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Summary

Trehalose is a nonreducing disaccharide that plays a
major role in many organisms, most notably in survival
and stress responses. In Mycobacterium tuberculosis,
it plays a central role as the carbohydrate core of
numerous immunogenic glycolipids including “cord
factor” (trehalose 6,6’-dimycolate). The classical path-
way for trehalose synthesis involves the condensation
of UDP-glucose and glucose-6-phosphate to afford
trehalose-6-phosphate, catalyzed by the retaining gly-
cosyltransferase OtsA. The configurations of two an-
omeric positions are set simultaneously, resulting in
the formation of a double glycoside. The three-dimen-
sional structure of the Escherichia coli OtsA, in com-
plex with both UDP and glucose-6-phosphate, reveals
the active site at the interface of two B/a/f3 domains.
The overall structure and the intimate details of the
catalytic machinery reveal a striking similarity to gly-
cogen phosphorylase, indicating a strong evolutionary
link and suggesting a common catalytic mechanism.

Introduction

Trehalose, a-D-glucopyranosyl a-D-glucopyranoside, is
an unusual, nonreducing disaccharide widely distrib-
uted in a large range of organisms and characterized
most notably in insect, plant, and microbial cells. Its
production is often associated with physiological
stresses such as osmotic and heat shock, sporulation,
and dehydration. It has unique water-retention proper-
ties, allowing resurrection plants to survive almost com-
plete desiccation [1], which has led to its widespread
use in the food and pharmaceutical industries [2, 3]. In
insects, it is not only a major energy storage form for
glucose, where it substitutes for glycogen, but emerging
work also shows a role in anoxic tolerance and develop-
ment [4]. Trehalose and its metabolism are increasingly
relevant to bacterial persistence processes [5], and per-
haps the most well-documented role for trehalose is in
mycobacteria, where it is produced constitutively and
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involved in the formation of numerous glycolipids [6,
7] including the potently-immunogenic trehalose 6,6'-
dimycolate (cord factor). While M. tuberculosis presents
three alternative pathways for trehalose synthesis [7],
most organisms synthesize trehalose in a two-step pro-
cess catalyzed by the OtsA and OtsB proteins.

OtsA is a UDP-glucose (UDP-Gic) dependent glyco-
syltransferase. It catalyzes the synthesis of trehalose-
6-phosphate using UDP-Glc as donor and the o anomer
of glucose-6-phosphate (Glc-6-P) as the acceptor. The
reaction occurs with net retention of the anomeric con-
figuration of the donor sugar (Figure 1A) and results in
the formation of a double glycosidic linkage (Figure 1B),
generating trehalose-6-phosphate as product (Figure
1C). Trehalose-6-phosphate is subsequently dephos-
phorylated in a reaction catalyzed by OtsB, a trehalose
phosphatase to yield trehalose. Seventy-three (as 08/
28/02) independent OtsA-like sequences are known, de-
rived from across a wide taxonomic landscape, and are
classified into the carbohydrate active enzymes (CAZy)
family GT-20; one of the 60 sequence-derived families
for open-reading frames (ORFs) encoding glycosyltrans-
ferases [8-10].

Mechanistic considerations are central to glycosyl-
transferase research. They underpin both fundamental
studies and applications while also providing the frame-
work for therapeutic inhibition of these enzymes. The
glycosyl transfer reaction may proceed with one of two
possible stereochemical outcomes: the configuration of
the anomeric center may either be inverted or retained
during the transfer event (Figure 1). Different enzymes
perform the reaction with strict stereochemical control
and are thus classified as inverting or retaining. Glycosyl
transfer with inversion of configuration is a conceptually
straightforward reaction involving a concerted S\2-like
single displacement in which the acceptor sugar attacks
the anomeric center from the opposite face concomitant
with leaving-group departure. In addition to stabilization
of the oxocarbenium-ion like transition state, the en-
zyme provides a general base function, typically a car-
boxylate, to activate the acceptor nucleophile through
deprotonation [reviewed in 11].

The mechanism of glycosyl transfer with net retention
of anomeric configuration is less clear [for discussion
see 12, 13]. Although the hydrolysis of glycosides with
net retention of anomeric configuration clearly involves
the formation and subsequent breakdown of a covalent
reaction intermediate [14, and for review see 15, 16],
evidence for a similar double-displacement reaction for
glycosyl transfer from activated sugar donors, such as
nucleotide sugars, has not been forthcoming. This has
led to consideration of a variety of mechanisms includ-
ing classical double displacement with enzymatic nu-
cleophile [17, 18], double-displacement with intramolec-
ular attack of phosphate [19], or the acceptor itself [20];
Syi “internal return-like” mechanisms [13, 20]; and long-
lived glycosyl cation intermediates (as proposed for gly-
cogen phosphorylases [21]). So far, none of the mecha-
nistic candidates is ultimately persuasive.
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Figure 1. Glycosyltransfer with Inversion and Retention

(A) The synthesis of glycosidic bonds from activated nucleotide-
sugar donors may proceed with either inversion or retention of an-
omeric configuration. (B) The formation of nonreducing double gly-
cosides is unusual in that it involves the formation of two glycosidic
linkages. (C) The reaction catalyzed by OtsA: the transfer of glucose,
from UDP-Glucose to glucose-6-phosphate to generate trehalose-
6-phosphate. T-6-P is subsequently dephosphorylated by OtsB to
yield a,a-1,1 trehalose.

The mechanistic conundrums surrounding glycosyl
transfer, together with the vast importance of the reac-
tions themselves, have, in recent years, led to increased
interest in the three-dimensional structures of glycosyl-
transferases. Yet, in contrast to the abundance of se-
quence data, three-dimensional structures for these
enzymes remains scarce. To date, structures for repre-
sentatives of only nine of the CAZy glycosyltransferases
families (compared to approximately fifty of the eighty
glycoside hydrolase families) have been determined,
and seven of these are for the conceptually simpler
inverting class of glycosyltransferase [reviewed in 11].
Just two families of retaining nucleotide-sugar-depen-
dent enzymes have representative three-dimensional
structures, GT-6 and GT-8. Two family GT-8 structures
have been reported, the «-1,4-galactosyl transferase
LgtC from Neisseria meningitides [20] and rabbit muscle
glycogenin [18], and three family GT-6 structures have
been reported, the bovine «-1,3-galactosyl-transferase
[13, 17] and the human blood group glycosyltransfer-
ases GTA and GTB [22]. It is notable that, in stark con-
trast to the large diversity of folds displayed by the
glycoside hydrolase families [23, 24], only two protein
topologies have been observed for nucleotide-sugar-
dependent glycosyltransferases [25]. These canonical
folds have been described as “fold family GT-A and
GT-B” corresponding to the prototypical SpsA [26] and
T4 Glc transferase [27] structures, respectively. Elegant
sequence work suggests that many of the remaining
fifty-plus sequence-derived families will also utilize one
of these two scaffolds [25, 28]. Thus far there have been
no structures determined for retaining nucleotide-sugar
glycosyltransferases that display the twin-Rossmann
GT-B fold.

OtsA, whose structure we report here, displays the
twin-Rossman GT-B fold, previously reported for some
inverting glycosyltransferases. Both the overall fold and

the intimate details of the catalytic center show a striking
similarity to glycogen and maltodextrin phosphorylases,
indicative of a conserved catalytic mechanism for glyco-
gen breakdown and the synthesis of glycosidic bonds
from UDP-sugar precursors.

Results and Discussion

The Three-Dimensional Structure of Trehalose-
6-Phosphate Synthase OtsA

E. coli OtsA in a (His);-tagged form may be over-
expressed in a standard pET-based system [29]. Modi-
fication of the growth conditions permitted structure
solution using the multiple-wavelength anomalous dis-
persion (MAD) method from a selenomethionyl-derived
protein The E. coli OtsA trehalose-6-phosphate syn-
thase structure, in abortive complex with both UDP and
Glc-6-P, was determined by MAD with three wave-
lengths harnessing data to 3.1 Aresolutionand including
single wavelength data from a second Se-Met OtsA
crystal to 2.45 A (see Experimantal Procedures).

Light scattering data (not shown) show that overex-
pressed His-tagged OtsA exists as both dimers and
tetramers in equilibrium. It is not clear if this has any
biological significance, perhaps reflecting the ability of
a dimer to interact with the phosphatase OtsB (although
in E. coli, OtsA most likely exists as a discrete entity; in
some other organisms, such as Saccharomyces cerevi-
sae, OtsA and OtsB are associated into a multicompo-
nent complex [30]) or are merely an overexpression arti-
fact. The P2,2,2, crystal form contains four independent
copies of OtsA arranged as a 222 tetramer (Figure 2A).
The noncrystallographic symmetry was harnessed
throughout structure solution and was essential both
for phase improvement through noncrystallographic
symmetry averaging and for refinement through the in-
corporation of tight NCS-restraints (see Experimental
Procedures).

The final model structure, from residues 1-456 inclu-
sive (The C-terminal residues 457-478 are not visible in
density), has an R, of 0.19 with Ry.. 0.24. Two residues
are in forbidden regions of the Ramachandran plot,
Asp130 and Asn364; both are involved in substrate bind-
ing, described below. OtsA displays two domains, each
of the B/a/B Rossmann-fold type, with a deep fissure
at the interface forming the catalytic center. The two
domains of each of the four molecules of OtsA, de-
scribed below, display varying degrees of rigid-body
motion in-crystal, highlighting the potential for domain
opening and closing even within the constraints of the
crystal lattice. Such motion of the N- and C-terminal
domains of OtsA necessitated use of TLS (translation,
libration, screw-rotation) refinement [31]. Mean transla-
tional and librational components to the TLS parameters
range from 0.1 A and 3° for the N-terminal domain of
molecule A through to 1 A and over 6.6° for the N-ter-
minal domain of molecule C, presumably arising from
the comparative paucity of molecule C lattice-contacts
and reflected in extremely poor electron density for this
highly mobile domain (Table 1).

The N-terminal domain, residues 1-225, has a central
core of seven parallel 8 strands flanked at either end of
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Figure 2. Three-Dimensional Structure of Trehalose-6-Phosphate Synthase

(A) The tetramer of OtsA as a mixed electrostatic surface/protein cartoon figure. Ligands, which bind at the interface of the N- and C-terminal
domains of each monomer, are shown in liquorice. This figure, in divergent (wall-eyed) stereo, was prepared using GRASP [48] (electrostatic
contour range from —15 [red] to +13 [blue]). (B) Three-dimensional structure of E. coli OtsA in divergent (wall-eyed) stereo, color-ramped
from residue 1 at the N terminus to residue 456 at the C terminus. The ligands, Glc-6-P and UDP, are shown in ball-and-stick representation,
as are residues Asp130, His154, and Arg300. This figure was drawn with BOBSCRIPT [49]. (C) Observed electron density at the catalytic
center of OtsA in divergent (wall-eyed) stereo. The UDP and Glc-6-P are shown together with Asp130 and His154, which are conserved in
glycogen and maltodextrin phosphorylases®?. The location of the donor site, as observed in the maltodextrin phosphorylase?, is indicated.
Asp361 and Glu369, proposed GPGTF superfamily motif elements [28], are included for reference. The map shown is a maximum-likelihood
[45])/0 s [60] weighted 2F,¢-F.c map contoured at 0.23 electrons / A (1.50).

the sheet with a single, anti-parallel strand, together with a central parallel 3 sheet of six strands flanked by
with six associated helices (Figure 2B). The C-terminal seven flanking « helices. The C-terminal helix undergoes
domain (226-456) is also of Rossmann-fold topology a kink at residue 438 at the interface of the two domains
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Table 1. Multiple-Wavelength Anomalous Dispersion Data Quality and Statistics for the UDP and Glc-6-Phosphate Complex of OtsA

Peak Inflection Remote High Resolution
Data quality
Wavelength (A) 0.97926 0.97950 0.93920 0.93920
Resolution of data (A) 20-3.1 20-3.1 20-3.1 20.0-2.45
(Resolution of outer shell) 3.2-31 3.2-3.1 3.2-31 2.54-2.45
®Rmerge (OUter shell) 0.08 (0.42) 0.09 (0.49) 0.063 (0.30) 0.056 (0.43)
Mean /ol 15 (3.3) 14 (2.7) 19 (4.9) 17 (2.4)
Completeness % 99.6 (99.0) 99.6 (99.0) 99.6 (98.6) 99.9 (99.5)
Multiplicity’ 3.7 (3.4) 3.7(3.4) 3.6 (3.3) 2.8 (2.3)
Refinement statistics
Reyst 0.19
Riree 0.24
Rms bond deviation (A) 0.019
Rms angle deviation (°) 1.95
Rms chiral volumes (A% 0.145
NCS deviations, (N domain/C domain, A) A-B A-C A-D
0.03/0.06 0.02/0.07 0.03/0.05
Ramachandran Outliers (%)? 2.8
Mean B protein atoms molecules A-D (AZ) A B C D
33 33 33 35

"These values reflect treating hkl and —h, —k—I independently during scaling. Overall multiplicity is therefore approximately twice the value

shown.

2Calculated using Uppsala Ramachadran Server. See Kleywegt, G.J., and Jones, T.A. (1996). Phi/Psi-chology: Ramachandran revisited.

Structure 4, 1395-1400.

(a general feature of fold family GT-B enzymes), with
the final 18 residues crossing over to the N-terminal
domain and continuing as « helix. The interface between
the N- and C-terminal domains provides the location for
the bound ligands UDP and Glc-6-P and the catalytic
apparatus.

Sequence Considerations: From GT-20 to Beyond
As of 08/28/02, CAZy family GT-20 contains seventy-
three unique sequences. An alignment of four represen-
tative sequences (E. coli, Candida albicans [34% identity
with E. coli], M. tuberculosis [32%], and Arabidopsis
thaliana [33%]) is shown in Figure 3. Most of the highly
conserved regions are involved in substrate binding and
catalysis, with clusters of invariance centered around
Arg9, Trp40, Tyr 76, Trp85, and Arg300 involved in the
binding of the Glc-6-phosphate acceptor, while con-
served clusters around Gly22, Asp130, His154, Arg262,
Asp361, and Glu369 are all involved in the binding of
UDP, described in light of the complex of OtsA with UDP
and Glc-6-P below.

Many of the residues that form the A-B dimer interface
of the tetramer are conserved, notably the cluster
around Pro156 and Glu161. The A-D interface is formed
by the helix 305-323 and the subsequent loop to 331 (and
the same residues from molecule D). Although residues
318-322 are invariant, their side chains (where present)
point inwards toward the A molecule and do not interact
with molecule D in a significant way. This suggests that
the tetramer organization is not conserved across spe-
cies, consistent with the known intimate involvement of
some OtsAs with their phosphatase partner. Further-
more, there are a number of patches of conservation
whose function is unclear. Clusters around residues
Leu181, Pro214, and Arg319, for example, all lie in ex-
posed surface regions. Such sites may represent a po-
tential interaction surface for the E. coli dimer with the

phosphatase subunit(s), although this is, as yet, undem-
onstrated for the E. coli system. It is conceivable that
these sites could also be involved in the binding of a
regulatory factor (some OtsA homologs are reported
to change their activity through the binding of large
polyanions, for example [32]), but again we have no
experimental evidence for such a role.

Classical sequence similarity detection methods us-
ing OtsA fail to detect similarities to other families of
glycosyltransferase. In a powerful predictive study, how-
ever, iterative PSI-BLAST [33] searches, based-upon
family GT-41 O-GIcNAc transferases, allowed Wrabl and
Grishin [28] to propose that up to one-third of all GT
families, including the OtsA family GT-20, would adopt
the same dual-Rossmann domain 3-D fold. Furthermore,
they identified a signature, termed the glycogen phos-
phorylase/glycosyltransferase (GPGTF) motif, diagnos-
tic of this fold family. Two positions in the C-terminal
domain, a conserved Asp/Glu/Lys in the middle of helix
4 termed position 1 and a conserved Asp/Glu between
strand 4 and helix 4 termed position 2, were identified
as particularly significant. Both positions are indeed
present in OtsA and play key roles in binding of the
UDP-Glc donor species, described below. This fold fam-
ily (also termed fold family GT-B [25]) is not, however,
diagnostic of catalytic mechanism for it contains both
inverting and retaining glycosyltransferases. OtsA, as a
retaining glycosyltransferase, provides the missing link
of this superfamily.

UDP Binding: The Nucleotide-Sugar Donor Site

Electron density at the active-center clearly reveals
bound UDP and Glc-6-P (Figure 2C) and allows descrip-
tion of the enzyme-ligand interactions (Figure 4). UDP
binding interactions are predominantly with the C-ter-
minal domain (Figure 2B). The uracil moiety is deeply
buried within the core, and specificity is conferred
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Partial sequence alignment of family GT-20
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through interactions of 04 and N3 with the main-chain
amide hydrogen and carbonyl of residue Phe339. It is
significant that there is no interaction with 02, and con-
sequently one may easily model in GDP in place of UDP
with N1 and 06 of GDP taking the place of N3 and
04 of UDP. This may account for the rather surprising
observation that some OtsAs display relaxed nucleotide
specificity [32]. Both 02 and O3 hydroxyls of the ribose
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Figure 4. Schematic Diagram of the Catalytic Center of Trehalose-
6-Phosphate Synthase

Schematic diagram of the catalytic center of OtsA. Residues invari-
ant in the active center of glycogen and maltodextrin phosphory-
lases are labeled in shadowed boxes. The putative donor-site gluco-
syl moiety (from the overlap with E. coli maltodextrin phophorylase)
is included for reference. GPGTF superfamily motif elements 1 and
2 are indicated [28].

tase domain not shown

interact with the carboxylate of Glu369. This is the resi-
due identified as GPGTF superfamily motif position 1 in
the sequence work of Wrabl and Grishin [28]. This resi-
due is a carboxylate in all nucleotide-sugar-dependent
enzymes of the superfamily. In glycogen phosphory-
lases, a lysine is observed at this position and plays the
crucial role in forming the Schiff’s base to the pyridoxal
phosphate cofactor. The endocyclic oxygen of the ri-
bose makes a 3.1 A hydrogen bond to the main-chain
amide of Gly21 found in a conserved (Figure 3) Gly,;-
G|Y22-Leu23 motif.

O1 and 02 of the proximal phosphate group make
interactions with the main-chain amides of Leu265 and
Val366, respectively, and through a solvent-mediated
hydrogen bond to Asn362, one of the two Ramachan-
dran outliers described above. The ribose and distal
phosphate environment thus contains no DxD motif, as
observed in many other glycosyltransferases [11] and
often claimed to be a signature motif for glycosyltrans-
ferases. The distal phosphate group (which would be
bonded to the donor glucoside if present) interacts with
the side-chains of both Arg262 and Lys267 and, consis-
tent with the absences of a DxD motif, we observe no
density corresponding to a divalent metal-ion coordi-
nated to the two phosphate-groups. The distal phos-
phate also interacts with the main-chain amide of Gly22,
the central residue in the conserved Gly-Gly-Leu motif
described above. The twin glycines in this motif provide
obvious cross-talk between UDP and the N-terminal do-
main and may thus be involved in domain closure upon
ligand binding. Although a single imidazole group pre-
sumably from the crystallization buffer has been mod-
eled adjacent to the distal phosphate, it lies in the posi-
tion almost certainly occupied by the donor sugar in a
productive complex (see below), and we consider its
observation adventitious as opposed to catalytic.
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Donor sugar interactions may not be directly observed
in this complex, but the striking similarity with the active-
center of glycogen and maltodextrin phosphorylases,
described more fully below, allows them to be modeled
with some confidence. O6 of the donor sugar most likely
interacts with the side-chain of His154 and O3 with the
carboxylate of Asp361. This latter residue is the second
signature motif (position 2) for members of the GPGTF
superfamily [28]. Wrabl and Grishin further observe that
a carboxylate at position 2 is correlated with catalysis
with net retention of anomeric configuration. The loca-
tion of this residue appears indicative of an equatorial
3-hydroxyl in the donor sugar and must also be closely
involved in transition-state stabilization as the sugar ring
geometry changes during catalysis. It would not appear
to play any role in the direction of attack of the acceptor
(which governs stereochemical outcome), so previous
correlations may be casual rather than causal. 02 and
04 interactions are harder to predict. The main-chain
amide of Asn364, one of the Ramachandran outliers,
blocks off the glucosyl donor site and may interact with
04 while His89, invariant in GT-20 enzymes, (Figure 3)
may interact with O2.

Glucose-6-Phosphate Binding: The Acceptor Site
Glucose-6-phosphate, the acceptor, binds predomi-
nantly on the N-terminal domain. The phosphate lies in
a positively charged pocket, interacting directly with
Arg9 and Arg300. The latter interaction, donated from
the C-terminal domain, may further facilitate domain
closure in the ternary complex in conjunction with the
UDP-sensing Gly-Gly-Leu motif described above. The
hydroxyl of Tyr76 and water-mediated interactions, no-
tably with His132, complete the phosphate coordination.
All these residues are conserved in family GT-20 en-
zymes (Figure 3).

Both O2 and O3 hydroxyls of the glucosyl moiety
hydrogen-bond to OD2 of Asp130. O3 also makes a
solvent-mediated interaction, the water molecule hydro-
gen-bonding to both the main-chain amide of Arg9 and
the 4-position hydroxyl group. O4 also interacts closely
(~2.4 A) with one of the 6-phosphate oxygens (Figure
4). Perhaps the most interesting interactions are at the
O1 position. OtsA is notable for its ability to select just
the o« anomer of Glc-6-phosphate in order to generate
a-a, 1-1 disaccharides as products. lle155 and espe-
cially Trp85, the latter invariant, form a hydrophobic
environment legislating against binding of the 3 anomer
of Glc-6-P. The O1 hydroxyl is thus seen only in its
a-configuration in appropriate position for nucleophilic
attack on a donor sugar (were one bound to the distal
phosphate). The a anomer is further favored by a close,
25A charged hydrogen bond to distal phosphate O1B
of UDP. It is likely that this would be the glycosidic
oxygen bridging to the phosphorous atom in a true do-
nor complex, the mechanistic implications of which are
discussed below. The interactions of the glucosyl moiety
(notably that with Asp130) and of the distal phosphate of
UDP are strikingly similar to the equivalent interactions
seen in the catalytic center of glycogen and maltodextrin
phosphorylases described below.

The entrance/exit of the acceptor site is partially en-

closed by invariant Trp40, which may act as a li-
gand-driven gate to enclose the active-center and re-
duce solvent access. Furthermore, the deep burial of
UDP(-Glc), with an exit adjacent only to Glc-6-P in this
structure, suggests a compulsory order to the binding
and reaction mechanism in which UDP-Glc binding is
followed by Glc-6-P and, subsequent to turnover, re-
lease of trehalose-6-P is followed by UDP. Such a se-
quential reaction may be facilitated through ligand-
gated domain movement influenced by the cross-talk
provided by interactions of the N terminally bound ac-
ceptor with Arg300 from the C domain and the distal
phosphate of UDP interaction with Gly22 from the
N-terminal domain, above.

Similarity with Glycogen Phosphorylase

and Other Enzymes

OtsA is similar to neither the family GT-8 transferases
such as the N. meningitidis LgtC [20] nor the family GT-6
enzymes exemplified by the bovine -1,3 Gal transferase
[13, 17]. Distance matrix searches using DALI [34] in-
stead reveal strong similarity to a number of twin Ross-
mann-fold enzymes, as had been proposed from se-
quence alone [25, 28]. The UDPGIcNAc 2’ epimerase
[35] is structurally the most closely related (DALI Z score
20.3 with 335/376 overlapping C alphas displaying an
rms of 4.4 A), but OtsA also displays strong structural
similarity with the other twin Rossman domain, inverting
glycosyltransferases, T4 Glc transferase [27] (Z14.6,
266/333, 4.0 A), MurG [36] (213.3, 281/351, 5.8 A), and
GtfB [37] (214.9, 292/382, 4.3 A) (Figure 5A). With such
flexible two-domain proteins, these rms values, based
upon overlap of the whole structure, obviously represent
the an upper limit for the deviations. The OtsA structure
provides the missing link in the glycogen phosphorylase/
glycosyltransferase superfamily whose members now in-
clude both inverting and retaining nucleotide-sugar glyco-
syltransferases, (retaining) sugar phosphorylases, and
the UDPGIcNAc 2’ epimerase; all four enzyme classes
linked by similar transition-state structures [35].

Many of the interactions of the UDP are invariant be-
tween members of this fold family. The uridine base is
buried deeply within a hydrophobic pocket with main-
chain hydrogen bonds to N3 and O4. The glutamic acid
which binds the ribose 02 and O3 hydroxyls (GPGTF
superfamily position 1) is found in all but the GtfB struc-
ture. Glycine repeats, in a flexible loops that have been
termed G-loops [37], bind the phosphates in a similar
way in the superfamily members. In the case of OtsA,
the amide hydrogen of Gly22 hydrogen bonds to the
O1B atom of the distal phosphate. The most striking
similarity is, however, that observed with glycogen and
maltodextrin phosphorylases. In this case, the similarity
extends beyond the fold and sequence conservation
predicted previously. Aimost the complete catalytic cen-
ter is invariant, suggesting a common evolutionary origin
and catalytic mechanism for these enzymes [38].

Glycogen phosphorylase catalyzes the reversible
phosphorylation of glycogen using inorganic phosphate
in the presence of a pyridoxal phosphate cofactor. The
UDP and PLP groups bind in equivalent locations in the
OtsA and glycogen phosphorylase structures, respec-
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tively, while the distal phosphate of UDP in OtsA over-
laps the inorganic phosphate observed in glycogen
phosphorylase (Figure 5B). The ribose and the pyridoxal
group likewise lie in equivalent locations. A number of
interactions appear mechanistically invarient, as re-
vealed by both sequence and structural identity (Figures
3, 4, and 5). The interactions of the distal phosphate with
Arg262 and the main-chain amide hydrogen of Gly22
are conserved in phosphorylase, as is the interaction of
Lys267 with the bridging oxygen. Gly22 is the central
residue in a Gly-Gly-Leu motif, also present in phosphor-
ylase.

Interactions of the acceptor sugar are also conserved.
Asp 130 hydrogen bonds to both 02 and O3 hydroxyls
of the Glc-6-P, the equivalent residue Asp339 (rabbit
muscle phosphorylase numbering), likewise interacts
with the O3 and O2 hydroxyls of the acceptor-site glu-
cose of phosphorylase. Both Asp130 (OtsA) and Asp339
(phosphorylase) show equivalent and unusual main-
chain phi/psi angles of 90°, 174° and 61°, 184°, respec-
tively. The significant difference is the orientation of the
acceptor sugar. Whereas glycogen phosphorylase pre-
sents the O4 hydroxyl for nucleophilic attack, OtsA
places the O1 hydroxyl in attacking position. This re-

L

T4 B-Glc transferase

UDP-GIcNAc 2' epimerase

e

Figure 5. A Fold Family Linked by a Common
Transition State

(A) Twin Rossmann-fold enzymes closely re-
lated to OtsA (1gz5.pdb), as determined using
DALI [34], include the Phage T4 B-glucosyl
transferase (1c3j.pdb), glycogen phosphory-
lase (1a8i.pdb), and UDP-GICNAc 2' epi-
merase (1f6d.pdb). The equivalent N- and
C-terminal domains are colored in gold and
green, respectively, with the insertions pres-
ent in glycogen phosphorylases in blue. Li-
gands where present are shown in ball-and-
stick representation. This figure was drawn
with BOBSCRIPT [49]. (B) Active center over-
lap with maltodextrin phosphorylase [21]. The
product complex (a nonhydrolyazable thiooli-
gosaccharide plus phosphate plus PLP) of
E. coli maltodextrin phosphorylase is shown
with pale yellow bonds and the abortive com-
plex (UDP and Gic-6-P) of OtsA in pale green.
Residue labels for OtsA are shown. Differ-
ences observed the maltodextrin phosphory-
lase (Asp for Glu at position 2, Glu for Lys at
position 1, PLP, and Pi) are indicated in italics.
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versed orientation of the Glc-6-P acceptor in the OtsA
is favored by the burial of the 6-phospho group. At the
putative donor site, conservation is also revealed.
Glu672 of phosphorylase, which interacts with the donor
3-OH, likewise finds direct equivalent in the carboxylate
of Asp361 of OtsA (GPGTF superfamily position 2).

A His154 B
o ¥ +
OH o on
HQ&&% + HOMQH H5 Q
) +
RN % | N e
o - PO
| oo F-
S

RO" 0

UDPGIc a-Glc-6-phosphate Glucosyl fluoride Trifluoroethanol

Figure 6. Putative Transition State for Glycosyltransfer with Reten-
tion of Anomeric Configuration

(A) A putative transition-state structure for glycosyl transfer cata-
lyzed by OtsA, featuring a late oxonium-ion transition state with
asynchronous front-face attack (B). Chemical precedent for con-
certed but necessarily asynchronous front-face attack is provided
by the solvolysis of glucosylfluorides in trifluoroethanol®. Arrows
are included solely to show the direction of electron movement prior
to the transition state.
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His154 is isosteric with its counterpart His377 in phos-
phorylase, suggesting that its side chain most likely in-
teracts with the O6 hydroxyl of the donor glucoside in
OtsA (Figures 4 and 5B). It is of particular importance
that the main-chain carbonyl of His154, whose counter-
part is strongly implicated in transition-state stabiliza-
tion and catalysis in phosphorylase [38, 39], lies in identi-
cal position in OtsA. The catalytic centers of OtsA and
glycogen/maltodextrin phosphorylases are thus almost
identical in the disposition of catalytic and substrate
binding residues, which points to a conserved catalytic
mechanism.

Mechanistic Considerations
Glycosyltransferases harness activated sugars to drive
the synthesis of di, oligo, and polysaccharides, and gly-
coconjugates. Although the activating group is typically
an o« linked (in the case of D sugars), nucleotide-,
phosphate-, pyrophosphate-, and lipid-phosphate-
linked donors are also known. In this context we can
see that in the direction of glycosidic bond synthesis, the
reactions catalyzed by glycogen phosphorylases and
OtsA are chemically equivalent. Indeed, for this reason
glycogen phosphorylase sequences are included as re-
taining glycosyltransferases in CAZy family GT-35 [10].
The invariant active center and catalytic machinery
shared by OtsA and glycogen phosphorylases point
strongly toward a shared reaction mechanism for these
two enzymes. Furthermore, the structurally unrelated
retaining glycosyltransferases of fold family GT-A pos-
sess an isostructural but side-chain-derived carbonyl
function above the sugar ring, namely GIn189 in LgtC
[20] and Glu317 in the bovine «-1,3 Gal transferase [13]
(although this residue has also been proposed as a can-
didate nucleophile in a double-displacement mecha-
nism [17]), located in an identical position to the main-
chain carbonyl of His154 in OtsA, hinting that perhaps
these enzymes too share a common catalytic strategy.
The catalytic mechanism of both glycogen phosphor-
ylase and retaining glycosyltransferases in general re-
mains a challenging area of enzymology. Although re-
tention of anomeric configuration during the hydrolysis
of glycosides is known to be achieved in a two-step
double-displacement reaction via a covalent intermedi-
ate [reviewed in 16], there is no convincing experimental
evidence that supports a similar mechanism for the syn-
thesis of glycosidic bonds from phosphate-activated
sugar donors. Perhaps the most widely accepted mech-
anism for glycogen phosphorylase, distilled from crys-
tallographic and inhibitor studies, involves a late oxo-
nium-ion-like transition state in which leaving group
departure and nucleophilic attack, occurring in a con-
certed but necessarily asynchronous (orbital considera-
tions presumably legislate against simultaneous front
face attack and departure) manner on the same face of
the glycoside (Figure 6A). Although unusual, a similar
mechanism has been demonstrated for the solvolosis
of glycosyl fluorides in trifluoroethanol with retention of
configuration [40] (Figure 6B), a reaction which likewise
involves departure of an anionic leaving group. Thus, in
the absence of any convincing support for a covalent
intermediate, such an internal return Syi-like mechanism

is perhaps the strongest mechanistic candidate. An Syi-
like mechanism would be further facilitated by the for-
mation of a close hydrogen bond between the anionic
leaving group and the incoming nucleophile. Yet, with
little genuine information available about the reaction
mechanism, the nature of this transition state remains
uncertain. Information derived from inhibitor studies be-
gins to shed some light on transition-state structure. In
an intriguing study, the binding of nojirimycin tetrazole
(a potent inhibitor of glycogen phosphorylase) displayed
kinetic properties consistent with it binding as a transi-
tion state analog [39]. In contrast, glycogen phosphory-
lase is very poorly inhibited by acarbose, whose 2H; half-
chair conformation instead renders it a potent glycoside
hydrolase inhibitor.

Significance

Trehalose plays an important, often critical role in
many bacteria, insects, and plants. In M. tuberculosis,
trehalose-containing glycolipids, including the potent
immunogen cord-factor (trehalose 6,6’-dimycolate),
are not only implicated in cellular damage in the human
host, but may also play a critical role in cell wall biosyn-
thesis. In this organism, trehalose has been proposed
to act as a mycolic acid carrier, transporting this long-
chain fatty acid from its point of synthesis in the cyto-
plasm to the cell surface, where it is appended to
the growing arabinogalactan chain by the action of
mycolyltransferases that belong to the antigen 85
complex [41]. Trehalose biosynthesis represents a
novel target for new therapeutic agents against myco-
bacteria. Interestingly, the trehalose analogs 6-azido-
6-deoxy-a,a-trehalose [41] and trehalosamine are in-
hibitors of mycobacterial growth and are believed to
act by inhibition of the mycolyl transferases of the
antigen 85 complex. Given the supposed importance
of trehalose in the primary metabolism of mycobac-
teria, it is unfortunate that M. tuberculosis possesses
two alternative strategies for trehalose biosynthesis
in addition to the OtsA-OtsB pathway, involving the
isomerization of maltose and maltose-derived oligo-
saccharides to trehalose by transglycosylation [7].
Thus, it is unlikely that compounds could be discov-
ered that are capable of inhibiting all three pathways
simultaneously. M. leprae, however, possesses only
two pathways for the biosynthesis of trehalose and, so,
therapeutic strategies based on inhibition of trehalose
biosynthesis may have more success. Trehalose syn-
thesis also plays a crucial role in the survival of other
pathogenic bacteria such as Salmonella enterica [5].
In the context of therapeutic intervention, the OtsA
structure unlocks the vast body of data on glycogen
phosphorylase inhibition to inform the design of new
therapeutic agents directed toward trehalose biosyn-
thesis. Despite this, our meager understanding of the
mechanistic fundamentals of this class of enzymes
remains a serious limitation.

Experimental Procedures
Crystallization and Data Collection

Selenomethionyl-derived OtsA was prepared essentially as de-
scribed for the native enzyme [29] but using the methionine auxo-
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troph E. coli B834 (DE3; Novagen). Crystals of the orthorhombic
form of OtsA (cell dimensions a = 103.6 A, b = 125.4 A, c = 176.6 A,
a = B =y = 90°) were grown from 14% (v/v) PEG 4000, 0.15 M
NaOAc, 0.1 M imidazole buffer (pH 7.5), and 200 mM NacCl, with the
ligands Mg-UDP and glucose-6-phosphate at 10 mM. A cryoprotec-
tant solution was produced by the addition of 25% (v/v) PEG 400
to the growth buffer. Crystals were mounted in rayon-fiber loops
and placed into a N, stream at 120 K for data collection. A three-
wavelength MAD experiment at 100 K was conducted on beamline
ID14-EH4 at the European Synchrotron Radiation Facility (ESRF)
at Grenoble, using a ADSC Quantum-4 charge-coupled device as
detector. The wavelengths for the MAD experiment were chosen by
scanning through the absorption edge of the Se-OtsA crystal. MAD
data, to 3.1 A resolution, were collected at the wavelength corre-
sponding to the minimum £, the maximum f” and a reference wave-
length at an energy above the absorption edge to maximize disper-
sive differences. A final higher resolution dataset, to 2.45 A, was
collected from a second crystal on the same beamline at the high-
energy remote wavelength (Table 1). Data were processed and re-
duced using the HKL suite of programs [42]. All subsequent comput-
ing used the CCP4 suite [43], unless otherwise stated.

Structure Solution and Refinement

The three unmerged datasets for the selenium-MAD experiment
were input to SOLVE [44]. Automated Patterson searching, using
data to 2.8 A, located 16 Se positions (SOLVE score 56.7) corre-
sponding to four molecules of OtsA in the asymmetric unit. Initial
phases at 2.45 A resolution had a figure of merit of 0.4. SOLVE
and RESOLVE were used to perform noncrystallographic symmetry
averaging, using operators based upon the four sets of Se positions.
The quality of the averaged map was greatly superior, reflected in
the RESOLVE figure of merit of 0.56. The C-terminal domain, which
contains all four Se sites, was traced in this averaged map using
the X-AUTOFIT module in QUANTA (Accelrys, Inc. San Diego, CA).
Partial structure refinement, including experimental phases as re-
straints, was performed using REFMAC [45], with five percent of the
data first having been set aside for cross-validation [46]. Updated
operators, based upon the C-terminal domain coordinates, were
used to reaverage the electron density map with DM [47] and the
resultant averaged, combined-phase map used to complete tracing
of the structure. Further refinement maintained both phase and tight
noncrystallographic symmetry restraints. The cross-validation re-
flections, as reflected in Ry.., were used to monitor refinement strate-
gies such as the strength of NCS restraint values and suggested
tight restraints throughout.

Domain motion was incorporated through refinement of TLS pa-
rameters as implemented in REFMAC [31] for each domain, and
refined TLS values are included in the PDB header. Ligands, both
UDP and Glc-6-phosphate, were added and solvent-water mole-
cules built into NCS averaged mF,.-F . difference maps. A conse-
quence of the TLS strategy is that ligands and solvent are excluded
from the TLS treatment and consequently obtain temperature fac-
tors, which are artificially elevated compared to the surrounding
protein atoms. Data and Refinement statistics are given in Table 1.
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