Rfactor (%)b 17.5 15.3 16.2
Rfree (%)c 20.2 16.9 18.5
No. of amino-acid residues 944 944 944
No. of protein atoms 7586 7604 7596
No. of water molecules 835 839 839
Refined carbohydrate Cellotetraose Cellotetraose Cellotetraose
No. of carbohydrate atoms 135 135 135
No. of other hetero atoms 35 35 35
Ramachandran statisticsd

Most favored regions (%) 89.1 89.3 90.0
R.m.s.d. bond distances (Å) 0.010 0.008 0.008
R.m.s.d. bond angle (˚) 1.28 1.28 1.31
Mean B factors (Å2)

All protein atoms 16.17 18.12 16.62
Waters 29.12 31.52 29.65
Hetero atoms 32.42 36.13 31.31
Carbohydrate atoms 36.78 39.74 33.05
Subsite 21 (A/B) 25.71/25.72 31.77/30.55 25.57/24.73
Subsite 11 (A/B) 26.97/27.81 34.36/33.89 29.69/31.15
Subsite 12 (A/B) 30.29/31.44 33.75/35.55 29.76/30.29
Subsite 13 (A/B) 42.05/40.81 34.20/37.59 30.97/32.63

Numbers in parentheses are outer shell parameters.
a Rsym5 Rhkl Ri |Ii(hkl) 2<I(hkl)>|/ Rhkl Ri I(hkl).
b Rfactor5(R|Fo| 2 |Fc|/R|Fo|).
c Based on 5% of the unique observations not included in the refinement.
d Ramachandran values were determined from PROCHECK.25
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W337A kcat/Km values for cellotriose, cellotetraose,

and cellopentaose were about 7-, 9-, and 21-fold

lower than those of BGlu1 Y341A variant, and it

had about twofold lower kcat/Km values than those of

BGlu1 Y341A/R178A. The results suggested that

R178 and W337 play important role in cellooligosac-

charide hydrolysis in the absence of Y341.

The kinetic subsite analysis displayed in Figure

1 verified that the W337A and R178A mutations

had significant effects on the apparent affinities at

Figure 2. The Fo 2 Fc electron density maps for cellotetraose

in the active sites of BGlu1 E386G/Y341A/Q187A (A), BGlu1

E176Q/Y341A (B), and BGlu1 E176Q/Y341A/Q187A (C) calcu-

lated with the ligand omitted. The omit maps are shown in

green mesh at 13r. The cellotetraose from the final structures

are shown in ball and stick representation with carbons colored

in yellow and oxygen atoms in red. The sidechains of amino

acid residues in the active site are shown with gray carbons.

Use this link to access the interactive version of this figure

This figure also includes an iMolecules 3D interactive version

that can be accessed via the link at the bottom of this figure’s

caption.

Figure 3. Cellotetraose binding in the active site of BGlu1

E386G/Y341A/Q187A, BGlu1 E176Q/Y341A and BGlu1

E176Q/Y341A/Q187A. (A) Comparison of cellotetraose bind-

ing in active sites of BGlu1 E386G/Y341A (cyan carbons) and

BGlu1 E386G/Y341A/Q187A (yellow carbons). The fixed

water molecule seen in E386G/Y341A/Q187A, but not in

E386G/Y341A is shown as a yellow ball. (B) Cellotetraose

binding in the active sites of BGlu1 E176Q/Y341A (violet car-

bons) and BGlu1 E176Q/Y341A/Q187A (green carbons),

which has new fixed water molecules that are shown as

green balls. In both BGlu1 E176Q/Y341A and E176Q/Y341A/

Q187A, O3 of Glc4 forms direct hydrogen bonds with R178

(shown as dashed lines) and Glc4 was stacked upon W337.

(C) Cellotetraose in the active sites of BGlu1 E176Q (gray

carbons), BGlu1 E386G/Y341A (cyan carbons) and BGlu1

E176Q/Y341A (violet carbons). The cellotetraose is repre-

sented as balls and sticks.
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the 13 and 14 subsites, giving higher apparent sub-

site 13 and 14 affinities than wild type BGlu1. In

contrast, the BGlu1 Y341A/R178A, BGlu1 Y341A/

W337A and BGlu1 Y341A/R178A/W337A variants

had lower apparent subsite 14 affinities than BGlu1

Y341A.

Oligosaccharide binding by BGlu1 E176Q var-

iants. The BGlu1 E176Q/W337A and BGlu1

E176Q/Y341A/W337A variants had approximately

10% lower kcat/Km values than BGlu1 E176Q and

BGlu1 E176Q/Y341A for pNPGlc hydrolysis, while

the kcat/Km values were twofold lower for BGlu1

E176Q/R178A and BGlu1 E176Q/Y341A/R178A, and

threefold lower for BGlu1 E176Q/Y341A/R178A/

W337A (Table II). Thus, these mutations could affect

even short substrates that bind out to the 11 to 12

subsite, as also seen in the R178A mutation effects

on cellotriose hydrolysis.

BGlu1 E176Q/R178A had 1.4-, 14-, 21-, 25-, and

34-fold higher Ki values than BGlu1 E176Q for cello-

biose, cellotriose, cellotetraose, cellopentaose and cel-

lohexaose, whereas BGlu1 E176Q/Y341A/R178A had

2-, 6-, 16-, 10-, and 6-fold higher Ki values than

BGlu1 E176Q/Y341A, respectively. Based on these

inhibition constants, the binding energy increments

for addition of glucosyl residues 3 to 6 in BGlu1

E176Q/R178A and E176Q/R178A/Y341A were all

less favorable than in BGlu1 E176Q and BGlu1

E176Q/Y341A. The BGlu1 E176Q/W337A variant

had 1.5-, 21-, 13-, 13-, and 21-fold higher Ki values

than BGlu1 E176Q for cellobiose, cellotriose, cellote-

traose, cellopentaose and cellohexaose, respectively,

indicating less favorable binding energies. The

BGlu1 E176Q/Y341A/W337A variant had 2-, 4-, 5-,

4-, and 6-fold higher Ki values than BGlu1 E176Q/

Y341A for cellobiose, cellotriose, cellotetraose, cello-

pentaose, and cellohexaose, respectively, and corre-

spondingly less favorable binding energies than

BGlu1 E176Q/Y341A. Thus, the effects of both the

R178A and W337A mutations on cellooligosaccharide

binding appeared stronger in the absence of the

Y341A mutation, and were stronger than those of

the Q187A mutation in either the presence or

absence of the Y341A mutation. BGlu1 E176Q/

Y341A/W337A had lower Ki values, and correspond-

ingly higher binding energies, than those of BGlu1

E176Q/Y341A/R178A for all oligosaccharides, except

cellohexaose, although their overall effects were sim-

ilar. The BGlu1 E176Q/Y341A/R178A/W337A variant

had higher Ki values and less favorable binding

energies than the BGlu1 E176Q/Y341A/R178A and

BGlu1 E176Q/Y341A/W337A variants for cellotriose,

cellotetraose and cellopentaose, but these effects

were small in comparison to either mutation alone.

Thus, mutations of the R178 and W337 residues in

active site of BGlu1 affected binding of all lengths of

cellooligosaccharide both in the presence and

Figure 4. Hydrogen bonds between the glucose residues of

cellotetraose, surrounding amino acid residues and the net-

work of water molecules (W) in the active sites of BGlu1

E386G/Y341A/Q187A (A), BGlu1 E176Q/Y341A (B) and BGlu1

E176Q/Y341A/Q187A (C). Hydrogen bonds with measured

distances of 3.2 Å or less are shown as dashed lines to indi-

cate the hydrophilic interactions. The diagram in A shows the

flip of the glucosyl residues in subsites 11 to 13 that results

in a completely different network than to those in the active

sites of the BGlu1 E386G and E176Q complexes with cellote-

traose. The hydrogen bond between O6 of Glc4 and a water

found in the place of the Q187 amide (W) is shown as a dark-

ened dashed line. The diagram in B shows the direct hydro-

gen bonds with R178 and hydrogen bond from N245 that are

shorter than those in the BGlu1 E176Q complex with cellote-

traose as darkened dashed lines with their distances in Å

marked on the lines. The diagram of BGlu1 E176Q/Y341A/

Q187A in C shows similar hydrogen bonds as in B, except

for those of the two waters bound in place of Q187 with O6

of Glc3 and S334 Og, which are shown as darkened dashed

lines.
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absence of Y341, and both residues have stronger

influence than Q187.

Transglucosylation. Because the R178A and

W337A mutations were in the oligosaccharide bind-

ing site and had effects on cellooligosaccharide

hydrolysis, the same mutations of E386G glycosyn-

thase were tested to see whether they affected the

production of long oligosaccharides in transglycosy-

lation reactions with a-GlcF donor and pNPC2

acceptor. The synthesis activities of the E386G gly-

cosynthase26 and E386G glycosynthase variants con-

taining the mutations R178A, W337A, Y341A/

R178A, Y341A/W337A, and Y341A/R178A/W337A

were compared. BGlu1 E386G/R178A and BGlu1

E386G/W337A were found to have lower synthesis

activity and synthesize shorter cellooligosaccharides

compared to the BGlu1 E386G glycosynthase (Table

IV). The R178A variant could synthesize cellooligo-

saccharides up to DP 4 (pNPC4), whereas, the vari-

ant with the W337A mutation could synthesize

cellooligosaccharides up to DP 6 (pNPC6). BGlu1

E386G/Y341A/R178A, BGlu1 E386G/Y341A/W337A

and BGlu1 E386G/Y341A/R178A/W337A had lower

synthesis activity compared to BGlu1 E386G/Y341A

and synthesized shorter pNP-cellooligosaccharides

up to only DP 3 for the E386G/Y341A/R178A and

E386G/Y341A/R178A/W337A variants and DP 4 for

the E386G/Y341A/W337A variant. Therefore, the

R178A and W337A mutations had significant effects

on synthesis activity of BGlu1 E386G glycosynthase.

Discussion and Conclusion

Assessment of cellooligosaccharide binding

In this article, we have assessed the cellooligosac-

charide binding in BGlu1 variants by X-ray crystal-

lography and two different kinetic methods, the

kinetic subsite analysis developed by Hiromi and

colleagues23,27 and inhibition of pNPGlc cleavage by

cellooligosaccharides in BGlu1 E176Q acid-base

mutant variants.4 Although these methods generally

show similar patterns of free energy changes upon

addition of glucosyl residues, the values are not the

same and there are significant differences in the

effects of the mutations for the outer subsites. Both

the methods assume that all cellooligosaccharide

binding modes in the same tract (defined here as a

set of binding modes that can be obtained by moving

the nonreducing end glucosyl residue from subsite

21 to outer subsites while maintaining the glucosyl

residue positions in the occupied subsites), with sim-

ply an extension on the reducing end as each gluco-

syl residue is added (illustrated in Supporting

Information Fig. S1). This assumption may not be

completely valid given the three binding modes of

cellotetraose observed in the BGlu1 E176Q, E386G,

E176Q/Y341A, and E386G/Y341A variants by X-ray

crystallography, which fell in three different tracts.

The Hiromi kinetic subsite computation method

has the additional assumption of an intrinsic kcat for

hydrolysis,23,27 which may not be valid due to a slight

shift in the hydrolyzed bond when the cellooligosac-

charide moves from one tract to another. The struc-

tural subsites and kinetics based subsites do not

strictly coincide, since there the alternative binding

modes in the different tracts (with alternative sub-

sites) and multiple productive binding interactions

may contribute to the observed hydrolysis or inhibi-

tion kinetics. However, as long as one binding mode

is predominant, they should correlate to each other.

The advantage of the kinetic subsite analysis is that,

as long as the productive state for all lengths of oligo-

saccharides have the same intrinsic kcat, the contribu-

tion of the nonproductive binding modes will be equal

for the kcat and Km and the kcat/Km will be equivalent

to that for binding only in the productive mode.23

In contrast, in cellooligosaccharide inhibition

the difference in binding free energy between oligo-

saccharides of length n and n-1 only approximates

the subsite affinity when each oligosaccharide binds

with its nonreducing end in the 21 subsite (equiva-

lent to the productive mode for hydrolysis) to the

extent that other binding modes can be ignored. In

general, the observed association constant for bind-

ing is the sum of the association constants for all

binding modes:

KA5
X

KAn;i5KAn;211KAn;111KAn;121KAn;131 . . .

(1)

where KAn,i is the association constant of a cellooli-

gosaccharide of length n with its nonreducing end

glucosyl residue in subsite i, and

KAn;i 5 e2DGb=RT: (2)

where the free energy of binding is the sum of the

loss of mixing energy, DGmix (entropy of mixing with

water), and the free energy of binding of each

subsite23,27:

DGb 5 2DGmix1
X

DGb;occupied subsites (3)

Subtracting the binding energy of oligosaccharide

with a DP of n-1 from that of the oligosaccharide

with a DP of n provides an assessment of the contri-

bution of the nth glucosyl residue to binding, DGb,Cn-

1!Cn, which is a measure of binding energy at subsite

n-1, if the predominant binding mode is that with the

nonreducing end glucosyl residue in the 21 subsite

(i.e., KAn,21 is much greater than the sum of all other

binding modes, so KA 5 KAn,21). The fractional occu-

pancy of each subsite can be calculated as:

% bound to subsite n; i 5 100% ðKAn;i=KAÞ (4)

By Hiromi subsite analysis,23 Opassiri et al.19 cal-

culated subsite affinities for the wild type BGlu1 of
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13.5 kJ mol21 for subsite 21 and 20.7, 16.7, 2.2, 0.4,

and 1.9 kJ mol21 for subsites 11 to 15, respectively.

By adding the subsite affinities for each binding mode

and calculating the KA values from KA 5 e2DG/RT, it

can be calculated from Eq. (4) that cellobiose should

be predominantly span subsites 12 to 13 (71%),

while all longer cellooligosaccharides should bind with

the nonreducing end in the 21 subsite (97.6% in this

“productive” mode for cellotriose). Therefore, for wild

type BGlu1 cellooligosaccharide inhibition could not

readily be used to measure subsite 12 affinity, but

could provide a means to estimate affinities at sub-

sites 13 to 15. The E176Q mutation may modulate

these subsite affinities slightly and other mutations

that change hydrolysis and binding of cellooligosac-

charides, like N245V, R187A, and W337A, may also

have significant effects. Nonetheless, the electron den-

sities observed in all crystal structures of BGlu1 var-

iants with cellotetraose and cellopentaose were

consistent with the cellooligosaccharides binding

nearly exclusively with their nonreducing ends in the

21 subsite.4,21 This discussion above implies that

DGb,C4!C5 should be a good estimate of subsite 14,

but when considering the effects of active site cleft

mutations, the effects of different binding modes must

be considered, as discussed below.

Assessment of the roles of the active site cleft

residues in hydrolysis and transglycosylation
Despite our previous observation that cellotetraose

moved to hydrogen bond to Q187 in the E386G/

Y341A variant of rice BGlu1,21 no effects were seen

on cellooligosaccharide binding and hydrolysis in

BGlu1 and BGlu1 E176Q when the Q187A mutation

was made in these enzymes, except for the binding

of cellopentaose and cellohexaose in the presence of

the Y341A mutation. In contrast, the Q187 mutation

caused a significant increase in glycosynthase activ-

ity when introduced to the E386G glycosynthase

alone, but a significant decrease when combined

with Y341A in the E386G/Q187A/Y341A variant.

The differential effects of the Q178A mutation may

indicate that Q187 stabilizes an oligosaccharide

binding mode that competes with the mode with

binding of the oligosaccharides upon Y341, which is

optimal for cellooligosaccharide elongation. In the

absence of Y341, the binding mode stabilized by

Q187 could help compensate for its loss.

The crystal structure of E176Q/Y341A with cel-

lotetraose provided an explanation for the lack of

effect of the Q187A mutation on oligosaccharide

binding and hydrolysis, since the oligosaccharide

had moved to interact more closely with R178 and

W337, rather than interacting with Q187. This dif-

ference in cellotetraose binding was in contrast to

the similarity of the cellotetraose complexes with

the BGlu1 E176Q and E386G variants, in which the

only obvious difference was that N245 stayed in a

similar position as in the native wild type structure

in BGlu1 E176Q to interact with Glc3 in the 12 sub-

site,4 while it swung inward to interact with Glc2 in

the 11 subsite, as well as Glc3, in BGlu1 E386G.21

The shift in N245 in BGlu1 E386G was accompanied

by a very small shift in the cellooligosaccharide posi-

tion that was considered insignificant until the dif-

ferential effects of adding the Y341A mutation on

cellotetraose binding to the acid-base and nucleo-

phile mutants were observed in the current work.

This difference corresponds to the differences in the

sensitivity of the BGlu1 hydrolase, BGlu1 E176Q

transglucosidase and BGlu1 E386G glycosynthase

activities to the active site cleft mutations. Thus,

when investigating active site cleft binding, different

inactivating mutations cannot be considered equiva-

lent, since each has its own effect on substrate (in

this case oligosaccharide) binding, however subtle

these differences may appear at first glance.

Although the Q187A mutation for the most part

only affected glycosynthase activity, the R178A and

W337A mutations had significant effects on the activ-

ities of BGlu1, BGlu1 E176Q, and BGlu1 E386G,

either alone or in combination with the Y341A muta-

tion. R178 extends into the active site and makes

water mediated hydrogen bonds with the 12 and 13

subsites in the BGlu1 E176Q and E386G complexes

with cellooligosaccharides,4,21 which may explain why

mutating R178 would affect binding of cellooligosac-

charides of 3 or more glucosyl residues. The fact that

the R178A mutation even affected pNPGlc hydrolysis

and cellobiose binding suggests it has effects on the

water network all the way to the 11 subsite. The

extensive effect of the W337A mutation is more diffi-

cult to rationalize, as it forms a hydrophobic surface

over the active site wall between Y341 and R178,

which would have little interaction with cellooligosac-

charides in the presence of Y341 (Fig. 5). However, it

may affect the positions of R178 and Y341 and the

hydrophobic surface may affect the active site water

matrix structure as well. It has previously been noted

that residues outside the active site may affect GH1

glycosidase specificity via amino acid interaction net-

works to active site residues,28 but in this case an

interaction through the active site cleft water net-

work seems more plausible.

The effects of the Y341A, R178A, and W337A

mutations were nonadditive, consistent with the

R178A and W337A acting at the same point of catal-

ysis, that is, in binding the same cellooligosaccharide

glucosyl residues, and sitting next to one another in

the active site cleft wall, as shown in Figure 5.29 In

the kinetic subsite analysis, the R178A and W337A

mutations resulted in increases in the apparent

affinity at subsites 13 and 14 (Fig. 1). These

increased subsite affinities appear to result from a

compensation at outer subsites, since these muta-

tions cause decreased hydrolysis of shorter
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substrates, as seen by the 3.5-fold decrease in the

kcat/Km for pNPGlc hydrolysis by BGlu1 E176Q/

R178A compared to BGlu1 E176Q. A similar phe-

nomenon is seen with the BGlu1 N245V, which has

a nearly 10-fold decrease in the kcat/Km for cello-

triose, but only approximately threefold decreases

for cellotetraose and cellopentaose (Table I and Ref.

21). A plausible explanation for these observations is

that these mutations destabilize the binding of the

substrates in the most productive binding mode (i.e.,

the binding mode with the nonreducing glucosyl res-

idue in subsite 21 in the tract with the glycosidic

bond position that leads to the highest intrinsic

kcat). Once the cellooligosaccharides are long enough

to stack onto the Y341 phenol ring, this stacking

stabilized the binding in the productive position,

resulting in a jump in the kcat/Km that translates to

a high apparent subsite affinity. The Y341A muta-

tion suppresses the high apparent subsite 13 and

14 affinities because stabilization of the product

position by Y341 is lost, consistent with the binding

mode observed for cellotetraose in the BGlu1 E176Q/

Y341A and E386G/Y341A variants.

In contrast, the subsite affinities calculated from

cellooligosaccharide inhibition of pNPGlc cleavage by

the BGlu1 E176Q acid/base mutant variants were all

similar to or weaker than those for BGlu1 E176Q,

except that DGC3!C4 of the E176Q/Q187A variant

was 27.2 kJ mol21 and that of the E176Q/W337A

variant was 26.8 kJ mol21 compared to 25.5 kJ

mol21 for BGlu1 E176Q. This lower sensitivity to the

postulated tract change may be due to the fact that

any binding position will affect the KD of binding of

the oligosaccharides in BGlu1 E176Q and as long as

the primary binding modes block pNPGlc access to

the active site, complete inhibition will be observed.

Thus, glycosidic bond position, as reflected in the

intrinsic kcat, does not affect the cellooligosaccharide

inhibition. However, for cellopentaose and cellohex-

aose, significant effects were observed in the pres-

ence of the Y341A mutation, most likely because in

the binding mode observed for cellotetraose in BGlu1

E176Q/Y341A in Figures 3(B) and 4(B), there does

not appear to be enough space to accommodate the

5th glucosyl residue in cellopentaose in the same

tract. Although it has been noted that small move-

ments can relieve steric clashes between substrates

and active site residues,30 it is likely the longer oligo-

saccharide will adopt a different binding tract, since

the binding modes observed with BGlu1 E176Q and

BGlu1 E386G/Y341A are readily accessible. This is

reflected in the unfavorable DGb,C4!C5 and

DGb,C5!C6 for BGlu1 E176AQ/Y341A variants

(Y341A, Y341A/Q187A, Y341A/R178A, Y341A/

W337A, and Y341/R178A/W337A) in Table III. This

effect is also seen in the lower subsite 14 affinities

for the BGlu1 Y341A variants (Y341A/Q187A,

Y341A/R178A, Y341A/W341A, and Y341A/R178A/

W337A) compared to wild type in Table I.

As seen in our previous work,21 the glycosyn-

thase activity appears to be the most sensitive to

loss of active site functional groups. The R178 resi-

due appears to be especially critical to glycosynthase

activity, since all glycosynthase variants with the

R178A mutation converted <3.3% of the pNPC2

acceptor substrate to product. No direct hydrogen

bonds were seen between R178 and the ligand in the

structures of BGlu1 E386G with cellotetraose and

cellopentaose and E386G/Y341A and E386G/Y341A/

Q187A with cellotetraose, but it did coordinate

water-mediated hydrogen bonds with the ligand in

each case. However, each of these structures was a

product complex and may not represent the exact

position of the acceptor substrate before glucosyl

transfer. In both BGlu1 E376G and Streptomyces b-

glucosidase E383A glycosynthases, it has been noted

that longer acceptor substrates with more active site

cleft interactions lead to greater regioselectivity,26,31

Figure 5. Comparison active site cleft of BGlu1 E386G (A)

and BGlu1 E176Q/Y341A (B) in complex with cellotetraose.

The sidechains of R178 (green carbons), W337 (cyan car-

bons) and Y341 (yellow carbons) residues noted to have sig-

nificant effects on the activities of BGlu1, BGlu1 E176Q and

BGlu1 E386G are shown in stick representation behind the

active site surface. The cellotetraose is represented as balls

and sticks. The surface representation was created in Pymol

(Schr€odinger LLC) and colored with the color of the underly-

ing atoms, where carbon is grey in non-highlighted amino

acid residues, oxygen is red, and nitrogen is blue.
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which also depends on the donor substrate and may

not correspond precisely to that seen in the parent

hydrolase.32

In conclusion, we have shown that rice BGlu1

and its E176Q transglucosidase and E386G glyco-

synthase show remarkable plasticity in their active

site cleft interactions with cellooligosaccharides,

with three binding modes observed depending on

the combination of inactivating and active site cleft

mutations. The mutation made in the catalytic acid-

base or nucleophile affects the binding mode of the

oligosaccharide at the outer subsites, while muta-

tions made in residues located at the 13 to 14 sub-

sites, R178A and W337A, affect the activity of the

enzymes toward shorter substrates that are not

expected to reach this far, likely due to their effects

on the active site cleft shape, environment and

water network. Stacking of Glc4 in longer cellooligo-

saccharides on Y341 appears to compensate for the

disruption caused by these mutations. Nonetheless,

Y341 appears to be dispensable in the absence of

these disruptive mutations, since alternative binding

modes can result in effective hydrolysis as well.

Thus, binding of cellooligosaccharides is mediated by

complex interactions between the residues in the

active site cleft, the cellooligosaccharides and the

surrounding water molecules.

Materials and Methods

Mutation of rice BGlu1, BGlu1 E176Q, and

BGlu1 E386G
Here, we used the pET32a/BGlu1 E386G-2 con-

struct26 for all glycosynthase mutations and desig-

nate these protein variants containing this mutation

as simply BGlu1 E386G. The mutations for BGlu1

E176Q, BGlu1 N245V, BGlu1 Y341A, and BGlu1

E386G have been described previously.21,22,26 The

mutations for the variants Q187A, Y341A/Q187A,

N245V/Q187A, R178A, Y341A/R178A, W337A,

Y341A/W337A, Y341A/R178A/W337A, E176Q/Q187A,

E176Q/Y341A, E176Q/Y341A/Q187A, E176Q/R178A,

E176Q/Y341A/R178A, E176Q/W337A, E176Q/Y341A/

W337A, E176Q/Y341A/R178A/W337A, E386G/

Q187A, E386G/Y341A/Q187A, E386G/R178A, E386G/

Y341A/R178A, E386G/W337A, E386G/Y341A/W337A,

and E386G/Y341A/R178A/W337A were made in the

rice bglu1, rice bglu1 E176Q and rice bglu1 E386G-2

cDNA in the pET32a expression vector10,22,26 by

Quikchange (Stratagene, Agilent, La Jolla, CA) site-

directed mutagenesis. The primers used for the previ-

ously unpublished mutations were as follows: 50-GTA

GCA CTT CTT GGT TAT GAC GCG GGA ACA AAT

CCT CCT AAA AGG TG-30 and its reverse comple-

ment for Q187A; 50-cac tgg ttt aca ttt aat gag cca GCT

ata gta gca ctt ctt ggt tat gac-30 and its reverse com-

plement for R178A; 50-cac tgg ttt aca ttt aat cag cca

GCT ata gta gca ctt ctt ggt tat gac-30 and its reverse

complement for E176Q/R178A; 50-cg acg agt tac tca

gcc gat GCT cag gtt acc tat gtt ttt gcg-30 and its

reverse complement for W337A and 50-g acg agt tac

tca gcc gat GCT cag gtt acc gct gtt ttt gc-30 and its

reverse complement for Y341A/W337A (the mutated

nucleotides are underlined).

Protein expression and purification
The BGlu1, BGlu1 E386G glycosynthase and BGlu1

E176Q acid-base variants described above were

expressed in Escherichia coli strain Origami (DE3)

and purified by immobilized metal affinity chroma-

tography (IMAC), enterokinase digestion and IMAC,

as previously described.10,22 The purified protein

concentration was determined by measuring absorb-

ance at 280 nm. Extinction coefficients, e280 of

113,560 M21 cm21 for most of the BGlu1 proteins

and e280 of 112,280 M21 cm21 for BGlu1 Y341A-

containing variants, were calculated by the method

of Gill and von Hippel.33 Proteins were checked by

SDS-PAGE with Coomassie brilliant blue staining,

in which all BGlu1 variants had purities >90%, as

shown in Supporting Information Figures S2, S3,

and S4.

Oligosaccharide hydrolysis
The activities of the BGlu1 mutants toward cello-

triose, cellotetraose and cellopentaose were assayed

as release of glucose in 50 mM sodium acetate

buffer, pH 5.0, at 30�C, as previously described.10

The kinetic parameters Vmax and Km were calculated

by nonlinear regression of Michaelis–Menten plots

with the Grafit 5.0 computer program (Erithacus

Software, Horley, UK) and divided by the protein

concentrations to determine the apparent kcat and

kcat/Km. Relative subsite affinities were determined

by the method of Hiromi.23

Oligosaccharide binding by BGlu1 E176Q

mutants

Enzyme rates were determined in triplicate reac-

tions, as previously described,4 with a time course to

ensure linearity. Enzyme activities of BGlu1 E176Q

mutants were determined in 50 mM MES buffer, pH

5.0, and 50 mM sodium azide with pNPGlc as a sub-

strate. Kinetic parameters (Km, Vmax and apparent

kcat) of BGlu1 E176Q variants in the reactions were

calculated from nonlinear regression of Michaelis–

Menten curves with Grafit 5.0. The competitive inhi-

bition constants (Ki) were determined from the plots

of the apparent Km/Vmax versus the inhibitor (oligo-

saccharide) concentration, and were taken to be the

apparent dissociation constants (KD) of the inhibi-

tors. The association constants were calculated as

KA 5 1/KD 5 1/Ki; and Gibbs free energies of binding

were calculated as DGbinding 5 2RTlnKA, where R is

the gas constant (8.314 J K21 mol21) and T is the

absolute temperature (303 K).
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Oligosaccharide synthesis

The BGlu1 E386G glycosynthase and its mutants,

BGlu1 E386G/Q187A, BGlu1 E386G/Y341A, BGlu1

E386G/Y341A/Q187A, BGlu1 E386G/R178A, BGlu1

E386G/W337A, and BGlu1 E386G/R178A/W337A,

were purified as described above and the buffer was

exchanged with 50 mM phosphate buffer, pH 6.0.

The proteins were incubated with 10 mM a-GlcF

donor and 10 mM pNPC2 acceptor in 150 mM

ammonium bicarbonate buffer, pH 7.0, at 30�C for

24 h.26 The enzymes in the reaction mixtures were

removed by boiling and centrifugation at 13,000 g

for 5 min. Five microliters of the products from the

reactions were loaded onto a ZORBAX carbohydrate

column (4.6 mm 3 250 mm, Agilent, USA) connected

to an Agilent 1100 series LC-MSD. The column was

eluted with a linear gradient from 90 to 50% aceto-

nitrile in water over 30 min at a flow rate of 1 mL

min21. The eluted peaks were detected at 300 nm

with a UV–visible diode array detector and the prod-

uct masses determined by mass spectrometry.21

X-ray crystallography

The BGlu1 E176Q/Y341A, BGlu1 E176Q/Y341A/

Q187A, and BGlu1 E386G/Y341A/Q187A variant

proteins were crystallized with 2 mM cellotetraose

by hanging drop vapor diffusion with microseeding,

optimized in 16–26%, polyethylene glycol mono-

methyl ether (PEG MME) 5000, 0.12–0.26 M

(NH4)2SO4, and 2–5 mg mL21 protein in 0.1M MES

(pH 6.7) at 288 K, as previously described.22 Before

flash cooling in liquid nitrogen, the crystals were

soaked in cryo solution saturated with cellotetraose

(�75–100 mM).

Datasets were collected with 1.0 Å wavelength

X-rays and an ADSC Quantum 315 CCD detector on

the BL13B1 beamline at the National Synchrotron

Radiation Research Center (NSRRC in Hsinschu,

Taiwan). The crystals were maintained at 105 K

during data collection with a nitrogen cold stream

(Oxford Instruments). Data were processed and

scaled with the HKL-2000 package.34

The crystals of BGlu1 E176Q/Y341A/Q187A and

BGlu1 E386G/Y341A/Q187A with cellotetrase were

isomorphous with wild type BGlu1 crystals,22 allow-

ing the structures to be solved by rigid body refine-

ment with the free BGlu1 structure (PDB: 2RGL)

from which solvent and heteroatoms were deleted in

REFMAC535 with the two molecules in the asym-

metric unit refined as independent domains. How-

ever, the crystal of BGlu1 E176Q/Y341A with

cellotetraose, which had P21 space group symmetry,

was solved by molecular replacement using the Mol-

Rep program36 and free BGlu1 E176Q as a search

model (PDB: 3F4V with solvent and heteroatoms

deleted).4 The refinement was executed with

REFMAC5 with tight noncrystallographic symmetry

(NCS) restraints and model building with Coot.37

Water molecules were added with the Coot and

ARP/wARP programs in the CCP4 suite. Glucosyl

residues were built into the electron densities in the

shapes that fit the densities best (4C1 relaxed chairs

or 1S3 skew boats) and refined. The refined sugar

residue coordinates were assigned their final confor-

mation designation according to their Cremer–Pople

parameters,38 calculated by the Cremer–Pople

parameter calculator of Prof. Shinya Fushinobu

(University of Tokyo, http://www.ric.hi-ho.ne.jp/

asfushi/). In all cases, the nonreducing end glucosyl

residue in the 21 subsite was in a shape between a
1S3 skew boat and a 4E envelope, while other Glc

residues were in relaxed 4C1 chair conformations.

The final models were analyzed with PROCHECK25

and MolProbity.39 The figures of protein structures

were generated in PyMol (Schr€odinger LLC).
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