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ABSTRACT Amylosucrase from Neisseria poly-
saccharea (AS) is a transglucosidase from the glyco-
side-hydrolase family 13 that catalyzes the synthe-
sis of an amylose-like polymer from sucrose, with-
out any primer. Its affinity towards glycogen is
particularly noteworthy since glycogen is the best
D-glucosyl unit acceptor and the most efficient acti-
vator (98-fold kcat increase) known for this enzyme.
Glycogen–enzyme interactions were modeled start-
ing from the crystallographic AS: maltoheptaose
complex, where two key oligosaccharide binding
sites, OB1 and OB2, were identified. Two maltohep-
taose molecules were connected by an a-1,6 branch
by molecular modeling to mimic a glycogen branch-
ing. Among the various docking positions obtained,
four models were chosen based on geometry and
energy criteria. Robotics calculations enabled us to
describe a back and forth motion of a hairpin loop
of the AS specific B0-domain, a movement that as-
sists the elongation of glycogen branches. Modeling
data combined with site-directed mutagenesis ex-
periments revealed that the OB2 surface site pro-
vides an anchoring platform at the enzyme surface
to capture the polymer and direct the branches
towards the OB1 acceptor site for elongation. On
the basis of the data obtained, a semiprocessive
glycogen elongation mechanism can be proposed.
Proteins 2007;66:118–126. VVC 2006 Wiley-Liss, Inc.
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INTRODUCTION

Amylosucrase (E.C. 2.4.1.4) fromNeisseria polysaccharea
(AS) is a bacterial transglucosidase from glycoside hydro-
lase family 13, also named the a-amylase family.1–3 AS is
closely related to other transferases of this family such as
CGTase or amylomaltase; however, it is the only polymer-
ase. AS catalyzes the synthesis of an insoluble amylose-like

polymer from sucrose with concomitant release of fructose.1

This reaction starts by sucrose hydrolysis. The glucose
formed is in turn used as an acceptor that is then succes-
sively elongated to produce a series of maltooligosacchar-
ides that are soluble until their size and concentration
cause their precipitation.4,5 In contrast, when glycogen is
added into the medium at a concentration higher than
0.5 g/L, neither glucose nor oligosaccharide formation is ob-
served.6 The glucosyl units of sucrose are transferred exclu-
sively onto some glycogen branches until a critical size
causing polymer insolubilization. For example, the modi-
fied glycogen formed from 146 mM sucrose and 1 g/L glyco-
gen displays some branches with a degree of polymeriza-
tion (DP) of 75.6 Moreover, a strong increase of the sucrose
consumption rate is observed in the presence of glycogen.6

This activation is dependant on both sucrose and glycogen
concentrations. For example, using 106 mM sucrose, and
30 g/L glycogen, a 98-fold increase of sucrose consumption
rate is obtained.6 Other a-1,4 glucans can also be modified
via glucosylation by AS,7 but they were shown, so far, to be
less efficient activators. This strongly suggests that the in
vivo function of AS could be glycogen elongation.

From a structural point of view, AS consists of five
domains, named N, A, B, B0, and C8 (Fig. 1). Domains A, B,
and C are common to family 13 enzymes, with the charac-
teristic (b/a)8-barrel catalytic A-domain, whereas the heli-
cal N-terminal domain and the B0-domain, corresponding
to an extended loop 7 of the barrel, are specific to AS. The
3D-structures of AS in complex with sucrose9 or maltohep-
taose10 enabled us to localize the active site as well as
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three additional oligosaccharide binding sites (OB1–OB3)
(Fig. 1). The active site, consisting of �1 and þ1 subsites9

(according to the nomenclature defined by Davies and
Henrissat11), is situated at the bottom of a narrow pocket
delimited by a salt bridge. The first oligosaccharide bind-
ing site OB1 spans over the active site and five additional
acceptor subsites (þ2 to þ6).10 The two other sites OB2
and OB3, located at the enzyme surface, are expected to
provide additional binding sites for acceptor molecules.10

The catalytic active site residues are the nucleophile
Asp286, the general acid/base catalyst Glu328, and Asp393
that assists catalysis.8,12 The catalysis proceeds via a dou-
ble-displacement mechanism involving the formation of a
covalent glucosyl-enzyme intermediate13–15 that has re-
cently been characterized by X-ray crystallography.16

The AS-specific B0-domain (residues 395–460) is expected
to be involved in the polymerase activity, notably via con-
formational movements. Indeed, we have recently shown
by fluorimetry experiments that the addition of sucrose or
glycogen induces enzyme conformational changes, sup-
posed to involve mainly the B0-domain.5 This corroborates
the observations we made on the basis of the comparison
of AS 3D-structures, alone or in complex with various sub-
strates.8–10 It is also in agreement with the flexibility of a
hairpin loop (Gly433–Gly449) belonging to the B0-domain,
recently revealed in a robotics modeling study.17 Interest-
ingly, the corresponding loop 7 has been shown to be flexi-
ble in pig pancreatic a-amylase18,19, in human salivary
a-amylase20 and also in barley a-amylase 2, where the
amplitude of the loop motion has been carefully explored
and described using molecular mechanics.21

The recent fluorimetry5 and robotics17 results, combined
with AS structural data,8–10 suggest a strong involvement
of the B0-domain in glycogen binding and elongation, possi-
bly associated to structural changes. To further investigate
this phenomenon, we have applied a molecular modeling
approach to mimic glycogen docking at the enzyme surface.
The conformational analysis of the docking solutions, com-

bined to robotics calculations and site-directed mutagenesis
experiments, provided fruitful information on the AS speci-
ficity towards glycogen and enabled us to propose an ad-
vanced dynamic mechanism of glycogen elongation.

MATERIALS AND METHODS

Molecular Modeling

The molecular modeling was carried out on Silicon
Graphics computers with the Accelrys packages (Accelrys,
San Diego, CA). Molecular displays and energy minimiza-
tions were performed with InsightII, Biopolymer, and Dis-
cover modules. For all calculations, the CFF91 force-field
with the steepest descent minimization was selected.

Glycogen Docking
Definition of the starting coordinates

X-ray data of the complex between AS (inactive mutant
E328Q) and maltoheptaose (G7) fragments bound at the
OB1 and OB2 binding sites10 were used as starting coordi-
nates for the modeling of glycogen docking (1MW0.pdb).
To spare cpu time, the protein was reduced to the residues
involved in the complex, which included all b?a loops
belonging to the (b/a)8-barrel and residues from the neigh-
boring C-terminal ends of b strands and N-terminal ends
of a helices. This procedure led to an enzyme of 309 resi-
dues out of the 628 where the following segments have
been included in the computations: 102–112, 131–163,
182–278, 284–304, 328–332, 348–358, 387–464, 484–536.
However, the term ‘‘enzyme’’ will be used for this trun-
cated protein in the following text. The 14 glucosyl resi-
dues of the two maltoheptaose molecules docked in OB1
and OB2 were kept in their crystallographic positions with
the exception of the three residues involved in the branch
construction (Fig. 2):

� the two loosely defined glucosyl moieties bound at OB1
subsites þ5 and þ6 (reducing end);

� the glucosyl unit at the reducing end of G7 occupying
OB2 site. The penultimate glucose ring on the reducing
side remains fixed as it is tightly maintained by a
stacking interaction with aromatic residue Phe417.

Position of the branch

Among the 14 possible positions of the a-1,6 branch
between the two maltoheptaose molecules (i.e. from each
glucosyl residue), only two possibilities were relevant
regarding the structural constraints. These two solutions
display a branch that is neither too distant from the active
site nor too deeply buried inside the catalytic groove:

1. The a-1,6 junction is positioned on the 6th glucosyl
moiety starting from the nonreducing end of the G7
bound in OB2 [Fig. 2(A)]. The degree of polymerization
(DP) of the fragment is then in accordance with the av-
erage glycogen branch length (DP 11).

Fig. 1. Overall structure of AS with a sucrose molecule occupying
the active site and three maltooligosaccharides bound in the oligosac-
charides binding sites OB1 to OB3. The B0-domain hairpin loop Gly
433–Gly449 is shown in dark grey.
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2. The a-1,6 junction is positioned on the 7th glucosyl
ring starting from the non-reducing end of the G7
docked in OB1 [Fig. 2(B)].

Construction and energy minimization
of the models

The branch is constructed by the addition of glucosyl
residues, first through an a-1,6 linkage carried by one of
the two G7 molcules bound in OB1 or OB2, then through
a-1,4 linkages to join the second G7. It is known from the
literature that an isomaltose moiety has six low energy
conformations,22 whereas a maltose moiety displays only
four.23 Consequently, the construction of the a-1,6 branch
point necessitates to explore the six isomaltose conforma-
tions in the corresponding (u, w) space. Similarly, for any
glucose ring added via an a-1,4 linkage, the four maltose
conformations were tested to locate the minima in the
corresponding (u, w) map. To reduce the number of solu-
tions (in theory 6 3 4n � 1 for a branch with n residues
added), geometrical criteria were considered. So, this iter-
ative construction allowed a correct orientation of the
branch towards the G7 in order to be joined, a relevant
docking of a branched fragment via as many interactions
as possible with the enzyme (except for I0-model) and also
avoided volume collision. This strategy led to the con-
struction and energy minimization of 13 branches. In the
first calculations, the backbone of all the enzyme residues
not directly in contact with the substrate fragments was
kept fixed as well as the crystallographic glucosyl resi-
dues (except the three residues described in Initial sub-
strate). The constraints were kept for 5000 iterations,

then relaxed for 1000. Afterwards, potential energies of
both enzyme and substrate were calculated as well as
their energy of interaction. Substrate and docking ener-
gies were expressed relative to the lowest energy which
was normalized to zero.

Robotics of B0-Domain Hairpin Loop
Gly433–Gly449

Among the internal motions that can be simulated by
molecular dynamics calculations, loop motions are rather
high energy motions, hard to sample in a period of time
shorter than a nanosecond. Moreover such a long dynam-
ics simulation would neither guarantee a complete
description of the loop motion nor the evaluation of its am-
plitude. Here, an alternative strategy, called ‘‘robotics’’
and recently used with success to describe barley a-amy-
lase loop 7 motion,21 has been developed.

Robotics method

Since the hairpin loop of the B0-domain is bordered by
two glycine residues (Gly433 and Gly449), the movement
of loop 7 is likely to be a flap and back over the active
site, as it was recently proposed by Cortes et al.17 To
model the trajectory of this loop, the movement is decom-
posed into tiny steps supposed to be a relevant descrip-
tion of the reaction path. Using this procedure, we have
partitioned the system into rigid and mobile segments,
defined by two barycenters:

i. X representing the rigid segment. It corresponds to the
truncated enzyme (already described in Glycogen dock-
ing) without including the B0-domain, and is defined by
the center of mass between the catalytic residues Asp286,
Glu328, and Asp393.

ii. X0 representing the mobile hairpin loop of B0-domain. It
is defined by the backbone chain of residues Gly433–
Gly449.

To give a continuous description of the movement, the
calculations comprised successive 0.2 Å displacements of
X0 towards X and the reverse movement of X0 back from X.
Starting from crystallographic coordinates (described
below), the distance constraints encompassed the decrease
and increase of distance between X and X0.

Definition of the starting coordinates

Two trajectories of the domain motion have been calculated:

i. One with a sucrose molecule occupying the active site,
for which the crystallographic data of E328Q: sucrose
complex9 were used as starting coordinates. This stage
corresponds to the initial step of the catalysis, before su-
crose cleavage.

ii. The other one with a glycogen fragment bound at the
OB1 acceptor site, in a position permitting a new sucrose
molecule to enter the active site. This corresponds to a
later step of the catalytic cycle occurring after fructose
departure, glucosyl transfer, and repositioning of glyco-
gen fragment. The starting model chosen was model I

Fig. 2. Schematic representation of the models constructed: (A) with
the branch on OB2; and (B) with the branch on OB1. The glucosyl units
of the branch added or the crystallographic ones allowed to move are
colored in grey. The nonreducing end residues of the chains are striped.
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that was obtained from the docking study described
above, and where �1 and þ1 subsites were emptied.
However, the displacement inducing the cleft closure
being not sterically feasible, only the backward motion
of X0 from Xwas explored.

In the presence of either sucrose or the model I br-
anched ligand, the starting structures have a similar X–X0

distance of 19.3 Å. In both cases, the enzyme corresponds
to the truncated form defined in Glycogen docking.

Energy minimization

For each 0.2 Å displacement step computed by the
robotics, 2000 minimization iterations were performed
with the backbone of AS residues kept fixed, except for B0-
domain amino acids that are free to move, and without any
constraints on the ligand. The calculation with constraints
was then followed by a relaxation with 500 minimization
iterations to let the system adapt to its new position. After
each distance restraints and coordinates relaxation, the
distance X–X0 was checked to ensure it had stayed within
the defined distance range and energies of the complex as
well as docking energies were calculated. At the end of the
procedure, the series of X–X0 displacements was merged
into a final trajectory. This finally led to a loop motion
oscillating from a closed to an open conformation.

Plasmid and Bacterial Strains

The pGST-AS encoding glutathione S-transferase (GST,
26 kDa) fused to amylosucrase (AS, 70 kDa)2 was used to
express the fusion gene and for site-directed mutagene-
sis. E. coli strain JM109 was used as the host of pGST-AS
encoding wild-type or mutated AS.

Site-Directed Mutagenesis

Site-directed mutagenesis of the as gene was carried
out with the QuikChangeTM site-directed mutagenesis
kit (Stratagene), as previously described.12 The procedure
utilized the pGST-AS double-stranded DNA vector and
two synthetic oligonucleotide primers each complemen-
tary to opposite strands of the vector. Primers contained
the desired mutation (bold in the following sequences)
and were designed to create a restriction site that was
used to screen the correct mutation. The following pri-
mers were used to construct the F417A mutant:

F417A_for: 50-GGCTACGACCACCGCCAAGCCCTCAAC-
CGGTTCTTCGTCAACCG AgeI
F417A_rev: 50-CGGTTGACGAAGAACCGGTTGAGGGCT-

TGGCGGTGGTCGTAGCCAgeI

The mutations were confirmed by DNA sequencing
(Genome Express, Grenoble, France).

Enzyme Preparation

E. coli carrying the recombinant pGST-AS plasmid en-
coding the wild-type and mutated as gene was grown on
LB (Luria-Bertani) medium containing ampicillin (100 lg/

mL) and isopropyl-b-thiogalactopyranoside (1 mM) for 10 h
at 308C. The cells were harvested by centrifugation (8000g,
10 min, 48C), resuspended, and concentrated to an OD600 nm

of 80 in PBS buffer (140 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, and 1.8 mM KH2PO4, pH 7.3). The intracellular
enzyme was extracted by sonication and 1% (v/v) Triton
X-100 was added to the extract and mixed for 30 min at
48C. After centrifugation (10,000g, 10 min, 48C), the su-
pernatant was used as the crude extract for enzyme assay.

Enzyme Assays

The AS assays were carried out at 308C in 50 mM Tris-
HCl pH 7.0 in the presence of 146 mM sucrose alone or
supplemented with 30 g/L glycogen, using crude superna-
tant as the enzyme source (wild-type AS or F417A mu-
tant), with appropriate dilution calculated to approach
the same activity for both reactions. The activity of the
GST-AS fusion protein being equivalent to that of AS
(data not shown), the GST tag was not removed for the
assays. The activities were determined by measuring the
initial rates of formation of reducing sugars (fructose and
glucose) released from sucrose per minute and per liter of
crude supernatant. The activity of the F417A variant was
expressed relative to the activity of the wild-type AS, con-
sidering the expression level of both enzymes estimated
by SDS-PAGE electrophoresis.

Carbohydrate Analysis

The concentration of reducing sugarswasmeasured by the
dinitro-salicylic acidmethod, using fructose as a standard.24

The soluble products (glucose, sucrose isomers, and mal-
tooligosaccharides) synthesized by wild-type AS and the
F417A mutant after 20 h reaction were identified by High
Performance Anion Exchange Chromatography (HPAEC)
using a Dionex Carbo-Pack PA100 column at 258C. A mobile
phase (150 mMNaOH) was used at 1 mL/min flow rate with
a sodium acetate gradient (from 6 to 600 mM in 60 min).
Detection was performed using a Dionex ED40 module with
a gold working electrode and an Ag/AgCl pH reference. No
quantification of the products formed was carried out.

RESULTS AND DISCUSSION

Construction of Branching Models

In the E328Q:maltoheptaose complex,10 two maltohep-
taose molecules are bound in OB1 and OB2 sites with their
reducing ends facing each other. Our strategy was to join
these two maltoheptaose molecules via an a-1,6 branch in
order to mimic a glycogen or amylopectin fragment. From
the two branching points chosen (see Material and Meth-
ods and Fig. 2), 13 glycogen fragment models were con-
structed. These models showed a correct orientation to-
wards the second G7 to be joined, as well as a good proxim-
ity of the branch to the enzyme surface (except in model I0,
corresponding to an elongated branch) and had no steric
hindrance or any van der Waals volume collision. Among
these 13 models, four correspond to a branching on G7 bound
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in OB1 and nine on OB2. After energy minimizations, only
four models, numbered I, I0, II, and III, were acceptable
from geometrical and energetic points of view (Table I,
Fig. 3). In models I, I0, and II, the branch is linked to the
maltoheptaose docked in OB2. In model III, the branch is
connected to the maltopheptaose docked in OB1. The exis-
tence of various modes of docking with quite similar ener-
gies indicates that AS accepts several different ligand
binding modes. Overall, this reflects the multiple positions
that glycogen can adopt onto AS.

Characteristics of the Four Models

Models I, II, and III were constructed to ‘‘bind’’ as
strongly as possible to the enzyme surface (Fig. 3I, 3II,
and 3III). The length of the oligomers was restricted to a
value between 10 and 12 and only 3–5 residues were
added to the glucosyl residues found in the structure. In
contrast, model I0, derived from model I, is longer (DP 15)
and located farther from the enzyme surface (Fig. 3I0).
This model represents an intermediate elongation prod-
uct, coming from the initial docking mode of I-model.
Interestingly, this elongated chain adopts the helical con-
formation of a native amylose chain with its glycosidic
linkages describing repeatedly (/, w) dihedral angles (u, w ¼
O50-C10-O4-C4, C10-O4-C4-C5) close to the characteristic
(868, �1468) values. All a-1,4 glucosidic linkages built to
connect the second maltoheptaose are in stable conforma-
tions.23 However, it has been necessary to position one glu-
cosidic linkage in the E conformation (u, w; 858, 848). This
conformation is separated from the contiguous regions A
(568, �1518), B (1148, �1338), and C (1338, �1088) of the
potential energy contour map of a-1,4 disaccharide. How-
ever, no glucosyl ring distortion is observed after energy
minimization. The potential energies of the protein are
very similar for the four models and the relative substrate
energies increase smoothly with the substrate size, indi-
cating that neither deformations nor artifacts were
induced during calculations (Table I). Surprisingly, the
relative docking energies clearly show that model I0 dis-
plays the best enzyme–substrate interaction, suggesting
that some unfavorable surface interactions are present in
the other three models. However, the addition of the rela-
tive substrate and docking energies shows that model III
is the most favorable from an energetic point of view.
The four enzyme:substrate complexes show a similar

hydrogen bonding network and van der Waals interactions
pattern. Residues Asp401, Asp413, Arg415, Arg420,

Asp427, Asp444, Tyr412, and Phe417 participate in the
binding, either through hydrogen bonds or stacking inter-
actions. In addition, the hairpin loop formed by residues
Gly433–Gly449 (pink in Fig. 3) provides a structural sup-
port to the branching saccharide moiety. This loop seems
to be stabilized by the helix Ser410–Phe422 (orange in
Fig. 3) that is a key structural feature of the B0-domain
(Asp394–Asp460). Markedly, among the residues that par-
ticipate to the binding of the monosaccharide that was
added for the branch construction, none provides strong
stacking interactions. For instance, residue Tyr412 (Fig. 3),
which occupies a key position between OB1 and OB2, is
never in the optimal conformation to give a strong stacking
interaction. In agreement, replacement of this tyrosine by
a glycine had no effect on enzyme activity (data not shown).
Consequently, the only stacking patch is offered by Phe417,
a residue that has already been described as providing the
main binding strength of the OB2 site.10

Role of Phe417 and Arg415 in Glycogen Binding

To confirm the role of Phe417, we have suppressed its
possible stacking interaction by changing it to an alanine.
Measurement of the initial release of reducing sugars
(fructose and glucose) revealed that the activity of the
F417A mutant in the presence of 146 mM sucrose and
30 g/L glycogen corresponds to 29% of the wild-type AS
activity. Besides, glycogen induces only a 50-fold activity
increase for F417A, in comparison with the 98-fold acti-
vation observed for the wild-type enzyme in similar con-
ditions. The superimposition of the HPAEC chromatogra-
phy profiles of the soluble products, obtained with wild-
type AS and F417A mutant, shows that turanose and
maltooligosaccharides are present only in the F417A
assay profile (Fig. 4). The F417A profile also shows that
sucrose has not been totally consumed because of the
reduced activity of F417A mutant. This demonstrates
that the F417A mutant (unlike wild-type AS) still synthe-
sizes soluble oligosaccharides (sucrose isomers, maltooli-
gosaccharides) in the presence of glycogen to the detri-
ment of glycogen elongation. These results demonstrate
that Phe417 exposed at AS surface provides an easily ac-
cessible docking platform for a glycogen fragment.
Another residue, Arg415, situated at the entrance of the
channel to the active site (subsite þ4 of OB1 site), con-
tributes strongly to the affinity of AS for glycogen. It was
shown that the replacement of Arg415 by an alanine sig-
nificantly reduces the affinity of AS towards glycogen,

TABLE I. Characteristics of the Four Glycogen Fragment Models Selected From Geometrical
and Energetic Criteria

Model Branching positiona
Branch
sizeb

Protein energy
(kcal/mol)

Relative substrate
energy (kcal/mol)

Relative docking
energy (kcal/mol)

I 6th glucose OB2 DP 11 �7080 27 34
I0 6th glucose OB2 DP 15 �7083 60 0
II 6th glucose OB2 DP 12 �7082 35 33
III 7th glucose OB1 DP 10 �7085 0 28

aNumbered from the nonreducing end of G7 bound either in OB1 or OB2.
bDP, degree of polymerization.
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whose activating effect on catalysis decreased by 12-fold.5

Then, it can be suggested that, once glycogen is anchored
onto AS, the branches could be subsequently directed
towards the site OB1 via an interaction with Arg415. In-
terestingly, Phe417 and Arg415 belong to the helix
Ser410–Phe422 of the B0-domain, which occupies a central
position between OB1 and OB2 sites and provides a struc-
tural fundament for the hairpin loop Gly433–Gly449.

Flexibility of B0-Domain Hairpin Loop
Gly433–Gly449
Trajectory with sucrose

The trajectory of the hairpin loop Gly433–Gly449 has
been first calculated with a sucrose molecule occupying the

active site. The energy diagram of E328Q:sucrose complex
was plotted versus [X–X0] distance (Fig. 5). Interestingly,
the diagram describes a symmetric curve with an energy
decrease and increase apart from the medium crystallo-
graphic position (XR). It should be noted that in the crystal
structure, the tip of the loop (residues 441 and 442) is
involved in crystal packing with the N-terminal of a neigh-
boring molecule that could be responsible for the local
energy maximum observed. However, the potential energy
value of the complex at the XR position is an experimental
value that can serve as an energy threshold reference.
Consequently, the conformations with potential energy
beyond this value were discarded. Actually, all the posi-
tions for which the potential energy rises steeply after the
threshold value were shown to arise from loop conforma-

Fig. 3. Representation of the four models (I, II, III, and I0) selected. The crystallographic glucosyl residues
are colored in green and the glucosyl units added are in blue. The helix 410–422 is colored in orange and the
hairpin loop 433–449 is in pink.
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tions inducing steric hindrance with the other part of the
enzyme. At this threshold, three positions of the hairpin
loop were selected: the crystallographic one as the XR me-
dium position and its isoenergetic counterparts on the dia-
gram. These latter experimental threshold values were
used to border out a back and forth motion of 13 Å of am-
plitude for the hairpin loop. The B0-domain helix Ser410–
Phe422 stabilizes the hairpin conformation that is not dis-
torted during all movement. The two isoenergetic loop con-
formations are located at �5 and þ8 Å away from XR,
defining a ‘‘closed’’ and an ‘‘open’’ position for the hairpin
loop (Fig. 5) [Supplementary material]. In addition to these
three positions, two minima were found, suggesting two
highly probable positions. When the loop reaches the
closed position, it markedly reduces the volume of the cleft,
thus destabilizing the fructose moiety of the sucrose. This
5 Å backward motion could favor the release of the leaving
group fructose once sucrose is cleaved. Conversely, the
complete opening of the hairpin loop induces a tremendous
enlargement of the cleft that may favor the entrance of a
second sucrose molecule. This motion could facilitate the
supply of glucose to the OB1 donor site before the transfer
step. Such a back and forth motion would move the cata-
lytic residue Asp393 bringing it closer to its catalytic coun-
terparts Asp286 and Glu328 for the linkage cleavage and
then removing it from them again to favor the release of
the leaving group. These results confirm the importance of
the hairpin loop Gly433–Gly449 already suggested by
Cortes et al.17 and attest that B0-domain motion is mainly
driven by this specific hairpin loop. In addition, this molec-
ular modeling study corroborates nicely our previous fluo-
rimetry experiments that revealed the existence of confor-
mational changes induced through sucrose binding on AS.5

Finally, it should be noted that the two glycine residues
that act as hinge residues are highly conserved among pu-
tative AS of known sequence (data not shown), suggesting
a similar flexibility for the B0-domain of these enzymes.

Trajectory with model I

To investigate the influence of the hairpin loop Gly433–
Gly449 flexibility onto glycogen elongation, a similar
robotic study has been performed with model I where �1
and þ1 subsites were emptied. This corresponds to an

advanced step of the catalytic cycle, after fructose depar-
ture, glucosyl transfer, and repositioning of glycogen frag-
ment to permit a new sucrose moecule to enter the active
site. Because of steric hindrance between substrate and
enzyme, the trajectory computed is half the previous one
and includes the range from the XR position to the posi-
tion already identified as an energy minimum conforma-
tion in the open state (Fig. 5). During its 4 Å movement,
the hairpin loop motion was characterized by a signifi-
cant change in the positions of the hairpin edge (Phe436–
Asp444) and the residues Gly433 and Gly449. Here, we
paid special attention to the interactions between the
enzyme and the glycogen fragment during the opening of
the hairpin loop. The docking energy diagram of the tra-
jectory is shown in Figure 6. Interestingly, the docking
energy between the protein and the substrate first
decreased regularly from �327 to �343 kcal/mol when
the X–X0 distance increased from 19.3 to 21.2 Å, strength-
ening glycogen anchoring as the loop opens. Passed that
position, the docking energy increased, suggesting a
weakening in the binding. During the simulations, nei-
ther distortion from 4C1 chair conformations for the sub-
strate nor dihedrals out of the (u, w) allowed regions were
observed for the glycosidic linkages. Interestingly, the
ligand part docked in OB1 and, particularly the glucose
moiety located at subsite þ2, tended to slip away from its
initial position to reach subsite þ3. Similarly, the glucose
at þ3 tended to shift towards þ4 and so on. This occurs
without passing over high energy barriers. Thus, besides
favoring sucrose supply, the hairpin loop movement could

Fig. 4. Superimposition of the Dionex High Performance Anion
Exchange Chromatography profiles of the soluble fractions obtained af-
ter 20 h reaction, using wild-type AS (in blue) or F417A variant (in black)
in the presence of 146 mM sucrose and 30 g/L glycogen. Fru: fructose,
Tur: turanose, Gn: maltooligosaccharides of DP of n.

Figure 3. (Continued).
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assist the in-coming and out-going of acceptor molecules
to the active site, favoring the positioning of the acceptor
molecule, hence influencing the transglucosylation step
and consequently the polymerization reaction. Moreover,
this loop motion could significantly decrease the energy
penalty during these various steps.
It is interesting to note that, all along the path, the

ligand part fixed in OB2 stayed bound to the enzyme,
notably via the key B0-domain residue Phe417. We propose
that glycogen is first captured on the surface of AS, then
guided, notably via Arg415, towards OB1 with its nonre-
ducing end occupying the subsite þ1 for glucosylation.
The OB2 surface binding site is undoubtedly strongly
involved in the capture of glycogen. OB3 could play the
same role and provide additional anchoring sites, contrib-

uting to the remarkable affinity of AS towards glycogen.
Mutations directed towards OB3 residues need now to be
attempted to confirm this hypothesis.

CONCLUSIONS

Our study provides for the first time new insights into
both the structural determinants involved in glycogen
docking and the dynamics of glycogen elongation. A ‘‘semi-
processive’’ mechanism in which a glycogen branch re-
mains captured at the OB2 surface site of the enzyme while
another one is elongated can be proposed. The branch elon-
gation occurs through acceptor in-coming and out-going
movements assisted by a back and forth motion of the hair-
pin loop Gly433–Gly449. After each transglucosylation re-

Fig. 6. Robotics trajectory of B0-domain with the model I glycogen fragment, cristallographic (orange) and
substantially open position (red) of the hairpin loop Gly433–Gly449. The corresponding model I glycogen
fragments are colored in pink and by atom type, in the xr and open positions of the hairpin-loop, respectively.
The corresponding docking energy versus distance is plotted.

Fig. 5. Robotics trajectory of B0-domain with sucrose (green) bound in the active site: closed (yellow),
crystallographic (xr) (orange), and open positions (red) of the hairpin loop Gly433–Gly449. The correspond-
ing relative complex potential energy versus distance is plotted.
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action, the elongated chain must move out of the active site
groove (at least by two subsites in the positive direction), to
empty subsites �1 and þ1 and to enable a new sucrose
molecule to reach the active site. Elongation is expected to
continue until the branch reaches a critical size changing
the thermodynamic balance and causing the release of
modified glycogen. This latter can again be anchored on AS
surface for a new branch elongation. Such a binding mode
of glycogen acceptor that always remains in close proximity
of the active site results in water exclusion, which is in
agreement with the absence of hydrolysis observed in the
presence of glycogen.6

To conclude, the high specificity of AS for glycogen re-
sults from a strong anchoring of the glucan at the surface
of the enzyme providing an efficient guidance of the non-
reducing ends of the branches towards the active site.
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manuscript.

REFERENCES

1. Hehre EJ, Hamilton DM, Carlson AS. Synthesis of a polysaccharide
of the starch-glycogen class from sucrose by a cell-free bacterial
enzyme system (amylosucrase). J Biol Chem 1949;177:267–
279.

2. Potocki de Montalk G, Remaud-Simeon M, Willemot RM, Plan-
chot V, Monsan P. Sequence analysis of the gene encoding amylo-
sucrase from Neisseria polysaccharea and characterization of the
recombinant enzyme. J Bacteriol 1999;181:375–381.

3. Coutinho PM, Henrissat B.Carbohydrate-active enzymes. Avail-
able at http://afmb.cnrs-mrs.fr/CAZY/

4. Potocki de Montalk G, Remaud-Simeon M, Willemot RM,
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