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Abstract

GDP-D-mannose 4,6 dehydratase is the first enzyme in the de novo biosynthetic pathway of GDP-L-fucose, the activated form of
L-fucose, a monosaccharide found in organisms ranging from bacteria to mammals. We determined the three-dimensional structure
of GDP-D-mannose 4,6 dehydratase from the Paramecium bursaria Chlorella virus at 3.8 Å resolution. Unlike other viruses that use
the host protein machinery to glycosylate their proteins, P. bursaria Chlorella virus modifies its structural proteins using many glyco-
syltransferases, being the first virus known to encode enzymes involved in sugar metabolism. P. bursaria Chlorella virus GDP-D-mannose
4,6 dehydratase belongs to the short-chain dehydrogenase/reductase protein superfamily. Accordingly, the family fold and the specific
Thr, Tyr, and Lys catalytic triad are well conserved in the viral enzyme.
� 2005 Elsevier Inc. All rights reserved.
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GDP-D-mannose 4,6 dehydratase (GMD) is the first
enzyme in the ‘‘de novo’’ biosynthetic pathway of GDP-
L-fucose [1]. Fucose is found in almost all organisms, from
bacteria to plants and animals, where it is an essential com-
ponent of glycoconjugates. Fucosylated glycans have been
shown to play a fundamental role in cell-to-cell adhesion
and recognition, pathogenicity, and development [2–5].
The ‘‘de novo’’ GDP-L-fucose biosynthetic pathway starts
from GDP-D-mannose, which is initially dehydrated on
the C-6 atom by GMD, leading to formation of the first
intermediate compound, GDP-4-keto-6-deoxy-D-mannose
[6]. The two following steps, an epimerization of the C-5
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and C-3 centers, and a NADPH-dependent reduction at
C-4, are catalyzed by a single enzyme, GDP-4-keto-6-de-
oxy-D-mannose epimerase/reductase (GMER) [7]. Both
enzymes have been found in prokaryotes and eukaryotes;
their amino acid sequences display good levels of evolu-
tionary conservation [6–10].

We have recently shown that functional GMD and
GMER are encoded also in the genome of Paramecium

bursaria Chlorella virus 1 (PBCV-1) [11]. PBCV-1 is a large
polyhedral DNA virus that replicates in unicellular Chlo-
rella-like green algae and, unlike other viruses that use
host-encoded enzymes in the ER-Golgi system for glyco-
protein production, PBCV-1 encodes many enzymes
required to glycosylate its capsid proteins [12,13].
Compared to GMD from bacterial and eukaryotic sources
so far characterized, the PBCV-1 enzyme shows several
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unexpected properties. In particular, PBCV-1 GMD
behaves as a bifunctional enzyme, displaying the dehydra-
tase activity but also a strong NADPH-dependent reduc-
tase activity on GDP-4-keto-6-deoxy-D-mannose (the
dehydration product), leading to the formation of GDP-
D-rhamnose [11]. Since both fucose and rhamnose are
components of the glycans attached to the PBCV-1 major
capsid protein [14], the virus-encoded enzymes could
circumvent a limited supply of GDP-sugar by the algal
host.

GMD, together with GMER, belongs to a branch of the
short-chain dehydrogenase/reductase (SDR) homology
superfamily, involved in nucleotide sugar metabolism
[15]. All members have a well-conserved N-terminal region
responsible for binding of the dinucleotide cofactor, host-
ing the family conserved Ser/Thr, Tyr, and Lys catalytic
triad. GMDs from several sources have been shown to con-
tain tightly bound NADP+, which is involved in an internal
redox reaction during the dehydration process [5,8]. Studies
on their quaternary assemblies have indicated the presence
of a functional homodimer in GMD from Escherichia coli

[5] and in the human enzyme [8]. Conversely, recent reports
on the crystal structures of GMDs from Arabidopsis thali-

ana and Pseudomonas aeruginosa are consistent with the
enzyme assembly into homotetrameric forms [16,17].

Here we report a structural characterization of PBCV-1
GMD, in the context of our ongoing studies on the biosyn-
thetic pathways for GDP-L-fucose production [1,6,11,18,
19]. The 3.8 Å crystal structure of the viral GMD high-
lights conservation of the protein fold and quaternary
assembly previously recognized for prokaryotic and
eukaryotic GMDs, hinting at a mechanism for protein
association/dissociation linked to the coenzyme redox state
and active site binding.

Materials and methods

Crystallization. PBCV-1 GMD was expressed and purified as
described earlier [11]. Protein solutions in the 8–10 mg/ml concentration
range were used for the crystallization experiments. After searching
through randomly distributed crystallization conditions, crystals of
PBCV-1 GMD were reproducibly obtained by equilibrating 500 ll res-
ervoir solution, containing 30% PEG 4000, 0.2 M sodium acetate, and
0.1 M Hepes, pH 7.5, against a droplet containing 1 ll of the reservoir
solution and 1 ll of the stock protein solution. Storage of the crystalli-
zation droplets at 21 �C, for 7 days, yielded prismatic-shaped crystals of
about 0.5 · 0.07 · 0.02 mm3.

Structure determination and refinement. X-ray diffraction data could be
collected up to a maximum resolution of 3.8 Å, using synchrotron radia-
tion (beamline BW7B, at DESY/EMBL, Hamburg-Germany,
k = 0.8040 Å), at 100 K. For cryoprotection the crystals were soaked in a
solution containing 34% PEG 4000, 0.25 M sodium acetate, and 0.2 M
Hepes, pH 7.5. Subsequent attempts to improve crystal quality, through
crystallization additives, modified crystal handling, or search for a new
crystal form, were consistently unsuccessful. The 3.8 Å diffraction data
were integrated using MOSFLM and scaled using SCALA, from the
CCP4 program suite [20]. PBCV-1 GMD crystals belong to the tetragonal
space group I41 (I43), with unit cell constants: a = b = 122.6 Å,
c = 89.1 Å, and a = b = c = 90�; a crystal packing coefficient of 2.3 Å3/Da
(44.5% solvent content) is compatible with the presence of two PBCV-1
GMD molecules (37.8 kDa each) in the asymmetric unit. The three-
dimensional structure was solved by molecular replacement techniques
using the program Molrep [21], using the homologous GMD from A.

thaliana as search model ([16]; PDB code 1N7G; 47.0% sequence identity),
thereby solving the space group ambiguity. Crystallographic refinement
was performed using the program REFMAC5 [22], alternated with visual
inspection and model re-building. This procedure allowed to build the
Ile264–Arg296 segment, deleted in A. thaliana GMD, and to properly
position one NADP(H) molecule in each active site of the PBCV-1 GMD
asymmetric unit dimer. Due to the unrecoverable low resolution displayed
by all PBCV-1 GMD crystals tested, a common B-factor value of 40 Å2

was adopted for the whole protein molecule throughout the refinement.
Data collection and refinement statistics are reported in Table 1.

Results and discussion

PBCV-1 GMD structure was solved through molecular
replacement methods using as search model the structure
of the homologous enzyme fromA. thaliana [16]. The refined
structure (space group I41) contains 5362 (2681 · 2) protein
atoms and 2 NADP(H) molecules (Fig. 2); the finalR-factor
value is 0.295 (at 3.8 Å resolution, with a R-free value of
0.355, and close to ideal stereochemical parameters for the
protein model; see Table 1). The main chain electron density
map is well defined from residue Ser3 to Asn344, for both
molecules present in the asymmetric unit.

As implied by the molecular replacement approach,
PBCV-1 GMD tertiary structure matches closely those of
homologous GMDs. A structural overlay with A. thaliana

GMD yields a rmsd of 1.2 Å, calculated over 266 Ca pairs,
the largest deviation occurring at residue Leu116 of PBCV-
1 GMD (5.5 Å). Relative to A. thaliana GMD, the primary
structure of PBCV-1 GMD is shorter by four residues at
the latter site (the a4–b5 loop). Moreover, a large insertion
segment (24 residues following the a8 helix, residues
261–293) gives rise to three antiparallel b-strands, a sort
of compact unit, starting at residue Val265. Such a struc-
tural feature is shared by E. coli GMD. However, different
from E. coli GMD, PBCV-1 GMD displays a well-defined
structure in the 35–43 sequence stretch, building one rim of
the nucleotide-binding domain. Such stretch, named the
‘‘RR-loop’’ in view of Arg residues at its boundary posi-
tions [17], does not adopt a specific secondary structure
in most GMDs and is fully disordered in E. coli GMD
[23]. The tertiary structure of PBCV-1 GMD shows very
good agreement also with that of P. aeruginosa GMD, dis-
playing a rmsd of 1.1 Å, calculated over 271 Ca pairs, with
a maximum displacement at residue Leu116 (2.7 Å). On the
other hand, E. coli GMD unexpectedly displays a higher
rmsd value (2.5 Å, calculated over 259 Ca pairs), likely
related to the absence of the bound cofactor in the three-di-
mensional structure available for this enzyme (see below).

Similar to other enzymes of the nucleotide-diphosphate-
sugar modifying SDR superfamily (18), PBCV-1 GMD is
composed of two domains: a N-terminal domain binding
the NADP(H) cofactor and a smaller C-terminal domain
which binds the nucleotide sugar substrate. The larger N-
terminal domain adopts a modified Rossman fold struc-
ture, consisting of a seven-stranded parallel b-sheet (with
3-2-1-4-5-6-7 topological scheme) sandwiched between six



Table 1
Data collection and crystallographic refinement statistics for PBCV-1
GMD

Beamline DESY/EMBL BW7B

k (Å) 0.804
Resolution range (Å) 86.74–3.57
Last shell 3.59–3.57
Total reflections collected 27648
Unique reflections 7935
Redundancy 3.5
Completeness (%) 97.7
Rmerge 0.18
I/r (I) (last shell) 4.9(1.9)
Resolution range used in refinement (Å) 50.00–3.80
Completeness for range (%) 98.1
Unique reflections used in refinement 6025
R free test set count 446
R factor 0.295
R free 0.355
rmsd bond lengths (Å) 0.004
rmsd angles (�) 0.575
rmsd planes (Å) 0.003
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a-helices. The a2 helix, one edge of the Rossman fold
domain, observed as a deformed helix in other GMD struc-
tures [16,17,23], is not present in PBCV-1 GMD due to the
deletion of six residues in the region following Glu46. The
C-terminal domain, by homology to other SDR enzymes,
is expected to be responsible for binding of the nucleotide
sugar. Its structure is less regular than the N-terminal
domain, consisting of a three-helix bundle and four b-
strands connected by elongated loops, protruding into
the solvent. A wide cleft between the two domains hosts
the NADP(H) cofactor, next to the Rossman fold topolog-
ical switch point. In contrast to many dehydrogenases dis-
playing the Gly-X-X-X-Gly-X-Gly consensus sequence
close to the bound nucleotide diphosphate bridge, PBCV-
1 GMD displays the Gly-X-X-Gly-X-X-Gly motif, typical
of the SDR family [15,18].
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Fig. 1. Stereo view of PBCV-1 GMD quaternary structure. The protein homo
association modes described in the text. The PBCV-1 GMD asymmetric unit ho
the top and the lower half of the figure, respectively). The alternate homodim
35–43 RR-loops of two symmetry related molecules) is identified by use of ide
respectively). The PBCV-1 GMD bound NADP(H) molecules are shown in red
of a facing protomer. (For interpretation of the references to color in this figu
The two asymmetric unit monomers of PBCV-1 GMD
(see Fig. 1) are tightly associated by packing of two long
a-helices (a3 and a4 helices in PBCV-1 GMD, a4 and a5
in the homologous GMDs); such an association, which
builds the dimeric interface in many SDRs, gives rise to
an extended intermolecular four helical bundle. In addi-
tion, two PBCV-1 GMD dimers build a tetrameric struc-
ture through crystallographic symmetry (Fig. 1). Such
tetrameric assembly is based on an extended interface of
parallel helices (a4 and a5), burying approximately
1265 Å2 of protein surface, per subunit. In this tetrameric
association, two adenosine moieties from symmetry-related
NADP(H) molecules fall at a shortest distance of about
8.5 Å. Such a short distance between the two cofactor bind-
ing sites could indicate that dimer/tetramer quaternary
structure equilibria may be affected by the presence of
bound NADP(H).

Given the tight subunit packing achieved by PBCV-1
GMD, it is worth noticing that an alternate dimeric assem-
bly, based on pairing of the 35–43 RR-loops of two sym-
metry related molecules, can be singled out within the
tetrameric assembly described above and might be pro-
posed as representative of an alternate dimeric species.
Such an assembly is based on the swapping of the RR-
loops between molecules A and A 0 (B and B 0), the swapped
RR-loop fitting snugly into the active site cleft of facing
protein molecule (Figs. 1 and 2). The surface buried, in
each subunit by the interaction, is 1180 Å2. Remarkably,
inspection of the E. coli GMD structure indicates that in
the absence of bound NADP(H) the RR-loop does not fit
into the opposing subunit active site, it is disordered in
the solvent, and the protein adopts the monomeric state
[23]. Our results and the reported basic considerations on
homologous proteins suggest that binding of the cofactor
may facilitate protein aggregation through proper structur-
ing of the active site cleft. They are also in keeping with the
RR loop
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tetrameric species is shown, using different colors to highlight the subunit
modimer is shown using ribbons of the same size (blue and gray dimers, on
er assembly proposed (i.e., the dimeric assembly based on pairing of the
ntical drawing colors (i.e., gray dimer on the left, blue dimer on the right,
. Note the swapping of RR loops (black segments) to the active site region
re legend, the reader is referred to the web version of this paper.)
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Fig. 2. Details of the intermolecular interactions between the swapped RR loop and NADP(H). The stereo figure shows the RR loop of one subunit
(black), contacting NADP(H) (light gray space filling model) of the facing PBCV-1 GMD subunit. Residue Ser 38 proposed to mediate the intermolecular
interaction is shown, together with the catalytic triad residues Thr125, Tyr149, and Lys153, close to the nicotinamide end of the bound nucleotide.
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observed solution behavior of PBCV-1 GMD, which is
found as a monomeric inactive species in the absence of
NADPH, and as a dimeric active form when the reduced
cofactor is present (M. Tonetti, unpublished results).

Despite the absence of any cofactor model from the
molecular replacement search structure, it became clear
during the crystallographic refinement that each monomer
in the asymmetric unit hosts unambiguously one
NADP(H) molecule in extended conformation, at the
expected nucleotide binding site. The adenine moiety of
the cofactor is hydrogen bonded to Asp58, being buried
in a wide cavity neighboring residue Arg35. Arg35 guanidi-
no group has been found to be stacking on the cofactor
adenine in other GMD structures; in PBCV-1 GMD, how-
ever, Arg35 side chain does not display defined electron
density. The adenine–ribose phosphate group is stabilized
by hydrogen bonds to Thr12 and Thr37, and to Ser38 0 of
a neighboring molecule. Ser38 0 is part of the
Arg35-Arg43 RR-loop mentioned above as involved in
dimer stabilization within the tetrameric assembly
(Fig. 2). The RR-loop is one residue shorter in PBCV-1
GMD relative to A. thaliana and P. aeruginosa GMDs,
hosting evident residue substitutions in the three proteins.
Despite this, the intermolecular stabilization role through
RR-loop swapping is conserved in the three enzymes (all
crystallized in their holo-forms). The PBCV-1 GMD
NADP(H) nucleotide diphosphate falls within hydrogen
bonding distance from Ser84 and the peptidic N atoms of
Gln14 and Ser84. Ala123 carbonyl O atom, residues
Tyr149, and Lys153 can hydrogen bond to the nicotin-
amide-ribose. Notably, the nicotinamide end of NADP(H)
falls close to residues Thr125, Tyr149, and Lys153 which,
as described for other SDR family members, are the cata-
lytic triad residues in PBCV-1 GMD. No electron density
is however present at the expected substrate binding site,
spanning the C-terminal domain.

The low resolution achieved by PBCV-1 GMD crystals
allows us to draw few basic conclusions on the first viral
GMD structure so far characterized. The association of
SDRs in dimers, but also in tetramers, has been observed
for several members of this homology superfamily, both
from eukaryotic and prokaryotic sources [24]. The results
presented here indicate that the same quaternary structure
assembly, but also the overall protein structure and active
site organization, is maintained in a viral GMD, suggesting
rather complex evolutionary scenarios for the PBCV-1 gen-
ome, indeed coding for several proteins structurally homol-
ogous to both prokaryotic and eukaryotic counterparts
[12]. The interplay occurring between quaternary assembly
and the presence of a bound coenzyme molecule, related to
the role played by swapping of the 35–43 RR loop, is a
structural factor deserving renewed attention within the
SDR family. In PBCV-1 GMD, the dehydratase activity
is strictly dependent on the availability of NADPH, consis-
tent with the presence of the enzyme dimeric species. Fol-
lowing formation of GDP-4-keto-6-deoxy-D-mannose, the
oxidized coenzyme easily dissociates from GMD, leading
to disorder of the RR loop, that is no longer swapped
between subunits. As a result a monomeric, inactive,
GMD is obtained (recovery of the full dehydratatse activity
is achievable through addition of stoichiometric amounts
of NADPH). Incomplete control of the coenzyme redox
state, thus of the conformational states at the subunit
swapped region, might have affected the PBCV-1 GMD
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crystallization stage, yielding poorly ordered (low resolu-
tion diffracting) crystals. Inspection of the electron density
maps obtained, however, does not highlight unexplained
features, or disordered protein loops, suggesting that a sig-
nificant fraction of the crystallized molecules should not
display alternate conformations. It must be recalled, how-
ever, that such fraction should be of the order of at least
30% to be visible in 3.8 Å resolution electron density maps.
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