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Retaining glycosyl hydrolases, which catalyse both glycosylation and deglycosylation
in a concerted manner, are the most abundant hydrolases. To date, their visualiza-
tion has tended to be focused on glycosylation because glycosylation reactions can be
visualized by inactivating deglycosylation step and/or using substrate analogues to
isolate covalent intermediates. Furthermore, during structural analyses of glycosyl
hydrolases with hydrolytic reaction products by the conventional soaking method,
mutarotation of an anomeric carbon in the reaction products promptly and certainly
occurs. This undesirable structural alteration hinders visualization of the second
step in the reaction. Here, we investigated X-ray crystallographic visualization as a
possible method for visualizing the conformational itinerary of a retaining xylanase
from Streptomyces olivaceoviridis E-86. To clearly define the stereochemistry at the
anomeric carbon during the deglycosylation step, extraneous nucleophiles, such as
azide, were adopted to substitute for the missing base catalyst in an appropriate
mutant. The X-ray crystallographic visualization provided snapshots of the compo-
nents of the entire reaction, including the E-S complex, the covalent intermediate,
breakdown of the intermediate and the enzyme-product (E-P)complex.

Key words: chemical rescue, crystallographic visualization, molecular evolution,
retaining GH10 p-xylanase, switching enzyme with azide.

Abbreviations: Cel5A, GH 5 cellulase from Bacillus agaradhaerens; BSUA, o-amylase from Bacillus
subtilis; CGTase, cyclodextrin glycosyltransferase from Bacillus circulans strain 251; Cell2A, GH 12
cellulase from Humicola grisea; Cel7B, GH 7 cellulase from Fusarium oxysporum; DNP2Fcell,
2,4-dinitrophenyl 2-deoxy-2-fluoro-p-p-cellobioside; Thio-DP5, Methyl 4',4”,4"’-S-trithio-a-cellotetraoside;
SoXyn10A, GH10 xylanase from Streptomyces olivaceoviridis E-86; pNP-X2, p-Nitrophenyl-B-p-xylobioside;
MU-X2, 4-methylumbelliferyl-p-p-xylobioside; X5, xylo-pentasaccharide; LBHB, low-barrier hydrogen bond;

CEX, GH10 xylanase from Cellulomonas fimi; ESI-MS, electrospray ionization mass spectrometry.

Glycosyl hydrolases are among the most diverse and
ubiquitous enzymes involved in carbohydrate metabolism.
They have recently been classified into approximately 100
families on the basis of similarities among deduced amino
acid sequences (I). On the basis of their reaction mecha-
nisms, glycosyl hydrolases are mostly classified as retain-
ing or inverting enzymes because hydrolysis by these
enzymes occurs with net retention (with double inversion)
or inversion of the anomeric configuration, respectively
(2). Since Koshland (3) first pointed out these two types of
reaction mechanisms, many biochemical and structural
studies have been carried out with the aim of confirming
the details of these reactions (Fig. 1A). Although attempts
have been made to visualize sugar-cleavage reactions by
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X-ray crystallography, beginning with studies on hen
egg-white lysozyme (4), using substrate analogues and/or
inactive mutated enzymes with recent technical advances
in X-ray crystallography (4-13), structural analyses have
been hampered by the unstable nature of the reaction
intermediates. In 1988, a breakthrough was made by
Withers and collaborators (14). They created a mecha-
nism-based inhibitor that possessed both a good leaving
group, such as a 24-dinitrophenyl moiety, and a
2-fluoride substitution in the sugar moiety located at the
—1 subsite, and inhibited subsequent deglycosylation of
the intermediate (14-16). As a result, a stable glycosyl-
enzyme intermediate (E-I) was reliably formed. Since the
Michaelis complex (E-S) could be visualized by use of a
mutant enzyme or lowering the pH of the reaction, the
novel mechanism-based inhibitor made it possible to
obtain snapshots of the first glycosylation step. As a
consequence, the potential conformational itinerary
of glycosidases has been reported using X-ray
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Fig. 1. Complete mechanisms of reactions catalysed by
wild-type SoXynl0A and SEA. (A) Reaction cycle for wild-type
SoXynl10A. (B) Reaction cycle for the SEA mutant. The LBHB-
like interaction formed as part of the covalent intermediate is
boxed. (C) Snapshots of the entire enzymatic reaction cycle

crystallographic or computational studies (13, 16-29).
However, from a different point of view, the stable E-I
intermediate is totally resistant to subsequent deglycosy-
lation and this prevents simultaneous visualization of
the overall reaction cycle of the retaining enzyme.
To overcome the problem associated with the stable E-I
intermediate, we created a novel mutant, switching
enzyme with azide (SEA), on the basis of the chemical
rescue reaction (30, 31) for xylanase SoXynlOA from
Streptomyces  olivaceoviridis E-86, a well-studied

E-l

catalysed by the SEA mutant. Key hydrogen-bonding interactions
for the enzymatic reaction are indicated by dotted lines. The
LBHB-like interaction formed as part of the covalent intermedi-
ate is indicated in yellow.

retaining enzyme (32—40). This mutant enzyme is active
in the glycosylation step but inactive in the deglycosyla-
tion step in the absence of general nucleophiles.
Structural analyses of the SEA allowed us to obtain
snapshots of the components of the entire reaction,
including the E-S complex, the covalent intermediate,
breakdown of the intermediate and the enzyme—product
(E-P) complex, of the xylanase simultaneously. Therefore,
we were able to visualize the entire reaction cycle of
this B-glycosidase, including the stereochemistry of the
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nucleophilic attack on the anomeric carbon during the
deglycosylation step.

MATERIALS AND METHODS

Error-Prone PCR and MU-Active Selection—The
expression vector for the parent enzyme, pET28b(+)/
E128H, was constructed as described previously (33, 35).
The open reading frame of E128H was amplified by
error-prone PCR using the following primers: sense
primer, 5-TAA TAC GAC TCA CTA TA-3’; antisense
primer, 5-GCT AGT TAT TGC TCA GCG G-3'. The PCR
product was purified using a Quantum Prep® Freeze ‘N
Squeeze DNA Gel Extraction Spin Column (Bio-Rad,
Hercules, CA, USA). The resulting DNA fragment was
digested with Nco I and Hind III and ligated into the
pET28b(+) vector to obtain randomized mutant libraries.
Positive clones were selected from the mutant libraries
on plates containing 4-methylumbelliferyl-p-p-xylobioside
(MU-X5) and 2.5M sodium formate (41). The sequences
of the positive clones were confirmed by nucleotide
sequencing with an automated DNA sequencer (Model
310; PE Applied Biosystems, Foster City, CA, USA).

Saturation Mutagenesis—The N127 residue of SEA
was randomized by saturation mutagenesis as described
previously (42). Libraries were screened by assaying
their catalytic activities toward MU-X, in the presence of
2.5M sodium formate on plates (41). The sequences of
the positive clones were confirmed by nucleotide sequenc-
ing as described above.

Enzyme Production and Purification—Overexpression
in Escherichia coli and purification of the mutants,
which were obtained by both random mutagenesis and
saturation mutagenesis as described above, were per-
formed as described previously (33). Every mutant was
fused with a (His)g-tag at the C-terminus for one-step
affinity purification. After purification using a HiTrap
chelating column (GE Healthcare, Buckinghamshire,
UK), the resulting enzyme solution was desalted and
concentrated to 1.0mg/ml with a Microcon® YM-3
(Millipore Corporation, Bedford, MA, USA).

Characterization of Mutant Enzymes—The effects of
sodium azide on the reaction rates of the mutants were
determined as described previously (33). p-Nitrophenyl-f-
D-xylobioside (pNP-X,) was synthesized from a xylobiose,
which was purified from a xylobiose mixture (Suntory
Ltd, Osaka, Japan) as described previously (43). Enzyme
reactions were performed under the following conditions.
The reaction solution (45pul) containing 0.5 mM pNP-X,,
0.05% bovine serum albumin (BSA) and various concen-
trations of sodium azide (0-300mM) in 25% Mcllvaine
buffer (a mixture of 0.1 M citric acid and 0.2 M Na,HPO,,
pH 7.0) was preincubated at 30°C for 5min. After the
preincubation, 5ul of enzyme solution (1.0 mg/ml) was
added and incubated at 30°C for 1h. Next, 50 ul of 0.2 M
NayCO3; was added to stop the enzyme reaction. The
amount of p-nitrophenol released was determined by
monitoring the absorbance at 400 nm using a spectrom-
eter (DU 630; Beckman, Palo Alto, CA, USA).

Steady-State Kinetic Studies—The kinetic parameters
of the mutants were determined as described previously
(33). The final concentration of each mutant was
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0.1mg/ml. Various concentrations of the substrate in
25% Mecllvaine buffer containing 0.05% BSA were pre-
incubated at 30°C for 10min before 50pul of enzyme
solution was added. The amount of p-nitrophenol released
was determined as described above. For determinations of
kot and Ky, the substrate concentrations were adjusted
so that two sets of concentrations were above the esti-
mated Ky, one was approximately equal to the estimated
Ky and the other sets were below the estimated Kjy.

Crystallographic Studies of SEA—The enzyme was
crystallized by the hanging-drop vapor-diffusion method
as described previously (38). Rod-like crystals of SEA
(0.6 x 0.1 x 0.1 mm?) were obtained at room temperature
from a protein solution (15mg/ml) within 1 week.
Crystals of the E-S complex, covalent E-I intermediate
and hydrolytic product were prepared by soaking the
crystals in a solution of pNP-X,. Maps of the E-S complex
were obtained after soaking the crystals in a solution of
4mM substrate in 20% glycerol at acidic pH (pH 5.2) for
3min. The covalent E-I intermediates were trapped by
soaking the crystals in a solution of 4mM substrate in
20% glycerol at pH 6.5 for 1 min. When the crystals were
soaked in a solution of 4mM substrate in 20% glycerol
containing 2 M sodium azide at pH 6.5 for 1 min, maps of
the product of azidolysis (B-xylobiosyl azide) in the
catalytic cleft of SEA were obtained. All diffraction data
were collected at beamline NW12 (Photon Factory,
Advanced Ring (PF-AR), Tsukuba, Japan). The three
types of crystals diffracted to resolutions of approxi-
mately 1.7 A. The collected data sets were processed and
scaled using the DENZO and SCALEPACK programs
from the HKL2000 package (Table 1) (44). All the SEA
structures were determined by the molecular replace-
ment method using the non-complexed SoXyn10A struc-
ture (PDB code: 1XYF) (38). The resultant F,,—F... and
2F op—Fca1c maps yielded an electron density that corre-
sponded to the soaked substrate. Though each crystal
contained two molecules (A and B) in an asymmetric
unit, we analysed a molecule A in detail. Manual model
rebuilding was performed with the QUANTA2000 pro-
gram (Accerlys, San Diego, CA, USA). Models were
refined by simulated annealing with the CNS program
(45). The atomic coordinates and structure factors (PDB
code 2D17Z, 2D20, 2D22, 2D23 and 2D24 for the Free
SEA, E+S/pNP-X,, EI/pNP-X,, E+P/pNP-X, and E+S/X5,
respectively) have been deposited in the Protein Data
Bank, Japan, http:/www.pdbj.org.

Mass-Spectrometric Analysis of Reaction Products—
The reactions catalysed by wild-type SoXyn10A and SEA
were subjected to electrospray ionization mass spectrom-
etry (ESI-MS) for analysis of the reaction products
generated with and without sodium azide. Mass spectra
were acquired using an ion-trap spectrometer (ESQUIRE
3000; Bruker Daltonics, Bremen, Germany). The azide-
rescue reaction was performed on a preparative scale to
yield xylobiosyl azide as the major product as follows: A
substrate solution (500ul) containing 200 pg of pNP-Xo,
1M sodium azide and 25% Mcllvaine buffer was
preincubated for 5min at 30°C. After the preincubation,
50 pl of enzyme solution (0.1 mg/ml) was added to initiate
the hydrolytic reaction, which was allowed to proceed
for 2h.
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Table 1. Summary of the data collection and refinement statistics.

Data set Free E+S/pNP-X, EI/pNP-X, E+P/pNP-X, E+S/X5

Data collection

Space group P2,2:2,

Unit cell (A)
a 78.51 78.47 78.69 78.93 75.70
b 94.06 94.11 93.96 94.09 94.09
c 139.66 139.86 139.72 139.47 138.37

Resolution (A)*

Unique reflections 136,080 (13,147) 88,757 (8,780)

Rinerge (%)° 4.4 (19.9) 5.1 (23.8)
Completeness (%)* 99.4 (97.1) 100 (100)
Average I/o(D)* 31.8 (4.1) 39.6 (8.1)
Average redundancy® 6.8 (6.3) 7.4 (7.4)
Structure refinement
Resolution range (A) 47.03-1.60 44.60-1.85
No. of reflections 135993 88662
R-factor (%) 19.1 18.1
Rpeo-factor (%)° 20.7 20.8
RMSD from ideal values

Bond lengths (A) 0.004 0.005

Bond angles (°) 1.30 1.30
Average B-factor (A%

Protein (chain A/B) 17.7/18.3 19.7/18.2

Water molecules 29.4 31.0

Sugars in chain A/B - 43.1/38.4
Ramachandran plot (%)

Favoured (chain A/B) 89.9/88.8 89.4/89.1

Allowed (chain A/B) 10.1/11.2 10.6/10.9

Disallowed (chain A/B) 0.0/0.0 0.0/0.0

PDB accession code 2D17Z 2D20

50-1.60 (1.66-1.60) 50-1.85 (1.92-1.85) 50-1.70 (1.76-1.70) 50-1.95 (2.02-1.95) 50-1.85 (1.92-1.85)

113,798 (11,132) 74,960 (6,547) 85,048 (8,396)

4.1 (18.3) 7.4 (27.9) 6.7 (26.7)
99.7 (98.8) 87.6 (86.6) 100 (100)
48.5 (8.9) 20.8 (4.8) 35.7 (8.9)
6.5 (5.9) 3.0 (3.0) 7.4 (7.4)
32.21-1.70 47.05-1.95 36.51-1.85
113707 66826 84968
18.6 18.3 17.7
20.7 21.1 19.9
0.005 0.005 0.005
1.30 1.30 1.30
17.8/16.4 22.5/19.6 15.4/15.4
28.9 31.2 28.0
13.9/9.4 31.6/22.7 28.0/28.3
89.6/88.8 90.5/89.1 90.7/89.1
10.4/11.2 9.6/10.9 9.3/10.9
0.0/0.0 0.0/0.0 0.0/0.0
2D22 2D23 2D24

Values for the highest resolution shell are given in parentheses. *The Ry factor is calculated using 5% of randomly chosen reflections.

RESULTS AND DISCUSSION

Creation and Characterization of a Switching Enzyme
with Azide—To design our novel switching mutant
xylanase, we reasoned that, as the replacement of a
catalytic residue (E£128) by a histidine residue inhibited
the breakdown of the E-I intermediate (33), we might be
able to restore the breakdown activity of the mutant by
adding exogenous nucleophiles, such as sodium azide and
sodium formate (Fig. 1B). We postulated that the
resulting mutant may act as a ‘switching enzyme with
azide’, abbreviated to ‘SEA’.

Using error-prone PCR, we constructed the mutant by
random mutagenesis from the almost inactive E128H
mutant (Fig. 2; open circles) (33), which we chose as the
parent enzyme. We obtained only one switching mutant,
N127S-E128H (Fig. 2; closed circles), from 4,000 clones
by active selection on MU-X, plates in the presence of
sodium formate (MU-active selection). To clarify the
importance of the effect of the N127 substitution with a
Ser residue on the SEA activity enhanced by general
nucleophiles, the N127 residue was randomized from the
E128H mutant by saturation mutagenesis and screened.
As a result of MU-active selection, two other positive
clones, N127T-E128H and N127C-E128H, were selected

0.05
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0 L
0 100 200 300

Sodium azide (mM)

Fig. 2. Chemical rescue by sodium azide of reactions
catalysed by the SEA and E128H mutants. The insert
emphasizes the fact that the rate of hydrolysis of E-I by SEA
(closed circles) is apparently zero in the absence of sodium azide,
whereas the parental E128H (open circles) mutant has mean-
ingful activity.
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in addition to the N127S-E128H mutant. Note that
all these N127 mutants are capable of maintaining
hydrogen bonding interaction (see below for this inter-
action). Both of these selected mutants had significant
but lower activities than N127S-E128H (Table 2).
Therefore, we defined the most active N127S-E128H
mutant as our SEA.

Next, the effects of a general nucleophile on the rate of
hydrolysis by SEA were investigated. As shown in Fig. 2,
the rate of hydrolysis by SEA was apparently zero in the
absence of sodium azide. As a result, it was possible to
accumulate the E-I intermediate. However, the break-
down rate of E-I was dramatically accelerated by two
orders of magnitude in the presence of 300 mM sodium
azide (Fig. 2). Under this condition, the %.,; value of SEA
was about 10-fold higher than that of the parent enzyme
E128H, while the second-order rate constant Zk../Kyu
remained the same (Table 3).

The weak activity of SEA could also be enhanced by
other nucleophiles (Table 4). The fact that the rate could
be enhanced by the addition of nucleophiles indicates
that the deglycosylation step, rather than the glycosyla-
tion step, is the rate-limiting step for these mutant
enzymes (46).

In the overall transition state, the nucleophile attacks
the anomeric carbon atom of the E-I intermediate in a
concerted bimolecular Sy2 reaction, leading to the com-
pletion of the deglycosylation reaction (see below). On the
other hand, no similar levels of acceleration by azide
and carboxylate anions were observed with other acid/-
base-substituted mutants, such as E128H (Table 4),
E128A and E128Q (data not shown) (33). The creation
of SEA allowed us to control the breakdown of E-I using
a general nucleophile, and we anticipated that it might
allow us to obtain snapshots of the enzyme complex at
each step in the reaction (Fig. 1B and C).

The Michaelis Complex with the Natural Substrate—
Next, we examined whether and confirmed that snap-
shots of the reaction cycle of SEA could be obtained by
X-ray crystallography (Fig. 1C and Supplementary
Fig. S1). Under substrate-free conditions (E), the overall
structure of SEA was similar to that of wild-type
SoXynl10A except at the site of the substitution (PDB
accession code: 2D1Z). When crystals of the enzyme were
soaked in xylo-pentasaccharide (X5) as a substrate at low
pH (pH 5.2) as described previously (17), the E.S
complex was formed (Fig. 3 and Supplementary
Fig. Slc). Based on the site designations in previous
studies (36, 37, 39), the pentasaccharide appeared to lie
at subsites —2 to +3 but there was no interaction at
subsite +3. Figure 3 shows a visualization of the E-S
complex with the intact and uncleaved B-linked glycoside
within the enzyme, which contains both the proton donor
and the nucleophile (47, 48). The sugar moiety at subsite
—1 formed a distorted 'S; skew-boat conformation (Fig. 4
and Supplementary Fig. Slc), which has been seen in
E-S complexes within other retaining B-glycoside hydro-
lases acting on gluco-configured substrates (17, 23, 25,
48, 49).

As can be seen in Fig. 4A and B, the lone-paired
electrons on the ring oxygen O-5 (indicated by app) were
still antiperiplanar to the leaving oxygen for both the
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Table 2. Comparison of the azidolysis rates of N127
substituents for pNP-Xo.

Enzyme Nucleophile V (x10%) (mM/hr)
N127S-E128H Sodium azide 47
N127T-E128H Sodium azide 13
N127C-E128H Sodium azide 1.7

Table 3. Kinetic parameters of SoXynl0A and its mutants
for pNP-X; in the presence of sodium azide.

Enzyme ey (min™) Ky (x10%) (mM)  keo/Ky (min ™t mM™?)
Wild-type 2,5304+3 23745 1,080+3
E128H 0.31+0.01 0.821+0.04 37.8+2.7
SEA 3.1440.3 7.894+0.3 39.8+1

Table 4. Reaction rates of E128H and SEA in the presence
of general nucleophiles.

Enzyme Nucleophile V (x10%) (mM/h) VIV,
E128H - 2.9 1.0
Sodium azide 6.9 2.3
Potassium thioacetate 5.6 1.9
Sodium acetate 7.1 2.4
Sodium formate 8.3 2.8
Potassium fluoride 18 6.1
Potassium chloride 4.5 1.5
Potassium bromide 4.9 1.7
Potassium iodide 4.1 14
SEA - 0.59 1.0
Sodium azide 47 78
Potassium thioacetate 32 54
Sodium acetate 26 44
Sodium formate 19 32
Potassium fluoride 2.8 4.6
Potassium chloride 0.96 1.6
Potassium bromide 1.3 2.1
Potassium iodide 0.80 1.7

Fig. 3. Stereoscopic overview of a schematic representa-
tion of the natural substrate (X5) bound at the active site
of SEA. Key hydrogen-bonding interactions for the enzymatic
reaction are indicated by dotted lines.

natural (X5) and pNP-X, substrates, in agreement with
the anomeric effect in the ground state (50, 5I).
However, the ring was distorted such that the stable
oxocarbonium ion-like transition state could be achieved
with minimum movement. As expected from the above
considerations, residue H128 in the E-S complex
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remained at the appropriate position for its role as a
proton donor (Fig. 4B) (17).

In general, a significant part of the binding energy in
enzymatic reactions is utilized to provide the driving
force for catalysis by causing localized destabilization, a
conformational change (such as the creation of a
distorted S5 skew-boat conformation), more productive
binding or greater loss of entropy in the E-S complex
(52). As a result, the free energy of binding can be
utilized to decrease the free energy of activation and
bring about an increase in the reaction rate (52). In the
present case of the first glycosylation step, distortion to
yield the 1S; skew-boat conformation for activation of
translating bonds and stabilization of the leaving O-1
oxygen by proton transfer should play a major role in
catalysis. Notably, the hydrogen-bonding pattern
observed with pNP-X, (Fig. 4A) was different from that
observed with X5 (Fig. 4B). In the case of pNP-X,, the
lone-paired electrons on O-1 are sp? hybridized because
they are conjugated with the aromatic ring, whereas the
corresponding electrons of the natural leaving group are
sp® hybridized. Indeed, the dihedral angles between the
proton donor (H-Ne of H128) and the carbon of the leaving
group were 91° and 113° for pNP-X, and X5, respectively,
as shown at the top of Fig. 4A and B. Each dihedral angle
was clearly consistent with those in other E-S complexes
described previously (Table 5) (12, 17, 23, 47-49).

A B
z C2sp3 N, (H128)
HN, (H128)
os” o
13*
C (Xyl)
e |
[ Q\
¥ ° iz
m.?\a?.
o—q, cisf
., s e
) s127 "
E236 f° E236 D

3 s':. “« \\ «

Fig. 4. Structures of Michaelis complexes. The structures of
pNP-B-p-xylobioside (A) and the natural substrate (B) are shown
for comparison. The configurations of the covalent and hydrogen
bonds along C-1 and O-1 are shown at the top.
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Moreover, the distance between Ne of H128 and O-1
was shorter for pNP-X, (3.0 A) than for X5 (3.3 A). Owing
to these slight changes in the hydrogen-bonding pat-
terns, the stable low-barrier hydrogen bond (LBHB)-like
interaction (2.5 A) between N of H128 and Oy of S127 in
the SEA—pNP-X, complex was not maintained in the
SEA-X5 complex (Fig. 4) (53, 54). As a result, the Oy of
S127 swung away from H128 in the SEA-X5 complex
(Fig. 4B) to participate in a new hydrogen-bonding
interaction (2.9A) with Thr82. The sugar rings at
subsites —1 and +1 in the SEA-X5 complex must have
been fixed in the SEA-pNP-X, complex because of the
interaction of subsite +2 with X5. Therefore, it is
probable that the orientation and conformation of the
SEA-X5 complex, visualized here using an active
enzyme, are maintained in the wild-type xylanase.

Trapping the Covalent Glycosyl-Enzyme
Intermediate—We obtained the structure of the covalent
E-I intermediate by raising the pH of the E.S crystals to
6.5 (Fig. 5A and Supplementary Fig. S1d). The confor-
mation of the sugar in the covalent intermediate was
changed to a *C; chair-form and was similar to that
described in previous reports (Fig. 5) (13, 16-20, 23, 26).
We noted that S127 and H128 of SEA moved, as did the
sugar moiety, without loss of the LBHB network (2.5 A;
Fig. 5A). As a result, Ne of H128 was no longer able to
interact with the water molecule that is supposed to
attack C-1 at the next deglycosylation reaction step.
Therefore, E-I intermediates were easily accumulated
when we used SEA, even when the non-fluoro compound
pNP-X; was used as the substrate (Fig. 5).

In contrast, when we used the single mutant (E128H),
the E-I intermediates failed to accumulate under similar
conditions (data not shown). Previously, it was reported
that the almost inactive double-mutant (DM) of the Cex

H128 E127 A127

s127 N 126 N126
\EEHS \\J’E’Ezm E233
SEA Cex DM

Fig. 5. Differences among structures of covalent inter-
mediates in reactions catalysed by SEA (A), wild-type Cex
from Cellulomonas fimi (B; PDB accession code: 2XYL)
and a DM mutant of Cex (C; PDB accession code: 2HIS).

Table 5. Comparison of the dihedral angles between the proton donor and the carbon of the leaving group.

Enzyme Substrate Configuration PDB code Angle Reference
SEA pNP-X, 1S, 2D20 91° This work
Cel5A DNP2Fcell 1S, 4A3H 88° 17
Cel5A DNP2Fcell 18, 1H2J 81° 23
SEA Xylopentaose 1S5 2D24 113° This work
BSUA Maltopentaose Deformed *C; 1BAG 110° 12
CGTase Maltononaose Deformed *C; 1CXK 111° 47
Cell12A Cellopentaose 18, 1UU6 118° 48
Cel7B Thio-DP5 1Sg 10VW 121° 49
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endo-glucanase/xylanase from Cellulomonas fimi formed
an LBHB-type hydrogen bond (2.4 A) between the O-2 of
a non-fluoro substrate and the carbonyl oxygen of the
nucleophile (E233), instead of the native hydrogen bond
between N126 and O-2, which is believed to be the
important hydrogen-bonding interaction for maintenance
of an active intermediate (Fig. 5B and C) (13). In the case
of SEA, N127 (corresponding to N126 in DM; Fig. 5C)
was replaced by a Ser residue, with the resultant loss of
the important hydrogen-bonding interaction with O-2,
similar to the case for DM (Fig. 5). In fact, the single
N127S substitution in wild-type SoXynl10A reduced the
catalytic activity (ke=280min™' and Ky=2.9mM).
Taken together, our results indicate that, when the
enzyme is SEA, the breakdown of the E-I complex is
interrupted by LBHB formation between S127 and H128
(2.5A), in association with the loss of the important
hydrogen bond between N127 and O-2 that is likely to
assist the cleavage of the glycosyl bond of E-I.
Visualization of the Deglycosylation Step—According to
our scheme for the chemical rescue of the reaction
catalysed by SEA, the deglycosylation reaction should
start immediately upon the addition of sodium azide
(Figs. 1B and 2). If the reaction proceeds cleanly, the
exclusive product should be a xylobiosyl azide with a
specific B-configuration. We tested this hypothesis by
monitoring SEA-mediated cleavage in a solution of pNP-
Xy or X5 in the presence of azide. In reactions with either
pNP-X, or X5, ESI-MS analyses demonstrated that only
the expected xylobiosyl azide was obtained, without any

A
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contamination by the hydrolysis product, xylobioside
(Fig. 6). To visualize and characterize the mechanism
of SEA-catalysed deglycosylation, we soaked crystals of
SEA plus substrate in a solution of sodium azide. X-ray
crystallography revealed that the B-xylobiosyl azide was
present in the E.P complex and the azide moiety with
the expected B-configuration was trapped at the cleft
at the +1 subsite (Fig. 7A and Supplementary Fig. Sle).
The electron densities of both C-1 and azide were clearly
recorded, whereas snapshots generally failed to locate
the nucleophile and C-1 atom because mutarotation at
C-1 appeared to have taken place and anomeric mixtures

5]
" 330.1

- o} o o
3 "o m/ HO/S:v\/N’
E OH OH
@
£
=

“: L | . lll M-l lulLIJ.LAL IJ.ll LT W

200 250 300 350 400 450 500 550 600 650
miz

Fig. 6. Identification of an enzymatic reaction product of
SEA in the presence of sodium azide by ESI-MS.

E236

Fig. 7. The second deglycosylation step. (A) Fp—F q. Omit
electron-density maps of the reaction product, B-xylobiosyl azide,
in a complex with SEA contoured at 3.50. The azide moiety in the
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H128

S127

product is indicated in blue. (B) Interaction of the B-xylobiosyl
azide with SEA.
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accumulated as E-P (17, 19, 23). We found that Ne of
residue H128 interacted with N-1 of the azide moiety at a
distance of 2.8 A (Fig. 7B), while Ne of Q205 was close to
N-2 and N-3 of the azide. In addition, the distance

F

—N

ke LV"

E-S E-l

Fig. 8. Superposition of the structures of the entire
reaction. End (A) and side (B) views of every reaction step
for SEA. The Michaelis complex (green), covalent intermediate
(yellow) and reaction product (pink) are shown. As a reference,
the complex between SoXyn10A and the reaction product (PDB
code: 1ISW) is indicated in purple.

s I~ R
Hoo |'-' ,[ = 0o O !
O\’_ﬁ‘ 4 Hox,.—-i

OMX ' 04\/\“‘«*“

S 8127 o
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between S127 and H128 was increased to 3.3 A and, as a
result, the LBHB observed in E-I disappeared (Fig. 7B).
Moreover, the C-1 atom, whose position controls the
stereoelectronic effects of O-5, returned from the down-
ward E-I position to the original position of C-1 in the
E-S complex (Fig. 8). Accordingly, the stereoelectroni-
cally important O-5 atom jumped dramatically over a
distance of 1.5 A (Fig. 8A). This dramatic leap by an O-5
atom has not previously been reported.

Taking all our observations into account, we propose a
reaction mechanism for the deglycosylation step of SEA
(Fig. 9). Within E-I, Ne¢ of H128 is not protonated and
the LBHB between S127 and H128 inhibits the activa-
tion of the water molecule that is supposed to attack C-1
in the reaction catalysed by the wild-type enzyme.
Within E-I, the lone-paired electrons on O-5 are
antiperiplanar to the E236 oxygen. Applying the princi-
ple of microscopic reversibility, we propose that the
antiperiplanar orbital at O-5 should facilitate both
the cleavage of the oxygen—C-1 bond (Fig. 4) and the
nucleophilic attack by the azide at C-1, as shown in
parentheses in Fig. 9. Therefore, when reactive azide is
added and attacks the C-1 atom, the sugar moiety at
subsite -1 of the product is temporarily distorted to form
the 1S5 skew-boat conformation. After the decay of the
intermediate, the sugar moiety moves back to the chair
conformation as a result of the leap of the stereoelec-
tronically pivotal O-5 atom over a distance of as much as
1.5A (Fig. 8). Finally, the product is released from the
active site and the reaction can begin again (Fig. 1C).

Conclusions—In the present study, we have obtained a
complete set of snapshots for the entire reaction
catalysed by a retaining enzyme, the xylanase from
Streptomyces olivaceoviridis E-86, using both xylooligo-
saccharides and more reactive substrates (Fig. 1C and
Supplementary Fig. S1). Although every snapshot was
obtained using crystals of a site-directed mutant, the
conformational itinerary of the glycosylation step from
the 4C; chair conformation to the 'S5 skew-boat confor-
mation is in agreement with previous observations
(17, 23, 25, 28). In addition, we have proposed a reaction
mechanism through the 1S3 conformation for the degly-
cosylation step by visualization of azidolysis by SEA.

H o Q205
”Jﬁ_\
H/
\,\"" \ o
W B
N, RO 0 Mo
o o HN ’\)/\J HoAmy/  THN ’\]/\;
HO LY £ HO —n
ﬁ o H— o |
Hoxﬁff HO\\/';
o} J\/\/ - o J\/\/’ :
o i

E-P

Fig. 9. Hypothetical mechanism for the second deglycosylation step in the reaction catalysed by SEA. Lone-paired

electrons on the ring oxygen O-5 are indicated in gray.
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Our achievements were based on successful selection of
an active switching enzyme that we designated SEA.
Both N127 and E128 are strongly conserved in the so-
called clan A glycosyl hydrolases (I). Therefore, our
present demonstration of a complete set of snapshots of
an entire reaction may be of general significance and
may also be applicable to related enzymatic reactions.
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