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ABSTRACT: Glycogen/starch synthase elongates glucan chains and is the key enzyme in the synthesis of glycogen
in bacteria and starch in plants. Cocrystallization of Escherichia coli wild-type glycogen synthase (GS) with
substrate ADPGIc and the glucan acceptor mimic HEPPSO produced a closed form of GS and suggests that
domain—domain closure accompanies glycogen synthesis. Cocrystallization of the inactive GS mutant E377A
with substrate ADPGIc and oligosaccharide results in the first oligosaccharide-bound glycogen synthase
structure. Four bound oligosaccharides are observed, one in the interdomain cleft (G6a) and three on the
N-terminal domain surface (G6b, G6c, and G6d). Extending from the center of the enzyme to the interdomain
cleft opening, G6a mostly interacts with the highly conserved N-terminal domain residues lining the cleft of GS.
The surface-bound oligosaccharides G6c and G6d have less interaction with enzyme and exhibit a more curled,
helixlike structural arrangement. The observation that oligosaccharides bind only to the N-terminal domain of
GS suggests that glycogen in vivo probably binds to only one side of the enzyme to ensure unencumbered
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interdomain movement, which is required for efficient, continuous glucan-chain synthesis.

Glycogen synthase (GS)' and starch synthase (SS) produce the
long o-1,4-linked glucan chain that forms the backbone of
glycogen in bacteria and starch in plants, using ADP-glucose
(ADPGIc) as a sugar donor (/). They share 32—40% sequence
identity, and both are members of the GT5 glycosyl transferase
(GT) family whose members all share the GT-B fold (2, 3). GT-B
fold enzymes are comprised of two domains separated by an
interdomain cleft where the active site is located.

Our structural studies of apo double mutant C7S/C409S
(dmGS) and ligand-bound wild-type Escherichia coli GS
(wtGS) as well as previously reported Agrobacterium tumefaciens
GS (AtGS) and Pyrococcus abyssi GS (PaGS) structures suggest
that a large interdomain motion is required to form the active
site of GS (4—06). It appears from the structural evidence that
this interdomain closure requires the binding of both ADPGlc
and glucan, as structures that lack either ADP or ADPGlc but
lack a glucan or glucan mimic adopt their open conforma-
tion (4, 5). This model therefore postulates that interdomain
motion accompanies glucan elongation catalyzed by GS. Speci-
fically, the two domains approach each other and generate a
competent active site for transfer of glucose from the substrate
ADPGIc to the growing glucan acceptor. Once this step is
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completed, the two domains must then open to release the
elongated glucan chain and the product ADP in anticipation of
the next turnover. It is therefore critically important to under-
stand the manner in which long-chain glucans bind GS both
within and outside of the active site of the enzyme.

To date, there is no structure of an oligosaccharide bound at
the active site for GS, SS, or glycogen phosphorylase (GP),
though the first structure of GP was published in the 1970s (7, 8).
The maltopentaose (G5)- or maltoheptaose (G7)-incubated GP
resulted in oligosaccharides binding in the glycogen storage site,
and the glucans were in helical conformations (9) as previously
suggested for glycogen (10, 11). However, a structure of mal-
todextrin phosphorylase (MalP), another GT-B-retaining en-
zyme similar to glycogen phosphorylase, bound to G5 does
show oligosaccharide binding in the active site (12, 13). The G5
in the MalP complex reveals a kink between the +1 and —1
sugars. Although most of the active site residues are conserved in
MalP, GS and SS, the residues responsible for glucan binding are
significantly less so. Thus, it is less clear that glucans will bind
similarly in the structures.

In contrast, the maltoporin—glucan structure shows long
malto-oligosaccharides bound in a channel and retaining a helical
conformation. On the basis of this evidence, translocation was
proposed to proceed in a screwlike fashion (/4). The smooth
surface of a greasy slide made of continuous aromatic amino acid
side chains punctuated by multiple hydrogen bonds may allow
glucan translocation with a relatively low energy barrier. We
noticed that there are several aromatic residues in the GS
interdomain cleft, suggesting that a similar mechanism was
possible for GS.

To elucidate the structural basis of glycogen binding to GS, we
have determined structures of a catalytically inactive E377A
mutant GS bound to maltohexaose. In this paper, we describe in
detail the modes of binding of oligosaccharides to GS, both in the
active site and on the surface of the N-terminal domain. Our
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results imply that the GS N-terminal domain contains the
binding sites for long-chain glycans, with no evidence for cross-
domain glycan interactions, consistent with the idea that sub-
strates bind independently to the two domains with closure only
occurring upon both substrates binding. These results are also
discussed in terms of various starch synthase enzymes.

EXPERIMENTAL PROCEDURES

Protein Expression, Purification, and Crystallization. E.
coli GS mutant E377A was overexpressed in E. coli and purified
as described previously (/5). The purified proteins were then
buffer-exchanged into 20 mM triethanolamine HCI (pH 7.5) and
5 mM DTT before being concentrated to ~5—9 mg/mL.

E. coli GS E377A (8.6 mg/mL) was cocrystallized with 5 mM
ADPGlIc and 5 mM Gé6 in buffer consisting of 40% (w/v) PEG
4000 and 0.1 M 4-(2-hydroxyethyl)piperazine-N'-2-hydroxypro-
panesulfonic acid (HEPPSO) (pH 7.5). Crystals with dimensions
of 0.05 mm x 0.05 mm x 0.05 mm were observed after 4 weeks,
and to the 3 uL crystal-containing drop was added a 2 uL soaking
solution containing well solution and 100 mM maltopentaose.

After 48 h, the G5-soaked crystal was harvested into a solution
of the mother liquor with 15% glycerol as the cryoprotectant and
flash-frozen. Diffraction data were collected at the Advanced
Photon Source DND-CAT, BM-5 beamline (Argonne National
Laboratory, Argonne, IL) to 2.29 A resolution and reduced and
scaled with X-GEN (76). One molecule was found per asym-
metric unit. Other crystal parameters and detailed data collection
statistics are listed in Table 1.

Structure Determination and Refinement. The structure
was initially positioned using MOLREP (Collaborative Compu-
tational Project, CCP4) (17) using the E. coli GS wtGSb (PDB
entry 2QZS) structure as a search model. Refinement and map
calculations were conducted with REFMACS (CCP4) (17). All
model building, including manual adjustments and fitting of
carbohydrate density, was performed using TURBO-FRO-
DO (18). Water molecules (201 total, with an average B factor
of 56.7) were added using Coot and inspected visually prior to
deposition. Five percent of the reflections were flagged as
“free” (19) and used to monitor the refinement. The final model
has good stereochemistry as evaluated by PROCHECK (CCP4)
(see Table 1 for pertinent values) (/7). The refined protein
structure has high B factors (51 A?), but this value was consistent
with the value suggested by the Wilson plot (62 A?).

RESULTS

Our previous results suggest that both ADPGlc and either a
glucan or glucan mimic are required to produce the catalytically
competent, closed conformation of GS. We have therefore used
the catalytically inactive, E377A mutant to cocrystallize the
mutant GS in the presence of both ADPGlc and maltohexaose.
The previous structures of the E377A—ADPGIlc—HEPPSO
and wt ECGS—ADP—glucose—HEPPSO complexes together
showed that E377 has dual roles in catalysis. It provides charge
stabilization to Lys305, which in turn stabilizes the negative
charge on the leaving group ADP, and it is critical in locating the
acceptor glucose moiety.

The refined structure contains virtually the entire polypeptide
chain lacking only the His-6 tag and the C-terminal Lys477. The
overall enzyme structure is very similar to that of the E377A—
ADP—HEPPSO structure, with the twin Rossmann fold do-
mains rotated together and adopting the catalytically competent,
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Table 1: Data and Model Statistics of the E. coli GS E377A—ADP—-G6
Complex

Data Processing Statistics

resolution? (A)
total no. of reflections”

97.13-2.29 (2.35-2.29)
335515 (25704)

multiplicity® 3.21 (2.47)
completeness” (%) 98.1(99.0)
Rineree™” (%) 8.5 (52.84)
Ijo™¢ 14.5 (1.06)
Refinement Statistics
Ryork” (%) 18.60
Rfrccc (%) 22.10
rmsd
bond lengths (A) 0.011
bond angles (deg) 1.43
Ramachandran Statistics
most favored (%) 90.4
additionally allowed (%) 9.3
generously allowed (%) 0.2
B Factor”
average B (Az) 48.42
protein 49.32
ADP 47.35
waters (201 total) 56.7
oligosaccharide at the G6a site 53.48
oligosaccharide at the G6b site 92.80
oligosaccharide at the G6c site 68.98
oligosaccharide at the G6d site 65.50
Protein Data Bank entry 3CX4

“The values in parentheses are those for the outermost shell. * Rinerge =
SowdlI(hy — LIS 4 id(h), where I(h) and I(h) are the ith and mean
measurements of the intensity of reflection h, respectively. “I/o is the
average ratio of the intensity and standard deviation of all reflections /
after averaging over their occurrences i. dRcrysl = Y ulFs — F> nFos
where F,, and F, are the observed and calculated structure factor amplitudes
of reflection /1, respectively. Ry is calculated as R,y with reflections that
were excluded from the refinement (5% of the data). Géa—d indicate the
four oligosaccharide binding sites in the interdomain cleft, near the cleft
opening, near loop 123—129, and loop 184—193, respectively.

closed conformation of the enzyme (Figure 1A) (6). The rmsd
between the two structures is in fact only 0.44 A. A summary of
the X-ray data and refinement statistics for the E. coli E377A—
ADP—G6 complex is shown in Table 1. The electron density
clearly shows four GS-bound oligosaccharides (Figure 1B and
Figures 1 and 2 of the Supporting Information). Oligosaccharide
residues are numbered from the reducing end to the nonreducing
end. They are numbered sequentially, beginning with G6a and
ending with G6d, though it should be remembered that four
distinct malto-oligosaccharides are bound to the enzyme.

The structure of E. coli GS E377A in complex with ADP and
oligosaccharides exhibits a typical GT-B fold organization, with
two Rossmann domains similar in size (N-terminus, residues
1-241; C-terminus, residues 250—457) and helical tail 18
(residues 458—476) returning from the C-terminal domain to
the N-terminal domain (Figure 1A). No changes are seen to the
helical tail between opened and closed conformations as there is
an intervening linker sequence that connects the C-terminal tail
to the rest of the C-terminus that serves as one of the hinge
regions for the conformational change (6). The o-weighted
difference Fourier map (2F, — F,) of the E377A GS—ADP-G6
complex showed continuous density in the interdomain active site
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FiGure 1: (A) Overall structure of E. coli GS E377A in complex with ADP and oligosaccharides. ADP and oligosaccharides are shown as sticks
(ADP carbons, cyan; oligosaccharide carbons, orange; oxygens, red; phosphates, green). The secondary structure elements that host residues
interacting with surface-bound oligosaccharides G6c and Go6d are labeled. (B) 2F, — F_ electron density map contoured at 1o with built-in
maltotriose at the G6a site, maltose at the G6b site, maltopentaose at the Géc site, and maltohexaose at the G6d site. The ADP molecule is shown

for reference. All atoms colored as in panel A.

cleft (“Gé6a site”), corresponding to three well-defined glucose
moieties extending from the active site toward the enzyme
surface. All protein residues that directly contact this oligosac-
charide are well-defined in the electron density map, and the
interaction scheme is illustrated in Figure 2. No density is evident
in the —1 site, however, where the ADP-glucose donor would be.
This is consistent with our structure of the E377A EcGS mutant
crystallized in the presence of ADPGlc and HEPPSO, which also
showed no evidence of a glucose moiety at the —1 position (6).
This was in contrast to the wild-type EcGS also crystallized in the

presence of ADPGlc and HEPPSO, which showed well-defined
density for a glucose molecule at this site. The difference is
rationalized as being due to the loss of the critical interaction
between the side chain of Glu377 and O3 of the glucose moiety in
the E377A mutant, resulting in the loss of the enzyme’s ability to
bind a glucose moiety at the —1 position.

The +1 sugar is buried close to the ADP in the interdomain
cleft (Figure 1A). Its 4-hydroxyl makes a hydrogen bond (2.6 A)
to the ADP phosphate O3B atom (Figure 2). Bidentate hydrogen
bonds are made between the 2- and 3-hydroxyls and the Asp137
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FIGURE 2: Schematic diagram of interactions between bound oligosaccharides and enzyme GS.

OD2 atom (2.4 and 2.7 A, respectively). Its 6-hydroxyl group is
close to the loop (containing residues 9—19) that hosts the

KsTGGL motif, which is highly conserved throughout the GS
and SS family (Figure 3). The 6-hydroxyl of the +1 sugar makes
hydrogen bonds with the backbone amides of Gly17 (2.9 A) and
Gly18 (3.1 A) and with the side chain of Glu 9 (3.3 A) (Figure 2).

The sugar at subsite +2 stacks against Tyr95 (3.80 A) forming
the lone aromatic stacking interaction between the bound
oligosaccharide and GS (Figure 2). The 3-hydroxyl makes
interactions with the His139 imidazole NE2 atom (2.8 A) and
Trp138 indole NEI atom (2.9 A) The 6-hydroxyl makes a
hydrogen bond to the Thrl6 side chain (3.2 A) The sugar at
subsite +3 interacts with the His96 ND1 atom via its 3-hydroxyl
(2.85 A). In addition, its 6- hydroxyl group makes a hydrogen
bond to the Arg300 amide and is in van der Waals contact with
Thr302, which represent the only interactions between any
oligosaccharide and the GS C-terminal domain.

Three other oligosaccharide chains are observed at G6b, G6c,
and G6d sites on the N-terminal domain surface (Figure 1A). The
Go6b site is close to the interdomain cleft opening, and the +4
sugar at the G6b site is approximately 6.5 A from the +3 sugar at
the Goa site. In contrast, the Goc and G6d sites are quite far from

the interdomain cleft opening, and the shortest distances between
the G6a and Géc oligosaccharides and between the G6a and G6d
oligosaccharides are approximately 29 and 22 A, respectively.
Two glucose rings (+4 and +5) are found at the G6b site, and the
electron density map is shown in Figure 1B. The +4 sugar OH-2
and OH-3 groups interact with the GIn194 side chain (2.73 and
3.09 A, respectively). The +5 sugar 2-hydroxyl forms a close
hydrogen bond to the His173 Ne atom (2.39 A). The +5 sugar
6-hydroxymethyl group is within hydrogen bonding distance of
the Tyr103 main-chain oxygen (3.22 A) (Figure 1B).

The oligosaccharide at the Go6c site consists of five glucose
rings and is near the 33 (residues 55—358) and 54 (69—73) strands
of the f-sheet, and the loop encompassing residues 123—129
(Figure 1). The oligosaccharide at G6d is comprised of six glucose
units and is located between helix a8 (residues 229—237) and the
loop containing residues 184—193 (connecting a5 and /9)
(Figure 1A). Unlike the extended oligosaccharide residing in
the Go6a interdomain channel-binding site, both G6c and G6d
adopt an almost circular conformation reminiscent of a cyclo-
dextrin (Figure 2).

The oligosaccharide at the G6c site interacts with GS only at
subsites +7 and 48 (Figure 2). The 47 sugar’s 6-hydroxyl group
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FIGURE 3: Sequence alignment of glycogen synthase and starch synthase enzymes. The organism for each is given. The GenBank accession
numbers are P08323 (E. coli) (20), NP_534560 (A. tumefaciens) (21, 22), NM_103023 (Arabidopsis thaliana GBSS), and NM_110984 (A. thaliana
SS II). Residues that are identical to E. coli GS are shaded yellow. Alignment was performed using the DNASTAR program suite.

makes a hydrogen bond with the GIn55 NE2 atom (3.16 A). The
Asp125 carboxyl group forms tight, “double-handle” hydro-
gen bonds with the 2- and 3-hydroxyl groups of the +8 sugar
(with distances of 2.5 and 2.60 A, respectively). In addition, the
+8 sugar 2-hydroxyl contacts the Arg38 side chain (2.97 A)
The oligosaccharide at G6d is the most circular oligosaccharide
among the four bound to GS. In fact, the initial (+11) sugar’s 3-
hydroxyl makes a 2.65 A hydrogen bond with the 416 sugar’s 1-
hydroxyl, stabilizing the circular conformation. The interaction
between the oligosaccharide at the G6d site and protein occurs at
one end of the oligosaccharide circle, in particular, at subsites
+11, +12, and +13 (Figure 2). The Ilel86 backbone amide
hydrogen bonds to the +11 sugar 6-hydroxyl (2.61 A) The
Lys199 side chain makes hydrogen bonds with the 2- and 3-
hydroxyl groups (with distances of 2.94 and 3.19 A, respectively)
of the +12 sugar. On the other face of the +12 sugar, Gly227 and
Gly230 both make hydrogen bonds with the 6-hydroxyl group
(2.70 and 2.94 A, respectively). At subsite +13, double-handle
hydrogen bonds once more occur, this time between the 2- and 3-
hydroxyls of the sugar and the Glu190 carboxyl group (2.88 and
2.86A, respectively). In addition, the 413 sugar 3-hydroxyl group
makes a hydrogen bond to the Asn192 backbone amide (2.75 A).
Among the 16 sugar moieties bound in the E377A—ADP—G6
complex (three in the Gb6a site, two in the G6b site, five in the G6c
site, and six in the G6d site), 12 of the glucose hydroxymethyl
groups adopt the gauche—gauche (gg) conformation while three
adopt a gauche—trans (g¢) conformation. The 6-hydroxyl of the
+2 sugar is in close contact with the Thr16 hydroxyl side chain,

and the O5—C5—C6—06 and C4—C5—C6—06 torsion angles
are 129.13° and —106.44°, respectively, moderately beyond the
definition of a gauche conformation (30—90° or —30° to —90°).
The prevalent low-energy gr and gg conformations of the
hydroxymethyl group are largely reinforced by their interaction
with the intraring OS5 atom (2.98 A) (Figure 2).

DISCUSSION

Overall Structural Comparison. The E377A GS-—
ADP—G6 complex crystal was obtained by cocrystallization of
E377A GS with ADPGlc and G6 followed by soaking for 48 h in
100 mM GS. The two-domain enzyme GS displays a closed
conformation when bound to HEPPSO, ADP, and glucose,
which is partly due to the presence of HEPPSO in the inter-
domain cleft (6). Cocrystallization and further soaking with
oligosaccharides bring four oligosaccharides to GS E377A, one
bound in the interdomain cleft overlapping the HEPPSO binding
site and three bound on the surface of the N-terminal domain.
However, the closed conformation is maintained, and in fact, the
crystal form and cell dimensions are identical to those of the
E377A GS—HEPPSO—ADP structure previously determined (6)
(Table 1). The rmsd between the Ca atoms of the E377A—
ADP—HEPPSO complex and the E377A—ADP—G6 complex is
only 0.34 A (23). Therefore, neither the crystal packing nor the
protein structural organization of GS was affected by replace-
ment of HEPPSO inside the interdomain channel with oligosac-
charide or by oligosaccharide binding on the enzyme surface. The
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FiGUurE 4: Arg300 side chain that flips out of the GS active site and
stays close to Ala329 and Gly330 (shown as sticks with carbons
colored hot pink) in the structures of the apo E. coli GS double
mutant (dmGS, C7S/C408S, R300 carbon in yellow), E. coli GS
E377A complexed with ADPGlc (6) (R300 carbon in magenta), apo-
AtGS [PDB entry 1rzv, R299 (equivalent to E. coli GS R300) carbon
in orange], and apo PaGS [PDB entry 2bis, R257 (equivalent to E.
coli GS R300) carbon in cyan]. The Arg300 side chain is close to the
ADP moiety in ligand-bound GS structures, such as ADP, Glc-
bound wtGS (PDB entry 2qzs, R300 carbon in green), oligosacchar-
ide-bound E377A (R300 carbon in blue), and ADP-bound AtGS
[PDB entry 1rzu, R299 (equivalent to E. coli GS R300) carbon in
white]. The ADP molecule in the AtGS complex is uniformly colored
white. The carbon atoms of ADP and the glucose molecule in the wt
GS complex are colored green. The ADP in the oligosaccharide-
bound E377A structure occupies a superimposable position relative
to the wt GS complex and is not shown for the sake of clarity.
Maltotriose bound in the E377A complex is shown as sticks, and its
carbon atoms are colored blue. ADPGIc in the E377A complex is
shown as lines and colored magenta. Hydrogen bonds between the
side chain of Arg300 and its equivalent residue in AtGS and PaGS are
shown as dotted lines. Residues are labeled according to the E. coli
GS sequence.

few observed side-chain conformational changes upon oligosac-
charide binding occur on His139, whose imidazole ring moves
1.03 A to form a hydrogen bond to the +2 sugar, and Ile186,
which rotates its side chain to avoid being too close to the +11
sugar’s 4-hydroxyl group (otherwise, the distance would be ~1.8
A).

Arg300 Conformational Change upon Ligand Binding.
The ADP—glucose—HEPPSO wt GS structure reveals that
Arg300 tightly interacts with the ADP phosphate group in the
active site, acting to stabilize developing negative charge on the
ADPGlIc phosphate to facilitate its departure from the glucose
moiety (Figure 4) (6). Mutating Arg300 to Ala decreases enzyme
activity 2600-fold (24). The oligosaccharide-bound GS reported
here demonstrates a conformation of Arg300 virtually identical
to that in the ADP, glucose-bound wt GS structure. The Arg300
side-chain NE and NH2 atoms are in the proximity of the ADP
phosphate O2B (2.82 A) and OIB (2.92 A) atoms, and a long
hydrogen bond (3.32 A) is formed between the +3 sugar 6-
hydroxyl and the Arg300 NH1 group (Figure 4). The involve-
ment of Arg300 with the ADP moiety in the GS active site was
also reported for ADP-bound AtGS, though it was not identical
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due to displacement of the phosphate (4). In contrast, when there
is no ligand in the active site as in apo-dmGS, apo-AtGS, and
apo-PaGS structures, the Arg300 (Arg299 in AtGS and Arg257
in PaGS) side chain flips out of the active site toward the loop of
residues 327—331 where it is stabilized by a hydrogen bond from
the Ala329 backbone amide and several van der Waals interac-
tions with Ala329 and Gly330. It appears that the Arg300 side
chain switches in and out of the GS active site in response to the
binding of ligand ADP. However, the E377A EcGS complex
structure obtained by soaking with ADPGIc is an exception
because Arg300 remains close to the loop of residues 327—331
even though the ADP moiety is present in this structure. The
distance between the Arg300 NH2 group and the phosphate O1B
atom is approximately 10.4 A. For a possible explanation for this
result, recall that Glu377 forms hydrogen bonds from its carboxyl
side chain to the glucose 2-hydroxyl in wt GS complexed with
ADP and glucose. The E377A mutant lacks such a hydrogen
bond, causing the glucose moiety to become disordered in the
active site, possibly displacing Arg300. As a result, the Arg300
side chain may move out of the active site to avoid colliding with
the now mobile glucose moiety of ADPGlc. Consistent with this
idea, we do see some density for glucose in this space, though the
density is too weak to build in the glucose moiety with confidence.
To summarize, our structural results indicate that Arg300 plays
the important catalytic role of stabilizing negative charge on the
leaving group ADP. In the absence of the ADP moiety, Arg300
adopts a conformation outside the active site awaiting the
binding of substrate.

Subsite 1. Superimposition of the G5-bound MalP structure
(PDB entry 1L6I) and the E377A—ADP—G6 complex structure
reveals that the +1 sugar in the E377A—ADP—G6 complex
occupies an almost identical position to the second glucose +997
of maltopentaose in the G5-bound MalP, and the rest of the
glucose units follow a similar path (12, 25) (Figure 5). The edge
glucose +998 in the G5-bound MalP complex overlaid well with
the glucose molecule in the ADP—glucose—wt GS complex (PDB
entry 2QZS) and presumably reflects the conformation of
transferred glucose (—1 sugar) in GS (Figure 5). In both G5-
bound MalP (/2) and oligosaccharide-bound GS, the glucose at
the MalP +998 sugar position (—1 sugar in GS) is involved in a
number of hydrogen bonds from the protein which probably
provides incentive for the abrupt kink between the +998 and
+997 sugar and the 174.73° glycosidic angle that deviates
significantly from the average value of 110° for a regular
polysaccharide (Table 2) (15). In short, it appears that MalP
and GS share an oligosaccharide binding site beyond the two
critical sugar moieties involved in the transfer reaction.

Binding Site Analysis. Three sugar units are visible along the
interdomain cleft in the electron density map, which means that
at least two sugar units are missing as GS was cocrystallized with
G6 and soaked with G35. They are likely to be disordered, as there
are few opportunities to make strong interactions with the
protein on the surface. Actually, the reducing sugar in subsite
+3 isin the o configuration and not the f configuration, which is
the more favored configuration for a terminal glucose residue.
We suggest that this hydroxyl group is not the reducing end of the
oligosaccharide chain and that there are at least two more o-1,4
glycosidic linkages that are invisible due to disorder.

The glucose units of the oligosaccharides in the GS E377A
complex adopt the typical *C, chair conformation (26). The
surface-bound oligosaccharides in the G6b and Goc sites dis-
play a pseudohelical structure with preferred a-1,4 linkages, in
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FIGURE 5: Superposition of the active site-bound oligosaccharide in the GS E377A—G6 complex (sticks, carbon in green, oxygen in red) and
MalP—G5 (PDB entry 1L6I) complex (sticks, carbon in yellow, oxygen in red). The glucose (sticks, carbon in blue, oxygen in red) at subsite —1 in
the ADP, Glc-bound wt GS structure (PDB entry 2QZS) is included. The GS residues interacting with oligosaccharide are shown as green lines,
while the comparable residues in MalP are shown as yellow lines. ADP in E377A complex is also shown as lines (carbon in green, oxygen in blue,
nitrogen in blue, phosphorus in marine). The phosphate in the active site of the MalP complex is also colored by atom (phosphorusin gray, oxygen
in red). HEPPSO, which occupies a position comparable to that of oligosaccharide in the interdomain cleft in ADP, Glc-bound wt GS structure,

was omitted for the sake of clarity.

agreement with the glycogen-chain model proposed by
Sundaralingam (27) and Goldsmith et al. (/7). The helical
conformation of the glycogen main chain was termed a mini-
mum-energy conformation that has a characteristic intramole-
cular hydrogen bond between the 2-hydroxyl from one
glucopyranose ring and the 3-hydroxyl of the adjacent glucopy-
ranose (11, 27) . Such 03,—02,_, hydrogen bonds are retained
between most glucosyl units of G6b and Goéc (Table 2). In
contrast, being held in the narrow interdomain cleft and possessing
a relatively rich interaction with the protein, G6a was forced into an
extended conformation that lacks O3,—02,—; hydrogen bonds.
The oligosaccharide at the G6a site in the GS interdomain cleft
is in a most intimate association with the active site, and most
interacting residues are highly conserved throughout the GS, SS,
MalP, and GP families. Mutating them, for example, Asp137,
Glu9, Hisl39, or Tyr95, decreased GS specific activity to a
varying extent (/5; A. Yep and J. Preiss, unpublished results).
A close inspection of the overlaid G5—MalP complex (PDB
entry 1L6I) (25) and the E377A—ADP—G6 structure revealed
that those conserved residues line the interdomain cleft and in-
teract with the oligosaccharide in a virtually identical manner
(Figure 5). This suggests that the glucan chain-binding channel is
constructed in a very similar way in these enzymes to guide
substrate into or acceptor out of the deeply buried catalytic site in
MalP and GS, and this conclusion may apply to other GT-B fold-
retaining polysaccharide processing enzymes. It is noteworthy
that mutating the conserved residues described above along the
interdomain catalytic channel increases the Ky; of shorter

oligosaccharides for EcGS but barely alters the glycogen affi-
nity (24). Mutant E9A, for example, displays a 135-fold decrease
in specific activity but shows no changes in affinity for glycogen
or ADPGlc compared to those of wt GS. When it was assayed
with maltotriose as a substrate, the affinity for the oligosacchar-
ide decreased 7-fold and the V,,,, exhibited a 1580-fold decrease
(A. Yep and J. Preiss, unpublished results). Our structure pro-
vides a possible explanation for these observations. Glycogen is
a very long, branched glucan chain, certainly long enough that
a single molecule of glycogen will likely span all four of the glycan
binding sites identified in our structure, though they are 22—29 A
from the active site glycan binding site. The binding of glycogen
would therefore not be exclusively dependent on the glycan
binding site adjacent to the active site and will therefore be less
sensitive to mutations of this binding site. However, a short-chain
glycan is too short to reach either of the other two sites, and its
binding affinity is therefore dependent exclusively on binding at
or near the active site, where the mutated residues mentioned
above reside. Consistent with this hypothesis is the fact that the
activity of wt GS with glycogen as substrate is at least 10-fold
higher [per milligram of glycan substrate; for example, 24.5 nmol
of glucose transferred in 15 min at 25 mM (29 mg/mL)
maltoheptaose vs 25.1 nmol for glycogen at 2.5 mg/mL] (28).
Further, it has been observed that while glucose is not a substrate
of the enzyme, maltose, maltotriose, and maltotetraose are all
substrates and are progressively better with longer chain lengths
(2, 13.5, and 21.9 nmol of glucose transferred in 15 min for
25 mM maltose, maltotriose, and maltotetraose, respectively).
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Table 2: Conformations of Oligosaccharides Bound to GS and MalP

¢“ (deg) 9" (deg) 7°(deg) 02,03, (A)

Goa
(+1G)—(+2G) 99.48  120.22 114.33 3.05
(+2G)—(+3G) 66.15 85.06 106.00 3.76
Go6b
(+4G)—(+5G) 95.10  115.07 108.66 3.14
Go6c
(+6G)—(+7G) 101.96  100.76 113.00 2.85
(+7G)—(+8G) 102.50  125.86 114.16 2.92
(+8G)—(+9G) 107.60  124.62 111.48 2.83
(+9G)—(+10G) 101.58  114.42 109.21 2.96
Go6d
(+11G)—(+12G) 86.32 —51.41 114.64 5.53
(+12G)—(+13G) 101.52  119.05 115.51 3.18
(+13G)—(+14G) 120.20  123.68 116.15 2.78
(+14G)—(+15G) 114.47  128.36 114.49 2.84
(+15G)—(+16G) 47.01 10443 110.60 4.95

maltopentaose bound to
MalP (PDB entry 1L61)

998—997 [equivalent 7196 59 —174.73 4.59
to (~1G)—(+1G)]

997—996 [equivalent ~ 102.93  109.82  112.92 2.66
to (+1G)—(+2G)]

996—995 [equivalent 8119 100.03  110.99 348

to (+2G)—(+3G)]

“05(n)—C1(n)—04(n+1)—C4(n+1). *C1(n)—O4(n+1)—C4(n+1)—C3-
(n+1). “Glycosidic linkage angle: C1(n)—04(n+1)—C4(n+1).

On the other hand, maltodextrins longer than four units cause
little improvement in the rate (25 mM maltoheptaose gives 24.5
nmol of glucose transferred in 15 min). These results are
consistent with our structure which shows that the first three
glucose units tightly interact with EcGS in the active site, while
the glucose units beyond three are disordered and do not
apparently make strong interactions with the enzyme (28).

In contrast to the interdomain catalytic cleft, none of the
residues at the G6c binding site are conserved in SS. However,
five of seven residues interacting with surface-bound G6d use
their backbone amide group. The Lys199 that forms a salt bridge
to the +12 sugar is conserved in granule-bound starch synthase
(GBSS) (Figure 3).

We compared several SS sequences with GS and found that
there is a considerable insertion in GBSSI (K»;9YFSGPYGE)
and SSII (C4;YGDG) (Figure 3; only the Arabidopsis SS
sequences are shown in Figure 3, but insertions of varying length
are seen in all the SS sequences we examined) in the loop of
residues 123—129 which is in the proximity of the bound
maltopentaose at the G6c binding site (Figure 1). An insertion
similar in length was also found at the G6d binding site in the
loop of residues 190—199 in GBSSI (Y,34EKPQK) and SSII
(PspoVGG) (Figures 1 and 3). These elongated loops are likely to
affect glucan-chain binding at these sites.

A significant twist was found at one end between the +11 and
+12 sugar moieties in G6d, probably preventing clashes with
helix a8 (residues 229—237). The entire +11 sugar deviates 121.8°
from the helical track suggested by the rest of G6d as the Cl
(+11)—04 (+12)—C4 (+12)—C3 (+12) angle becomes —51.41°,
considerably different from the average value for a regular helix
(110 £ 10°) (Table 2), but still in the allowed region. The +11
sugar forms a hydrogen bond to the +16 sugar 1-hydroxyl group,
the 412 sugar 3-hydroxyl, and the Ile186 backbone amide.
Overall, the oligosaccharide at G6d is more like a 5-cyclodextrin
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with one missing glucose unit than a standard glycogen helix.
This finding suggests that when glycogen binds to GS, a moderate
alteration in helical conformation is possible as the local enzyme
surface dictates.

Binding Mode Analysis. Distinct bidentate hydrogen
bonds from a protein carboxyl side chain to the adjacent sugar
2-hydroxyl and 3-hydroxyl groups are observed at most binding
sites (Asp137 at the G6a site, Asp125 at the Goc site, and Glu190
at the G6d site) and attracted our attention. Such a “bidentate”
interaction was also seen in the polar interaction between the
Lys199 side-chain NA atom and the +12 sugar. Removing the
Aspl37 carboxyl group from the interdomain catalytic cleft
causes an 8140-fold decrease in GS enzyme activity (24). Since
the +1 sugar is the immediate acceptor from the glucose of the
substrate ADPGlc, its orientation is presumably critical to
transfer efficiency and the bidentate hydrogen bonds from
Aspl137 probably play an important role in correctly positioning
the 41 sugar (Figure 5). In contrast, the carbohydrate—aromatic
interaction usually seen with sugar-processing proteins such as
starch phorphorylase (29), endoglucanase CelA(30), and mal-
todextrin translocation protein maltoporin(/4) is rare in our
oligosaccharide-bound GS complex (only between Tyr95 and the
+2 sugar). It appears that GS predominantly relies on hydrogen
bonding and van der Waals contacts, particularly in the double-
handle manner, to recognize and orient glycogen.

According to the mechanism proposed from our open apo-
dmGS and closed ADP, glucose-bound wild-type GS structures,
a large interdomain opening is required in each catalytic cycle as
domain—domain closure forms the competent active site in the
center and domain—domain opening leads to product release. On
the basis of the fact that all three surface-bound oligosaccharides
at the G6b, G6c, and G6d sites are located on the N-terminal
domain of GS, one can conclude that glycogen binds to one
domain, which means that domain—domain movement is free of
constraints that could result from a two-domain spanning poly-
glucan. GS and SS share 32—40% sequence identity and are
expected to share the same GT-B fold (Figure 3). The character-
isticof a GT-B fold enzyme is that its last ~20 C-terminal residues
form a helix that crosses over from the C-terminal domain to join
the N-terminal domain. Sequence alignment among E. coli GS
and SS isoforms (GBSS, SSI, SSII, and SSIII) shows that there
are ~70 and ~25 residues at the beginning of the GBSS
N-terminus and the C-terminus, respectively (Figure 3; note that
the alignment starts at amino acid 84 for GBSS and residue
301 for SSII). Given the location of the N-terminus in the
structure, the two extensions in GBSS could potentially cluster
together and form an extra domain on the N-terminal domain
side of the protein. The N-terminal truncation of maize SSI
considerably decreases the affinity of the enzyme for amylopec-
tin, indicating that the SS N-terminal extension modulates
binding to long-chain polymers (37). This would therefore still
be consistent with our conclusion from the oligosaccharide-
bound GS structure that the N-terminal domain is responsible
for glucan-chain binding, leaving the C-terminal domain free to
open and close throughout the catalytic cycle.

Mechanistic Considerations. Our oligosaccharide-bound
ECGS structure is consistent with the mechanism proposed for
both GS and other GT-B family retaining glycosyl transferases
(see Figure 4 of ref 6) (2, 12). In this mechanism, the highly
conserved residues Arg300 and Lys305 serve to stabilize the
developing negative charge on the leaving group ADP phos-
phate. As in the MalP oligosaccharide-bound structure, the only
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other structure from this family that shows binding of the
acceptor glycan in the active site, there is a direct hydrogen
bonding interaction between the 4-hydroxyl group of the accep-
tor sugar and the leaving group phosphate, strongly indicating
direct communication between the nucleophile and leaving group
in the catalysis. This is consistent with an Sni-like mechanism,
where interaction with the nucleophile is required for the
labilization of the leaving group. A possibility here is that the
4-hydroxyl of the acceptor glycan actually donates the proton to
the ADP leaving group, resulting in a significantly more active,
deprotonated alcohol nucleophile as well. The lack of any
binding in the —1 glucose donor binding site in the E377A
mutant GS structure presented here is further proof of the
importance of Glu377 in positioning the donor glucose moiety.
Except for the loss of Glu377, the donor glucose binding site is
unchanged in this structure, indicating that no significant change
to this site occurs upon binding glycan. However, the absence of
donor glucose occupancy in this structure means that no further
light is shed regarding the issue of whether a double-displacement
mechanism occurs or whether a transient oxo-carbenium cation
is stabilized in the active site.
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