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Starch branching enzyme (SBE) catalyzes the cleavage of o-1,4-linkages and the subsequent transfer of o-
1,4 glucan to form an o-1,6 branch point in amylopectin. We determined the crystal structure of the rice
branching enzyme I (BEI) in complex with maltopentaose at a resolution of 2.2 A. Maltopentaose bound
to a hydrophobic pocket formed by the N-terminal helix, carbohydrate-binding module 48 (CBM48), and
o-amylase domain. In addition, glucose moieties could be observed at molecular surfaces on the N-ter-
minal helix (02) and CBM48. Amino acid residues involved in the carbohydrate bindings are highly con-
served in other SBEs, suggesting their generally conserved role in substrate binding for SBEs.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Since starch branching enzyme (SBE) is the sole enzyme that
catalyzes the formation of branch points by cleaving the o-1,4 link-
age in polyglucans and reattaching the chain via an o-1,6 glucan
linkage, the enzyme plays an important role in the biosynthesis
of starch in plants. To date, a large number of SBEs have been iden-
tified in a variety of plants, including cereal endosperms, pea
embryos, and potato tubers, and characterized in terms of bio-
chemical and genetic properties [1 and references therein]. In rice
endosperm, there are three isozymes of branching enzymes, BEI,
BElla, and BEIIb, which are encoded by distinct genes [2 and refer-
ences therein]. It is known that BEI and BEIIb are specifically ex-
pressed in the endosperm, while BElla is present in every [2]
tissue, suggesting a distinct physiological role in rice. Satoh and
co-workers isolated starch mutants of rice lacking three individual
isozymes in the endosperm [3,4]. Biochemical analyses of deficient
mutants revealed that a reduction in BEIIb leads to a specific de-
crease in short chains of degree of polymerization (DP) < 13, with
the greatest decrease in chains of DP 8-11 [3], while a lack of BEI
led to the synthesis of amylopectin containing fewer medium-
sized (16 < DP < 23) and long (DP > 37) chains [4]. In contrast, the
BEIla-deficient mutant exhibited no significant change in the amy-
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lopectin chain. These results strongly suggest that BEI predomi-
nantly transfers less branched, longer chains with a DP greater
than 10, whereas BEIIb preferentially transfers highly branched,
shorter glucan chains with DP 3-9. Despite of a vast amount of bio-
chemical data on the rice BEs, the molecular mechanism of cataly-
sis and substrate recognition has remained unclear.

Previously, we overproduced BEI in Escherichia coli cells, and
characterized the recombinant BEI with respect to biochemical
properties [5] and crystal structure [6]. The sequence of the mature
BEI (755 amino acids) indicated a modular architecture, consisting
of carbohydrate binding module 48 (CBM48) (residues 59-160),
the central (Boat)s catalytic module (residues 161-587), and an o-
amylase C-domain (residues 588-702). Despite three modular
structures, BEI is roughly ellipsoidal in shape with two globular do-
mains that form a prominent groove which is proposed to serve as
the a-polyglucan-binding site [6]. Amino acid residues Asp344 and
Glu399, which are postulated to play an essential role in catalysis
as a nucleophile and a general acid/base, respectively, are located
at a central cleft in the groove [5,6]. To gain further insight into
the structure-function relationship of BEI, we determined the crys-
tal structure of BEI in complex with maltopentaose at a resolution
of 2.2 A with molecular replacement. The structure showed that
carbohydrates bound to three molecular surfaces: maltopentaose
bound to a hydrophobic pocket formed by the N-terminal helix,
CBM48, and a-amylase domain, while glucose moieties could be
localized at separate surfaces on the N-terminal helix (o2) and
CBM48. Sequence comparison indicated that amino acid residues
involved in the carbohydrate binding are highly conserved in other
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SBEs including isozymes, BEIla and BEIIb. The present result pro-
vides an insight into the molecular determinants of a-glucan rec-
ognition by SBEs in general.

2. Materials and methods
2.1. Crystallization

Biochemical and structural studies suggested that Asp344 and
Glu399 in BEI play an essential role in catalysis as a nucleophile
and a general acid/base, respectively [5]. In the present study,
the mutant referred to as E399Q, in which Glu399 was replaced
by GIn, was prepared using site-directed mutagenesis kit, Prime-
STAR, and purified to homogeneity, as described for the wild-type
BEI [5]. Subsequently, the core domain (pos. 1-702), referred to as
E399Qxc, was prepared in the same manner as those described for
BEIac [6]. E399QAac complexed with maltopentaose was crystal-
lized using the sitting-drop vapor diffusion method under a protein
solution (~2.5 mg/ml) containing 50 mM Tris-HCl (pH 8.0), 2% B-
ME, and 300 mM maltopentaose. The E399Qsc-maltopentaose
crystals were grown at 20 °C within two weeks against a reservoir
containing 50 mM monopotassium phosphate (pH 5.0) and 12%
PEG 3350.

2.2. Data collection and processing

Data collection of E399Qxc-maltopentaose was made using
synchrotron radiation at beamline BL38B1 of SPring-8 (Harima, Ja-
pan), under cryogenic conditions with crystals soaked in a cryopro-
tectant solution containing 30% glycerol and cooled to 100K in a
nitrogen gas stream. The diffraction data were processed using
HKL2000 [7].

2.3. Structure solution and refinement

The crystal structure of the E399Qxc-maltopentaose complex
was solved by molecular replacement with the program Phaser
[8] using the coordinates of BEI (PDB ID: 3AMK and 3AML) as a
search model. An initial model was built using ARP/wARP [9] and
Buccaneer [10] and a manual fitting to the electron density maps
was performed using Coot [11]. The refinement procedures were
carried out with REFMAC5 [12]. The stereochemical quality of the
final model was assessed by PROCHECK [13]. The crystallographic
parameters and final refinement statistics are summarized in
Table 1. Figures were prepared using PyMol (http://www.pymol.
sourceforge.net). The atomic coordinates of the E399Qxc-malto-
pentaose complex have been deposited in the Protein Data Bank
with the accession code 3VU2.

3. Results and discussion
3.1. Structure determination

Crystal structure of E399QAc, complexed with maltopentaose,
was solved by molecular replacement using the coordinates of
the BEI structures (PDB ID: 3AMK and 3AML) as search models
and refined against 2.2 A resolution. The space group of the crystal
of the complex is P2; with two crystallographically independent
complexes in an asymmetric unit. Two molecules in the asymmet-
ric unit (referred to as MolA and MolB) have approximately identi-
cal conformation in terms of the overall fold of the proteins in the
complex. The current model includes 693 of 702 amino acid resi-
dues for both MolA and MolB molecules, each having an Ry of
21.5% and Rgee of 25.8% for data between a resolution of 50.0 and
2.2 A. As the case for the BEIA( structure, the first six N-terminal

Table 1
Data collection and refinement statistics.

Data collection Maltopeta complex

Space group P24

Unit cell parameters a=73.81A,b=66.56A, c=169.63 A,
B =89.97°

Beam line SPring-8 BL38B1

Wavelength (A) 1.000

Resolution range (A) 50.0-2.20

Number of reflections

Observed/Unique 266,977/72,156

Redundancy 3.7 (2.9)
Reym® 0.070 (0.652)
Ia(I) 22.1 (5.21)
Completeness (%) 88.5 (36.1)
Refinement statistics

Resolution range (A) 37.2-2.23

Number of reflections

Working set/Test set 66,870/3653

Completeness (%) 87.8

Rcrystb (%)/Rﬁ'eeE (%) 215/258
Root mean square deviations
Bond length (A)/Bond angles  0.008/1.1

(©)
Average B-factor (A%)/Number of atoms

Protein 45.5/11,336
Maltopenta 58.7/112
Glucose 80.5/48
Glycerol 69.6/30
Water 44.3[787
Ramachandran analysis
Most favored (%) 96.5
Allowed (%) 2.6
Disallowed (%) 0.9

Values in parentheses are for the highest-resolution shell.

? Ryym=>_(I— (I))[>_(I), where I is the intensity measurement for a given
reflection and (I) is the average intensity for multiple measurements of this
reflection.

b Reryst = Y- |Fobs — Feall[>_Fobs, Where Fops and Fey are observed and calculated
structure factor amplitudes.

€ Rfree value was calculated for Rerys, using only an unrefined randomly chosen
subset of reflection data (5%).

residues, three C-terminal residues, and loop regions between
GIn469 and Gly473 and between Pro664 and Asn672 have week
density. The model has geometries close to ideal with a rmsd of
0.008 A and 1.1° from ideal values for bond lengths and angles,
respectively. The stereochemistry of the final model was checked
using the program PROCHECK [13], which indicated that 96.5%
and 2.6% of the residues constituting BEI were in the most favored
and allowed regions of the Ramachandran plot, respectively.

3.2. The overall structure of E399QA¢ in complex with maltopentaose

The electron density maps of E399QAc cocrystallized with
maltopentaose revealed density for carbohydrates bound to each
molecule MolA and MolB in an identical manner, allowing the
modeling of maltopentaose at one site (referred to as site 1) and
glucose at another sites referred to as site 2 and site 3. In the pres-
ent structure, no electron density was observed at the central cleft
in the groove which is proposed to serve as the a-polyglucan-bind-
ing site. Overall structure of the E399QA-maltopentaose complex
is depicted in Fig. 1 and a detailed view on the coordination of car-
bohydrates on E399QA is presented in Fig. 2A-C. The maltopenta-
ose binding pocket (site 1) is formed by the N-terminal helix (o2), a
loop between B-strands 4 and B5 in CBM48, and a-helix (a6) in o-
amylase domain (Fig. 2A). In the complex, the maltopentaose is
fixed to the binding site via a sandwich-like stacking interaction
between the hydrophobic side chains of Phe100 in CBM48 and
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Fig. 1. Structure of the branching enzyme I (BEI) in complex with maltopentaose.
The N-terminal helices are shown in blue, CBM48 in light blue, o-amylase domain
in green, and o-amylase C domain in orange. Carbohydrates are drawn in space-
filling form colored according to atom type with C gray and O red. The figure was
drawn with PyMol (http://www.pymol.sourceforge.net). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Trp319 in a-amylase domain. In addition, glucose units are firmly
stabilized by an extensive network of hydrogen bonds. The side
chains of His44 and Glu45 at the N-terminal helix (o2) interact
with the second and third glucose units, respectively, and the side
chain of Lys99 located at a loop between B-strands p4 and B5 in
CBM48 interacts with terminal glucose, as shown in Fig. 2A. Fur-
thermore, the side chains of His294, Glu295, Glu320, and Arg323
located at a loop between B-strand (B10) and o-helix (a6) in o-
amylase domain interact with third and fourth glucose units.

In the binding sites 2 and 3, glucose moieties could be observed,
being stabilized by stacking interactions between glucose units
and the indole ring of Trp88 located on loops between B-strands
B3 and B4 in CBM48 (site 2) and Tyr29 on the N-terminal helix
(a2) (site 3) (Fig. 1B and C). Furthermore, hydrophobic side-chains
of Leu370 and Val 374 located at a loop between B13 and o7 in o-
amylase domain interact with glucose units at the binding site 3.

When we compared amino acid residues in the carbohydrate
binding sites in BEI with corresponding residues in other SBEs
including isozymes, BEIla and BEIIb, they are highly conserved in
all enzymes (Fig. 3). Particularly, the aromatic residues involved
in the stacking interaction with glucose units are completely con-
served in all SBEs. It is thus likely that the aromatic side-chains at

Site 1

B

the binding sites in BEI play a generally conserved role in substrate
binding in SBEs.

3.3. Structural comparison of CBMs

The present structure indicates that CBM48 is principally
responsible for carbohydrate binding for BEL It is known that CMBs
in carbohydrate-active enzymes exert their biological activity by
maintaining the interaction of the enzyme with its insoluble sub-
strates including granular starch [14]. Structural basis for the inter-
action between CBMs and carbohydrates has been extensively
examined by biochemical and structural studies [15]. The best
characterized CBM is the Aspergillus niger glucoamylase starch-
binding domain, belonging to the CBM20 family [16]. The three-
dimensional structure in complex with B-cyclodextrin was deter-
mined and the amino acid residues involved in the binding were
well defined [16]. It was reported that there are two independent
binding sites in CBM20 that are structurally and functionally differ-
ent [16]. The interaction in the first site is proposed to act as the
initial recognition site for starch, whereas the second site, which
has stronger affinity to carbohydrate than the first site, is proposed
to act as the more specific site which acts to lock CBM20 into place
[15,16]. On the basis of the three-dimensional structure of the A.
niger glucoamylase CBM20-B-cyclodextrin complex, a model struc-
ture was proposed that two starch strands are bound to the CBM20
in a perpendicular orientation, suggesting that either it may force
starch strands apart thus increasing the hydrolysable surface or it
may localize the enzyme to noncrystalline areas of starch [16].

Structural comparison of the BEI CBM48 with the A. niger gluco-
amylase CBM20 indicates that the sites 1 and 2 in BEI corresponds
to the second binding site and the first binding site in the A. niger
glucoamylase CBM20, respectively. In the E399QAc-maltopentaose
complex, a clear electron density was visible for maltopentaose at
the site 1, while a week density corresponding to glucose could be
observed at the site 2, as described above. This suggests the site 1
has a higher affinity to maltopentaose than the site 2 in BEI, which
is consistent with the fact that the second binding sites in CBM20
has higher affinity to oligosaccharide than the first site [16].
Although BEI and glucoamylase have distinct catalytic reactions
(transglycosylation and hydrolysis, respectively), the two oligosac-
charide binding sites in BEI may play a role similar to those pro-
posed for the A. niger glucoamylase CBM20. Alternatively, it
could be tempting to speculate that the two binding sites observed
in the present study might serve as a donor-strand and an accep-
tor-strand binding sites in BEL

Cc

D135 L370

Site 2 Site 3

Fig. 2. Interactions observed in the crystal structure of the BEI-maltopentaose complex. The side-chains involved in the interactions with carbohydrates are colored as in
Fig. 1. The simulated annealing omit maps contoured at 3.0g, 2.54, and 4.0¢ are drawn with maltopentaose at site 1 (A), glucose at site 2 (B), and glucose at site 3 (C) in red,
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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[ | [ |
44 72 99 294 319 323 88 123 135
riceBEI HE...WAP...KF...HE...WEVLR W...KFRFRHGGGAWVD
whaetBEI YE...WAP...NF...QE...WEVLR W. . .KFRFHRGDGLWVD
barleyBEI HE...WAP...NF...QE...WEVLR W. . .KFRFHRGDGVWVD
cornBEI NE...WAP...KF...QE...WEVLR W...KFRFLHGG-VWVD
sweet potatoBEI FE...WAP...QF...QD...WEVLR W...KFRFKHNSGVWID
mung beanBEI YE...WAP...QF...QD...WEVLR W. . .KFRFRHGDGVWVD
peaBEI YE...WAP...AF...DG...WEVLR W...KIHMDTPSGI-KD
riceBEIIa HE...WAP...EY...DT...WEVLR W...KIRMDTPSGV-KD
riceBEIIb YE...WAP...EF...DT...WEVLR W...KVRMETPSGI-KD
kk ok k k% kk kk %k * * *
Site 3
[ |
26 29 352 369 374
riceBEI HFNY. . . HHHGINKGFTGNYKEYFSLDTDV
whaetBEI HFSY.. .NHHGINMSFAGNYKEYFGLDTDV
barleyBEI HFSY...NHHGINMSFSGDYKEYFGLDTDV
cornBEI HFRY...HHHGINVGFTGNYQEYFSLDTAV
sweet potatoBEI HFRY...HHHGINLTFTGDYNEYFSEKTDV
mung beanBEI HFKY. . .HHHGINIAFTGDYNEYFSEATDV
peaBEI HLDF...THHGLQVSFTGNYSEYFGLATDV
riceBEIIa HLDY...THHGLQVAFTGNYGEYFGFATDV
riceBEIIb HLEY. . .THHGLQVAFTGNYSEYFGFATDA
k %k % skk sk sk

Fig. 3. Comparison of the amino acid residues involved in the carbohydrate binding of BEI with the corresponding residues in other BEs. The amino acid residues involved in
the interaction with carbohydrates are indicated with asterisk and those conserved in BEs are shown in gray. The numbers at the top represent BEI numbering.

In the present structure analysis, despite that BEI was crystal-
lized in the presence of a large molar excess of maltopentaose,
no extra electron density could be observed at a prominent groove,
which is proposed to serve as a substrate-binding site [6]. The BEI
structure revealed that the extended loop structures in BEI narrow
the putative substrate binding groove, as compared with the corre-
sponding site in the Klebsiella pnenmoniae pullulanase [6]. It is thus
conceivable that an authentic substrate-binding on the three car-
bohydrate binding sites observed in the present structure might
cause a conformational change in the putative substrate-binding
site. Further structural study of BEI in complex with longer oligo-
saccharides will provide an answer to this issue.
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