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Human GDP-L-fucose synthase, also known as FX protein,
synthesizes GDP-L-fucose from its substrate GDP-4-keto-6-
deoxy-p-mannose. The reaction involves epimerization at
both C-3 and C-5 followed by an NADPH-dependent re-
duction of the carbonyl at C-4. In this paper, the first crystal
structure of human FX protein was determined at 2.37 A
resolution. The asymmetric unit of the crystal structure
contains four molecules which form two homodimers. Each
molecule consists of two domains, a Rossmann-fold NADPH-
binding motif and a carboxyl terminal domain. Compared
with the Escherichia coli GDP-L-fucose synthase, the overall
structures of these two enzymes have four major differences.
There are four loops in the structure of human FX protein
corresponding to two a-helices and two (3-sheets in that of
the E. coli enzyme. Besides, there are seven different amino
acid residues binding with NAPDH comparing human FX
protein with that from E. coli. The structure of human FX
reveals the key catalytic residues and could be useful for the
design of drugs for the treatment of inflammation, auto-
immune diseases, and possibly certain types of cancer.
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Introduction

In mammals, fucosylated glycans play important roles in
ABO blood group antigens, host—microbe interactions,
and several human diseases, such as rheumatoid arthritis,
pancreatic cancer, hepatocellular carcinoma, gastrointestinal
cancer, and a rare congenital disease LAD II (leukocyte ad-
hesion deficiency II, also known as congenital disorder of
glycosylation Ilc, CDG Ilc) [1-5].

All fucosylated oligosaccharides are constructed by fucosyl-
transferases with the only fucose donor, GDP-L-fucose [6].
There are two GDP-L-fucose synthesis pathways in the
cytosol—the salvage pathway and the de novo pathway [6].
The former pathway synthesizes GDP-L-fucose from free L-
fucose via two steps involving L-fucokinase and GDP-L-fucose
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pyrophosphorylase [7,8]. The later pathway converts GDP-p-
mannose to GDP-L-fucose via three enzymatic reactions, which
are catalyzed by GDP-p-mannose 4, 6-dehydratase (GMD) and
GDP-4-keto-6-deoxy-pD-mannose-3,  5-epimerase-4-reductase
(FX) [9,10]. FX-knockout mice exhibit a complete deficiency
of cellular fucosylation, which indicates that the de novo
pathway is the major route for cellular GDP-L-fucose biosyn-
thesis in vivo [11].

FX was first isolated from human erythrocytes in 1976
and recognized as an NADPH-binding protein [12]. It has
been known for several years that the enzyme is responsible
for the last step of the major metabolic pathway synthesizing
GDP-L-fucose from GDP-p-mannose in prokaryotes and
eukaryotes [10]. Recently, it has been found that the expres-
sion of FX enzyme in head and neck squamous carcinoma
cells was up-regulated by the glycosyl-phosphatidylinositol-
linked Ly-6 antigen E48 [13]. FX is also regulated by
outside-in signals in lymphocytes and it may take part in the
cascade of events leading to the extravasation of activated lym-
phocytes [14]. The expression of FX also increases by 70% in
human hepatocellular carcinoma (HCC) tissues, compared
with the adjacent non-tumor tissues and normal livers, thus the
elevation in GDP-L-fucose levels and the up-regulation of FX
expression represent potential markers for HCC [15].

The 3D structure of FX from Escherichia coli was deter-
mined by two research groups simultaneously and was
confirmed belonging to the short-chain dehydrogenases/
reductases family (SDR) which has a highly conserved
TyrXXXLys catalytic couple [16,17]. In this family, some
structures of the other related enzymes are known, such as
UDP-galactose 4-epimerase (UGE), which catalyzes the
interconversion of UDP-galactose and UDP-glucose, and
GMD, which catalyzes the conversion of GDP-p-mannose
to GDP-4-keto-6-deoxy-p-mannose [18—28].

Materials and Methods

Protein expression and purification
The fx gene was cloned into a pET28b vector with an
N-terminal (His)g fusion tag, and transformed into E. coli
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expression strain BL21(DE3). A glycerol stock of culture
was used to inoculate a starter culture, 100 ml of Luria—
Bertani (LB) media. After cultivation overnight at 37°C, the
starter culture was transferred into 11 of LB media. When
ODgqo reached ~0.6, the temperature was set to 25°C and
then the protein expression was induced by 1 mM isopropyl-
[B-galactoside, and the cells were left to grow overnight.
Cells were harvested by centrifugation and the pellets were
stored at —80°C until processed. In the experiment, the
pellets were resuspended in buffer A (20 mM Tri-HCI, pH
8.0, 300 mM NaCl, 5 mM imidazole). French press was
employed to lyse the cells, and then the sample was centri-
fuged at 16,000 rpm and 4°C for 30 min, the supernatant
was collected, and the cell debris was discarded. The super-
natant was loaded onto a column of 5 ml Ni-nitrilotriacetic
acid resin. The column was washed with buffer A (20 mM
Tri-HCI, pH 8.0, 300 mM NaCl, 5 mM imidazole), and
protein was eluted with buffer B (20 mM Tri-HCI, pH 8.0,
300 mM NacCl, 300 mM imidazole). Further purification was
carried out by Fast protein liquid chromatography using gel
filtration on a Superdex 200 16/60 column (GE Healthcare,
Uppsala, Sweden) equilibrated with 20 mM Tri-HCI (pH
8.0) containing 100 mM NaCl. The peak fractions were
pooled and concentrated to 20 mg/ml for crystallization.

Crystallization

Before crystallization, NADPH was added into the purified
FX to the final concentration of 5 mM. Crystallization was
carried out by using the hanging drop vapor diffusion
method. Crystals suitable for X-ray experiment were grown
after microseeding in a drop containing equal amounts of
protein and well solution (100 mM Tris, pH 8.0, 30% poly-
ethylene glycol monomethyl ether 2000).

X-ray data collection and processing

Crystals were mounted in cryoloops with respective reservoir
solution containing 25% glycerol for 1 min and then flash-
frozen in liquid nitrogen. Data collection was performed at
100 K on beamline BL17U at the Shanghai Synchrotron
Radiation Facility (Shanghai, China). X-ray diffraction data
were recorded using an ADSC Q315 detector positioned at a
distance of 250 mm from the crystal. A total of 180 frames
of diffraction images were taken with 1° oscillation steps
and 1s exposure per frame. Bragg reflections were pro-
cessed to 2.37 A resolution using HKL2000 [29]. Data col-
lection statistics are presented in Table 1.

Structure determination and refinement

The structure of FX was determined by molecular re-
placement by AMoRe from the CCP4 suite using the
structure of FX from E. coli [17] as a search model. The
human GDP-L-fucose synthase crystal belongs to space
group P2,2,2, and the detailed crystallographic data

statistics are shown in Table 1.With a dimer as a search
model, clear solutions for two dimers were obtained. Several
rounds of manual inspection and rebuilding using Coot [30]
were performed. The PHENIX suite [31] was then employed
for final rounds of refinement. The model was refined to a
final Ry, 0f 23.21% and an R of 28.97%. The refinement
statistics are outlined in Table 1.

Results

Overall structure

For the structure determined in this study, each asymmetric
unit contains 4 protein molecules, 4 NADPH molecules, and
23 water molecules. Certain areas of the protein are missing
in the structures: missing residues 1-6, 33—35, and 237—
277 in chain A, missing residues 1-6, 33-35, 204, 268,

Table 1 Crystal data collection and structure-refinement statistics

Data collection Space group P2,2,2,

Cell dimensions

a,b,c(A) 85.26, 136.26, 139.52
Resolution (A) 2.37(2.41-2.37)
Rinerge” 0.118 (0.863)
ol 80.6 (4.2)
Completeness (%) 100.0 (100.0)
Redundancy 7.6 (7.5)
Refinement

Resolution range 39.27-2.37

Reflections in working set 67,223

Reflections in test set 4864

Ruo Riee® 23.21,28.97
Number of non-H atoms

Protein atoms 9955

NADPH 4

Water 23

Mean temperature factor, A? 39.9
Rmsd

Bond lengths, A 0.009

Bond angles, ° 1.373
Ramachandran plot

Favored (%) 88.4%

Allowed (%) 7.9%

Outliers (%) 3.8%

PDB code 4ES5Y

Values in parentheses are for the highest resolution shell.

*Rmerge = Zpi2i|li(hkl) — I (hkD))|/ZpZili(hkl) where (I (hkl)) is the
mean intensity of a set of equivalent reflections.

" Ruork = Skt ||Fobs| — [Feate||/Zmit| Fobs|» where Fops and Feye are observed
and calculated structure factors, respectively.

“Riree 18 the same as Rperge €Xcept that it was calculated for a randomly
chosen 5% test set that was excluded from refinement.
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Figure 1 The overall fold of FX (A) A stereo ribbon-cartoon drawing of the FX monomer. The secondary structure elements are labeled proceeding from
N to C terminus. The NADPH cofactor is shown in stick representation. (B) A Fo-Fc OMIT map of NADPH is shown in stereo at a contour level of 1.0
sigma. The map was calculated by excluding NADPH from the model using CNS.

and 278 in chain B, missing residues 1-6, 33-35, 73-80,
194-201, and 264—271 in chain C, and missing residues
1-3 in chain D.

The ribbon representation of the FX monomer is displayed
in Fig. 1. As a member of the NDP-sugar-modified SDR sub-
family, the FX molecule folds into two domains: the
N-terminal cofactor-binding domain and the C-terminal
substrate-binding domain. The N-terminal domain is the
predominant part of FX and includes amino acid residues 1—
170, 220-242, and 287-292; and a smaller C-terminal
domain includes amino acid residues 172-219, 252-263,
and 301-321. The N-terminal domain consists of a
Rossmann-fold motif, which commonly exists in SDR family
enzymes, and the central 3-strand consists of six-stranded
parallel (B-strands (S1-S5, S8), flanked by seven a-helices
(H2—HS5 on one side and H1, H7, and H9 on the other side).
This domain is associated with the tight binding of the en-
zymatic cofactor NADPH. The C-terminal domain is a globu-
lar cluster of two small parallel B-strands (S6 and S7) and
three a-helices (H6, H8, and H10), which are responsible for
binding the substrate GDP-4-keto-6-deoxy-p-mannose.

The overall structure of human FX and that of the FX
from E. coli can be superimposed well on each other, and
the root mean square deviation is only 1.6 A (319/318 resi-
dues) (Fig. 2), despite an overall sequence identity of only
28% between these two enzymes [17]. Although most of the
secondary structural elements of these two proteins are very
similar, there are also some differences. In the E. coli FX,
there are two more insertions of a-helices in the N-terminal
domain, consisting of residues 69—74 and 229-325, and
there are two additional insertions of (-sheet in the

Acta Biochim Biophys Sin (2013) | Volume 45 | Issue 9 | Page 722

C-terminal domain, consisting of residues 198—202 and
269-273, which are all missing in the human FX.

Quaternary structure and inter-molecular contacts
Human FX is found as a homodimer in solution, which is
checked by gel filtration (data not shown). In the crystal, the
asymmetric unit contains two separate crystallographic
dimers (Fig. 3) and each dimer has an extensive inter-
molecular interface. The core of the inter-molecular interface
is formed by a four-helix bundle, which is composed of the
most extended helices in each monomer (H3 and HSY).
Multimerization through a four-helix-bundle motif is a
common feature in the SDR family.

NADPH-binding site

The electron density corresponding to NADPH is well
defined in each subunit (Fig. 1). Consistent with previous
homologous structures, the NADPH cofactor binds in an
extended conformation and the average distance between the
adenine C6 and the nicotinamide C2 position is 15.0 A A
close-up view of the active site is shown in Fig. 4. Potential
hydrogen bonding interactions between the protein and
NADPH are indicated by dashed lines.

The adenine ring packs between the side chains of Asp47,
Leu48, and a water molecule. N6 of the adenine base forms
hydrogen bond with the side chain of Asp47. NI is
hydrogen-bonded to Leu48 peptidic N. N3 interacts with a
water molecule. The adenosine ribose 2’-phosphate 02X is
hydrogen-bonded to Ser43 peptidic N and Ser42 OG atom,
and O2B is hydrogen-bonded to Serl6 OG atom. The
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Figure 2 Superposition of the structure of Homo sapiens FX (green)
and E. coli FX (white) (PDB ID: 1BSV) Red arrows indicate the
differences between these two structures.

puckered ribose ring is hydrogen-bonded at the 3’-OH to the
peptidic N atom of residue Ser16.

The dinucleotide diphosphate bridge is located next to
residues Gly14—Gly20 that are provided by a loop compris-
ing the sequence motif Glyl4-X-X-Glyl7-X-X-Gly20.
The Gly-X-X-Gly-X-X-Gly motif is strongly conserved in
E. coli FX, UGE, and related enzymes in the SDR family
[16,17,21]. O1A is hydrogen-bonded to the Arg320 NH2
atom; O2A is hydrogen-bonded to the Arg320 NH1 atom
and the Leul8 peptidic N atom, respectively; and O2N is
hydrogen-bonded to the peptidic N atoms of residues Leul8
and Vall9.

The nicotinic ribose ring is strongly hydrogen-bonded to
protein residues. 2’-OH group is hydrogen-bonded to
Tyr143 OH atom and Lys147 NZ atom. 3’-OH is hydrogen-
bonded to Lys147 NZ atom and Leu69 carbonyl O atom.
The hydrogen bonding of the nicotinic ribose hydroxyls by
Lys and Tyr is highly conserved among related enzymes.
The nicotinamide ring is bound in the syn conformation and
may be stabilized in this orientation by hydrogen bonding to
the residue Vall73 peptidic N atom. This conformation is
consistent with those of other SDR enzymes, allowing a
B-side hydride transfer during catalysis.

Discussion

The proposed catalytic mechanism for FX occurs via a three-
step process [32]. The first step involves a deprotonation at
C-3 of GDP-p-mannose to yield an enolate intermediate,
which is reprotonated on the opposite side to form
GDP-6-deoxy-4-keto-altrose. The second step involves a
similar deprotonation/reprotonation reaction that converts

Figure 3 Ribbon representation of the FX dimer.
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SER16

. VAL173
33

LEU18

LYS147

TYR143

Figure 4 The NADPH-binding site (A) Stereoview of NADPH-binding interactions in FX from H. sapiens. Protein residues (stick model) and waters
(red balls) involving in binding NADPH are shown. (B) Stereoview of NADPH-binding interactions in FX from E. coli. Protein residues (stick model) and

waters (red balls) involving in binding NADPH are shown (PDB ID: 1BSV).

CYS116 =
CYSLoo=

Figure 5 Superposition of the active sites position of H. sapiens FX
(green) and E. coli FX (gray) (PDB ID: 1BSV).

the stereochemistry at C-5 of GDP-6-deoxy-4-keto-altrose to
form GDP-6-deoxy-4-keto-L-galactose. Finally, an NADPH-
dependent reduction converts the C-4 ketone into a hydroxyl
group and produces GDP-L-fucose.

Lau and Tanner [32] demonstrated that Cys109 and
His179 act as a base and an acid, respectively, in both epi-
merization reactions, which are catalyzed by E. coli FX.
Comparing the molecular structure of human FX with that of
E. coli FX, the spatial positions of Cys116 and His186 in
human FX are the same as the spatial positions of Cys109
and His179 in E. coli FX (Fig. 5). Based on the similarity of
two structures, we conclude that Cys116 and His186 play a
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similar role in human enzyme, as Cysl09 and His179
behave in E. coli FX. It reveals the key catalytic residues in
human FX and could be useful for the design of drugs for
the treatment of inflammation, auto-immune diseases, and
possibly certain types of cancer.
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