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ABSTRACT. Hereditary inclusion body myopathy (HIBM), a neuromuscular disorder, is caused by mutations

in UDP-N-acetylglucosamine 2-epimeraledcetylmannosamine kinase (GNE), the key enzyme of sialic
acid biosynthesis. To date, more than 40 different mutations in the GNE gene have been reported to
cause the disease. Ten of them, representing mutations in both functional domains of GNE, were
recombinantly expressed in insect cells (Sf9). Each of the mutants that was analyzed displayed a reduction
in the two known GNE activities, thus revealing that mutations may also influence the function of the
domain not harboring them. The extent of reduction strongly differs among the point mutants, ranging
from only 20% reduction found for A631T and A631V to almost 80% reduction of at least one activity

in D378Y and N519S mutants and more than 80% reduction of both activities of G576E, underlined by
structural changes of N519S and G576E, as observed in CD spectroscopy and gel filtration analysis,
respectively. We therefore generated models of the three-dimensional structures of the epimerase and the
kinase domains of GNE, based Bacherichia collUDP-N-acetylglucosamine 2-epimerase and glucokinase,
respectively, and determined the localization of the HIBM mutations within these proteins. Whereas in
the kinase domain most of the mutations are localized inside the enzyme, mutations in the epimerase
domain are mostly located at the protein surface. Otherwise, the different mutations result in different
enzymatic activities but not in different disease phenotypes and, therefore, do not suggest a direct role of
the enzymatic function of GNE in the disease mechanism.

Hereditary inclusion body myopathy (HIBM)s a neu- composed of tubular filaments. Various hereditary forms with
romuscular disorder characterized by adult-onset, slowly similar presentations have been described in diverse ethnic
progressive distal and proximal muscle weakness, and aclusters. A recessive form of the disease, particularly
typical muscle pathology, including cytoplasmatic rimmed common in the Jewish Persian community (with a prevalence
vacuoles and cytoplasmatic or nuclear filamentous inclusionsof 1 in 1500) (), presenting with an unusual feature, the
sparing of the quadriceps, has been described also in other
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Table 1: Mutagenesis Primers for Generation of Point Mutants in merase (Stratagene). Parental template DNA was then

the GNE cDNA digested wittDpnl. The synthesized plasmids containing the
Mutant Primer desired mutation were transformed into supercompetent
T300F GAACARAGAC TACATGAGCT TCATTCGCAT GIGGCTAG InvaF' Escherichia colicells (Invitrogen). All constructs
C303V GGGAACAGCA GCGITGGGET TCGAGAAGIT G were verified via sequencing of the whole GNE gene.

303X GGRACAGCAG CTGAGGGGTT CGAGAAG Expression of GNE Proteins in Insect Celseneration
D378Y GAAGTTTCTC AAATCTATCT ATCITCAAGA GCCACTGC of baculovirus and protein expression in Sf9 cells was done
N5198 GTAGACAATG ATGGCAGCTG TGCTGCCCTG by the BAC-TO-BAC system (GibcoBRL) as described
F528C GGCGGAAAGG AAATGTGGCC AAGGAAAGG previously @1). Briefly, pFastBac vectors were transformed
GS576E GITGTGTCTC TGGATGAGCC TGATTGITCC TGTGG into E. coli DH10 BAC cells. Bacmid DNA was generated
I587T GAAGCCATGG GTGCACTGAA GCATACGCCT by homologous recombination in the DH10 cells and isolated,
AG3IT CCATCTCATC CAAGCTACGA AACTTGGCAA TGC and Sf9 cells were transfected with the DNA. After the first
AG3IV CCATCTCATC CAAGCTGTGA AACTTGGCAA TGC virus had been harvested, it was amplified twice and the virus

2 Primers were used for QuickChange site-directed mutagenesis astiter after the last amplification step was determined. For
described in Materials and Methods. Nucleotides different from the protein expression, % 10° cells/mL were infected by the

wild-type sequence are underlined. Only forward primers are listed,; viruses with a MOI of 1 and incubated for 48 h. For

;olgéhsseexd?erlments, the respective reverse-complementary primers Wereexpression of C303X and G576E, a MOI of 3 was used and

the cells were incubated for 72 h. Finally, cells were
. S . ., harvested, washed once with PBS, and used for protein
atoms 0). Sialic acids influence adhesion processes which

play an important role in many cellular functions, such as prepa_rgt|0|_1. _ _
cell migration, transformation of tissues, inflammation, ~ Purification of Proteins from Insect Cellszor protein
wound healing, and metastasl$)(11). The first step of sialic ~ Purification, cells were resuspended in 10 mM sodium
acid biosynthesis is the formation of ManNAc from UDP- Phosphate (pH 7.5), 1 mM EDTA, 1 mM dithiothreitol, and
GIcNAc with the simultaneous release of UDP. ManNAc is 1 MM phenylmethanesulfonyl fluoride and lysed by 20
then phosphorylated by a specific kinase. These two stepsstrokes through a syringe with a narrow needle (diameter of
are synthesized by the bifunctional enzyme GMB(which ~ 0.45 mm). The lysate was centrifuged at 209@dr 20 min,
is highly conserved among mammalian speci; {4). In and the supernatant was applied to aNil/A column (0.5
the following steps, sialic acid is formed by condensation ML, Qiagen). The column was washed with 5 mL of 10 mM
of ManNAc-6-phosphate and phosphoenolpyruvate and NaH:PQ,, 300 mM NaCl, 0.1 mM EDTA, 1 mM dithio-
activated by CTP to form CMP-sialic acidl%). This threitol, and 20 mM imidazole (pH 8.0), and proteins were
nucleotide sugar is finally used as a substrate of sialyltrans-€luted with 2 mL of 10 mM NakPQ,, 300 mM NaCl, 0.1
ferases in glycoconjugate biosynthesis)( mM EDTA, 1 mM dithiothreitol, and 100 mM imidazole
GNE consists of two functional domains, an UDP-GIcNAc  (PH 8.0). Fractions containing protein were applied to a PD-
2-epimerase domain and a ManNAc kinase domain.( 10 gelfiltration column (Amersham) and eluted with 10 mM
These two domains can be expressed separately, butastrong_a"_bp(l (pH 7.5), 100 mM NaCl, 1 mM EDTA, 1 mM
intramolecular dependency of the two domains has arisendithiothreitol, and 0.1 mM UDP. Obtained fractions were
during the evolution of the enzymd§). HIBM patients checkeq for_proteln concentration by the Coomassie protein
display mutations spreading over the whole enzyme, includ- 8ssay kit (Bio-Rad) and for purity by SB$AGE using a
ing both domains. The mutations are composed homozy_Mlnl-Protean Il system (Bio-Rad). All experiments described

gously as well as heterozygously in the patiedjsAlthough below were performed with freshly prepared proteins.
the role of GNE has been thoroughly recognized as a key Enzyme AssaydJDP-GIcNAc 2-epimerase assays for
enzyme in the biosynthetic pathway of sialic aci®,(20), recombinant enzymes contained 45 mM;NBO, (pH 7.5),

the process by which HIBM mutations in the enzyme lead 10 mM MgCh, 1 mM UDP-GIcNAc, and 0.21 ug of
to the disease is not understood. Here we report theprotein in a final volume of 20Q:L. The reaction was
biochemical properties of different mutations found in non- performed at 37C for 30 min and stopped by boiling the
Jewish HIBM patients. The mutations cause a reduction of mixture for 1 min. The released ManNAc was detected by
both enzyme activities to different extents, in a manner the Morgan-Elson method Z2). In brief, 150uL of the
independent of their localization within the GNE molecule. sample was mixed with 3@L of 0.8 M H,BO; (pH 9.1)
Furthermore, we generated models of the three-dimensionaland boiled for 3 min. Then 80@L of a DMAB solution
structure of both domains of GNE separately, giving insights [1% (w/v) 4-(dimethylamino)benzaldehyde in an acetic acid/
into possible structural and interactive effects of the different 1.25% 10 N HCI mixture] was added and the mixture
mutations. incubated at 37C for 30 min. The absorbance was read at
578 nm.

MATERIALS AND METHODS The ManNAc kinase assay contained 60 mM Tris-HCI
Generation of cDNAs by Site-Directed Mutagenesis. (pH 8.1), 10 mM MgC}, 5 mM ManNAc, 10 mM ATP, 0.2
Mutants of GNE were made by introducing point mutations, mM NADH, 2 mM phosphoenolpyruvate, 2 units of pyruvate

using the QuickChange site-directed mutagenesis kit (Strat-kinase, 2 units of lactate dehydrogenase, ane-0.8ug of
agene). cDNA of human GNE, cloned into the pFastBacHTA protein in a final volume of 20QuL. The reaction was
vector 1), was used as template DNA. Primers used for performed for 20 min at 37C and stopped by addition of
mutagenesis are listed in Table 1. Temperature cycling 800 uL of 10 mM EDTA. The decrease in the amount of
amplification was performed wittPfuTurbo DNA poly- NADH was monitored at 340 nm.
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The overall reaction of recombinant GNE was assessed C303v G576E ISPTT
by a radiometric assay. A final volume of 200 contained G N L R AL L e
35 mM sodium phosphate (pH 7.5), 4 mM Mg@Q0.5 mM =l i -. e,
UDP-GIcNAc, 12.5 nCi of *CJUDP-GIcNAc, 10 mM ATP, “z"‘| UDP-GICNAc 2-epimerase COOH
and 0.2-1 ug of purified protein. Incubations were carried 1 378 410 722

out at 37°C for 30—60 min and stopped by addition of 300 FIGURE 1: Schematic overview of GNE domain structure and

: ocalization of the HIBM mutants investigated in this study. The
uL of ethanol. Radiolabeled substrates were separated b>}UDP-GlcNAc 2-epimerase domain and ?\/IanNAc kinase éllomain

descending paper chromatography as previously describedyere defined by similarities between their sequences and those of
(12) and quantified by liquid scintillation analysis. Tl related enzymesl{).

values were 0.08 for UDP-GIcNAc, 0.55 for ManNAc, and
0.17 for ManNAc-6-phosphate. The assays were adjusted toRESULTS

rate_s of conve_rS|0n of UDP-GlcNAC 0#_10%. ) Functional Expression of GNE Proteins in Insect (Sf9)
Size Exclusion Chromatographihe oligomeric state of  cejis. To date, more than 40 different mutations of GNE
wild-type and mutated GNE was determined with freshly were found which cause HIBM. From these mutations, we
prepared protein by gel filtration on a Superdex 200 HR 10/ chose 10 for biochemical analysis (Figure 1). Four of the
30 column (Pharmacia). A buffer containing 10 mM sodium muytations are located in the UDP-GICNAC 2-epimerase
phosphate (pH 7.5), 1 mM EDTA, 1 mM dithiothreitol, and  domain of GNE, and the other six are within the ManNAc
100 mM NaCl was used as an eluent at a flow rate of 0.2 kinase domain. The mutations span a large part of the GNE
mL/min. The column was calibrated with a protein mixture protein, therefore potentially affecting different functions,
of thyroglobulin (670 kDa)y-globulin (158 kDa), ovalbumin  including the two activities of the bifunctional enzyme. They
(44 kDa), and cytochrome (17 kDa). also display different changes in amino acids, ranging from
CD SpectroscopyPurified proteins were transferred to CD  the exchange of a large side chain against a smaller one as
buffer [2 mM NaHPO, (pH 7.5) and 0.1 mM DTT] by using N 1587T to _the introduction of a new side chain in G576E
a PD-10 gel filtration column. The protein concentration was OF @ truncation of the GNE protein as caused by the C303X
determined by measurement of the optical density at 280 Mutation. Besides N519S and 1587T, all other mutations
nm. A molar absorption coefficient4s) of 46 935 M2 cmr L occur heterozygously in patients. In these cases, both
was predicted using the equation published by Pace et al.mutations were investigated.
(23). Concentrations of the proteins in the experiments were All mutations were introduced by site-directed mutagenesis
1-2 [I/LM CD Spectra were recorded at 2C in a 1 mm into Wlld-type cDNA of human GNE, and baculovirus was
quartz cuvette in the range of 19260 nm on a Jasco J-720 ~generated for protein expression in Sf9 cells. Wild-type GNE
spectropolarimeter equipped with a temperature control unit@nd all mutants were expressed as the expected 80 kDa
(Lauda, Kmigshofen, Germany). The secondary structures prote!ns, with the (_axc_epu_on of CBO3X, which resulted in a
of the proteins were assessed using CDP# 25) based protein pf 40 kDa, indicating that the mtroduceq stop codon
on 43 reference spectra of the soluble protein, named in thelS functional (data not shown). The expression levels of
software as SP43. As results, the average secondary structurBlUtants C303X and G576E were drastically reduced. They

predictions of the CDsstr, Selcon, and Contin/LL algorithms did not exceed 1% of the total amount of soluble protein, in
are given contrast to the other expressed proteins, which account for

. , ) ) 20—30% of the total amount of soluble protein. On the other
Modeling StudiesThe three-dimensional models of UDP-

) ! ; hand, large amounts of C303X and G576E proteins were
GIcNAc 2-epimerase and ManNAc kinase domains of GNE 404 in the insoluble fraction after cell lysis and centrifuga-

were based on the structures of UDP-GICNAC 2-epimerasetion, These observations have been noted in GNE proteins
from E. coli (PDB entry 1F6D) 26) and the structure of  yjth gross structural changes, as reported for example in
glucokinase fromE. coli (PDB entry 1Q18) %7) using  (jfferent deletion mutants of GNEL®), and may indicate
Modeler (Accelrys Software Inc., San Diego, CA). These strong effects of the mutations on the structure of the
structures were chosen as templates for the model buildingexpressed proteins. For biochemical analysis, the proteins
since they were highly scored by the threading servers were purified from the insect cell cytosol using aNNTA
GenTHREADER g8, 29) and 3DPSSMZJ0). The alignment  affinity column, taking advantage of the fused six-His tag.
that was generated by the GenTHREADER server was usedSDS-PAGE revealed a purity of at least 80% for all high-
for building the model of ManNAc kinase. The alignment yield expressing proteins and of more than 50% for C303X
for the model building of UDP-GIcNAc 2-epimerase was and G576E.

generated using the algorithm Align2D (Accelrys Software  Characterization of Mutants in the UDP-GIcNAc 2-Epi-
Inc.). The identity values of the alignments are 21 and 16% merase Domain of GNEour different point mutations were
and the similarity values 40 and 34% for UDP-GICNAC introduced into the UDP-GIcNAc 2-epimerase domain of
2-epimerase and ManNAc kinase, respectively. Model build- GNE. C303V and C303X were chosen to check a potential
ing was followed by energy minimization using CHARMm  specific role of this amino acid in GNE function, since this
(Accelrys Software Inc.). Figures of the models were amino acid was affected twice in HIBM patients. |200F and
generated using DS Modeling 1.1 (Accelrys Software Inc.). D378Y occur heterozygously in one paties}, (but D378Y
The glucose moiety was entered into the model of the was also found in heterozygous composition in patients with
ManNAc kinase by superimposing the model with the crystal A631V, a mutation in the kinase domain of GNE, which
structure of glucokinase frof. colicomplexed with glucose  was also analyzed in this study. First, for all samples, the
(PDB entry 1S72) 27). specific enzymatic activities of UDP-GICNAc 2-epimerase
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Ficure 3: Inhibition of wild-type GNE and HIBM mutants in the
UDP-GIcNAc 2-epimerase domain by CMP-sialic acid. Purified
enzymes were incubated with different concentrations of CMP-

Wild-type  I1200F C303V C303X D378Y 1200F/ sialic acid and assayed for UDP-GICNAc 2-epimerase activity.
Darsy Values are means the standard deviation of four independent
FiGURE 2: Enzymatic activities of HIBM mutants in the UDP-  determinations.
GIcNAc 2-epimerase domain. Proteins were expressed in Sf9 cells,

affinity purified by Ni—NTA chromatography, and assayed for ; ; in i ; it
UDP-GICNAC 2-epimerase and ManNAc Kinase activities as and R266W mutations, which result in sialuria, an additional

described in Materials and Methods. Values are given as relatived'sfaase caused bY mqta_t'ons in the GNE g(—ﬁfb_. (T_hg_
specific enzyme activities compared to that of wild-type GNE and typical feature of sialuria is the loss of feedback inhibition
represent means: the standard deviation of four independent of UDP-GIcNAc 2-epimerase by CMP-sialic acid, the final
experiments. product of sialic acid biosynthesis. We therefore investigated
] . ) ) the inhibition pattern of the epimerase activity of the HIBM

and ManNAc kinase were determined by colorimetric assays mytants by CMP-sialic acid (Figure 3). For 1200F, the
(Figure 2). The C303X protein does not display any concentration-dependent inhibition of epimerase activity was
gnzymatlc a_ct|V|ty,_ in agreement with the finding that the comparable to that of wild-type GNE. D378Y seemed to be
first 302 amino acids of GNE do not even cover the whole gjightly more sensitive to the feedback inhibitor at 75 and
epimerase domalde), and therefore, the protein is not able 100 uM, but the effect was not significant, because at 150
to form a functional enzyn.]e..AIthough.the I200F and CSOSV uM CMP-sialic acid all three enzymes (wild-type, 1200F,
mutations are located within the epimerase domain, both gng p378Y) are almost completely inhibited. For the double
mutants exhibited almost no reduction in epimerase activity mytant 1I200F/D378Y, no results for further inhibition were
and an only slight reduction in kinase activity. In contrast, gptained due to the already low epimerase activity of this
for D378Y, a 60% reduction of epimerase activity and a 50% mytant. Surprisingly, although C303V displays the same
reduction of kinase activity were found. activity as the wild-type enzyme and the 1200F mutant in

Since the I1200F mutation exhibited an only slight effect the epimerase assay performed in the absence of CMP-sialic
in particular on the epimerase activity, a double mutant of acid (see Figure 2), it is less sensitive to CMP-sialic acid
I200F and D378Y was generated next, to clarify if there is inhibition than the other investigated mutant enzymes; at 150
an effect of 1200F on the functionality of the epimerase uM epimerase, activity is reduced only 50%. This is similar
domain at all. The 1200F/D378Y mutant displayed an to GNE enzymes carrying sialuria mutatioBd)(and is likely
epimerase activity close to the detection limit (Figure 2), due to the localization of C303 close to the postulated CMP-
indicating that the two mutations have a synergistic effect sialic acid binding site between amino acids 249 and 275
on the epimerase activity compared to each single mutation.(32). Nevertheless, it was not reported that HIBM patients
Nevertheless, the double mutant does not represent theexpressing the C303V mutant or heterozygous carriers of
situation in HIBM patients, where the two mutations are the mutation (sialuria is a dominant hereditary disease)
located on two different alleles. No total loss of epimerase display the sialuria phenotyp83). Therefore, the question
activity is therefore expected in cells of patients who were of whether there is an effect of the C303V mutation that is
heterozygous for 1200F and D378Y. The kinase activity of less drastic than that observed for the originally described
the double mutant was reduced to the same extent observedialuria mutants is still open, likely due to almost normal
for the D378Y mutation alone. This suggests that this feedback inhibition at the usual intracellular CMP-sialic acid
mutation is mainly responsible for the reduced kinase concentration of 2640 uM, or if its effect is compensated
activity, in agreement with the localization of D378 close to by other yet unknown mechanisms.

the kinase domain within the primary structure of GNE  Finally, structural changes of the GNE molecule by HIBM
(Figure 1). mutations were investigated by size exclusion chromatog-
It should be noted that all point mutants in the epimerase raphy and CD spectroscopy. As previously descritdgt), (
domain displayed activities lower than the activity of the wild-type GNE assembles as a hexamer of 80 kDa subunits.
wild-type enzyme, indicating that the mutations do not cause For 1200F, C303V, D378Y, and 1200F/D378Y also, hex-
hyperactive enzymes, as observed for the R263L, R266Q,amers were found by gel filtration analysis (data not shown),
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Table 2: Secondary Structures (%) of Wild-Type and Mutant GNE [[] UDP-GlcNAc 2-epimerase [l ManNAc kinase |

Revealed by CD Spectroscopy

o-helix p-sheet turn random coil __ 100
WT 33 17 21 29 %
1200F 37 16 19 28 35 80
C303V 29 19 23 29 B
D378Y 27 23 21 29 2 5
N519S 15 31 22 32 &
F528C 40 13 20 27 5
A631V 28 20 24 28 g 40
M712T 32 19 22 27 %
a CD spectra were recorded as described in Materials and Methods,* 20

and secondary structures were calculated using the CDPro Software,

based on 43 reference spectra of soluble proteins. Alterations of the -
secondary structure of low significance were defined as differences of Wikps el PRk dewRE - ierk; (AR Lt
5—-10% in one or more parameters and of high significance as FIGURE 4: Enzymatic activities of HIBM mutants in the ManNAc
differences of>10%. kinase domain. Proteins were expressed in Sf9 cells, affinity purified
by Ni—NTA chromatography, and assayed for UDP-GIcNAc
2-epimerase and ManNAc kinase activities as described in Materials
Table 3: Overview of Relative Enzyme Activities of Recombinantly  and Methods. Values are given as relative specific enzyme activities

Expressed HIBM Mutants of GNE compared to that of wild-type GNE and represent meanthe
UDP-GIcNAc ManNAc localization of standard deviation of four independent experiments.
2-epimerase kinase activity amino acids
. activity (% of (% of wild-type within the GNE | [ manNAc [l ManNAc 6-phosphate

mutation wild-type activity) activity) ref protein 100
R11W 15 40 b surface <
C13S 20 105 36 inside =
H132Q 5 50 36 inside 3 «I—
D176V 20 85 36 surface b .
R177C 10 80 36 surface s -
1200F 90 75 this study surface k]
C303V 80 60 this study substrate binding

pocket g -
C303X 0 0 this study substrate binding o

pocket 14 T
V331A 15 115 36 surface B
D378Y 10 105 36 surface & 20
D378Y 30 45 this study surface
1472T 50 5 36 inside
N519S 40 20 this study Sggcslz;atte binding Wild-type N519S F528C G576E  IS87T  AG31T  A631V
A524V 5 30 36 inside FiGuRe 5. Analysis of the overall enzymatic reaction of GNE of
F528C 70 35 this study inside the wild-type enzyme and HIBM mutants in the ManNAc kinase
F537I 45 60 b inside domain. Purified proteins were incubated witic-labeled UDP-
V572L 70 10 36 inside GIcNAc and unlabeled ATP, and the formation &fG]ManNAc
G576E 15 15 this study inside and [“C]ManNAc 6-phosphate was monitored by separation of
15871 55 35 this study inside radiolabeled compounds by paper chromatograpy as described in
ﬁggﬂ gg ‘7‘2 St?ﬂs stud);n;lj(:?ace Materials and Methods. Values are meanthe standard deviation
ABILV 75 15 36 surface of three independent experiments.
A631V 70 65 this study surface .
G708S 45 5 36 inside models presented below (Figures 6 and 7). Whereas for
M712T 100 70 35 inside C303X no CD spectra could be obtained due to the small

a Enzyme activities were obtained from different studies indicated amount of available protein, GNE carrying the 1200F,
with their references. Data have been rounded to 5%. Localization of C303V, and D378Y mutations displayed slight but not
amino acids was derived from Figures 6 and From unpublished significant changes in the ratio ofhelices tg3-folds. These
results of S. Krause. data are in agreement with the almost unchanged enzyme

activities of 1200F and C303V and indicate that the reduced
indicating that there is no influence of the mutated amino activities of D378Y are not due to secondary structure
acids on the oligomerization of the proteins. These data alterations.
further exclude the possibility that the reduction of enzyme  Characterization of Mutants in the ManNAc Kinase
activity is due to altered quaternary structures caused by pointDomain of GNE Six HIBM mutations localized within the
mutations, as observed previously for histidine point mutants ManNAc kinase domain were selected for expression and
of GNE (17). For C303X, monomeric protein was detected, characterization. Among these, the N519S mutation occurs
in agreement with the total loss of function of this protein. homozygously in patients8), whereas G576E and A631T
CD spectroscopy of the purified proteins was performed to mutations were identified in compound heterozygous patients
investigate secondary structure alterations of the proteins.(5). The I1587T mutation was also found homozygously in
Wild-type GNE consists 0f33% a-helices,~17%-folds, Italian, American, and Gypsy patients, 34). The A631V
and~219% turns (Table 3). These data are in agreement with mutation was found homozygously as well as compound
theoretical secondary structure predictions from the primary heterozygously in combination with the F528C or D378Y
structure of human GNE (data not shown) and with the mutation §). When expressed in insect cells, UDP-GIcNAc
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R177 indicating that under the used conditions almost all of the
ManNAc released by UDP-GIcNAc 2-epimerase is im-
mediately phosphorylated by ManNAc kinase. For A631T
and A631V, the same ratios were found, whereas for 1587T
and F528C, the ratio of ManNAc to ManNAc 6-phosphate
was ~2:3 (Figure 5), indicating that the reduced kinase
activity of these mutants slightly affects the overall reaction
of GNE. For N519S and G576E, the ratio of ManNAc to
ManNAc 6-phosphate switched te4:1. For N519S, this is

in agreement with the specific enzyme activities, suggesting
that here ManNAc kinase is the rate-limiting enzyme and,
consequently, overall flux through the sialic acid biosynthetic
pathway should be reduced also in cells. For G576E, the
specific ManNAc kinase activity is still higher than the
specific epimerase activity. Therefore, it seems likely that
ManNAc is transferred from one active site to the other
within the bifunctional enzyme and that this transfer is
disturbed by the mutation and consequently results in
attenuated phosphorylation of the sugar. The mutants in the
epimerase domain were also investigated by this assay, and
the ratio of ManNAc to ManNAc 6-phosphate-{:4) was
similar to that of the wild-type enzyme for all mutants (data
not shown).

The kinase mutants were also investigated by size exclu-
sion chromatography and CD spectroscopy. N519S, F528C,
p A631T, and A631V were found to assemble as hexameric
FiGure 6: Model of the three-dimensional structure of the UDP- protems via gel filtration analysis (d".“a not. shpwn). The
GlcNAc 2-epimerase domain of GNE. The model was based on Mutations therefore do not affect oligomerization of the
the crystal structure d&. coli UDP-GIcNAc 2-epimerase in complex ~ protein, and the observed reduced enzyme activities are due
with UDP (26). Amino acids mutated in HIBM were highlighted  to more subtle effects. In contrast to these results, G576E
e o o o o B or eeaiseton wage 255EMbles as a rmerc proten. The formation of rimers i
SC . . . . . ..
the protein, orange for those that maiy appear at the dimerization'" agree.ment with the hypothegs that the kinase domain is
interface, and yellow for the substrate binding pocket. responsible for formation of dimeric structures8), and

when the dimerization site is destroyed by introduction of a
2-epimerase and ManNAc kinase were observed with glutaminyl site chain at amino acid position 576, only trimers
reduced activities in all these mutants (Figure 4). Whereasremain. CD spectroscopy of F528C and A631V revealed only
AB31T and A631V displayed only slightly reduced activities, slight changes in the secondary structure of the mutated
F528C revealed a more than 50% decreased kinase activityproteins (Table 2), in agreement with the weak effects on
whereas the epimerase activity was less affected. For N519Senzyme activities. The same experiment with the M712T
the kinase activity was reduced by 80% and the epimerasemutation, which was characterized in more detail in a former
activity by 60%. Despite the low yield of G576E protein study @5), confirmed that a small reduction of enzyme
after affinity chromatography, enzyme assays were still activities correlates with almost no alterations of the second-
possible for this mutant. It displayeedl15% residual epimer-  ary structure. Only for N519S were drastic effects in CD
ase as well as kinase activity compared to the wild-type spectroscopy found (Table 2). In comparison to the amount
enzyme (Figure 4). For all mutants, inhibition of epimerase of the wild-type enzyme, the amount ef-helices was
activity by CMP-sialic acid was investigated, but no differ- decreased to 15%, whereas the amoutfaflds was almost
ence with respect to the wild-type enzyme was observed (datadoubled. These data are in agreement with the strong effect
not shown), suggesting an intact CMP-sialic acid binding of the N519S mutation on both activities of the enzyme.
site in all these mutant enzymes. Modeling StudiesAlthough localization of the HIBM

The specific activities of purified wild-type GNE were 1.5 mutants within the primary structure of GNE is well-defined,
units/mg for UDP-GIcNAc 2-epimerase and 2.4 units/mg for it is not possible to obtain a view into the three-dimensional
ManNAc kinase. The epimerase activity is therefore rate- localization of single amino acids due to the lack of a GNE
limiting for the overall reaction of wild-type GNE. We crystal structure. For this reason, we generated single
developed an assay to investigate if this is also the case forstructural models of the epimerase and kinase domains based
GNE proteins carrying HIBM mutations. The enzymes were on related enzymes. For UDP-GIcNAc 2-epimerase, the
incubated in the presence of UDP-GIcNAc and ATP, and crystal structures of three microbial homologues are known,
the formation of ManNAc as an intermediate and the among which theée. coli enzyme was highly scored by the
formation of ManNAc-6-phosphate as the final product were threading servers GenTHREADERSE 29) and 3DPSSM
detected, whereby the consumption of UDP-GIcNAc was (30). The threading method, which is a sequence- and
limited to 10% to ensure constant UDP-GIcNAc 2-epimerase structure-based method, is able to identify templates for a
activity. For the wild-type enzyme, a ratio ofl:4 of given sequence, even if the degree of sequence similarity is
ManNAc to ManNAc-6-phosphate was found (Figure 5), low. This is the case foE. coli UDP-GIcNAc 2-epimerase




2974 Biochemistry, Vol. 45, No. 9, 2006 Penner et al.

and its human counterpart with a level of sequence identity
of 21%. The score of the structure Bf coli UDP-GICNAc
2-epimerase received for serving as a template for model
building of the epimerase domain of GNE was within the
range of the highest confidence level. These data strength-
ened our decision to use tle coli enzyme as a template
for the model of the human UDP-GIcNAc 2-epimerase
domain of GNE.

The model of UDP-GIcNAc 2-epimerase with the UDP
molecule (the crystal structure d@. coli UDP-GIcNAc
2-epimerase was determined in complex with a UDP
molecule) is presented in Figure 6. Twenty-three amino acids
known to be mutated in HIBM patients were highlighted in
the model. Fourteen of them are localized at the surface of
the protein, and six hydrophobic amino acids are found inside
the protein. Among them, M171 is suspected to be at a
potential dimerization interface, as found in the original
dimericE. coli UDP-GIcNAc 2-epimerase crystal structure.
Three amino acids (D225, C303, and R306) are suggestec
to be active site amino acids, because they are localized les:
than 4.5 A from the ligand. Among the 23 HIBM mutants
highlighted in the epimerase model, 10 have been recom-
binantly expressed and analyzed for enzyme activities (Table
3). The data do not reveal significant differences between
amino acids localized at the protein surface and inside the %
protein: almost all mutations of these amino acids reveal a
relatively strong decrease in epimerase and a slight decreas
in kinase activity. On the other hand, the only investigated
potential active site mutant (C303V) did not reveal significant
reductions in epimerase activity. Nevertheless, the fact that
C303V shows activity close to that of the wild-type enzyme FiGURE7: Model of the three-dimensional structure of the ManNAc
is not surprising. Cysteine and valine are hydrophobic amino kinase domain of GNE. The model was based on the crystal

. - o . . structure ofE. coli glucokinase in complex with glucos&7).
a;uds with S|m|lar sizes. It thereforg seems that the contr.lt.Ju-Amino acids mutated in HIBM were highlighted and colored
tion of C303 is mainly hydrophobic, and it has no specific according to their localization with the following scheme: red for
function in the enzymatic reaction. surface localization, blue for localization inside the protein, orange

The ManNAc kinase domain of GNE is a member of the for those that may appear at the dimerization interface, and yellow
sugar kinase superfamily. Therefore, we received crystal for the substrate binding pocket.

structures of several related enzymes by the threading SeIVers. el with the cocrvstallized structure. we could estimate
Among these, the structure d&. coli glucokinase Z7) Y ’

received a score at the range of the highest confidence IeveIthe location of the active site of the enzyme.

by GenTHREADER. It is therefore suited to serving as a  The ManNAc kinase model (Figure 7) revealed that the
template for model building of the ManNAc kinase domain majority of the highlighted HIBM mutants (15 of 19) affect
of GNE, although the sequences of these proteins are onlyhydrophobic amino acids, which are located inside the
17% identical. Very recently, a new structure Bf coli protein, and only three amino acids were found at the protein
putative ManNAc kinase was published (PDB entry 2AA4). surface. Amino acids V572 and G576 may be parts of a
This structure was also highly scored by the GenTHREAD- dimerization interface, which could be analogous to the
ER server for serving as a template for model building of dimerization site of the originat. coli glucokinase. Finally,
the kinase domain of GNE. Its level of sequence similarity N519 is localized close to the glucose molecule in the
to human ManNAc kinase domain is 27%. The putaive  substrate binding pocket and can therefore be assigned as
coli ManNAc kinase furthermore shows a level of sequence an active site amino acid. Enzyme activities of N519S are
identity of 18% with theE. coli glucokinase. It seems that in agreement with this localization, because this mutant
despite the low level of sequence identity the two proteins reveals reduction of kinase activity by 80%. On the other
share a similar structure, which may also be common to the hand, localization of the other amino acids does not obviously
GNE kinase domain. We generated models of this kinaseexplain differences in enzyme activities observed for the
domain based on the structures of #ecoli glucokinase  respective mutants (Table 3), and this therefore suggests more
and putative ManNAc kinase, and a comparison of the two syptle effects on enzyme structure.

model structures revealed a high degree of similarity (data

not shown). Furthermore, all amino acids relevant to this D|ISCUSSION

study are located identically. We then decided to usetthe

coli glucokinase as a template for the final model, because HIBM is a neuromuscular disease caused by mutations in
its structure was also determined while it was cocrystallized GNE. Mutants of the UDP-GIcNAc 2-epimerase domain as
with glucose (PDB entry 1SZ72), and by superimposing the well as of the ManNAc kinase domain of GNE were
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investigated in this study for their biochemical features to hand, in contrast of the findings in this study, the proteins
gain a potential clue about the mechanism of the disease.expressed in COS cells predominantly assemble as trimers
The mutated proteins were expressed at high yields in insectinstead of hexamers, and a very few even form monomers,
cells and purified to almost homogeneity before analysis. including D378Y, which was found to be hexameric in our
Both specific activities of the bifunctional enzyme were experiments. Several reasons may explain these discrepan-
reduced in each mutant, with the exception of the C303X cies. First, Noguchi et al36) analyzed the oligomeric states
truncated mutant, which is totally inactive. HIBM can of the proteins by cross-linking and not by gel filtrations
therefore be assigned as a disease with a hypoactive GNEand did not correlate their findings directly to the functional-
enzyme. Interestingly, the mutation of an amino acid in one ity of the enzymes. Second, posttranslational modifications,
domain of GNE also reduced the activity of the nonmutated e.g., phosphorylation or modification by O-GIcNAc as
domain. These results are in agreement with recent findingspreviously found for GNE 37), may occur specifically on
from the expression of the separated domains of GNE, which GNE expressed in only one of the used systems and influence
showed that both domains have a strong level of mutual the oligomeric state. In this case, the proteins produced in
adaptation 18). This fact also explains that, for example, in COS cells may represent the native state of the enzymes
I200F and C303V the kinase domain was even more stronglybetter than the proteins generated in insect cells. It is also
affected by the mutation than the epimerase domain, wherepossible that the subcellular localization of GNE in mam-
the mutation is localized. As revealed by size exclusion malian cells, where it is found not only in the cytosol but
chromatography analysis and CD spectroscopy, most of thealso in the nucleus and associated with membraB@s ic
point mutations cause no or only subtle alterations in GNE different than that in insect cells and influences the oligo-
structure, in agreement with minor effects on enzyme activity. meric state. Third, analytical ultracentrifugation of GNE
However, mutation of N519 to serine and mutation of G576 revealed dynamic formation of different oligomeric states
to glutamate cause drastic structural changes in the mutantslepending on GNE concentration (D. Ghaderi, unpublished
compared to the wild-type enzyme. For G576E, the effect results). Protein expression in COS cells yietd$00-fold
could not be explained by the model of a monomeric protein lower concentrations than expression in insect cells and may
presented in Figure 7. Interestingly, coli glucokinase and  therefore result in variable formation of oligomers in different
putative ManNAc kinase appear as dimers, with a very systems. Also in this case, COS cells represent the native
similar dimerization mode. If GNE has the same dimeric concentration of GNE in muscle cells. The three-dimensional
orientation as that in these two enzymes, G576 is positionedmodels of the epimerase and the kinase domain did not reveal
at the interface (data not shown) and may contribute to the obvious localization of the mutations identified in Japanese
stabilization of the dimer. Replacing the highly flexible HIBM patients at the oligomerization sites, with the excep-
glycine with the large and charged glutaminyl side chain may tion being V572L, which may be found at the same
destabilize the dimer interface and results in the loss of the dimerization site as G576, if the GNE kinase domain shares
hexameric structure of GNE. For N519S, the model of the a similar dimeric orientation as both coli glucokinase and
kinase domain (Figure 7) reveals that the amino acid is ManNAc kinase do. Nevertheless, the exchange of two
localized within ana-helix, in agreement with the loss of hydrophobic amino acids maintained the hexameric state of
a-helical structures of the mutant via CD spectroscopy (Table GNE (36). Taken together, these observations suggest more
2). Although for this mutation a hexameric state by gel subtle changes in the GNE structures, which may in
filtration analysis was detected, it is likely that the quaternary combination with the low GNE concentration in mammalian
structure is changed, e.g., by wrong subunit assembly, cells cause the observed changes in oligomerization and the
causing the drastic reduction of enzyme activity by allosteric more drastic reduction of enzyme activities in the mutants
effects. The kinase model also displays localization of most overlapping with our study.
of the mutants inside the GNE protein. It is therefore likely ~ The hypoactivity of the HIBM mutant GNE enzymes
that a change in the folding or stability of the protein is found in this and other studies is in contrast to that of GNE
involved in the disease mechanism. The predominant local- mutants causing another human disease, namely, sialuria. The
ization of the epimerase HIBM mutants on the protein surface sialuria mutants disrupt feedback inhibition of the UDP-
furthermore suggests that the amino acids may be involvedGIcNAc 2-epimerase activity by CMP-sialic acid, and at least
in the subunit interaction of GNE, resulting in an altered by in vitro assays, a slight increase in epimerase activity was
orientation of the subunits and a reduction of allosteric observed 1). This results in an extremely high level of
effects, or in interaction of GNE with presently unknown production of sialic acids in sialuria patient cells, suggesting
proteins. These interactions may also be disturbed by that in HIBM the reduced enzyme activities cause hyposia-
allosteric effects of the kinase HIBM mutants on the lylation of cellular glycoconjugates. This hypothesis is in
epimerase domain, which are underlined by the effects of agreement with the fact that loss of GNE in cells results in
the kinase mutants on epimerase activity. As a consequencea drastically reduced level of production of sialic acidl8)(
this hypothesis includes the assumption that the enzymaticand, when occurring in animals, leads to embryonal lethality
activities of GNE are not involved in the pathogenic (20). It could therefore further be assumed that HIBM is
mechanism of HIBM. caused by a reduced level of expression of sialic acids on
Our findings on the biochemical features of the HIBM the cell surface of muscle cells. Several studies contribute
mutants are in agreement with a recent study by Noguchi etcontroversial data on this issue. Whereas works of our own
al. (36), which analyzed several HIBM mutants of Japanese group demonstrated that lymphocyt88)(and muscle cells
patients by recombinant expression of the proteins in COS (39) of Middle Eastern HIBM patients carrying the M712T
cells. All of the investigated mutants were also found to lead mutation do not alter their overall sialic acid content, Saito
to expression of hypoactive GNE enzymes. On the other et al. @0) and Huizing et al.41) found a reduced degree of
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sialylation of distinct glycosylated epitopes of muscle tissues

of HIBM patients carrying different mutations. Furthermore,
Noguchi et al. 86) even found a reduced overall level of
sialylation of muscle biopsies of Japanese HIBM patients.

These effects may be due to the different impacts of the

mutations on enzymatic acitivites. Whereas the M712T
mutation results in only very little reduction of the UDP-
GIcNAc 2-epimerase activity in cell8%, 39), cells express-
ing mutations other than M712T, and in particular mutations

affecting the epimerase domain of the enzyme, reveal a more

drastic reduction in epimerase activi§9j. It can therefore

be concluded that the nature of the mutation may influence 12.
the expression of cell surface sialic acids in cells of patients.
Since in all HIBM patients the same phenotype of the disease

was found, differences in the age of onset or in the

progression of the disease are most likely due to individual
variations and are independent of the nature of the mutation, 13.
as almost all kinds of severeness have been described for
example among Middle Eastern patients carrying the same

M712T homozygous mutation. Furthermore, even in the
studies reporting alterations in the sialylation of cells of
patients, this pattern was not found in all individuals that
were investigated3, 40). We therefore conclude that HIBM

mutations in GNE cause reduced functionality of the enzyme

and may result in a reduced level of sialylation of distinct

glycoconjugates under certain circumstances, but obviously, =™
these alterations are tolerated by muscle or other affected

cells and are not the primary cause of HIBM.
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