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Short Title: mutate@1,4-GalTs7 and Ehlers-Danios syndrome

Three mutations of thB4GALT7 gene corresponding to A186D, L206P and R2W¥te
identified in patients with the progeroid form bdetEhlers-Danlos syndrome and described to
be associated with reduction or loss of activitytleé $1,4-galactosyltransferase7. But the
molecular bases of the reduction or loss of agtisgmain to be determined. In the present
study, wild-type, A186D, L206P and R27(BC,4-GalT7s were expressed@O618cells as
membrane proteins and ifscherichia colias soluble maltose binding-fusion proteins. Apilit
of expressed proteins to transfer galactose fronmodoto acceptor substrate was
systematically characterized by kinetic analysise physicochemical properties of soluble
proteins were explored by isothermal titration cahetry which is a method of choice to
have access to the thermodynamic parameters dbititeng of substrates. Altogether, the
results showed that (i) the L206P mutation abotisie activity when L206B1,4GalT7 was
either inserted in the membrarne or expressed aBR:MIl lengthp1,4GalT7, (ii) the A186D
mutation weakly impaired the binding of the donabstrate, (iii) the R270C mutation
strongly impaired the binding of the acceptor stdtet Moreovergx vivoconsequences of
the mutations were investigated by evaluating thenipg efficiency of xylosides on
glycosaminoglycan chain initiation. The data demi@te (iv) a quantitative effect on the
glycosaminoglycan biosynthesis depending on theatimuts. While the GAG biosynthesis
was fully inhibited by the L206P mutation and desed by the R270C mutation, the A186D
mutation did not affect the GAG biosynthesis selyere

Key words:p1,4-galactosyltransferase; Ehlers-Danlos syndrameation; substrate binding;
isothermal titration calorimetry; kinetics; glycoseoglycan

Abbreviations used: PG, proteoglycan ; GAG, glycos@glycan ; HP, heparin ; HS,
heparan-sulfate ; CS, chondroitin-sulfate ; DSpdgan-sulfate ; ECM, extracellular matrix;
ITC, isothermal titration calorimetry ; GalT, galasyltransferase ; MBP, maltose-binding
protein ; Gal, galactose ; Xyl, xylose ; pNP-XyiNdtrophenyl$-D-xylopyranoside ; 4MU-
Xyl, 4-Methylumbelliferyl$-D-xylopyranoside ; WT, wild-type.
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INTRODUCTION

Ehlers-Danlos syndrome (EDS) is a heterogeneousipgmf more than 10 inherited
connective-tissue disorders characterized by jbypermobility, cutaneous fragility, and
hyperextensibility [1]. All involve a genetic dister defect in collagen and connective-tissue
synthesis and structure. The different types of EDSclassified according to the signs and
symptoms that are manifested and each type of B@Slistinct disorder that “runs true” in a
family. To date, among those, only 5 patients Hasen described with the progeroid variant
of EDS, which is a very rare disorder characteriagch premature aging phenotype with a
loose, elastic skin, failure to thrive, joint lakitpsychomotor retardation, hypotonia and
macrocephaly [2-4]. Biochemically, aberrant glycog@oglycan (GAG) substitution of
proteoglycans (PG) has been observed in thosenpafte 6].

PGs are found predominantly in the extracellulatrimgdECM) or associated with the cell
surface of most eukaryotic cells. Most often, P&saa molecular organizers of the ECM and
as promoters of cell adhesion [7]. They also ffitariety of other biological functions, such
as growth modulation, ionic filtration and biomenleal lubrication [8-11]. Their biological
roles are closely related to the presence and dngpasition of the GAG chains, which
contain binding sites for various growth factorgto&ines, morphogens, enzymes and other
signalling molecules [12-15]. Decorin is classifi@sla small PG with a core protein of about
36 kDa monosubstituted by a dermatan sulfate claaith,a defective glycosylation of this PG
is involved in the progeroid variant of EDS [5, Becently, structural alteration of heparan
sulfate chains has also been described and assbavéth the altered wound repair phenotype
of EDS patients [16]

GAG chaininitiation begins with the formation of a tetrashadde linkage region (GIlg#l-
3Gap1-3Gapl-4Xylsl) boundvia the xylosyl residue to serines of the core profgif]. The
biosynthesis of this region is catalyzed, step Isp,sby distinct glycosyltransferases
expressed in Golgi. From this linker tetrasacclegride sugar chains are extended by addition
of two alternating monosaccharides, an aminosugdraaglucuronic acid [18]. The reaction
leads to the formation of heparin and heparan-®ulflP/HS) when the aminosugarNs
acetyl-glucosamine, and to chondroitin-sulfate dedmatan-sulfate (CS/DS) when itNs
acetyl-galactosamine. The progeroid variant of Ei@Scaused by defects in th&l,4-
galactosyltransferase 1,4-galT7), which catalyzes the transfer of thstfgalactose residue
to the xylose of the tetrasaccharide linkage re§2o3]. Patients with the autosomal recessive
progeroid variant of EDS present mutations in tbeirng sequence of thiGALT7gene. To
date, from these patients, three mutations ofpd®ALT7 gene corresponding to A186D,
L206P and R270C substitutions have been ident[led 9-21] which were associated with
either reduction or loss of activity. However, tteuctural bases of these changes remain to
be elucidated although a three-dimensional stractfrthe catalytic domain of thgl,4-
GalT7 from drosophila in the presence of UDP hanlrecently solved [22]. Having access
to the kinetic parameters (i.& andKy) values brings information but should be assodiate
with access to thermodynamic parameters of substratding in order to interpret the
consequences of the amino acid substitutions. Rgcere have validated isothermal titration
calorimetry (ITC) method as a tool for detectingl @uantifying the interactions between the
substrates and the binding sites of the wild-fyp@d-GalT7 [23].

In the present study, mutat@d,4-GalTs7 were expressed as soluble maltose-lgrdsion
proteins in which théN-terminal cytoplasmic domain, the transmembranenseg and the
stem region that precede the catalytic domain ardespond to amino acids 1-81 were
deleted. The kinetic parameters and the thermodynparameters of all the mutatgd,4-
GalTs7 were determined. The consequences of thationg were also investigated vivo

by evaluating the priming efficiency of xylosides glycosaminoglycan chain initiation.
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MATERIALSAND METHODS

Cloning and expression of human p1,4-galactosyltransferases 7 in CHO618 cells [24]

The humangl,4-GalT7 sequence fused with a c-myc-tag was subcloned po@NAS.1
(Invitrogen, Cergy Pontoise, France) as previousgcribed [23]. The pcDNA1,4-GalT7
was therused as a template to construct the expressiomjagcDNA-A186D, -L206P and
-R270C by site-directed mutagenesis using the @lhekge site-directed mutagenesis kit
(Stratagene, La Jolla, CA).

To express membrane proteifid, 4-galactosyltransferase7-deficiedHO618 cells (ATCC
number CRL2241)24] were cultured in complete Dubelcco’s modifiedgle’s medium-F12
(Gibco, Cergy Pontoise, France) supplemented vethl foovine serum (10 %), glutamine
(ImM) and penicillin-streptomycin (1 %). The pcDN&xpression plasmids (1i0g) were
transfected intoCHOG618 cells on 100 mm plates using Exgen 500 (Euromedex,
Souffelweyersheim, France) according to the manufacs recommendations. Two days
after transfection, cells were harvested and resdgd in Hepes-sucrose buffer (5 mM
Hepes, 0.25 M sucrose, pH 7.4) and briefly sonicétex 5 s). Protein concentration of the
resulting membrane fraction was determined by teéhod of Bradiord [25]. The expression
level of the wild type, A186D, L206P, L206A and RZ7(1,4-GalT7myc proteins was
evaluated by western blot analysis using anti-mytibadies (Invitrogen, Cergy Pontoise,
France) according to the manufacturer’'s recommémaatQuantification opl,4-GalT7myc
proteins was performed by densitometry using arssa@mploying NIH Image software.

Cloning, expression and purification of soluble forms of the human MBP-p1,4-
galactosyltransferases 7

Humanpl,4-GalTs7 were expressed as maltose-binding (Mig&d proteins. To express the
entire protein fused with the MBP, th&l,4-GalT7 sequence was subcloned into the
expression vector pMALc2x (New England Biolabs,nB&)uentin en Yvelines, France) and
used as a template to construct the pMALc2x-L2068xpression plasmid by site-directed
mutagenesis, as previously described. To expressdiuble catalytic domain @f.,4-GalT7,

a truncated form of thgl,4-GalT7 DNA sequence in which the nucleotidedimy the first
N-terminal 81 amino acids are deleted was subclamedoMALc2x, as previously described
[23] and thus used as a template to constructxpeession plasmids pMALc2x-A186GR:; -
L206P,as2 and -R270Gus2 by site-directed mutagenesis. The expression afbko fused
MBP-proteins inE. coli BL21(DE3) cells (Invitrogen, Cergy Pontoise, Fran@and the
purification onto an amylose column were performasd described previously [23]. The
concentration of the purified fusion proteins wagedmined by fluorescence using a 2100
Bioanalyser (Agilent, Massy, France), accordinth®manufacturer’'s recommendations.

Bl,4-galactosyltransferase activity

B1,4-galactosyltransferase activity were determir@ed described previously [23] in the
presence of 15 to 3@y of total proteins containing membrgite4-GalT7 (i.e., 0.3 to 0.6 g of
total proteins:t) or 2 to 10 pmol of purified truncatéd ,4-GalT7 (i.e., 0.04 to 0.2 uM), and
various concentrations of 4MU-Xyl or pNP-Xyl (i.€.02 to 10 mM of 4MU-Xyl or pNP-Xyl

in the presence of 10 mM of UDP-Gal) and UDP-Gal.,0.025 to 20 mM of UDP-Gal in the
presence of 10 mM of 4MU-Xyl or pNP-Xyl). The esétion of the kinetic parameters was
achieved by the incubation of at least 10 differemmcentrations of substrate. Incubations
were performed in duplicates. Data were fitted loy-finear regression to the Michaelis-
Menten model using the curvefitter program of Sighag9.0™.

THIS IS NOT THE VERSION OF RECORD - see d0i:10.1042/BJ20100921

Reaction products characterisation
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The characterization of the purified reaction prddwbtained after glycosylation of 4MU-
Xyl in the presence of saturating concentrationU@iP-Gal by MBP-truncated wild-type,
A186D, L206P and R270@1,4-GalTs7(i.e., deleted of the amino acids 1-81) was peréam
by NMR analysis, as described previously [23].

| sothermal titration calorimetry

ITC experiments were carried out as described pusly [23]. UDP (0.5 to 1 mM) and pNP-
Xyl (40 mM) were used as donor and acceptor sulesaalogues, respectively. Ligand
solutions were diluted in the final dialysis used the protein to achieve the expected final
concentration (UDP, 0.5 to 1 mM; pNP-Xyl, 40 mM)damnjected (35 injections of 4 to 10
pl) into the reaction cell containing the degagsedfied MBP-truncated-fused proteins (i.e.,
lacking theN-terminal amino acids 1-81)1.4 ml, 30 to 50 uM). Thermodynamic parameters
of the binding of the ligands to the proteins webtained from individual experiments with
three different batches of purified MBP-proteinsdaior each batch, determination was
performed in duplicate. Thermodynamic parametefstoichiometry)AH (enthalpy change)
andK, (association constant) were obtained by non-litesst-squares fitting of experimental
data using the single-site model of the Origin Editware package provided with the
instrument. The dissociation constaiy)( the free energy of bindingdG) and entropy
change 4S) were deduced from th€, and4H values.

Labelling and Isolation of Radioactive GAGs

Metabolic labelling of GAGs with®fS] was performed using a modification of a previgus
published procedure [24]. Cells were incubated witlwithout 4MU-Xyl (0 to uM) for 9
hours in sulfate-free medium (Gibco, Cergy Pontoiseance) containing 10uCi/mL
Nao[>*S]SQ; (Perkin Elmer Life Sciences, Courtaboeuf, FranG#Gs were isolated from the
medium using a modification of a previously pubdidiprocedure [26].

Medium was harvested and digested by papain b@@@rmM sodium phosphate pH 6.8
containing 1 mM ethylenediamine tetraacetic acichM L-cysteine hydrochloride and 1 §.L
! papain) for 2 hours at 60°C. After boiling and tréngation, supernatant was precipitated
overnight at 4° C with 3 volumes of potassium aee(a 5% ethanol). After centrifugation,
pellet was resuspended in 0.2 M NaCl and then itegéd. Supernatant was supplemented
by 100 pug of chondroitin sulfate from shark cartilage (Sgnmand 5 % acetylpyridinium
chloride (Sigma) and then incubated for 2 hour374C before centrifugation. After washing
twice with NaCl (0.2 M, then 2.5 M), GAGs were reganded in 0.2 M Tris-HCI (pH 8.0)
and the radioactivity associated was counted with ml of liquid scintillation counting
cocktail Ultima-Gold (Perkin Elmer Life Sciences).

RESULTS

Bl,4-Galactosyltransferase activity of the membrane p1,4-GalTs7

To address thén vivo consequences of the mutations on the enzyme @umathembrane
wild-type, A186D, L206P, L206A and R270€1,4-GalTs7 were overexpressedGrO618
cells. Overexpression of each recombinant proteimembrane fractions was demonstrated
by western blot using anti-myc antibodies. All wergpressed with an expected molecular
mass of approximately 37 kDa. The expression lefalild-type, A186D, L206P L206A and
R270Cp1,4-GalTs7 quantified by densitometry was simitdlpwing thedetermination and
the comparison o$pecific activities at saturating concentrationgibfU-Xyl and UDP-Gal
(referred to a&q.psand expressed as nmol of products formett.ofgotal protein.mift).

The ability of each membrane protein to catalyzaettansfer of galactose from donor (UDP-
Gal) to acceptor (pNP-Xyl) substrate analogues determined. No activity was detected
with the membrane fraction containing the L20BP,4-GalT7. The membrane fraction
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containing the wild-type1,4-GalT7, but also the A186D, L206A and R27pC4-GalTs7
were active. As shown in Table 1, tKg, values of UDP-Gal for membrane A186D and
R270Cp1,4-GalTs7 were 8- and 2-fold higher than thatvidd type, respectively, whereas
no difference was observed for L206A mutant. Kpgevalues of pNP-Xyl for A186D, L206A
and R270Cp1,4-GalTs7 were 4-, 2.6- and 6-fold higher thant thaa the wild type,
respectively. Finally, th&svalues for A186D and R270f1,4-GalTs7 were 3- and 1.5-fold
lower compared to the wild type, respectively wlasr@o difference was observed for the
L206A mutant.

Bl,4-Galactosyltransferase activity of the MBP-truncated p1,4-GalTs7

In order to determine the molecular bases of tdeaed activity of A186D and R270f1,4-
GalTs7, and of the loss of activity of L206GFL,4-GalT7, mutated3l,4-GalTs7 were
expressed and purified as soluble MBP-truncatedep® as previously performed for the
wild-type enzyme [23]. The purified MBP- R27Q&» (Figure 2, lane 1) and MBP-WZs.
(Figure 2, lane 4) migrated as a single band, aithapparent molecular weight of 70 kDa,
consistent with the calculated molecular mass ef ttancated31,4-GalT7 fused with the
MBP. Analysis of purified MBP-A186Rs. (Figure 2, lane 3) and MBP-L20&R- (Figure 2,
lane 2) revealed the presence of a major band (~&%3®0 % of purity, respectively) with
the same electrophoretic mobility as the MBP-)M¢3 along with several other bands with
lower molecular weight. These additional bands wan@bably due to proteolysis, as they
were also recognized by anti-MBP antibodies (dateshown).

As previously shown [23], MBP-W]s, can transfer the galactose residue from UDP-Gal to
B-xylosides withK, values for UDP-Gal, pNP-Xyl and 4MU-Xyl (i.e., @.2nM, 1.27 mM
and 0.27 mM, respectively) (Table 2) similar todémf the membrane wild-tyfd.,4-GalT7
(i.e, 0.29, 0.85 and 0.24 mM, respectively). MBP-A18gband MBP-R270¢as, were also
able to transfer galactose from UDP-Gal to botreptr substrates, pNP-Xyl and 4MU-Xyl.
Structural characterization of the reaction produsy NMR analysis showed that MBP-
A186D,a5, andMBP-R270Gas. formed the sam@l—4 linkage as MBP-Wi,g, between the
Gal from UDP-Gal donor substrate and the Xyl frdm &cceptor substrate in the reaction
product (data not shown). Thg, values of UDP-Gal and pNP-Xyl for MBP-A186{3,were
~9- and 3-fold higher, respectively than those ioleth for MBP-WT.gs, ; for MBP-
R270Gasz Km values were ~3- and 6-fold higher (Table 2). Thaseeases i, values were
similar to those observed for the corresponding brame proteins (for A186D mutant, ~8-
and 5-fold higher towards UDP-Gal and pNP-Xyl, exgjpvely; for R270C mutant, ~2 and 6-
fold higher). On the other hand, thg;values measured for the reaction catalyzed by MBP-
A186D,,82and MBP-R270¢g,were similar to MBP-W{,g2(Table 2).

MBP-L206R,53 contrary to membrane L206H,4-GalT7 which displayed no activity, was
able to transfer galactose residue from UDP-Gahdoeptor substrate generating the same
B1—4 linkage product as wild-typ#l,4-GalT7 (data not shown). Tikg, values of UDP-Gal
and pNP-Xyl were ~3- and 4-fold higher, respectiviblan those obtained for MBP-V{;E2
Thekeq value of MBP-L206R,g,was similar to that of MBP-W[s:(i.e., 60 miril) (Table 2).
Because of the partial purity of MBP-L206E; thek., value determined for MBP-L2068.
was certainly underestimated and rather corresgbtmi@ value of ~100 mih assuming a
purity of ~65%.

pl,4-Galactosyltransferase activity of the MBP-WT 41 and MBP-L 206P, p1,4-GalT7

To better understand why L206P substitution ledoss of activity for membrane L206P
B1,4-GalT7 while MBP-truncated L206H.,4-GalT7 was active, the entipéd,4-GalT7 (from
amino acids 1 to 327) and the corresponding L2BBR-GalT7, both fused with MBP, were
produced inE. coli and purified, as previously described. SDS-PAGElyais of purified
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MBP-WT,a;1 (Figure 2, lane 6) and MBP-L20gP(Figure 2, lane 5) revealed the presence of
a major band with an apparent molecular weight ®kBa. As reported previously, many
other bands with lower molecular weight and recogtiby anti-MBP antibodies were also
visible, suggesting a significant proteolysis a4 recombinant proteins.

MBP-WT,,; Was active, but showed a 40-fold decreadedrcompared to MBP-WLs».(i.€.,

1.7 mir* for MBP-WT,a1versust6.6 min for MBP-WTaqg) wWhile K, values of acceptor and
donor substrates were increased by a factor ofdd3amrespectively. The reason why the
activity decreases when tieterminal part 1-81 is inserted between MBP anddtalytic
domain remains to be determined. Contrary to MBPs\Wand MBP-L206R,s3 no detectable
activity was observed for MBP-L206R(i.e., kea< 0.05 min') (Table 3).

Thermodynamic characterization of the substrate binding to MBP-A186Daas, and M BP-
R270C 82

As shown from the comparison of tKg, values of the acceptor and donor substrates 1dr wi
type and mutanpl,4-GalTs7, A186D and R270C substitutions leadntwaase of th&,
values of both substrates. It is therefore diftical conclude with certainty whether Ala-186
and Arg-270 contribute to the donor or the accemmes, and thus to interpret the
consequences of the substitutions at the structeval. Consequently, the thermodynamic
parameters of the binding of donor and acceptostsates to MBP-A186Rs, and MBP-
R270Gag2comparatively to MBP-WZ g, were explored by ITC. Exothermic binding profiles
were obtained with all the purified proteins. Tygdicalorimetric profiles of the binding
substrates analogues to MBP-Ys and MBP-A1860,g, are presented in Figure 3. Similar
profiles were obtained for the MBP-R270Q¢z

Whatever the mutated enzyme, the stoichiometry@PWinding was comprised between 0.4
to 0.6, due to the possible dimeric state of theyewe, as described previously [23]. The
binding of donor substrate analogoewild-type, A186D and R27061,4-GalTs7 was driven
by an enthalpy change, which was partially courdlartced by an unfavourable entropy
change (Table 4). Binding of UDP to MBP-R27@% showed similar thermodynamic
parameters as MBP-WJsa suggesting no modification of UDP binding by tR270C
substitution (Table 4). On the contrary, binding WDP to the enzyme was significantly
modified by the substitution of Ala 186 residue BAgp (Figure 3A), with a significant
decrease afiH that was not fully offset by a decreased® Therefore, dissociation constant
was 4-fold higher to that of MBP-Ws.(Table 4).

Similarly, the consequences of the A186D and R2&dBstitutions for the binding of
acceptor substrate (pNP-Xyl) to tpg,4-GalT7 were analyzed by ITC (Figure 3B). The pNP
Xyl substrate was used because of the limited ddalulmf 4MU-Xyl. Because UDP is
required to promote the binding of the acceptorstake to the enzyme, we explored the
binding of pNP-Xyl in the presence of UDP and®¥jras previously described [23]. Since the
Kq value obtained for the binding of pNP-Xyl to thddmype was higher than the protein
concentration, the c-value (c = [Prb¥y) was lower than 1. Under low c-value conditions,
both 4G and4H can be measured with confidence provided thdgast, 80% saturation is
achieved and that the stoichiometrys known, as described by Turnbull and Danara$. [27
For MBP-WT,as2 and MBP-A1860R,s2 but not for MBP-R27Qs3 it was possible to reach
saturating ligand concentration. Therefore, we utiea stoichiometry value determined
independently by the active site titration expentsewith UDP under highec-values
conditions, for fitting the low c-value titration€onsequently, a dissociation constant of 4.6
mM was measured for the binding of pNP-Xyl to MBPF\.(Table 5). Its binding to MBP-
WT.ag2 Was driven by an enthalpy change (-11.8 kcal/moth an unfavourable entropy
change. Binding of pNP-Xyl to MBP-A186Ey, was relatively similar to that of MBP-
WTaa83 With an estimated dissociation constant of atso8tmM (Figure 3B). The magnitude
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of 4H was higher (by about 13 kcal/mol) than that olgdifor MBP-W T3 yet fully offset
by an equivalent increase in entropy, resulting similar affinity as the wild type. Contrary
to MBP-A1860,s82 the binding of pNP-Xyl to MBP-R27Qgs.was difficult to detect by ITC
and the saturation was not reached, preventing ecurae determination of the
thermodynamic parameters. Nevertheless, the estihtainding affinity seemed to be very
weak Kg> 10 mM).

Stimulation of the p1,4-Gal T 7-dependent GAG synthesis by glycosides

To identify the consequence of the mutations on @%&G synthesis, we overexpressed
membrane wild-type, A186D, L206P and R2780C4-GalTs7 inCHO618cells and evaluated
the GAG synthesis level after transfection. Immudabhnalysis showed that gl ,4-GalTs7
were produced at similar level (as shown in FiglxeAnalysis of the GAG synthesis rate
48h after transfection led to a 4-fold increase¥8-incorporation compared to mock-
transfected cells (Figure 4), indicating that oweression of[31,4-GalT7 significantly
enhanced GAG synthesis. Surprisingly, overexprassib A186D or R270CB1,4-GalT7
stimulated GAG synthesis at the same level as type-p1,4-GaiT7. Only L206P31,4-
GalT7 failed to increase GAG synthesis, with a sabeilar to that of mock-transfected cells
(Figure 4).

To further understand the consequences of the Al&ad R270C substitutionsn GAG
synthesis, we investigated the ability of 4MU-Xgl prime thef1,4-GalT7-dependent GAG
synthesis iINnCHOG618 cells after transfection by pcDNAL,4-GalT7s. Two days after
transfection, cells were incubated for 9 hours wiEhU-Xyl, and the ability of glycoside to
prime GAG synthesis in transfected cells was evtatuaKinetics of GAG synthesis
stimulation by 4MU-Xyl (from 0 to 1 pM) irCHO618 cells transfected by pcDNA1,4-
GalT7s are presented in Figure 5. Stimulation of G58ynthesis was not observed in
CHO618 cells transfected by pcDNA-L206P, whatevee #MU-Xyl concentration. In
CHOG618 cells transfected by pcDNA1,4-GalT7, -A186D and -R270C, GAG synthesis
stimulation was a linear function of 4MU-Xyl condeation. However, the GAG synthesis
was less stimulated iI@HO618cells transfected by pcDNA-A186D and -R270C. Tfares
we determined the slope of the linear regressioichwlvas representative of the GAG
synthesis stimulation. In cells transfected wittbp&-p1,4-GalT7, the slope was 0.04. In
cells transfected with pcDNA-A186D and -R270C, slepnarkedly decreased to 0.03 and
0.02, respectively.

DISCUSSION

B1,4-GalT7 catalyses a limiting step in the biosgsith of GAG chains [28, 29].
Patients with mutation if4GALT7genesuffer from skin, cartilage and bone alterations [2
Only three mutations of the4GALT7gene (A186D, L206P and R270C) have been so far
identified [4, 19-21}, but leading only to two difent genotypes (i.e., compound
heterozygosity for the A186D and L206P ; homozyiyogor the R270C) [4, 19-20].
Surprisingly, whatever the genotype, patients i progeroid variant of EDS showed the
same premature aging phenotype. The aim of thi& weass to elucidate the biochemical and
structural consequences of tf&GALT7 mutations on the enzyme function using ITC as a
method of choice for probing interactions at thbsttate-binding sites of the enzyme [23, 30-
32].

THIS IS NOT THE VERSION OF RECORD - see d0i:10.1042/BJ20100921

Because the wild-typpl,4-GalT7 catalytic domain (from amino acid 82he end of
the protein) fused with the MBP is highly solubledashowsK, values identical to those of
the membrane wild-typg1,4-GalT7 [23], we decided to express in the curstndy the
catalytic domain of the mutated proteins fused WtBP. However, before exploring the
physicochemical properties of the MBP-fused truedatenzymes, we systematically
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compared by kinetic analysis their ability to trEmshe galactose residue from UDP-Gal to
acceptor substrate analogue to that of the cornebpg enzyme expressed in Golgi
membranes of eucaryotic cells.

The MBP-A1860.s2is able to transfer galactose residue from UDPiGacceptor
substrate by generating the saie->4 linkage product as wild-tyggl,4-GalT7 (shown as in
reference 23). However, the catalytic efficienasMBP-A186D,,52 With UDP-Gal donor
and 4MU-Xyl and pNP-Xyl acceptors are 10, 10 arfdld-lower, respectively, than those of
MBP-WT,ag3 due to higheK,, values. Almeidat al [19] also reported an increase of Kig
value for the donor substrate (4 fold higher), velasrno significant change was observed for
the binding of the acceptor substrate. The ITC Itescdearly demonstrate that MBP-
A186D,,3,Was able to bind donor and acceptor substrat@gnes. But, th&, value of UDP
for MBP-A186Ds.3, Wwas 4-fold higher than that of wild type, whileathof pNP-Xyl was
similar to the wild type. These results suggest thia 186 contributes directly or, more
probably, indirectly to the binding donor site [22jterestingly, thedH for the binding of
UDP to MBP-A186RQ.s;was significantly reduced by about 15 kcal.fnobmpared to wild
type. In our recent study, a major contributiorthe-phosphate, and more moderately dhe
phosphate of the donor substrate to the bindin@li@-GalT7 was demonstrated [23].
Therefore, the carboxyl side chain of Asp-186 in RAB1860D;.s> could induce repulsive
interactions with the phosphate groups of UDP, araVvenits the formation of a network of
interactions between the donor substrate analogdi¢ie protein. However, Ala-186 which is
located in the hydrophobic core of the enzyme amdosnded by bulky aromatic residues
[22, 33] likely is not essential in binding UDPtime wild type. This is also in accordance with
the fact that Ala-186 corresponds to Ser-274pin4-GalT1l, an uncharged hydrophilic
residue, capable of forming hydrogen bonds instédxydrophobic [19].

Concerning the R270C substitution, few biochemigaflormation is currently
available. This substitution was previously reporte decrease by approximately 3-fold the
B1,4-galactosyltransferase activity pi,4-GalT7 R270C fibroblasts compared to control
fibroblasts [6]. Herein, MBP-R27Q&s, was active, but th&../K,, ratio determined towards
AMU-Xyl was particularly affected (11-fold lower mpared to wild type) due to high&g,
value, whereas that towards UDP-Gal was almostlainto the wild type. The ITC results
clearly demonstrate that Arg-270 does not intedareictly with the donor substrate analogue,
as MBP-R2706ss2was unaffected for UDP binding. On the contrang, binding of acceptor
substrate analogue to MBP-R27Q&was particularly modified and the binding isothetid
not reach saturation, preventing accurate detetromaof thermodynamic parameters of
binding. The drastic loss of pNP-Xyl binding by MB®70Gas2suggests that this positively
charged residue is critical for acceptor substoateling. In the absence of a 3D-structure of
the complexBl,4-GalT7/acceptor substrate, it is difficult topkain the requirement of Arg-
270 residue in the binding of acceptor substrasquénce comparison of hum#a,4-
galactosyltransferase family members showed segueagations in their oligosaccharide
binding site, which would account for their respext preferences for different
oligosaccharides [34, 35]. We suggest that Arg-@&&due which is a lysine residue in the
Drosophila enzyme [22], and is located on a flexiolop, may interact directly with acceptor
substrate by salt bridge or hydrogen bonding icteyas or may be a structural element in the
organization of the acceptor active site.

Substitution of Leu-206 by Pro was previously réporto inactivate the enzyme [19,
20]. In these studies, L20GgH.,4-GalT7 was expressed either as a truncatediprateking
the firstN-terminal 53 amino acids fused to protein A [20]asra secreted form lacking the
first N-terminal 63 amino-acids. Similar results were fum our study when the full length
L206P protein was expressed either as a membraeirpor as a soluble protein fused with
the MBP. As shown from the amino-acid alignment4286 is conserved in all mammalian
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B1,4-GalTs7 and in the relat€henhorabditis Elegansgv-3 [36], while it is a valine residue
in the Drosophila enzyme [22]. The Leu-206 or iguigalent Val is located in the
hydrophobic core of the protein [22, 37]. Therefatae to the location of Leu-206 and the
fact that the L206A mutant shows kinetic paramegénsilar to the wild type, Leu-206 has
probably no role in the catalytic efficiency of tkazyme. As suggested by Almeidaal.
[19] and Okajimaet al[20], Pro substitution at position 206 could dreey change the
structure of the protein, and therefore would b&poasible for the loss of activity. In our
study, however, when L206F.,4-GalT7 was expressed as a fusion MBP proteieteatk of
the first N-terminal 81 amino acids, a catalytic activity dSceent as that of its wild-type
counterpart was observed. Such a result indichtsstibstitution of Leu-206 by Pro does not
modify the fold of the catalytic domain, at leastder af1,4-GalT7 form in which thé\-
terminal cytoplasmic domain, the transmembrane segnand the stem region which
precedes the catalytic domain have been deletegtefidre, our results, combined with those
of Okajimaet al. which showed that L206f1,4-GalT7 fused to protein A and in which only
the stem is present, is inactive [20] suggestithatthe combination of both the Pro residue at
position 206 and at least the stem which leadsds bf activity due likely to a modification
of the conformation of the protein and in returrtteé active site.

Similar clinical symptoms and aberrant GAG substitu of PGs were observed in
patients with compound heterozygosity for the Al8@hAd L206P and patients with
homozygosity for the R270C [5, 6, 16, 19]. Nevelebs, molecular consequences of the three
reported substitutions of th#l,4-GalT7 identified in EDS patients on the enzyfuection
are clearly different. L206PB1,4-GalT7 is inactive due to altered conformationatiered
substrates binding, and overexpression of L2B6/4-GalT7 inCHO618cells is unable to
synthesise GAG chains. In contrast, A186D and R2PAGI-GalT7s display activity.
However, A186D and R270C substitutions lead to eretese of thg1,4-GalT7 efficiency
due to a lowered binding of donor substrate ané@toc substrate, respectively. In our study,
the measurement of theS incorporation into GAG, reflecting their biosyasfis rate, was
surprisingly similar in wild-type, A186D or R270f1,4-GalT7s-transfecte@HO618cells.
Therefore, evaluation of the ability of each mufafrotein to primeex vivothe GAG
biosynthesis was carried out. Since the requireni@nixylosylated core proteins can be
bypassed by synthetig-D-xylosides containing hydrophobic aglycones [88;4ve used
AMU-Xyl as a primer for GAG formation. Priming [§¢D-xylosides depended linearly on
4MU-Xyl concentration, suggesting that the acceobstrate i(e., the xylosylated-core
protein) is a limiting factor of the GAG syntheslis.wild type-transfected cells, stimulation
of GAG synthesis was 10-fold higher when 1 uM of UMyl was used compared to the
condition without glycoside; it was 9- and 6-fold, A186D- and R270C-transfected cells,
respectively. The ability of A186[p1,4-GalT7 to prime GAG synthesis was thus weakly
affected compared to that of wild-type enzyme. ¢ @onsider that the availability of acceptor
substrate is a limiting factor of GAG synthesigstlresult is consistent with the ability of
A186D B1,4-GalT7 to bind the acceptor substrai¢iO618cells stably expressing A186D
B1,4-GalT7 were also described to be able of sulsig human decorin with GAG chains,
however with a considerably decreased efficien¢yB8&cause of the limited consequences of
the A186D substitution on the GAG synthesis, it lddoe interesting to know the phenotype
of homozygous for A186D in that respect. Only tihemotype of individuals with compound
heterozygosity for A186D and L206P is known. Beeal206Pp1,4-GalT7 is inactive, this
phenotype is certainly essentially associated ® URO6P mutation of th@1,4-GalT7.
Moreover, it is likely that homozygosity for L206B not a viable genotype. Indeed, the
transfer of the first galactose on the tetrasaegbdinker region of the GAG chains is strictly
catalyzed by thed1,4-GalT7 and cannot be bypassed by another glitcassferase [24].
Contrary to A186DB1,4-GalT7, the ability of R270B1,4-GalT7 to prime GAG synthesis
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was largely affected compared to that of wild-tygezyme. This lower priming efficacy of
4AMU-Xyl in the R270CB1,4-GalT7 transfecte@HO618cells may be due to the substitution
of Arg-270 residue by Cys that modifi#se binding affinity of the acceptor substrate. The
reduced ability of the R27061,4-GalT7 to prime GAG synthesis can explain thiecere
glycosylation of decorin and biglycan in homozygatidividuals for R270C [6, 16]. On the
other hand, inpl,4-GalT7 R270C fibroblasts, a reduced epimeripated chondroitin-
/dermatan sulfate GAG chains [6] and a modifiedgoatof heparan sulphate chains [16] was
observed. Thus, there is evidence thatpth@-GalT7 genetic defects, along with a decrease
in the GAG biosynthesis rate, also affect the duadind diversity of the chainssia
epimerization and sulfation reactions, and finglg biological function of these substances.
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TABLES

Table 1 Apparent kinetic parameters of the membrane wild type and mutated p1,4-
GalTs7 expressed in CHO618 cells towards donor (i.e, UDP-Gal) and acceptor

substrates (i.e., pPNP-Xyl)

To determine th@1,4-galactosyltransferase activity, standard reastiwere performed in 100 mM cacodylate
buffer (pH 7.0) containing 10 mM Mnghnd 0.3 to 0.6 gl of total proteins containing membrane wild type or
mutantB1,4-GalT7. Theky,s values determined at saturating concentrationcof lsubstrates were evaluated
after normalization of thl,4-GalT7 expression level by immunoquantificatignwestern blotting as described
in Experimental procedures. Each data point reptedbe meatt 2 SD of three individual determinations. nd,
not determined. p<0.05 compared 1,4-GalT7. nd, not determines:, activity not detected.

UDP-Gal pNP-Xyl
(nmol.minl.nt:z prot tot) (gl\n)l) (ul.minlffﬁf{ngn:ot tot) (gl\n)l) (ul.minkftr)r{ngn;ot tot)
p1,4-GalT7 8.0t1.5 0.29+ 0.01 27.6 0.85+ 0.07 9.4
A186D 2.540.2 2.41%0.48 1.0 3.76+ 0.57 0.7
L206P — — — — —
L206A 7.7+ 0.6 0.31+ 0.03 24.8 2.29+ 0.0 3.4
R270C 5.5+0.9 0.49+0.12 11.2 5.01+0.11 11
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Table 2 Kinetic parameters of purified MBP-A186D a5, MBP-L206P,.s, and MBP-
R270C a8, towards donor substrate (i.e.,, UDP-Gal) and acceptor substrates (i.e., 4AM U-
Xyl and pNP-Xyl)

Standard reactions were performed in 100 mM caeteyduffer (pH 7.0) containing 10 mM MnGind 0.04 to
0.2 uM of purified trunciated MBP-proteins. Eachadabint represents the mean 2 SD of three or more
individual determinations.p < 0.05 compared to the results obtained with MBPs,52 Because the purities of
the MBP-A186R,5,and MBP-L206RB,s,can be estimated to be 90 and 65%, thevklues are underestimated
and rather correspond to 66 and 100 min, respectively.

Donor substrate Acceptor substrate

THIS IS NOT THE VERSION OF RECORD - see d0i:10.1042/BJ20100921

UDP-Gal AMU-Xyl pNP-Xyl
kcat Km kcat/ Km Km kcat / Km Km kcat / Km
(mird) (mM) (min.mM?) (mM) (min™.mM?) (mM) (mint.mm?Y)
WTas,  66.6+1.2 0.23+0.07 289 0.27+ 0.06 247 1.27+ 0.07 79
A186Dss, 60.0+3.6 2.07+0.67 29 2.26+ 0.80 26 4.25+ 0.30 18
L206P,s; 63.6+1.8 0.65+0.18 98 2.99+ 0.61 21 5.54+ 0.60 13
R270Gas2 63.0+6.6 0.63+0.17 100 3.26+ 0.53 19 7.93+0.19 7.8
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Table 3 Kinetic parameters of the purified MBP-WT gagp, MBP-WT 501, MBP-L 206Pa52
and MBP-L 206P,,; expressed in Escherichia coli towards UDP-Gal and towards 4M U-

Xyl

Standard reactions were performed in 100 mM caeteybuffer (pH 7.0) containing 10 mM MngD.04 to 1
UM of purified fused proteins. Kinetic parametess 4MU-Xyl and UDP-Gal were obtained after the diddi of
increasing amounts of acceptor or donor subst(@€2 to 10 mM of 4MU-Xyl in the presence of 10 no¥l
UDP-Gal ; 0.025 to 10 mM of donor substrates inghesence of 10 mM of 4MU-Xyl) to the standard tiac
Each data point represents the me&hSD of three individual determinations. nd, netsdmined.

UDP-Gal AMU-Xyl
kcat Km kcat/ Km Km kcat / Km
(min®) (mMm) (mint.mMm?Y) (mM) (min.mM?)
WTaag2 66.6+ 1.2 0.23+ 0.07 289 0.27+ 0.06 247
WT a1 1.7+ 0.06 0.80+0.10 213 0.62+ 0.02 274
L206P,a52 63.6+ 1.8 0.65+ 0.18 98 2.991 0.61 21
L206P,a; <0.05 nd nd nd nd
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Table4 Thermodynamic parametersfor the binding of UDP to the MBP-WT 5482, MBP-
A 186D .5, and MBP-R270C 352
ITC experiments were carried out at 30°C in MOP@ 1t8M) buffer (pH 7.0) containing NaCl (150 mM) with

MnCl, (5 mM) using a VP-ITC MicroCalorimeter (Micro Céhc.) Each data point represents the me&nSD
of three individual determinationsp<0.01 compared to WT.

4G AH A4S -TAS Kqg

(cal/mol) (kcal/mol) (cal/mol/K) (kcal/mol) (uM)

WTaas2 - 6880+ 160 -22.9+4.8 - 54 16.07 9.0
A186Dsas - 6030+ 40 -8.1+ 1.3 -6.9 2.08 38
R270Gas2 - 6580+ 70 -21.0+2.3 -48.5 14.44 15

—
N
(o]
o
o
—
N
a Table 5 Thermodynamic parameters for the binding of pNP-Xyl to the MBP-WT 4482,
g M BP-A186D 35 and MBP-R270C 5482
3_ ITC experiments were carried out at 30°C in MOPS 1taM) buffer (pH 7.0) containing NaCl (150 mM) with
S MnCl, (5 mM) and UDP (5 mM) using a VP-ITC Microcaloritee (Micro Cal, Inc.) Each data point represents
'_§ the meant 2 SD of three individual determinations. nd, netesimined.
(]
3
| 4G JH 4S8 -TA4S Kq
a (cal/mol) (keal/mol) (cal/mol/K) (kcal/mol) (mM)
O
9 WTaas2 -3180+10  -11.8+ 0.2 -29 8.60 4.6
o
E'-) A186D,as, - 3040+ 80 -24.8+5.4 -73 21.83 5.8
CZ> R270G..s> nd nd nd nd > 10
N
o
i
>
L
T
|_
|_
@)
P
2}
2}
T
|_
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FIGURE LEGENDS

Figure 1 Immunoblot analysis of membrane fraction of CHO618 cells expressing wild

typeand mutant p1,4-GalT7.
Membrane protein (10 pg) containing wild type- @ah), A186D- (lane 2), L206P- (lane 3), R270C- ¢laf)
and L206AB1,4-GalTs7 (lane 5) were loaded. Tp&,4-GalT7 proteins were probed with primary antipod

directed against the c-myc tag.

Figure 2 Analysis of purified recombinant human wild type and mutant p1,4-GalT7
fused-proteinsby SDS-PAGE.

Human wild type and mutaifitl,4-GalT7 were expressed i coli as fused-proteins with the maltose-binding
protein, and then, purified onto an amylose coluamgescribed iExperimental procedure®urified proteins
(2 ug) MBP-R270G,g,(lane 1), MBP-L206Rg, (lane 2), MBP-A186R:s;(lane 3), MBP-WT,g(lane 4), MBP-
L206P,4: (lane 6) and MBP-WZ; (lane 7) and protein markeire(, 25, 37, 75, 100 and 150 kDa) (lane 5) were
analysed by electrophoresis on polyacrylamide §@%, w/v) in the presence of SDS and then, staini¢tl

Coomassie blue.

Figure 3 Calorimetric profiles of the donor and acceptor substrate analogues binding to

M BP-A186D a5z, compared to MBP-WT gas0.

A/ Binding of UDP to MBP-Ws, and MBP-A186R.s, The reaction cell contained MBP-\\3, (1.4 mL, 30
UM, black line) or MBP-A186R, (1.4 mL, 50 puM, gray line) in 20 mM MOPS bufferntaining 150 mM
NaCl and 5 mM of MnGl The syringe contained 0.5 mM and 1 mM UDP inghme buffer, for MBP-WZs»
and MBP-A186Daa82, respectiveljop, raw calorimetric data obtained from the injectishUDP at 4-min
intervals. The bottom plot shows the integrateddinig isotherm with the experimental points and the
corresponding best fit, providing values for thedyilwamic parameter®&/ Binding of pNP-Xyl to MBP-Ws,
and MBP-A186[s, The reaction cell contained MBP-\A4%, (1.4 mL, 30uM, black line) or MBP-A186R,s,
(1.4 mL, 25 uM, gray line) in 20 mM MOPS buffer ¢aiming 150 mM NacCl containing 5 mM of MnCand 5
mM UDP. The syringe contained 40 mM pNP-Xyl in g@me bufferTop raw calorimetric data obtained from
the injection of pNP-Xyl at 4-min intervals. Thettwon plot shows the integrated binding isothermhvitie

experimental points and the corresponding begpriityiding values for thermodynamic parameters.

Figure 4 Restoration of GAG synthesisin CHOG618 cells after wild type or mutant p1,4-

GalT7 transfection.

CHOG618cells were transfected with pcDN#%,4-GalT7 or -A186D or -L206P or -R270C, then laoeltwo
days after transfection, with B&'S]SQ, (10uCi/mL) for 9 h. The labelletfS-GAGs were isolated by papain
digestion and successive acetate potassium, andp@Ripitations. Respectivpl,4-GalT7 expression was

analyzed by western blot using anti-myc antibodassjescribed in tHexperimental Procedures
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Figure5 Stimulation kinetics of GAG synthesis by 4AMU-Xyl in CHO618 cells expressing

wild type or mutated p1,4-GalTs7.

CHOG618cells were transfected with pcDN#¢,4-GalT7 or -A186D or -L206P or -R270C, then, toays after
transfection, incubated with various concentratiohdMU-Xyl (0 to 1 pM) and labeled, in the samméi, with
Nap[**S]SQ, (10uCi/mL) for 9 h. The labelled®S-GAGs were isolated by papain digestion and ssoees

acetate potassium-, and CPC-precipitations.

THIS IS NOT THE VERSION OF RECORD - see d0i:10.1042/BJ20100921
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Figure 2
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