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ABSTRACT: The three-dimensional structure of a complete Hypocrea jecorina glucoamylase has been
determined at 1.8 A resolution. The presented structure model includes the catalytic and starch binding
domains and traces the course of the 37-residue linker segment. While the structures of other fungal and
yeast glucoamylase catalytic and starch binding domains have been determined separately, this is the first
intact structure that allows visualization of the juxtaposition of the starch binding domain relative to the
catalytic domain. The detailed interactions we see between the catalytic and starch binding domains are
confirmed in a second independent structure determination of the enzyme in a second crystal form. This
second structure model exhibits an identical conformation compared to the first structure model, which
suggests that the H. jecorina glucoamylase structure we report is independent of crystal lattice contact
restraints and represents the three-dimensional structure found in solution. The proposed starch binding
regions for the starch binding domain are aligned with the catalytic domain in the three-dimensional
structure in a manner that supports the hypothesis that the starch binding domain serves to target the
glucoamylase at sites where the starch granular matrix is disrupted and where the enzyme might most

effectively function.

Glucoamylases [GAs,' a-(1,4)-D-glucan glucohydrolase,
EC 3.2.1.3] are multidomain exoglucohydrolases that cata-
lyze the removal of glucose units from the nonreducing end
of maltodextrin chains, e.g., starch and related oligosaccha-
rides. The GAs act by hydrolyzing a-1,4 linkages between
the glucose units in the maltodextrin polymer with an
inversion of the anomeric configuration of the reactive sugar
unit (7, 2), resulting in the release of mainly [-D-glucose
monomers. The GAs are also capable of hydrolyzing o-1,6
linkages in maltodextrin polymers, but at a much lower rate
compared to a-1,4 linkages (3, 4). The specific activity
toward a-1,6 linkages in the substrate is only 0.2% compared
to the activity toward a-1,4 linkages (5—7).

GAs are extensively used in industrial processes for the
conversion of starch into glucose (saccharification), which
is used for food and ethanol production (8). It has been
suggested that by suppressing the activity of GAs on a-1,6
linkages in starchy materials, we can increase the current
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conversion rates (>95%) and produce higher yields in the
industrial saccharification of starch (9).

The GAs have been classified into glycoside hydrolase
(GH) family 15 of the carbohydrate active enzyme (CAZy)
database (http://cazy.org; 10, 11). The GAs can be found
among a wide range of different organisms such as fungi,
yeasts, eubacteria, and archea (12, 13).

The GA from Aspergillus awamori var. X100 (AaGA) has
been one of the most extensively studied glucoamylases. The
AaGA enzyme consists of an N-terminal catalytic domain
(CD) followed by a linker domain and a C-terminal starch
binding domain (SBD), which has been classified as a
member of carbohydrate binding module (CBM) family 21
in the CAZy database. The AaGA CD, as well as all other
GAs with known three-dimensional structures, folds into an
(o/a)¢ barrel. AaGA has been studied biochemically in two
forms: form I, which is the intact enzyme with its SBD
attached, and form II that lacks the SBD. Both forms show
comparable activity on soluble starch, while form I has up
to 80-fold more activity on insoluble starch (8, 74, 15). The
structure of the Aspergillus niger (AnGA) SBD has been
determined by NMR, both in free form (/6) and in complex
with fB-cyclodextrin (17). The SBD from AnGA has two
binding sites oriented perpendicular to each other (/7, 18),
and it has been proposed that the primary function of the
SBD is to localize the CD near nonparallel and thus more
open starch to enhance the amylolytic rate (/9). The three-
dimensional structures of the AaGA CD in free form (20)
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and in complex with the inhibitors acarbose and D-glucodi-
hydroacarbose (27) have been determined by X-ray crystallog-
raphy.

The structure of an intact GA, including a CD, a linker,
and a SBD, has until now not been available. The role of
the different domains of the GAs has been studied by
comparing the activity of the catalytic core alone with that
of the intact enzyme. It has been shown that the SBD
increases enzyme activity on insoluble starch but does not
affect activity on soluble substrates (15, 22).

The GA from Hypocrea jecorina (HjGA) is also a
multidomain enzyme, consisting of an N-terminal CD (453
amino acid residues), followed by a linker (37 amino acid
residues), and finally a CBM family 21 SBD (109 amino
acid residues), being 55, 24, and 56% identical in sequence
with the corresponding A. awamori glucoamylase domains,
respectively. Its activity on various starch substrates is
comparable to superior relative to that of the A. awamori
enzyme (23). In this study, we present the three-dimensional
apo structure of intact HjGA. The structure was determined
by X-ray crystallography, in two different space groups, and
refined at 1.85 and 1.90 A resolution.

RESULTS AND DISCUSSION

Crystallization, Structure Solution, and Quality of the Final
Models. HiGA was crystallized in an intact form containing
599 residues and all post-translational modifications such as
glycosylations that would normally occur during its natural
expression in H. jecorina. HjGA crystallizes in two different
forms under similar crystallization conditions, depending on
the presence or absence of Ca?t during crystallization. One
belongs to orthorhombic space group P2,2,2;, and the other
belongs to monoclinic space group C2. A low-resolution
X-ray data set for the P2,2,2; crystal form was initially
collected on a home X-ray source at room temperature,
giving the following approximate unit cell parameters: a =
52.2 10\, b=99.1 A, and ¢ = 121.3 A. This corresponded to
a calculated Vi, of 2.3 A3/Da (24) and an estimated solvent
content of 47%, consistent with there being one protein
molecule in the asymmetric unit. This initial data allowed
the HjGA structure to be determined by molecular replace-
ment using the structure coordinates of AaGA [PDB entry
1GLM (20)] as a search model. While adjusting the molec-
ular replacement model to include the HjGA sequence in
the molecular replacement model consisting of residues
1—471, we observed additional contiguous electron density
that did not correspond to the expected density for the Hj{GA
CD. Initially, this density consisted of some extending
segments of density between five and 11 amino acids and
was interpreted to correspond to the linker and SBD of
HjGA. As these segments were built, the model, including
the disconnected chains, was refined. After refinement, it was
possible to identify density that would extend and connect
the segments. In this way, the entire HJGA structure model,
including the linker as well as the SBD, was fitted to the
electron density calculated from the low-resolution data.
Subsequently, a high-resolution data set was collected at a
synchrotron source to 1.8 A on the orthorhombic crystal
form, giving the same cell parameters as the low-resolution
data. The structure model was refined to 1.85 A and yielded
final Ryox and Ry values of 0.15 and 0.18, respectively. In
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Table 1: Data Collection, Processing, and Refinement Statistics

(A) Data Collection and Processing

beamline . i911-5, MAXlab” i911-5, MAXlab“
wavelength (A) 0.90718 0.90718
space group P2,2,2, C2

uniot cell parameters a=152.19, b =99.23, a=1216.76, b = 48.49,

(A) c=121.24 ¢ =50.56
unit cell angles (deg) o =90.00, f=90.00, a=90.00, 5 =90.49,
y =90.00 y =90.00
resolution range Ay 76.70—1.85 16.98—1.90
(1.95—1.85) (2.00—1.90)

no. of unique 53591 (7661) 41660 (6044)

reflections

average multiplicity 8.5(74) 5.4 (4.9)

completeness (%) 98.3 (97.7) 99.8 (99.5)

mean I/o(I) 20.2 (5.3) 19.7 (3.0)

Runerge (%)° 8.8 (45.0) 8.0 (39.8)

(B) Refinement

PDB entry 2vn4 2vn7

resolution used in 76.70—1.85 16.7—1.90
refinement (A)

no. of reflections
working set 50812 39555
test set 2728 2102

Ryork (%) 15.5 20.1

Riree (%) 18.2 25.3

no. of residues in 599 599
protein

no. of residues with 20 -
alternate conformations

no. of protein atoms 4572 4537

no. of water molecules 326 349

no. of other atoms 157 87

average atomic B-factor
(A%
overall 22.8 24.0
protein 21.3 23.8
waters 33.1 24.0
other atoms 41.8 31.5

rmsd for bond lengths  0.010 0.010
(Ay!

rmsd for bond angles 1.20 1.22
(deg)”

Ramachandran outliers 1.5 1.3
(%)

“ Swedish National Electron Accelerator Laboratory for Nuclear Physics
and Synchrotron Radiation Research (Max-Laboratory). ® Numbers in
parentheses are for the highest-resolution bins. © Rpyerge = Sl —
X Zdll. ¢ From ref 37. ¢ According to the stringent boundary
definition of ref 38. Statistics for structure models were calculated with
Refmac 5.0 (32), O (34), MOLEMAN (39), and LSQMAN (40).

the final calculated electron density map, density was visible
for all residues and the final structure model contained 599
amino acid residues, 326 water molecules, 11 sugar residues,
and two Bis-tris buffer molecules (discussed later). Table 1
shows data collection and refinement statistics for both the
orthorhombic and the C-face-centered monoclinic crystal
form, for which a high-resolution data set was collected to
1.9 A at a synchrotron source on a cryo-cooled crystal. The
cell parameters for the C2 crystal form were as follows: a
=2168 A, b =485 A, ¢ = 50.6 A, and 8 = 90.5°. The
final refined Ryok and Ry were 0.20 and 0.25, respectively,
for the refined structure model, which contained 599 residues
as well as 349 water molecules, six sugar residues, and one
Bis-tris molecule. Both models contained the Bis-tris buffer
molecule and also four cis peptides, three in the catalytic
core and one in the SBD.

Overall Structure. The final structure model corresponds
to the entire mature HjGA molecule consisting of 599



5748 Biochemistry, Vol. 47, No. 21, 2008

residues. While the HjGA catalytic core and SBD shared
approximately 50% sequence identity with the previously
determined glucoamylase from A. awamori, the linker, 37
residues with nine prolines, was substantially less homolo-
gous with only 24% sequence identity. In contrast to the
HjGA linker, the AaGA linker has only one proline and is
comprised of 69 residues, 32 residues longer than HjGA.
We anticipated that the HjGA linker might be sufficiently
ordered to allow visualization of an intact glucoamylase with
the linker and SBD. The electron density map of the refined
HjGA allows fitting of all 599 amino acids present in the
mature enzyme. Residues 1—453 comprise the catalytic core
of the molecule, and residues 491—599 comprise the SBD,
which are joined by a strand formed by residues 454—490,
the linker region. In addition, we find density for several
glycosylation sites and for two molecules of Bis-tris buffer.

Catalytic Core. The HjGA catalytic core segment follows
the same (a/ot)s barrel topology described in ref 20 for the
AaGA, consisting of a double barrel of a helices with the
C-terminus of the outer helix leading into the N-terminus of
an inner helix. It was possible to identify key differences in
the electron density such as the disulfide bridge between
residues 19 and 26 and an insertion (residues 257—260)
relative to AaGA. The segment comprising residues 80—100
also underwent extensive model rebuilding. One major
glycosylation site was identified at Asn 171, which has up
to four glycoside moieties attached. A similar glycosylation
site was identified in AaGA. Additionally, the catalytic core
contains three cis peptides between residues 22 and 23, 44
and 45, and 122 and 123, and these are conserved between
HjGA and AaGA. Overall, there is a rmsd of 0.54 A bet-
ween 409 of 453 Co. atoms when comparing the coordinates
of the catalytic cores of HjGA and AaGA [PDB entry
1GAI (25)].

Active Site. Density closely associated with Asp 54
(residue not labeled) was found at the active site in the Hj{GA
structure. This density was interpreted to correspond to a
Bis-tris molecule (Figure 1), which was used as a crystal-
lization agent for the enzyme. The Bis-tris molecule is bound
near the A subsite defined in ref 2/ on the basis of their
analysis of acarbose binding. In particular, the Bis-tris
molecule forms hydrogen bonds with Asp 54, Arg 309, and
the catalytic Glu 179, all of which are reported to hydrogen
bond to the acarbose molecule in AaGA. It is interesting to
note that a Tris molecule was found bound to the reactive
center of the glucoamylase from Saccharomycopsis fibuligera
(26). It may be that Tris and Bis-tris molecules are competi-
tive inhibitors for glucoamylase enzymes and may not be
suitable as buffers for kinetic studies of these enzymes. A
second Bis-tris molecule was found bound at a lattice contact
to the SBD in the orthorhombic form.

The active site of AaGA and the detailed interactions that
the inhibitor acarbose makes with the AaGA enzyme have
been described previously (21, 25). The residues forming
the AaGA and HjGA substrate binding sites are compared
in Figure 1 with HjGa shown with cyan carbon coloring and
AaGA shown with yellow carbon coloring. In this figure,
the catalytic glutamic acids 179 and 404 along with the
stacking tryptophan and tyrosine residues (47, 51, 120, and
315) are highlighted. All residues that were identified in ref
25 to be involved in the acarbose and substrate binding in
AaGA are conserved in the HjGA structure.

Bott et al.

FIGURE 1: Electron density for a molecule of Bis-tris buffer bound
at the active site of HJGA. The active sites of Hj{GA (cyan carbon
coloring) and AaGA (yellow carbon coloring) are also compared.
In AaGA, the residues comparable to Tyr 47, Trp 51, Trp 120,
Glu 179, Arg 309, Tyr 315, and Glu 404 of the HjGA are reported
to form key interactions with substrate analogues bound to the
AaGA molecule. There are essentially no differences between side
chain conformations of these two GAs at the catalytic site or in
the substrate binding region as delineated by the acarbose binding
to AaGA (see ref 25).

Linker Region. The HjGA linker, residues 454—490, is
defined as the segment spanning the region between two
disulfide bridges: the last intradomain disulfide bridge of the
CD, residues 222 and 453, and the first intradisulfide of the
SBD, residues 491 and 587. As mentioned earlier, nine of
the 35 residues (~25%) in the HjGA linker are prolines. The
linker in HjGA extends from the back of the molecule in a
wide arc followed by an abrupt turn after the lysine 477
residue in the Pro-Lys-Pro-Gly-Val-Pro sequence on the CD
surface opposite the substrate binding site. The linker also
contains four glycosylated residues, Thr 466, Thr 468, Thr
475, and Ser 482, each with one mannose bound. The linker
extends as a random coil that is anchored by interactions of
the side chains of Tyr 462, Pro 465, Phe 470, Gln 474, Pro
476, Lys 477, Val 480, and Tyr 486 with regions on the
surface of the CD. A portion of the linker segment compris-
ing residues 461—486 is shown in Figure 2, and this segment
includes all eight anchoring residues, the four glycosylation
sites, and seven of the nine proline residues. In Figure 2,
the linker segment is represented as a stick model, extending
over the CD represented by the gray surface to the SBD
represented as the teal surface. Two of the glycosylated
residues, Thr 475 and Ser 482, bracket the abrupt turn of
residues 477—481. The electron density for this segment
shown as an inset of Figure 2 can be seen to be continuous,
and comparable density for the mannose moieties bonded
to Thr 475 and Ser 482 can also be observed.

Along the linker there are eight residues with side chains
that interact with residues of the CD. The side chains serve
as anchors often filling cavities found along the surface of
the CD. The OH group of the Tyr 462 side chain forms a
hydrogen bond with Gln 168 OEI, while the ring atoms make
van der Waals contacts with the side chains of Leu 98 and
Gly 101. Pro 465 projects onto a hydrophobic surface patch
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FIGURE 2: Interactions between the catalytic domain and linker
region of H. jecorina GA. In this figure, the linker is shown as a
stick figure interacting with the surface of the catalytic domain
colored gray. The surface of the SBD is colored teal to differentiate
it from the CD surface. The side chains of residues involved in the
anchoring interactions (as described in the text) are color-coded in
green. The electron density of residues 477—482 forming an abrupt
turn in the linker is shown as an insert highlighting the quality of
density for the linker and for the glycosylation at residues Thr 477
and Ser 582.

formed by the side chains of Val 86, Pro 157, and Ile 158.
Between the anchoring side chains of Pro 465 and Phe 470,
we find Thr 468. Thr 468 is fully glycosylated, projecting
into the solvent and fixing the orientation to facilitate the
interaction of the anchor residues with the surface of the
CD. The side chain of Phe 470 projects into a hydrophobic
patch created by the side chains of Ile 82, Leu 142, Thr 150,
Val 154, and Ile 155. GIn 474 forms a hydrogen bond with
the side chain of Thr 150. The OH group of Tyr 147 forms
a hydrogen bond with the carbonyl O of Thr 475. The side
chains of residues Pro 476 and Val 480 form hydrophobic
interactions with the side chains of Tyr 70 and Trp 141 of
the CD. These residues are found on a sharp bend extending
from residue Thr 475, including Pro 476, Lys 477 (which
hydrogen bonds with the carbonyl of Asn 144), Pro 478,
and Gly 479, followed by Val 480 and ending with Ser 481.
Both Thr 475 and Ser 481 are glycosylated, forming a
hydrophilic canopy above the hydrophobic side chains of
Pro 476 and Val 480. In addition to the glycosylation sites,
proline residues comprise many of the surface-directed side
chains in the segment between residues 461 and 486. The
side chain of Tyr 486 stacks over a hydrophobic patch created
by the side chains of Leu 14 and Leu 18. In Figure 2, the
anchor side chains are colored green.

It is worth noting that the segment preceding the linker,
residues 433—453, is also a random coil and appears in
several ways to be quite similar to the linker domain. While
it is tethered by the 222—453 disulfide bridge, it also shows
a pattern of anchoring side chain interactions found with the
linker. One could consider this region as a prelinker segment.

Starch Binding Domain. The SBD is composed of a
[B-sandwich of two twisted 3 sheets, tethered at one end by
a disulfide bridge between Cys 491 and Cys 587 and at the
other end having a series of loops that comprise a binding
site for starch connected by long loops. The structure of
HjGA SBD is quite similar to the averaged structure of the
AnGA SBD determined by NMR (/7) and the SBD of
[B-amylase from Bacillus cereus (27). Overall, the averaged
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(b) Flexible loop

FIGURE 3: Comparison of SBD structures. (a) The three-dimensional
folds of three SBDs are compared in a stereo cartoon representation.
Colored blue is the H. jecorina SBD determined in this study, and
overlaid in yellow and magenta are the starch binding domains of
AnGA and that from the f-amylase from B. cereus, respectively.
The overall agreement in the secondary structure and juxtaposition
of strands from the three structures are very good. However, there
is some variability in the loop regions. (b) The location of the
variable loops is shown relative to the juxtaposition with the CD.
The flexible loops are seen to be those nearest the catalytic domain.

SBD coordinates of B. cereus GA (PDB entry 1b90) can be
aligned with the SBD of HjGA with a rmsd of 2.1 A for 99
of a total of 109 Ca. atoms. The SBD of B. cereus -amylase
(PDB entry 1ACO) is also aligned with a rmsd of 1.7 A for
99 aligned Co. atoms. The secondary structure is highly
conserved as shown in Figure 3a, where the SBD of HjGA
in cyan is compared with an averaged NMR structure of the
isolated SBD fragment from A. awamori (yellow) and the
SBD of ff-amylase from B. cereus (magenta). One loop
stands out as being highly variable and is highlighted in
Figure 3b, which shows the intact model, including the CD
and the linker which are included to show the juxtaposition
of the structural variable loop in the context of the entire
structure. In HjGA, this loop corresponds to residues
537—543, whereas in A. niger, this loop corresponds to
residues 554—560; in the S-amylase from B. cereus (colored
magenta), this loop is shorter and corresponds to residues
462—465. In the NMR structure of 5-cyclodextrin complexed
to the isolated SBD of A. niger GA (17), the loop including
residues Tyr 556 and Asp 560 is noted to shift substantially
upon binding of B-cyclodextrin. The Asp 560 was noted to
shift by more than 13 A from its position in the uncomplexed
SBD structure. Given that this loop stands out as being more
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FIGURE 4: Interactions at the interface between the SBD and CD. Interacting residues are shown in stick representation; residues forming
hydrophobic interactions are colored green, and residues involved in electrostatic or hydrogen bonding are shown with gray carbon coding.

Potential hydrogen bonds are shown with dashed lines.

variable than others and that it undergoes a dramatic shift
upon cylcodextrin binding, we designate this loop as the
flexible loop (Figure 3b). This flexible loop forms part of
“binding site 2” noted in ref /7. These authors also identified
a primary site “binding site 1”” which shares similarities with
other carbohydrate binding proteins. Overall, the degree of
conservation of residues and even side conformations in the
binding site 1 of these SBDs is very high. The side chains
of Trp 525, Thr 527, and Lys 560 superpose perfectly (the
alignment is based on 99 Ca atoms) on one another. The
side chains of Glu 558, Val 570, Trp 572, and Asn 577 also
superpose very well and would be positioned to make similar
interactions with the starch chain. Five threonine residues
(492, 524, 579, 581, and 589) on the HjGA SBD are
glycosylated, and while most are found extending into the
solvent, the O-linked mannose of Thr 589 participates in the
interface contacts between the SBD and the CD as shown
in Figure 4. The electron density for the mannose bound to
Thr 589 is well-defined (not shown) and is positioned to form
hydrogen bonds with the side chain of Arg 27 from the CD.
This represents one of the numerous interactions that occur
at the interface between the SBD and the CD as seen in
Figure 4.

Figure 4 also illustrates that the CD comes in contact with
one side of the SBD S-sandwich, which consists of three
mixed strands. Most of the interactions between the CD and
the SBD involve clusters of residues in two segments,
residues 536—546 and residues 583—594. These segments
include parts of the two outer strands on the side of the SBD
pB-sandwich. Only one residue from the middle strand, His
502, is involved in the contact with the CD. Overall, the
catalytic domain—starch binding domain interactions are

quite extensive and can be seen to involve clusters of
hydrophilic or hydrophobic residues occurring as discrete
areas of the interaction between the catalytic and starch
binding domains.

The largest area involves hydrophilic residues, including
His 502, which along with His 542 and Glu 594 forms the
core of this large hydrophilic area or patch on the 3-sandwich
of the SBD. These residues interact with Asp 46, Tyr 49,
and Glu 110 from the CD. Noteworthy among these is a
potential salt bridge between residues Glu 110 on the CD
and His 542 on the SBD. A solvent molecule mediates
another potential salt link between Asp 46 on the CD and
His 502 on the SBD. There is an adjunct section of
hydrophilic interaction between the side chain of Asn 541
and the side chain of Asn 119 along with a hydrogen bond
between the carbonyl O atom of Asn 541 and the side chain
of Thr 117. In addition, we also find interactions between
residues Pro 583, Val 585, and Val 588 from the SBD and
Phe 29 from the CD near the N-terminus of the starch binding
domain. Further, two more hydrophobic patches are found.
One includes Val 536, Leu 544, and Ile 546 from the SBD,
which interact with Ile 43, and a second, involving the side
chain of Val 592 from the SBD, which serves as an anchor
to the side chains of Thr 31 and Tyr 48 of the CD.

Taken together, there appears to be a common pattern for
the interactions between the linker and SBD with the
CD. The interaction is in the form of an anchoring side
chain that interacts with the surface area of the neighboring
domain. In general, the anchor residue is found on the linker
segment. In the case of the interactions between the CD and
SBD, the anchor residues can be contributed from either
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FIGURE 5: Comparison of HjGA in two crystal forms. The structures
for HjGA determined in P2,2,2; (cyan) and C2 (dark blue) show
the tight conservation of the catalytic and linker region. Between
the two structure models only two variable loops are seen for the
SBD. One of these is the variable loop seen between SBD from
different enzymes and organisms. On the basis of this, we conclude
that the juxtaposition between the catalytic domain and the starch
binding domain that we see in both crystal forms is likely to be
the same as in solution.

domain as in the case of residues Ile 43 and Phe 29, which
come from the CD, or residue Val 592, which comes from
the SBD.

Conservation of the SBD—CD Interactions. The juxtaposi-
tion found between the SBD and the CD in the P2,2:2;
crystal form shows a compact organization. This could bear
on the function of the SBD in the intact molecule, assuming
that the conformation of the molecule we observe represents
the one in solution. The alternative would be that the
juxtaposition we observe is as a consequence of crystal
packing. We were fortunate to obtain crystals of the intact
enzyme in a second crystal form having a different space
group and crystal packing arrangement. As one can see in
Figure 5, when the structures from the two different crystal
forms are compared, we find that the interactions between
the CD and SBD are conserved and the only variation shown
in Figure 5 is for isolated loops, including two in the region
designated the “second binding site” in ref /7. The two HjGA
structures can be superimposed with a rmsd of 0.41 A (599
aligned Ca atoms). If the conformation is the same in two
different crystal forms, then it is a good indication that the
observed structure is not an artifact of a particular crystal
packing. There are loops in the SBD that are seen to vary
between the structures determined in the two different crystal
forms. One of these is the flexible loop that was seen to vary
between the SBDs from different organisms (Figure 3b). The
other is the loop formed by residues 563—569. Thus, while
there is evidence of some conformational flexibility in the
loops near binding site 2 on the SBD, the overall topology
and juxtaposition of the SBD relative to the CD are taken to
represent the solution structure of the intact enzyme.

The sequences of the residues forming the interface
between the CD and SBD are variable for different glu-
coamylases. The residues involved in the interactions shown
in Figure 5 are generally not conserved in the homologous
positions. Complementary changes, however, are seen for
closely related glucoamylases from Humicola grisea and
Talaromyces emersonii. It is possible that for these enzymes,
which also have comparable linker segment lengths, com-
pared to HjGA, the interactions of the SBD with the
respective CD would be similar. On the other hand, in the
case of A. awamori GA, which has a longer linker segment,
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the SBD may be aligned differently. Reinforcing this view
is the observation of an additional glycosylation site at Asn
395 on the CD of AaGA. This extensive glycosylation of
AaGA would interfere with the SBD as it is seen to interact
with the CD in the H. jecorina GA structures. In the H.
Jjecorina and T. emersonii structures, the homologous residue
is an Asp and thus glycosylation would not occur. In H.
grisea GA, the situation is uncertain as there is an Asn at
the homologous position, which could be glycosylated. Thus,
the juxtaposition we find for the SBD and CDs further could
be found in other glucoamylases.

Proposed Role of the SBD. Having determined the
structure of an intact glucoamylase which represents the
solution structure of H. jecorina and possibly other related
glucoamylases, one can ask what can be inferred regarding
the function of the SBD in glucoamylase. On the basis of
the knowledge that the presence of the SBD has an impact
on the hydrolysis of insoluble starch, it follows that we
should expect an interaction of the SBD with larger starch
molecules. Figure 6 summarizes what can be deduced from
the structure of HjGA and earlier work done to determine
the structure of the CD of AaGA and the SBD of A. niger
GA. In Figure 6, we compare the structures of H{GA with
the acarbose-bound CD of AaGA and the SBD from A. niger
GA complexed with 3-cyclodextrin, in the same orientation
as the HjGA. It can be seen that the -cyclodextrin bound
at binding site 2 is close to the substrate location as indicated
by the location of acarbose bound to A. awamori CD.

The coordinates of acarbose (green stick figure) from the
structure model of the AaGA [PDB entry 1GAI (20)] can
easily be accommodated into the HjGA active site when the
two structures are superposed. We can similarly align the
AnGA SBD structure model [PDB entry 1ACO (/7)] with
the two p-cyclodextrin molecules (green stick figures)
representing the two SBD binding sites with the SBD of the
HjGA molecule. Taken together, we can examine how the
acarbose model bound to HjGA derived by homology with
the complex of acarbose with AaGA would juxtapose in our
intact molecule using the model of S-cyclodextrin binding
to the isolated SBD from AnGA, which is represented in
Figure 6. The acarbose bound to AaGA was disordered with
the C and D sugars adopting two conformations, both of
which are included in Figure 6. One of the conformations
appears to follow a direction toward the 3-cyclodextrin bound
at the second binding site identified for the SBD from AnGA
determined by NMR. In that structure, it was noted that the
loops involved in binding site 2 underwent conformational
changes upon binding compared to the structure of the free
SBD (17). The two f3-cyclodextrin sites are oriented per-
pendicular, and the first site is on the side opposite the CD
in HjGA. It is proposed that the SBD would localize the
HjGA CD near disrupted starch and also prevent the enzyme
from diffusing away from the substrate while releasing
the product from the active site after the hydrolytic advent.
The overall structure of the HJ{GA we have determined would
be consistent with these proposed functions for the SBD.
The SBD of HjGA would bind to starch along site 1, as we
propose in Figure 6, and favor localization where a disrupted
fragment (shown in the bottom figure) could bind to site 2
within a loose end that points into the catalytic site as we
see for the acarbose.
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H. jecorina GA

awamori GA catalytic domain A niger GA starch binding domain

FIGURE 6: Role of the SBD in HjGA. In this composite, the top
panel again shows the structure of HjGA, below the middle left is
the crystal structure of the catalytic domain fragment of AaGA
complexed with acarbose, and the middle right is the structure of
the SBD from AnGA complexed with -cyclodextrin where the
[-cyclodextrin was seen to bind at two sites. At the bottom is again
the structure of HjGA where a model of starch bound with the
extended reducing segment has been modeled to overlap the sugar
moieties of acarbose bound to the catalytic domain so that the intact
helical starch structure overlaps one of the f-cyclodextrin sites.
The variable loop seen for different SBD is involved in this
p-cyclodextrin binding site. On the basis of this modeling, the
hypothesis proposed in ref /7 that the SBD tends to localize in the
GA near regions of disrupted starch is consistent with the intact
structure observed in this study. Furthermore, the binding of starch
to the SBD would provide a means of tethering the enzyme to starch
during the product release step, which appears necessary for the
release of glucose after catalysis.

In summary, the structure of HjGA presents a model of
an intact glucoamylase, which has been determined in two
crystal forms. The CD is essentially identical to other
glucoamylases. In this model, we also visualize for the first
time how the linker and SBD could contribute to the
proposed function of the enzyme in facilitating the hydrolysis
of insoluble starch. The amino acid side chains involved in
the specific interaction among the CD, the linker, and the
SBD are specific for H. jecorina; however, it appears that
in other glucoamylases, complementary sequence changes
would enable similar overall interactions and domain jux-
taposition. The structure of HjGA should provide a basis
for further experimentation and for engineering this and
related enzymes for several important processes in the
generation of fuels based on starch feed stocks.

Bott et al.
MATERIALS AND METHODS

Protein Expression and Purification. The gene encoding
H. jecorina GA was cloned and expressed according to the
protocols described previously by Dunn-Coleman et al. (U.S.
Patent 0094080 A1, 2006).

The HjGA protein material used for all crystallization
experiments was initially purified in one step by anion
exchange chromatography as follows. Concentrated culture
supernatants of expressed HjGA, consisting of 180 mg/mL
total protein, were prepared by diluting samples 1:10 in a
25 mM Tris-HCI buffer (pH 8.0). A HiPrep 16/10 Q
Sepharose FF column (GE Healthcare) was employed for
the anion exchange purification. The HiPrep column was
equilibrated with 4 column volumes of starting buffer [25
mM Tris-HCI (pH 8.0)] followed by application of 10 mL
of the diluted protein sample. An 8 column volume linear
gradient of 0 to 140 mM NacCl in running buffer [25 mM
Tris-HCI (pH 8.0)] was applied to elute bound protein. Bound
HjGA eluted from the HiPrep Q Sepharose column at a salt
concentration of approximately 80 mM NaCl. Fractions
containing pure HjGA protein were pooled and concentrated
to 50 mg/mL using a 20 mL Vivaspin centrifugal concentra-
tion tube (Viva Science) with a molecular mass cutoff of 10
kDa. Purified and concentrated HjGA material was buffer
exchanged using a DG-10 desalting column (Bio-Rad)
equilibrated with 50 mM sodium acetate buffer (pH 4.3).
Protein concentrations were determined by measuring the
absorbance at 280 nm using an extinction coefficient of 0.55
mg/mL/Asso unit. The initially purified and concentrated
HjGA protein stock was thereafter stored at —20 °C.

Fractions collected during all purifications of HjGA were
analyzed using sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS—PAGE). Two additional purification
steps, one additional anion exchange purification, and one
size exclusion purification step were at a later stage
introduced to enhance the crystal forming ability of the HiGA
protein material. These two additional purification steps were
performed as follows. In the first anion exchange purifica-
tion step, a 10 mL MonoQ column (GE Healthcare) was
employed. A sample of 1 mL of the initially purified and
frozen HjGA material (50 mg of protein) was thawed, and
the buffer was changed to 20 mM Tris-HCI (pH 8.0) by
repeated dilution of the sample to 6 mL in the new buffer,
followed by a concentration of the sample again to 0.5 mL
using a 6 mL 5 kDa molecular mass cutoff concentration
tube. The HjGA sample was after the last concentration step
diluted in distilled water until a conductivity of the protein
sample was reached that corresponded to the conductivity
of the starting buffer of the anion purification, i.e., 25 mM
Tris-HCI (pH 8.0). The MonoQ column was first equilibrated
with 4 column volumes of starting buffer, followed by
application of the diluted protein sample to the column.
Bound protein was eluted from the MonoQ column by two
different gradients. In the first, a 4 column volume linear
pH gradient was applied where the pH of the starting buffer
was decreased from 8.0 to 6.0. In the second gradient, an 8
column volume long salt gradient was applied in which the
salt concentration was increased from 0 to 350 mM NaCl in
the running buffer [25 mM Tris-HCI (pH 6.0)]. Bound HjGA
was found to elute from the column during the second salt
gradient at an approximate NaCl concentration of 150 mM.
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Fractions containing HJGA were pooled and concentrated
to 2 mL using a 6 mL 5 kDa molecular mass cutoff Vivaspin
concentration tube. The concentrated HjGA sample was
thereafter applied to a Superdex 200 16/60 size exclusion
column (GE Healthcare) equilibrated with 4 column volumes
of 20 mM Tris-HCI (pH 8.0) and 50 mM NacCl, which also
was used as running buffer. Fractions from the main elution
peak after the size exclusion purification were pooled and
concentrated to an approximate protein concentration of 7.5
mg/mL using a 6 mL 5 kDa molecular mass cutoff Vivaspin
concentration tube.

Protein Crystallization. The protein sample that was used
to find the initial HJGA crystallization conditions was a
sample of the HjGA material that was purified only once by
anion exchange purification and thereafter stored at —20 °C.
The HjGA protein sample was thawed and diluted with 50
mM sodium acetate buffer (pH 4.3) to approximately 12 mg/
mL, prior to the initial crystallization experiments. This “less
pure” HjGA protein sample was used to grow the first
crystals from which the orthorhombic X-ray data set, used
to determine the HjGA structure by molecular replacement
(MR), and the high-resolution orthorhombic data set, used
for the final orthorhombic space group HjGA structure
model, were obtained. The orthorhombic HjGA crystals were
found to grow in solution #94 of Qiagen’s JCSG+ Suite
[25% PEG 3350, 0.20 M ammonium acetate, and 0.10 M
Bis-tris (pH 5.5)], using the vapor-diffusion method with
hanging drops (28), at 20 °C. Crystallization drops were
prepared by mixing equal amounts of protein solution (12
mg/mL) and crystallization agent to a final volume of 5 uL.
The initial orthorhombic HjGA crystals appeared as ag-
gregates containing multiple crystals. Multiple macro-seeding
steps, at 4 °C using 5 L. of a 12 mg/mL protein sample and
5 uL of the crystallization reagent, were performed to obtain
improved HjGA crystals suitable for X-ray data collection.
The HjGA crystals, grown using the less purified protein
material purified with only one anion exchange purification,
were found to belong to orthorhombic space group P2,2,2,
with the following approximate cell dimensions: a = 52.2
A, b =992 A, and c = 121.2 A. They were also found to
have a calculated Vi, of 2.3 A3/Da (24) with one molecule
in the asymmetric unit.

It was found that it was much easier to grow uniform
single HjGA crystals using a sample of HjGA protein, which
was purified by the “improved” HjGA purification protocol.
These new crystals were grown in a crystallization agent
containing 25% PEG 3350, 0.1 M CaCl,, and Bis-tris (pH
5.5), using the vapor-diffusion method with hanging drops,
at 20 °C. These crystallization drops were prepared by mixing
equal amounts of a protein solution (5 mg/mL) and crystal-
lization agent to a final volume of 2 uL.. These drops were
also streak-seeded once to obtain single high-quality crystals
suitable for X-ray data collection in a reasonable time. These
new HjGA crystals were found to belong to monoclinic space
group C2 with the following approximate cell dimensions:
a=2168A,b=485A, c=50.6A, and 8 = 90.5°. They
were also found to have a calculated V,, of 2.0 A3/Da (24)
with one molecule in the asymmetric unit.

X-ray Data Collection. The two orthorhombic HjGA data
sets were collected from single crystals mounted in sealed
capillary tubes, at room temperature. The initial orthorhombic
HjGA X-ray data set, used to determine the structure by
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molecular replacement methods (MR), was collected on a
home X-ray source, an MSC/Rigaku (Molecular Structures
Corp., The Woodlands, TX) Raxis IV++ image plate
detector with focusing mirrors using Cu Ko radiation from
a Rigaku RU200 rotating anode generator. This data set was
processed, scaled, and averaged using the d*trek software
provided by MSC/Rigaku. A second data set was also
collected from the home source to a resolution of 2.0 A.
The C-centered monoclinic data set was collected from a
single frozen HjGA crystal at 100 K, equilibrated in a cryo-
protective agent comprised of 25% PEG 3350, 15% glycerol,
50 mM CaCl,, and 0.1 M Bis-tris (pH 5.5) as a cryopro-
tectant, mounted in rayon-fiber loops, and plunge-frozen in
liquid nitrogen prior to transportation to the synchrotron. The
final high-resolution orthorhombic (1.85 10\) data set and the
C-centric monoclinic data set (1.8 10\) were both collected at
a synchrotron source, beamline 911:5 at MAX LABORA-
TORY in Lund, Sweden. Both data sets that were collected
at a synchrotron source were processed with MOSFLM (29)
and scaled with SCALA included in the CCP4 program
package (30). All subsequent data processing was performed
using the CCP4 program package (30), unless otherwise
stated. A set of 5% of the reflections from each data set was
set aside and used for monitoring Rg.. (37). Data collection
statistics for the different X-ray data sets are summarized in
Table 1A.

Structure Solution. The HjGA structure was initially
determined by MR with the automatic replacement program
MOLREP, included in the CCP4 program package, using
the initial orthorhombic data set, and using the coordinates
of A. awamori GA variant X100 [PDB entry 1GLM (20)]
as a search model. The A. awamori GA search model was
edited to remove all sugar moieties attached to the protein
molecule as N- and O-glycosylations and all solvent mol-
ecules before the MR experiments were carried out. All
reflections between 36.8 and 2.8 A resolution from the initial
HjGA data set were used for the MR solution. The MR
program found a single rotation function solution, with a
maximum of 11.10 above the background; the next highest
maximum was 3.8¢ above the background. The translation
function solution gave an Ry of 48.7% and a contrast factor
of 17.4. The MR solution was refined for 10 cycles of
restrained least-squares refinement using Refmac 5.0 (32).
This lowered the crystallographic Ry to 31.1%, while the
Ry value dropped from 42.2 to 41.1%.

Model Fitting and Refinement. The refined MR solution
model was used to calculate an initial density map from
the orthorhombic HjGA data set. Electron density for a
disulfide bridge between residues 19 and 26 of HjGA, a
disulfide bridge not present in the A. awamori variant X100
structure model, could readily be identified in this electron
density map. This was taken as an indication that the electron
density map was of sufficient quality to be used to build a
structure model of HjGA from its amino acid sequence. The
initial HjGA structure model, based on the 2.0 A resolution
data set, was refined with alternating cycles of model building
using Coot (33), and maximum likelihood refinement using
Refmac 5.0 (32).

The resolution of the initial Hi{GA structure model was
extended to a resolution of 1.85 A by refining the initial
HjGA structure model against the high-resolution synchrotron
data set for 10 cycles of restrained refinement using Refmac
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5.0. The monoclinic HjGA structure was determined by MR
using the refined high-resolution orthorhombic HjGA struc-
ture as a search model. The two high-resolution HjGA
structure models were refined with alternating cycles of
model building using O (34), and maximum likelihood
refinement using Refmac 5.0. The final two HjGA structure
models contain all amino acid residues from position 1 to
599, and the final Ryon and Rgee values for the structure
models are 15.5 and 18.2%, respectively, for the orthorhom-
bic structure model and 20.3 and 25.3%, respectively, for
the monoclinic structure model.

Most water molecules in the structure models were located
automatically by using the water picking protocols in the
refinement programs and then manually selected or discarded
by inspection by eye. A summary of refinement statistics
for the two structures is given in Table 1B.

All structural comparisons were made with either Coot
(33) or O (34), and figures were prepared with PyMOL (35).
Coordinates for the two HjGA structure models have been
deposited in the Protein Data Bank (36) as entries 2vn4 and
2vn7, respectively.
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