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Background: UDP-GlcNAc-2 epimerase/ManNAc kinase is the key enzyme for sialic acid biosynthesis.
Results: The crystal structure of ManNAc kinase in complex with its substrate ManNAc has been determined at 1.64 Å
resolution.
Conclusion: Insights into the mechanism of ManNAc phosphorylation have been gained from the substrate-bound structure.
Significance: The new structural information presented here offers a basis for designing potential inhibitors of sialic acid
biosynthesis.

Sialic acids are essential components of membrane glycocon-
jugates. They are responsible for the interaction, structure, and
functionality of all deuterostome cells and havemajor functions
in cellular processes in health and diseases. The key enzyme of
the biosynthesis of sialic acid is the bifunctional UDP-N-acetyl-
glucosamine-2-epimerase/N-acetylmannosamine kinase that
transforms UDP-N-acetylglucosamine to N-acetylmannosamine
(ManNAc) followed by its phosphorylation to ManNAc 6-phos-
phate andhas adirect impact on the sialylationof cell surface com-
ponents. Here, we present the crystal structures of the human
N-acetylmannosamine kinase (MNK) domain of UDP-N-acetylg-
lucosamine-2-epimerase/N-acetylmannosamine kinase in com-
plexes with ManNAc at 1.64 Å resolution, MNK�ManNAc�ADP
(1.82 Å) andMNK�ManNAc 6-phosphate�ADP (2.10 Å). Our find-
ingsoffer detailed insights in the active center ofMNKand serve as
a structural basis to design inhibitors. We synthesized a novel
inhibitor, 6-O-acetyl-ManNAc, which is more potent than those
previously tested. Specific inhibitors of sialic acidbiosynthesismay
serve to further study biological functions of sialic acid.

Sialic acids are pyranoses consisting of nine carbon atoms
with amino and carboxyl moieties at the C5- and C2-positions,
respectively. They are hydrophilic due to their net negative
charge conferred by the carboxyl group and are usually present
as part of the outermost end of glycan chains of glycoproteins
and glycolipids. Because sialic acids are found ubiquitously as
terminal components of eukaryotic cell surfaces, they are
involved in virtually all interactions of cellswith an extracellular
matrix or with other cells (1, 2). They serve as recognition sites
for various interaction partners or mask antigenic residues
from immune surveillance (3, 4).
Sialic acids play a crucial role in human health. In cancer, for

example, an altered glycosylation pattern is a universal feature
(5, 6), and malignant tumor transformation is associated with
increased sialylation levels on tumor cell surfaces, which may
serve to protect tumor cells from the recognition by the
immune system (7, 8). Overexpression of sialic acid in tumor
cells is also associated with a highermetastatic potential (9, 10),
which may be a result of stronger interactions between circu-
lating tumor cells with selectins of platelets, leukocytes, and the
endothelium (11).
The de novo biosynthesis of sialic acid starts with the irre-

versible transformation of UDP-N-acetylglucosamine (UDP-
GlcNAc) to N-acetylmannosamine (ManNAc) and subse-
quently to N-acetylmannosamine 6-phosphate (ManNAc-6P).
These reactions are catalyzed by the bifunctional cytosolic
enzyme UDP-GlcNAc 2-epimerase/ManNAc kinase (GNE),5
which is highly conserved throughout the animal kingdom (12).
The activity of GNE is regulated by the downstream product
CMP-sialic acid by feedback inhibition (13), which underlines
its key role in the sialic acid biosynthetic pathway. Furthermore,
GNE overexpression has direct impact on cell surface sialyla-
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tion (14). In humans, hGNE is relatedwith two genetic diseases,
sialuria (15) and hereditary inclusion body myopathy (HIBM).
In sialuria, a mutation of either Arg-263 or Arg-266 in the epi-
merase domain impairs the feedback inhibition of hGNE (16).
HIBM is an autosomal recessive neuromuscular disorder
caused by more than 60 different point mutations that affect
both functional domains of hGNE (17, 18). Given the implica-
tion of hGNE in disease and sialic acid biosynthesis, the eluci-
dation of its structure has been a matter of interest. The apo-
structure of the kinase domain (hMNK) had been already
determined by Tong et al. (19). We concentrated our efforts in
solving the structure of hMNK in its ligand-bound form to
characterize the active site and enable the rational design of an
inhibitor. Here, we present the crystal structures of the hMNK
domain of human GNE in complex with its physiological sub-
strate ManNAc (1.64 Å), in ternary complexes with ManNAc
and ADP (1.82 Å) as well as with ManNAc-6P and ADP (2.10
Å). Based on these structures, Asp-517 was presumed to be the
catalytic residue. Therefore, the mutants D517N and D517A
have been cloned and purified, and their activity was tested. In
addition, a set of six HIBM-related mutants were tested in this
study. M712T is the main HIBM mutation that occurs com-
pound homozygously in almost all Middle-Eastern patients.
N519S, I587T, and A631Vwere chosen because they also occur
compound homozygously in HIBM patients. A631V is also
found compound heterozygously in combination with F528C.
A631T, a mutation identified in compound heterozygous
patients, was chosen due to its similarity to A631V (17, 20, 21).

EXPERIMENTAL PROCEDURES

Cloning and Protein Purification—The DNA fragment cod-
ing for hMNK of human GNE1 (amino acids 406–720) was
amplified by PCR from plasmid pUMVC3-hGNE1 (12) and
cloned into the overexpression vector pET28a (Novagen) with
an N-terminal hexahistidine tag cleavable with tobacco etch
virus protease or thrombin. Expression in BL21-CodonPlus
(DE3)-RIL Escherichia coli (Stratagene) was induced at an A600
of �0.5 by the addition of 1 mM isopropyl �-D-thiogalactoside,
and the cultures continued to grow for 20 h at 18 °C. The pro-
tein was purified at 4 °C by affinity chromatography on a His-
Trap 5-ml column (GEHealthcare) using buffer A (20mMTris-
HCl, pH 8.0, 500 mM NaCl) followed by size-exclusion
chromatography using a preparative Superdex S-75 26/60 col-
umn (GE Healthcare) and buffer B (10 mM Tris-HCl, pH 8.0,
150 mM NaCl).

HIBM variants of hMNK were prepared similar to wild-type
hMNKusing pFastBac-hGNE1 constructs (21) with the respec-
tive gne mutation for variants N519S, F528C, I587T, A631T,
and A631V or the pBluescript-hGNE1 construct (22) for vari-
ant M712T, as templates for PCR.
Generation of D517A and D517N Mutants—For the pro-

duction of D517A and D517N point mutations, the “Quik-
ChangeTM site-directed mutagenesis kit” of Stratagene was
used. pET28a-MNKwas applied as template, and the following
primers as well as their reverse complement counterpart were
chosen: CCCTGTGTGGGTAGACAATGCTGGCAACTGT-
GCTGCCC for D517A and CCCTGTGTGGGTAGACAATA-
ATGGCAACTGTGCTGCCC for D517N. PCR and cloning

were performed following the provider’s protocol (Stratagene).
The presence of the desired mutation was confirmed by
sequencing (Seqlab, Germany).
Activity Assays, hMNK Kinetics, and Inhibition—The kinase

activities of recombinant hMNK and all mutants tested in this
study were determined spectrophotometrically using an assay
containing 60 mM Tris-HCl, pH 8.1, 10 mMMgCl2, 5 mMMan-
NAc, 10mMATP, 0.2 mMNADH, 2mM phosphoenolpyruvate,
2 units of pyruvate kinase, 2 units of lactate dehydrogenase, and
0.1–1 �g of MNK in a final volume of 200 �l as described pre-
viously (23). The reaction was performed for 20 min at 37 °C
and stopped by adding 800 �l of 10 mM EDTA. The decrease of
NADH was monitored at 340 nm.
The obtained activity was plotted double-reciprocally versus

substrate concentration, and the Km value was determined
from an average of four independent measurements (supple-
mental Figs. 1–3).
hMNKkinase activity wasmeasured at 250�MManNAc and

5 mM of the indicated inhibitors (N-propanoylglucosamine,
3-O-Me-GlcNAc, and 6-O-Ac-ManNAc). The inhibition was
assessed from the reduced activity relative to control without
inhibitors. N-propanoylglucosamine and 3-O-Me-GlcNAc
were synthesized and characterized as described earlier (24,
25).
Preparation of 6-O-Acetyl-ManNAc—ManNAc (442 mg, 2

mmol) was dissolved in pyridine (10 ml). O-Acetylpropanon-
oxime (207 mg, 1.8 mmol), 4-Å molecular sieves (100 mg), and
lipase AY30 (1.1 g) were added, and the suspension was stirred
vigorously at 50 °C. After 5 days, additional lipase AY30 (1.1 g)
was added, and the suspension was stirred for an additional 2
days at the same temperature. The lipase was removed by fil-
tration, and the precipitate was washed with MeOH (10 ml).
After addition of toluene (15ml), the solvents were removed by
a rotary evaporator; this process was repeated with another 10
ml of toluene, and the resulting crude product was purified by
flash chromatography (silica gel, EtOAc/MeOH/H2O� 25:4:1)
to yield 6-O-acetyl-ManNAc (18 mg, 4%). The compound was
validated by 1H NMR and high resolution mass spectrometry
(ESI-TOF) (supplemental data NMR and ESI-TOF data).
Isothermal Titration Calorimetry—The protein concentra-

tion (432�M forWT-hMNK and 110�M for D517NMNK)was
determined byUV spectroscopy using as absorption coefficient
18450 M�1 cm�1. The protein and the ManNAc solution (1
mM) were prepared in ITC buffer (150 mM NaCl, 10 mM Tris,
pH 8). The experiments were performed using an ITC 200
(Microcal). 280 �l of protein solution were injected into the
calorimeter cell, and the injection syringe was loaded with
ManNAc solution. After thermal equilibration at 30 °C and a
1-min initial delay, 20 consecutive injections of 2�l ofManNAc
solution were made into the calorimeter cell under continuous
stirring (1000 rpm). The injection spacing was 150 s, which
allowed complete re-equilibration. The data were fitted to a
one-site model, and the corresponding KD values were calcu-
lated using the software Origin 7 (Microcal) (supplemental Fig.
5).
Crystallization—Crystals of the binary complex hMNK�

ManNAc were obtained by co-crystallization using vapor dif-
fusion at 18 °C. The drops were set up bymixing equal volumes
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(2 �l) of 15 mg/ml protein and 2 mM ManNAc in buffer B and
screen reservoir solution (0.2 M calcium acetate, 0.1 M sodium
cacodylate, pH 6.5, and 40% PEG 300). Diamond-shaped crys-
tals reached their maximal size within 5 days and were directly
flash-frozen in liquid nitrogen prior to data collection. No crys-
tals could be obtained by co-crystallization of hMNK with
ManNAc and ADP, ATP, AMPPCP, or AMPPNP, but ternary
complexes were obtained by soaking crystals of the binary
hMNK�ManNAc complex replacing stepwise their mother liq-
uor with solutions containing 0.1 M sodium cacodylate, pH 6.5,
50%PEG300, and 20mMADPorATPor nonhydrolyzableATP
derivatives.
X-ray Diffraction Data Collection and Structure Refinement—

X-ray diffraction data were collected at 100 K on beamline BL
14.2 (BESSY, Berlin). The data were integrated, reduced, and
scaled using XDS/XSCALE (26). Statistics of the crystallo-
graphic data are summarized in Table 1. The structure of the
hMNK�ManNAc complex was solved by molecular replace-
ment using MOLREP (27) of the CCP4 program suite (28)
and a monomer from the apo-form structure of hMNK as
search model (19) (PDB code 3EO3). The ternary complex
structures were solved by molecular replacement using the
hMNK�ManNAc structure as search model.
The asymmetric unit contains one hMNKmonomer thatwas

subjected to rigid-body refinement, followed by iterative cycles
of TLS and restrained-maximum likelihood refinement,
including isotropic temperature factor adjustment with REF-
MAC (29) and manual rebuilding using COOT (30). During
this process, 5% randomly selected reflections were used to cal-
culate Rfree.Watermolecules were added using COOT, and the
models were validated using MOLPROBITY (31). Statistics
concerning the refinement and geometry of the structures are
summarized in Table 1. Atomic coordinates and structure fac-

tors have been deposited in the Protein Data Bank under codes
2yhw, 2yhy, and 2yi1.

RESULTS

Enzymatic Properties of hMNK—The specific activity of
recombinant hMNK forManNAcwas found to be 2.6 units/mg
protein, which is comparable with the corresponding kinase
activity of full-length hGNE (2.4 units/mg) (21). Kinetic exper-
iments revealed theKm values forManNAc to be 95 �M and for
ATP to be 4.4 mM (supplemental Figs. 1 and 2).
Overall Structure of the hMNK Monomer—The high quality

of the electron density maps at 1.64 Å resolution allowed the
building of the model for ManNAc and hMNK. No electron
density could be attributed to residues 617–620,which are con-
sequently missing in the final model. The overall fold of hMNK
is composed of two lobes arranged like a “V,” with each leg of
the V representing one of the lobes (Fig. 1, a and b). Both lobes
are connected by a hinge composed of two flexible loops (amino
acids 529–535 and 700–702) allowing hMNK to change from
an open conformation to a closed one upon substrate binding
(see below). The interface between the two lobes (at the inner
bottom side of theV) defines a large cavity containing the active
site, where ManNAc and ATP bind (Fig. 1, a and b).
Dynamics of Substrate Binding and Multimeric State of

hMNK—A comparison of the apo-hMNK structure (19) with
the structure of the hMNK�ManNAc complex usingDYNDOM
(32) showed a clear conformational change of the V-shaped
protein (Fig. 1e). Upon substrate binding, the N-terminal lobe
rotates 12° toward the C-terminal lobe. This closure allows
hMNK to embrace and tightly coordinateManNAc. Both lobes
behave as rigid bodies, and the flexibility is conferred by the
hinge. The protein fold of the hMNK�ManNAc complex is,
however, not significantly modified by ADP or ATP binding.

TABLE 1
Data collection and refinement statistics
Values in parentheses refer to the outermost resolution shell.

MNK/ManNAc MNK/ManNAc/ADP MNK/ManNAc-6P/ADP

Data collection
Beamline BESSY MX 14.2 BESSY MX 14.2 BESSY MX 14.2
Space group P 41 21 2 P 41 21 2 P 41 21 2
Unit cell a � b � 90.7; c � 100.8 Å a � b � 90.4; c � 101.2 Å a � b � 90.6; c � 101.4 Å
Nominal resolution 45.3 to 1.64 Å 50.0 to 1.82 Å 41.40 to 2.15 Å
Outermost resolution shell 1.73 to 1.64 Å 1.92 to 1.82 Å 2.27 to 2.10 Å
Unique reflections 52,083% (7584) 38,183 (5567) 23,574 (3484)
Completeness 100% (100%) 100% (100%) 99.7% (100%)
Redundancy 12.9 (12.9) 12.8 (12.9) 11.8 (3.9)
Rmerge 5.8 (72.5) 5.3 (69.4) 7.9 (64.7)
Rmrgd-F 5.9 (39.5) 6.0 (40.9) 9.3 (44.6)
Mean I/�(I) 30.66 (4.37) 34.07 (4.40) 24.52 (4.0)

Refinement
Rwork/Rfree 14.8/17.0% 15.2/18.2% 17.2/20.0%

Root mean square from ideal geometry
Bond lengths 0.026 Å 0.025 Å 0.022 Å
Bond angles 2.068° 2.097° 1.788°
Dihedral angles 6.637° 6.180° 6.465°
Chiral center restraints 0.157 0.128 0.108

Mean B factor (Å2)
Overall model 25.7 31.6 37.1
Protein atoms 25.2 30.8 37.0
Sugar 12.5 16.2 18.7 (ManNAc) 23.4

(ManNAc-6P)
ADP 58.0 66.3
PDB ID 2YHW 2YHY 2YI1
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The crystal asymmetric unit harbors one hMNK/ManNAc,
and examination of the crystal structure using PISA (33)
revealed a biologically relevant homodimer formedby two sym-
metry-related molecules sharing a contact interface of 1760 Å2

(Fig. 1c). All amino acids implied in dimerization belong to the
C-terminal lobe of hMNK and create an intricate network of 30
hydrogen bonds stabilizing the quaternary structure of the
hMNK dimer. The N-terminal lobe is not implicated in
dimerization and possesses more freedom, which allows it to
undergo the necessary conformational changes to bind Man-
NAc. A similar analysis of the dimer in apo-hMNK (19) shows a
monomer-monomer interface of only 1587 Å2 that is stabilized
by 22 hydrogen bonds, indicating that substrate binding to

hMNK contributes significantly to the stabilization of the qua-
ternary structure. The dimeric character of hMNK observed in
the crystal structures correlates with the retention times
obtained by size-exclusion chromatography (supplemental Fig.
6).
Zn2�-binding Site—A Zn2� is located between �4 and �5

and tetrahedrically coordinated by Cys-579, Cys-581, and Cys-
586 with Zn2�-S� distances of 2.35, 2.33, and 2.26 Å, respec-
tively, and His-569 arising from the loop between these two
�-helices with distance Zn2�-N�1(His-569) of 2.11 Å (Fig. 1d).
The four residues implied in Zn2� binding are part of the spe-
cific ROK family motif signature (34). The B factor for Zn2�

(14.5 Å2) correlates with the B factor of the atoms in its direct

FIGURE 1. a, ribbon representation of the human ManNAc kinase domain monomer in complex with its natural substrate. The N-terminal lobe is shown in blue,
and the C-terminal lobe is in red. ManNAc is depicted as gray sticks. The secondary structure elements are labeled as � (helices) or � (strands) followed by a
number indicating their occurrence in the primary structure. The C-terminal �-helix (�11) protrudes out of the C-terminal lobe into the N-terminal lobe and is
in green for clear orientation. The dashed line in the loop connecting �6 with �7 indicates a flexible unmodeled region. b, schematic representation of the hMNK
topography. The two lobes are boxed and colored according to a and connected by two red lines indicating the hinge regions. The numbers close to each
secondary structure elements indicate the N- and C-terminal amino acids. The residues forming the ManNAc and the ADP-binding sites are shown in green and
gray rectangles, respectively. c, presentation of the hMNK homodimer. The physiological dimer of hMNK was reconstituted from monomer A using the relevant
crystallographic 2-fold axis. Monomers A and A� are displayed in white (ribbon) and blue (ribbon and surface) with their interfacing residues (1760 Å2) in red and
green, respectively. d, zinc-binding site. The tetrahedral coordination of Zn2� (gray sphere) concerns three cysteine residues (sulfur atoms in yellow) and a
histidine (nitrogen in blue). Upon metal binding, His-569 adopts the correct orientation for the coordination of the ManNAc-O1 atom. e, superimposition of the
C-terminal lobes from hMNK/ManNAc and the apo-hMNK structures (the apo-hMNK in gray, PDB code 3EO3). The helices are displayed as cylinders for clarity.
Upon ManNAc binding, the N-lobe (blue) pivots 12° toward the C-lobe (red) about the hinge region (green loops). This clearly differentiates the open apo-hMNK
(gray) from the closed ligand-bound conformation (blue and red).
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environment (15.0 Å2 on average) and suggests full occupancy,
althoughnoZn2�was added during purification. This indicates
an endogenous strong binding of Zn2� whose structural role is
critical in defining the topography of the active center.
ManNAc-binding Site—The Fourier difference maps of the

hMNK�ManNAc complex clearly show the presence of the
�-anomeric form of ManNAc in 4C1 chair conformation in the
active site of hMNK. The average B factor for ManNAc is 12.2
Å2, even lower than the average B factor for the main chain of
MNK (14.3 Å2), and indicates that the sugar-binding site is fully
occupied.
All the polar atoms of ManNAc are hydrogen-bonded by

eight surrounding amino acids of hMNK and three water mol-
ecules that form a network of 17 hydrogen bonds. The N-ter-
minal lobe is the major contributor to this network with five
amino acids (Gly-476, Arg-477, Thr-489, Asn-516, and Asp-
517), and the other three residues belong to theC-terminal lobe
of hMNK (Glu-566, His-569, and Glu-588).
The hydrogen bonding network binding ManNAc is dis-

played in Fig. 2a, and the interactions are summarized in Table
2. Gly-476 and Arg-477 are situated in the loop connecting �4
with the hairpin �-sheet formed by �5 and �6, and Thr-489
belongs to the loop following �6. The short loop connecting �7
and helix �3 bears the other two residues, Asn-516 and the
presumed catalytic residue Asp-517, that are located in the
N-terminal lobe.
The active center residues of the C-terminal lobe seem to be

orientated by the Zn2�-bindingmotif. This is especially evident
for His-569, whose N�1 and N�2 atoms directly coordinate both
Zn2� and the ManNAc-O1 atom, respectively. Glu-566 and
Glu-588, which are two of the ManNAc-binding residues, are
close to His-569 and Cys-586, respectively, and underline the
central role of the Zn2�-binding motif for the active center of
MNK.
Nucleotide-binding Site—Because attempts to co-crystallize

hMNKwithManNAc andADP,ATP, orAMPPCPwere unsuc-
cessful, crystals of the binary complex hMNK�ManNAc were
soaked either with ATP or ADP. The structure of the ternary
complex between MNK, ManNAc, and ADP could be deter-
mined at 1.82 Å resolution (Table 1 and Fig. 2b). The electron
density difference maps clearly showed the presence and posi-
tion of the �- and �-phosphate groups of ADP as well as of the
Mg2� necessary for catalysis. The ribose moiety was partially
defined, but no electron density was found for the adeninemoi-
ety, which is probably due to weak coordination and high flex-
ibility of the nucleotide-binding site, as also indicated by theKm
of 4.4 mM for ATP.
Prolonged soaking of hMNK/ManNAc crystals with ATP

afforded the structure of the ternary complex hMNK�
ManNAc-6P�ADP that was determined at 2.10 Å resolution
(Fig. 2c). In this case also, no electron density could be found for
the adenine moiety of ADP; however, additional electron den-
sity extending from theManNAc-O6 atomwas attributed to the
partial presence of the phosphorylated product of the reaction,
ManNAc-6P (0.4 occupancy) in coexistence with the substrate
ManNAc (0.6). This indicates that the kinase reaction has taken
place in the crystal and that the �-phosphate of ATP has been
transferred to ManNAc.

The�-phosphate of ADP is stabilized by a total of eight inter-
actions (Fig. 2b). On one side, the �-phosphate interacts with
the backbone NH of Thr-417, Asn-418, and Thr-544, as well as
with Thr-544-O�1. On the other side, the �-phosphate is stabi-
lized by hydrogen bonds to three water molecules that are fur-
ther hydrogen-bonded to ManNAc-O6H and the NH group of
Gly-545 (water molecule number 1 in Fig. 2b), Asp-413-O�1,
and Asp-517-O�1 (water molecule number 2), and to Arg-420-
N�2 (water molecule number 3).

Mg2� is octahedrically coordinated with the �-phos-
phate-O3 atom andAsp-413-O�2 in the axial positions, whereas
fourwatermolecules occupy the equatorial sites. The side chain
of Asp-413 does not directly bind one of the oxygens of the
�-phosphate but is necessary for Mg2� coordination and con-
sequently crucial for ATP binding.
The �-phosphate of ADP is mainly coordinated by the side

chains of Arg-420-N�1 and Asn-418-N�2 and is further stabi-
lized by two water-mediated hydrogen bonds (water molecules
3 and 4). All the amino acids involved in pyrophosphate coor-
dination are located within strand �2 of the N-terminal lobe
(Thr-417,Asn-418, andArg-420) and in the loop connecting�8
and �9 of the C-terminal lobe (Thr-544).

In the hMNK�ManNAc�ADP complex, the O3�H group of
ADP is only stabilized by a hydrogen bond to Gln-597-O�1 that
ismediated bywatermolecule number5 (Fig. 2b). In the ternary
complex hMNK�ManNAc-6P�ADP, however, O3�H of ADP
engages in two direct hydrogen bonds with Thr-417-O�1 and
Thr-544-O�1, and O2�H is stabilized by a water-mediated
hydrogen bond to the side chain of Gln-597 (Fig. 2c).
Catalytic Role of Asp-517—Based on the hMNK/ManNAc

structureAsp-517was presumed to exert a catalytic role, due to
its proximity to theManNAc-6OH and to its high conservation
among homologous sugar kinases (Fig. 2a and supplemental
Table 1). To validate this hypothesis, the variants D517A and
D517N were prepared, and their enzymatic activity was tested.
In both cases, no activity could be detected (Table 3). Further-
more, to elucidate whether the MNK inactivation was due to a
missense folding induced by the mutation of Asp-517, the sec-
ondary structure content ofWT-hMNK, D517A, D517N, and a
set of six HIBM-related mutants was analyzed by CD spectra
(Table 3). No major differences were found for the variant
D517N, whereas D517A showed a small yet insignificant
increase for the random coil content with respect to the wild
type (38% versus 40%). A closer observation of Table 3 reveals
that among all variants, D517A and D517N show the smallest
secondary structure content variation with respect to the wild
type. These data suggest that the loss of activity for the Asp-517
variants (Table 3) is rather related to the specific catalytic role of
this amino acid than to the effect of this single point mutation
on the overall fold of the enzyme. Because Asp-517 is also
involved inManNAc coordination, it was important to find out
whether the mutations impaired sugar binding. The dissocia-
tion constants (KD) for wild type (WT)-hMNK/ManNAc (2.5
�M) and D517N/ManNAc (259 �M) were determined by ITC.
D517N shows 100-fold lower affinity compared with
WT-MNK, but this binding affinity would still be sufficient for
normal enzyme activity. All other variants tested in this study
showed a weaker binding, and no KD value could be evaluated
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by ITC. Interestingly, all other variants except D517N and
D517A have partial enzymatic activity, confirming the catalytic
role of Asp-517 in hMNK.

HIBMMutation Analysis—The only genetic determinants of
HIBM pathology are defined mutations of hGNE (17). Muta-
tions on one functional domain can also affect the enzymatic

FIGURE 2. a, stereo view of the ManNAc-binding site. The colors of the secondary structures are consistent with Fig. 1a indicating whether the residues arise
from the N-terminal lobe (blue) or from the C-terminal one (red). The residues involved in ManNAc binding are represented as sticks, ManNAc atoms are
numbered. Oxygen and nitrogen atoms are displayed in red and blue, respectively. The three water molecules are shown as red spheres and numbered. Broken
lines show the extensive hydrogen bond network between hMNK and ManNAc. b, stereo view of the ADP-binding site. The colors of the secondary structures
are consistent with Fig. 1, a and b. Oxygen and nitrogen atoms are displayed in red and blue, respectively. The seven water molecules involved in ADP binding
are displayed as red spheres and numbered in white. Broken lines show hydrogen bonds. ADP is shown in green (adenine moiety and ribose) and orange
(phosphates). Mg2� (gray sphere) is octahedrally coordinated, axially between Asp-413 and the �-phosphate O3 and equatorially by four water molecules (2, 3,
6, and 7). The ManNAc molecule is also shown (C atoms white, in the back of the picture), hydrogen-bonded with O6H to water molecule 1. This gives a first
impression of the distance separating the �-phosphate and the sugar phosphorylation site, hydroxyl O6H. c, stereo view of the ManNAc-6P phosphate
coordination. The color coding of the secondary structure elements is consistent with Fig. 1, a and b. Oxygen and nitrogen atoms are displayed in red and blue,
respectively. Water molecules involved are displayed as red spheres and numbered in white. Broken lines show the hydrogen bond network surrounding the
phosphate (orange) at the O-6 position. The ManNAc-6P molecule (0.4 occupancy) is displayed with lilac backbone, and the unphosphorylated ManNAc
molecule (0.6 occupancy) is shown in green. b and c, adenine moiety has been modeled in a plausible conformation becauseit was not defined in the electron
density maps (see supplemental Fig. 10). O6H, the hydroxyl function located on the 6th position of the ribose ring.
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activity of the other domain (21). The cellular mechanism link-
ing these mutations to muscle degeneration is still unknown.
To understand the structural implications ofmutations that are
associated with HIBM, the hMNK domains of six HIBM-re-
lated hGNE variants were cloned, purified, characterized, and
compared with WT-hMNK (Table 3). An extensive structural
mapping of these disease-associated mutations has been previ-
ously performed by Tong et al. (19) based on the apo-hMNK
structure. Here, we focus on the six point mutations that had
been biochemically characterized in this work (Table 3) and use
the newly gained structural information (residues involved in
ManNAc and ATP binding) to discuss the structural implica-
tion of these mutations in hMNK activity.
Given the highly compact fold of hMNK, it is understandable

that many single point mutations are prone to disrupt hMNK
architecture. Asn-519 is located on helix �3, and Asn-519-N�2

is hydrogen-bonded to Asp-515-O�1, thereby orientating Asn-
516 and Asp-517, two of the sugar-binding residues. A muta-
tion to serine (N519S) alters this interaction and consequently
the binding affinity of the sugar. Phe-528 is located at the very C
terminus of helix �3 in a hydrophobic contact interface with
strand�11. The exchange of phenylalanine with a smaller polar
residue like cysteine (F528C)might disrupt this interaction and
affect the orientation of the sugar-binding residues at theC-ter-
minal part of�3. Ile-587 is buried and inaccessible to solvent. Its
location between Cys-586 (Zn2�-binding) and Glu-588 (sugar-
binding) suggests that a change of Ile-587 to a polar residue like
threonine will disturb the binding of both Zn2� and ManNAc.
Ala-631 is located at the C terminus of helix �7 in an area of

poorly defined electron density, making the orientation of ala-
nine unreliable. Because Ala-631 is far away from the sugar-
binding site, a mutation of this residue would rather impair
ATP binding, which fits with the low enzymatic activity
observed for the two variants A631T and A631V (Table 3) and
the conservation of the high specificity for ManNAc. Met-712
on helix �11 forms hydrophobic contacts with �4 and �7 that
bear four of the sugar-binding residues in two loops at their
respective C termini (Gly-476 and Arg-477 for �4 and Asn-516
and Asp-517 for �7). In the variant M712T, because threonine
is shorter than methionine, these interactions are disturbed,
which would explain the implications of this mutation, i.e.
reduced �-helix content to 11%, increased �-strand content to
30%, and enzymatic activity reduced to 40%, compared with
WT-hMNK (Table 3).
MNK Inhibition—With the known crystal structures, it is

now possible to design hMNK inhibitors usingmolecular mod-
eling techniques. Based on the geometry of the active center of
hMNK, we postulated that modifications at the C6-position of
ManNAc could yield potential inhibitors. N-Propanoylgluco-
samine and 3-O-Me-GlcNAc were described in previous stud-
ies to inhibitMNKactivity in cell lysates (24, 25). The inhibition
effect of these substances was tested in this study with purified
recombinant hMNK. At 5 mM inhibitor concentration, the
activity of hMNK was only decreased by 17 and 26%, respec-
tively, for these two compounds (supplemental Fig. 4).We syn-
thesized 6-O-Ac-ManNAc that has a significantly stronger
inhibitory effect of 60% at 5 mM inhibitor concentration with a
measured Ki of 1.4 mM (supplemental Fig. 4).

DISCUSSION

The elucidation of the crystal structure of hMNK in complex
with ManNAc revealed that upon substrate binding, hMNK
undergoes structural changes from an open substrate-free con-
formation (19) to a closed sugar-bound one. This “induced fit”
is a common feature of sugar kinases like human N-acetylglu-
cosamine kinase (35) or hexokinase from Sulfolobus tokodaii
(36).Only for YdhR, a closely related fructokinase fromBacillus
subtilis, also belonging to the ROK family, no major structural
changes upon fructose binding have been described (37). How-
ever, this is likely to be a crystallographic artifact, where the
crystal packing induces the close conformation. Indeed, time-
resolved fluorescence studies on adenylate kinase suggested
that there is not only an open and a close conformation but that
substrate binding contributes to trap the protein in a so-called
“closed” conformation, which otherwise exists also in solution
(38). The loop containing Thr-417, an amino acid involved in
nucleotide binding, differs by 5Åwithin apo- and ligand-bound
structures (supplemental Fig. 7), clearly indicating that the con-
formational change induced by the binding of ManNAc is a
prerequisite for ATP binding. This is meaningful in a biological
context because it prevents hMNK from unnecessary wasting
ATP in absence of substrate.
The high affinity (Km of 95 �M) of hMNK for ManNAc cor-

relates with the dense hydrogen bond network that hMNKuses
to bind ManNAc (Fig. 2a and Table 2). Also, the relatively low
affinity (Km of 4.4 mM) of hMNK for ADP correlates with the

TABLE 2
Hydrogen bond contacts for ManNAc

Sugar atom
Protein
atom Distance

Å
ManNAc O1 His-569-N�2 2.7

Glu-588-O�1 2.55
ManNAc N2 Water-1 3.0
ManNAc O3 Gly-476-N 2.9

Arg-477-N�2 3.2
Glu-566-O�2 2.6
Asn-516-N�2 3.1

ManNAc O4 Asn-516-N�2 3.2
Water-3 2.8
Asp-517-O�2 2.6

ManNAc O6 Asp-517-O�1 2.6
Water-2 2.7
Water-1 2.9

ManNAc O5 Water-1 3.2
ManNAc carbonyl Thr-489-N 2.9

Arg-477-N�2 2.9

TABLE 3
Secondary structure content for HIBM-related mutants determined by
CD spectroscopy and their relative specific activity

�-Helix �-Sheet �-Turn
Random

coil
Relative specific

activity

MNK 20 24 18 38 100
D517A 16 26 18 40 0
D517N 23 22 18 37 0
N519S 15 27 18 40 25
F528C 10 31 18 41 78
I587T 11 30 18 41 24
A631T 10 31 17 42 4
A631V 12 29 17 42 26
M712T 11 30 17 42 40
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less well defined hydrogen bond network found for this inter-
action (Fig. 2b).
hMNK is the first human member of the ROK family (39) to

be structurally characterized in complex with its specific sub-
strate. We found that the Zn2�-binding motif (40) (common
signature to all ROK family members) is necessary to properly
orientate several residues of the active center, thus playing a
structural key role for the enzymatic activity of hMNK,which is
particularly evident for His-569, which coordinates both, Zn2�

and the C1 hydroxyl group ofManNAc. This phenomenon had
been already observed for othermembers of the ROK family. In
the fructokinase YdhR, His-153 interacts with the C1 hydroxyl
group from D-fructose and complexes Zn2� simultaneously
(37). Furthermore, mutations of the cysteine residues of the
motif have been shown to inactivate the B. subtilis glucokinase
activity (41) and reduction of the function of the Mlc repressor
(34) underlying the importance of themotif for protein activity.
The apo-hMNK crystal structure featured a crystallographic

hexamer formed by interaction between the N-terminal lobes
of symmetry-relatedmates, whichwas discussed by the authors
to be biologically relevant (19). However, our findings suggest
that this is a crystallographic artifact rather than a naturally
occurring multimer, because this arrangement would reduce
the flexibility of theN-terminal lobe that appears to be required
for substrate binding. Our crystal structures clearly display
hMNK in a dimeric form (Fig. 1c), which is in concordancewith
the retention time obtained by size-exclusion chromatography
(supplemental Fig. 6). Ghaderi et al. (42) previously demon-
strated that FL-GNE can exist as a fully active tetramer or as a
dimer possessing only kinase activity. Taken together, these
data suggest that the kinase domain of hGNE is responsible for
dimerization, and the epimerase domain assemble two dimers
to form the fully active GNE tetramer.
In the hMNK�ManNAc�ADP complex, the adenine moiety

has been modeled in a hydrophobic pocket where it is stacked
between the side chains of Leu-625 and Val-670 (Fig. 2b). The
conformation of both the ribose and the adenine moieties
observed here is consistent with the one observed for AMPPNP
in the crystal structure of human glucokinase (43) and ADP in
the crystal structure of fructokinase YdhR from B. subtilis (37).
The conformation of adenine is different in the complex with
ManNAc-6P, its plane being rotated by �100°, and it stacks on
top of Leu-625 and Val-670. In both complexes, the adenine
moiety is poorly defined in electron densitymaps that, aswell as
its conformational variability, reflect flexibility of this moiety.
One possible explanation could be the relatively low binding
affinity of hMNK forATP (Km of 4.4mM); however, it cannot be
excluded that further spatial rearrangements could occur in
solution to properly accommodate the nucleotide and espe-
cially the adenine base.
The catalytic role of Asp-517 for hMNK could be confirmed

by pointmutations and enzymatic tests (see “Results” andTable
3). Analogous to other kinases (44–46), the expected chemical
mechanism implies a nucleophilic attack of the O6 atom of the
substrateManNAc on the �-phosphorus atom of the ATPmol-
ecule. The nucleophilicity of the O6 atom from the alcohol
group at the C6 atom is increased by deprotonation. For this
purpose, the catalytic residue Asp-517 acts as a general base.

Asp-517-O�1 and ManNAc-O6 are in hydrogen bond distance
(2.6 Å) and well oriented with respect to each other (supple-
mental Fig. 8).
Given the known alterations in the sialylation pattern of

tumor cell surfaces (5–8), the search for an inhibitor of sialic
acid biosynthesis is a matter of great biochemical interest. An
inhibitor would provide a valuable tool for research on hitherto
unknown functions of sialic acid in membrane glycoconjugates
or in serum constituents. Furthermore, inhibition of sialic acid
biosynthesis could render metastatic cells more susceptible to
the immune system, because most metastatic cells are pro-
tected by a sialic acid shield from immune recognition (47).
Because hGNE is the key enzyme in sialic acid biosynthesis and
its impairment diminishes the level of sialic acid expression on
cell surfaces (14), many UDP-GlcNAc and transition state ana-
logs were synthesized as inhibitors for the epimerase activity of
hGNE and tested to date (48, 49). However, because of their
hydrophilic nature, these inhibitors cannot penetrate the cell
plasma membrane and are ineffective in cellular systems.
hMNK could be another target for the inhibition of the path-
way. Even if some alternative pathways for ManNAc phospho-
rylation are known (50) and the direct conversion of ManNAc
into Neu5Ac has been reported (51, 52), the inhibition of the
kinase could at least diminish the yield of sialic acid production.
BecauseManNAc is closely engulfed into the substrate bind-

ing pocket of hMNK and only the hydroxyl moiety at the C6
position is sterically accessible (supplemental Fig. 9), we
hypothesized that a modification of the C6-position of Man-
NAc with a relatively small polar group could yield a potential
hMNK inhibitor. As a proof of principle, 6-O-Ac-ManNAcwas
synthesized and found to competitively inhibit hMNK stronger
than all other previously published inhibitors of hMNK (24, 25).
The crystal structures presented here provide the basis for the
rational design of new inhibitors of hMNK.
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