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Populärvetenskaplig sammanfattning 

Ytan av alla celler är dekorerad med kolhydrater som står för mycket av den 
information en cell överför till omgivande celler. Många av kolhydraterna tillhör en 
föreningsklass som kallas proteoglykaner som består av ett protein sammanbundet 
med en eller flera långa kolhydratkedjor. Dessa kolhydratkedjor kallas 
glykosaminoglykaner och är bundna till proteinet via kolhydraten xylos. Än så länge 
har vi bara en vag aning om sambanden mellan strukturen hos 
glykosaminoglykanerna och den information de överför. Denna avhandling handlar 
om att skapa verktyg som kan ge oss insikter i hur glykosaminoglykanerna bildas. 

Xylosider, det vill säga molekyler baserade på xylos kopplat till en annan molekyl – en 
aglykon, kan gå in i celler och starta eller blockera bildandet av glykosaminoglykaner 
genom att efterlikna det naturliga substratet för ett visst enzym – β4GalT7. För att 
öka förståelsen för hur en xylosid ska se ut för att vara ett bra substrat eller en bra 
hämmare för β4GalT7 har vi syntetiserat och testat aktiviteten av olika xylosider.  

Vi har valt att systematiskt undersöka tre olika delar av xylosidmolekylerna - själva 
kolhydraten, kopplingen och aglykonen.  Vi har hittat ett antal nya molekyler som 
fungerar som bra substrat för β4GalT7 och vi har också hittat substanser som 
fungerar som hämmare.  

Resultaten i den här avhandlingen lägger en grund för vilka strukturelement som kan 
inkorporeras i xylosider för att ge effektiva substrat samt grundläggande krav för en 
hämmare.  
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1 Introduction 

1.1 Xylosides 

1.1.1 Classification and nomenclature 

Xylose is a monosaccharide, which means that it does not decompose to smaller 
subunits when treated with aqueous acid. Xylose is also an aldose, indicating that the 
carbonyl functionality is an aldehyde, in contrast to a ketose wherein the carbonyl 
functionality is a ketone. In addition, xylose is a pentose meaning that it contains five 
carbon atoms. Carbohydrates consisting of six carbon atoms, such as glucose and 
galactose, are subsequently referred to as hexoses.  

All carbohydrates are chiral and have stereocenters. Generally, the Fischer projection 
shows the carbohydrate in an open, two-dimensional form with the carbonyl at the 
top and the vertical line representing the carbon backbone (Figure 1). Atoms and 
groups on the right side are on the bottom face in a cyclic structure and atoms and 
groups on the left side are on the top face. Carbohydrates with the hydroxyl group 
pointing to the right at the stereocenter with highest location (center of reference) are 
referred to as D sugars, whereas carbohydrates with this hydroxyl group pointing to 
the left are referred to as L sugars. Hence, D/L gives the absolute configuration of the 
stereocenter with highest location while the trivial names, such as xylose and 
arabinose, gives the relative stereochemistry of the remaining stereocenters. (+) And  
(-) may be added, indicating how plane-polarized light is rotated.1 

 

FFiigguurree  11.. Different representations of D-xylose. 
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Carbohydrates exist to a large extent in cyclic forms where a hydroxyl group has 
reacted with the carbonyl group to yield either a five membered ring, i.e. a furanose, 
or a six membered ring, i.e. a pyranose. Other ring sizes are possible, but unusual. 
The cyclization generates a new stereogenic center at the former carbonyl carbon, 
referred to as the anomeric carbon, and the diastereomers formed are called anomers. 
When the newly formed hydroxyl group at the anomeric carbon is situated cis to the 
hydroxyl group at the stereocenter with highest location, this configuration is called 
α, whereas a trans relation between these hydroxyl groups is referred to as β (Figure 
1). In an aqueous solution, xylose exists as 36.5% α-pyranose, 63.0% β-pyranose, less 
than 1% as furanoses, and in a negligible extent in the acyclic form.  

The cyclic form can be represented as a Haworth projection where the ring is almost 
perpendicular to the plane of the paper, but viewed slightly from above (Figure 1). 
The hydrogen atoms are often excluded from this representation and hydroxyl groups 
are positioned vertically pointing either up or down in relation to the plane. 
However, this is not a good representation of the conformation of carbohydrates. 
Xylose, as well as other pyranoses, usually resides in a chair conformation (C). The 
chair can exist in two different forms where O-C2-C3-C5 define the reference plane 
of the ring. To define the chair, carbon atoms positioned above this plane are given as 
a superscript and atoms below the plane are given as a subscript, i.e. 4C1 and 1C4.   

Several factors affect which chair conformation (or other forms) that is adopted. 
Taking sterics into account, equatorial positions of the substituents are favored. 
However, the anomeric effect, i.e. a stereoelectronic effect, may influence the 
conformation to a large extent. In short, electronegative substituents at the anomeric 
carbon is favorably positioned axially since a lone pair of electrons of the endocyclic 
oxygen atom can interact with the unoccupied, anti-bonding orbital σ* of the axial 
glycosidic bond. This is a stabilizing interaction, and indeed a slight shortening of the 
bond between the endocyclic oxygen atom and C1 is observed as well as a 
lengthening of the bond between C1 and the anomeric substituent, compared to the 
anomer.  

1.1.2 Reactivity of xylosides 

Xylose connected to another molecule at C1 is referred to as a xyloside and the group 
that is bound to xylose is referred to as an aglycon. The chemistry of xylopyranosides 
has recently been reviewed by us (Paper IV), including formation of xylosyl donors, 
protective group chemistry, modifications of the xylose moiety, and conformational 
analysis. Thus, this will not be discussed here, and only a few comments will be given. 

Generally, xylosides can be formed through glycosylation under either basic 
conditions, usually with xylosyl halides through an SN2 type mechanism, or under 
acidic conditions, via an SN1 type mechanism (Scheme 1). The stereochemical 
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outcome of a Lewis acid promoted xylosylation is usually directed by the anomeric 
effect. However, participating groups at C2, e.g. esters, may interact with the 
intermediate oxocarbenium ion forming a cyclic acyloxonium ion (Figure 2). The 
acyloxonium ion is subsequently opened by the aglycon, also called acceptor, in an 
SN2 manner resulting in an equatorial glycosidic bond, hence β-D-xylosides are fairly 
easy to synthesize by standard methods, whereas α-D-xylosides can be formed by 
anomerization of the kinetic β-products.  

 

SScchheemmee  11.. General mechanism for acid-promoted glycosylation reaction. PrtG = Protective 
group, LG = Leaving group, LA = Lewis acid. 

 

FFiigguurree  22.. A participating group, such as acetate, at C2 directs the nucleophile, promoting β-
attack. 
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1.2 Proteoglycans and glycosaminoglycans 

Proteoglycans (PGs) are located in the extracellular matrix, on cell surfaces, or inside 
mammalian cells and consist of a core protein with one or several, covalently attached 
glycosaminoglycan (GAG) chains, i.e. long, linear, anionic polysaccharides. PGs and 
GAGs appear to be synthesized by virtually all cell types and their function is highly 
diversified, including involvement in cellular processes such as differentiation, 
migration, adhesion, and cell growth, as well as functioning as mechanical support. 
The biological activities exerted by PGs are largely due to the interactions of the GAG 
chains with growth factors, cytokines, enzymes, and other signaling molecules.3 PGs 
and GAGs are also involved in cancer pathobiology as well as bacterial and viral 
infections.4-7 

GAG chains are composed of disaccharide units consisting of one hexosamine [N-
acetyl-D-glucosamine (D-GlcNAc) or N-acetyl-D-galactosamine (D-GalNAc)] and 
one hexuronic acid or hexose [D-glucuronic acid (D-GlcA), L-iduronic acid (L-IdoA), 
or galactose (Gal)]. Based on this disaccharide structure, GAGs are classified into four 
families, i.e. heparin/heparan sulfate (HS), chondroitin sulfate/dermatan sulfate 
(CS/DS), keratan sulfate (KS), and hyaluronan (HA). CS/DS and HS GAG chains 
are connected to a core protein forming PGs via a tetrasaccharide linker: GlcAβ1– 
3Galβ1–3Galβ1–4Xylβ1–O-(Ser) (Figure 3).3  

 

FFiigguurree  33.. a) Schematic figure over linker tetrasaccharide synthesis with involved enzymes. 
Modifications, i.e. phosphorylation and sulfation, are indicated at the possibly affected positions 
by “P” or “S”, respectively, enclosed by a cirle. b) Disaccharide composition of CS/DS and HS GAG 
chains.   

P

S SS

CO2H

O

OO
HO

OH

O
OH

O
OH

OH
O

OH

O
OH

OH
OHO

HO
OH

OHO

O

GalT-I
(β4GalT7)

GalT-II
(β3GalT6)

GlcAT-I XT

O
OH

O
NHAc

OH
OO

HO
OH

HO2C

n

O
OH

O
NHAc

OH
O
HO

OH
n

OO
AcHN

OH
O

HO
OH

HO2C

n

HO
O

-4GlcAβ1-3GalNAcβ1-
CS

-4IdoAα1-3GalNAcβ1-
DS

-4GlcAβ1-4GlcNAcα1-
HS

Ser

a)

b)

GalNAcT-I

GlcNAcT-I

CS/DS

HS



 5 

The biosynthesis of CS/DS and HS PGs takes place in the endoplasmic reticulum 
(ER) and Golgi compartments and is initiated by xylosylation of a specific serine 
residue in the core protein, mediated by a xylosyltransferase8-9 (XT). 
Galactosyltransferase I10-11 (GalT-I also known as β4GalT7) and galactosyltransferase 
II12 (GalT-II also known as β3GalT6) subsequently add two galactose residues and 
then a glucuronic acid is added by the aid of glucuronyltransferase I13 (GlcAT-I). The 
subsequent addition of β-GalNAc by β-N-acetylgalactosaminyltransferase I 
(GalNAcT-I) triggers CS/DS synthesis, whereas the addition of α-GlcNAc by α-N-
acetylglucosaminyltransferase I (GlcNAcT-I) initiates HS synthesis (Figure 3). 
During GAG chain polymerization, site-specific deacetylation, sulfation, and 
epimerization occurs, which leads to their structural and biological diversification. In 
addition, the linker tetrasaccharide is also modified where the xylose residue can be 
phosphorylated as well as dephosphorylated at O2. This modification can be found in 
both CS/DS and HS chains, and the phosphorylated trisaccharide seems to be a good 
substrate for GlcAT-I. Sulfation of C6 of the first galactose unit and of C4 and/or C6 
of the second galactose unit in the linker is only found in CS/DS. These 
modifications may therefore have a regulatory function.3, 14-15  

Defects in the biosynthesis of GAGs and PGs, caused by mutations in the genes 
encoding the enzymes involved, causes a number of rare genetic disorders.16 One of 
these, Ehlers-Danlos syndrome (EDS), is a heterogeneous group of inherited 
connective tissue disorders, comprising deficiency in collagen and connective tissue 
structure and synthesis. Several different mutations of β4GalT7 have been found in 
patients suffering from progeroid variant of EDS.11, 17-20 These mutations affect the 
putative catalytic domain and the folding of the enzyme, and results in reduction or 
loss of β4GalT7 activity.  

1.3 β4GalT7 

1.3.1 Structure and function 

In 1999, Almeida et al. cloned, expressed, and characterized the seventh member of 
the human β-1,4-galactosyltrasferase family,11 which also almost simultaneously was 
reported by Okajima et al.10 The six already known members catalyze the biosynthesis 
of Galβ1-4GlcNAc and/or Galβ1-4Glc and possess highly conserved sequence motifs 
in the putative catalytic domain that includes four conserved cysteine residues. 
However, β4GalT7 does not contain any of the conserved cysteine residues, and the 
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enzyme was found to catalyze the Galβ1-4Xylβ1-R linkage, in the presence of Mn2+. 
Thus, β4GalT7 show galactosyltransferase I activity (EC 2.4.1.133)*.  

ITC measurements of β4GalT7 have shown that binding of UDP-Gal strongly 
promotes the binding of the acceptor substrate (xyloside), where the binding of the β-
phosphate of UDP-Gal largely contributed to the binding energy and the uridine 
moiety contributed to the positioning of the donor. The contribution of the galactose 
moiety was negligible.21 

In 2010, Ramakrishnan and Qasba published the crystal structure of β4GalT7 from 
Drosophila melanogaster, revealing a strong protein sequence similarity with human 
β4GalT7.22 It was shown that binding of manganese and UDP induced a 
conformational change from an open to a closed form of the enzyme. Even though a 
crystal structure could not be obtained with bound xylose, amino acids Asp211 and 
Asp212 were suggested to be involved in the binding of the xylose moiety by forming 
hydrogen bonds to O2, O3, and O4. The side chain of Tyr177 causes steric hindrance 
and thus singles out xylose as the acceptor substrate.  

In 2013, an N-terminally truncated human β4GalT7 fused to human galectin-1 was 
expressed in E. coli. Crystal structures of two different conformations of human 
β4GalT7 were presented, one open and one closed form, as well as the crystal 
structure of β4GalT7 from Drosophila with both acceptor and donor substrate 
present.23 The crystal structures of human β4GalT7 confirmed that conformational 
changes occur upon binding of UDP or UDP-Gal and Mn2+.22 The acceptor binding 
pocket was shown to be hydrophobic. However, the region surrounding the active site 
is highly positively charged. The crystal structure of β4GalT7 from Drosophila is the 
first example of a galactosyltransferase in a Michaelis complex, here with UDP-Gal, 
xylobiose, and manganese, and an SN2-type catalytic mechanism was proposed.  

Fournel-Gigleux and co-workers used molecular docking simulations and a β4GalT7 
enzyme assay to further investigate the active site.24 Computational analysis with 4-
methylumbelliferyl β-D-xylopyranoside 11 (Figure 4) positioned in the active site 
revealed a potentially important hydrophobic cluster of three Tyr residues. The 
authors suggested that Tyr194 might stabilize both the donor and the acceptor by 
making a hydrogen bond to a β-phosphate oxygen of UDP and a π-stacking 
interaction with the aglycon. Furthermore, Tyr196 is believed to make a hydrogen 
bond to the side chain of Asp229 that then can form a bond to O2 of xylose. Tyr199 
was suggested to form a hydrogen bond to O2 of the galactose moiety. Point 
mutagenesis and assays using 11 as acceptor substrate, showed that all three tyrosine 

                                                        
* Enzyme Commission number (EC number) indicates the reaction that the particular enzyme 

catalyzes. 2 stands for transferases, 2.4 stands for transferases that act on glycosides, 2.4.1 stands 
for glycosyltransferases that catalyze the transfer of a hexose, and 2.4.1.133 stands for 
glycosyltransferase that catalyze the reaction between UDP-galactose and an O-β-D-xyloprotein. 
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residues were important for activity. The results were corroborated with cellular 
studies. In addition, investigations of the structural role of His195 predicted that the 
nitrogen atom of the peptide backbone forms a hydrogen bond to the carbonyl group 
of the aglycon in 11. 

 

FFiigguurree  44.. Investigated acceptor substrate for β4GalT7.  

1.3.2 Assays 

In addition to cell studies, galactosyltransferase I activity has been evaluated in early 
investigations using assays employing partially purified enzyme from different cell 
extracts.25-30 However, since the first expression and characterization of β4GalT7,10-11 
several enzyme assays have been developed. Almeida et al. evaluated a full-length 
construct expressed in insect cells, and an estimated KM value of 0.89 mM was 
reported for 11  as well as a KM of 56 mM for UDP-Gal.11 The catalytic activity 
resembled previous results where partially purified enzyme extracts have been used. 

Wild-type and mutant human β4GalT7 has also been expressed in yeast Pichia 
pastoris,31 HeLa cells,21, 32 CHOpgsB-618 cells,20, 32 and E. coli,19-21, 24, 32-34 which is 
often preferred for large scale production. To avoid aggregation of the recombinant 
enzyme, often formed when using E. coli, fusion tags i.e. the maltose-binding protein 
(MBP),20-21 galectin-1,33 glutathione S-transferase (GST),19, 24, 32 or a His tag34, have 
been utilized. The β4GalT7 activity have been evaluated by use of absorbance or 
fluorescence detection of the products,21, 24, 31, 34 measuring the radioactive 
incorporation of the product by the use of radiolabeled UDP[14C]Gal,11, 32 or through 
an NADH coupled assay.34 

1.4 Xylosides and GAG synthesis 

In 1969, Helting and Rodén showed that D-xylose 22  as well as methyl β-D-
xylopyranoside 33  and O-β-D-xylopyranosyl-L-serine 44 could be galactosylated using 
an embryotic chicken cartilage enzyme system (Figure 5).25 A few years later, it was 
established that xylosides with β linkage to the aglycon, such as p-nitrophenyl and 4-
methylumbelliferyl β-D-xylopyranoside 55 and 11, could act as exogenous substrates, 
presumably for galactosyltransferase I, and initiate CS GAG synthesis independently 
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of the core protein.27, 35-38 It was observed that the nature of the aglycon affected the 
extent of GAG synthesis, where hydrophobic aglycons proved to generate the most 
efficient substrates. Esko and co-workers later reported that β-D-xylopyranosides 
bearing hydrophobic, aromatic aglycons, such as 2-naphthyl and 3-estradiol β-D-
xylopyranoside 66 and 77, also primed HS GAG chains in addition to CS/DS chains.39-

40  

 

FFiigguurree  55.. D-Xylose and β-D-xylopyranosides as primers of GAG synthesis. 

1.4.1 Xyloside analogs with modifications of the xylose moiety 

In 1996, Lugemwa et al. studied benzyl β-D-xylopyranoside analogs, where the 
hydroxyl groups were epimerized, deoxygenated, or alkylated.41 In addition, 3-fluoro 
and 3-amino derivatives, as well as a 4-keto analog and a derivative with an axial 
methyl group in position 4 were examined. Their GAG priming ability was 
investigated and only compounds 88-1122 were active (Figure 6). The authors suggested 
that 2-OH and 3-OH can function as hydrogen atom acceptors while 4-OH 
functions as a hydrogen bond donor, and that the enzyme tolerates axial substituents 
at C4. 
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FFiigguurree  66.. Xyloside analogs that function as primers of GAG synthesis.  

In order to determine the function of the C2 phosphorylation of the xylose moiety 
found in both CS/DS and HS GAG chains, Gulberti et al. examined C2 
phosphorylated xyloside 1133 and its unphosphorylated analog 1144  as substrate for 
β4GalT7 (Figure 7).31 It was shown that 1133  is not a substrate for β4GalT7, in 
contrast to 1144, suggesting that phosphorylation prevents recognition and/or transfer 
of Gal onto the xylose moiety and that it might be involved in the regulatory 
mechanism of PG biosynthesis. This is in agreement with previous investigations,42 
where phosphorylation is observed once Xyl has been galactosylated. Further studies 
have identified the kinase responsible for the phosphorylation of the xylose moiety, 
namely Fam20B.43 It was shown that this enzyme required a minimal Gal-Xyl 
disaccharide motif for activity and loss of phosphorylation resulted in premature 
termination of the linker tetrasaccharide synthesis. In addition, β3GalT6, was much 
more active when phosphorylated Gal-Xyl-Bn was used as substrate, compared to 
when the corresponding unphosphorylated analog was used. 

 

FFiigguurree  77.. Phosphorylated xyloside 1133 and its unphosphorylated analog 1144.  

In 2008, Kuberan and co-workers synthesized 4-deoxy-4-fluoroxylosides with various 
aglycons attached via a triazole linkage and investigated their ability to affect the 
biosynthesis of GAG chains.44 Due to the lack of a hydroxyl group in position 4, 
these xylosides, especially 1155 and 1166 (Figure 8), could act as inhibitors of PG 
biosynthesis. The hydrophobicity of the aglycon was determined to be crucial for 
strong inhibition. In 2010, an additional 6 compounds showed inhibition of PG 
biosynthesis, where the 4-nitrophenol derivatives 1177 and 1188 were the most potent 
ones.45 1177 and 1188 were also showed to inhibit tumor-associated angiogenesis, which 
is likely to be correlated to the strong inhibition of HS PG biosynthesis.46 
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FFiigguurree  88.. 4-Deoxy-4-fluoroxylosides that act as inhibitors of GAG biosynthesis.  

Siegbahn et al. synthesized 2-naphthyl β-D-xylopyranoside analogs where the 
hydroxyl groups of the xylose residue were epimerized, deoxygenated, methylated, or 
replaced by a fluorine atom.47 In this study, the authors concluded that all 
modifications rendered inactive compounds regarding GAG priming and the 4-deoxy 
and 4-deoxy-4-fluoro analogs 1199 and 2200  showed weak inhibition of endogenous 
GAG synthesis (Figure 9).   

  

FFiigguurree  99.. Xyloside analogs modified at position 4 that possess inhibitory activity of GAG 
synthesis.  

Four years later, Fournel-Gigleux and co-workers evaluated xyloside analogs 1199, 2211, 
and 2222 (Figure 9) as inhibitors of β4GalT7 using an enzyme assay and cell studies.24 
These investigations showed that 2222 was the most potent derivative with 60% 
inhibition in the β4GalT7 assay with an IC50 value of 0.06 mM. The authors 
suggested that the possible interaction of His195 with the carbonyl group in the 
umbelliferyl aglycon might offer an explanation to the stronger inhibitory activity of 
2211 and especially 2222, compared to naphthyl analog 1199. Kuberan and co-workers 
showed that 4-fluoro compounds containing a p-nitrophenol group (1177 and 1188) 
were potent inhibitors.45 The authors speculate that a hydrogen bond between the 
His195 backbone and the nitro group might be responsible for this effect.24 Later, 1177 
proved to possess anti-fibrotic properties due to its inhibitory activity of β4GalT7.48 
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Synthesis of both CS/DS and HS PGs were inhibited in primary lung fibroblasts and 
1177 showed antiproliferative activity towards fibroblasts. 

1.4.2 Xyloside analogs with modifications of the endocyclic 
oxygen atom 

5-Thioglycosides, i.e. carbohydrate analogs where the endocyclic oxygen atom has 
been replaced by a sulfur atom, were first synthesized in the 1960’s, where 5-thio-D-
xylopyranose and methyl 5-thio-α-D-xylopyranoside were two of the first compounds 
reported.49-53 More recently, 5-thioxylosides have been synthesized and investigated in 
terms of antithrombotic activity. The glycosaminoglycan heparin is a well known 
antithrombotic and anticoagulant. It is known that GAG chains possess 
antithrombotic activity,54 and that β-D-xylopyranosides are good antithrombotic 
agents where the β-D-xylopyranose moiety is the pharmacophore responsible for this 
activity, being necessary for priming of these GAG chains.55-56 

In order to design metabolically robust substances, especially concerning glycosidic 
bond cleavage, 5-thioxylopyranosides were investigated of which 2233-2266  (Figure 10), 
known as Naroparcil, Beciparcil, Iliparcil, and Odiparcil, proved to be efficient 
antithrombotics.56-59 In addition, it was shown that these compounds are substrates 
for β4GalT7, and a trend in galactosylation was observed: β-D-xylosides < 1-thio-β-
D-xylosides < 5-thio-β-D-xylosides < 1,5-dithio-β-D-xylosides.56 The results were 
corroborated with a cell study where GAG synthesis was initiated by the xyloside 
analogs, and the GAG chains possessed antithrombotic activity.  

 

FFiigguurree  1100.. 5-Thioxylosides 2233-2266 and 5a-carba-xylosides 2277 and 2288 that possess antithrombotic 
activity. 
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Carbasugars, where a methylene group has replaced the endocyclic oxygen atom, are 
interesting compounds due to their similarity to true carbohydrates. It is possible for 
carbasugars to be recognized by enzymes and carbasugars are potentially more 
metabolically stable.60 5a-Carba-xylosides,† which are derivatives of dihydroconduritol 
B or F, can be found as part of larger structures. Simple carbaxylosides have, on the 
other hand, not been studied to any great extent. 5a-Carba-xyosides have, as for the 
thioxylosides, been investigated as antithrombotic agents in order to gain increased 
bioavailability compared to xylosides, however, not as extensively. The carbaxyloside 
analog of Iliparcil  has been synthesized, as well as its L-xylo-enantiomer  (2277 and 2288, 
Figure 10).61-62 Interestingly, the authors reported that 2288  showed much higher 
antithrombotic activity than 2277  and only 2288 was reported as a substrate for 
β4GalT7. In general, L-xylosides are not active towards β4GalT7.62-64  

1.4.3 Xylosides with modifications at the anomeric position  

Xylosides with α-linkage to the aglycon, i.e. methyl, phenyl, benzyl, and p-
nitrophenyl α-D-xylosides, were investigated as primers of GAG synthesis in early 
studies, and concluded not to be active.27, 36-38, 65 In 1990, Kolset et al. showed that 
phenyl α-D-xylopyranoside had a small stimulative effect on GAG synthesis.66 
Remarkably, in 1993, Freeze et al. reported an inhibitory effect on glycolipid 
synthesis in human melanoma cells of both α and β p-nitrophenyl D-
xylopyranoside.67 The authors suggested that both anomers became galactosylated.  

Kuberan and co-workers have shown that a triazole linkage between the xylose moiety 
and the aglycon allows both α and β anomers (Figure 8) to function as primers and 
inhibitors of GAG synthesis.45, 68 However, for priming, the β anomers are more 
efficient compared to the corresponding α anomers.  

The oxygen atom in the glycosidic linkage has been exchanged for sulfur, carbon, and 
nitrogen to investigate the effect on the synthesis of GAG chains. In 1975, Robinson 
et al. investigated phenyl β-D-thioxylopyranoside 3300  (Figure 11), amongst others, 
and showed that it had similar activity as a GAG primer as the corresponding xyloside 
2299, suggesting that β4GalT7 does not distinguish between oxygen and sulfur in the 
anomeric position.27 The GAG priming property of thioxylosides has later been 
corroborated in several studies.38, 40, 66, 69-70 Kolset et al. showed that hexyl thioxyloside 
3333 initiated CS GAG synthesis, and that 3333  possessed antiproliferative activity.66 

                                                        
† 5a indicates that the structure is an aldopyranose. 
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FFiigguurree  1111.. Xyloside derivatives with variation in the exocyclic position.  

Sobue et al. examined derivatives of phenyl β-D-xylopyranoside where S, CH2, and 
NH replaced the exocyclic oxygen atom (2299-3322, Figure 11).69 This study clearly 
showed that the C-xyloside 3311  was less effective as a GAG synthesis initiator 
compared to 2299 and 3300, and N-xyloside 3322  was even less efficient. The low activity 
of C-xylosides has also been reported by Kolset et al.,66 Malmberg et al.,63 and Pineau 
et al.71. Sartorelli and co-workers have synthesized and tested a range of xylosides with 
an N-linked phenyl with various substituents, and a few of these xylosides induced 
GAG priming and antiproliferative effects.72 Kuberan and co-workers have shown 
that triazole-linked xylosides can act as GAG primers,68, 73-76 and a few derivatives are 
reported to inhibit invasion of a highly invasive glioma cell line.77 

1.4.4 Xylosides with variations of the aglycon 

The aglycon has an important role in the GAG priming ability of xylosides, which 
was concluded early on, as mentioned above. Fritz el al. have investigated the amount 
of HS GAG synthesized by various xylosides with different aglycons.40 It was 
concluded that the concentration of the xyloside affected the type of GAG chains 
synthesized and that making the compounds more hydrophobic by introducing a 4-
carbon spacer between the xylose moiety and the aromatic aglycon as in 3355  or using 
it as a tail as in 3377  reduced the amount of HS but not the total amount of GAG 
synthesized (Figure 12). A 2-carbon spacer, as in 3344 and 3366, did not have any affect 
compared to the parent xyloside 66. It was also concluded that the introduction of a 
heteroatom in the aromatic system decreased the amount of HS formed and increased 
steric bulk of the aglycon, as in biphenyl and phenanthryl xylosides 3388 and 3399, had 
little or no effect compared to 66. The authors suggested that the hydrophobicity and 
particular structure of the aglycon affect the amount of GAG chains synthesized, as 
well as their composition. 
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FFiigguurree  1122.. Xylosides that all prime HS GAGs to different extent in addition to CS/DS chains.  

In 1998, Mani et al. reported that introducing a hydroxyl group in the naphthyl 
moiety, i.e. 4400 (Figure 13), resulted in inhibition of growth of transformed cells.64 
This was not the case for 66 or its thio-analog, or p-nitrophenyl xyloside 55. The 
authors postulated that the priming of HS chains may be responsible for the 
inhibitory effect on cell growth, and that a free hydroxyl group in the aglycon was 
necessary for the antiproliferative effect to be obtained.64, 78 In a number of 
consecutive studies, the selective antiproliferative effect was investigated. Regioisomers 
where the naphthyl moiety is hydroxylated at other positions, thio-analogs, bis-
xylosylated derivatives where both naphthyl hydroxyl groups have been xylosylated, as 
well as acetylated analogs of the mono- and bis-xylosides have been examined.70, 79-81 
No correlation between hydrophobicity and GAG priming or antiproliferative effect 
could be observed, and the effect of the xylosides was diverse in different cell lines. In 
2010, Nilsson et al. showed that GAG chains primed on 4400 in cancer cells were 
toxic, whereas GAG chains primed in normal cells were inactive as well as the GAG 
chains primed on 66 in both cell lines.82 In addition, treatment with 4400 selectively 
lowered levels of histone H3 acetylation in cancer cells. In 2016, Persson et al. 
carefully examined the GAG chain structure primed on 4400 and 66, and showed that 
CS/DS GAGs primed on both xylosides in a breast carcinoma cell line were 
cytotoxic.83 This effect was inhibited by HS chains primed of 66. The GAG chains had 
different disaccharide composition depending on the cell line, which again displays 
the effect of small variations of the aglycon structure on their activity as well as the 
effect observed in different cell lines.  

 

FFiigguurree  1133.. Xyloside 66 and antiproliferative xyloside 4400.  
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Kuberan and co-workers have synthesized a large library of triazole-linked xylosides 
with various aglycons.68, 73 Most of the tested xylosides acted as GAG primers in a 
concentration-dependent manner. The effect of substituents on a connected phenyl 
ring showed that the position of the substituent is important, but not its electronic 
property. Including a spacer between the triazole and aromatic moiety to gain 
flexibility was investigated in terms of GAG priming as well as the effect of 
hydrophobicity of different aglycons. Taken all the results together, the authors 
speculated that the aglycon might aid in the selective transport of xylosides to 
different Golgi compartments that possess different combinations of enzymes 
involved in the biosynthesis GAG chains. This can explain the differences in GAG 
type, disaccharide composition, sulfation pattern, and chain length observed in these 
studies.  

In an effort to form fluorescent xylosides, Tran et al. synthesized xylosides with 
triazole-linked fluorophores (4411-4455, Figure 14).76 Dansyl derivative 4411 and 
fluorescein derivative 4422 did not induce GAG priming, which was suggested to be 
due to the amine in 4411 and carboxylic acid in 4422 that might be charged and thus 
hindering the xylosides from transport across the cell membranes. Xylosides bearing 
carboxylic acid functionality have been shown to be poor GAG primers.38, 69, 72, 84 
However, Johnsson et al. investigated dansyl xyloside 4466 and (9-antracenyl)methyl 
xyloside 4477 and showed that both derivatives entered cells but did not induce GAG 
synthesis.85-86 The authors speculated that this might be due to the size of the aglycon 
and/or the hydrophobicity of the xylosides. On the other hand, pyrene xyloside 4433 
and umbelliferyl xylosides 4444 and 4455 proved to initiate GAG synthesis.76 
Unfortunately, 4433 could not to be detected by fluorescence measurements. 
Examining the GAG chains synthesized by 4444 and 4455 showed that longer chains and 
a higher degree of HS were obtained compared to well-known 4-methylumbelliferyl 
xyloside 11. The effects of these xylosides differed in different cell lines. 
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FFiigguurree  1144.. Xyloside analogs linked to fluorophores. 

In 2011, Garcia-Garcia et al. used xylosides with a 3-carbon amide linker and showed 
that the xylopyranosyl-serine 4488 was efficiently galactosylated by β4GalT7 (Figure 
15).34 Some of the xylosides, e.g. 4488-5500, possessed cytotoxic activity towards a lung 
carcinoma cell line.  

 

FFiigguurree  1155.. Xylosides with amide aglycon.  

Xylobiosides have been examined by Chatron-Colliet et al. and reported to be less 
active as GAG primers compared to the corresponding xylosides (Figure 16).87 This 
was investigated by treating cells with propargyl derivatives that were later clicked 
with an azide-containing fluorescent probe. The xyloside was taken up to a much 
higher extent than the xylobioside. In addition, a β4GalT7 enzyme assay indicated 
that the xylobioside 5511  was a less efficient substrate for β4GalT7 than the xyloside 
5522. 
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FFiigguurree  1166.. Xylobioside 5511 and xyloside 5522.  

1.5 Enzyme kinetics 

Enzymes catalyze a reaction by stabilizing the transition state by specific interactions 
in the active site, which provides a three-dimensional unique microenvironment. 
Hence, enzymes have great catalytic power and they work in a highly specific manner, 
catalyzing a specific reaction with a specific substrate. Enzymes cannot alter the 
equilibrium of a reaction, just the rate. The fact that a maximum velocity of an 
enzyme-catalyzed reaction is observed, indicate that a substrate-enzyme complex, ES, 
is formed at a certain concentration, at which all active sites are saturated. In 1913, 
Leonor Michealis and Maud Menten proposed a model for enzyme kinetics 
(Equation 1).  

 

(1) 

To simplify the rate equation, a steady-state assumption is applied, meaning that the 
concentration of ES is constant even though the concentrations of the substrate and 
product are changing, which occurs when the rates of formation and break down are 
equal. It is also assumed that the enzyme is present in much lower concentration than 
the substrate, hence the total concentration of substrate, i.e. free substrate and 
substrate combined with the enzyme, equals the concentration of free substrate. This 
gives the equation for the velocity, also known as the Michaelis-Menten equation 
(Equation 2). 

 
(2) 

Km is the Michaelis constant defined as (k-1 + k2)/k1. However, since a series of steps 
may follow ES formation k2 is usually exchanged for kcat (Equation 3). 
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(3) 

When the substrate concentration equals Km, V = Vmax/2, thus Km is the concentration 
where half the active sites are occupied. When the substrate concentration is much 
less than Km, the reaction is first order with the rate directly proportional to the 
substrate concentration. On the other hand, when the substrate concentration is 
much higher than Km, the rate of reaction equals the maximum velocity Vmax. The 
Michaelis-Menten equation accounts for the kinetics illustrated in Figure 17a. 

 

FFiigguurree  1177.. a) A plot of reaction velocity V as a function of substrate concentration [S]. The 
Michaelis-Menten equation is fitted to the measured data points. b) A plot of reaction velocity V 
as a function of substrate concentration [S] when substrate inhibition is observed.  

Km for an enzyme depends on the substrate and the conditions, such as pH, 
temperature, and ionic strength of the solution. Km indicates the concentration of 
substrate that is required for significant catalysis to occur, and Km values are generally 
between 10-1 and 10-7 M. Vmax is the maximum velocity and indicates the turnover 
number of an enzyme, kcat, i.e. the number of substrates converted into product by an 
enzyme molecule in a unit time when the enzyme is fully occupied with substrate. 
The value kcat/Km is a measure of the catalytic efficiency of an enzyme, since this 
accounts for both the rate of catalysis with a specific substrate (kcat) as well as the 
strength of the enzyme-substrate interaction (Km). Hence, this is a useful value when 
comparing the preference for different substrates by an enzyme.  

Enzymes may be inhibited either irreversibly or reversibly, which in turn can be 
competitive, uncompetitive, or noncompetitive in its inhibitory action. Inhibition is a 
naturally regulatory mechanism for many enzymes. Competitive inhibitors often 
resembles the substrate and binds to the same site as the substrate but it does not 
form the product, instead it hinders the substrate from forming the enzyme-substrate 
complex. This slows down the enzyme-catalyzed reaction, i.e. lowers Km, but Vmax 
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may still be obtained, but at higher concentration of substrate than in the absence of 
inhibitor. Uncompetitive inhibitors bind to the enzyme when the enzyme-substrate 
complex has been formed, which hinders product formation. This type of inhibition 
lowers both Vmax and Km. Noncompetitive inhibitors binds to a different site than the 
substrate, and lowers the turnover number, leading to a lowering of Vmax. Another 
type of inhibition is substrate inhibition where the velocity of the reaction starts to 
decrease at a certain substrate concentration (Figure 17b).88-89 Substrate inhibition has 
been seen for many enzymes, including β4GalT7,34 and different mechanisms of this 
regulatory inhibition have been proposed, and it is likely that the inhibitory 
mechanism is diverse amongst the enzymes showing this type of kinetics. 

1.6 Histone acetyltransferases 

Histone acetyltransferases (HATs) play a major role in the regulation of gene 
expression by catalyzing the transfer of an acetyl group from acetyl-CoA to the ε-
amino group of lysine side-chains of histone proteins. This acetylation neutralizes the 
positively charged amino acid, and thus reduces the interaction between the histone 
protein core and DNA, generating a more extended structure, which promotes 
transcription.90-92 The acetyl group is removed by histone deacetylases (HDACs), 
leading to transcriptional repression. HATs and HDACs exist and act in multisubunit 
complexes, which influence their substrate specificity and acetylation preference. In 
addition, HATs and HDACs also acetylates/deacetylates non-histone proteins such as 
transcriptional factors, nuclear import-factors, and structural proteins.93  

Dysfunction of HATs and HDACs, leading to an aberration in the acetylation 
balance, is often found in cancer cells. Increased HDAC activity, caused by over-
expression or malfunction, has been associated with many cancer types.94-96 HATs 
have been found to act as suppressors as well as oncogenes in cancer, depending on 
cancer type and specific genetic alterations.95, 97 

The antitumor effects of HAT inhibitors have been less studied in comparison to 
HDAC inhibitors.94, 98 Bisubstrate analogs, consisting of acetyl-CoA connected to a 
lysine-containing peptide,99 have been reported as inhibitors as well as synthetic 
compounds such as isothiazolones connected to a substituted aromatic system100 or 
substituted quinolines.101-102 Among the natural products with HAT inhibitory 
activity, anacardic acid 5533,103 garcinol 5544,104 and curcumin 5555105 have proven to be 
the most important (Figure 18).95 Curcumin, which is the most studied HAT 
inhibitor among natural compounds, has been evaluated in clinical trials for the 
therapy of several cancers, as well as of Alzheimer’s disease, inflammatory bowel 
disease, diabetes, and arthritis among others.106 Unfortunately, poor bioavailability, 
due to low absorption and rapid metabolism, limits its therapeutic value. Analogs of 
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the natural HAT inhibitors have been synthesized, where e.g. the free aromatic 
hydroxyl groups have been alkylated, largely affecting their HAT inhibitory activity 
and HAT enzyme selectivity.98, 107-109  

 

FFiigguurree  1188.. The natural products anacardic acid 5533, garcinol 5544, and curcumin 5555, which all 
inhibit histone acetyltransferases (HATs). 

GAG chains and PGs have also been reported to inhibit HATs, and the inhibition 
was dependent upon the length of the chain as well as the sulfation pattern.110 The 
authors suggested that the HAT inhibition properties of certain GAG chains are 
dependent on the ability of the GAGs to access the nucleus to interact with HAT, 
rather on a specific GAG sequence. Furthermore, the role of HS PG in cancer has 
been studied by examining heparanase, an enzyme that cleaves HS chains of PGs.111 It 
was shown that high expression of heparanase, leading to decreased levels of HS PG 
in the nucleus, generated an increase in HAT activity, which correlates with an 
aggressive tumor phenotype.    
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2 Objectives 

Although some aspects are known regarding the biosynthesis and xyloside-induced 
synthesis of GAG chains, many questions still remain regarding, e.g. the formation of 
specific GAG structures and how these structural features affects specific biological 
properties. In order to investigate these mechanistic issues, tools such as efficient 
primers and inhibitors of GAG synthesis would be highly useful. Such tools would 
also be valuable for method development in e.g. structural investigation of GAG 
chains. In addition, biological applications of primers and inhibitors could potentially 
be found useful for treatment of diseases where the synthesis and/or degradation of 
GAGs are malfunctioning.   

In order to design and synthesize efficient substrates and efficient inhibitors of GAG 
synthesis, we set out to investigate xylosides and xyloside analogs in a β4GalT7 
enzyme assay. We aimed towards finding structural features that would generate 
active compounds, which we envisioned to obtain by performing synthetic 
modifications of the xylose moiety, the endocyclic and exocyclic positions, and the 
aglycon (Figure 19). The overall aim of the thesis is to pinpoint the structural 
requirements of efficient substrates and efficient inhibitors.  

 

FFiigguurree  1199. Site of modifications of xylosides, and the chapter in which these results will be 
presented.  
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3 Modifications of the xylose moiety 

3.1 Monosubstituted xylopyranoside analogs (Paper II) 

Intrigued by the prior results of modifications of the xylose moiety (section 1.4.1), we 
decided to develop an enzyme assay with β4GalT7 to examine the active site in order 
to define the requirements for efficient galactosylation as well as the terms of 
inhibition of β4GalT7. We wanted to primarily use an enzyme assay, since this gives 
direct answers on the enzyme’s preference for a certain substrate through kinetic 
parameters. Cell studies can, of course, also provide useful information. However, in 
addition to the substrate affinity of the enzyme, parameters such as cell permeability, 
transport to the correct compartment(s) within the cell, cell type, and cell line affects 
the results.  

Specifically, we aimed towards defining the steric restrictions of the active site of 
β4GalT7. Hence, we synthesized the methylated analogs 5566-6633 (Figure 20). The 
previously synthesized xyloside analogs to 66, where the hydroxyl groups have been 
epimerized or exchanged for a methoxy group, fluorine atom, or a hydrogen atom,47 
were also included in our investigation of β4GalT7 (Figure 20). The possible effects 
of these modifications are summarized in Figure 21. We hypothesized that the active 
site of β4GalT7 contains a precise set of hydrogen bond acceptors and that few 
modifications are tolerated with retained galactosylation activity. Furthermore, we 
hypothesized that it is possible to synthesize analogs that act as efficient inhibitors of 
β4GalT7.  
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FFiigguurree  2200.. Synthesized methylated analogs 5566-6633 of 2-naphthyl β-D-xylopyranoside 66 as well as 
the examined monosubstituted analogs. 

 

FFiigguurree  2211.. Effect of modifications, exemplified at C2.  

3.1.1 Synthesis of methylated analogs 

The synthesis of the methylated analogs 5566-6611  started from xyloside 66, which was 
benzylated under phase transfer conditions to yield dibenzylated derivatives as 
previously published.47 The free hydroxyl group at position 2, 3, and 4, respectively, 
was then subjected to oxidation using Dess-Martin periodinane (DMP) followed by 
Grignard addition to install the methyl group (Scheme 2). Hydrogenolysis112 of the 
benzyl protective groups furnished the methylated analogs 5566-6611 (Figure 20). It was 
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of great importance that the oxidation reaction consumed all of the starting material 
and that the products from the Grignard reaction were carefully purified. Otherwise 
traces of 66 may contaminate the target methylated analogs, giving rise to a false 
response in the biological evaluations. This was initially observed with a few of our 
non-priming derivatives where a low amount of 66 was sufficient to induce GAG 
priming.  

 

SScchheemmee  22..  Synthesis of methylated xyloside analogs, exemplified for position 3. Reagents and 
conditions: i) 1) DMP, CH2Cl2; 2) MeMgBr, Et2O, 7788 (19%), 7799 (68%); ii) Pd/C, H2, HCl, DMF, 5588 
(76%), 5599 (49%).   

The methylated derivatives 6622 and 6633 were synthesized from commercially available 
peracetylated 6-deoxy-α-L-idopyranose 8800 and 2-naphthyl β-D-glucopyranoside 8822, 
respectively (Scheme 3). 7755 and 7766 are commercially available.  

 

SScchheemmee  33.. Synthesis of 5-methylated xyloside analogs. Reagents and conditions: i) BF3⋅Et2O, Et3N, 
2-naphthol, CH2Cl2, 0 °C, 78%; ii) 1 M NaOMe, MeOH, 81%; iii) TsCl, ZnBr2, Py, -25 °C, 86%; iv) 
LiAlH4, THF, 30 °C, 61%. 

As a control, we wanted to include 4-deoxy-4-methyl xyloside 8866, i.e. a methylated 
analog lacking the hydroxyl group at position 4, in our investigation. Hence, 66 was 
protected at positions 2 and 3 by an isopropylidene acetal (Scheme 4). 8844 was then 
subjected to a Swern oxidation-Wittig reaction sequence followed by hydrogenation, 
which produced 8866 in trace amounts. Instead, the diastereomer 8877, with the methyl 
group in an axial position, was formed as the major product.  Similar attempts at 
position 2 also generated the methyl group in an axial orientation,113 and no further 
efforts were made to synthesize 8866. The isopropylidene protected 8844 was instead 
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found useful in the synthesis of the ethyl analog 6644 (Figure 20), where EtMgBr was 
used in a Grignard reaction after the above-mentioned Swern oxidation.  

 

SScchheemmee  44.. Reagents and conditions: i) 2-methoxypropene, CSA, DMF, (51%); ii) 1) (COCl)2, 
DMSO, CH2Cl2, -78 °C; 2) Ph3PCH2Br, n-BuLi, THF, -78 °C → rt, (74%); iii) Pd/C, H2, HCl, DMF, 8877  
(47%).  

3.1.2 β4GalT7 assay 

The β4GalT7 assay was set up in such a manner that the kinetics would follow 
Michaelis-Menten kinetics (Section 1.5), i.e. initial velocities were measured. Hence, 
the reaction was quenched after 30 minutes, since approximately less than 10% of the 
substrate was converted into product at this time. Also, the reaction should show first-
order dependence of enzyme concentration. A fixed amount of DMSO was added 
due to solubility problems of the substrates. The concentration of DMSO had to be 
the same in all experiments, since the activity of β4GalT7 decreased with increasing 
amounts of DMSO. The backward reaction must be negligible for the applicability of 
Michaelis-Menten kinetics. Galactosylated 66 was added to β4GalT7, which showed 
no reaction. No significant difference in fluorescence between monosaccharide and 
produced disaccharide could be observed. Hence, the production of galactosylated 
substrate was determined using reverse-phase HPLC with fluorescence detection, and 
the formed products were identified by LC-HRMS. 

The methylated analogs 5566-6633 (Figure 20) were investigated in our β4GalT7 assay 
together with previously published monosubstituted xyloside analogs by Siegbahn et 
al47. Both galactosylation by, and inhibition of, β4GalT7 were examined. Xyloside 66 
was chosen as a reference compound when analyzing the data obtained from 
examinations of the modified analogs, since it is a well-known primer of GAG chains 
in several different cell types.40, 64, 78 
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3.1.2.1 Galactosylation 
In regard to galactosylation, the modified analogs were either not active or 
significantly less active than 66 (blue bars, Figure 22). The enzyme activity was too low 
for Michaelis-Menten kinetic parameters to be calculated, hence, the activity is given 
as percentage of galactosylation observed for 66  at a certain concentration (1.5 mM). 
These results were corroborated with a cell study where none of the methylated 
analogs 5566-6633 induced GAG priming to any significant extent. The analogs 1199, 2200, 
and 6655-7744 have previously been shown not to act as primers of GAG synthesis.47  

In terms of the size of the binding pocket, our investigation indicate that it is quite 
narrow since all methylated analogs, except 5566 and 6622, as well as the methoxy 
derivatives were inactive. The analogs with modified hydrogen bonding properties, 
i.e. the methoxy and fluoro analogs, suggests that hydrogen bond donation is crucial 
for galactosylation activity since all compounds except for the 2-fluoro analog 6666 
were inactive. The deoxygenated and epimerized analogs, with exception for 6677, did 
not generate galactosylated products, which emphasizes the importance of hydrogen 
bond donors in all three equatorial positions of the xylose moiety. Interestingly, 2-
deoxy analog 6677 generated two galactosylated products (two blue bars in Figure 22), 
which was interpreted as galactosylation at either 3-OH or 4-OH. As seen for the C5 
analogs, generally no modifications were tolerated. However, since compound 6677 
lacks substituents in C2 and C5, it is pseudo-symmetric and may fit in the active site 
in two orientations so that either 3-OH or 4-OH get in position for galactosylation.  

These results, together with conformational analysis by NMR studies and molecular 
docking simulations (with Drosophila β4GalT7 mutant D211N), led us to propose a 
binding pattern of 66 in the active site of β4GalT7 (Figure 23), where 2-OH is 
hydrogen bonding to Asp212 and 3-OH and 4-OH are hydrogen bonding to Asp211. 
All hydroxyl groups are hydrogen bond donors, and C5 is suggested to have a 
hydrophobic interaction with Tyr177. The hydrogen bond donation from 4-OH 
makes this hydroxyl group nucleophilic and it is in close proximity to C1 of UDP-
Gal, which makes an SN2 mechanism plausible. Hence, removing 4-OH renders 
inactive compounds in terms of galactosylation.  
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FFiigguurree  2222.. Galactosylation and inhibition of β4GalT7. Blue bars represents galactosylation, and is 
given as percentage of the effect shown by 66 (at 1.5 mM). Purple bars represents inhibition of 
galactosylation of 66 by β4GalT7, and is given as percentage of control without the addition of 
xyloside analog (0.5 mM of 66 and 2.0 mM of xyloside analog).   

      

FFiigguurree  2233.. Proposed binding pattern of xyloside 66 and UDP-Gal in the active site of β4GalT7 
(Drosophila β4GalT7 mutant D211N).   
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3.1.2.2 Inhibition 
Next, we examined the inhibitory activity of the monosubstituted analogs, by treating 
β4GalT7 with both xyloside 66 (0.5 mM) and xyloside analog 1199, 2200, 5566-7766 (2.0 
mM), where the formation of galactosylated 66 was analyzed (purple bars, Figure 22). 
As for galactosylation, almost all modifications at position 3 rendered inactive 
compounds. For position 2, the deoxygenated analog 6677 strongly inhibited β4GalT7 
activity. Almost all of the analogs modified at position 4 generated inhibitors, where 
the equatorially methylated 6611, the 4-deoxy-4-fluoro analog 2200, and the epimerized 
analog 7744 proved to be strong inhibitors. To verify that the inhibition seen in the 
β4GalT7 assay was transferable to in vitro studies, analogs 6611 and 2200 were 
investigated in a cell study, where a decrease in GAG priming of 66 was observed 
(50% for 6611, and 25% for 2200).  

The strong inhibition observed by 6677  was somewhat surprising, and it may originate 
from the suggested possibility of adopting two different orientations in the binding 
pocket of β4GalT7. On the other hand, it is not unexpected that modifications at 
position 4 severely affects the β4GalT7 activity since it is at 4-OH that 
galactosylation takes place in the natural substrate (xylose connected to a core 
protein). The fact that an equatorial methyl group is tolerated, i.e. giving inhibition, 
but not an axial one, displays the steric restrictions of the active site. 6611 fits in the 
active site but due to the orientation of 4-OH, no interaction with Asp211 is possible. 
Hence, 4-OH of 6611 is not nucleophilic and galactosylation does not occur, and the 
activity of β4GalT7 is inhibited. A similar reasoning explains the inhibitory activity of 
the arabino-analog 7744. The fluoro analog 2200 also fit in the active site, and a 
hydrogen bond acceptor seems to be accepted at this position. However, due to the 
absence of 4-OH no galactosylation can occur. 

For inhibition, modifications at position 4 clearly appeared to be the most potent.  
We propose that equatorial substituents are tolerated and sufficient interactions with 
the enzyme are obtained when the hydroxyl group is exchanged for a hydrogen bond 
acceptor.  

3.2 Disubstituted xylopyranoside analogs (Paper VI) 

To further investigate the active site of β4GalT7, and to find the minimal binding 
epitope, we wanted to examine doubly deoxygenated xylopyranoside analogs. Based 
on our previous results (Section 3.1), we hypothesized that 3-OH is crucial for both 
galactosylation and inhibition of β4GalT7 and that at least one more substituent 
needs to be present for galactosylation to occur. In addition, we aimed to compare 
two different synthetic routes to the deoxygenated analogs, i.e. a chiral pool approach 
and a de novo synthesis.  
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3.2.1 Synthetic strategy 

The synthesis of deoxygenated carbohydrates has drawn considerable interest due to 
their biological activities, and both chiral pool approaches and de novo syntheses have 
been employed.114-116 Monosaccharides possess a high density of functional groups 
and are structurally diverse. Generally, they are found in their D-configuration, such 
as D-glucose and D-galactose. De novo synthesis is thus an appealing approach, 
especially towards unnatural carbohydrates.  

The doubly deoxygenated xyloside analogs ((--))--8888-9900, referred to as oxanes, were 
synthesized as pure enantiomers using the chiral pool approach starting from 66 
(originally obtained from D-xylose) (Figure 24). To obtain the unnatural 
enantiomers, racemic mixtures of the oxanes were synthesized from the simple 
starting materials 9911,117 9922,118 and 9933,119 obtained from achiral sources.  

The chiral pool approach rely on deoxygenations using the Barton-McCombie radical 
deoxygenation reaction,120 which is frequently used for removal of hydroxyl groups in 
carbohydrates.121 The Barton-McCombie reaction is a mild method and generally 
insensitive towards steric strain, which makes this reaction suitable for carbohydrate 
chemistry. Most commonly, AIBN is utilized as the radical initiator, in combination 
with nBu3SnH as the hydrogen atom source. However, the toxic nature of nBu3SnH 
and organotin residues as well as the difficulty of removing these compounds from 
reaction mixtures,122 are disadvantages. Hence, other hydrogen atom sources have 
been developed, such as silanes,123 dialkyl phosphites and H3PO2,124 phosphine-
boranes,125 cyclohexadienes,126 trialkylborane/H2O,127 (Bu4N)2S2O8/HCO2Na,128 and 
carbene boranes.129   

 

FFiigguurree  2244.. Synthetic strategy of the target oxanes 8888-9900 using either a) a chiral pool approach, 
or b) a de novo approach.  
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3.2.2 Synthesis of deoxygenated analogs from xyloside 66  

The synthesis of enantiomerically pure ((--))--8888-9900 was envisioned to start from the 
known deoxygenated compounds 7711 and 1199 (Scheme 5), which can be obtained 
from 66 in three steps each.47 It would also be possible to form ((--))--8899 and ((--))--9900 
from 2-deoxy analog 6677. Unfortunately, this compound is acid sensitive and 
therefore not suitable as starting material.   

 

SScchheemmee  55.. Synthesis of target oxanes ((--))--8888-9900 using chiral pool approach. Reagents and 
conditions: i) 1) DBU, CS2; 2) MeI, DMF, 9944 (40%), 9955 (47%); ii) 1) NaH; 2) CS2; 3) MeI, THF, 9966 
(32%), 9977 (16%); iii) 1) H3PO2, TEA; 2) AIBN, 1,4-dioxane, reflux, ((--))--8888 (82% from 9944 or 76% 
from 9977), ((--))--8899 (42%), ((--))--9900 (12%). Nap = 2-naphthyl. 

Methods for selective monosubstitution with xanthate ester were investigated to avoid 
the use of protective groups (Table 1 and 2). Generally, methyl xanthate esters are 
easily formed in high yields by treating an alcohol in THF with NaH, CS2, and MeI, 
successively. Using these standard conditions with 7711  and a limited amount of either 
NaH or MeI, produced the disubstituted derivative as the major component (Table 1, 
entries 1 and 2). Hence, another method was needed. Phase transfer conditions130 did 
not prove successful (entry 3), where only disubstitution occurred. Schlessinger and 
Schultz reported monosubstitution of a compound containing two sterically hindered 
hydroxyl groups by using 4 equivalents of DBN and CS2 and MeI in excess in 
DMF.131 We thus examined the use of DBU, a functionally similar base (entries 4-8). 
The addition of 1.5 equivalents of DBU (entry 7) to the reaction mixture generated 
87% of the desired products 9944 and 9955 in approximately 1:1 ratio.  
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TTaabbllee  11.. Optimization of the formation of methyl xanthate ester 9944 and 9955 from 7711.  

  Yield 

Entry Conditions Dia 9944  9955  7711  

1 1.2 eq NaH, excess CS2, excess MeI, THF, rt 32% 9% 26% 20% 

2 excess NaH, excess CS2, 1.2 eq MeI, THF, rt 29% 11% 13% 4% 

3 1.1 eq MeI, 0.1 eq nBu4NHSO4, NaOH(aq)/CS2
130 b    

4 4 eq DBU, excess CS2, excess MeI, DMF, rt 19% 33% 37% 4% 

5 2 eq DBU, excess CS2, excess MeI, DMF, rt 13% 39% 44% trace 

6 1.6 eq DBU, excess CS2, excess MeI, DMF, rt 6% 36% 46% trace 

7 1.5 eq DBU, excess CS2, excess MeI, DMF, rt 9% 40% 47% trace 

8 1.2 eq DBU, excess CS2, excess MeI, DMF, rt 5% 32% 43% 18% 
a “Di” indicates disubstituted product. 
b Disubstituted derivative formed as the major component. No further purification occurred.  

Transferring the optimized conditions for methyl xanthate ester formation of 7711 to 
1199, did not give the xanthate esters 9966 and 9977 to any great extent. Hence, 
optimization for 1199 was also needed (Table 2). DBU was not suitable as base (entries 
1-6). Instead, we focused on the use of NaH/CS2/MeI, limiting the amount of either 
NaH (entry 7) or MeI (entries 8-10). This generated the target xanthate esters 9966 and 
9977 in approximately 50%. Interestingly, when NaH was used in limited amounts, 3-
xanthylated 9977 was obtained as the major product, whereas the inversed ratio of 
products was obtained when MeI was used in limited amounts.  

TTaabbllee  22. Optimization of the formation of methyl xanthate ester 9966 and 9977 from 1199.  

  Yield 

Entry Conditions Dia 9966  9977  1199  

1 1.5 eq DBU, excess CS2, excess MeI, DMF, rt - 10% 8% 64% 

2 1.5 eq DBU, excess CS2, excess MeI, DMF, rt (longer 
reaction time) 

b    

3 1.5 eq DBU, excess CS2, excess MeI, DMF, 80 °C b    

4 2 eq DBU, excess CS2, excess MeI, DMF, rt b    

5 4 eq DBU, excess CS2, excess MeI, DMF, rt b    

6 8 eq DBU, excess CS2, excess MeI, DMF, rt b    

7 1.2 eq NaH, excess CS2, excess MeI, THF, rt 22% 18% 35% 18% 

8 excess NaH, excess CS2, 1.3 eq MeI, THF, rt 35% 30% 17% 11% 

9 excess NaH, excess CS2, 1.1 eq MeI, THF, rt 19% 32% 16% 16% 

10 excess NaH, excess CS2, 1.0 eq MeI, THF, rt 18% 31% 17% 18% 
a “Di” indicates disubstituted product. 
b Starting material 1199 was observed as the major component of the reaction mixture. No further 
separation or purification was performed.  
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With the xanthate esters 9944-9977 in hand, deoxygenation reactions were performed 
with H3PO2 as the hydrogen atom source and AIBN as the radical initiator (Scheme 
5). Deoxygenation of position 3 and 4, i.e. 9944 and 9977, successfully resulted in ((--))--8888 
in high yields. As expected, deoxygenation at C2 of 9955 to give ((--))--9900 and of 9966 to 
give ((--))--8899 proved problematic. Withers and co-workers have investigated the rate of 
hydrolysis of monosubstituted deoxy β-D-glycopyranosides and showed a clear trend 
in reactivity: 2-deoxy > 4-deoxy > 3-deoxy ≈ 6-deoxy.132 In addition, Jensen and Bols 
have shown that the orientation of polar substituents has a great impact on their 
electron-withdrawing effects. Equatorial hydroxyl groups are more electron-
withdrawing compared to axial ones, which in turn affects the rate of glycoside 
hydrolysis.133 Even though the pH was carefully monitored to avoid neutral or acidic 
pH, moderate to low yields were obtained for ((--))--8899 and ((--))--9900, due to hydrolysis. 
For the low-yielding deoxygenation of 9955, the use of AIBN/nBu4SnH as well as 
(Bu4N)2S2O8/HCO2Na, a method generally suitable for acid-labile compounds, were 
investigated without success.  

3.2.3 Chiral pool vs de novo synthesis 

The de novo approach starting from 9911--9933 (Figure 24) provided access to the 
unnatural enantiomers ((++))--8888-9900, though as racemates. Resolution using chiral 
HPLC proved successful on an analytical scale. However, on a preparative scale, 
separation was obtained for 8899 and 9900, but not for 8888. This is a drawback for the, in 
other aspects successful, de novo synthesis that generally required fewer steps and gave 
higher yields, especially for 8888. The synthesized enantiomerically pure oxanes ((--))--
8888-9900 were utilized for the determination of the stereochemistry of the resolved 
enantiomer from the de novo synthesis by comparison of the specific rotation.  In 
addition, ((--))--8888-9900 were also used in the elucidation of the relative stereochemistry 
of ((++))--8888-9900, which was difficult to assign by NMR spectroscopic techniques due to 
conformational uncertainties.  
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3.2.4 β4GalT7 assay 

The synthesized oxanes ((--))--8888, ((±±))--8888, ((--))--8899, ((++))--8899, ((--))--9900, and ((++))--9900 were 
investigated in our β4GalT7 assay. None of the oxanes induced galactosylation by 
β4GalT7, nor did they inhibit its activity. This clearly indicates that only one 
hydroxyl group on an oxane ring is insufficient to form any significant interactions 
with β4GalT7. Hence, we conclude that 3-OH is necessary to gain galactosylation 
activity as well as inhibition, although at least one additional substituent at position 2 
and/or 4 is needed.  

3.3 Methyl xanthate ester as protective group (Paper 
VII) 

In our search for efficient synthetic routes to xyloside analogs, we wanted to explore 
the possibility of using the methyl xanthate ester as a protective group. In a context of 
synthesis of modified carbohydrates, this may shorten synthetic pathways where 
deoxygenations using xanthate esters are included.  

Methyl xanthate esters are easily formed by different methods, of which 
NaH/CS2/MeI is the most common. Other strong bases, such as Na,134 n-BuLi,135 t-
BuOK,136 and NaHMDS137 have been employed, as well as other conditions, e.g. 
NaOH and TBAHS under phase transfer conditions,130  cesium base/TBAI in 
DMF,138-139 KF-Al2O3,140 Triton-B141 or basic resin142 in DMSO, and KO2/Et4NBr in 
DMF.143 In addition, the methyl xanthate ester has low polarity, no chiral centers, 
and a simple NMR spectroscopic signature (i.e. a singlet at around 2.56 ppm in 1H-
NMR spectrum and signals at around 216 and 19 ppm in 13C-NMR spectrum).  

In 1960, Willard and Pacsu reported that xanthate esters could be cleaved from 
carbohydrates by the action of Hg(OAc)2.144 Reductive removal using LiAlH4 has also 
been presented131, 145 as well as H2O2/LiOH146 and hydrolysis,147 including the use of 
AIBN/nBu3SnH.148  

3.3.1 Cleavage of methyl xanthate esters 

We wanted to develop a method for methyl xanthate ester cleavage that is facile and 
orthogonal to other common alcohol protective groups. We discovered that methyl 
xanthate esters were efficiently cleaved simply by heating the substrate in 
diethylenetriamine (neat) at 160 °C (microwave) for 30 minutes. No precautions 
against atmospheric air or moisture were needed and aqueous work-up gave the pure 
alcohols. Diethylenetriamine has recently been employed in the removal of 
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unactivated carbamates and ureas, including a few thio derivatives, in the presence of 
amides.149  

With this new protocol in hand, we examined the substrate scope (Table 3) including 
primary (entry 1), secondary (entries 2 and 3), phenolic (entries 4 and 5), and 
carbohydrate (entries 6-8) methyl xanthate esters. All were cleaved in excellent yields, 
and the same conditions were applied for the vicinal diol (entry 8).  

TTaabbllee  33.. Scope of cleavage of methyl xanthate ester.a  

Entry Substrate Product Yield 

1 
  

92% 

2 
  

97% 

3 

  

94% 

4 

  

94% 

5 

  

88% 

6 

  

99% 

7 

  

99% 

8 

  

96% 

a Diethylenetriamine, 160 °C, 30 min, MW. 

Attempts to synthesize a tertiary methyl xanthate ester failed due to the difficulty of 
introducing a methyl xanthate ester at such a sterically hindered position (Scheme 6). 
As an alternative, neopentyl alcohol 110000  was substituted as a methyl xanthate ester. 
However, isolation of the assumed regenerated alcohol after reaction with 
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diethylenetriamine failed. Syntheses of an allylic methyl xanthate ester were also 
attempted, with cinnamyl alcohol 110022  and farnesol 110044. Due to the propensity of 
rearrangement,150-152 it proved problematic to purify the xanthate esters and they were 
thus excluded from the study. 

 

SScchheemmee  66..  Reagents and conditions: i) 1) NaH; 2) CS2, reflux for 9988, 60 °C for 110000, rt or 60 °C for 
110022 and 110044; 3) MeI, rt, (52% for 110011); ii) CS2, Cs2CO3, TBAI, MeI, DMF, 0 °C → rt; iii) 
Diethylenetriamine, 160 °C, 30 min, MW.  

To investigate the use of methyl xanthate ester as a protective group, we first 
monosubstituted 1,6-hexanediol as xanthate ester and then introduced and 
subsequently and chemoselectively removed a range of common alcohol protective 
groups (Table 4). We also chemoselectively cleaved the methyl xanthate ester in the 
presence of the other protective groups (Table 5), which proceeded smoothly in 
excellent yields, except for the acetate (entry 1) that did not tolerate the deprotection 
conditions. 
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TTaabbllee  44.. Introduction and chemoselective cleavage of alcohol protective groups in the presence 
of methyl xanthate ester.  

 
  Introduction Cleavage 

Entry PrtG Reagents Yield Reagents(s) Yield 

1 Ac Ac2O, Py 98% 1 M LiOH 87% 

2 THP DHP, pTSA 94% pTSA 93% 

3 MOM CH2(OMe)2 LiBr, pTSA 89% 1 M HCl 96% 

4 Bn  153 BF3⋅Et2O, TBAI 96% 

5 TBDPS TBDPSCl, DMAP, Py 90% TBAF, AcOH 96% 

6 TIPS TIPSOTf, 2,6-lutidine 96% TBAF, AcOH 84% 

TTaabbllee  55.. Chemoselective cleavage of the methyl xanthate ester in the presence of other alcohol 
protective groups.a 

 
Entry PrtG Yield 

1 Ac 14%b 

2 THP 92% 

3 MOM 96% 

4 Bn quant 

5 TBDPS 99% 

6 TIPS quant 
a Diethylenetriamine, 160 °C, 30 min, MW. 
b 78% of 1,6-hexanediol was isolated after column chromatography.  

During our efforts in finding a facile way of cleaving the methyl xanthate ester we 
investigated its reactivity towards a variety of reagents (Table 6). Generally, methyl 
xanthate esters are not particularly sensitive towards acids, bases, and Lewis acids, 
whereas it is moderately sensitive towards reducing agents and nucleophiles, especially 
alkoxides. Methyl xanthate esters do not tolerate oxidizing agents.  
   

HO OCS2Me4 PrtGO OCS2Me4 HO OCS2Me4

PrtGO OCS2Me4 PrtGO OH4
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TTaabbllee  66.. Reactivity chart of methyl xanthate esters.  

Reagents Unreactive Reactive 

Acids pTSA, HCl, AcOH MeSO3H 

Bases Py, aq LiOH RO-
 

Lewis acids BF3⋅Et2O, TMSI  

Nucleophiles TBAF NaOMe, RO-, diethylenetriamine 

Reducing agents NaBH4, NaBH3CN LiAlH4, L-Selectride, LiBH4, BH3⋅SMe2 

Oxidative agents  mCPBA, NaIO4, H2O2/LiOH 

Miscellaneous Ac2O, Pd/C H2 AIBN/nBu3SnH 

 

To summarize, the methyl xanthate ester is easily introduced and cleaved and it is 
orthogonal to common alcohol protective groups. Methyl xanthate ester can thus be 
used as a protective group.  

3.4 Conclusions 

We set out to examine the active sit of β4GalT7, especially to investigate the steric 
restrictions, with the aim to pinpoint the requirements for efficient substrates and 
inhibitors. We found that none of the modifications generated more efficient 
substrates for β4GalT7 compared to 66. We thus conclude that for galactosylation, 
xylose is the optimal substrate. On the other hand, in terms of inhibition, several 
compounds were found active. Generally, analogs with modifications at position 4 
showed inhibitory activity. Although small substituents at the equatorial position at 
C4 seemed to be tolerated by the enzyme, the steric restrictions of the other positions 
appeared to be more pronounced, especially at C3. Hence, we conclude that the 
acceptor binding pocket is narrow with a precise set of hydrogen bond acceptors. In 
addition, at least two substituents of the xylose moiety seems vital for sufficient 
interactions to β4GalT7 to occur, leading to galactosylation or inhibition.  
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4 Modifications of the endocyclic and 
exocyclic positions 

As part of our investigation of the active site of β4GalT7, we wanted to explore the 
function of the endocyclic and exocyclic oxygen atom of xylosides. A few 5-thio-β-D-
xylosides and 1,5-dithio-β-D-xylosides, as well as one carba analog, have been shown 
to possess GAG priming abilities and to function as substrates for β4GalT7 (Section 
1.4.2). However, only partially purified enzyme extracts from chicken cartilage has 
been used.56 Hence, we synthesized and examined naphthyl 5-thio- and naphthyl 1,5-
dithio-β-D-xylopyranoside 110066 and 110077 as well as naphthyl 5a-carba-β-
xylopyranoside in both D- and L-configuration, 110088 and 110099 (Figure 25). We also 
investigated xyloside derivatives with sulfur, sulfoxide, sulfone, and methylene 
linkages to the naphthyl aglycon 111100-111144.  

 

FFiigguurree  2255.. Naphthyl xyloside analogs with modifications of the endocyclic and/or exocyclic 
positions.  

The exocyclicly modified xylosides 11110040 and 11114463 have been synthesized 
previously. Thio-analog 111100 was shown to be a good primer of GAG chains,40 
whereas carba-analog 111144 was shown to be a poor primer.63 This trend has also been 
found amongst other 1-S and 1-C xyloside derivatives (Section 1.4.3). 111100 and 111144 
were included in our studies since they have not been directly tested as substrates for 
β4GalT7, and for comparison reasons.  

XHO
HO

OH
Y

6 X = O, Y = O
106 X = S, Y = O
107 X = S, Y = S
108 X = CH2, Y = O
110 X = O, Y = S
111 X = O, Y = SO (S)S
112 X = O, Y = SO (R)S
113 X = O, Y = SO2
114 X = O, Y = CH2
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4.1 Endocyclic analogs (Paper VIII) 

4.1.1 Synthesis 

The thio analogs 110066 and 110077 were synthesized from the known bromide donor 
111155154 (Scheme 7). Formation of 110066 proved quite problematic since the major 
products from the glycosylation reaction were C-xylosides. It is well-known that C-
xylosylation occurs with thio-donors and that anomerization and thermodynamically 
favored O→C rearrangements occur for O-xylosides.155-157 However, we obtained 
enough quantity of 110066, using ZnO-ZnCl2 as promoter,158 to be able to examine its 
activity in the β4GalT7 assay. Synthesis of 110077 proceeded smoothly.   

 

SScchheemmee  77.. Reagents and conditions: i) 2-naphthol, ZnO-ZnCl2, toluene:MeCN (1:1), 13X 
molecular sieves, 60 °C, α/β 0.9:1; ii) 2-naphthalenethiol, ZnO-ZnCl2, toluene:MeCN (1:1), 13X 
molecular sieves, 45 °C, (54%); iii) 1 M NaOMe, MeOH, 110066 (2% over two steps), 110077  (97%). 

The D- and L- analogs of 5a-carba-β-xylopyranoside were synthesized from α/β-
mixtures of the known D- and L-4,5,6-tris(benzyloxy)cyclohex-2-enol 111188 and 111199 
(Scheme 8). Enol 111188, with D-xylo configuration, was obtained from commercially 
available methyl α-D-glucopyranoside following procedures developed by Madsen 
and co-workers.159-160 Methyl α-L-glucopyranoside is not commercially available, and 
L-glucose is rather expensive compared to monosaccharides in the more abundant D-
configuration. Instead, L-enol 111199 was synthesized from D-xylose, using similar 
synthetic methods according to procedures developed by Kornienko and d’Alarcao.161-

162 The naphthyl moiety was installed by a Mitsunobu reaction (Scheme 8). The 
benzyl groups were then removed by hydrogenolysis,112 which simultaneously 
saturated the alkene functionality, generating 110088 and 110099. 
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SScchheemmee  88.. Reagents and conditions: i) 2-naphthol, PPh3, DIAD, THF, 112200 (51%), 112211 (24%); ii) 
Pd/C, H2, HCl, DMF, 110088 (31%), 110099 (50%). 

4.1.2 β4GalT7 assay 

The xyloside analogs 110066-110099 were examined together with xyloside 66 and thio 
derivative 111100. All compounds except L-carbaxyloside 110099 acted as substrates for 
β4GalT7 (Table 7).  

TTaabbllee  77.. Kinetic paramteres for galactosylation by β4GalT7. 

Entry Compound Km       
(µM) 

Vmax 
(pmol s-1) 

kcat      
(s-1) 

Km/kcat    
(mM-1 s-1) 

1 66  780 2.6 3.1 4.0 

2 111100  360 2.2 2.7 7.5 

3 110066  34 1.7 2.0 59 

4 110077  25 1.3 1.6 64 

5 110088  390 2.3 2.7 6.9 

6 110099  - -  - - 

 

A clear trend in galactosylation amongst the thio analogs was observed: β-D-xyloside 
< 1-thio-β-D-xyloside < 5-thio-β-D-xyloside < 1,5-dithio-β-D-xyloside, which is 
similar to what has been reported previously.56 110066 and 110077  were galactosylated by 
β4GalT7 approximately 15 times more efficiently compared to the parent xyloside 66.  

For the carba-analogs, the results were somewhat surprising. The D-analog 110088 acted 
as a substrate for β4GalT7 and was galactosylated slightly more efficiently than 66. 
The corresponding L-analog was not galactosylated by β4GalT7. This is opposite to 
previously reported, and structurally similar, carbaxylosides (2277 and 2288, Figure 10).62 
In this study, the authors reported that the compound with L-xylo configuration (2288) 
acted as a substrate, and the compound with D-xylo configuration (2277) did not. 
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However, other L-xylosides and L-xyloside analogs have been reported not to act as 
primers of GAG chains,62-64 which we also show is true for the L-analog of 66 (Section 
5.1.2).  

Taking a closer look at this discrepancy regarding the absolute stereochemistry of the 
active carbaxylosides, the sign of the specific rotation of 110088 is the same as the active 
compound 2288, i.e. (-). Both 2277 and 2288 were synthesized as racemates from achiral 
starting materials and resolved by formation and separation of sulfoximide 
diastereomers. We have experienced difficulties in correctly assigning stereochemistry 
of diastereomers (Section 3.2.3, Paper IV). Since carbaxylosides 110088 and 110099 were 
synthesized from the chiral pool following published procedures, we are certain 
concerning their stereochemistry. An explanation for the inconsistency regarding the 
absolute stereochemistry of the active carbaxylosides might therefore be that the 
stereochemistry of 2277 and 2288 is incorrectly assigned in the literature.  

4.1.3 Conformational analysis and molecular docking simulations 

We crystallized 110077, as well as xyloside 66, in order to investigate what structural 
features that result in substrates that are efficiently galactosylated by β4GalT7 (Figure 
26). The crystal structures revealed that the bond length between the carbon atoms 
(C1 and C5) and sulfur atoms were approximately 0.4 Å longer in 110077 compared to 
the corresponding bonds in 66 (Table 8, entries 1-3), which is reasonable due to the 
larger size of sulfur compared to oxygen. In addition, we observed that the bond 
angles at the endocyclic and exocyclic positions (entries 4 and 6) were smaller in 110077 
compared to 66.  

           

FFiigguurree  2266.. Thermal ellipsoid representations (atoms depicted at 30% probability level and 
hydrogen atoms excluded for clarity) of  the crystal structures of 66 and 110077.  
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TTaabbllee  88.. Selected bond lengths and bond angles of 66 and 110077, measured from the crystal 
structures. 

 
Entry Bond lengths/angles Compound 66  Compound 110077  

1 C5-X 1.44 Å 1.80 Å 

2 X-C1 1.42 Å 1.81 Å 

3 C1-Y 1.41 Å 1.81 Å 

4 C5-X-C1 114° 97.2° 

5 X-C1-Y 107° 108° 

6 C1-Y-C(2Nap) 118° 104° 

 

NMR experiments of 110077 in CD3OD at 37 °C showed that the conformation in 
solution is similar to that obtained in the crystal structure, i.e. 4C1.  

Molecular docking simulations (with Drosophila β4GalT7 mutant D211N) 
confirmed that 110077 fits in the active site of β4GalT7. Comparing the modeling of 
110077 to 66, a more pronounced π-stacking with parallel displacement geometry was 
observed between the naphthyl moiety of 110077  and the side chain of a tyrosine residue 
(Tyr179, Figure 27). Parallel displacement is a favorable π-stacking geometry.163 This 
geometry was also observed for 1-thio-xyloside 111100.  

In addition, a slightly different orientation of 4-OH was observed for 110077 compared 
to 66, which presumably affects the distance between O4 of the xyloside and the 
endocyclic oxygen atom of UDP-Gal. During the catalytic reaction, O4 of xylose is 
assumed to be deprotonated, which would cause electronic repulsion between the 
alkoxide and the endocyclic oxygen atom of galactose. It has been suggested for β-1,4-
galactosyltransferase 1, a similar enzyme that also catalyzes an SN2 reaction, that the 
electronic repulsion that occurs when O4 of the acceptor gets deprotonated promotes 
a conformational change of the donor, which facilitates the reaction.164 It has been 
proposed that β4GalT7 may follow a similar mechanism.23 Hence, the observed 
difference in orientation of 4-OH of the xylosides may influence the catalytic 
efficiency of β4GalT7.  

XHO
HO

OH
Y
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FFiigguurree  2277.. Molecular docking of 110077 in Drosophila β4GalT7 mutant D211N.  

4.2 Exocyclic analogs (Paper III and IX) 

We envisioned the syntheses of sulfoxides and sulfone 111111-111133 to start from the 
known acetylated thioxyloside 11223340, easily accessible from peracetylated β-D-
xylopyranose 112222. It is known that equatorial thioglycosides show poor 
stereoselectivity in oxidation reactions towards sulfoxides, compared to the 
corresponding axial derivatives, which is also true for xylosides.165-167 These 
observations are explained by the exo-anomeric effect, i.e. the orientation of the 
aglycon so that a free electron pair of the sulfur atom overlaps with the unoccupied 
σ*-orbital of the bond between the endocyclic oxygen atom and C1. Generally, only 
the (R)S sulfoxide is formed for axial thioglycosides, since the pro-S electron pair is 
sterically hindered by the pyranose ring while the pro-R electron pair is available for 
attack (Figure 28). In equatorial glycosides, the difference in steric hindrance is 
smaller between the pro-S and pro-R electron pairs, hence both diastereomers are 
often formed and the major product usually have the (S)S-configuration. The absolute 
configuration of the sulfoxide sulfur atom may be assigned using NMR 
spectroscopy166, 168-169 and/or CD spectroscopy.168, 170 However, the absolute 
stereochemistry of most glycosyl sulfoxides has been determined by X-ray 
crystallography.165, 167, 171-172   
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FFiigguurree  2288.. Preferred conformations of axial and equatorial thioglycosides dictated by the exo-
anomeric effect. 

4.2.1 Synthesis 

The sulfoxides 111111 and 111122 were synthesized from 5-thio-xyloside 112233 by careful 
oxidation with mCPBA at -78 °C followed by deacetylation (Scheme 9). As expected, 
the oxidation step generated a diastereomeric mixture, and the sulfoxides 112244 and 
112255 were obtained in excellent yield as an inseparable mixture in approximately 3:1 
ratio‡. Using Zemplén conditions for deacetylation of the mixture of 112244 and 112255 
resulted in partial cleavage of the glycosidic bond forming methyl β-D-
xylopyranoside, which was difficult to separate from 111111 and 111122. Instead, 
deacetylation was accomplished by using a solution of guanidine/guanidinium 
nitrate173. Sulfoxides 111111 and 111122 could then be separated by column 
chromatography and obtained in 64% and 21% yield, respectively. 

The sulfone derivative 111133 was synthesized from 5-thio-xyloside 112233 by oxidation 
with mCPBA in excess at 0 °C, yielding 112266 in 91% (Scheme 9). Subsequent 
deacetylation under Zemplén conditions generated sulfone 111133. 

 

SScchheemmee  99.. Reagents and conditions: i) BF3⋅Et2O, 2-naphthalenethiol, MeCN, (79%); ii) mCPBA 
(1.06 eq), CH2Cl2, -78 °C, (95%); iii) guanidine/guanidinium nitrate, CH2Cl2/MeOH, 111111 (64%), 111122 
(21%); iv) mCPBA (4 eq), CH2Cl2, 0 °C, (91%); v) 1 M NaOMe, MeOH, (69%). 

                                                        
‡ Based on ratio observed in 1H-NMR spectrum 
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The absolute configuration of the sulfoxides 111111 and 111122 was elucidated by the use 
of 1H, 13C, and NOE NMR spectroscopy, and 111111 was assigned (S)S configuration 
and 111122 was assigned (R)S configuration. 

4.2.2 β4GalT7 assay 

All xylosides with variations at the exocyclic position (111100-111144) were galactosylated 
by β4GalT7 (Table 9). Excess-substrate inhibition (Section 1.5) was observed for 
111100-111133 (entries 2-5), hence the kinetic parameters were calculated using the 
concentrations up to the highest observed reaction rate. β4GalT7 galactosylated all 
thio-derivatives more efficiently compared to parent xyloside 66  (entries 2-5). The 
galactosylation efficiency was approximately 13 times higher for sulfone 111133  than for 
66. β4GalT7 also showed higher catalytic efficiency for the sulfoxides 111111 and 111122 
compared to 66. The (R)S sulfoxide 111122 was slightly more efficiently galactosylated 
than the corresponding (S)S sulfoxide 111111. However, in catalytic efficiency, both 111111 
and 111122 resembled thioxyloside 111100 to a much larger extent than sulfone 111133. C-
xyloside 111144 (entry 7) proved to be a less suitable substrate for β4GalT7 compared to 
66. 

TTaabbllee  99.. Kinetic parameters for galactosylation by β4GalT7. 

Entry Compound Km       
(mM) 

Vmax 
(pmol s-1) 

kcat      
(s-1) 

Km/kcat    
(mM-1 s-1) 

1 66  0.70 1.6 1.2 1.6 

2 111100 a  0.30 1.7 1.8 5.8 

3 111111 a  0.37 2.5 2.5 6.9 

4 111122 a  0.14 1.1 1.1 7.8 

5 111133 a 0.10 2.1 2.2 21 

6 66 b 0.58 1.1 1.5 2.6 

7 111144 b  2.4 1.8 2.5 1.0 
a Excess-substrate inhibition were observed, hence the kinetic parameters were calculated using 
the concentrations up to the highest observed reaction rate. 
b C-xyloside 111144 (entry 7) was assayed at another occation than analogs 111100-111133  with a different 
batch of β4GalT7, hence slightly different kinetic parameters for 66 (entries 1 and 6) are obtained. 
The kinetic parameters of 111144 can therefore only be compared to 66 (entry 6).  

To investigate if the great increase in galactosylation of sulfone 111133 by β4GalT7 was 
transferrable to cell studies, GAG priming of 66, 111100, and 111133 were examined. 5-
Thioxyloside 111100 was shown to induce GAG priming to a similar extent as 66, 
whereas sulfone 111133 primed GAG chains approximately 3.4 times as much as 66. 
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4.3 Conclusions 

We set out to investigate the endocyclic and exocyclic positions of xyloside 66 to 
identify the effects on β4GalT7 activity as part in the overarching aim to pinpoint 
requirements for efficient substrates and inhibitors. We found that thio analogs were 
more efficient substrates for β4GalT7 compared to 66, where the 1,5-dithioxyloside 
and exocyclic sulfone were the most potent. Although molecular docking simulations 
are still ongoing with these compounds and β4GalT7, we suggest that small 
differences in the binding orientation greatly affect the activity towards β4GalT7. 
Furthermore, we propose that an exchange of the exocyclic oxygen atom to a sulfur 
atom enables a favorable π-stacking with parallel geometry between the naphthyl 
moiety and a tyrosine residue.  
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5 Variations of the aglycon  

5.1 Size, electronic properties, and distance to aromatic 
aglycon (Paper I and III) 

It has previously been shown that the aglycon has a large effect on the GAG priming 
ability of xylosides (Section 1.4.4). We wanted to conduct a comprehensive study of 
the interactions between β4GalT7 and xylosides with variations in the aglycon, 
including different sizes and electronic properties, as well as different distances 
between the xyloside and the aromatic part of the aglycon. Hence, we investigated 
xylosides 33, 2299, 3344, 3388, 4400, and  112277-113366 as substrates for β4GalT7, with 2-
naphthyl xyloside 66 as reference compound (Figure 29). We hypothesized that it is 
possible to form efficient substrates for β4GalT7 by optimizing the aglycon structure.  

Xyloside 33 is commercially available and xylosides 2299,40 3388,40 4400,64 112277,40 113344,78 
and 11335584 have been reported previously.  
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FFiigguurree  2299.. Xylosides with different variations in the aglycon structure.  

5.1.1 Synthesis of xylosides with a spacer between xylose and the 
aromatic part of the aglycon 

To investigate the effect of xylosides with different distances between the xylose part 
and the aromatic aglycon, we synthesized naphthyl xylosides where the naphthyl 
moiety is separated by a methylene bridge or oligoethylene glycol (OEG) spacers of 
three different lengths. OEG spacers were chosen since they are inexpensive, polar, 
and commercially available in a variety of different lengths. Due to the 
antiproliferative effect of 4400, we also synthesized hydroxylated analogs 113300 and 113311 
to investigate the effect of the distance on the antiproliferative activity. 

Xylosides 3344 and 112299-113333  were synthesized from peracetylated xylose 112222 (Scheme 
10). The methylene-bridged derivatives were formed through glycosylation with 2-
naphthalenemethanol and 6-acethoxy-2-naphthalenemethanol, respectively, followed 
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by deacetylation. The synthesis of 113377 gave a range of byproducts that were not 
easily separated from 113377, hence deacetylation was performed with the crude 
mixture. Synthesis of the corresponding hydroxylated derivative 113300  was on the 
other hand straightforward. 

The synthesis of the OEG-bridged xylosides 3344,,   113311-113333 were initiated by 
xylosylation of the OEG spacers. For the shortest spacer, 2-bromoethanol was used. 
However, the bromide analogs of diethylene glycol and triethylene glycol were not 
commercially available, hence, the chloride equivalents were used. In contrast to the 
synthesis of 114422 from bromide 113399, coupling of 2-naphthol to chlorides 114400 and 
114411 proved difficult and gave low yields of 114444 and only traces of 114455 under the 
same reaction conditions, i.e. K2CO3 in DMF. This might be due to the weaker 
leaving group-property of chloride compared to bromide. In addition, we speculate 
that the longest spacer may form a crown ether-like interaction with potassium ions, 
thereby obstructing the substitution reaction. When adding 18-crown-6, which 
complexes to potassium ions, to the reaction mixtures the yields were increased for 
both 114444 and 114455 and the reaction times were decreased from 48 hours to 6 hours.   

Coupling of 6-acethoxy-2-naphthol to bromide 113399 resulted in partial cleavage of the 
aromatic acetate. This compound was not possible to separate from 114433, hence 
deacetylation was performed with this mixture. Deacetylation of 114422, 114444, and 114455 
proceeded smoothly, generating the target xylosides 3344, 113322, and 113333 in good 
yields.  

 

SScchheemmee  1100.. Reagents and conditions: i) 2-naphthalenemethanol, BF3⋅Et2O, CH2Cl2, 0 °C; 6-
acethoxy-2-naphthalenemethanol, BF3⋅Et2O, CH2Cl2, 0 °C, 113388 (79%); ii) 1 M NaOMe, MeOH, 112299 
(11% over two steps), 113300 (68%), 3344 (90%), 113311 (39% over two steps), 113322 (73%), 113333 (66%); iii) 
2-bromoethanol, BF3⋅Et2O, CH2Cl2, 0 °C, 113399 (69%); 2-(2-chloroethoxy)-ethanol, BF3⋅Et2O, CH2Cl2, 0 
°C, 114400 (43%); 2-[2-(2-chloroethoxy)ethoxy]-ethanol, BF3⋅Et2O, CH2Cl2, 0 °C, 114411 (61%); iv) 2-
naphthol, K2CO3, DMF, 80 °C, 114422 (63%); 6-acethoxy-2-naphthol, K2CO3, DMF, 80 °C; 2-naphthol, 
K2CO3, 18-crown-6, DMF, 80 °C, 114444 (22%), 114455 (29%).  
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Further attempts to increase the yields of 114444 and 114455 were made by exchanging the 
chloride of the diethylene and triethylene glycol spacers for an iodide by simply 
performing a Finkelstein reaction with NaI in acetone. However, glycosylation of this 
triethylene glycol derivative proved to be problematic, not forming 114477 to any 
significant extent, and the diethylene glycol derivative gave modest yields of 114466  
(Scheme 11). However, substitution reaction of 114466 with 2-naphthol generated 114444 
in approximately 50% yield, with modest purity. We also investigated the possibility 
to perform the reactions in a reversed order by coupling the OEG iodide spacers to 2-
naphthol before xylosylation. Again, synthesis to form the derivative with the longest 
spacer failed, whereas 114499 was formed in high yield. The subsequent glycosylation 
reaction failed, thus we abandoned this approach without further examination. 
Finally, we examined the substitution reaction between ethylene glycol derivative 
113399 and diethylene glycol derivative 114499 in an attempt to form 114455. Unfortunately, 
no product was obtained. In addition, Cs2CO3 was briefly examined as base instead of 
K2CO3 in the reaction between 114411 and 2-naphthol, without increased yields.   

 

SScchheemmee  1111.. Reagents and conditions: i) 2-(2-iodoethoxy)-ethanol, BF3⋅Et2O, CH2Cl2, 0 °C, 114466 
(41%); 2-[2-(2-iodoethoxy)ethoxy]-ethanol, BF3⋅Et2O, CH2Cl2, 0 °C; 112222, BF3⋅Et2O, CH2Cl2, 0 °C; ii) 2-
naphthol, K2CO3, DMF, 50 °C; iii) 2-(2-iodoethoxy)-ethanol, K2CO3, DMF, 80 °C, 114499 (82%); 2-[2-(2-
iodoethoxy)ethoxy]-ethanol, DBU, DMF, 80 °C; iv) K2CO3 or DBU, DMF, 80 °C.  

The hydrophobicity of xylosides has been argued to affect which class of GAG chains 
that is synthesized and to what extent (Section 1). Gradient retention times can be 
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used to substitute log P values,174-175 where P is the partition coefficient of a 
compound in two immiscible solvents, usually octanol-water. To elucidate the effect 
of the spacers on the hydrophobicity of these xylosides, we measured the HPLC 
retention times using a C18 column with a MeCN gradient in water (0.1% TFA). 
We observed a clear trend between the retention times of 66, 3344, 4400, and 112299-113333, 
which is correlated to hydrophobicity, and the distance between the xylose part and 
the aromatic aglycon (Table 10). The hydrophobicity of these xylosides seemed to 
increase with increasing spacer length, despite the use of OEG spacers.   

TTaabbllee  1100.. Retention times and xylose-naphthyl distance. 

Entry Xyloside Rentention 
time (min)a 

Xylose-naphthyl 
distance (nm)b 

1 66  32.25 ± 0.012 0.24 

2 112299  33.39 ± 0.010 0.37 

3 3344  35.61 ± 0.005 0.60 

4 113322  36.90 ± 0.004 0.95 

5 113333  37.70 ± 0.003 1.31 

6 4400  22.26 ± 0.034 0.24 

7 113300  25.97 ± 0.014 0.37 

8 113311  27.22 ± 0.008 0.60 
a The retention times are the mean values of three separate measurements. The gradient of 
MeCN was increased from 1 minute by 1.2% per minute.  
b The xylose-naphthy distances were calculated from the anomeric carbon of xylose to the carbon 
in position 2 of the naphthyl moiety. The calculations were performed using density functional 
theory at the B3LYP/6-31G** level and default settings in Spartan’10 for Macintosh.   

5.1.2 β4GalT7 assay 

In an effort to explore the surroundings of the acceptor pocket of the active site, we 
investigated xylosides with different aglycons, varying in size, electronic property, and 
distance to the aromatic moiety, as substrates for β4GalT7. Naphthyl xyloside 66 was 
used as reference compound to which the activities of the xylosides with the above-
mention variations were compared.  

In addition to these xylosides, we synthesized and examined the α-analog and L-
analog to 66 (115511 and 115522, Figure 30). Both α-xylosides (Section 1.4.3) and L-
xylosides (Section 1.4.2) have been reported not to function as GAG primers. As 
anticipated, 115511 and 115522 did not induce galactosylation by β4GalT7.  
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FFiigguurree  3300.. 2-Naphthyl α-D-xylopyranoside 115511 and 2-naphthyl β-L-xylopyranoside 115522.  

5.1.2.1 Variation of aglycon size 
Our β4GalT7 assay is based on fluorescence detection (Section 3.1.2), and since 
methyl xyloside 33 and phenyl xyloside 2299 are not fluorescent, it was not possible to 
detect galactosylation by these compounds with this method. Instead, galactosylation 
was measured indirectly by adding 66 as well as 33 and 2299, respectively, and measure 
the decrease in galactosylation of 66. Even though the concentrations of 33 and 2299 
were four times that of 66, a minor decrease of 21% ± 13 for 33 and 44% ± 3 for 2299 
were observed. This showed that 33 and 2299, compared to 66, were less efficient 
substrates for β4GalT7. 

The remaining xylosides with different aglycon sizes, namely 3388, 112277, and 112288, 
were all showed to act as substrates for β4GalT7 (Table 11). The difference in 
binding orientation of the naphthyl moiety has only a minor effect on the 
galactosylation (entry 2). The larger xylosides 3388 and 112288 were galactosylated 
approximately twice as efficiently as 66 (entries 3 and 4).  

TTaabbllee  1111.. Kinetic parameters for galactosylation by β4GalT7. 

Entry Compound Aglycon Km       
(mM) 

Vmax 
(pmol s-1) 

kcat      
(s-1) 

Km/kcat    
(mM-1 s-1) 

1 66  2-Naphthyl 0.58 1.1 1.5 2.6 

2 112277  1-Naphthyl 0.57 1.3 1.8 3.2 

3 3388 a  Biphenyl 0.17 0.72 1.0 6.0 

4 112288 a  (9-Antracene)-methyl 0.12 0.43 0.60 5.1 
a Excess-substrate inhibition were observed, hence the kinetic parameters were calculated using 
the concentrations up to the highest observed reaction rate. 

These results are in agreement with earlier cell studies where 33 has been shown to be a 
less good GAG primer than xylosides with aromatic aglycons,39 and 2299, 3388, and 112277 
have been shown to induce GAG priming to a similar extent as 66.40 Molecular 
docking simulations with 66 in the active site of β4GalT7 showed that the aglycon 
extends from the active site and interacts with the exterior of the enzyme, which 
mainly consist of aromatic amino acids. The molecular modeling also revealed a π-π 
interaction between the naphthyl moiety of 66  and the side chain of a tyrosine residue 
(Tyr179 in Drosophila β4GalT7 mutant D211N). This interaction is not possible for 
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33, hence the lower activity. Since only a slight increase in galactosylation efficiency by 
β4GalT7 of the xylosides containing a larger aglycon than 66 were observed, we 
suggest that the presumably favorable π-π interaction is not increased to a significant 
extent by increasing the size of the aromatic aglycon. 

5.1.2.2 Variation of the spacer length between xylose and naphthyl 
moiety 
The xylosides 112299, 3344, 113322, and 113333, with increasing distances between xylose and 
naphthyl, were investigated in our β4GalT7 assay. All xylosides were more efficiently 
galactosylated by β4GalT7 than 66 (Table 12), where the two derivatives with the 
longest spacers proved most efficient, with kcat/Km values approximately 6 times higher 
than that for 66  (entries 4 and 5). However, no clear correlations between the kinetic 
parameters and the spacer length and/or hydrophobicity of the xylosides (Section 
5.1.1) were observed (Figure 31). Molecular docking simulations indicated that 112299, 
3344, 113322, and 113333 have a slightly different orientation in the active site compared to 
66, with a more pronounced CH-π interaction from H5 to a tyrosine residue (Tyr177 
in Drosophila β4GalT7 D211N mutant).  

TTaabbllee  1122.. Kinetic parameters for galactosylation by β4GalT7. 

Entry Compound Xyl-Nap 
distance (nm) 

Km       
(mM) 

Vmax 
(pmol s-1) 

kcat      
(s-1) 

Km/kcat    
(mM-1 s-1) 

1 66  0.24 0.77 1.2 1.7 2.2 

2 112299  0.37 0.48 1.9 2.6 5.5 

3 3344  0.60 0.60 2.0 2.7 4.6 

4 113322  0.95 0.091 0.93 1.3 14 

5 113333  1.31 0.24 2.4 3.3 13 

 

Cell studies were also performed with 112299, 3344, 113322, and 113333, using two different 
cell lines. The investigated xylosides induced GAG priming to a higher extent than 66, 
and plotting biological activity versus the xylose-naphthyl distance, a plateau in 
priming was observed (Figure 31). In addition, the hydroxylated analogs 113300 and 
113311 were also examined and generally showed to prime GAG chains to a larger 
extent than 4400, and also compared to their non-hydroxylated analogs 112299 and 3344. 
Due to the selective antiproliferative activity of 4400, we investigated the toxicity of 3344 
and 112299-113333. However, none of the xylosides, except 113311 showed any distinct 
selective antiproliferative effect towards the tested cancer cell line (human breast 
carcinoma cells (HCC70)) compared to the normal cell line (human breast fibroblast 
cells (CCD-1095Sk)).  
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FFiigguurree  3311.. Galactosylation by β4GalT7 and GAG priming plotted versus the distance between 
the anomeric carbon of xylose to the carbon in position 2 of the naphthyl moiety. The proportion 
of GAG priming is given as the integrated value of fractions from cells treated with xyloside, 
divided by the integrated value of fractions from untreated cells. Blue diamonds indicate kcat/Km 
values (s-1 mM-1), purple solid line with squares indicate GAG priming in human breast fibroblast 
cells (CCD-1095Sk), and purple dashed line with triangles indicate GAG priming in human breast 
carcinoma cells (HCC70 cells).  

5.1.2.3 Variation of the electronic property of naphthyl substituents 
To investigate the effect on galactosylation of naphthyl substituents having different 
electronic properties ranging from electron-withdrawing to electron-donating, we 
examined xylosides 4400 and 113344-113366. They were all galactosylated by β4GalT7 
slightly more efficiently then 66 (Table 13). However, no trend in galactosylation 
could be deduced, which is in agreement with conclusions for a triazole-linked 
system.68  

TTaabbllee  1133.. Kinetic parameters for galactosylation by β4GalT7. 

Entry Compound Substituent Km       
(mM) 

Vmax 
(pmol s-1) 

kcat      
(s-1) 

Km/kcat    
(mM-1 s-1) 

1 66  H 0.58 1.1 1.5 2.6 

2 113344 a  OMe 0.58 1.6 2.2 3.8 

3 4400  OH 0.31 1.2 1.6 5.2 

4 113355 a  CO2Me 0.31 1.1 1.5 4.8 

5 113366  CN 0.60 2.0 2.8 4.7 
a Excess-substrate inhibition were observed, hence the kinetic parameters were calculated using 
the concentrations up to the highest observed reaction rate. 
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5.2 Arabinosides with different aglycons (Paper III) 

Intrigued by our results and others of modifications of the xylose moiety (Section 
3.1), the anomeric position (Section 4.2), as well as variations of the aglycon (Section 
5.1), we wanted to examine if these findings could be combined to generate an 
efficient inhibitor. We hypothesized that a xyloside that is an efficient substrate for 
β4GalT7 will be a good starting point for the design of inhibitors by modifying the 
xylose part by, e.g. epimerization at C4, thus eliminating the possibility of the 
compound to act as a substrate.   

We decided to synthesize glycosides based on arabinose, since 2-naphthyl α-L-
arabinoside 7744 is one of the most potent inhibitors we have tested, as it fits in the 
active site of β4GalT7, but cannot be galactosylated due to the orientation of 4-OH 
(Section 3.1.2.2). In addition, L-arabinose is commercially available, making 
arabinosides easily accessible. Furthermore, arabinosides are stable, in contrast to for 
example the 2-deoxy xyloside 6677. We thus synthesized methyl and phenyl 
arabinoside as well as naphthyl arabinosides with oxygen, sulfur, or sulfone in the 
anomeric position, and analogs with either a methylene bridge or a diethylene glycol 
spacer between arabinose and the naphthyl moiety (115533-115588, Figure 32). These 
compounds were then tested as inhibitors of β4GalT7. 

 

FFiigguurree  3322.. Arabinosides investigated as inhibitors of β4GalT7.  

5.2.1 Synthesis of arabinosides 

Arabinoside 115533 is commercially available and 115544176 and 774447 are known 
compounds.  
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Arabinosides 115555-115577 were synthesized from peracetylated β-L-arabinopyranosyl 
bromide 115599177 obtained from L-arabinose in two steps (Scheme 12). For 116600, phase 
transfer conditions were used to install the thionaphthyl moiety, which is a mild 
method that usually give excellent anomeric stereoselectivity. This reaction proceeded 
in modest yield. We also investigated the use of Koenigs-Knorr reaction conditions 
and the use of acetate donor with BF3⋅Et2O for the synthesis of 116600, which did not 
prove successful. Deacetylation yielded 115555 in 95%. Oxidation of the 1-thio 
derivative 116600 with mCPBA as described above (Section 4.2.1), generated the sulfone 
116611 in excellent yield, which was deacetylated to form 115566. 

The methylene bridged naphthyl arabinoside 115577 was synthesized from the bromide 
donor 115599 using Koenigs-Knorr reaction conditions, i.e. glycosylation in the 
presence of a silver salt, followed by deacetylation. This procedure could also be used 
for the glycosylation to form 116644. However, using the acetate donor and BF3⋅Et2O 
increased the yield of 116644 from 13% to 30%, calculated from L-arabinose. Hence, 
this route was used, where acetylation of L-arabinose generated an α/β-mixture 
(approximately 5.4:1), which was used directly in the glycosylation reaction. 
Coupling of 116644 to 2-naphthol was performed according to the procedure developed 
for the xyloside analog as previously described (Section 5.1.1), and deacetylation 
generated arabinoside 115588. 

 

SScchheemmee  1122.. Reagents and conditions: i) 2-naphthalenethiol, TBAHS, 1 M Na2SO4, EtOAc, (39% 
over three steps from L-arabinose); ii) 1 M NaOMe, MeOH, 115555 (95%), 115566 (45%), 115577 (90%), 
115588 (90%); iii) mCPBA, CH2Cl2, 0 °C, (96%); iv) 2-naphthalenemethanol, Ag2O, 4Å molecular 
sieves, CH2Cl2, (20% over three steps from L-arabinose); v) 1) KOAc, Ac2O; 2) BF3⋅Et2O, 2-(2-
chlororethoxy)-ethanol, CH2Cl2, (30% over two steps from L-arabinose); vi) 2-naphthol, K2CO3, 18-
crown-6, DMF, 80 °C, (40%). 
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5.2.2 β4GalT7 assay 

To study the inhibitory effect of 115533-115588 on galactosylation by β4GalT7, we added 
both xyloside 66 and arabinoside to β4GalT7 and studied the decrease in 
galactosylation of 66  by β4GalT7 (Section 3.1.2.2). None of the tested arabinosides 
inhibited galactosylation to the same extent as the previously reported naphthyl 
arabinoside 7744 (Table 14). This clearly shows that the corresponding arabinoside of 
an efficiently galactosylated xyloside is not necessarily an efficient inhibitor. We 
therefore conclude that an efficient substrate cannot generally be considered a suitable 
starting point for the design of efficient inhibitors of β4GalT7.   

TTaabbllee  1144.. Inhibition of galactosylation of 66 by β4GalT7. The decrease in galactosylated 66 is 
expressed in % of the amount Gal-66 formed without added arabinoside. 

Entry Arabinoside Inhibition      
(% of control) 

1 115533  11 ± 3 

2 115544  28 ± 8 

3 7744  63 ± 5 

4 115555  22 ± 3 

5 115566  38 ± 3 

6 115577  0 

7 115588  10 ± 0.3 

5.3 Disubstituted naphthyl xylosides (Paper V) 

In an effort to further study the selective antiproliferative effect of 4400,82 we wanted to 
investigate the accompanying decrease in acetylation of histone H3. GAGs and PGs 
have been shown to inhibit histone acetyltransferases (HATs) (Section 1.6). We 
hypothesized that it is possible to design xylosides, which act either directly, or more 
likely, that prime GAG chains that functions as HAT inhibitors. Hence, we 
synthesized analogs to 4400 with substitution patterns in the naphthyl moiety that 
resembles the aromatic moiety of known natural HAT inhibitors (Figure 18, Section 
1.6), i.e. hydroxyl groups and/or methoxy groups in ortho positions with respect to 
each other (Figure 33). Xylosides 1144, 4400, 113344, and 116666-117700 were investigated in 
our β4GalT7 assay and 116677-117700 were examined in terms of GAG priming ability, 
HAT and HDAC inhibition, effect on histone H3 acetylation, and antiproliferative 
activity towards cancer cells and normal cells. 
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FFiigguurree  3333.. 2-Naphthyl xylosides with different substituents in the naphthyl moiety. 

5.3.1 Synthesis of disubstituted naphthyl xylosides 

The synthesis towards 116677-117700 inevitably involves functionalization of the aromatic 
system, since 2,3,6-nahthalenetriol that would be the aglycon of choice for the 
synthesis of these compounds is not commercially available. We initially examined 
the use of Friedel-Crafts acylation, which we envisioned as the first step towards the 
addition of a hydroxyl functionality in the naphthalene moiety, followed by Baeyer-
Villiger oxidation and subsequent hydrolysis of the formed ester. However, the 
reaction conditions using strong Lewis acids proved too harsh for fully acetylated 4400, 
and cleavage of the glycosidic bond was observed.  

Instead, we turned our focus towards directed ortho metalation (DoM), which 
regioselectively introduces an electrophile ortho to a substituent that functions as a 
directed metalation group (DMG). This method is relatively mild, and since an ortho 
relation between the hydroxyl/methoxy groups in 116677-117700 is desired, we considered 
this approach appealing, envisioning 4400 and 116666 as starting points for theses 
syntheses.  

A few oxygen-based DMGs have been reported, including O-carbamates that are 
considered to be one of the most powerful. O-Carbamates have been found useful in 
synthetic strategies of aromatic systems involving DoM reactions.178-181 Hence, we 
chose to utilize O-aryl N,N-diethyl carbamate as DMG for the synthesis of 116677-117700. 
Several different electrophiles can be introduced to generate the target hydroxyl 
group, such as boronic esters (oxidized with H2O2),179, 182 dimethylsilane (Fleming-
Tamao oxidation),183 and direct treatment of the lithiated species with lithium tert-
butyl peroxide.184-185 We investigated these procedures using 2-naphthyl-N,N-diethyl 
O-carbamate 117711 (Figure 34). Unfortunately, direct treatment by tert-butyl 
hydroperoxide of the lithiated species did not generate the wanted alcohol. Hence, we 
chose to utilize boronic esters as intermediates in the synthesis of 116677-117700 since this 
protocol gave the highest yield of 117722 and 117733. In addition to 117722 and 117733, 
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anionic ortho-Fries rearrangement occurred during the reaction, generating 117744, 
which was also formed in the reaction with chlorodimethylsilane. It is known that 
117711 is lithiated at both position 1 and 3, with preference for position 3, and that 
anionic rearrangement of the carbamate occurs,179, 186 which we also observed.  

 

FFiigguurree  3344.. Aromatic hydroxylation of 117711 by DoM generated 117722-117744.  

Initially, we examined the possibility to use N,N-diethyl carbamate as protective 
group as well, which would shorten the synthetic route compared to the use of other 
protective groups that have to be introduced and removed orthogonally to the 
carbamate. However, substituting 4400 with N,N-diethyl carbamate at all hydroxyl 
positions was not possible. Hence a one-pot procedure was developed where the 
aromatic hydroxyl group was converted to the O-carbamate, followed by benzylation 
of the aliphatic hydroxyl groups to form 117755  (Scheme 13). ortho-Lithiation of 117755, 
subsequent treatment with B(OMe)3, and oxidation of the formed boronic species 
with NaOH/H2O2 generated the desired 7-hydroxylated compound 117766 as well as 
the 5-hydroxylated derivative 117777  in 27% and 14% yield, respectively. Fortunately, 
we observed no anionic ortho-Fries rearrangement during this reaction.  

 

SScchheemmee  1133.. Reagents and conditions: i) 1) K2CO3, Et2NCOCl, DMF, 80 °C; 2) Bu4NI, NaH, BnBr, 
DMF, 0 °C → rt, (55%); ii) 1) TMEDA, s-BuLi, B(OMe)3, THF, -78 °C  → rt; 2) AcOH, H2O2, 117766  (53%), 
117777 (23%). 

However, 117766 was obtained as an inseparable mixture together with its regioisomer 
117788 (Figure 35). The carbamate appeared to migrate during the oxidation step from 
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its original position at O6 to the newly formed, and deprotonated, O7. Carbamoyl 
migration has been reported to occur when performing a DoM reaction with 
B(OMe)3 and subsequent oxidation of the boronic derivative with NaOH and 
H2O2.187 In addition, various O → C carbamoyl migrations have been utilized in e.g. 
the formation of benzofuranones and 4-hydroxycoumarins.188-189 To circumvent the 
carbamoyl migration, we instead used H2O2 with acetic acid,190 which generated 117766 
without formation of the regioisomer 117788. In addition, this oxidizing protocol 
increased the yield, forming 117766 and 117777 in 53% and 23% yield, respectively 
(Scheme 13).  

 

FFiigguurree  3355.. Desired product 117766 and its regioisomer formed by carbamate migration. 

With the hydroxylated derivative 117766 in hand, we performed methylation with MeI 
and NaH, which formed the desired compound 117799 together with its regioisomer 
118800 (Scheme 14). Using a weaker base such as K2CO3 did not prevent carbamoyl 
migration, and 117799 and 118800 were isolated in approximately a 3:1 mixture in 91% 
yield. At this point, deprotection of the aromatic hydroxyl group was achieved by 
reflux with NaOH in ethanol, generating 118811 and 118822 as an inseparable mixture in 
88% yield. Subsequent hydrogenolysis112 yielded the desired monomethylated 
naphthyl xylosides 116688 and 116699, which could be separated by HPLC. Performing 
the deprotection steps in reverse order was not possible, since the debenzylated 
compounds did not tolerate the harsh hydrolysis conditions. Acidic hydrolysis, 
reduction with LiAlH4, or the use of Schwartz reagent (Cp2Zr(H)Cl)191 did not prove 
successful either. However, with this protocol in hand, generating both 116688 and 
116699, no further efforts to avoid carbamoyl migration were attempted.  

Removing the O-carbamate in 117766 by basic hydrolysis, as described above, generated 
only trace amounts of the wanted product 118833. Instead, LiAlH4 reduction of 117766 
yielded dihydroxy compound 118833 in good yield. 118833 was then debenzylated to form 
116677, or fully methylated before hydrogenolysis to form 117700.  
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SScchheemmee  1144.. Reagents and conditions: i) K2CO3, MeI, DMF, 117799 + 118800 (91%), 118844 (82%); ii) 
NaOH, EtOH, refluxe, 118811 + 118822 (88%); iii) Pd/C, H2, HCl, DMF, 116677 (54%), 116688 (41% from 117766), 
116699 (12% from 117766), 117700 (66%); iv) LiAlH4, THF, (81%).  

5.3.2 β4GalT7 assay 

The disubstituted naphthyl xylosides 116677-117700 were investigated in our β4GalT7 
assay together with 66 and monosubstituted naphthyl xylosides 1144, 4400, 113344, and 
116666. Compounds 4400 and 113344 have been investigated previously (Section 5.1.2.3), 
but were included as comparison. All investigated xylosides induced galactosylation 
by β4GalT7, and to approximately the same extent (Table 15). For all of the 
disubstituted naphthyl xylosides 116677-117700, we observed excess-substrate inhibition, 
hence the kinetic parameters were calculated using the concentrations up to the 
highest observed reaction rate. 4400,64 113344,78 and 11666679 have all been shown to induce 
GAG priming, and 114431 was shown by Gulberti et al. to act as a substrate for 
β4GalT7. 
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TTaabbllee  1155.. Kinetic parameters for galactosylation by β4GalT7. 

Entry Compound Km       
(mM) 

Vmax 
(pmol s-1) 

kcat      
(s-1) 

Km/kcat    
(mM-1 s-1) 

1 66  0.76 1.2 1.7 2.2 

2 4400  0.22 0.87 0.98 4.5 

3 116666  0.43 1.1 1.3 3.0 

4 113344  0.72 1.6 1.9 2.6 

5 1144  0.34 0.95 1.1 3.2 

6 116677 a  0.23 0.81 0.92 3.9 

7 116688 a  0.12 0.40 0.45 3.8 

8 116699 a  0.26 1.0 1.1 4.5 

9 117700 a  0.42 1.2 1.4 3.2 
a Excess-substrate inhibition were observed, hence the kinetic parameters were calculated using 
the concentrations up to the highest observed reaction rate. 

5.3.3 Cell studies and effect on HAT acetylation 

The disubstituted naphthyl xylosides 116677-117700 were showed to induce GAG 
priming, as expected from the results of the β4GalT7 assay (Section 5.3.2), and 116677 
was observed to prime GAG chains to a lesser extent than 116688-117700. The GAG 
priming ability did not correspond to the trend seen in the kcat/Km values (Table 15), 
which may be explained by differences in cellular uptake of the xylosides.  

To investigate the inhibitory effect on HAT activity by xylosides 116677-117700, a 
commercially available HAT assay with nuclear extracts was used with anacardic acid 
(5533)  as positive control. We observed approximately 50% reduction of HAT activity 
for 116677-116699, whereas 117700 was not affecting the HAT activity to any significant 
extent (Figure 36). However, none of the xylosides were as efficient as anacardic acid. 
Interestingly, dimethylation of the phenolic groups in a garcinol (5544) analog rendered 
an inactive compound.108 Furthermore, a study with curcumin (5555) showed that 
exchanging the methoxy substituent for a hydroxyl group generated an active 
compound whereas curcumin itself was inactive in this report.107 Our results are in 
line with these observations.  
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FFiigguurree  3366.. HAT activity upon treatment with xylosides 116677-117700 and anacardic acid (5533). (Mean 
values of five separate assays.)  

GAG chains primed on 116677 and 117700 were isolated and examined in the HAT assay. 
We observed no reduction in HAT activity by these GAG chains. In addition, using a 
commercially available HDAC assay, we showed that none of the disubstituted 
naphthyl xylosides 116677-117700 or xyloside-primed GAG chains were inhibitors of 
HDAC, indicating that 116677-116699 acts specifically on HAT enzymes regarding the 
inhibition of histone acetylation.  

To examine if the result from the HAT assay was transferrable to cell studies, the 
effect on histone H3 acetylation of 116677-117700 were investigated. Unfortunately, even 
though we observed inhibition of HAT activity of xylosides 116677-116699 in the nuclear 
extracts, no reduction of the acetylation of histone H3 in the cells were observed to 
any great extent. This may be due to the recruitment of the xylosides to the GAG 
priming machinery, and we showed that the GAG chains are not active regarding 
reduction of histone acetylation. Finally, investigation of the antiproliferative effect of 
116677-117700 showed that none of the xylosides was particularly selectively toxic towards 
cancer cells. In summary, xylosides 116677-117700 are not functioning as HAT inhibitors.  

5.4 Conclusions 

In the final part of our investigation of the active site of β4GalT7, we set out to 
investigate the effect of the aglycon in order to identify efficient substrates with the 
aim of transferring these structural features to possible inhibitors. In this study, we 
found that aromatic aglycons, separated from xylose with short OEG spacers 
generated the most efficient xylosides in terms of galactosylation by β4GalT7. Our 
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results indicate that the effect of the aglycon originates from a favorable π-π 
interaction between the aromatic aglycon and a tyrosine residue of β4GalT7.  

To elucidate if efficient substrates are a good starting point for the design of 
inhibitors, we synthesized and tested arabinosides with different aglycons and 
modifications of the exocyclic position. Unfortunately, we found no efficient 
inhibitor. We thus conclude that another approach of designing inhibitors is needed. 
The results are in line with our suggestion that small differences in the binding 
orientation in the active site of β4GalT7 affects the activity to a great extent.  

In addition, disubstituted naphthyl xylosides were investigated as possible HAT 
inhibitors in an effort to explore the antiproliferative effect observed for 4400. 
However, none of the investigated compounds, or xyloside-primed GAG chains, 
functioned as HAT inhibitors in cells.  
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6 Concluding remarks and future 
perspectives 

We set out to pinpoint the structural requirements for efficient substrates and 
efficient inhibitors of β4GalT7, by performing synthetic modifications of the xylose 
moiety, the endocyclic and exocyclic positions, and the aglycon. 

The results from our studies clearly demonstrate the importance of all three hydroxyl 
groups of the xylose moiety for galactosylation by β4GalT7to occur efficiently. The 
acceptor binding pocket of β4GalT7 is shallow and decorated with a precise set of 
hydrogen bond acceptors. Generally, no modifications at position 3 are accepted by 
β4GalT7, whereas deoxygenation at position 2 and various modifications at position 
4 generate inhibitors. Small substituents in the equatorial position at C4, such as 
methyl and ethyl, fits in the active site of β4GalT7, whereas the donor UDP-Gal 
limits the available space in the axial position. Specifically, the arabinose analogs, i.e. 
epimerization at position 4 of the parent xyloside, and the 4-deoxy-4-fluoro analog 
were active in terms of inhibition of β4GalT7.  

Further on, we demonstrate that exchanging the endocyclic and/or exocyclic oxygen 
atom for sulfur generates xyloside analogs with more potent galactosylation activity 
towards β4GalT7 compared to the parent xyloside. We found that the 1,5-dithio 
analog and the exocyclic sulfone were the most efficiently galactosylated substrates.  

We also show that aromatic aglycons, especially when separated from the xylose 
moiety by a short OEG spacer, generate xylosides that are efficient substrates for 
β4GalT7.  

With the results of our β4GalT7 assay in combination with conformational analysis 
by NMR spectroscopy and molecular docking simulations, we propose that the 
above-mentioned modifications of the endocyclic and exocyclic positions as well as 
the variations of the aglycon affect the binding orientation of these compounds in the 
acceptor binding pocket of β4GalT7. Even though some of these interactions only 
differ to a small extent, significant variations in the activity can be observed. In 
addition to the interactions seen between the xylose moiety and amino acids in the 
active site, we suggest that a favorable π-π interaction between the aromatic aglycon 
and a tyrosine residue of β4GalT7 may have a pronounced effect on the activity of 
the xylosides. 
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All these results were used in an attempt to design efficient inhibitors. The structural 
features generating efficient substrates, i.e. sulfur and sulfone in the exocyclic position 
and separation of the aromatic aglycon and xylose by a spacer, were combined with a 
modification of the xylose moiety shown to give an inhibitor, i.e. epimerization at 
C4. We hypothesized that these compounds would be potent inhibitors of β4GalT7. 
However, we found only modest to weak inhibition by these arabinosides. Hence, we 
conclude that another approach is needed for the design of inhibitors.  

To summarize, we have performed a series of studies involving modifications of 
different positions of naphthyl xyloside and concluded that modifying the endocyclic 
and exocyclic positions as well as varying the aglycon can generate efficient substrates 
(Figure 37). Molecular docking simulations with β4GalT7 and analogs with 
modifications at the endocyclic and exocyclic positions are still ongoing to determine 
the exact origin of this efficiency.  

 

FFiigguurree  3377.. Effects of modifications of the xylose moiety, the endocyclic and exocyclic positions, 
and the aglycon on the β4GalT7 activity.  

Strong inhibitors would be valuable tools in GAG research. However, it still remains 
unclear what makes a good inhibitor of β4GalT7. Our investigations set the stage for 
further studies. To our knowledge, transition state analogs have not been synthesized 
and tested as inhibitors of β4GalT7. UDP is required for the conformational change 
of β4GalT7 from an open structure to a closed structure forming the acceptor 
binding pocket. It would be highly interesting to investigate e.g. xylosides connected 
to a UDP moiety via O4 and a short spacer. Such analogs may possess interesting 
biological features with different kinetic parameters to what we have observed for our 
compounds so far. Furthermore, naphthyl arabinosides with aromatic substituents 
designed to interact with nearby amino acids of β4GalT7 might prove to be efficient 
inhibitors.  
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