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ABSTRACT: Branching enzyme is responsible for all branching of glycogen and starch. It
is an unusual member of the α-amylase family because it has both α-1,4-amylase activity
and α-1,6-transferase activity [Drummond, G. S., et al. (1972) Eur. J. Biochem. 26, 168−
176]. It also does not react with shorter glucans, though it will bind much longer
substrates and substrate mimics [Binderup, K., et al. (2002) Arch. Biochem. Biophys. 397,
279−285]. In an effort to better understand how branching enzyme interacts with its
polymeric substrate, we have determined the structure of Δ112 Escherichia coli branching
enzyme bound to maltoheptaose and maltohexaose. Together, these structures define six
distinct oligosaccharide binding sites on the surface of E. coli branching enzyme. Most of
these binding sites surround the edge of the β-barrel domain and are quite far from the
active site. Surprisingly, there is no evidence of oligosaccharide binding in the active site of the enzyme. The closest bound
oligosaccharide resides almost 18 Å from the active site. Mutations to conserved residues in binding sites I and VI had a
debilitating effect on the activity of the enzyme.

Starch is one of the most useful, easily produced, and
versatile renewable products known. More than 1 billion

tons of starch is consumed annually, providing the majority of
caloric intake for humans and animals, a biodegradable
feedstock for a variety of industrial applications, and a
renewable source of transportation fuels. There has been
significant recent interest in altering the properties of starch to
produce a biomaterial better suited for its various applica-
tions.1−7 It is therefore critical to understand the structure,
function, and specificity of the enzymes responsible for starch
biosynthesis and modification.
Starch and glycogen are the storage carbohydrates of all

organisms from bacteria to humans. They both consist of
glucose polymers formed predominantly by α-1,4 linkages.
However, a significant percentage of the material is branched at
the 1,6 position, which is critical for the structure, function, and
bioavailability of starch and glycogen.6 While glycogen is more
or less homogeneous, starch consists of two different polymers,
amylose, consisting almost entirely of linear chains of smaller
polymers, and amylopectin, which consists of much larger
polymers that are 2−3% branched at the 1,6 position.
Branching enzymes (BEs) are responsible for the formation
of these branch points.
While most bacteria and other eukaryotes have only a single

isoform of branching enzyme (BE), virtually all plants have
three BE isoforms, BEI, BEIIa, and BEIIb. These isoforms differ
in their temporal expression, specificity, substrate specificity,
and product.8−13 While BEII isoforms tend to produce shorter
chain branches with six or seven glucose units, BEI favors the
transfer of much longer oligomers with 14−70 units.12,14,15 The
isoforms of plant BEs are proposed to play distinct roles in the

formation of the complex starch granule, at least in some
species.8 The bacterial BEs catalyze the identical reaction and
also manifest branch chain specificity. Biochemical analysis of
bacterial enzymes has shown that BEs can have very distinct
branch chain specificities depending on the bacterial
species.16−20 It has also been suggested that bacteria make
distinct forms of glycogen depending on their environment.
Bacteria like Enterobacteria, which live primarily in other
organisms where food is relatively plentiful, tend to have
glycogen made up of longer average glucan chains, while
organisms that must survive for extended periods outside of a
host, in relatively hostile environments, tend to produce
glycogen with much shorter average glucan chains. While
glycogen with longer chains is broken down more rapidly,
shorter chain glycogen is consumed more slowly, allowing the
organism to survive, at a slower rate of metabolism, for much
longer in the absence of food. It is possible that the specificity
and reactivity of BE are important in controlling the type of
glycogen produced by a given organism. Therefore, BE is
proposed to play an important role in tailoring an organism’s
storage of glucan for optimal breakdown, in both plants and
animals.21

BE belongs to the glycosyl hydrolase GH13 family of
enzymes (http://www.cazy.org/). These include α-amylases,
isoamylases, cyclodextrin glucanotransferases, pullulanases, and
almost all branching enzymes,22−28 though a few GH57 BEs
have recently been identified.29 All GH13 family members
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share the α/β8 “TIM barrel” fold that contains the enzyme
active site. In addition, the active sites of all of the enzymes in
the family are also very similar, highlighted by the presence of
two acidic residues that are absolutely conserved in all enzymes
of the family. The mechanism of all of the family members is
also thought to be quite similar, consisting first of cleavage of an
α-1,4-glucan linkage by nucleophilic attack by the carboxylate
nucleophile to form an enzyme/substrate covalent intermedi-
ate, followed by a second nucleophilic attack by the acceptor
nucleophile to yield the product with overall retention of
configuration.30−32 Though many of the GH13 enzymes act on
the same substrate, an α-1,4-glucan polymer, the products differ
on the basis of the identity of the acceptor. While water is the
acceptor for the amylases, a sugar hydroxyl group is the
acceptor for the glucanotransferases such as cyclodextrin
glucanotransferase (CGTase) and BE. A recent directed
evolution study has shown that a CGTase can be converted
into an α-amylase with only three amino acid changes, all of
which are in the acceptor glucan binding site,33 indicating that
controlling acceptor binding is sufficient to control the reaction
catalyzed by the enzyme in some cases. BE differs from most of
these enzymes in that it is not inhibited by short chain glucan
mimics such as acarbose, a four-unit complex oligosaccharide
containing an acarviose unit. Given that BEs vary in the length
of the glucan chain transferred, often transferring glucans no
shorter than hexaose and preferring the transfer of much longer
glucans,34,35 it would therefore appear that branching enzymes
differ from most of their family members in that relatively large
reactants are required, and only relatively large glucans can be
transferred. This introduces a unique problem in enzymology in
that substrate binding must somehow be distributed over a
relatively large molecular substrate surface to achieve such
specificity.
The N-terminal truncation of 112 residues in Escherichia coli

BE was reported to retain 40−60% branching activity compared
to that of the wild-type protein (wtEcBE).36 The structure of
the truncated E. coli BE was the first BE structure determined
(this truncated BE will be termed EcBE throughout).37 This
structure showed that the domain architecture of the enzyme
was very similar to that of isoamylase, an enzyme that cleaves
the α-1,6-linkage of malto-oligosaccharides and revealed an N-
terminal β-sandwich domain later defined as a carbohydrate
binding module 48 domain, a central (β/α)8 barrel catalytic
domain shared by all GH13 enzymes, and a C-terminal β-
sandwich domain shared by α-amylases and other members of
the GH13 family.37 Inspection of the EcBE structure gives no
clue about the substrate specificity as the substrate binding
region defined in the structures of other GH13 enzymes is quite
different in EcBE.37 A structure of BE from Mycobacterium
tuberculosis revealed the N-terminal domain to be structurally
similar to the CBM48 domain. Removal of this N-terminal
domain was required to obtain well-diffracting crystals of E. coli
BE.38 Even more recently, structures of SBEI from rice were
determined both alone and bound to maltopentaose and
showed that plant BEs do not share the N-terminal domain
seen in the bacterial BEs.39,40 Three maltopentaose binding
sites were identified in rice SBEI, all quite far from the active
site.
In an effort to better understand reactant and product

specificity in EcBE, we have determined the structures of EcBE
bound to maltohexaose (M6) and maltoheptaose (M7). These
structures suggest a mechanism by which EcBE may select for
its relatively long substrates and products.

■ MATERIALS AND METHODS

Protein Preparation. The recombinant EcBE was overex-
pressed and purified (>95% pure by sodium dodecyl sulfate−
polyacrylamide gel electrophoresis) as previously described.37,41

The protein was concentrated to 10 mg/mL in a buffer solution
containing 25 mM HEPES (pH 7.5) and 10% glycerol. The
wild-type full-length and truncated proteins used for the iodine
stain assay were obtained in a manner different from that
described above. The DNA sequences encoding both wtEcBE
and EcBE were engineered into a modified pET28 vector
containing histidine and Sumo42 tags to make the vectors
designed as follows: His-Sumo-BamHI-EcBE-SalI and His-
Sumo-BamHI-wtEcBE-HindIII. Mutations of wtEcBE and EcBE
were all performed using these vectors. The vectors were then
transformed into BL21(DE3) cells (purchased from EMD
Millipore). The cells were grown in LB medium and
overexpressed with 0.5 mM IPTG at 25 °C for 5 h at an
OD600 of 0.5 before being centrifuged and frozen at −20 °C.
The cells were lysed by sonication in lysis buffer [100 mM
NaCl, 1 mM BME, and 50 mM Tris (pH 8.0)] and 10 mM
imidazole. The wtEcBE lysis buffer had 20 mM Tris (pH 7.5) as
the buffering component. The cell debris was removed by
centrifugation (9000 rpm, SS-34 rotor) for 30 min. The soluble
extract was loaded onto a Ni-NTA affinity resin (purchased
from Qiagen) in lysis buffer, and the column was washed with
lysis buffer and 30 mM imidazole to remove nonspecifically
bound impurities. In the case of EcBE, the N-terminal tag was
removed using the Sumo protease (0.03 mg for 2 h) on the
column, and the proteolyzed protein eluted in lysis buffer. In
the case of wtEcBE, the protein was eluted from the Ni-NTA
resin using lysis buffer and 250 mM imidazole and then
digested overnight using the Sumo protease while being
dialyzed against lysis buffer without imidazole.

Malto-Oligosaccharide-Bound EcBE Crystals Gener-
ated by Substrate Soaking. The final purified EcBE protein
was buffer exchanged into 25 mM Na-Hepes (pH 7.5) and
concentrated to ∼10 mg/mL. Crystals were grown as
previously described.37 The crystals reached their optimal size
after 2 months. The oligosaccharides were prepared in solutions
containing 100 mM Na-Hepes (pH 7.2). The apoenzyme
crystals were directly transferred into the oligosaccharide
solutions at 277 K for the maximal time period before crystal
cracking was visually evident. The crystals were then
cryoprotected and flash-frozen in liquid nitrogen as previously
described for the apoenzyme.37 Table 1 lists the maximal soak
times and oligosaccharide concentrations for which diffraction
quality data could be obtained.

Table 1. Summary of Oligosaccharidea Soaking Conditions

substrate
MW
(Da)

soaking
concentration

(mM)64

soaking
time
(h)

malto-
oligosaccharide

electron density?b

maltose 342 200 72 no
maltotriose 504.4 100 72 no
maltotetraose 666.6 140 12 no
maltopentaose 828.7 100 6 yes
maltohexaose 990.9 50 3 yes
maltoheptaose 1153 90 3.5 yes

aAll oligosaccharides were purchased from Sigma. bIndicates whether
electron density for the oligosaccharide resulted from data collected
from soaked crystals.
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Data Collection, Processing, and Structural Refine-
ment. The X-ray diffraction data were collected at LS-CAT,
sector 21, at the Advanced Photon Source. At least 200° of data
were collected using 1° oscillations. Diffraction data were
indexed, integrated, and scaled using the HKL2000 software
package.43 The molecular replacement program MOLREP was
used to position the apo EcBE structure [Protein Data Bank
(PDB) entry 1M7X] in each case, and REFMAC5 was used to
refine the structure.44 Table 2 lists the refinement statistics for

the branching enzyme/oligosaccharide complex structures. The
lack of completion at high resolution for the M7-bound
structure is due to minor anisotropy in the diffraction pattern as
the data are virtually complete at lower resolution. Coordinates
and structure factors have been deposited in the PDB as entries
4LQ1 and 4LPC.
Branching Enzyme Activity Assay. The iodine stain assay

was used to compare the activity of wild-type and mutant
enzymes.45 The absorbance of the glucan−iodine complex is
decreased by the activity of the branching enzyme on the
substrate amylose [potato type III (dp 1176, chain length 884,
Sigma Scientific)]. Reaction mixtures contained, in a final
volume of 500 μL, 50 mM citrate (pH 7.0) and 0.1 mg of
amylose. The reaction was initiated by the addition of an
appropriate amount of enzyme. One unit of activity is defined
as the decrease in absorbance of 1.0 per minute at 30 °C at 660
nm.

■ RESULTS
Both cocrystallization and crystal soaking experiments were
conducted using a variety of oligosaccharides with EcBE,
including maltose, maltotriose, maltotetraose, maltopentaose,
M6, and M7 at a variety of concentrations. Cocrystallization
with maltose resulted in crystals, but no maltose binding could
be identified in the resulting electron density map. Cocrystal-

lization attempts with all other malto-oligosaccharides failed to
produce crystals. Soaking experiments with all oligosaccharides,
with the exeption of maltose, resulted in crystal cracking at
higher concentrations. Carefully screening both concentration
and time resulted in crystals of EcBE soaked in all the malto-
oligosaccharides. However, again no electron density for
maltose was detected. Density suggestive of weak binding was
observed in some binding sites for maltotriose, maltotetraose,
and maltopentaose, but in none of these cases was the density
interpretable. However, soaking experiments with both M6 and
M7 resulted in electron density of sufficient quality to build
oligosaccharides, with the density for M7 the most complete
and well-occupied. Figure S1 shows electron density for the
bound glucans in each of the six binding sites. In general, the
longer the oligosaccharide, the more evidence of binding.
However, only the M6- and M7-bound EcBE structures are
reported here.
The overall structure of malto-oligosaccharide-bound EcBE is

virtually identical to that of apo EcBE previously determined,37

with only minor, local conformational changes caused by the
binding of the oligosaccharides. The crystal form used in
soaking experiments is also identical to that of the apo structure
and contains four distinct molecules in the asymmetric unit,
labeled A−D, the same labeling used for the apo EcBE
structure.37 Crystal packing interactions prevent occupancy of
all oligosaccharide binding sites in all four molecules. Overall,
six distinct binding sites have been identified in the two
structures. The composite structure in Figure 1a shows all six
binding sites. Interestingly, and consistent with biochemical
data that show no reaction or inhibition with shorter
oligosaccharides or oligosaccharide derivatives such as acarbose,
no oligosaccharide binding is detected in the active site. This is
in contrast with virtually all other GH13 protein/oligosacchar-
ide complex structures known, which all show active site
binding. This may indicate that EcBE has substantially less
affinity for shorter oligosaccharides in its active site than do
other enzymes in the family. Table 3 summarizes the occupancy
of each site in each of the two structures. The six binding sites
can be divided into three general categories on the basis of their
location relative to the active site. Binding sites I, II, and IV are
all located on the “top” edge of the enzyme, and on the side of
the active site where the nonreducing end of the donor glucan
is expected to exit. Binding site V is also on the top edge of the
enzyme, bridging the catalytic and C-terminal domains. Binding
sites III and VI are located on the “bottom” of the enzyme and
are in the vicinity of where the reducing end of the glucan
would emerge from the active site. This expectation is borne
out by every GH13 enzyme/oligosaccharide structure known,
all of which show the nonreducing end of the glucan emanating
in this direction.27,46−49 To illustrate this point, Figure 1b
shows an overlay of the composite EcBE structure with the
oligomers from pullulanase (PDB entry 2FHF) bound in the
active site modeled in EcBE.

M6 and M7 Binding to Sites I and II. Binding sites I and
II are approximately 20 Å from the active site. In molecule B, a
tetraose molecule occupies binding site I and a maltose is
visible in binding site II (Figure 2a,b). The two glucose units on
the nonreducing end of site I (sugars 1 and 2) interact with the
protein, while the other two units (sugars 3 and 4) arch away
from this site and point toward site II. Both glucose units visible
in site II (sugars 1 and 2) interact with the protein (Figure 2b).
The oligosaccharides seen in these two binding sites seem to
come from a single M7 molecule, but the density for the sugar

Table 2. X-ray Data Collection and Refinement Statistics of
E. coli BE/Oligosaccharide Complexes

E. coli BE/M6 E. coli BE/M7

Structural Data
space group P21 P21
no. of molecules per
asymmetric unit

4 4

total no. of atoms 20219 20728
no. of water molecules 553 842
ligands maltohexaose,

glycerol
maltoheptaose,
glycerol

unit cell parameters
a, b, c (Å) 93.7, 104.1, 186.7 92.2, 103.4, 185.9
α, β, γ (deg) 90, 91.85, 90 90, 91.57, 90

wavelength of X-ray (Å) 0.9785 0.9785
resolution (Å) 2.55 2.39
total no. reflections 111798 138111
completeness (%) 96.3 (97.1) 90.4 (86.9)
multiplicity 3.7 (3.7) 4.3 (4.3)
I/σ 29.4 (4.18) 23.3 (3.3)
Rmerge (%) 8.0 (43.9) 9.1 (54)

Refinement Statistics
Rwork (%), Rfree (%) 17.79, 22.38 18.3, 23.4
B factor 75 60
rmsd for bond lengths (Å) 0.010 0.011
rmsd for bond angles (deg) 1.240 1.338
PDB entry 4LQ1 4LPC
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that bridges the binding sites is very weak and uninterpretable
(sugar 5, not shown in figures).
Binding site I makes several hydrogen bonds with sugars 1

and 2. Hydrogen bonds are formed between O2 of glucose 1
and the side chain of Glu590 and between O6 of glucose 1 and
the main chain and side chain of Arg255 and Ser583,
respectively. Together, these interactions serve to define this
site as being specific for the nonreducing end. Hydrogen bonds
are also made between O2 of glucose 2 and the side chains of
Arg576, Asp585, and His587, between the side chain and main
chain of His587 and O3 of glucose 2, and finally between NH1
of Arg254 and O4 of glucose 1. In addition, hydrogen bonds

are made between the side chain of Arg576 and O5 of Glu3 and
O3 of Glu4, serving to direct the trajectory of the glucan as it
exits binding site I. An unusual, end-on hydrophobic interaction
is also made between Trp586 and glucose 1. Though virtually
all of these residues are conserved in Enterobacteria, they are
not conserved in bacteria from other families (Figures S2 and
S350). Essentially identical interactions between the first two
glucose units and EcBE are seen in three of the four molecules
of the asymmetric unit (A, B, and D), though more of the
glucan chain is visualized in molecule B. In molecule D,
electron density for two more glucose units can be seen, but the
trajectory of the two glucose units is distinct from that seen in

Figure 1. (a) Composite view of the linear oligosaccharide binding sites in EcBE. The figure was made by first overlaying all four molecules in the
asymmetric unit and showing the malto-oligosaccharides in each binding site on EcBE molecule B (green cartoon) to show the relative positions of
the six binding sites (colored by atom, with C colored marine and O colored red). The oligosaccharides shown in sites I−III and VI are from
molecule B; the oligosaccharides shown in site IV are from molecule D, and the oligosaccharide shown in site V is from molecule C. Three active site
residues (Tyr300, Asp335, and Asp526) are also shown (colored magenta). (b) Malto-oligosaccharides from Klebsiella pneumoniae pullulanase
(colored forest green and cyan) are modeled into the active site of EcBE (light pink), showing how binding sites III and VI (blue) are located on the
external surface of the molecule where the active site oligosaccharides are expected to exit. Two other oligosaccharides from binding sites III and VI
are colored pink. The reducing (shown with R) and nonreducing (shown with NR) ends are also labeled for each oligosaccharide.
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B, where the glucan chain also interacts with binding site II
(Figure 2c, overlay of molecules D and B). In molecule D, the
glucan chain points away from the surface of the enzyme and
binding site II. The differences in M7 trajectory are probably
determined by binding of the reducing end of the sugar to
binding site II.
Binding site II interacts with a maltose. Binding to this site is

seen only in molecule B of the M7-bound complex. O3 and O6
of glucose 7 make hydrogen bonds to the side chains of His596
and Lys546, respectively, while in sugar 6, O2 makes hydrogen
bonds with the Asp537 and Lys546 side chains and O3 with the
side chain of Asp537 to complete the binding interactions that
serve to stereochemically define binding site II as a reducing
end binding site. Binding site II is far more weakly conserved,
with only two residues (K546 and F547) strongly conserved in
bacteria, and none of the residues conserved in the eukaryotic
enzymes (Figures S2 and S3). In addition, inspection of the
structure of rice SBEI (Figure 2d) shows that this binding site is
filled by a short helix that is not present in EcBE, MtBE, or,
apparently, any of the other bacterial BEs.
M6 also appears to occupy both binding sites I and II, but

density for most of the oligosaccharide is quite weak. Two
glucose moieties can be modeled in binding site I, but the rest
of the electron density is too weak to interpret. It appears that
M6 is not of sufficient length to bridge the two sites and is
therefore only seen well-bound in the presumably better
binding site I.
M6 and M7 Binding to Sites III−VI. Four other

oligosaccharide binding sites were also identified in both the
M6/EcBE and M7/EcBE structures. In each case, only two
glucose units are visible in the binding sites with the remainder
of the oligosaccharide disordered. Sites III and VI are located
near where the reducing end of the glucan typically exits a
GH13 enzyme (Figure 1b).47 Site III is defined by only three
hydrogen bond interactions between EcBE and two glucose
units of M7: The main chain carbonyls of Gly476 and Phe477
make hydrogen bonds with O5 and O6 of the sugar on the
reducing end of the maltose unit, respectively, and the Arg468
main chain nitrogen makes a hydrogen bond with O6 of the
reducing end sugar (Figure 3a).
There are also numerous hydrophobic interactions between

the maltose unit visible in the electron density and Phe239,
Trp478, and Pro469, with the former two making classic sugar/
aromatic stacking interactions.51 The site is also occupied in the
A chain, where both visible glucose units make similar
interactions with EcBE. This site displays relatively strong
conservation across species in many positions. Pro469, Leu475,
Gly476, and Phe477 are conserved in all species, from bacteria
to humans (Figures S2 and S3). While Trp478 is not

conserved, a His (His453 in MtBE and His388 in SBEI,
equivalent to Gly447 in EcBE) occupies a similar position in
both the MtBE and SBEI structures (Figure 3b). This His is
conserved in all eukaryotic BEs and is an aromatic residue in
virtually all bacterial BEs. However, maltopentaose is not bound
in this site in the SBEI/maltopentaose structure.
Binding site IV is in the N-terminal, CBM48 domain and is

located on the same face of the enzyme as are binding sites I
and II (Figure 1a). It is characterized by hydrogen bonding
interactions, three to the nonreducing maltose unit (the side
chain of Gln211 to O2 and O3 and the side chain of Glu215 to
O3) and one to the reducing end sugar of the maltose fragment
(the side chain of Lys189 to O2) (Figure 4a). There is also a
classic sugar/aromatic stacking interaction involving Trp159
and the reducing end sugar. The maltose unit is comparatively
undistorted in this binding site. Two residues, Trp159 and
Lys189, are absolutely conserved in all branching enzymes, and
a Glu replaces Gln211 in all other bacterial BEs (Figures S2 and
S3). Though not conserved in plants, Lys121 in SBEI occupies
the position occupied by the Gln211 side chain, and this
residue is absolutely conserved in the plant enzymes (Figure
4b). Only three other structures of a glucan-bound CBM48
domain are available, the 5′-AMP-activated protein kinase β
subunit bound to β-cyclodextrin (PDB entry 1Z0M), starch
phosphatase DSP4 (PDB entry 4PYH), and maltopentaose-
bound starch branching enzyme 1 (PDB entry 3VU3), though
there is only a single glucose unit visible in the binding site in
the latter structure.52,53 Figure 4c displays an overlay of the
CBM48 domains of EcBE, the human AMP-activated protein
kinase β subunit (AMPK) and the starch phosphatase DSP4
and shows that Trp159 and Lys189 make similar interactions
with the glucans in the two structures, despite large differences
in the sequences of the three proteins, and in the structure of
the glucan bound (linear malto-saccharides vs β-cyclodextrin).
This indicates that many CBM48 domains may bind glucans
similarly, which is not always seen with the relatively
promiscuous binding of CBM domains.
Two binding sites, binding sites V and VI, bridge the catalytic

and C-terminal domains. Binding site V is also on the same face
of the molecule as binding sites I, II, and IV. Similar to binding
site IV, binding site V is also characterized by a stacking
interaction between a surface-exposed tryptophan residue
(Trp544) and the reducing end of the maltose unit (Figure
5a). Two hydrogen bonds are made to the reducing end sugar
(the Asp542 side chain to O2) and three to the nonreducing
end sugar moiety (the main chain carbonyl of Pro659 to O2
and O3 and the side chain of Ser689 to O6). Binding site VI is
found on the opposite side of the molecule from binding site V
(Figure 5b). Though found in molecules A, B, and D, it is best

Table 3. Binding Sites in E. coli BE/Linear Oligosaccharide Complex Structures

binding
site location subunits occupied residues

I nonreducing end, bridging oligo, catalytic domain A−D (M6) Arg254, Arg255, Arg576, Ser583, Leu584, Asp585, Trp586, His587, and
Glu590

A, B, and D (M7)
II reducing end, bridging oligo, catalytic domain B and D (M7) Asp537, Lys546, Trp595, and His596
III catalytic domain, bottom of barrel A and B (M7) Arg468, Pro469, Leu475, Gly476, Phe477, Trp478, and Asn518
IV N-terminal domain B (M7) Trp159, Lys189, Leu201, Gln211, and Glu215

D (M6 and M7)
V bridging catalytic and C-terminal domains, “top side” C (M6 and M7) Asp542, Trp544, Gln545, Pro659, Pro661, and Ser689
VI bridging catalytic and C-terminal domains, “bottom

side”
A and B (M7) Thr508, Phe509, Leu512, and Trp628
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ordered in molecule A, where a third glucose unit is visible in
the electron density. Hydrogen bonds are made between the
glucan and the main chain and side chain of Thr508. The
glucan is sandwiched among three hydrophobic residues,
Leu512 on the top and Trp628 and Phe509 on the bottom
of the glucan. It is notable that all six binding sites involve a

hydrophobic interaction between a tryptophan aromatic group
and a sugar residue.

Biochemical Characterization of EcBE Glucan Binding
Sites. In an effort to begin to probe the functional importance
of the external binding sites in EcBE discovered in these
structures, several residues found to interact with the glucan

Figure 2. Maltoheptaose binds to E. coli BE at binding sites I and II. (a) The nonreducing end of M7 binds to binding site I, and (b) the reducing
end binds to binding site II. Protein atoms are colored by type, with C colored green, N colored blue, and O colored red. M7 atoms are also colored
by atom type, with C colored yellow and the rest as described above. Dotted black lines show hydrogen bonds. Glucose units of M7 are numbered in
red. (c) Overlay of EcBE, molecules B and D (blue). M7 bound to B is colored yellow and to D (only four glucose units are visible) in gray. The first
two glucose units of both sugars superimpose, while the rest point away from the surface in molecule D and loop around the molecule to bind to
binding site II in molecule B. Residues making hydrophobic interactions are shown as space filling, and residues making hydrogen bonds are shown
as sticks in both panels a and b. (d) Overlay of EcBE (green), MtBE (gray), and SBEI (sand) structures (PDB entries 3Q9R, 3K1D, and 3AMK,
respectively). The M7 sugar, colored here deep blue to highlight differences in structures in this region (please do not confuse with molecule D in a
lighter blue in panel (c)), bound to binding site II, clashes with the short helix of SBEI, proving that the plant enzymes do not bind oligosaccharides
at this location.
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were mutated in several of the binding sites and the mutants
were assayed using an amylose substrate. Table 4 summarizes
the results of these studies. The focus was directed at sites I, II,
and VI because of their proximity and relative orientation to the
active site and, in the case of site VI, the considerably strong
degree of amino acid conservation of this sites among

branching enzymes. Both the wild-type full-length and

truncated E. coli branching enzyme were assayed. As shown,

while mutations in sites I and VI significantly compromised the

activity of the enzyme, mutations to site II had a far weaker

effect on activity.

Figure 3. Oligosaccharide binding in binding site III. (a) The detailed interactions between M7 and EcBE at binding site III are shown. Coloring is
as in Figure 2a. (b) Overlay of the conserved residues in binding site III of EcBE with MtBE and SBEI (coloring is as in Figure 2c). This figure shows
how His453 (MtBE) and His388 (SBEI) stack against the sugar as Trp478 of EcBE does.

Figure 4. Oligosaccharide binding in binding site IV. (a) The detailed interactions between M7 and molecule D of EcBE (C colored blue, O colored
red, and N colored deep blue) at binding site IV. Trp159 stacks against the sugar, making close hydrophobic interactions; two other residues, Leu187
and Leu201, are located in the proximity of the sugar. Hydrogen bonds are shown as dotted black lines. Residues making hydrophobic interactions
are shown in space-filling mode, and residues making hydrogen bonds are shown as sticks. (b) Overlay of EcBE (green) and SBEI (sand) showing
the conserved residues Trp159 and Lys189 (EcBE numbering). Gln211 (EcBE) and Lys121 (SBEI) occupy close positions, which makes Lys121
potentially able to make a hydrogen bond with the sugar as Gln211 does. (c) Overlay of the CBM48 binding sites of EcBE, AMPK, and DSP4 (PDB
entry 4PYH) showing that the two conserved residues, Trp159 and Lys189 (EcBE numbering), make similar interactions with the glucans, despite
large differences in the three structures. EcBE is colored cyan, DSP4 slate, and AMPK red.
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Notably, while the D585A mutation37 has no effect on the
activity of EcBE and only a small effect on the activity of
wtEcBE, the D585K mutant retained only 32% of the native
EcBE activity, and 16% in the full-length enzyme. As shown,
this residue makes a direct interaction with G2 of the glucan
and in addition orients the R576 side chain, which also makes
an interaction with the glucan in site I. A Lys at position 585 is
likely to force the R576 out of the binding pocket, leading to
the loss of both interactions in the D585K mutant, and thus a
much stronger effect on binding. Consistent with the idea that
disruption of both contacts is necessary for loss of activity, the
R576A mutant retains full activity in both the truncated and
full-length enzymes. D585 is strongly conserved in bacterial
branching enzymes and is a Gln in the plant enzymes (Figure
S2). Together, these data strongly implicate site I to be
important for the activity of E. coli BE and may be a glucan
binding site in both bacterial and eukaryotic enzymes, though
binding at this position was not seen in the maltopentaose-
bound SBEI structure.
Mutations to site VI had an almost equally debilitating effect

on the enzyme’s activity. The W628A and W628R mutants
both had substantially reduced activity in both the full-length
and truncated enzymes. Trp628 is responsible for a side-on
hydrophobic interaction with maltoheptaose, and mutation of
either Ala or Arg is expected to seriously compromise this
interaction. This residue is identical in virtually all bacterial BEs.
This indicates that site VI, located on the reducing-end side of
the active site, is also important for the activity of EcBE and
may be a conserved glucan binding site in bacterial BEs.

Together, these data indicate that two of the six external
binding sites play important roles in the activity of EcBE.

The Difference between EcBE and Other GH13
Enzymes around the Active Site. In contrast to other
GH13 enzymes, no binding is seen in the active site of EcBE,
even when six other binding sites were located on the enzyme
surface. An analogous result was obtained in the case of a rice
BE inactive mutant, where cocrystallization with maltopentaose
identified three oligosaccharide binding sites, none of them
near the active site of the enzyme.39 To better understand this
difference, we have compared the structure of EcBE with those
of all the GH13 enzymes whose structures with glucans bound
in the active site have been reported. In all cases, loops
emanating from around the active site make numerous contacts
with the bound glucan just outside of the active site. These have
been described as “subsite binding sites” and are seen in
virtually all of the known complexes.24,26,54−64 In contrast,
EcBE has little if any structure in the substrate binding regions
found in the other enzymes. In short, it appears that the typical
substrate binding motifs found in most GH13 enzymes whose
structures are known are not found in EcBE. Though these
regions can differ substantially in these enzymes, depending on
their substrate and product specificities, they all contain
structure in the region around the active site. EcBE is novel
in that it is devoid of structure in these regions, indicating that
the manner in which it binds its substrates is distinct from those
of most members of the GH13 family. It is important to
reiterate, however, that the residues that interact with the two
sugars in the active site are conserved in all these enzymes as
they are in EcBE. We show this by modeling acarbose from the
mammalian α-amylase/acarbose structure (PDB entry 1PPI) in
the active site of EcBE, showing that the active site residues are
conserved (Figure 6a and Figure S2).
As an illustration of the differences between EcBE and other

GH13 enzymes in the vicinity of the active site, the structures
of apo EcBE (PDB entry 1M7X) and malto-oligosaccharide-
bound pig pancreatic α-amylase (PDB entry 1UA3) were
overlaid (Figure 6b). As shown, there are significant differences
in the structures of the two enzymes in the vicinity of the
substrate. In particular, a critical substrate binding loop in α-
amylase, which makes both hydrophobic and hydrogen
bonding contacts (via Val163), is much shorter in EcBE (the
loop from residue 360 to 372 in EcBE is from residue 138 to
164 in α-amylase) and points away from the active site. This
loop is involved in substrate contacts in almost all GH13
enzymes whose substrate-bound structures are known. These
include cyclodextrin glucanotransferase (PDB entry 1EO5),27

β-amylase (PDB entry 3BC9),26 pullulanases (PDB entries

Figure 5. Detailed interactions in binding sites V and VI. (a) Binding site V, where black dotted lines indicate hydrogen bonds, glucan carbons are
colored yellow, and EcBE (molecule C) carbons are colored violet. (b) Binding site VI colored as described above but with EcBE (molecule A)
carbons colored deep teal.

Table 4. Percent Activities for Binding Site I, II, and VI
Mutants

% activitya

binding site mutant WT Δ-112

I D585K 16 ± 1.8 32 ± 4.9
D585A 68 ± 2.9 122 ± 4.7
R576A 109 ± 5.4 89 ± 4.7

II D537A 76 ± 3.8 53 ± 2.8
D537K 126 ± 1.4 160 ± 2.8
K546A 121 ± 4.0 152 ± 1.9
W595L 155 ± 1.8 58 ± 3.6

VI W628A 37 ± 1.3 7 ± 0.62
W628R 14 ± 1.2 6 ± 0.1

aActivity was measured by the iodine stain assay with amylose as the
substrate, and percentages were calculated on the basis of WT or Δ-
112 activity.
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2E8Z and 3FAX),24 neopullulanase (PDB entry 1JL8),64

sucrose hydrolase (PDB entry 3CZ6),56 and debranching
enzyme (PDB entry 2WC7).54 In all cases, this loop is
substantially longer than it is in EcBE and is in a conformation
that essentially closes on the active site to make substrate
interactions.
In another example, the maltohexaose producing amylase

(PDB entry 1WPC)55 has four loops pointing toward the
pseudo-malto-oligosaccharide ligand (165−177, 191−204,
267−271, and 338−342), while EcBE has either much shorter
loops in equivalent positions or no counterpart to the amylase
structure (Figure 6c). Together, these comparisons show that
while the other GH13 enzymes can be quite different in their
substrate binding and local environment around the active site,
EcBE is unique in that the active site is very open and shares
none of the substrate binding determinants of the other
enzymes in the family, with the exception of those required for
catalysis.

■ DISCUSSION
Similar external binding sites have been observed in other
GH13 enzymes.62,65 In an elegant series of experiments,
external binding sites were shown to have functional
significance in the case of barley α-amylase.66 However, M7-
bound EcBE is unusual in that it contains six distinct glucan

binding sites distributed over most of the protein surface (by
distinct we mean each site is bound by a single M7 molecule).
None of the other GH13 enzymes have as many distributed
binding sites, and as discussed before, the active site is usually
also occupied by a glucan in these structures.
None of the binding sites are particularly close to the active

site of EcBE. The two closest binding sites, binding site I and
binding site III, are approximately 18 and 23 Å from the active
site (-OH of the Tyr300 residue), respectively. Because the
active site is unobstructed by crystal packing in all four
molecules in the asymmetric unit (with the nearest symmetry
mate >20 Å from any of the four active sites in the asymmetric
unit), it would appear that the active site itself may have less
affinity for the glucans used in this study than do the external
binding sites. For the most part, the oligosaccharide binding
sites are relatively far from each other, as well, with the shortest
distance between any binding site being 8.4 Å between binding
site II and binding site V (the distance between the CA atoms
of Trp595 and Trp544 residues). This seems to indicate that
EcBE interacts with its substrate sporadically, over relatively
large distances. This would prevent the enzyme from having
significant activity with shorter substrates, precluding EcBE
from transferring short chains to relatively small polymers. This
is consistent with the biochemical data that indicate that EcBE

Figure 6. Active site of BE vs the active sites of other GH13 enzymes. (a) Overlay of catalytic residues of EcBE (green) and mammalian α-amylase
(PDB entry 1PPI, brown) showing that the catalytic residues in EcBE are conserved, allowing the enzyme to bind oligosaccharides in the active site
using equivalent interacting residues as in other GH13 enzymes. The residues are labeled according to EcBE numbering. The acarbose molecule
bound to mammalian α-amylase is colored light orange. (b) The structures of EcBE (molecule B, green) and α-amylase from pig pancreas (PDB
entry 1UA3, blue) were overlaid. Maltotriose from this structure is shown, with carbons colored yellow and oxygens colored red. The regions
encompassing residues Ser360−Thr372 in EcBE and Cys160−Asp173 in 1UA3 are shown and demonstrate how the much shorter loop in EcBE
prevents it from interacting with the sugar as residues in the α-amylase do. (c) Another example of an α-amylase (maltohexaose producing α-amylase
with a much longer maltononaose, PDB entry 1WPC, cartoon colored blue white and interacting loops colored raspberry) overlaid on EcBE
(cartoon colored green and analogue loops colored blue) shows how the loops in the latter are much shorter, if they exist, making the catalytic
domain more open around the active site.
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acts on only long polymers to transfer chains no shorter than
six units and prefers chains eight or more sugars in length.36

A Model for Substrate Recognition in EcBE. The feature
that distinguishes BE from virtually all other GH13 enzymes is
that it has little if any reactivity or binding affinity for shorter
chain glucans. BE reactivity is seen with only large polymers
such as glycogen or amylose. In addition, EcBE transfers no
chains shorter than five residues and has a strong preference for
chains 10−12 units in length.34 Therefore, EcBE must
somehow avoid the typical reactivity of GH13 enzymes,
which is either to hydrolyze or to transfer relatively short
glucan chains, while having a very similar active site. One way
to deal with this problem would be to distribute the substrate
binding determinants in space such that only comparatively
long glucans would be able to simultaneously occupy both one
or more external binding sites and the active site. Shorter
oligosaccharides would not have sufficient binding affinity for
the enzyme and would therefore be very poor substrates
compared to longer glucans. If such a mechanism were used for
EcBE, the various external binding sites identified in this study
may have distinct functions. For example, binding sites I, II, and
IV are relatively well positioned to bind the nonreducing end of
a glucan entering the active site, while binding sites III and VI
are better positioned to bind the reducing end of a glucan as it
exits the active site. The fact that both a donor glucan, which
will be cleaved to yield the transferring chain, and an acceptor
glucan, which will be branched at one of its α-1,6 positions,
must bind may explain the relatively large number of external
binding sites in EcBE. One possible model is that the two
binding sites on the reducing end of the active site (sites III and
VI) each bind either the donor or acceptor glucan. Two of the
binding sites on the nonreducing end (binding sites I, II, and
IV) might then be responsible for binding the nonreducing
ends of the donor and acceptor glucans. The comparative
insensitivity to mutation of binding site II makes it the less
likely candidate to play this role. On the other hand, the
external binding sites may simply be for the purpose of
localizing the enzyme on the surface of its polymeric substrate.
Further mutagenesis, a variety of assays (activity and chain
transfer-length specificity assays, for example), and structural
studies of mutant enzyme glucan complexes will be required to
understand the role of these external binding sites.
The most surprising result from these structures was that

though six external glucan binding sites were identified on the
surface of EcBE, none of them are near the active site of the
enzyme. This observation was consistent with the fact that the
loops that make up glucan subsite binding sites in all other
GH13 enzymes were essentially absent in EcBE, indicating a
lack of interaction between the enzyme and the sugar units in
subsites −1, −2, and −3 and +1, + 2, and +3. This is all
consistent with the fact that branching enzymes have shown
virtually no reactivity with short glucan substrates, and that E.
coli BE transfers chains no shorter than six glucose units. We
have also shown that mutation of binding sites I and VI leads to
significant loss of activity of the enzyme, indicating that external
binding sites, disparate from the active site, are nevertheless of
central importance to the activity of the enzyme.
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