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1. Introduction
The addition of sugars to a protein, called glycosylation, is an important posttranslational
modification which occurs on more than 50% of proteins. It is involved in numerous cellular
processes like signaling, control of protein stability, enzyme activity and cell-cell interactions as
well as pathological processes.

[1]

Even though a lot of effort was made to study glycosylation, not

much is known about carbohydrate patterns. This is mainly due to the high complexity glycans
have: The nine monosaccharides occurring in eukaryotes can be linked in multiple ways and
glycans can be highly branched. Unlike DNA and proteins, glycans are not created under control
of a template, but follow a complex biosynthetic pathway.

[2]

Thus, template modifications, like the

green fluorescent protein (GFP) for proteins, cannot be applied for glycans.

An emerging method to study glycosylation is metabolic glycoengineering (MGE), in which an
unnatural monosaccharide is metabolized by cells, similar to the natural one.

[3, 4]

In a second step,

the derivative can be linked to a probe in a bioorthogonal ligation reaction for detection or
isolation. The power of this method lies within the possibility to study living organisms and monitor
glycosylation in a non-destructive way. Numerous sugar derivatives suitable for MGE have been
developed, especially for N-acetyl-mannosamine, but also for N-acetyl-glucosamine and N-acetylgalactosamine, while the development of biologically important fucose derivatives has not gained
that much attention. Of the variety of different bioorthogonal ligation reactions which are available
for MGE, only the click-chemistry has been applied for fucose. As every ligation reaction has its
strengths and drawbacks a set of sugars and reactions is desirable in order to choose the perfect
one for each application. Thus, the present work deals with new fucose derivatives which should
be applied in MGE in combination with the inverse-electron-demand Diels-Alder reaction (DAinv
reaction). In the second part, the photo-click reaction as new ligation reaction will be investigated
in order to further expand the set of labeling reactions for MGE.
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2. State of knowledge
2.1 Glycosylation
When talking about “sugar” most people think about sucrose, the common table sugar. But sugars
are a large category of natural materials. Together with starch and glycogen, sucrose is a wellknown energy source. Besides their role as nutrient, carbohydrates are also important as
structural components in plants or insects where they occur in macromolecular structures like
cellulose or chitin.

[5]

Inside the cells, sugars are linked to many biomolecules like proteins or lipids,

which are then referred to as glycoconjugates. Their carbohydrate part is also referred to as
glycan. Glycosylation of proteins e.g. can be important for the correct protein folding or can
influence their solubility.

[5]

It is further involved in many regulatory processes. A huge number of

carbohydrates are located outside the cell, forming the glycocalyx.

[1]

This decoration of the cell

membrane regulates numerous inter-cellular processes, like cell-cell-interactions and signal
transduction. It further enables the immune system to recognize foreign organisms, e.g.
bacteria.

[5]

The physical appearance of glycans differs from most biomolecules. While proteins have a
defined primary structure and can be rigid upon folding, complex carbohydrates keep their
flexibility. The built glycan can be in motion and turn around but glycans are also highly dynamic
in a chemical way: Their structures can enzymatically be reorganized through removal and/or
addition of monosaccharides which can lead to a protein with different glycoforms. The fact that a
protein can occur with different glycan patterns is called microheretogeneity. Glycosylation is a
co- and post-translational modification which has no template or direct genetic code. Its
biosynthesis is an enzyme-directed, site-specific process which mainly occurs is the rough
endoplasmic reticulum and the Golgi apparatus.

[5]

Eukaryotic glycans consist of eight

monosaccharides (D-glucose, D-mannose, D-galactose, L-fucose, N-acetyl-D-galactosamine,
N-acetyl-D-glucosamine, N-acetyl-neuraminic acid, and D-xylose)

[5]

which can be linked at various

sites and in different stereochemistry leading to both, linear and branched structures with high
complexity. Thus the potential information content of carbohydrates considerably exceeds that of
proteins which makes studying glycans challenging.

[2]

Besides glycophosphatidylinositol(GPI)-anchored proteins, there are two main types of
glycosylation: N-linked and O-linked glycans (Figure 1). N-glycosides have a common core
structure (Man3-GlcNAc2-, Figure 1A) which is linked to the asparagine of a consensus sequence
(Asn-Xaa-Ser/Thr, with Xaa = any amino acid except prolin).

[1, 5]

The core structure can be further

extended to a high mannose, a hybrid or a complex type N-glycan and monosaccharides can be
added to the pentasaccharide. An important modification is the α-1,6 addition of fucose to the
innermost GlcNAc. O-glycans on the other hand are linked to serine or threonine in peptides or to
[5]

a lipid (Figure 1B).

In contrast to N-glycans a common core structure is not known. Depending

on the sugar directly linked to the protein the different types of O-glycosylation can be defined.
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Mucin type glycan chains e.g. start with a GalNAc which is α-glycosidically linked to the
polypeptide and can be elongated into long biantennary oligosaccharide chains. When GlcNAc is
transferred to a protein, no chain elongation occurs. This second type, the O-GlcNAcylation, is
highly dynamic and important for regulatory processes of intracellular proteins.

[5]

A third

O-glycosylation type is O-fucosylation. Fucose can be transferred to proteins containing either the
epidermal growth factor (EGF) or the throbospondin type repeat (TSR) and is critical for a wide
[6]

range of cell interactions.

Figure 1: Glycan structures. (A) N-glycoside. Pentasaccharide core structure, linked to the consensus
sequence (Asn-XR’-Ser/Thr with XR’= any amino acid except prolin). (B) O-glycosides. α-O-GalNAc,
β-O-GlcNAc and α-O-Fuc linked to Ser/Thr.
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2.2 Fucosylation
Looking at the eight monosaccharides occurring in eukaryotes, fucose is special. In contrast to
the other hexoses, fucose has no 6-hydroxy group and is thus also referred to as 6-deoxygalactose. Further, it is the only naturally occurring L-saccharide while the other monosaccharides
appear in D-configuration.

Inside the cell it has a special role, maybe due to its chemical difference. As part of important
antigens like the H-antigen, as precursor of the ABO blood group antigens, (Figure 2A) or sialyl
Lewis X (Figure 2B), fucose is critical to a wide range of cell events like tissue development,
[6-8]

fertilization, cell adhesion, and inflammation as well as blood transfusion reactions.

In addition

fucose is important for cell-cell interactions and the O-glycosidical addition of fucose to the Notch
receptor is very important for Notch signaling which is e.g. crucial for neuronal development and
angiogenesis.

[6]

Figure 2: Important fucose containing structures. (A) H-antigen
(Fucα12Galβ14GlcNAcβ13GalNAcβ14Glcβ-O-). (B) Sialyl Lewis X
(Neu5Acα23Galβ14(Fucα13)GlcNAcβ-O-).

Besides the previously mentioned O-fucosylation, fucose can be added to both N- and O-glycans.
13 identified human fucosyltransferases catalyze the transfer from guanosine-diphosphate fucose
[6,

(GDP-fucose) to various saccharides and proteins building different kinds of linkages (Figure 3).
8]

While α-1,2- and α-1,3/4-fucosylations usually occur at the terminal glycan positions, α-1,6- and

O-fucosylations are located at the internal site(s) of glycans and, therefore, termed core
fucosylation.

[7]
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Figure 3: Fucosylation sites of human fucosyltransferases. Figure adapted from Ma et al.

[6]

The fucosyltransferases (FucTs) are numbered 1-13 and their genes are named FUT 1-13 (Table
1). FucTs 1 and 2 catalyze α-1,2-linkages which are important for the H-antigen and thus the ABO
blood groups, while FucTs 3-7 and 9 are responsible for α-1,3/4 connections that mainly occur on
Lewis antigens. The α-1,6-fucosyltransferase FucT 8 directs addition of fucose to the asparagine
linked GlcNAc and FucTs 12 and 13 (also known as PO-FucT 1 and 2) add fucose directly to the
[6, 7]

polypeptide chain as O-fucosylation.

In addition there are two putative α-1,3-FucTs 10 and 11,

that have been identified in the genome.

[6, 8]

Table 1: Human fucosyltransferases.
gene

fucosyltransferase

linkage

occurring structure

important for

FUT 1/2

FucTs 1/2

α-1,2

H-antigen

blood groups

FUT 3-7

FucTs 3-7 and 9

α-1,3/4

Lewis antigens

leucozyte adhesion and
lymphocyte homing
(inflammation)

FUT 8

FucT 8

α-1,6

asparagine linked GlcNAc

transmembrane signaling

FUT 12
(POFUT 1)

PO-FucT 1

α-1,O

EGF-like repeats, e.g. on
Notch receptor

embryonal development

FUT 13
(POFUT 2)

PO-FucT 2

α-1,O

TSRs e.g. on metalloproteinases (ADAMs family)

cell-cell interactions

and 9

For all investigated FucTs a broad substrate tolerance in the C-6 position of fucose is reported.
Exemplary, the human α-1,3 fucosyltransferases accept GDP-L-galactose
[11, 12]

linked variants in 6 position (Figure 4A).
13]

[9, 10]

as well as ether

Amide bonds and alkyl chains are also tolerated.

[11,

Even if a trisaccharide is attached to the activated fucose at C-6 the sugar is accepted by the

2. State of knowledge

fucosyltransferase.

[11, 12]
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Also the Helicobacter pylori α-1,3 fucosyltransferase is very tolerant,

accepting GDP-fucose derivatives linked to fluorescent dyes via amide, thiourea or triazole
[14]

linkage in C-6.

Regarding other enzymes of the fucosylation biosynthesis not much is known

about substrate specificity. Only bacterial L-fucokinase/GDP-fucose pyrophosphorylase (FKP) can
[15, 16]

activate L-fucose with several smaller modifications in C-6 (Figure 4B).

[9-13]

Figure 4: Selected accepted substrates for (A) FucTs
and (B) bacterial L-fucokinase/GDP-fucose
[15, 16]
pyrophosphorylase (FKP)
.

For the synthesis of GDP-fucose, the common precursor of fucosylation, two biosynthesispathways have been described: The de novo synthesis and the salvage pathway (Scheme 1),
[6, 8, 17]

both taking place in the cytosol.

The de novo pathway is the major biosynthetic route accounting for more than 90% GDPfucose.

[18]

Starting from GDP-D-mannose three enzymatic reactions are carried out by two

proteins. First GDP-D-mannose 4,6-dehydratase (GMD) oxidizes and dehydrates GDP-Dmannose to form GDP-4-keto-6-deoxy-D-mannose. Next, the dual functional enzyme FX,
epimerizes the hydroxyl group at C-3 and the methyl group at C-5 of the mannose ring. Besides
this 3,5-epimerase activity the FX protein has a 4-reductase domain which catalyzes a hydride
transfer from the cofactor nicotinamide adenine dinucleotide phosphate (NADPH) to the keto
group at C-4, yielding GDP-fucose.

[8, 19]

The salvage pathway utilizes free fucose which is converted in two steps to GDP-fucose.

[8, 20]

The

free fucose can either derive from an extracellular source (e.g. media in cell culture) or from
lysosomal degradation of glycans by fucosidases

[6, 8]

and is then phosphorylated by fucose kinase

with adenosine triphosphate (ATP) consumption. The formed fucose-1-phosphate is further
converted to GDP-fucose by GDP-fucose pyrophosphorylase (GFPP) using guanosine
[6, 8]

triphosphate (GTP).

As most fucosyltransferases are located in the Golgi-lumen, a GDP-fucose transporter imports
GDP-fucose into the Golgi where the activated fucose is further processed into fucosylated
[6]

glygoconjugates.
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Scheme 1: Fucose biosynthesis. Salvage and de novo pathway of fucose metabolism are depicted. Adapted
[8]
from Becker et al.

As fucose is critical for several biological functions, aberrations are linked to pathological
processes. Fucose levels can either be upregulated or downregulated as far as the complete
absence of fucosylated glycans. This phenotype which lacks fucosylation was found in patients
with the rare disease leukocyte adhesion deficiency type II (LADII or congenital disorder of
glycosylation type IIc) which results in a complete set of phenotypes including frequent bacterial
infections.

[5, 8]

Among others no sialyl Lewis X is present which makes leucocyte rolling impossible

leading to an inefficient immune response. The fucose deficiency is likely due to a defect in the de
novo fucose pathway as fucose supplementation restored fucosylation in a diagnosed LADII
[5]

patient.

Increased fucosylation levels on the other hand have e.g. been reported for

inflammation and cancer.

[21]

Signaling events by Notch receptors are prone for oncogenic events

triggered by altered fucosylation and tumor metastasis has also been found to be linked to fucose
levels.

[6, 8]

Additionally overexpression of α-(1,6) fucosyltransferase is associated with aggressive

prostate cancer.

[22]

In 2005, the food and drug administration (FDA) approved the α-1,6-

fucosylated isoform of α-fetoprotein (AFP), called AFP-L3, as cancer biomarker. This isoform is
specific for the hepatocellular carcinoma while being negative for most benign liver diseases.
Another possible cancer biomarker for pancreatic cancer is fucosylated haptoglobin.

[21, 23]

[24]

In order to analyze those fucosylated proteins and find more connections between pathological
processes and glycosylation, different approaches are available. Lectins, as carbohydrate binding
proteins, can be used to selectively label epitopes when coupled to a marker. Lectin blot analysis
using aleuria aurantia lectin (AAL) and lens culinaris agglutinin (LCA) is a well-known method to
determine cellular fucose-levels.

[21]

Besides the detection with lectins or antibodies, radioactive

2. State of knowledge
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labeling of sugars or microarrays of glycans (glycoarrays) can be used to study glycosylation.
While glycan-protein interactions can be determined in high-throughput analysis with glycoarrays,
the primary structure of glycopolymers can be determined using mass spectrometry (MS). To
analyze the glycans they are removed which can be achieved using chemical treatment(s) (e.g. βelimination or hydrogen fluoride treatment) or enzymes (e.g. PNGase F). Further enzymatic
digests with endo-/exoglycosidases and tandem mass spectrometry (MALDI-TOF/TOF MS/MS
and/or ESI-MS/MS) can provide structural information on glycans.

[2, 5, 25]

Other methods to identify

monosaccharides are high-pH anion-exchange chromatography with pulsed amperometric
detection (HPAEC-PAD) and gas liquid chromatography (GLC) coupled with mass spectrometry.

All current tools to characterize glycan structures are destructive which makes monitoring
alterations impossible. A modern approach in which glycans can be visualized in a nondestructive way was developed in the labs of Reutter and Bertozzi. They metabolically incorporate
unnatural glycans which can be selectively labeled in live cells and organisms. This technique is
called metabolic glycoengineering (MGE) and applied in this thesis.

10
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2.3 Metabolic glycoengineering (MGE)
In 1992, the Reutter lab discovered that unnatural N-modified mannosamine derivatives are
metabolized in cells and incorporated as sialic acid derivatives.

[3]

They synthesized elongated N-

acyl group mannosamines (N-propanoyl, N-butanoyl, and N-pentanoyl) which after incorporation
altered sialic acid-dependent virus infections.

[26, 27]

This promiscuity of the sialic acid biosynthesis

pathway was extended by Bertozzi and coworkers who introduced mannosamine derivatives with
keto groups.

[4, 28, 29]

They further exploited the incorporated ketones as chemical reporter to
[4, 28]

covalently ligate it to hydrazide modified molecules.

This incorporation of an unnatural

monosaccharide bearing a functional group which is metabolized by the cellular enzymes in
analogy to the natural sugar and its subsequent reaction with a probe is termed metabolic
glycoengineering (MGE, Scheme 2). As it was shown that peracetylation of monosaccharides
greatly improves their membrane permeability, usually acetyl-protected carbohydrates are fed to
cells.

[30, 31]

Esterases inside the cell can cleave the acetyl groups leaving the free, modified sugar

inside the cell which is then further metabolized.

Scheme 2: Metabolic glycoengineering. A peracetylated mannosamine derivative is metabolically
incorporated as sialic acid into glycoconjugates and selectively labeled with a probe.

The type of ligation reaction is crucial for successful detection of the incorporated
monosaccharide. It should proceed selective in a biological environment. Thus it has to be inert to
all biological functionalities and a unique reporter which is stable in the organism has to be
introduced. To also perform labeling in living systems the functional groups have to react under
physiological conditions which are aqueous solution, a pH of 6-8 and 37°C. In addition, the
formed conjugate has to be stable without being toxic for the organism. Same is due for
byproducts and ideally for all reagents. If all these criteria are fulfilled the reaction is termed
[32-34]

bioorthogonal.

So far, only few of these bioorthogonal ligation reactions have been

discovered. The ones that were successfully applied for MGE are described in more detail in the
[33, 35-37]

following paragraphs.

The first reaction that was used for MGE is the before mentioned ketone-hydrazide-ligation
(Scheme 3A). The introduced ketone (or aldehyde) in the side chain of a sugar, can selectively
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react with a hydrazide to form a stable hydrazone. Reaction in living organisms is not possible as
a pH of 5-6 is required for a sufficient reaction rate.

[38, 39]

Further, aldehydes and ketones can

occur inside the cell which limits its application to the cell surface which is free of these reactive
[35]

groups.

Scheme 3: (A) Ketone-hydrazide ligation and (B) Staudinger ligation.

The first truly bioorthogonal reaction is the Staudinger ligation (Scheme 3B). In this reaction an
azide reacts with a triarylphosphine bearing an ester group in ortho-position to the phosphine to
form an aza-ylide intermediate. In the following intramolecular cyclisation the ester captures the
nucleophilic aza-ylide forming a stable amide bond.

[40, 41]

Regarding the application, high

concentrations of phosphine reagents are needed as they are prone to air oxidation and the
reactivity is relatively slow.

[33, 41]

Nevertheless, the reaction takes place in water at ambient
[42, 43]

temperatures and neutral pH which allows labeling of living cells.

The advantages of the azide as chemical reporter, like its small size, are also exploited in the
azide-alkyne cycloaddition (AAC). The AAC has its origin in 1963, when Huisgen showed, that
azides as 1,3-dipoles can react in a [3+2] dipolar cycloaddition with alkynes.

[44]

To avoid the high

temperature of this reaction Sharpless and Meldal independently found copper (I) as suitable
catalyst.

[45, 46]

This Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC, Scheme 4A) is often

referred to as “click-chemistry” and forms chemically robust triazoles in high yields with exclusive
1,4-regioselectivity. As both, the azide and the alkyne are small in size either can be used as
chemical reporter and fluorogenic probes, which are only fluorescent after reaction, were
developed to reduce background labeling.

[47-50]

Fast reaction rates make the CuAAC attractive,

however copper (I) is cytotoxic which limits its application for living systems. To make the reaction
more biocompatible, copper-chelating ligands were developed. In 2004 Fokin and coworkers
[51]

synthesized the polytriazole TBTA which was the first stabilizing copper (I) ligand.
[52]

years more chelating ligands followed: e.g. the more water soluble THPTA,
enhances the reaction rate

[53]

and its carboxylic acid analog, BTTAA

[54]

Over the

BTTES which also

. Using BTTAA living
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zebrafish embryos could be labeled without observable developmental defects for five days after
treatment.

[54]

Scheme 4: Azide-alkyne cycloaddition in its (A) copper-catalyzed and (B) strain promoted variant.

Another possibility to avoid the cytotoxic copper-catalysis is the use of strained alkynes like
cyclooctyne.

[55]

The activation of the alkyne by ring strain makes the reaction proceed at ambient

temperature without the need for a metal catalyst. This strain-promoted azide-alkyne
cycloaddition (SPAAC, Scheme 4B) is slower than the copper-catalyzed variant but no cytotoxicity
was observed

[56]

, allowing the detection in living systems. The first introduced strained alkyne was
[56]

the cyclooctyne (OCT).

As it has relatively low reaction rates several strained alkynes with

higher reactivity were developed mainly in the labs of Bertozzi, Boons and Van Delft: Among
others,

DIFO

(difluorinated

(bicyclo[6.1.0]nonyne)
thiacycloheptyne)

[61]

[59]

cyclooctyne)

[57]

,

DIBO

(4-dibenzocyclooctynols)

, BARAC (biarylazacyclooctynone)

[60]

[58]

,

BCN

and TMTH (3,3,6,6-tetramethyl-

were successfully applied as ligation partners for azides (Figure 5). The

research is ongoing and fluorogenic probes like coumarin-conjugated BARAC (coumBARAC)
or fluorescein-conjugated dibenzocyclooctyne (FC-DBCO)

[63]

[62]

expand the toolbox of strained

alkynes.

Figure 5: Selected strained alkynes used for SPAAC.
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Another successfully applied bioorthogonal ligation reaction is the inverse-electron-demand Diels[64]

Alder (DAinv) reaction where a tetrazine reacts with an alkene (Figure 6A).

The highly strained

bicyclic adduct reacts in a retro Diels-Alder reaction upon nitrogen release to the 4,5dihydropyridazine making the reaction irreversible.

[65]

Subsequent air oxidation can lead to the

corresponding pyridazines. In pioneering work Sauer investigated different alkenes and the
influence of solvents regarding the reactivity of the [4+2] cycloaddition.
normal Diels-Alder reaction

[70-72]

[66-69]

In contrast to the

the LUMO of the diene (tetrazine) interacts with the HOMO of the

dienophile (alkene) in the DAinv reaction. Thus it proceeds faster if the tetrazine is substituted
with electron withdrawing groups and the alkene is electron rich.

[65, 73]

In addition cyclic alkenes

especially norbornenes and trans-cyclooctenes (TCO) react extremely fast due to their ring strain
[67, 69, 74]

which is released upon reaction (Figure 6B).

Recently tetrazine-linked fluorescent “turn-on”

probes have been introduced which facilitate the application especially for intracellular labeling.

[75-

77]

Figure 6: (A) Inverse-electron-demand Diels-Alder (DAinv) reaction. Only one dihydropyridazine tautomer is
depicted. (B) Strained alkenes used for the DAinv reaction.

The DAinv reaction as bioorthogonal ligation reaction was reported independently by the groups
of Fox

[78]

, Wießler

[79]

, and Hilderbrand

[80]

in 2008. While the Fox lab functionalized the protein

thioredoxin with trans-cyclooctene (TCO), labeled it with tetrazine and analyzed it by mass
spectrometry, the Wießler group investigated the chemotherapeutic temozolonide, which was
ligated in a DAinv reaction with a transporter molecule carrying a cyclobutene. The Hilderbrand
group targeted live cells with a norbornene-functionalized antibody which was selectively labeled
with a tetrazine-fluorochrome conjugate. Norbornenes were also used to label DNA
quantum dots

[82]

and to immobilize carbohydrates on a tetrazine coated surface

and

[83]

. Further,

unnatural amino acids bearing either norbornene or TCO were incorporated into proteins
TCO labeled antibodies were investigated

[81]

[84-87]

and

[88]

. To further accelerate the reaction the Fox lab

introduced trans-bicyclo[6.1.0]non-4-ene (Figure 6B) which reacts approximately 20 times faster
than TCO due to additional ring strain from fusion with a cyclopropane handle.

[89]

Besides

alkenes, strained alkynes like BCN or cyclooctyne are suitable reaction partners for tetrazines.

[85,

2. State of knowledge
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Other strained alkynes like DIBO show no reaction with tetrazines,

used if the DAinv and the SPAAC are performed simultaneously.

thus they can be

[65, 92, 93]

The major disadvantage of the DAinv reaction is that both, the tetrazine and the strained alkenes
(or alkynes), are much larger than azides or alkynes. Especially for MGE this is a problem as only
small reporter groups are accepted by the biosynthetic machinery. To this end our group
introduced terminal alkenes as suitable dienophiles for the DAinv reaction in MGE

[94]

which was

[95]

further extended for unnatural amino acids by the Liu lab

. Another attractive group of

bioorthogonal reporters that is small in size are cyclopropenes
independently explored by the groups of Devaraj

[97]

[96]

and Prescher

(Figure 6B) which were

[98]

and recently applied for

[99-102]

MGE

.

Regarding MGE, most experiments were performed with mannosamine derivatives. These
carbohydrates are metabolized in the sialic acid biosynthesis pathway and are mainly
incorporated as terminal sialic acids of N-glycans which are located on the cell membrane.
Building on the already mentioned work of Reutter

[3]

most sugars were derivatized at the N-acyl
[28]

group. Chemical reporters range from ketones (Ac4ManNLev
alkynes

(Ac4ManNAlk

Ac4ManNBeoc

[103]

,

Ac4ManPoc

[104]

[105]

)

) and cyclic (Ac4ManNCyc

(Figure 7). In addition nitrones

[106]

to

different

[102]

, Ac4ManNCp

and the diazo group

labeled with strained alkynes and isonitriles

terminal

[99]

[108]

[107]

[40]

), azides (Ac4ManNAz
(e.g.

[94]

Ac4ManNPtl

, Ac4ManNCyoc

, mice

[111, 112]

, zebrafish embryos

[113]

) alkenes

were investigated which both were

were explored for labeling with tetrazines. The

as well as enveloped viruses

reactions. It was also applied for super-resolution images
nanoparticles

,

[100]

commonly used derivative is the azido sugar Ac4ManNAz which was used to label cells
110]

) and

[115]

[114]

[52, 63, 109,

with different ligation

and to target DBCO-conjugated

[116]

. Specific proteins were also probed using Förster resonance energy transfer

(FRET) microscopy.

[117]

To shorten the biosynthetic pathway, sialic acid derivatives were
[118, 119]

employed rather than their precursor mannosamine.

Using a BCN conjugated sialic acid

allowed imaging with a fluorogenic tetrazine within live zebrafish embryos.

[90]

Cytidine

monophosphate (CMP) activated azido sialic acid was used for selective exo-enzymatic labeling
[120]

with a sialyltransferase.

In addition to ligation reactions MGE was used for photocrosslinking.

Instead of the chemical reporter a diazirine (Ac4ManNDAz) was incorporated which could be
photoactivated to covalently trap glycoprotein interactions.

[121]

Using stimulated Raman scattering
[122]

(SRS) microscopy Ac4ManNAlk was directly visualized without the addition of a label.
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Figure 7: Selected structures of mannosamine derivatives used in metabolic glycoengineering.

Besides mannosamine derivatives several glucosamine and galactosamine derivatives were
[42, 101, 104, 123-125]

developed.
mice

[43]

, zebrafish embryos

Using these derivatives O-linked

[126, 127]

and C. elegans

glycosylation was visualized in

[128]

.

An appealing feature of the different bioorthogonal ligation reactions is their possible
[129-131]

orthogonality.

Combining different monosaccharide derivatives and orthogonal ligation

reactions, dual labeling strategies were developed. Early work in the Bertozzi lab exploited two
mannosamine derivatives Ac4ManNLev and Ac4ManNAz which were labeled after incorporation
using the ketone-hydrazide and the Staudinger ligation.
Ac4ManNLev and Ac4GalNAz.

[39]

[110]

A similar experiment was done with

In 2010 zebrafish embryos were metabolically labeled with

Ac4GalNAz and sialic acids were visualized using NaIO4 (to expose aldehydes) and aminooxyfluorophores.

[127]

In our lab the DAinv reaction and the SPAAC were used to label Ac4ManNPtl

[94]

and Ac4GalNAz

[100]

as well as Ac4ManNCyoc and Ac4GlcNAz

.

Independent of the reporter group and ligation reaction MGE has one challenge: Especially
N-acetyl-galactosamine and N-acetyl-glucosamine can convert one into the other
conversion to N-acetyl-mannosamine and reverse is also known

[132, 133]

but

[134]

. A first approach to avoid this

interconversion was found in the Pratt lab. They introduced a 6-azido GlcNAc derivative
(Ac36AzGlcNAc) which is selectively incorporated into O-GlcNAcylated proteins.

[135]

The only

monosaccharide that cannot be converted in a detectable range into other carbohydrates is
fucose, probably due to its chemical difference.

[136]

To apply fucose for MGE it is also synthetically

different as fucose does not contain an amine which can be modified. Thus new approaches had
to be found. In 2006 the Wong and Bertozzi labs independently found 6-azido fucose (Ac4Fuc6Az,
Figure 8) to be tolerated by the biosynthetic machinery.

[47, 137]

Bertozzi and coworkers used the

Staudinger ligation and the CuAAC to label the incorporated sugar. They also tested 2- and 4[137]

azido fucose derivatives which were not metabolized.

The Wong group applied CuAAC with a
[47]

fluorogenic dye and additionally synthesized the 6-alkyne derivative Ac4Fuc6Alk.

In a follow up

paper they found the alkyne derivative superior to the azido fucose, which showed remarkable
cytotoxicity (also observed in the Bertozzi lab

[137] [138]

).

Both derivatives were also applied in their

GDP activated variant in zebrafish embryos which has the advantage that the salvage pathway
with critical enzymes is bypassed. While GDP-Fuc6Alk was labeled with the CuAAC using
different chelating ligands

[53, 54, 139]

GDP-Fuc6Az was visualized via SPAAC

Figure 8: Fucose derivatives applied for MGE.

[140]

.
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Besides zebrafish embryos, alkyne fucose (Ac4Fuc6Alk) was shown to be incorporated into the
cell walls of Arabidopsis thaliana roots
Bacteroidales species

[142]

[141]

and into cell-surface glycoproteins of the gram-negative

. Interestingly, the Haltiwanger lab proofed incorporation of Ac 4Fuc6Alk

into N- and O-linked glycans by mass spectrometry and found that the following elongation of the
[143]

unnatural derivatives is not hampered in CHO cells.

In another approach the Wu lab

selectively added azido fucose to N-acetyllactosamine-bearing glycans. They used a α-(1,3)fucosyltransferase which transfers fucose only to this disaccharide. Incubation of CHO cells or
zebrafish embryos for 10-20 minutes with the FucT and the GDP-Fuc6Az enabled exogenous site
[144]

specific labeling of N-acetyllactosamine.

Taken together, MGE is a powerful tool to visualize carbohydrates which can be applied with a
whole set of sugar derivatives and ligation reactions. Of these sugar derivatives fucose, as a
biologically highly important monosaccharide, was successfully applied as the azido or alkyne
derivative. While the application of Ac4Fuc6Az is limited due to its cytotoxicity, Ac4Fuc6Alk
proofed applicable regarding its incorporation. As strained alkynes are bulky and thus unlikely to
be incorporated only the CuAAC can be used to ligate the alkyne which makes labeling of living
organisms

challenging.

In

addition

it

was

reported

that

Ac4Fuc6Alk

fucosyltransferase 8 which might influence experiments using this derivative.

[145]

inhibits

the

Thus a new

fucose derivative which can be labeled with another ligation reaction is desirable to expand the
scope of this methodology and is investigated in this thesis.
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3. Objectives
3.1 Design and Synthesis of Fucose Derivatives for MGE in
Combination with the DAinv Reaction
Fucose, as part of important antigens like sialyl Lewis X is e.g. crucial for developmental
processes and the immune system response. Even though it is a fascinating glycosylation, not
much is known about fucosylation patterns to date. An elegant way to detect carbohydrates,
metabolic glycoengineering (MGE)

[3, 4]

, was developed over the last 25 years. In this method, an

unnatural carbohydrate with a reporter group is fed to cells, which metabolize the derivative in
analogy to the natural sugar. In a second step, the incorporated derivative can be ligated, e.g. to a
fluorescent dye, for detection. So far, MGE with fucose was only applied in combination with the
[47, 137]

click reaction using azide or alkyne modified fucose derivatives.
cytotoxic

[138]

As the azido fucose is

and the alkyne fucose can only be labeled using cytotoxic copper as catalyst, a new

fucose derivative, which can be applied in MGE is desirable. A suitable ligation reaction is the
DAinv reaction, where an alkene reacts with a tetrazine. Previously, this reaction was successfully
applied with alkene-modified mannosamine derivatives.

[94]

During this work, three fucose derivatives 1-3 bearing a terminal alkene should be synthesized
and investigated for their suitability in MGE. The derivatives differ in their chain length in the 6
position, where the alkene is located. This is likely to influence the incorporation efficiency as well
as the reactivity in the DAinv reaction.

Scheme 5: Target fucose derivatives 1-3 with L-galactose as common precursor.

Having the derivatives in hand, second order rate constants should be determined and
cytotoxicity assays should be performed to ensure that the compounds are not toxic for the cells.
Finally, the derivatives should be applied in MGE (Scheme 6). In addition, commercially available
alkyne fucose should be used to investigate metabolic labeling with fucose.
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Scheme 6: Metabolic glycoengineering with new fucose derivatives, labeled in the DAinv reaction.
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3.2 Investigation and Application of the Nitrile Imine
Cycloaddition as a new Ligation Reaction for MGE
In the second part of this project, another ligation reaction, the nitrile imine cycloaddition, should
be investigated and for the first time applied for MGE. In this reaction, a nitrile imine reacts with an
alkene forming a pyrazoline (Figure 9A). As the nitrile imine is highly reactive, it has to be
generated in situ e.g. by light-induced activation of a tetrazole at 302 nm, which is then called
photo-click reaction. Besides the fact, that it is favorable to have a whole set of sugar derivatives
and labeling reactions, the advantage of the photo-click reaction is the possibility to control the
reaction in a spatiotemporal manner.

[146]

This enables the start of the reaction at a defined time

point and location. In addition, the reaction is fluorogenic which simplifies analysis. As electron
poor alkenes react well, it is likely that small sugar modifications, like acrylamide can be used.
Thus, small derivatives can be applied, which are expected to be incorporated superior to long
chain derivatives. This is preferable in comparison to the DAinv reaction were adverse effects
between reactivity and incorporation efficiency occur.

Figure 9: (A) Photo-click reaction. (B) Schematic structures of tetrazole-biotin derivatives, including a linker
for increased water solubility.

In order to apply the reaction, tetrazoles and tetrazole derivatives, linked to biotin, should be
synthesized. A linker, for improved water solubility, should be included (Figure 9B). Having
tetrazole derivatives, initial photo-click reactions should be carried out in order to establish
suitable reaction conditions. To this end, a plate reader assay in a 96-well format should be
established to monitor different parameters like concentrations or irradiation times. Further,
suitable alkenes should be tested. Finally, the reaction should be applied for metabolic
glycoengineering (MGE) where conditions for the ligation reaction have to be optimized. Confocal
fluorescence microscopy experiments should be performed for visualization and analysis.
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4. Results
4.1 Design and Synthesis of Fucose Derivatives for MGE in
Combination with the DAinv Reaction
4.1.1 Design and Synthesis of Fucose Derivatives with Terminal
Alkenes
In order to apply fucose derivatives in metabolic glycoengineering (MGE) using the inverseelectron-demand Diels-Alder (DAinv) reaction as ligation reaction we designed a series of fucose
derivatives 1-3 (Figure 10A) with terminal alkenes as reporter groups differing in their chain
lengths.

Figure 10: (A) Series of fucose derivatives with terminal alkenes as reporter group. (B) Previously used
fucose derivatives for MGE.

We choose the terminal alkene as reporter group due to its small size and good handling. Andrea
Niederwieser in our group successfully applied mannosamine derivatives with terminal alkenes for
metabolic glycoengineering.

[94]

Based on previous work from the Bertozzi and Wong labs who

have shown that the 6-substituted fucose derivatives Ac4Fuc6Az (4)

[47, 137]

and Ac4Fuc6Alk (5)

[47]

(Figure 10B) are accepted in the biosynthetic fucose pathway, we chose to modify the same
position. The length of the side chain was expected to have adverse effects on the suitability of
the fucose derivative for MGE. On the one hand the DAinv reactivity is likely to increase with a
growing chain length due to the growing distance to the electron withdrawing ring oxygen. On the
other hand better incorporation for small modifications is expected. Thus we designed three
derivatives to find the perfect balance. All sugars were peracetylated to facilitate penetration over
[30, 31]

the cell membrane.

All syntheses started from L-galactose which is highly expensive due to the unnatural
L-configuration.

As natural D-galactose is affordable and the chemical properties of the two

configurations are identical, I decided to test and optimize all reactions using D-galactose as
starting material. In the interests of simplification I will focus on the synthesis of the L-fucose
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derivatives. Only optimizing parts will be depicted for the D-derivative as they were not performed
with L-galactose.
To synthesize the common intermediate 7 (Scheme 7A) galactose was 1,2:3,4-isopropylidene
protected using acetone and zinc chloride

[147]

yielding sugar 6 in 86%. The alcohol was then
[147, 148]

oxidized with pyridinium chlorochromate (PCC).

Even though this oxidation is literature

known, conversion of the D-sugar yielded only 28%. Testing more conditions, oxidation with DessMartin periodinane (DMP) in dry DCM gave 20% product. These low yields could be explained
with the isopropylidene protection group which might shield the attack of the bulky reagents.
Another method to oxidize an alcohol to the aldehyde is the Swen oxidation. The reactive
chloro(dimethyl)sulfonium chloride is highly reactive and small in size. Reaction with the
isopropylidene protected D-galactose yielded 84%

[149]

which was sufficient and thus applied for

the protected L-galactose 6. Using the L-derivative yielded 74%.
[150]

Ac4Fuc6CH2

(1) was obtained in three steps from 7 (Scheme 7B). First a Wittig reaction

[151]

with methyltriphenylphosphonium bromide and n-BuLi was carried out, which yielded 72%. For
the protecting group manipulation a one-step procedure with acetic acid, acetic anhydride and
sulfuric acid was performed. The desired D-product could be isolated in 47%. As we expected a
higher yield for protecting group manipulation the conversion was done in two steps: For
deprotection, sugar 8 was refluxed in 70% acetic acid. The excess of acetic acid and water was
removed and acetic anhydride and pyridine were added to the crude product 9. Extraction and
flash column chromatography yielded the peracetylated sugar 1 in 80% over two steps. The
overall yield over five steps for Ac4Fuc6CH2 (1) was 37%.

Scheme 7: Synthesis of (A) common precursor 7 and (B) Ac4Fuc6CH2 (1).

In Scheme 8 the seven-step synthesis of Ac4Fuc6Vin (2) is depicted. Starting from aldehyde 7, a
Grignard reaction with vinyl bromide and magnesium yielded alkene 10 in 71% after purification
with flash column chromatography. For deoxygenation the remaining alcohol was activated either
with methyl oxalyl chloride or with 1,1’-thiocarbonyldiimidazole, which worked well with both.
Critical was the following radical cleavage with AIBN and Bu3SnH as most of the terminal alkene
rearranged to the thermodynamically favored product 13. It is likely that the structures 11a and
11b are in equilibrium. Probably due to sterical hindrance from the axial group in the four position
H-atom transfer occurs predominantly at the terminal position of 11b, yielding the product 13
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(Scheme 8). This was observed for both activation reagents and shortening the reaction time did
not change the product ratio. As it might be due to the sterical hindrance of the axial group a small
hydrogen source might improve the yield for the desired product 12. Thiophenol is sterically
undemanding and known to react fast as hydrogen source in radical reactions and might thus be
[152]

suited for this reaction.

As enough material for the biological investigation was synthesized

with the Barton McCombie reaction using 1,1’-thiocarbonyldiimidazole for activation, the reaction
was not further optimized. The desired isomer 12 could be separated from 13 by flash column
chromatography. Finally protecting groups were changed to get Ac 4Fuc6Vin (2) in an overall yield
of 2% over seven steps.

Scheme 8: Synthesis of Ac4Fuc6Vin (2).

For the preparation of Ac4Fuc6All (3) aldehyde 7 was reacted in an organometallic reaction with
zinc and allylbromide, yielding fucose 18 in 54% (Scheme 9B). For the deoxygenation of 15 two
different Barton McCombie activation ragents were tested: phenyl chlorothionoformate and
1,1‘-thiocarbonyldiimidazole (Scheme 9A). Using 1.3 equivalents phenyl chlorothionoformate with
two equivalents DMAP in acetonitrile no activated compound 16 could be isolated. As second
activation reagent 1,1‘-thiocarbonyldiimidazole was investigated. Activated sugar 17 was isolated
in 65% yield after reaction of alcohol 15 with 1.4 equivalents 1,1‘-thiocarbonyldiimidazole in
toluene. The activated sugar 17 was refluxed with Bu3SnH and AIBN in toluene. After the
expected short reaction times (5 min to 1 h) no changes were monitored via TLC. Refluxing for
7 hours and stirring at room temperature overnight, gave starting material 15 after purification.
Therefore the Barton McCombie reaction is not suited for this deoxygenation.

Conversion of 18 to the iodide 19 with PPh3, iodine and imidazole followed by radical cleavage
with AIBN and Bu3SnH finally yielded the alkene 20 (Scheme 9B). For protecting group
manipulation sugar 20 was deprotected with 70% acetic acid to free sugar 21 and peracetylated
using Ac2O and pyridine. The aimed compound 3 was obtained over seven steps starting from
L-galactose

in an overall yield of 7%.
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Scheme 9: (A) Tested Barton McCombie activation reagents for the deoxygenation. (B) Synthesis of
Ac4Fuc6All (3).

Finally, the series 1-3 (Figure 10A) of fucose derivatives with terminal alkenes as reporter group
could be successfully synthesized. For kinetic investigations the free sugar is advantageous. It is
not only better comparable to conditions inside the cell, where esterases have cleaved off the
acetyl groups, but also soluble is aqueous media. Thus, fucose derivatives 1 and 3 were
deacetylated using ethyldimethylamine in MeOH yielding α/β-mixtures of free fucose derivatives
Fuc6CH2 (9) and Fuc6All (21). The sugars were protected first as purification of free
carbohydrates is challenging. Nevertheless sugar 14 (Fuc6Vin) was purified after isopropylidene
deprotection of 12 due to limited material. For purification flash column chromatography with 14%
MeOH in DCM was used. As eluents with high proportions of MeOH can dissolve the silica, the
compound was incubated in water at room temperature overnight. The free sugar was filtered to
separate it from insoluble silica. Lyophilizing yielded pure Fuc6Vin (14). Having the series of free
fucose derivatives Fuc6CH2 (9), Fuc6Vin (14), and Fuc6All (21), their kinetics were analyzed.

4.1.2 Kinetics and Biological Investigations
In order to determine how fast the three fucose derivatives react in the DAinv reaction, kinetic
investigations were performed. The assay was established previously in our lab by Andrea
Niederwieser

[94]

and is based on the characteristic absorption maximum of tetrazines at around

520 nm (Figure 11). As neither products nor other DAinv reactants have considerable absorption
at this wavelength, the absorption at 522 nm can be measured and correlated to the tetrazine
concentration using the Lambert-Beer law. Monitoring the reaction over time enables the
calculation of second order rate constants. As solvent, acetic acid with a pH of 4.8 was used. The
mild acidic conditions guarantee tetrazine stability and thus avoid tetrazine decomposition which
also results in a decreasing absorbance at 522 nm.

4. Results

27

Absorption

DAinv
reaction

Wavelength [nm]

Figure 11: Principle of kinetic investigations. (A) Tetrazine 22 reacts with terminal alkene 9, 14 or 21 yielding
different isomers and tautomers of DAinv products. (B) Decreasing UV/Vis absorbance of tetrazine 22 upon
reaction.

In orienting experiments the second-order rate constants (k2) of four alkenoles (allyl alcohol,
butenol, pentenol, and hexenol) were determined. Therefore equimolar amounts of alkenoles and
tetrazine 22 were mixed in a cuvette and the decreasing tetrazine absorbance at 522 nm was
observed by UV/Vis spectroscopy (Figure 11B). Curve fitting delivered the rate constants which
are depicted in Table 2. As expected, the DAinv reactivity increased with growing chain length
which corresponds to a higher HOMO energy of the dienophile. For allyl alcohol that has a small
distance between the electron withdrawing oxygen and the double bond the reactivity is very low
-1 -1

(k2 = 0.002 M s ). By prolonging the chain length to butenol this reactivity is increased by a factor
of 5.5. When elongating the chain further a decreasing impact on reactivity was observed: k2
increased by factors of 3.1 and 2.4 when going to pentenol and hexenol.

Table 2: DAinv second order rate constants k2 of alkenoles, fucose derivatives and mannosamine derivatives
with tetrazine 22.
-1 -1

-1 -1

-1 -1

alkenols

k2 [M s ]

fucose
derivatives

k2 [M s ]

mannosamine
derivatives

k2 [M s ]

allyl alcohol

0.002 ± 0.0002

Fuc6CH2 (9)

0.0004 ± 0.0001

ManNAloc

0.0015 ± 0.0001

butenol

0.011 ± 0.001

Fuc6Vin (14)

0.009 ± 0.001

ManNBeoc

0.014 ± 0.003

pentenol

0.034 ± 0.0003

Fuc6All (21)

0.029 ± 0.001

hexenol

0.080 ± 0.006

ManNPeoc

[94]

ManNHeoc

0.017 ± 0.0002
0.074 ± 0.013

-1 -1

For Fuc6CH2 (9) hardly any reaction was detectable over 12 hours (k2 = 0.0004 M s ) which is
even less reactive than allyl alcohol. This difference might be due to a steric effect as the alkene
is close to the ring and the axial hydroxyl group might sterically hinder the reaction. When
comparing the longer chain lengths there is only a small difference between the alkenole and the
-1 -1

corresponding fucose derivative. Fuc6Vin (14) with a rate constant of k2 = 0.009 M s reacts in
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the same range as butenol (k2 = 0.011 M s ) and both, k2 of pentenol and Fuc6All (21) increase
by a factor of about 3. In Figure 12 the decreasing tetrazine concentration over time of the three
fucose derivatives is shown and reactivity differences can be seen.

Figure 12: Decreasing tetrazine 22 concentrations over time for reaction with fucose derivatives 9, 14
and 21.

During the compound design we hypothesized the dependence of reactivity and incorporation
efficiency where we claimed adverse effects for the two parameters. Having the second order rate
constants of the alkenols and fucose derivatives we can conclude, that the DAinv reactivity indeed
increases with a growing chain length. To get more insights into this hypothesis, especially
regarding the incorporation efficiency, we teamed up in our group and worked together on a
project with mannosamine derivatives. Even though many experiments were performed by others
I will depict the results for a complete overview. To get started, Anne-Katrin Späte and Sophie
Schöllkopf synthesized a series of alkene mannosamine derivatives 23-26 differing in their chain
[105]

lengths (Figure 13).

Measuring second order rate constants of free sugars again showed an

increasing reactivity with a growing chain length (Table 2).

Figure 13: Mannosamine derivatives 23-26 with different chain lengths.

To study the suitability of the mannosamine derivatives 23-26 for MGE regarding cell surface
sialic acids, microscopy experiments were performed by Anne-Katrin Späte.

[105]

HEK293T cells

were cultured in the presence of sugars 23-26, respectively for 48 h. Incorporated, alkene
modified sialic acids were reacted with Tz-biotin (27) (1 mM, 6 hours, 37°C) and labeled with
streptavidin-AlexaFluor®(AF)647. Confocal fluorescence microscopy showed cell membrane
staining for all four mannosamine derivatives 23-26, while no staining in the negative control was
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detected (Figure 14A). Only little membrane staining was observed for Ac 4ManNAloc (23), which
can be explained by its slow reactivity in the DAinv reaction. Interestingly, the staining intensity for
the other derivatives increased from the long chain Ac 4ManNHeoc (26) to the shorter
Ac4ManNBeoc (24) in contrast to the reactivity. This indicates better incorporation efficiency for
the short chain length derivative. With Ac4ManNBeoc (24) we found a mannosamine derivative
with the perfect balance between reactivity and incorporation efficiency.

[105]

Figure 14: (A) MGE for visualizing cell surface sialic acids. HEK293T cells were grown with DMSO or with
100 µM Ac4ManNAloc (23), Ac4ManNBeoc (24), Ac4ManNPeoc (25), and Ac4ManNHeoc (26), respectively,
for 48 h. Cells were labeled with Tz-biotin (27) (1 mM, 6 h, 37°C) followed by streptavidin-AF647 (20 min,
37°C). Nuclei were stained with Hoechst33342. Scale bar: 30 µm. (B) Structure of tetrazine-biotin (27). (C)
DMB-labeling reaction.

To finally verify incorporation efficiencies, Jeremias Dold applied a technique to label and quantify
[153]

incorporated sialic acids, called DMB-labeling, in his master’s thesis.

To this end he cleaved

off sialic acids using 3 M acetic acid (80°C, 90 min) and labeled them with 1,2-diamino-4,5methylendioxybenzene (DMB (28), Figure 14C). DMB (28) is selective for α-keto acids and
fluorescent upon reaction. Thus fluorescent readout upon RP-HPLC was performed. The
retention times of incorporated unnatural sialic acid derivatives were compared with previously
synthesized chemical standards. Using this method Jeremias Dold determined incorporation
ratios, compared to natural sialic acids, of 50%, 13% and 6% for Ac 4ManNAloc (23),
Ac4ManNBeoc (24), and Ac4ManNPeoc (25), respectively. For Ac4ManNHeoc (26) no
incorporation could be detected.

[153]

These results again showed better incorporation for short

residues and thus perfectly fit to our microscopy data and support our hypothesis that
incorporation efficiency decreases with a growing chain length while reactivity increases.
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Knowing that with reactivity and incorporation efficiency there are adverse effects for successful
application in MGE we expect good incorporation for Ac4Fuc6CH2 (1), which however is not
possible to react in a DAinv reaction. For good reacting fucose derivatives with longer chain
lengths we needed to test if they are incorporated. Thus, Ac4Fuc6Vin (2) and Ac4Fuc6All (3) are
promising sugars for the use in MGE whereas Ac 4Fuc6CH2 (1) is not suited for biological
applications in combination with the DAinv reaction.
Before MGE experiments with fucose derivatives were performed, cytotoxicity was tested using
an AlamarBlue assay.

[154]

This assay is based on the conversion of blue resazurin to red resorufin

by living cells. Comparing the absorbance of treated to untreated cells shows cell viability. Thus,
HEK293T cells were grown for two days with different concentrations of unnatural carbohydrates
before incubating them with resazurin for 90 minutes. Applying sugar concentrations of 0.03 –
1 mM which were prepared with DMSO stock solutions of 100 mM, little cytotoxicity was only
detected for high concentrations, while cells stayed living with concentrations up to 500 µM
(Figure 15A). Thus all fucose derivatives 1-3 show no cytotoxicity in the applied concentrations.
As control, DMSO only was measured. 1% DMSO, which corresponds to a 1 mM solution
(prepared from a 100 mM stock in DMSO), is adequate for the cells, which still have 80%
survivability. Higher DMSO concentrations rapidly decrease the number of cells (Figure 15B). The
literature-known fucose derivatives Ac4Fuc6Alk (5) and Ac4Fuc6Az (4) were also tested. The
alkyne derivative 5 is in the same range as the alkene derivatives 1-3 and the azido fucose 4 is
more toxic with an IC50 value of 200 µM (Figure 15B). This is in agreement with the literature
where Ac4Fuc6Az (4) was reported to be toxic.

[137, 138]

Figure 15: AlamarBlue assay. Dose-response curves of HEK293T cells incubated with increasing sugar
concentrations. (A) Two independent measurements, each with four replicates were performed. (B) One or
two independent measurements, each with four replicates were performed.

Finally MGE experiments were performed to see if the fucose derivatives 2 and 3 are suited for
cell surface fucose labeling. HEK293T or HeLa S3 cells were incubated with 200 or 500 µM
Ac4Fuc6Vin (2) or Ac4Fuc6All (3) for 24 or 48 hours followed by labeling with 1 mM Tz-biotin 27
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for 6 hours at 37°C, which are the same conditions as previously used for terminal alkenes

[94]

. No

reproducible cell membrane staining could be detected for all conditions. In addition, soluble
fucosylated proteins were investigated using Western blot analysis. For these experiments
HeLa S3 cells were treated with 200 or 500 µM Ac4Fuc6All (3). The cells were lysed and the
lysate was reacted with Tz-biotin 27 (concentrations of 150 – 250 µM) for 3 – 4 hours. The
samples were blotted and in the resulting Western blot, no differences between the fucose treated
and the DMSO treated cells could be detected. Thus, neither by microscopy nor by Western blot
analysis incorporation of sugars 2 and 3 could be detected. This can have two reasons: Either the
fucose derivatives are not accepted by the biosynthetic machinery and thus not metabolized or
the incorporated saccharide does not react sufficiently with the tetrazine. If the reason is
insufficient enzyme acceptance, the synthesis of GDP-fucose derivatives or the use of CHO
Lec13 cells might improve incorporation. Both approaches are depicted in more detail later. If the
incorporation cannot be detected because of insufficient reactivity, faster reacting reporter groups
can be applied. Especially, as fucose is less frequent on the cell membrane than sialic acids and
probably shielded by other glycans, a faster reaction might help to reach the detection limit.
[100]

Terminal alkenes react slowly in the DAinv reaction compared to strained alkenes.

Thus the

cyclopropene as the smallest strained alkene is a possible, fast reacting reporter.

4.1.3 Investigation of Fucose Derivatives with Cyclopropenes
During this work Anne-Katrin Späte successfully synthesized and applied the peracetylated
methylcyclopropene mannosamine derivative Ac4ManNCyoc (29, Figure 16A) in our lab. As
-1 -1 [100]

cyclopropenes react fast in a DAinv reaction (k2 = 1 M s )

we designed a methyl-

cyclopropene fucose derivative in order to compensate little incorporation with higher reaction
rates. Our first idea was to add the cyclopropene with an ether linkage to the fucose. Markus
Schöwe embarked on the synthesis during his master’s thesis

[155]

while I tested the compounds in

cell experiments. The advantage of the ether linkage is, that it is small and ether linked
L-galactose

derivatives are known to be accepted by fucosyltransferases and bacterial

L-fucokinase/GDP-fucose

pyrophosphorylase.

[12, 15]

First, the ether linked azido and alkyne fucose

derivatives 30 and 31 were synthesized in order to verify the ether acceptance. Both derivatives
were tested in cell culture experiments. To this end, HEK293T or CHO cells were incubated with
sugar concentrations of 50 – 500 µM of both derivatives, respectively, for two or three days. Both
sugars were found to be toxic with concentrations of 200 µM and higher. The azide 30 was
reacted in a SPAAC using DIBO-AF488 and for the alkyne 31 the CuAAC with azide-biotin
followed by streptavidin-AF555 was chosen. For both derivatives no membrane staining could be
detected via microscopy. In addition Markus Schöwe found that the ether-cyclopropene derivative
32 is not stable. Thus, ether linked fucose (or L-galactose) derivatives are not suited for MGE.
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Figure 16: Structues of (A) mannosamine derivative with carbamate linked methyl-cyclopropene
[155]
ether fucose derivatives and carbamate linked methyl-cyclopropene fucose 33 .

[100]

, (B)

Thus we decided to investigate the carbamate linkage and Markus Schöwe synthesized the
methylcyclopropene fucose 33 in analogy to the mannosamine derivative 29. The primary OH
group of isopropylidene protected L-galactose 6 was converted to an azide and reduced to the
amine. Reaction with activated methylcyclopropene yielded the isopropylidene protected
carbamate linked fucose 33. Deprotection was challenging, as standard conditions yielded the
free amine. Using 5 M HCl (aq) in THF conversion to the free sugar was successful and after
peracetylation Ac4Fuc6Cyoc (33) was isolated. When I tested the compound for MGE, I used the
same set up as previously described. HEK293T cells with sugar concentrations of 200 and
500 µM were investigated via fluorescence microscopy. Reaction with Tz-biotin 27 for four hours
at 37°C followed by streptavidin-AF555 did not label the cell membrane. In addition, Western blot
experiments with 200 µM sugar showed no difference to the negative control when labeling with
250 µM Tz-biotin 27 for one or three hours. As the methylcyclopropene reacts rapidly in the DAinv
reaction and labeling with the comparable mannosamine derivative 29 is superior, it is likely that
Ac4Fuc6Cyoc (33) is not incorporated by the cells’ biosynthetic machinery. This is probably due to
the big unnatural reporter group with the carbamate linkage. Therefore we designed a smaller
derivative, Ac4Fuc6Cp (37, Scheme 10B), in analogy to the mannosamine derivative 34 (Scheme
10A) which was recently published by the Ye lab.

[102]

This sugar still has a fast reacting

cyclopropene as reporter but lacks the methyl group. In addition, it is linked via the smaller amide
bond rather than the carbamate. For the synthesis Ac4Fuc6Az (4)

[147]

was used which was

reduced to the amine 35 using H2/Pd in the presence of TFA. Coupling of the N-hydroxy
[102]

succinimide (NHS)-acctivated cyclopropene 36

(synthesized by Jessica Pfotzer) to the crude

product 35 yielded the desired cyclopropene fucose 37 in 33%.

4. Results

33

Scheme 10: (A) Structure of cyclopropane mannosamine 34. (B) Synthesis of Ac4Fuc6Cp (37).

Incorporation experiments for both, cell membrane and soluble proteins did again not bring a
detectable signal, while membrane staining with Ac4ManNCp (34) worked well (Figure 17). Thus it
is likely that Ac4Fuc6Cp (37) is not converted to the corresponding GDP-fucose derivative and
incorporated. Maybe the GDP-fucose-pyrophosphorylase (GFPP) which converts fucose-1phosphate to the GDP-sugar is not promiscuous enough. For this enzyme it is reported that it
discriminates its substrates through recognizing the C-6 methyl group, among others.

[156]

Figure 17: HEK293T cells were incubated with 200 µM Ac4FucNCyoc (33), 200 µM Ac4Fuc6Cp (37), 100 µM
Ac4ManNCp (34) or DMSO as solvent control for 1 day. Cells were reacted with Tz-biotin (27, 250 µM, 4 h,
37°C) followed by streptavidin-AF555 (20 min, rt). Nuclei were stained with Hoechst33342. Scale bar 30 µm.

4.1.4 Biological Investigations with Alkyne Fucose
In parallel to fucose studies with the DAinv reaction the biological setup using the commercially
available Ac4Fuc6Alk (5) was investigated. Ac4Fuc6Az (4) was tested as well, but concentrations
of 50 µM were already harmful for the cells and cell membrane staining was not observed after
labeling with DBCO-Cy3 (50 µM, 30 min). Thus Ac4Fuc6Alk (5) was used for further analysis.
HEK293T cells, CHO cells or HeLa S3 cells were cultured in the presence of 100 to 500 µM
Ac4Fuc6Alk (5) for 24 or 48 hours. As terminal alkynes can only be reacted in the CuAAC this
labeling reaction was used either with azide-rhodamine488 or two step-labeling with azide-biotin
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40 followed by a streptavidin-dye conjugate. All cell lines and labeling conditions showed staining
of the cell membrane (Figure 18). Due to the cytotoxic copper the labeled cells are stressed which
leads to a high intracellular background signal, especially when staining with aziderhodamine488. Two step labeling using azide-biotin 40 and a streptavidin dye conjugate reduced
unspecific staining. Fixing the cells with 4% paraformaldehyde (PFA) before the click reaction
helps to have healthy looking cells but the background is excessive, even if the labeling is
performed in two steps. Regarding the sugar concentration 200 µM were found to be sufficient.
Increasing the concentration to 500 µM did not label the membrane more intensively.

Figure 18: MGE with Ac4Fuc6Alk (5) in different cell lines. Hela S3, HEK293T or CHO cells were incubated
with 200 µM sugar 5 or DMSO as solvent control for 48 h. Cells were reacted with azide-rhodamie488
(40 µM, 30 min, rt) using CuAAC. Scale bar 30 µm.

Next, we wanted to compare Ac4Fuc6Alk (5) to Ac4ManNAlk (38) in MGE. To this end the two
derivatives were fed to HeLa S3 or HEK293T cells, incubated for 48 hours and labeled in the two
step procedure. Both sugars showed a distinct signal on the cell membrane, but big differences in
the staining intensity were observed: The mannosamine derivative 38 gave a bright signal while
the alkyne fucose 5 provided little staining (Figure 19A) even though the fucose concentration
(200 µM) was doubled compared to the mannosamine one (100 µM). When adjusting microscopy
parameters for the fucose derivative 5, the cells fed with mannosamine 38 were highly
overexposed. This might be due to the fact that sialic acids occur more frequently on the cell
surface and at the outer ends of N-glycans while fucose is mainly present as core fucosylation
and maybe shielded. Another explanation could be that the enzymes of the fucose metabolism
are less promiscuous and Ac4Fuc6Alk (5) is not incorporated well. In addition soluble proteins
were investigated. To this end HEK293T cells were fed with Ac4Fuc6Alk (5) or Ac4GlcNAlk (39)
for 48 hours. As mannosamine derivatives occur mainly on the cell surface and glucosamine

4. Results

35

derivatives are better incorporated into soluble glycoproteins this sugar was chosen for
comparison. After cell lysis the lysates were reacted with azide-biotin 40 and immunoblotted for
biotin (Figure 19B). For both sugars staining was detected. Similar to the cell membrane with
mannosamine, fucose staining was weak and mainly detectable for bigger proteins while
Ac4GlcNAlk (39) showed intense staining.
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Figure 19: Differences in staining intensities between fucose and mannosamine or glucosamine derivatives.
(A) HeLa S3 or HEK293T cells were incubated with 200 µM Ac4Fuc6Alk (5), 100 µM Ac4ManNAlk (38) or
DMSO as solvent control for 48 h. CuAAC with azide-biotin 40 (2 µM, 30 min, rt) followed by streptavidinAF647 (upper panel, 20 min, 37°C) or streptavidin-AF555 (lower panel, 20 min, 37°C) was used for visualization. Nuclei were stained with Hoechst33342. Scale bar 30 µm. (B) For the detection of soluble glycoproteins, HEK293T cells were incubated with 200 µM Ac4Fuc6Alk (5) or 200 µM Ac4GlcNAlk (39) or DMSO as
solvent control for 48 h. Cells were lysed and reacted with azide-biotin 40. Proteins were immunoblotted for
biotin. (C) Chemical structures of alkyne sugars and azide-biotin 40.

In order to find out the perfect incubation time for fucose derivatives HEK293T cells were cultured
in the presence of 200 µM Ac4Fuc6Alk (5) for 4, 24, and 48 hours, respectively. The cells were
again labeled with the CuAAC in two steps with azide-biotin 40 followed by streptavidin-AF555.
Already after four hours incubation with 5, little membrane staining was observed (Figure 20). The
staining intensity increased when the incubation time was prolonged to 24 hours, where the
membranes were clearly visible. A similar intensity was detected after 48 hours. Thus feeding the
cells for one or two days with fucose derivatives is sufficient for incorporation. When comparing
these results with Ac4ManNAlk (38), the pattern was different. With the mannosamine derivative
no membrane staining was observed after four hours. Incubation for one day yielded nice
membrane staining but this was further intensified by extending the sugar incorporation time to
48 hours (Figure 20). Thus, fucose incorporation is faster than mannosamine incorporation. This
could be due to the fact that mannosamine has to be converted to the corresponding sialic acid
derivative before it can be incorporated, while fucose only has to be activated.

Figure 20: HEK293T cells were incubated with 200 µM Ac4Fuc6Alk (5) or 100 µM Ac4ManNAlk (38) or
DMSO as solvent control for 4, 24, or 48 h, respectively. CuAAC with azide-biotin 40 (2 µM, 30 min, rt)
followed by streptavidin-AF555 (20 min, 37°C) was used for visualization. Scale bar 30 µm.

In conclusion, Ac4Fuc6Alk (5) can be incorporated and detected using the copper-catalyzed click
reaction in all tested cell lines (HEK293T, HeLa S3 and CHO cells). An alkyne fucose 5
concentration of 200 µM was found to be sufficient to detect incorporation. Staining can be
achieved in a one-step labeling procedure with azide-rhodamine488 as well as in two steps with
azide-biotin 40 followed by a streptavidin dye conjugate which reduces background labeling.
Regarding the incubation time for the fucose derivative, one day is sufficient for distinct
membrane staining, while there is no difference between one and two days incubation. Compared
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to Ac4ManNAlk (37) the fucose staining is quite weak. This might be due to the fact that there is
less fucose on the cell membrane than sialic acid or less promiscuous enzymes in the fucose
biosynthesis pathway. In addition, cells can convert GDP-mannose into GDP-fucose. Using this
de novo pathway the cells might synthesize natural fucose instead of incorporating the unnatural
derivative. To avoid this problem CHO Lec13 cells were investigated.

4.1.5 Investigating CHO Lec13 Cells
GDP-fucose as common precursor of fucosylated glycoproteins can be synthesized via two
pathways inside the cell: The de novo and the salvage pathway (Scheme 11). For MGE the
[18]

salvage pathway is exploited, which normally accounts for 10% of GDP-fucose.

In the main

biosynthetic route, the de novo pathway, GDP-mannose is converted to GDP-fucose while the
unnatural fucose derivative is not incorporated. Knowing that 90% of GDP-fucose is produced via
[18]

this pathway

it is not surprising that staining with alkyne fucose 5 is weak. A cell line that lacks

the de novo pathway might thus be advantageous as all GDP-fucose has to be synthesized via
the salvage pathway which can incorporate the unnatural fucose derivative. Cells that have a
mutation in the 4,6-dehydratase (GMD), which converts GDP-mannose to GDP-4-keto-6-deoxy
[157, 158]

mannose, and thus interrupts the salvage pathway, are CHO Lec13 cells (Scheme 11).

This cell line is a lectin-resistant Chinese hamster ovary (CHO) cell line which was selected with
[157]

the pea lectin PSA from Pisum sativum.
[159, 160]

affinity

This lectin requires α-(1,6)-linked core fucose for high

and is toxic for CHO cells in higher concentrations

[157]

. CHO Lec13 cells were

selected to be resistant for PSA and this phenotype could be reverted by L-fucose
[157]

supplementation.

Further analysis found the GMD to be defective.

[158]

Consequently, the de

novo pathway is deficient and GDP-fucose cannot be produced by these cells.
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Scheme 11: Fucose biosynthesis in CHO Lec13 cells. Mutated 4,6-dehydratase disrupts the de novo
pathway and the salvage pathway can be exploited for MGE.

To investigate the benefit of CHO Lec13 cells compared to CHO wild type (WT) cells both cell
lines were cultured in the presence of 200 µM Ac4Fuc6Alk (5). After incubation for 48 hours the
alkyne was reacted with azide-biotin 40 and labeled in a second step with streptavidin-AF647.
Both cell lines showed distinct membrane labeling while no difference in intensity was observed
(Figure 21, upper panel). To exclude that natural fucose from media with fetal bovine serum
(FBS) is incorporated preferably, dialyzed FBS lacking fucose, was used. Thus, the cells were
cultured fucose free for one week before the unnatural alkyne fucose 5 was added. Regarding
growth and optical appearance, fucose deficiency did not alter the cells’ phenotype. For staining,
cells were labeled again in the two step procedure with azide-biotin 40 and streptavidin-AF555.
Cell membranes were nicely stained, as with normal FBS, and intensity differences were once
more not detected (Figure 21, lower panel). Thus CHO Lec13 cells, which lack the de novo
pathway, do not improve metabolic incorporation of Ac4Fuc6Alk (5). This might be due to the fact
that the cells can recycle fucose through lysosomal degradation by fucosidases. It was also
reported that 200 µM of Ac4Fuc6Alk (5) can shift GDP-fucose production to the salvage
pathway.

[143]

This is in agreement with a discussed feedback inhibition loop for which it is

postulated, that GDP-fucose can inhibit GMD and thus the de novo pathway.

[8]

Consequently we

can support the hypothesis of the feedback inhibition loop in CHO cells and thus depleting the de
novo pathway is not necessary for good fucose incorporation in MGE.
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Figure 21: Comparing CHO WT and CHO Lec13 cells. Cells were incubated with 200 µM alkyne fucose (5),
or DMSO as solvent control for 48 h (upper panel) or 24 h (lower panel). Cells were labeled with azide-biotin
40 (CuAAC, 2 µM, 30 min, rt) followed by a streptavidin-dye conjugate (upper panel: AF647; lower
panel: AF555). Nuclei were stained with Hoechst33342. Scale bar 30 µm.

4.1.6 Simultaneous Detection of Fucose and Sialic Acid
A tempting aspect of the DAinv reaction is its orthogonality to the click reaction as it gives the
opportunity to independently label two different carbohydrates. To this end HEK293T cells or
CHO cells were incubated with both, Ac4Fuc6Alk (5) and Ac4ManNCyoc (29) for 24 hours. Only
one or no sugar was added as control experiments. For the detection, the DAinv reaction with
tetrazine-Cy5 was performed first, followed by the CuAAC with azide-rhodamine488. We chose
this order to avoid copper cytotoxicity as long as possible. Staining both sugars in the presence of
each other was successful in both cell lines (Figure 22).
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Figure 22: Dual labeling. HEK293T or CHO cells were incubated with Ac4Fuc6Alk (5, 200 µM) and
Ac4ManNCyoc (29, 100 µM) for 24 h. As controls only one sugar or DMSO only was added. For labeling
cells were reacted with 6-methyl-tetrazine-sulfo-Cy5 (50 µM, 30 min, 37°C) followed by azide-rhodamine488
(CuAAC, 30 µM, 30 min, rt). Nuclei were stained with Hoechst33342. Scale bar 30 µm.

4.1.7 Conclusion
The synthesis and investigation of different fucose derivatives with terminal alkenes,
cyclopropenes and an alkyne brought new insights into the promiscuity of the fucose biosynthesis
pathway. It was found, that the reactivity of terminal alkenes increases with a growing chain
length, but the derivative with the longest chain (Ac4Fuc6All, 3) still reacts slowly in the DAinv
reaction, especially in comparison to strained alkenes. Combining the terminal alkene with fucose
which is less frequent on the cell membrane than sialic acid, the detection limit for MGE might not
be reached, if the derivative is incorporated. For fast reacting cyclopropene derivatives this is
unlikely and we can thus conclude that they are not incorporated by the cells’ biosynthetic
machinery. Staining of fucosylated glycoproteins was achieved using alkyne fucose 5, even
though staining is weak compared to the mannosamine derivative Ac4ManNAlk (38). CHO Lec13
cells, which lack the de novo pathway, cannot compensate the low incorporation of 5. Therefore a
small modification in the 6 position is desirable as this is likely to be incorporated better. With the
fucose derivative Ac4Fuc6CH2 (1) we have such a derivative, which was already shown to be
accepted by the bacterial FKP.

[15]

As this sugar does not react in the DAinv reaction we cannot

study its incorporation with this ligation reaction and need to investigate another labeling reaction.
The nitrile imine cycloaddition can be a possible reaction as the highly reactive nitrile imine reacts
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with electron poor terminal alkenes and additionally is small compared to the tetrazine which
might be advantageous for reaching core fucosylation. Thus, the photo-click reaction was
explored as labeling reaction which is depicted in the next chapter.
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4.2 Investigation and Application of the Nitrile Imine
Cycloaddition as a new Ligation Reaction for MGE
4.2.1 Motivation
As the short chain length fucose derivative Ac 4Fuc6CH2 (1) reacts poorly in the DAinv reaction, I
[161]

investigated the nitrile imine cycloaddition, first reported by Huisgen et al.

, for its labeling. In

the nitrile imine cycloaddition, also known as photo-click reaction, a highly reactive nitrile imine
reacts with an alkene in a 1,3-dipolar cycloaddition forming a fluorescent pyrazoline (Scheme 12).

Scheme 12: Photo-click reaction. The nitrile imine can be generated from a tetrazole via UV light or by basic
activation of a hydrazonoyl chloride.
-1 -1[162]

Especially electron-deficient alkenes, for example acrylamide (k2 = 46 M s
nitrile imine cycloaddition.

[163]

), react fast in the

In this reaction, the highest occupied molecular orbital (HOMO) of

the dipole (nitrile imine) overlaps with the LUMO of the dipolarophile (alkene), thus electron
withdrawing groups (EWG) accelerate the reactivity of alkenes with nitrile imines (Figure 23B).

[164]

This is in contrast to the DAinv reaction, were the lowest unoccupied molecular orbital (LUMO) of
the diene (tetrazine) interacts with the HOMO of the dienophile (alkene) (Figure 23A). This can be
exploited for the application of fucose derivatives 1-3 where the short chain length derivative is
expected to react fast, as the double bond is located close to the electron withdrawing ring
oxygen and thus electron poor. In addition, the derivative with the short chain length is expected
to be well incorporated. Therefore we expect Ac4Fuc6CH2 (1) to be clearly superior, compared to
fucose derivatives 2 and 3, as it is likely to be incorporated well and should react fastest in the
nitrile imine cycloaddition. This is in contrast to the DAinv reaction, where adverse effects for
reactivity and incorporation efficiency occur. Alternatively to the electron poor alkenes, strained
alkenes like norbornene
trans cyclooctene

[165]

[165]

and cyclopropene

[162, 166]

[167]

and spiro[2.3]hex-1-ene

can be used to accelerate the reaction, with

being extremely fast.
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Figure 23: Molecular orbital diagram of (A) the DAinv reaction and (B) the nitrile imine cycloaddition.

As nitrile imines are highly reactive, they can react with a variety of molecules, like terminal and
strained alkenes as well as alkynes. However, this reactivity also has its drawback, as it is
responsible for side reactions that have been reported. Of these side reactions, mainly hydrolysis
is observed.

[168, 169]

In addition, nucleophile addition e.g. of amino acids

of the nitrile imine to the tetrazine
described

[172]

[171]

[170]

as well as dimerization

were reported. Recently, the reaction with tryptophan was

and tetrazoles were used for photo-crosslinking

[173]

. Nevertheless, these studies

were all performed in absence of electron poor alkenes which still are the best reaction partners
of nitrile imines. As long as a reactive dipolarophile is present these side reactions should be
neglectable if the reaction conditions are chosen wisely and the high selectivity between reactive
and unreactive alkenes is exploited.

Due to their high reactivity, especially in water,

[171, 174, 175]

, nitrile imines are unstable and thus

have to be generated in situ. To generate nitrile imines different reactions were reported:
Thermolysis of tetrazoles at 150 – 160°C upon nitrogen release and basic activation of
[161]

hydrazonoyl-chlorides at room temperature were first reported in 1962.
α-nitro phenylhydrazones

[176, 177]

as well as photolysis of tetrazoles

[177]

Basic activation of

were also described in the

early 1960s. The Lin lab reinvestigated this nitrile imine cycloaddition in 2008 and applied it as
bioorthogonal ligation reaction. They used photo activation of 2,5-diaryl tetrazoles to label
functionalized proteins

[178, 179]

with the advantage of nitrogen release, which makes the reaction

irreversible. Besides this light-induced decomposition of tetrazoles at around 300 nm the nitrile
imine intermediates were generated through basic activation of hydrazonoyl chlorides for
[163, 180]

biological applications (Scheme 12).
alkene, is rate determining.

In both cases the second step, the reaction with an

[146]

The photo activation enables spatial and temporal control as the reaction can be started at a
defined time point and location. Further, stable pyrazoline products are formed which are
fluorescent, enabling direct readout and imaging without a washing step. Theoretically, two
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isomeric pyrazolines can be formed: The 4- and the 5-substituted pyrazolines. In most reactions
the 5-substituted pyrazoline is favored which can be explained by electronic effects.

[164]

Using mild
[171, 174, 181]

photo activation conditions only one regioisomer, the 5-substituted one, was detected,

which simplifies analysis. Depending on the structure of the pyrazoline, it can oxidize to the
corresponding pyrazole.

[171]

All products yield in a covalent linkage between the alkene and the

tetrazole, which is important for a bioorthogonal ligation reaction. The only byproduct is nontoxic
nitrogen and even though UV light can be toxic to cells, short irradiation times (seconds to
minutes) are sufficient for the tetrazole photolysis which minimizes the damage.

[162,

182]

Nevertheless the Lin group developed several longer wave length activatable tetrazoles with
[162, 183]

naphthalene- and thiophene-based scaffolds (Figure 24).
(700 nm) was achieved using two photon absorption.

[184]

The longest wave length

Concerning the choice of tetrazole

derivatives we decided to use simple ones as tuning the photo activation wavelength comes with
a laborious synthesis while still relatively short wave lengths (405 nm) are needed for the
activation. In addition, diaryl tetrazoles were several times successfully applied for biological
applications, mainly for the labeling of proteins. The proteins were labeled by genetically encoding
unnatural amino acids with different alkenes, including terminal alkenes
180]

, cyclopropene

[162]

, and cyclooctene

incorporated into myoglobin
chemical ligation
cyclopropenes

[186]

[166]

[185]

[165]

[163, 179, 182]

, norbornene

[165,

. In addition a tetrazole amino acid was site specifically

and tetrazole-containing proteins were synthesized via native

. Proteins were also unspecifically modified by linking them to tetrazoles

[178]

or

before the labeling reaction. Using differently substituted methyl cyclopropenes

the Prescher lab performed the nitrile imine cycloaddition and the DAinv reaction in the same
experiment, showing their compatibility.

[166]

Most publications analyze successful incorporation via
[163, 165, 179]

Western blot analysis or mass spectrometry but microscopy of e.coli
cells

[162, 182, 186]

and mammalian

was also performed. Besides these protein applications the nitrile imine

cycloaddition was also investigated for the labeling of DNA

[187]

[188]

and RNA

Figure 24: Selected tetrazoles and their activation wave lengths.

.

[162, 182-184]

So far the reaction was not applied to label carbohydrates. Having the nitrile imine cycloaddition
as new bioorthogonal ligation reaction for MGE would be advantageous as small modifications
could be incorporated and a spatiotemporal control can be enabled. To establish a method to
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label metabolically engineered carbohydrates, mannosamine derivatives should be applied first as
they are known to be well incorporated into membrane glycoconjugates.

4.2.2 Synthesis of Tetrazole Derivatives
[189]

For the application of the photo-click reaction in MGE two literature known tetrazoles 41
42

[190]

and

were chosen (Figure 25). Both derivatives are 2,5-diaryl-substituted and differ in the

position of the methoxy group, which is in para-position on either aryl ring. The electron donating
group enhances the reaction rate and enables derivatization of the tetrazoles. Regarding
biological applications, tetrazole 41 was previously used to label proteins with site specifically
incorporated homoallylglycine inside mammalian cells.
acids with terminal alkenes

[191]

applied in mammalian cells

[162]

or cyclopropenes
and bacteria

[162]

[182]

Genetically encoded unnatural amino

were also reacted with tetrazole 42. This was

[191]

. When comparing the derivatives, tetrazole 41 is
[182]

advantageous due to its superior fluorescence quantum yield compared with tetrazole 42
tetrazole 42 is interesting as it reacts three times faster than 41.

[191]

and

Thus both derivatives should

be investigated for the labeling of carbohydrates.

Figure 25: Structures of tetrazoles 41 and 42.

The synthesis of tetrazole 41 was performed according to Ito et al.

[189]

4-Methoxybenzhydrazide

was reacted with benzenesulfonyl chloride to the corresponding hydrazine which was then
reacted with thionyl chloride. The resulting chloride was then reacted with phenylhydrazine to
yield tetrazole 41 in an overall yield of 10%. Tetrazole 42 was synthesized according to Ito et
[190]

al.

First, benzaldehyde was reacted with benzenesulfonyl hydrazide to the corresponding

hydrazone. An arene diazonium salt was prepared in situ and reacted with the hydrazone to get
tetrazole 42 in 20%.

To use the fluorogenic properties of the photo-click reaction an excitation wavelength of around
360 nm is needed. As our microscopy facility is not equipped with such a laser and two-photonmicroscopy is challenging we decided to keep our well known detection system with the two step
labeling procedure

[94]

where the streptavidin-biotin affinity is exploited. Thus we needed a

tetrazole-biotin derivative which can react with the alkene-bearing carbohydrate and can be
visualized by incubation with a streptavidin-dye-conjugate. To facilitate water solubility we
included a polyethylene glycol (PEG)-moiety with three repeats – the same length as the
successfully applied tetrazine-biotin conjugate 27 has. The syntheses of these tetrazole-biotin
derivatives 45 and 46 were performed together with my bachelor students Raphael Fahrner and
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Felix Englmaier. It is depicted in Scheme 13 for the reaction with tetrazole 41 and was performed
in the same way for tetrazole 42. For the synthesis of derivative 45 we first cleaved the methyl
group of the tetrazole 41 with BBr3 similar to the literature

[182]

to yield the phenol 43. In contrast to

Song et al. we used five equivalents BBr3 instead of one equivalent. Next, the alcohol was
activated with para-nitrophenyl chloroformate to get carbamate 44 which was then reacted with
NH2-biotin

[192]

. Purification via flash column chromatography yielded tetrazole-biotin 45 in 12%

yield over three steps. The tetrazole-derivative 46 was synthesized in the same way with an
overall yield of 16%.

Scheme 13: (A) Synthesis of tetrazole-biotin 45. (B) Structure of tetrazole-biotin 46 which was synthesized in
analogy to 45.

Having synthesized tetrazoles 41 and 42 as well as their tetrazole-biotin derivatives 45 and 46 we
could chemically evaluate the photo-click reaction and investigate it for bioorthogonal labeling of
carbohydrates.

4.2.3 Chemical Analysis of the Photo-Click Reaction Using its Fluorogenic
Properties
To gain insights into the optical parameters of the reaction, preparative scale photo-click reactions
of the tetrazoles with acrylamide, which was known to be highly reactive

[163]

, were performed. To

this end, tetrazoles 41 and 42, respectively, were dissolved in ethanol, mixed with 1.5 equivalents
acrylamide and irradiated at 302 nm with a hand held UV-lamp for 120 minutes (Scheme 14). The
reaction was monitored via TLC and a fluorescent spot, visible with 366 nm UV-light, appeared
upon reaction. The product crystallized in ethanol and could be filtered off. The filtrate showed
remaining fluorescent product in TLC which was thus purified by flash column chromatography.
The combined products yielded 65% pyrazoline 47 or 69% 48.
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Scheme 14: (A) Synthesis of pyrazoline 47. (B) Structure of pyrazoline 48 which was synthesized in the
same way.

In order to know the optical properties for the reaction and the detection of the compounds,
UV-spectra were measured from all tetrazole- and pyrazoline-derivatives (41, 42, 45 – 48) using
10 µM solutions in DMSO. The results show, that tetrazole 41 has an absorption maximum at
280 nm and tetrazole 42 at 290 nm (Figure 26A). The spectra of the tetrazole-biotin derivatives
are similar to the corresponding tetrazole spectra and all tetrazole-derivatives show absorbance
at 302 nm which is thus a good wavelength for irradiation. The pyrazolines 47 and 48 have the
absorbance maximum around 360 nm which is therefore the excitation wavelength of choice for a
fluorescent readout. During his bachelor’s thesis, Raphael Fahrner synthesized pyrazolines with
the terminal alkene but-3-en-1-yl isopropylcarbamate.

[193]

The spectra of these compounds are

similar to the ones measured of 47 and 48. Therefore it is likely that most pyrazolines deriving
from these tetrazoles can be excited at 360 nm.
For fluorescence spectra 100 µM solutions in DMSO were used. The compounds were irradiated
at 360 nm and emission was measured from 400 to 600 nm. As depicted in Figure 26B the
tetrazoles show no signal (identical blue and green line) while the pyrazolines have nice
fluorescence. Pyrazoline 47 has its maximum at 445 nm and its fluorescence intensity is roughly
doubled of the one of 48. This observation is in accordance to the literature were an increased
quantum yield is reported.

[182]

The fluorescence maximum of pyrazoline 48 is at 485 nm.
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Figure 26: (A) Absorption-spectra of tetrazole and pyrazoline derivatives. All compounds were measured in
solutions of 10 µM in DMSO with solvent correction. (B) Fluorescence spectra of tetrazoles and pyrazolines
(100 µM, DMSO). Samples were excited at 360 nm.

Knowing these fluorogenic properties we could screen different reaction parameters in a 96-well
format using a plate reader. For this assay a tetrazole and an alkene were dissolved in ethanol
and mixed (Figure 27). For reaction, the plate was irradiated at 302 nm with a hand-held UV lamp
which was placed directly on top of the 96-well plate. Using this setup different tetrazole
concentrations (0 – 1 mM) were measured with acrylamide as alkene. 100 µM tetrazole were
found to be sufficient but signal increased with a higher concentration. Thus 400 µM or 1 mM was
used for most experiments. When varying the acrylamide concentration, the signal also increased
with a higher concentration (Figure 28A, 0 – 400 µM). Increasing the concentration from 50 to
100 µM raised the fluorescent signal with a factor of 1.8. When further doubling the concentration
fluorescence increased 1.4-times and with 400 µM only little signal increase (1.1 times) was
observed, compared to 200 µM. A possible explanation could be that the tetrazole was also used
in 400 µM. Thus, there is a 1:1 ratio of tetrazole and acrylamide. If side reactions occur there
might be not enough nitrile imine which can react with the acrylamide. Therefore, in most
experiments an excess of tetrazole was used.
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Figure 27: Principle of the plate reader assay.

Another parameter that was varied is the irradiation time. The same mixture of 1 mM tetrazole
and 200 µM acrylamide was irradiated for 2, 5, 10 and 30 min, respectively (Figure 28B). For
reaction with tetrazole 41 the fluorescence intensity increased from 2 to 10 minutes; reaction with
tetrazole 42 showed the best signal after 5 min irradiation. Longer irradiation times decreased the
signal which is likely to be due to oxidation of the pyrazolines. These corresponding pyrazoles are
not fluorescent anymore and could be detected via UV-detecion using LC-MS analysis. Therefore
irradiation times from 5 to 10 minutes are sufficient and best suited for fluorescent readout.

Figure 28: (A) Increasing acrylamide concentrations. 400 µM tetrazole 42 and different concentrations of
acrylamide in ethanol were irradiated for 5 min with 302 nm. Fluorescence was detected at 485 nm upon
excitation at 360 nm. Two replicates were performed. (B) Varying irradiation times. Mixtures of 1 mM
tetrazole 41 (left) or 42 (right) and 200 µM acrylamide in ethanol were irradiated for 2 – 30 min with 302 nm.
Fluorescence was detected at 445 nm (41) or 485 nm (42) upon excitation at 360 nm. Black bars: no alkene;
grey bars: with acrylamide. Two replicates were performed.

Besides varying different concentrations and irradiation times, different solvents were
investigated. Reaction in acetonitrile or DMSO was similar to ethanol and water with 25%
acetonitrile could also be used as solvent when using the tetrazole-biotin derivatives. These
aqueous conditions were used to see if there are differences in reactivity when using phosphate
buffered saline (PBS), which is rich in NaCl, instead of water. This was of interest as we need
PBS for cell experiments but it was reported that chloride ions influence the reaction as they can
[169]

also react with the nitrile imine.

Thus tetrazole-biotin derivatives 45 or 46 were mixed with
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acrylamide in water or PBS with 25% acetonitrile and irradiated for 5 minutes (302 nm). As shown
in Figure 29 no difference between water and PBS was observed. This is relevant for the
application in biology and in accordance with other publications where PBS was used as
solvent.

[162, 165, 182]

Figure 29: Impact of chloride ions on the reaction. Mixtures of tetrazole-biotin derivative 45 or 46 (1 mM) and
acrylamide (100 µM) were irradiated (5 min, 302 nm). Compounds were dissolved in water or PBS, each
with 25% acetonitrile. Fluorescence was detected at 445 nm (tetrazole 45) or 485 nm (tetrazole 46) upon
excitation at 360 nm. Two replicates were performed.

4.2.4 Synthesis of Acrylamide-Functionalized Mannosamine Derivative
As acrylamide is highly reactive in the photo-click reaction a mannosamine derivative with
acrylamide functionality 52 was synthesized. Besides the high photo-click reactivity, the derivative
has the advantage of its small size. All derivatives that were used so far in MGE bear bigger
residues. Thus, the derivative is likely to be incorporated well and influences incorporation as little
as possible. The only drawback the derivative might have is that the acrylamide can also react
with nucleophiles as Michael-acceptor and e.g. thiols inside the cell might react with the
ε

derivative. However, the Liu lab successfully incorporated and ligated N -acryloyl-L-lysine, an
unnatural amino acid with acrylamide functionality.

[163]

They also tested acrylamide stability in the

presence of thiols at a pH of 7.4 and found that acrylamide has a half-life of more than
10 hours.

[163]

Thus we decided to test if an acrylamide sugar is suited for MGE. During this work

the comparable acrylamide galactosamine derivative which was ligated in a phospha-Michael[194]

addition was published.

This further encouraged our work as they had intense labeling after

36 hours and only little reduction in intensity after 60 hours incubation, allowing the conclusion
that little side reactions occur.

[194]

For the synthesis of the acrylamide derivative Ac4ManNAcryl (52), the amine of mannosamine
[195]

hydrochloride was Boc-protected

, yielding sugar 49, before the alcohols were peracetylated to

give sugar 50. When removing the Boc-group it was crucial to have the amine 51 as TFA salt,
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otherwise an N-acyl-shift was observed. The amine was neutralized just before acryloyl chloride
was added. The desired mannosamine derivative was purified via flash column chromatography
yielding sugar 52 in 11% over four steps.

Scheme 15: Synthesis of Ac4ManNAcryl (52).

4.2.5 Testing the Reactivity of Alkene-Functionalized Carbohydrates
Using the previously established plate reader assay, carbohydrates with different reactive groups
were analyzed for their photo-click reactivity. In a first set, mannosamine derivatives 23-26, which
were previously used in the DAinv reaction, were investigated. This was of interest as these
derivatives reacted faster in the DAinv reaction with a growing chain length. For the nitrile imine
cycloaddition the reactivity should be highest for the short chain length derivative, Ac 4ManNAloc
(23), as electron poor alkenes are known to react well

[164]

. Thus, 1 mM tetrazole 41 or 42 was

mixed with 500 µM sugar and irradiated with 302 nm for 5 minutes. All derivatives were
fluorescent upon reaction compared to the negative control, where no sugar was added (Figure
30). As expected Ac4ManNAloc (23) showed the highest fluorescence which is roughly three
times as high as for the other derivatives. Interestingly, the derivatives 24-26 have the same
photo-click reactivity which is different to the DAinv reactivity where a stepwise increase in
reactivity was observed when the chain length was elongated. When measuring fucose
derivatives 1 and 3, a difference in reactivity was observed again (Figure 30). The shorter chain
length derivative, Ac4Fuc6CH2 (1) reacted 1.3-fold (tetrazole 41) and 1.5-fold (tetrazole 42) better
than Ac4Fuc6All (3). Thus, the short chain length derivatives 23 and 1 can react in the photo-click
reaction and might be suited for MGE in combination with the nitrile imine cycloaddition.

4. Results

53

Figure 30: Reactivity of different terminal alkenes. Mixtures of 1 mM tetrazoles (A) 41 or (B) 42 and 500 µM
sugars in ethanol were irradiated for 5 min (302 nm). As negative control only ethanol was added.
Fluorescence was detected at (A) 445 nm or (B) 485 nm upon excitation at 360 nm. Two replicates were
measured.

In order to increase the photo-click reactivity the acryl-derivative 52 as well as strained alkenes
were investigated. Regarding strained alkenes, the norbornene sugar 53 (synthesized by AnneKatrin Späte) and two cyclopropene derivatives 29 and 34 were chosen (Figure 31A). The
cyclopropene sugar Ac4ManNCyoc

[100]

(29, synthesized by Anne-Katrin Späte) has the

cyclopropene linked via a carbamate and is methyl substituted at the double bond. The other
derivative, Ac4ManNCp

[102]

(34, synthesized by Jessica Pfotzer) is amide linked and lacks the

methyl group. Thus, this derivative is smaller and likely to be incorporated better. In addition an
unsubstituted derivative should react well in the photo-click reaction, even though only methylsubstituted cyclopropenes were used so far. Mainly 3,3-substituted cyclopropenes (Figure 31B)
were applied for the nitrile imine cycloaddition

[166, 167]

, but is was also shown that nitrile imines can

[166]

react with 1,3-substituted cyclopropenes like 29.

Figure 31: (A) Alkene sugars tested in the nitrile imine cycloaddition. (B) 3,3-substituted cyclopropene.
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Measuring the fluorescence upon reaction of 1 mM tetrazole with 100 µM sugar showed reaction
for all derivatives compared to the negative control (Figure 32). As expected, Ac4ManNAcryl (52)
gave a strong fluorescence signal, which was a 15-fold or 14-fold increase compared to
Ac4ManNAloc (23) for the tetrazoles 41 and 42, respectively. The norbornene sugar 53 showed
significant reaction as well, which was for tetrazole 41 in the same range as Ac4ManNAcryl (52)
and roughly three quarters as intense with tetrazole 42.

Figure 32: Reactivity of different alkenes. Mixtures of 1 mM tetrazoles (A) 41 or (B) 42 and 100 µM sugars in
ethanol were irradiated for 5 min (302 nm). As negative control only ethanol was added. Fluorescence was
detected at (A) 445 nm or (B) 485 nm upon excitation at 360 nm. Two replicates were measured.

Regarding cyclopropenes the results were interesting. While Ac4ManNCyoc (29) showed only little
fluorescence with both tetrazoles, Ac4ManNCp (34) had little fluorescence with tetrazole 41 and
high fluorescence with tetrazole 42 (Figure 32). As no signal can either be no reaction, or reaction
to a non-fluorescent product the reactions were also monitored via LC-MS analysis. To this end,
the irradiated samples with Ac4ManNAcryl (52), Ac4ManNCyoc (29) or Ac4ManNCp (34), were
mixed 1:1 with DMSO and measured via LC-MS directly after irradiation (Table 3). The reaction
products were found in the mass analysis for all reactions which showed fluorescence. These
were Ac4ManNAcryl (52) with both tetrazoles and Ac4ManNCp (34) with tetrazole 42.
Interestingly, for reaction of tetrazole 41 with Ac4ManNCp (34), only little fluorescence was
observed while the corresponding mass was present. The carbamate sugar 29 yielded with both
tetrazoles no fluorescent product. Even though, no fluorescence could be measured upon
reaction with tetrazole 41, the expected product mass was found. An explanation could be a
rearrangement of the reaction product similar to the reported one, were a six-membered ring is
formed.

[166]

With tetrazole 42, no product mass could be found which indicates, that they do not

react. Oxidized product was not detected, which might be due to the direct measuring after
irradiation.
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Table 3: Fluorescence and mass analysis of the photo-click reaction with different cyclopropenes.
sugar

tetrazole 41

tetrazole 42

Fluorescent
product?

product mass

Fluorescent
product?

product mass

Ac4ManNAcryl (52)

yes

observed

yes

observed

Ac4ManNCp (34)

little

observed

yes

observed

Ac4ManNCyoc (29)

no

observed

no

not observed

In conclusion, reaction with terminal alkenes can be detected, but only little reactivity is observed,
thus the fucose derivative Ac4Fuc6CH2 (1) might not be reactive enough for successful detection
in MGE. The acrylamide derivative 52 and the cyclopropene Ac4ManNCp (34) are likely to be
superior in MGE, as they are both small and thus expected to be incorporated well. In addition,
they react well in the photo-click reaction. The norbornene derivative 53 is also reactive, but is
quite big and thus likely to be incorporated with little efficiency. For Ac4ManNCyoc (29) no
reaction with tetrazole 42 was observed. This is highly interesting for dual labeling applications as
this derivative reacts rapidly in the DAinv reaction. Therefore, it should be possible to perform the
photo-click reaction together with the DAinv reaction, if tetrazole 42 and Ac4ManNCyoc (29) are
used. Theoretically, the tetrazole and the tetrazine could be added to the cells and irradiated for
reaction of the tetrazole, thus, performing both reactions at the same time.

4.2.6 Biological Investigations
Finally, the photo-click reaction was applied in MGE using microscopy for detection. To
circumvent cell death due to UV light, fixed cells were investigated first. Thus, HEK293T cells
were seeded and allowed to attach overnight. The cells were incubated with Ac4ManNAcryl (52)
for 48 hours before the cells were fixed with paraformaldehyde. Tetrazole-biotin 45 was added
and the cells were irradiated with a hand-held UV-lamp (302 nm) directly placed on top of the ibidi
for 10 minutes. In the second step, streptavidin-labeled AF555 was added before the cells were
analyzed. As observed previously with the DAinv reaction, fixing the cells yielded in a high
intracellular background labeling. Nevertheless, sugar treated cells showed a defined membrane
staining which was absent in the negative control (Figure 33). Thus, the photo-click reaction was
applied for the first time to label carbohydrates.
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Figure 33: MGE with Ac4ManNAcryl (52) which was labeled with the photo-click reaction. HEK293T cells
were incubated with 100 µM sugar 52 or DMSO as solvent control for 48 h. Cells were fixed with 4% PFA
before they were reacted with tetrazole-biotin 45 (10 min, 302 nm; 4 h, 4°C) followed by streptavidin-AF555.
Nuclei were stained with Hoechst33342. Scale bar 30 µm.

Next, living cells were explored. HEK293T cells were treated in the usual way with the addition of
sugar for 48 hours. After having washed the cells, tetrazole-biotin 45 (100 µM) or 46 (50 µM) was
added and irradiation was allowed for one minute. Incubation at 37°C for one hour followed by
streptavidin-AF555 yielded nice membrane staining for Ac4ManNAcryl (52) and Ac4ManNCp (34)
treated cells, while the negative control showed no staining with tetrazole 45 and little with 46
(Figure 34). Thus, the photo-click reaction could be successfully applied for the labeling of
metabolically incorporated carbohydrates in living cells with tetrazole-biotin 45 being more suited
for this application due to less background staining.
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Figure 34: MGE with Ac4ManNAcryl (52) and Ac4ManNCp (34) labeled with the photo-click reaction.
HEK293T cells were incubated with 100 µM sugar 52, 34 or DMSO as solvent control for 48 h. Living cells
were reacted with (A) tetrazole-biotin 45 or (B) tetrazole-biotin 46 (1 min, 302 nm; 1 h, 37°C) followed by
streptavidin-AF555. Nuclei were stained with Hoechst33342. Scale bar 30 µm.

All in all this work enables the application of the photo-click reaction for metabolic
glycoengineering. This has been made possible by the synthesis of tetrazole-biotin derivatives
and an acrylamide mannosamine, the determination of optical parameters and the screening of
reaction conditions.

58

4. Results

5. Summary and Outlook

59

5. Summary and Outlook
Metabolic glycoengineering (MGE) is a powerful tool to analyze glycosylation in a non-destructive
way. Especially mannosamine derivatives have been extensively studied. Regarding biologically
interesting fucose only two derivatives, the azido fucose 4 and the alkyne fucose 5, are available.
As the azido fucose is toxic

[137, 138]

and the alkyne derivative has to be ligated in a copper-

catalyzed click reaction, new fucose derivatives are desirable. During this work, three new fucose
derivatives with terminal alkenes in 6 position, were synthesized, which should be applied in
combination with the inverse-electron-demand Diels-Alder (DAinv) reaction. The compounds differ
in their chain length as this is likely to influence DAinv reactivity and incorporation efficiency.

Thus, Ac4Fuc6CH2 (1) was synthesized in 37% yield over five steps starting from L-galactose,
while Ac4Fuc6Vin (2) with an additional methylene group yielded 2% over seven steps. The third
and longest chain length derivative, Ac4Fuc6All (3), was obtained in seven steps with an overall
yield of 7%. With these fucose derivatives in hand, DAinv reactivity was tested. The derivative 3
-1 -1

with the longest chain length showed, as expected, the highest reaction rate (k2 = 0.029 M s ),
-1 -1

while the shortest derivative 1 showed hardly any reactivity (k2 = 0.0004 M s ). This is likely to be
due to the influence of the close, electron withdrawing ring oxygen and the axial OH-group in the
4 position which might sterically hinder the reaction. In addition, the compounds were found to be
not toxic in the applied concentrations. However, when applying the sugars in microscopy
experiments with a tetrazine for labeling, no staining was observed. This might be due to a low
incorporation efficiency of the derivatives or slow reaction rates. In addition, fucose is less
frequent on the cell membrane than e.g. sialic acid and might be sterically hindered as it occurs
often as core fucose. Having different possibilities why no staining could be detected, two
approaches for fucose labeling were examined: Increasing the DAinv reactivity and investigating
CHO Lec13 cells which could enhance sugar incorporation.
In order to accelerate the reaction, we investigated a cyclopropyl group as chemical reporter.
Cyclopropenes were shown to react fast in the DAinv reaction while they are small and thus
incorporated well in case of mannosamine derivatives.

[99, 100]

Thus, Ac4Fuc6Cyoc (33) was

synthesized by Markus Schöwe in his master’s thesis and I synthesized Ac4Fuc6Cp (37) in 33%
over two steps from Ac4Fuc6Az (4). Even though derivative 37 is smaller than 33, both reporters
are quite bulky due to their carbamate or amide linkage. Performing microscopy experiments,
again no staining was detected. As the reactivity of the cyclopropenes is high, the reason for no
staining is likely to be insufficient incorporation of the derivatives, or the natural low fucose
presence on the cell membrane and shielding of other carbohydrates.
In addition, staining with alkyne fucose in combination with the copper-catalyzed click chemistry
was explored. Using this setup, labeling was possible in Hela S3, HEK293T and CHO cells.
Nevertheless the signal was a lot weaker compared to that of the alkyne mannosamine 38. This
can again be due to the above mentioned reasons. Fucose incorporation was also compared to
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alkyne galactosamine 39 for soluble glycoproteins, were the same difference in staining intensity
was observed. When the incorporation time was investigated, 24 hours were found to be sufficient
while 48 hours brought a similar signal.
As 90% of GDP-fucose inside the cell is synthesized via the de novo pathway and only 10%
account for the salvage pathway, which is exploited in MGE, CHO Lec13 cells were investigated.
This cell line is deficient in the 4,6-dehydratase and thus the de novo pathway is inhibited. This
leads to the fact that these cells are dependent on fucose supplementation. Even though cells
were cultured in fucose free media, staining with alkyne fucose 5 was not improved compared to
wild type CHO cells. This might be due to a feedback inhibition loop in which GDP-fucose inhibits
the 4,6-dehydratase. Thus, depleting the de novo pathway does not improve fucose incorporation.
So far, the detection of a fucose derivative with the DAinv reaction was not possible.
Nevertheless, a dual labeling with alkyne fucose 5 and cyclopropene mannosamine 29 was
performed.

In order to know more about fucose incorporation it would be interesting to know the actual level
of fucose on the cell membrane. This is possible with a high-pH anion-exchange chromatography
with pulsed amperometric detection (HPAEC-PAD). Using this system the natural fucose level
could be determined as well as the ratio of unnatural derivatives compared to natural fucose.
Knowing these values would help to find a suitable fucose derivative.
Another approach for successful labeling of alkene-fucose could be to chemically synthesize and
apply GDP-activated fucose derivatives. The advantage of these derivatives is that only one
enzyme, a fucosyltransferase, is needed to incorporate the derivative and the critical GDP-fucose
pyrophosphorylase (GFPP)

[156]

is avoided. Further, the fucosyltransferases are known to have a

broad substrate tolerance. So far GDP-Fuc6Az and GDP-Fuc6Alk were applied in zebrafish
embryos.

[53, 140]

For the synthesis of GDP-fucose derivatives there are two options: The chemical

and the biochemical synthesis. As the biochemical synthesis relies on enzymes and their
substrate promiscuity is not known, a chemical synthesis of GDP-derivatives with alkenes is
favored. Sophie Schöllkopf already started the synthesis of allyl and azido functionalized GDPfucose in her master’s thesis. She successfully synthesized GDP-Fuc6All and GDP-Fuc6Az but
purification of the azido derivative still has to be performed and purification of these highly polar
molecules is challenging. Having the pure compound, cell experiments can be performed. The
critical step will be the transfer of the GDP-sugar over the cell membrane as it will not freely
diffuse into the cell due to its polarity. Possible methods are the use of lipofectamine,
electroporation or simply DMSO to shortly permeabilize the cell membrane. If a protocol with
GDP-Fuc6Az is established it can also be applied to alkenes, especially fast reacting ones like
cyclopropene or norbornene.
A third approach for successful labeling could be a new cyclopropene fucose 54. Having fucose
derivatives with terminal alkenes (e.g. 8) opens the possibility to perform a cyclopropanation
reaction directly on the carbohydrate, avoiding an amide or carbamate linkage. The following
elimination will yield the cyclopropene-fucose derivative 54 which is depicted in Scheme 16 and
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. Thus, the derivative would be small and fast reacting.

Jessica Pfotzer embarked on this project and will start the synthesis soon.

Scheme 16: Possible synthesis of a novel cyclopropene fucose derivative 54.

In the second part of this thesis, the nitrile imine cycloaddition was investigated and successfully
applied as new bioorthogonal ligation reaction for MGE which enabled for the first time the
detection of a carbohydrate with a nitrile imine. To this end, two tetrazole-biotin derivatives 45 and
46 were synthesized and optical properties of tetrazoles and pyrazolines were determined. In a
plate reader assay, concentrations and irradiation times were monitored and tetrazole
concentrations of 100 µM (45) or 50 µM (46) and an irradiation time of 1 min was found to be
sufficient. In addition, the influence of chloride ions was investigated and found to be neglectable
for the current application. This was important for the biological setup where the reaction has to
be performed in PBS which has a high chloride ion concentration. When the nitrile-imine reactivity
was examined, electron poor alkenes reacted well, which was in accordance to the literature.
Interestingly, the effect was only observed for Ac4ManNAloc (23) and Ac4ManNBeoc (24), while
there was no difference when further prolonging the chain. As the tested terminal alkenes react
slowly, faster reacting alkenes were explored. Acrylamide is highly reactive in the photo-click
reaction and thus the corresponding mannosamine derivative was synthesized, which showed
high reactivity as well. The advantage of this derivative is that it has the smallest possible
modification compared to the natural mannosamine as only a CH2 group is added. In addition to
terminal alkenes, cyclic alkenes were explored for the reaction. Norbornenes reacted with a
similar rate as acrylamides and the cyclopropene Ac4ManNCp (34) showed high reactivity as well,
even though the product is only fluorescent upon reaction with tetrazole 42. In addition, it was
found, that Ac4ManNCyoc (29) does not react with tetrazole 42, which enables dual labeling with
the DAinv reaction in one experiment. Finally, the reaction was applied for MGE using the new
acryl mannosamine derivative (Ac4ManNAcryl, 52) and the cyclopropene sugar Ac 4ManNCp (34).
These derivatives could successfully be incorporated by the cellular machinery and labeled
through the photo-click reaction. One minute irradiation was sufficient and not harmful, even for
living cells. Confocal fluorescence microscopy was used to detect the membrane staining (Figure
35). Both, fixed and living cells could be stained.

62

5. Summary and Outlook

Figure 35: Metabolic glycoengineering with the photo-click reaction as labeling reaction. (A) Schematic
reaction Scheme and (B) microscopy pictures of cells with or without sugar. Scale bar 30 µm.

Having explored the photo-click reaction as new ligation reaction for MGE expands the toolbox of
sugars and labeling reactions. The advantage of the new reaction is its spatiotemporal control, the
fast reaction rate, and the fact that it is fluorogenic. The new acryl mannosamine derivative is
superior to reported ones as it has the smallest possible reporter group with only a CH2 group
added to the natural sugar. In the future the biological application can be further improved, e.g.
through the use of two-photon microscopy. As the excitation energy is transferred by two photons
simultaneously, higher wave length light can be used which is not harmful for cells. In addition, it
can penetrate deeper into biological media, enabling the use in living organisms. Another
application could be a dual or even a triple-labeling. The nitrile imine cycloaddition is likely to be
orthogonal to both, the copper-catalyzed click-chemistry and the DAinv reaction. It was already
shown that the nitrile imine does not react with tetrazines

[166]

and Ac4ManNCyoc (29) does not

react with tetrazole 42. Reactions of tetrazines with acrylamide are unlikely but this remains to be
tested. Exploring these orthogonalities further will contribute to the field of bioothrogonal ligation
reactions.
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Fucose, als Bestandteil wichtiger Antigene wie sialyl Lewis X ist unter anderem entscheidend für
embryonale Entwicklungsprozesse oder die Immunantwort. Trotz der interessanten biologischen
Bedeutung dieser Glycosylierung ist heutzutage nicht viel bekannt über Fucosylierungsmuster.
Eine elegante Methode, um Kohlenhydrate zu detektieren, ist das metabolische Glycoengineering
(MGE)

[3, 4]

, welches über die letzten 25 Jahre entwickelt wurde. Bei dieser Methode wird Zellen

ein unnatürliches Kohlenhydrat, das eine Reporter-Gruppe trägt, verabreicht. Die Zellen
verstoffwechseln das Derivat analog zum natürlichen Zucker. In einem zweiten Schritt kann das
metabolisch eingebaute Derivat z.B. mit einem Fluoreszenzfarbstoff verknüpft werden, um es zu
detektieren. Bisher wurde diese Methode mit Fucose nur in Kombination mit der Click-Reaktion
angewandt, wofür entweder eine azid- oder eine alkin-modifizierte Fucose verwendet wurde.
137]

Da 6-Azidofucose zytotoxisch ist

[137, 138]

[47,

und das Alkin-Derivat nur kupfer-katalysiert geclickt

werden kann, sind neue Fucose-Derivate wünschenswert. Eine mögliche Ligationsreaktion ist die
Diels-Alder-Reaktion mit inversem Elektronenbedarf (DAinv), in welcher ein Alken mit einem
Tetrazin reagiert. Diese Reaktion wurde in Kombination mit MGE schon erfolgreich angewandt für
Mannosamin-Derivate mit terminalen Alkenen.

[94]

In dieser Arbeit wurden drei neue Fucose-Derivate mit terminalen Alkenen in der 6-Position
synthetisiert. Diese sollten in Kombination mit der DAinv-Reaktion im MGE verwendet werden.
Die Verbindungen unterscheiden sich in ihrer Kettenlänge, da diese wahrscheinlich einen Einfluss
auf die DAinv-Reaktivität und die Einbaurate hat. Ac4Fuc6CH2 (1) wurde ausgehend von
L-Galaktose

in 37% über fünf Stufen synthetisiert, während Ac 4Fuc6Vin (2) mit einer zusätzlichen

Methylengruppe 2% über sieben Stufen ergab. Das dritte Derivat, Ac4Fuc6All (3, mit weiterer
Methylengruppe) wurde über sieben Stufen mit einer Gesamtausbeute von 7% erhalten. Mit
diesen Fucose-Derivaten wurde die Reaktivität in der DAinv-Reaktion getestet. Wie erwartet hatte
das

Derivat

3

mit

der

längsten

Kettenlänge

die

höchste

Geschwindigkeitskonstante

-1 -1

-1 -1

(k2 = 0.029 M s ), während das kurze Derivat 1 kaum Reaktivität zeigte (k2 = 0.0004 M s ).
Diese geringe Reaktivität lässt sich durch den Einfluss des nahen, elektronenziehenden
Ringsauerstoffs, sowie sterische Abschirmung der axialen OH-Gruppe in der 4-Position erklären.
Zusätzlich wurden die Verbindungen auf ihre Toxizität geprüft und als nicht toxisch in den
verabreichten

Konzentrationen

bestimmt.

In

MGE-Experimenten

konnte

jedoch

keine

Membranfärbung durch konfokale Fluoreszenzmikroskopie detektiert werden. Diese Beobachtung
könnte verschiedene Ursachen haben: Entweder eine geringe Einbaurate der Derivate oder die
langsame Reaktionsgeschwindingkeit. Außerdem ist Fucose natürlicherweise nicht so oft auf der
Zellmembran zu finden wie z.B. Sialinsäuren. Da sie oft als „core-fucose“ an den Glycanen
vorkommt, könnte sie auch sterisch abgeschirmt sein. Um die oben genannten Gründe für die
fehlende Färbung genauer zu analysieren, wurden zwei verschiedene Ansätze untersucht. Zum

64

6. Zusammenfassung in deutscher Sprache

einen wurde die Reaktivität der Derivate erhöht und zum anderen wurden CHO-Lec13-Zellen
verwendet, die einen besseren Einbau bringen könnten.
Um die Reaktionsgeschwindigkeit zu erhöhen, wurden Cyclopropene als Reportergruppe
eingebracht. Da Cyclopropene schnell in der DAinv Reaktion reagieren und gleichzeitig relativ
[99, 100]

klein sind, konnten sie erfolgreich mit Mannosamin-Derivaten verwendet werden.

Markus

Schöwe konnte in seiner Masterarbeit Ac4Fuc6Cyoc (33) herstellen. Ac4Fuc6Cp (37) als weitere
Cyclopropenfucose konnte in dieser Arbeit in 33% über zwei Stufen ausgehend von Ac4Fuc6Az
(4) synthetisiert werden. Das Kultivieren von Zellen in Anwesenheit der Zucker brachte erneut
keine Färbung. Da natürliche Fucose nur eine Methylgruppe in 6-Position trägt, sind die beiden
Reporter mit der Amid-/Carbamat-Verknüpfung relativ groß. Durch die gute Reaktivität des
Cyclopropens, liegt der Grund für die ausbleibende Färbung hier vermutlich an dem schlechten
Einbau der Derivate oder dem natürlich niedrigen Fucose-Level auf der Zellmembran sowie der
Abschirmung anderer Zucker.
Um mehr über den Fucose-Metabolismus zu erfahren, wurde Alkin-Fucose in Kombination mit der
kupfer-katalysierten Click-Reaktion untersucht. Mit diesem Setup war eine Membranfärbung in
Hela S3-, HEK293T- und CHO-Zellen sichtbar. Trotzdem war das Signal deutlich schwächer im
Vergleich zu Alkin-Mannosamin 38. Dies kann erneut mit den oben genannten Gründen erklärt
werden. Der Fucose-Einbau wurde auch für lösliche Glycoproteine untersucht und über WesternBlot detektiert. Hierfür wurde Alkin-Galaktosamin als Vergleich gewählt, was gut in intrazelluläre
Glycoproteine

eingebaut

wird.

Auch

in

diesem

Experiment

wurde

der

gleiche

Intensitätsunterschied mit geringem Fucose-Signal beobachtet. Eine Untersuchung der
Einbauzeit zeigte, dass 24 Stunden Zuckerinkubation ausreichend sind; 48 Stunden Inkubation
brachte ein ähnliches Signal.
Da 90% der GDP-Fucose in der Zelle über den de novo-Syntheseweg synthetisiert werden und
nur 10% über den „salvage pathway“
[157, 158]

Lec13-Zellen

[18]

, welcher für das MGE ausgenutzt wird, wurden CHO-

untersucht. Diese Zelllinie hat keine funktionsfähige 2,6-Dehydratase,

wodurch der de novo-Syntheseweg inhibiert ist. Daher sind diese Zellen auf eine externe
Fucosezufuhr angewiesen. Obwohl die Zellen in fucosefreiem Medium kultiviert wurden, war die
Färbung mit Alkin-Fucose 5 ähnlich wie mit Wild-Typ-CHO-Zellen. Dies könnte an einem
„feedback inhibition loop“ liegen, in dem GDP-Fucose die 4,6-Dehydratase inhibiert. Daher lässt
sich sagen, dass der Alkin-Fucose-Einbau durch das Deaktivieren des de novo Synthesewegs
nicht erhöht wird. Alles in allem war die Detektion von Fucose-Derivaten mit terminalen Alkenen
bislang nicht erfolgreich. Dafür konnte jedoch erstmals eine Zweifarben-Markierung mit AlkinFucose 5 und Cyclopropen-Mannosamin 29 erreicht werden.

Im zweiten Teil dieser Arbeit wurde die Photoclick-Reaktion untersucht und erfolgreich als
bioorthogonale Ligationsreaktion für das MGE angewandt. Dies ermöglichte zum ersten Mal die
Detektion eines Kohlenhydrats mit einem Nitrilimin. Um das zu erreichen, wurden zu Beginn die
Tetrazol-Biotin-Derivate 45 und 46 synthetisiert und die optischen Eigenschaften von Tetrazolen
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und Pyrazolinen ermittelt. In einem Plate-Reader-Assay wurden verschiedene Konzentrationen
und Bestrahlungszeiten untersucht. Tetrazol-Biotin Konzentrationen von 100 µM (45) oder 50 µM
(46) und eine Bestrahlungszeit von einer Minute wurden als ausreichend gefunden. Außerdem
wurde der Einfluss von potentiell störenden Chlorid-Ionen untersucht und als vernachlässigbar für
diese Anwendung befunden. Dies war wichtig für die biologische Anwendung, in der die Reaktion
in stark chlorhaltigem PBS ablaufen soll. In Übereinstimmung mit Literaturangaben konnten
Untersuchungen

der

Reaktivität

mit

verschiedenen

terminalen

Alkenen

zeigen,

dass

elektronenarme Alkene gut reagieren. Interessanterweise wurde der Effekt nur für Ac4ManNAloc
(23) und Ac4ManNBeoc (24) beobachtet. Eine weitere Verlängerung der Kettenlänge zeigte
keinen Unterschied in der Reaktivität. Da die verwendeten terminalen Alkene dennoch relativ
langsam reagieren wurden weitere Alkene untersucht. Acrylamid ist für seine hohe Reaktivität in
der Photo-Click Reaktion bekannt, weswegen das entsprechende Mannosamin-Derivat
Ac4ManNAcryl (52) synthetisiert wurde. Der große Vorteil dieses Derivats liegt in seiner Struktur
begründet, da es im Vergleich zu N-Acetylmannosamin um nur eine CH2-Gruppe erweitert ist.
Neben terminalen Alkenen wurden auch zyklische Alkene für die Reaktion untersucht.
Norbornene reagierten ähnlich gut wie Acrylamid und das Cyclopropen Ac4ManNCp (34) zeigte
ebenfalls eine hohe Reaktivität. Ac4ManNCyoc (29) reagierte nicht mit Tetrazol 42, was
Zweifarben-Markierung mit der DAinv-Reaktion in einem Experiment ermöglichen sollte.
Letztendlich wurde die Reaktion für das MGE angewandt. Hierfür wurden das neue AcrylMannosamin-Derivat (Ac4ManNAcryl, 52) und der Cyclopropenzucker Ac4ManNCp (34)
verwendet. Beide Derivate wurden erfolgreich von den zellulären Enzymen eingebaut und durch
die Photoclick-Reaktion sichtbar gemacht. Eine Minute Bestrahlen war ausreichend und auch für
lebende Zellen nicht schädlich. Konfokale Fluoreszenzmikroskopie wurde verwendet, um die
Membranfärbung zu detektieren (Abbildung 1). Sowohl fixierte als auch lebende Zellen konnten
angefärbt werden.
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Abbildung 1: Metabolisches Glycoengineering mit der Photoclick-Reaktion als Ligationsreaktion. (A)
Schematische Darstellung und (B) Mikroskopbilder von Zellen mit und ohne Zucker. Messbalken 30 µm.

Die erfolgreiche Anwendung der Photoclick-Reaktion als Ligationsreaktion im MGE erweitert den
Baukasten von Zuckern und Färbereaktionen. Der Vorteil der neuen Reaktion ist die zeitliche und
räumliche Kontrolle, die schnelle Reaktionsgeschwindigkeit und die Tatsache, dass sie fluorogen
ist. Das neue Acryl-Mannosamin-Derivat ist früheren Derivaten überlegen, da es die aktuell
kleinstmögliche Reportergruppe hat. In Zukunft kann die Bioorthogonalität zur DAinv-Reaktion
und der Click-Chemie weiter untersucht und ausgenutzt werden, was das Feld der
bioorthogonalen Ligationsreaktionen weiter bereichern wird.

7. Experimental Section
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7.1 Chemical Synthesis
General Methods
Chemicals were purchased from Aldrich, Acros Organics, Fluka, TCI and Dextra and used without
further purification. Technical solvents were distilled prior to use. Thin layer chromatography was
performed on silica gel 60 F254 coated aluminum sheets (Merck) with detection by UV light
(λ = 254 nm or 366 nm). Additionally, the sheets were stained by dipping in acidic ethanolic
p-anisaldehyde solution, basic KMnO4 solution or ninhydrin solution followed by gentle heating.
Preparative flash column chromatography (FC) was performed with an MPLC-Reveleris system
from Grace. Nuclear magnetic resonance (NMR) spectra were recorded at room temperature on
Avance III 400 and Avance III 600 instruments from Bruker. Chemical shifts are reported relative
to solvent signals (CDCl3: δH = 7.26 ppm, δC = 77.16 ppm; D2O: δH = 4.79 ppm; DMSO-d6:
δH = 2.50 ppm, δC = 39.52 ppm). Signals were assigned by first-order analysis and, when
feasible, assignments were supported by two-dimensional

1

1

1

H, H and

13

H, C correlation

spectroscopy (COSY, HSQC). High-resolution mass spectrometry (HRMS) was carried out on a
micrOTOF II instrument from Bruker Daltonics. CHN-analysis was performed at the facility of the
university of Konstanz with a CHNS-analyzor vario EL from elementar. Analytical RP-HPLC-MS
was performed on a Shimadzu system LCMS2020 (pumps LC-20 AD, autosampler SIL-20AT
HAS, column oven CTO-20AC, UV-Vis detector SPD-20A, fluorescence detector RF-20A,
controller CBM-20, ESI detector, LCMS Software Solution). Column: Nucleodure C18 Gravity
–1

3 μm from Macherey-Nagel (125 × 4 mm), flow 0.4 mL min , mobile phase: gradient of
acetonitrile with 0.1% formic acid (solvent B) in water with 0.1% formic acid (solvent A).
Fluorescence was measured using a Tecan infinite M200 reader. For UV-irradiation a hand-held
UV-lamp (UVM-18EI Series UV Lamp, 8 Watt, 302 nm) from UVP was used.
Kinetic measurements
[94]

10 mM solutions of tetrazine 22

and alkenes were prepared in acetate buffer (100 mM, pH 4.7,

20°C) and mixed in a quartz cuvette immediately before the measurement. The reactions were
monitored over time by the decreasing absorption of the tetrazine at 522 nm and the tetrazine
-1

-1

concentration was calculated using Beer-Lambert law, with ε = 437.45 M cm . The second-order
rate constant was determined by plotting the inverse tetrazine concentration versus time followed
by linear regression analysis as reported earlier.

[94]

Plate reader assay
Stock solutions of tetrazoles (mainly 2 mM) and alkenes in ethanol were mixed 1:1 in a 96-well
plate (Corning, 96 flat bottom black polystyrol). The plate was irradiated (302 nm) with a hand

68

7. Experimental Section

held UV-lamp which was directly placed on top of the plate for the depicted time. Fluorescence
was measured using a Tecan infinite M200 reader (ex: 360 nm, em (tetrazole 41): 445 nm, em
(tetrazole 42): 485 nm). Standard error was calculated of at least two replicates using Sigma plot
13.
1,2:3,4-Di-O-isopropylidene-α-D-galactopyranose

1,2:3,4-Di-O-Isopropylidene-α-D-galactopyranose was prepared according to Chan et al.

[196]

in

93%.
1,2:3,4-Di-O-isopropylidene-α-L-galactopyranose (6)

In the same way as Chan et al.

[196]

L-galactose

(3 g, 1 eq, 16.6 mmol) and ZnCl2 (2.25 g, 1 equiv,

16.6 mmol) were powdered and degassed. 60 mL acetone and 60 µL conc. H2SO4 were added
and the mixture was stirred at rt for two days. To neutralize the reaction 1 M K 2CO3-solution was
added (15 mL) and the reaction mixture was filtered through Celite and washed with acetone. The
filtrate was concentrated in vacuo and extracted with DCM (3x). The organic layers were dried
(NaSO4) and concentrated. The crude product was purified by flash column chromatography
(PE:EtOAc, 1:1) to give 6 as a colorless oil (3.73 g, 86%). Analytical data match to literature.

[147]

1

Rf (PE:EtOAc, 1:1) = 0.3; H NMR (400 MHz, CDCl3): δ = 5.57 (d, J = 5.0 Hz, 1H, H-1), 4.61 (dd,
J = 8.0, 2.4 Hz, 1H, H-3), 4.33 (dd, J = 5.0, 2.4 Hz, 1H, H-2), 4.27 (dd, J = 8.0, 1.5 Hz, 1H, H-4),
3.91 – 3.80 (m, 2H, H-5, H-6a), 3.77 – 3.70 (m, 1H, H-6b), 1.53, 1.45 (2x s, 3H, CH3), 1.33 (s, 6H,
2x CH3) ppm;

13

C NMR (101 MHz, CDCl3): δ = 109.6, 108.8 (2x C(CH3)2), 96.4 (C-1), 71.7, 70.9,

70.7, 68.2 (C-2, C-3, C-4, C-5), 62.5 (C-6), 26.2, 26.1, 25.1, 24.4 (4x CH3) ppm; HRMS (ESI-IT):
+

+

m/z calcd for C12H21O6: 261.13326 [M + H] ; found: 261.13398; calcd for C12H20O6 +Na :
+

283.11521 [M + Na] ; found: 283.11600.
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1,2:3,4-Di-O-isopropylidene-α-D-galacto-hexodialdo-1,5-pyranose

1,2:3,4-di-O-isopropylidene-α-D-galacto-hexodialdo-1,5-pyranose was prepared through a Swern
oxidation according to Midland et al.

[149]

yielding 84%.

1,2:3,4-Di-O-isopropylidene-α-L-galacto-hexodialdo-1,5-pyranose (7)

A solution of oxalyl chloride (1.86 mL, 1.5 eq, 21.5 mmol) in 35 mL dry DCM was cooled to -55°C
(CHCl3/liquid nitrogen bath) under nitrogen conditions. DMSO (3.26 mL, 3.2 equiv, 45.8 mmol)
was added slowly at -55°C. Generation of gas was observed. The reaction mixture was stirred for
30 min at -55°C. The sugar 6 (3.73 g, 1 equiv, 14.3 mmol) was coevaporated with toluene,
dissolved in 3 mL dry DCM and added slowly. After stirring for 40 min, NEt3 (13 mL, 6.5 equiv,
88 mmol) was added and the reaction mixture was allowed to stir for 30 min at -55°C. The cold
bath was removed, and the resulting milky mixture was allowed to warm to rt (1 h). Water (20 mL)
was added and the organic layer was removed. The aqueous layer was extracted with DCM (3x)
and the combined organic layers were washed with NaHCO3, dried (MgSO4) and concentrated
in vacuo. Purification by column chromatography (PE:EtOAc, 3:1) afforded 2.7 g of the aldehyde
7 (10.6 mmol, 74%) as an oil.
1

Rf (PE:EtOAc, 3:1) = 0.1 (smear); H NMR (400 MHz, CDCl3): δ = 9.62 (s, 1H, H-6), 5.67 (d,
J = 4.9 Hz, 1H, H-1), 4.68 – 4.57 (m, 2H, H-3, H-4), 4.38 (dd, J = 4.9, 2.5 Hz, 1H, H-2), 4.19 (d,
J = 2.2 Hz, 1H, H-5), 1.51, 1.44, 1.35, 1.32 (4x s, 3H, CH3) ppm;

13

C NMR (101 MHz, CDCl3):

δ = 200.5 (C-6), 110.2, 109.2 (2x C(CH3)2), 96.4 (C-1), 73.4 (C-5), 71.9, 70.6, 70.5 (C-2, C-3,
C-4), 26.2, 25.9, 25.0, 24.4 (4x CH3) ppm; HRMS (ESI-IT): m/z calcd for C12H19O6: 259.11761
+

[M + H] ; found: 259.11865.
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6-C-Methylidene-1,2:3,4-di-O-isopropylidene-α-D-fucose

The sugar was synthesized through a Wittig reaction starting from the aldehyde as described for
the L-derivative 8, to get 72%. Analytical data agree with literature

[197]

in which the same sugar

was prepared using a different procedure.
6-C-Methylidene-1,2:3,4-di-O-isopropylidene-α-L-fucose (8)

A suspension of methyltriphenylphosphonium bromide (5.5 g, 2.7 equiv, 15.4 mmol) in dry THF
(16 mL) was cooled to 0°C. A hexane solution of n-BuLi (1.6 M, 2.3 equiv, 8 mL, 12.9 mmol) was
added, turning the mixture yellow. After stirring for 5 min the ice bath was removed and the
stirring was continued at rt for 1 h. The reaction mixture was cooled to -78°C and in 3 mL dry THF
dissolved sugar 6 (1.46 g, 1 equiv, 5.6 mmol) was added slowly. After stirring for 30 min at -78°C
the mixture was allowed to stir at rt for another 3 h. Sat. NH4Cl solution (9 mL) was added and the
layers were separated. The aquous layer was extracted with ether (4x). The combined organic
layers were dried (MgSO4), concentrated and purified by flash column chromatography
(PE:EtOAc, 6:1) to yield 8 (0.55 g, 38%) as a gum. The procedure is published in a similar way by
Alley et al.

[150]

Analytical data are in good agreement.
1

Rf (PE:EtOAc, 6:1) = 0.35; H NMR (400 MHz, CDCl3): δ = 5.93 (ddd, J = 16.9, 10.6, 6.0 Hz, 1H,
H-6), 5.58 (d, J = 5.0 Hz, 1H, H-1), 5.37 (dt, J = 17.4, 1.6 Hz, 1H, CH2a), 5.27 (dt, J = 10.6, 1.5
Hz, 1H, CH2b), 4.62 (dd, J = 7.9, 2.4 Hz, 1H, H-3), 4.32 (dd, J = 5.0, 2.4 Hz, 1 H, H-2) 4.29 (dd,
J = 6.0, 1.5 Hz, 1H, H-5), 4.22 (dd, J = 7.9, 2.0 Hz, 1H, H-4), 1.54, 1.47 (2x s, 3H, CH3), 1.34 (s,
6H, 2x CH3) ppm;

13

C NMR (101 MHz, CDCl3): δ = 134.0 (C-6), 117.5 (CHCH2), 109.4, 108.6 (2x

C(CH3)2), 96.6 (C-1), 73.6 (C-4), 71.0 (C-3), 70.6, 69.1 (C-2, C-5), 26.3, 26.1, 25.1, 24.5 (4x CH3)
+

+

ppm; HRMS (ESI-IT): m/z calcd for C13H20O5 +Na : 279.12029 [M + Na] ; found: 279.12128.
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6-C-Methylidene-1,2,3,4-tetra-O-acetyl-α/β-D-fucose

The sugar was prepared from 6-C-Methylidene-1,2:3,4-di-O-isopropylidene-α-D-fucose according
to standard procedures as depicted for the L-derivative. Analytical data agree with the
literature.

[197]

6-C-Methylidene-1,2,3,4-tetra-O-acetyl-α/β-L-fucose (Ac4Fuc6CH2, 1)

For isopropylidene deprotection sugar 8 (550 mg, 1 equiv, 2.15 mmol) was stirred in 70% acetic
acid (13.8 mL) at 90°C for 6 h. The solvent was removed in vacuo (nitrogen evaporator) and
coevaporated once with toluene. Without further purification Ac 2O (2.3 mL, 10 equiv, 21.5 mmol)
and pyridine (1.6 mL, 10 equiv, 21.5 mmol) were added and the mixture was stirred at rt
overnight. The yellowish solution was evaporated in vacuo and the residue was dissolved in
DCM. The organic layer was extracted with 1 M HCl (3x) followed by sat. NaHCO 3 solution (3x)
and water (1x). The organic layers were combined, dried (MgSO4) and purified by column
chromatography (PE:EtOAc, 3:1) followed by crystallization (EtOAc, PE) to give 454 mg 1 as α/β
[150]

mixture of 1:10 (61 %). The compound was previously synthesized by Alley et al.

not giving

analytical data.
1

Rf (PE:EtOAc, 3:1) = 0.2; α anomer: H NMR (400 MHz, CDCl3): δ = 6.43 (d, J = 2.5 Hz, 1H,
H-1), 5.75 – 5.64 (m, 1H, CHCH2), 5.47 (s, 1H, H-3 or H-4), 5.44 – 5.32 (m, 3H, CH2a, H-2, H-3 or
H-4), 5.27 (d, J = 10.6 Hz, 1H, CH2b), 4.64 (d, J = 5.1 Hz, 1H, H-5), 2.15, 2.11, 2.02, 2.00 (4x s,
3H, CH3) ppm;

13

C NMR (101 MHz, CDCl3): δ = 170.3, 170.1, 169.5, 169.1 (4x CO), 131.8

(CHCH2), 118.6 (CH2), 90.0 (C-1), 71.9 (C-5), 70.0, 67.8, 66.7 (C-2, C-3, C-4), 21.1, 20.8, 20.74,
1

20.71 (4x CO) ppm; β anomer: H NMR (400 MHz, CDCl3): δ = 5.74 (d, J = 8.3, Hz, 1H, H-1),
5.75 – 5.64 (m, 1H, CHCH2), 5.44 – 5.32 (m, 3H, CH2a, H-3, H-4), 5.27 (d, J = 10.6 Hz, 1H,
CH2b), 5.11 (dd, J = 10.3, 3.0 Hz, 1H, H-2), 4.32 (dt, J = 5.1, 1.7 Hz, 1H, H-5), 2.14, 2.12, 2.04,
13

1.99 (4x s, 3H, CH3) ppm; C NMR (101 MHz, CDCl3): δ = 170.4, 170.1, 169.6, 169.2 (4x CO),
131.3 (CHCH2), 119.1 (CH2), 92.3 (C-1), 74.8 (C-5), 71.2 (C-2), 69.4, 68.1 (C-3, C-4), 21.0, 20.81,
20.77, 20.7 (4x CH3) ppm; Anal. Calcd: C, 52.32; H, 5.85 Found: C, 52.28; H, 8.85; HRMS
+

+

(ESI-IT): m/z calcd for C15H20O9 +Na : 367.09995 [M + Na] ; found: 367.09987.
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6-C-Methylidene-α/β-L-fucose (Fuc6CH2, 9)

Peracetylated sugar 1 (30 mg, 1 equiv, 0.087 mmol) was dissolved in dry MeOH (2.5 mL) and
NEtMe2 (0.5 mL, 50 equiv, 4.6 mmol) was added. The mixture was stirred for 3 days at rt before
the solvent was evaporated. The crude product was coevaporated three times with toluene (1 mL)
and purified by flash column chromatography (DCM:MeOH = 6:1). In order to remove in MeOH
dissolved silica, the free sugar 9 was dissolved in water and filtered after 48 h. Lyophilizing gave
57% of Fuc6CH2 (9) in a α:β mixture of 1:2. The analytical data are in good agreement with the
literature

[198]

were it is enzymatically prepared.
1

Rf (DCM:MeOH, 6:1) = 0.23; α anomer: H NMR (400 MHz, D2O): δ = 6.04 – 5.89 (m, 1H, H-6),
5.50 – 5.33 (m, 2H, CH2), 5.31 (d, J = 3.8 Hz, 1H, H-1), 4.63 – 4.58 (m, 1H, H-5), 4.01 – 3.98 (m,
1H, H-3), 3.95 – 3.90 (m, 1H, H-4), 3.84 (dd, J = 10.2, 3.9 Hz, 1H, H-2) ppm;

13

C NMR (101 MHz,

D2O): δ = 133.9 (C-6), 118.0 (C-7), 92.4 (C-1), 71.5, 71.2, 69.1, 68.1 (C-2, C-3, C-4, C-5) ppm;
1

β anomer: H NMR (400 MHz, D2O): δ = 6.04 – 5.89 (m, 1H, H-6), 5.50 – 5.33 (m, 2H, CH2), 4.65
(d, J = 7.9 Hz, 1H, H-1), 4.24 (dd, J = 5.7, 1.4 Hz, 1H, H-5), 3.95 – 3.90 (m, 1H, H-4), 3.72 (dd,
J = 9.9, 3.5 Hz, 1H, H-3), 3.53 (dd, J = 9.9, 7.9 Hz, 1H, H-2) ppm;

13

C NMR (101 MHz, D2O):

δ = 133.5 (C-6), 118.0 (C-7), 96.4 (C-1), 75.6 (C-5), 72.8, 71.7, 71.0 (C-2, C-3, C-4) ppm; HRMS
+

+

(ESI-IT): m/z calcd for C7H12O5 +Na : 199.0588 [M + Na] ; found: 199.0579.
(6R,S)-6-C-Vinyl-1,2:3,4-di-O-isopropylidene-α-D-galactose

The sugar was synthesized through a Grignard reaction according to the literature
71%.

[199, 200]

yielding
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(6R,S)-6-C-Vinyl-1,2:3,4-di-O-isopropylidene-α-L-galactose (10)

Magnesium (0.33 g, 3 equiv, 13.6 mmol) was dried in a flask and dry THF (6 mL) was added
under nitrogen conditions. Vinylbromide (1 M in THF, 13.6 mL, 3 equiv, 13.6 mmol) was added
slowly and catalytic amounts of iodide were added to the stirring mixture in order to start the
reaction. After refluxing for 3 h sugar 7 (1.3 g, 1 equiv, 4.5 mmol, dissolved in 6 mL dry THF) was
added and the reaction mixture was refluxed for 4 h. Water (12 mL) was added slowly, followed
by 1 M HCl (15 mL, to get acidic pH). Layers were separated and the aqueous layer was
extracted with EtOAc (3x). The combined organic layers were dried (MgSO 4) and evaporated.
Crude product 10 was purified by column chromatography (DCM:MeOH, 95:5) to give 0.76 g
(60%) as diastereomer mixture (ratio 3:2) of 10 as a yellow solid.
1

Rf (DCM:MeOH, 95:5) = 0.38; Major isomer: H NMR (400 MHz, CDCl3): δ = 6.03 (ddd, J = 17.2,
10.6, 5.3 Hz, 1H, CHCH2), 5.57 (d, J = 4.9 Hz, 1H, H-1), 5.43 (dt, J = 17.3, 1.6 Hz, 1H, CH2a),
5.30 – 5.22 (m, 1H, CH2b), 4.62 (dd, J = 8.0, 2.4 Hz, 1H, H-3), 4.47 (dd, J = 8.0, 1.9 Hz, 1H, H-4),
4.40 – 4.33 (m, 1H, H-6), 4.32 (dd, J = 5.0, 2.4 Hz, 1H, H-2), 3.66 (dd, J = 7.0, 1.9 Hz, 1H, H-5),
1

1.51, 1.49, 1.36, 1.33 (4x s, 3H, CH3) ppm; Minor isomer: H NMR (400 MHz, CDCl3): δ = 5.92
(ddd, J = 17.2, 10.6, 5.9 Hz, 1H, CHCH2), 5.59 (d, J = 4.8 Hz, 1H, H-1), 5.49 (dt, J = 17.3, 1.6 Hz,
1H, CH2a), 5.30 – 5.22 (m, 1H, CH2b), 4.58 (dd, J = 8.0, 2.4 Hz, 1H, H-3), 4.40 – 4.33 (m, 1H,
H-6), 4.32 (dd, J = 5.0, 2.4 Hz, 1H, H-2), 4.26 (dd, J = 8.0, 1.8 Hz, 1H, H-4), 3.57 (dd, J = 7.0, 1.8
Hz, 1H, H-5), 1.51, 1.47, 1.33, 1.32 (4x s, 3H, CH3) ppm; Both isomers:

13

C NMR (101 MHz,

CDCl3): δ = 138.0, 135.6 (CHCH2), 117.8, 116.4 (CHCH2), 109.6, 109.6, 108.9, 108.8 (2x
C(CH3)2), 96.7, 96.6 (C-1), 72.0, 71.9, 71.6, 71.3, 71.2, 71.0, 71.0, 70.9, 70.6, 69.5 (C-2, C-3, C-4,
C-5, CHOH), 26.2, 26.14, 26.08, 26.07, 25.12, 25.06, 24.5, 24.4 (4x CH3) ppm.
(6R,S)-6-C-Vinyl-6-O-imidazole-1-carbonothioyl-1,2:3,4-di-O-isopropylidene-α-D-galactose

The sugar was synthesized as described for the L-derivative with the same analytical data.
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(6R,S)-6-C-Vinyl-6-O-imidazole-1-carbonothioyl-1,2:3,4-di-O-isopropylidene-α-L-galactose

Sugar 10 (765 mg, 1 equiv, 2.7 mmol) and 1,1’-thiocarbonyl-diimidazole (675 mg, 1.4 equiv,
3.8 mmol) were refluxed in toluene (30 mL) for 4 h. The solvent was evaporated and the residue
was dissolved in DCM and washed with NaHCO 3. The aqueous layer was extracted with DCM
(3x) and the combined, yellow organic layers were dried (MgSO4) and evaporated. The activated
sugar was purified by flash column chromatography, yielding the major isomer in 36% (370 mg).
1

Rf (PE:EtOAc, 1:1) = 0.3; H NMR (400 MHz, CDCl3): δ = 8.23 (t, J = 0.9, 1H, NCHN), 7.47 (t,
J = 1.5 Hz, 1H, NCHCH), 7.12 (dd, J = 1.8, 0.9 Hz, 1H, NCHCH), 5.97 – 5.80 (m, 2H, CHCH2,
H-6), 5.56 (d, J = 5.0 Hz, 1H, H-1), 4.61 (dd, J = 7.9, 2.4 Hz, 1H, H-3), 4.32 (dd, J = 5.0, 2.4 Hz,
1H, H-2), 4.29 (dd, J = 5.1, 2.1 Hz, 1H, H-5), 4.19 (dd, J = 7.9, 2.0 Hz, 1H, H-4), 3.87 – 3.79 (m,
2H, CH2CH), 1.53 (s, 3H, CH3), 1.45 (s, 3H, CH3), 1.34 (s, 3H, CH3), 1.33 (s, 3H, CH3) ppm;
13

C NMR (101 MHz, CDCl3): δ = 135.5 (CAr), 131.3 (C-6/CHCH2), 130.6 (CAr), 126.5 (C-6/CHCH2),

116.2 (CAr), 109.6, 108.8 (2x C(CH3)2), 96.6 (C-1), 73.3 (C-5), 71.0, 70.5, 68.2 (C-2, C-3, C-4),
32.7 (CH2CH), 26.3, 26.1, 25.0, 24.6 (4x CH3) ppm.
6-C-Vinyl-1,2:3,4-di-O-isopropylidene-α-D-fucose

6-C-vinyl-1,2:3,4-di-O-isopropylidene-α-D-fucose
L-derivative

was

synthesized

as

described

for

the

12 with the same analytical data.

6-C-Vinyl-1,2:3,4-di-O-isopropylidene-α-L-fucose (12)

Bu3SnH (1.2 mL, 2.5 equiv, 4.4 mmol), AIBN (0.2 M in toluene, 2 mL, 0.25 equiv, 0.44 mmol) and
toluene (12 mL) were combined under nitrogen conditions and heated. At 80°C the activated
sugar (670 mg, 1 equiv, 1.76 mmol), dissolved in 6 mL toluene was added slowly. The mixture
was refluxed for 3 h, evaporated and dissolved in DCM. The organic layer was washed with water
(2x) which was subsequently extracted with DCM (2x). Combined organic layers were dried
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(MgSO4) and evaporated. Crude 12 was purified by flash column chromatography (PE:EtOAc,
20:1) yielding 38 mg (8%) desired product 12 and 193 mg (40%) of the rearranged byproduct 13.
1

Rf (PE:EtOAc, 6:1) = 0.4; H NMR (400 MHz, CDCl3): δ = 5.86 (ddt, J = 17.1, 10.3, 6.7 Hz, 1H,
CH2CH), 5.54 (d, J = 5.1 Hz, 1H, H-1), 5.18 (dq, J = 17.2, 1.7 Hz, 1H, CH2CH), 5.08 (ddt,
J = 10.3, 2.1, 1.2 Hz, 1H, CH2CH), 4.59 (dd, J = 7.9, 2.3 Hz, 1H, H-3), 4.29 (dd, J = 5.1, 2.3 Hz,
1H, H-2), 4.15 (dd, J = 7.9, 1.9 Hz, 1H, H-4), 3.79 (ddd, J = 8.0, 6.0, 1.9 Hz, 1H, H-5), 2.43 (dddt,
J = 14.6, 8.0, 6.6, 1.5 Hz, 1H, H-6a), 2.34 (dddt, J = 14.4, 7.2, 5.9, 1.4 Hz, 1H, H-6b), 1.52, 1.47,
1.35, 1.33 (4x s, 3H, CH3) ppm;

13

C NMR (101 MHz, CDCl3): δ = 134.6 (CHCH2), 117.2 (CHCH2),

109.2, 108.5 (2x C(CH3)2), 96.8 (C-1), 72.5, 71.1, 70.7 (C-2, C-3, C-4), 67.5 (C-5), 34.6 (C-6),
+

+

26.2, 25.1, 24.6 (4x CH3) ppm; HRMS (ESI-IT): m/z calcd for C14H22O5 +H : 271.1540 [M + H] ;
found: 271.1539.

Analytical data of rearranged product 13:

1

H NMR (400 MHz, CDCl3): δ = 5.86 – 5.69 (m, 1H, H-7), 5.68 – 5.58 (m, 1H, H-6), 5.55 (d,

J = 5.1 Hz, 1H, H-1), 4.61 – 4.57 (m, 1H, H-3), 4.29 (dd, J = 5.1, 2.4 Hz, 1H, H-2), 4.22 (d,
J = 7.7 Hz, 1H, H-5), 4.17 (dd, J = 7.7, 1.9 Hz, 1H, H-4), 1.72 (ddd, J = 7.2, 6.2, 1.3 Hz, 3H, H-8),
1.54, 1.48, 1.35, 1.33 (4x s, 3H, CH3) ppm;

13

C NMR (101 MHz, CDCl3): δ = 130.3 (C-7), 126.8

(C-6), 109.3, 108.5 (2x C(CH3)2), 96.7 (C-1), 73.9 (C-4), 71.0 (C-3), 70.6 (C-2), 69.2 (C-5), 26.3,
26.14, 25.11, 24.5 (4x CH3), 18.1 (C-8) ppm.
6-C-Vinyl-α/β-L-fucose (Fuc6Vin, 14)

For deprotection, sugar 12 (70 mg, 0.26 mmol) was dissolved in 70% acetic acid (12 mL) and
stirred at 90°C for 3 h. The solvent was removed and the crude product was coevaporated (2x)
with toluene. Flash column chromatography (DCM:MeOH, 6:1) gave a α:β mixture (1:1) of pure
product 14 (37 mg, 73%).
1

Rf (DCM:MeOH, 6:1) = 0.2; α anomer: H NMR (400 MHz, D2O): δ = 5.96 – 5.81 (m, 1H,
CHCH2), 5.30 – 5.11 (m, 3H, H-1, CHCH2), 4.16 – 4.09 (m, 1H, H-5), 3.94 – 3.84 (m, 2H, H-3,
H-4), 3.81 (dd, J = 10.3, 3.8 Hz, 1H, H-2), 2.54 – 2.31 (m, 2H, H-6) ppm;

13

C NMR (101 MHz,

D2O): δ = 134.5 (CHCH2), 117.3 (CHCH2), 92.3 (C-1), 70.5, 69.6, 69.4, 68.3 (C-2, C-3, C-4, C-5),
1

34.3 (C-6), ppm; β anomer: H NMR (400 MHz, D2O): δ = 5.96 – 5.81 (m, 1H, CHCH2), 5.30 –
5.11 (m, 2H, CHCH2), 4.58 (d, J = 7.9 Hz, 1H, H-1), 3.94 – 3.84 (m, 1H, H-4), 3.72 (ddd, J = 7.6,
6.5, 1.1 Hz, 1H, H-5), 3.65 (dd, J = 9.9, 3.5 Hz, 1H, H-3), 3.49 (dd, J = 10.0, 7.9 Hz, 1H, H-2),
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2.54 – 2.31 (m, 2H, H-6) ppm;

13

C NMR (101 MHz, D2O): δ = 134.3 (CHCH2), 117.5 (CHCH2),

96.4 (C-1), 74.2, 73.0, 71.9, 69.9 (C-2, C-3, C-4, C-5), 34.3 (C-6) ppm.
6-C-Vinyl-1,2,3,4-tetra-O-acetyl-α/β-L-fucose (Ac4Fuc6Vin, 2)

To free sugar 14 (27 mg, 1 equiv, 0.14 mmol) pyridine (200 µL, 18 equiv, 2.5 mmol) and Ac2O
(200 µL, 15 equiv, 2.1 mmol) were added and the mixture was stirred at rt for two days. The
solvent was removed and the mixture was dissolved in DCM and washed with 10% KHSO 4 (2x)
and sat. NaHCO3 (2x). The organic layer was dried (MgSO4) and evaporated. The crude product
was purified by flash column chromatography (PE:EtOAc, 3:1) yielding Ac4Fuc6Vin (2, 43 mg,
85%, α/β mixture of 1:2).
1

Rf (PE:EtOAc, 3:1) = 0.2; α anomer: H NMR (400 MHz, CDCl3): δ = 6.35 (d, J = 2.1 Hz, 1H,
H-1), 5.73 – 5.63 (m, 1H, CHCH2), 5.39 (s, 1H, H-4), 5.35 – 5.26 (m, 2H, H-2, H-3), 5.13 – 4.99
(m, CH2CH, 2H), 4.10 (q, J = 5.9, 4.6 Hz, 1H, H-5), 2.47 – 2.19 (m, 2H, H-6), 2.17, 2.11, 2.03,
1.98 (4x s, 3H, CH3) ppm;

13

C NMR (101 MHz, CDCl3): δ = 170.4, 170.3, 170.0, 169.2 (4x CO),

132.5 (CHCH2), 118.6 (CHCH2), 90.1 (C-1), 71.0, 69.2, 68.0, 66.7 (C-2, C-3, C-4, C-5), 34.8
1

(C-6), 21.0, 21.0, 20.8, 20.7 (4x CH3) ppm; β anomer: H NMR (400 MHz, CDCl3): δ = 5.73 –
5.63 (m, 1H, CHCH2), 5.66 (d, J = 8.2 Hz, 1H, H-1), 5.35 – 5.26 (m, 2H, H-4, H-2 or H-3), 5.13 –
4.99 (m, 3H, CH2CH, H-2 or H-3), 3.79 (t, J = 7.0 Hz, 1H, H-5), 2.47 – 2.19 (m, 2H, H-6), 2.16,
2.14, 2.00, 1.99 (4x s, 3H, CH3) ppm;

13

C NMR (101 MHz, CDCl3): δ = 170.3, 170.1, 169.6, 169.2

(4x CO), 132.2 (CHCH2), 118.9 (CHCH2), 92.4 (C-1), 74.0, 71.4, 68.5, 68.1 (C-2, C-3, C-4, C-5),
+

34.7 (C-6), 21.0, 20.8, 20.7 (4x CH3) ppm; HRMS (ESI-IT): m/z calcd for C16H22O9 +Na :
+

381.1156 [M + Na] ; found: 381.1138.
(6R,S)-6-C-Allyl-1,2:3,4-di-O-isopropylidene-α-D-galactose

The sugar was synthesized through a metalorganic reaction according to literature
64%. Analytical data are in agreement with literature.

[201]

[201]

yielding
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(6R,S)-6-C-Allyl-1,2:3,4-di-O-isopropylidene-α-L-galactose (18)

To a solution of aldehyde 7 (2.74 g, 1 equiv, 10.6 mmol) in 23 mL THF, allyl bromide (2 mL,
2 equiv, 21.2 mmol) and zinc dust (1.4 g, 2 equiv, 21.2 mmol) were added, slowly followed by sat.
NH4Cl solution (8.6 mL). After stirring for 3 h at rt sat. NH4Cl solution (11 mL) was added and the
mixture was allowed to stir for 15 min. The reaction mixture was filtered through Celite and
washed with EtOAc. The organic layer was washed with water (1x) and sat. NaCl solution (1x),
dried (NaSO4) and evaporated. The crude product was purified by column chromatography
(PE:EtOAc, 5:1) to give 2.52 g (79 %) of the isomer mixture 18 (17:1) as a white solid. Only
signals of major isomer are given.
1

Rf (PE:EtOAc, 5:1) = 0.15; H NMR (400 MHz, CDCl3): δ = 5.95 – 5.81 (m, 1H, CHCH2), 5.55 (d,
J = 5.0 Hz, 1H, H-1), 5.23 – 5.11 (m, 2H, CHCH2), 4.62 (dd, J = 8.0, 2.4 Hz, 1H, H-3), 4.47 (dd,
J = 8.0, 2.0 Hz, 1H, H-4), 4.32 (dd, J = 5.1, 2.4 Hz, 1H, H-2), 3.86 (td, J = 7.9, 3.8 Hz, 1H, H-6),
3.59 (dd, J = 8.1, 2.0 Hz, 1H, H-5), 2.57 (dddt, J = 14.3, 6.7, 3.9, 1.4 Hz, 1H, CH2a), 2.26 (dtt,
J = 14.2, 7.8, 1.1 Hz, 1H, CH2b), 1.51, 1.47, 1.37, 1.33 (4x s, 3H, CH3) ppm;

13

C NMR (101 MHz,

CDCl3): δ = 134.4 (CHCH2), 118.7 (CHCH2), 109.5, 108.7 (2x C(CH3)2), 96.6 (C-1), 71.0, 70.8,
70.7 (C-2, C-3, C-4), 69.5, 69.2 (C-5, C-6), 38.5 (CH2), 26.1, 26.1, 25.1, 24.6 (4x CH3) ppm; Anal.
Calcd: C, 59.98; H, 8.05 Found: C, 59.82; H, 8.00; mp: 59.2°C; HRMS (ESI-IT): m/z calcd for
+

+

+

C15H25O6: 301.16456 [M + H] ; found: 301.16455; calcd for C15H24O6 +Na : 323.14651 [M + Na] ;
found: 323.14640.
6-C-Allyl-6-O-imidazole-1-carbonothioyl-1,2:3,4-di-O-isopropylidene-α-D-fucose (17)

(6R,S)-6-C-allyl-1,2:3,4-di-O-isopropylidene-α-D-galactose (100 mg, 0.37 mmol, 1 equiv) was
coevaporated with toluene before

it was dissolved in dry toluene (3.7 mL). 1,1’-

thiocarbonyldiimidazole (92.3 mg, 0.52 mmol, 1.4 equiv) was added and the mixture was refluxed
for 5 h. The solvent was evaporated and the product purified with flash column chromatography
(PE:EtOAc, 2:1) yielding 65% (100 mg).
1

Rf (PE:EtOAc, 3:1) = 0.3; H NMR (400 MHz, CDCl3): δ = 8.39 (s, 1H, NCHN), 7.65 (t, J = 1.4 Hz,
1H, NCHCH), 7.07 (s, 1H, NCHCH), 5.89 – 5.72 (m, 2H, CHCH2, H-6), 5.56 (d, J = 5.0 Hz, 1H,
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H-1), 5.20 – 5.09 (m, 2H, CHCH2), 4.63 (dd, J = 7.9, 2.5 Hz, 1H, H-3), 4.35 (dd, J = 5.0, 2.5 Hz,
1H, H-2), 4.26 (dd, J = 7.9, 1.9 Hz, 1H, H-4), 4.14 – 4.07 (m, 1H, H-5), 2.93 – 2.82 (m, 1H, CH2a),
2.68 (ddd, J = 15.2, 7.8, 6.0 Hz, 1H, CH2b), 1.49, 1.45, 1.33, 1.30 (4x s, 3H, CH 3) ppm;

13

C NMR

(101 MHz, CDCl3): δ = 132.1, 130.0, 119.6 (3x CAr), 118.3 (CHCH2), 109.9, 109.0 (2x C(CH3)2),
96.6 (C-1), 81.3, 71.0, 70.8, 70.7, 67.0 (C-2, C-3, C-4, C-5, C-6), 33.5 (CH2), 26.2, 26.1, 25.0,
24.6 (4x CH3) ppm.
(6R,S)-6-C-Allyl-6-C-iodo-1,2:3,4-di-O-isopropylidene-α-D-fucose

(6R,S)-6-C-allyl-6-C-iodo-1,2:3,4-di-O-isopropylidene-α-D-fucose was synthesized as described
for the L-derivative 19 with the same analytical data.
(6R,S)-6-C-Allyl-6-C-iodo-1,2:3,4-di-O-isopropylidene-α-L-fucose (19)

Sugar 18 (2.52 g, 1 equiv, 8.4 mmol), PPh3 (7.9 g, 3.6 equiv, 30 mmol), imidazole (1.9 g,
3.3 equiv, 28 mmol) and I2 (3.4 g, 1.6 equiv, 13.4 mmol) were degassed. Dry toluene (80 mL) was
added and the mixture was refluxed under N2 for 2 h. The reaction mixture was treated with 1 M
Na2S2O3 solution (50 mL) and extracted with toluene (4x). The combined organic layers were
dried (MgSO4), concentrated and purified by column chromatography (PE:EtOAc, 15:1) to give
780 mg (23%) of iodide 19.
1

Rf (PE:EtOAc, 9:1) = 0.3; H NMR (400 MHz, CDCl3): δ = 5.91 (dddd, J = 16.3, 10.5, 8.0, 5.5 Hz,
1H, CHCH2), 5.60 (d, J = 5.0 Hz, 1H, H-1), 5.22 (q, J = 1.4 Hz, 1H, CHCH2a), 5.18 (dt, J = 8.8,
1.6 Hz, 1H, CHCH2b), 4.58 (dd, J = 7.9, 2.5 Hz, 1H, H-3), 4.38 (dd, J = 7.8, 1.9 Hz, 1H, H-4), 4.32
(dd, J = 5.0, 2.5 Hz, 1H, H-2), 4.22 (ddd, J = 9.7, 7.5, 3.6 Hz, 1H, H-6), 3.82 (dd, J = 9.8, 1.9 Hz,
1H, H-5), 2.81 (dddt, J = 15.3, 5.3, 3.4, 1.7 Hz, 1H, CH2a), 2.62 (dt, J = 15.5, 7.8 Hz, 1H, CH2b),
1.54, 1.44, 1.34, 1.33 (4x s, 3H, CH3) ppm;

13

C NMR (101 MHz, CDCl3): δ = 136.1 (CHCH2),

118.2 (CHCH2), 109.8, 109.1 (2x C(CH3)2), 97.0 (C-1), 72.0 (C-5), 71.2, 71.0, 70.9 (C-2, C-3,
C-4), 39.2 (CH2), 34.1 (C-6), 26.1, 26.0, 25.1, 24.7 (4x CH3) ppm; HRMS (ESI-IT): m/z calcd for
+

+

+

C15H24O5: 411.06629 [M + H] ; found: 411.06589; calcd for C15H23O5 +Na : 433.04824 [M + Na] ;
found: 433.04852.
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6-C-Allyl-1,2:3,4-di-O-isopropylidene-α-D-fucose

6-C-allyl-1,2:3,4-di-O-isopropylidene-α-D-fucose was synthesized as described for the L-derivative
20. Alytical data are identical to literature

[202]

were they synthesize the compound using a different

procedure.
6-C-Allyl-1,2:3,4-di-O-isopropylidene-α-L-fucose (20)

AIBN (78 mg, 0.25 equiv, 0,47 mmol) and nBu3SnH (1.2 ml, 2 equiv, 4.6 mmol) were refluxed in
dry toluene (30 mL) under nitrogen conditions. The iodide 19 (780 mg, 1 equiv, 1.9 mmol) was
dissolved in dry toluene (6 mL) and added slowly. The mixture was allowed to reflux overnight.
DCM (20 mL) was added and the organic layer was washed with brine. After phase separation
the aqueous layer was extracted with DCM (5x). Combined organic layers were dried (MgSO 4),
concentrated in vacuo and purified by column chromatography (PE:EtOAc, 15:1) to yield sugar 20
(475 mg, 88%) as a colorless oil.
1

Rf (PE:EtOAc, 15:1) = 0.25; H NMR (400 MHz, CDCl3): δ = 5.82 (ddt, J = 17.0, 10.2, 6.6 Hz, 1H,
CHCH2), 5.53 (d, J = 5.1 Hz, 1H, H-1), 5.06 (dt, J = 17.1, 1.8 Hz, 1H, CHCH2a), 4.98 (ddt,
J = 10.2, 2.2, 1.3 Hz, 1H, CHCH2b), 4.58 (dd, J = 7.9, 2.3 Hz, 1H, H-3), 4.29 (dd, J = 5.1, 2.3 Hz,
1H, H-2), 4.12 (dd, J = 7.9, 1.9 Hz, 1H, H-4), 3.74 (ddd, J = 8.8, 4.6, 1.8 Hz, 1H, H-5), 2.31 – 2.06
(m, 2H, CH2), 1.80 (dtd, J = 14.2, 8.4, 5.9 Hz, 1H, H-6a), 1.69 – 1.60 (m, 1H, H-6b), 1.51, 1.46,
1.35, 1.32 (4x s, 3H, CH3) ppm;

13

C NMR (101 MHz, CDCl3): δ = 138.2 (CHCH2), 115.3 (CHCH2),

109.1, 108.5 (2x C(CH3)2), 96.7 (C-1), 73.0, 71.1, 70.7 (C-2, C-3, C-4), 66.7 (C-5), 29.8 (C-7),
+

29.4 (C-6), 26.2, 26.1, 25.1, 24.5 (4x CH3) ppm; HRMS (ESI-IT): m/z calcd for C15H24O5 +H :
+

285.1697 [M + H] ; found: 285.1697.
6-C-Allyl-1,2,3,4-tetra-O-acetyl-α/β-D-fucose

6-C-allyl-1,2,3,4-tetra-O-acetyl-α/β-D-fucose was synthesized as described for the L-derivative 3
with the same analytical data.
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6-C-Allyl-1,2,3,4-tetra-O-acetyl-β-L-fucose (Ac4Fuc6All, 3)

For deprotection sugar 20 (475 mg, 1 equiv, 1.67 mmol) was stirred in 70% acetic acid at 90°C for
6 h. The solvent was removed in vacuo (nitrogen evaporator) and coevaporated once with
toluene. Without further purification Ac2O (1.8 mL, 10 equiv, 16.7 mmol) and pyridine (1.25 mL,
10 equiv, 16.7 mmol) were added and the mixture was stirred at rt overnight. The yellowish
solution was evaporated in vacuo and the residue was dissolved in DCM. The organic layer was
extracted with 1 M HCl (3x) followed by sat. NaHCO3 solution (3x) and water (1x). The organic
layers were combined, dried (MgSO4) and purified by column chromatography (PE:EtOAc, 3:1)
followed by crystallization (EtOAc,PE) to give the β-anomer of 3 (215 mg, 35%) as white needles.
1

Rf (PE:EtOAc, 3:1) = 0.2; H NMR (400 MHz, CDCl3): δ = 5.73 (ddt, J = 17.0, 10.2, 6.8 Hz, 1H,
CHCH2), 5.64 (d, J = 8.3 Hz, 1H, H-1), 5.36 – 5.28 (m, 2H, H-2, H-4), 5.09 – 4.95 (m, 3H, H-3,
CHCH2), 3.81 – 3.70 (m, 1H, H-5), 2.18 (s, 3H, CH3), 2.21 – 2.04 (m, 2H, H-7), 2.12, 2.04, 1.99
(3x s, 3H, CH3), 1.75 (dtd, J = 14.3, 8.3, 5.9 Hz, 1H, H-6 a), 1.54 – 1.41 (m, 1H, H-6 b) ppm;
13

C NMR (101 MHz, CDCl3): δ = 170.6, 170.2, 169.6, 169.3 (4x CO), 136.9 (CHCH2), 116.3

(CHCH2), 92.5 (C-1), 73.3 (C-5), 71.5, 69.2, 68.2 (C-2, C-3, C-4), 29.3, 29.3 (C-6, C-7), 21.0,
20.9, 20.8, 20.7 (4x CH3) ppm; Anal. Calcd: C, 54.83; H, 6.50 Found: C, 54.77; H, 6.41; mp:
+

+

102.9°C; HRMS (ESI-IT): m/z calcd for C17H24O9 +Na : 395.13125 [M + Na] ; found: 395.13087.
6-C-Allyl-α/β-L-fucose (Fuc6All, 21)

Peracetylated sugar 3 (30 mg, 1 equiv, 0.08 mmol) was dissolved in dry MeOH (2.5 mL) and
NEtMe2 (0.5 mL, 50 equiv, 4.6 mmol) was added. The mixture was stirred for 3 days at rt before
the solvent was evaporated. The crude product was coevaporated with toluene (3x, 1 mL) and
purified by flash column chromatography (DCM:MeOH = 6:1). In order to remove in MeOH
dissolved silica, the free sugar 21 was dissolved in water and filtered after 48 h. Lyophilizing gave
78% of Fuc6All (21) in an α:β mixture of 1:2.
1

Rf (DCM:MeOH, 6:1) = 0.23; α anomer: H NMR (400 MHz, D2O): δ = 5.93 (ddt, J = 17.0, 10.3,
6.7 Hz, 1H, CHCH2), 5.24 (d, J = 3.7 Hz, 1H, H-1), 5.20 – 5.00 (m, 2H, CHCH2), 4.04 (dd, J = 8.2,
6.1 Hz, 1H, H-5), 3.92 – 3.77 (m, 3H, H-2, H-3, H-4), 2.27 – 2.09 (m, 2H, H-7), 1.88 – 1.60 (m,
2H, H-6) ppm;

13

C NMR (101 MHz, D2O): δ = 138.6 (CHCH2), 115.0 (CHCH2), 92.2 (C-1), 70.8,
1

69.4, 69.3, 68.4 (C-2, C-3, C-4, C-5), 29.1, 28.9 (2x CH2) ppm; β anomer: H NMR (400 MHz,
D2O): δ = 5.93 (ddt, J = 17.0, 10.3, 6.7 Hz, 1H, CHCH2), 5.19 – 5.01 (m, 2H, CHCH2), 4.56 (d,
J = 7.9 Hz, 1H, H-1), 3.89 – 3.76 (m, 1H, H-4), 3.69 – 3.60 (m, 2H, H-3, H-5), 3.49 (dd, J = 9.9,
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7.9 Hz, 1H, H-2), 2.25 – 2.10 (m, 2H, H-7), 1.86 – 1.60 (m, 2H, H-6) ppm;

13

C NMR (101 MHz,

D2O): δ = 138.6 (CHCH2), 115.0 (CHCH2), 96.3 (C-1), 74.0, 73.1, 71.9, 70.2 (C-2, C-3, C-4, C-5),
+

+

29.1, 28.9 (2x CH2) ppm; HRMS (ESI-IT): m/z calcd for C9H16O5 +Na : 227.0890 [M + Na] ; found:
227.0890.
6-C-Cycloprop-2-ene-1-carboxamido-1,2,3,4-tetra-O-acetyl-α/β-L-fucose (Ac4Fuc6Cp, 37)

[137]

Ac4Fuc6Az

(4, 100 mg, 0.27 mmol, 1 equiv) was dissolved in EtOH (3 mL) and TFA (100 µL,

1.35 mmol, 5 equiv) and Pd/C (40 mg, 40 w%) were added. The flask was rinsed two times with
H2 and the mixture was allowed to stir at room temperature for 1.5 h. The mixture was filtered
over Celite and the solvent removed. The crude amine 35 was coevaporated with toluene and
used without further purification. The sugar was dissolved in DMF (3 mL) and DIPEA (138 µL,
0.81 mmol, 3 equiv) was added. After stirring at room temperature for 10 min NHS-activated
[102]

cyclopropene 36

(60 mg, 0.32 mmol, 1.2 equiv, dissolved in 1 mL DMF) was added dropwise.

The clear solution was stirred at room temperature for 3 h and 45 min before the solvent was
removed. The mixture was dissolved in DCM (5 mL) and washed with water (3x 5 mL). The
aqueous layer was once extracted with DCM and the combined organic layers were dried
(MgSO4) and evaporated. The product was purified via column chromatography (PE:EtOAc, 1:1
 PE:EtOAc, 1:6) yielding Ac4Fuc6Cp (37, 37,1 mg) in 33% over 2 steps.
1

Rf (PE:EtOAc, 1:3) = 0.1; α anomer: H NMR (400 MHz, CDCl3): δ = 6.99 (dt, J = 5.9, 1.0 Hz, 2H,
CH=CH), 6.32 (d, J = 2.7 Hz, 1H, H-1), 5.75 (t, J = 5.6 Hz, 1H, NH), 5.45 – 5.38 (m, 1H, H-3 or
H-4), 5.35 – 5.28 (m, 2H, H-2, H-3 or H-4), 4.19 – 4.15 (m, 1H, H-5), 3.51 – 3.21 (m, 2H, H-6),
2.17, 2.14 (2x s, 3H, CH3), 2.07 (q, J = 1.6 Hz, 1H, CHCO), 2.01, 2.00 (2x s, 3H, CH3) ppm;
1

β anomer: H NMR (400 MHz, CDCl3): δ = 6.99 (dt, J = 5.9, 1.0 Hz, 2H, CH=CH), 5.75 (t,
J = 5.6 Hz, 1H, NH), 5.63 (d, J = 8.3 Hz, 1H, H-1), 5.35 – 5.21 (m, 2H, H-2, H-4), 5.05 (dd,
J = 10.3, 3.4 Hz, 1H, H-3), 3.86 (ddd, J = 7.3, 6.1, 1.1 Hz, 1H, H-5), 3.51 – 3.21 (m, 2H, H-6),
2.17, 2.11 (2x s, 3H, CH3), 2.07 (q, J = 1.6 Hz, 1H, CHCO), 2.03, 1.99 (2x s, 3H, CH3) ppm; both
anomers:

13

C NMR (101 MHz, CDCl3): δ = 176.08, 176.05, 170.8, 170.7, 170.09, 170.06, 170.0,

169.6, 169.3, 169.1 (10x CO), 105.5, 105.4, 105.32, 105.27 (2x CH=CH), 92.5 (C-1β), 89.8
(C-1α), 72.7, 71.0, 69.5, 68.6, 68.1, 67.9, 67.6, 66.7, 38.91, 38.88 (C-2, C-3, C-4, C-5, C-6), 21.2,
21.1, 21.0, 20.82, 20.79, 20.77, 20.69, 20.67 (8x CH3), 19.1 (CHCO) ppm; HRMS (ESI-IT): m/z
+

+

calcd for C18H23NO10 +Na : 436.1214 [M + Na] ; found: 436.1233.
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4-Nitrophenyl (4-(2-phenyl-2H-tetrazol-5-yl)phenyl) carbonate (44)

Tetrazole 43 (456 mg, 1.91 mmol, 1 equiv) and para-nitrophenyl choroformate (1.01 g,
4.97 mmol, 2.6 equiv) were dissolved in dry pyridine (15 mL) and cooled to 0°C under nitrogen
conditions. The mixture was stirred for 22 h while warming up to rt. The solvent was removed and
the crude mixture was purified by column chromatography (PE:EtOAc, 1:1 to EtOAc) yielding the
product 44 (620 mg, 1.54 mmol, 81%) as light yellow solid.
1

Rf (PE:EtOAc, 1:1) = 0.6; H NMR (400 MHz, DMSO-d6): δ = 8.42 – 8.35 (m, 2H), 8.32 – 8.27 (m,
2H), 8.21 – 8.15 (m, 2H), 7.78 – 7.60 (m, 7H) ppm;

13

C NMR (101 MHz, DMSO-d6): δ = 163.9

(CO), 139.6 (NCN), 130.2, 128.2, 126.1, 125.5, 122.72, 122.67, 122.4, 120.0, 115.8 ppm.
4-Nitrophenyl (4-(5-phenyl-2H-tetrazol-2-yl)phenyl) carbonate

Tetrazole-OH (178 mg, 0.75 mmol, 1 equiv) and para-nitrophenyl chloroformate (392 mg,
1.94 mmol, 2.6 equiv) were dissolved in dry pyridine (6 mL) and cooled to 0°C under nitrogen
conditions. The mixture was stirred for 19 h while warming up to rt. The solvent was removed and
the crude mixture was purified by column chromatography (PE:EtOAc, 2:1 to 1:2) yielding the
activated tetrazole (230 mg, 0.57 mmol, 76%) as light yellow solid.
1

Rf (PE:EtOAc, 1:1) = 0.7; H NMR (400 MHz, DMSO-d6): δ = 8.38 (dd, J = 9.4, 2.8 Hz, 2H), 8.33 –
8.26 (m, 2H), 8.19 (dd, J = 7.4, 2.2 Hz, 2H), 7.81 – 7.71 (m, 4H), 7.66 – 7.58 (m, 3H) ppm;
13

C NMR (101 MHz, DMSO-d6): δ = 154.9 (CO), 145.5 (NCN), 129.4, 126.7, 126.1, 125.5, 123.1,

122.70, 122.66, 121.6, 115.8 ppm.
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13-biotinylamido-4,7,10-trioxatridecan-1-(4-(2-phenyl-tetrazol-5-yl)phenoxy)carbamate
(tetrazole-biotin, 45)

[192]

Activated tetrazole 44 (100 mg, 0.25 mmol, 1 equiv) and biotin-PEG-NH2

(133 mg, 0.3 mmol,

1.2 equiv) were dissolved under nitrogen conditions in dry DMF (5 mL) and pyridine (0.5 mL). The
mixture was stirred at rt for 64 h and evaporated. The oily yellow residue was dissolved in DCM
(30 mL) and washed with water (2x 15 mL). The combined aqueous layers were extracted with
DCM (2x 15 mL) and the combined organic layers were dried (MgSO 4) and evaporated. The
resulting yellow oil was purified by column chromatography (DCM:MeOH, 8:1) to give tetrazolebiotin 45 as colorless oil (32.2 mg, 0.045 mmol, 18%).
1

Rf (DCM:MeOH, 10:1) = 0.1; H NMR (400 MHz, DMSO-d6): δ = 8.21 – 8.13 (m, 4H, H-2, H-6,
H-3‘ and H-5‘ or H-2‘ and H-6‘), 7.87 (t, J = 5.7 Hz, 1H, NHCO), 7.76 – 7.66 (m, 3H, NHCO, H-3,
H-5), 7.66 – 7.59 (m, 1H, H-4), 7.39 – 7.32 (m, 2H, H-2‘ and H-6‘ or H-3‘ and H-5‘), 6.40 (s, 1H,
NH), 6.34 (s, 1H, NH), 4.32 – 4.26 (m, 1H, NHCHCH2), 4.15 – 4.09 (m, 1H, NHCHCH), 3.56 –
3.43 (m, 10H, 5x CH2O), 3.40 (q, J = 6.3 Hz, 2H, CH2O), 3.18 – 3.12 (m, 2H, CONHCH2), 3.11 –
2.98 (m, 3H, CHS, CONHCH2), 2.81 (dd, J = 12.4, 5.1 Hz, 1H, CHexo), 2.57 (d, J = 12.4 Hz, 1H,
CHendo), 2.04 (t, J = 7.4 Hz, 2H, CH2), 1.73 (p, J = 6.6 Hz, 2H, CH2), 1.66 – 1.54 (m, 4H, 2x CH2),
1.54 – 1.38 (m, 2H, CH2), 1.30 (dq, J = 15.3, 8.3, 7.5 Hz, 2H, CH2) ppm;

13

C NMR (101 MHz,

DMSO-d6): δ = 171.9, 164.1, 162.7, 153.9, 153.1, 136.2 (Cquart), 130.3, 130.2, 127.8 (5x CAr),
123.0 (Cquart), 122.6, 120.0 (4x CAr), 69.8, 69.6, 69.55, 68.1, 67.9 (5x CH2), 61.1 (NHCHCH), 59.2
(NHCHCH2), 55.4 (CHS), 40.3 (SCH2), 37.9, 35.7 (2x CH2NH), 35.2, 29.4, 28.2, 28.0, 25.3 (5x
+

+

CH2) ppm; HRMS (ESI-IT): m/z calcd for C34H46N8O7S+H : 711.3283 [M + H] ; found: 711.3266.
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13-biotinylamido-4,7,10-trioxatridecan-1-(4-(5-phenyl-tetrazol-2-yl)phenoxy)carbamate
(tetrazole-biotin, 46)

[192]

Activated tetrazole (766 mg, 1.9 mmol, 1 equiv) and biotin-PEG-NH2

(1.1 g, 2.46 mmol,

1.2 equiv) were dissolved under nitrogen conditions in dry DMF (45 mL) and pyridine (4 mL). The
mixture was stirred at rt for 41 h and evaporated. The oily yellow residue was dissolved in DCM
(50 mL) and washed with water (5x 50 mL). The combined aqueous layers were extracted with
DCM (5x 50 mL) and the combined organic layers were dried (MgSO 4) and evaporated. The
resulting yellow oil was purified by column chromatography (DCM:MeOH, 10:1) to give tetrazolebiotin 46 as colorless solid (307 mg, 0.44 mmol, 23%).
1

Rf (DCM:MeOH, 10:1) = 0.6; H NMR (400 MHz, DMSO-d6): δ = 8.24 – 8.09 (m, 4H, H-2, H-6 and
H-2‘, H-6‘ or H-3‘, H-5‘), 7.91 (t, J = 5.7 Hz, 1H, NHCO), 7.73 (t, J = 5.6 Hz, 1H, NHCO), 7.68 –
7.51 (m, 3H, H-3, H-5, H-4), 7.49 – 7.40 (m, 2H, H-2‘, H-6‘ or H-3‘, H-5‘), 6.40 (s, 1H, NH), 6.34
(s, 1H, NH), 4.35 – 4.24 (m, 1H, NHCH), 4.11 (ddt, J = 7.9, 5.2, 2.7 Hz, 1H, NHCH), 3.61 – 3.43
(m, 10H, 5x CH2CO), 3.38 (td, J = 6.3, 2.0 Hz, 2H, CH2CO), 3.20 – 3.12 (m, 2H, NHCH2), 3.07
(dq, J = 7.3, 5.6 Hz, 3H, CHS, CNCH2), 2.81 (dd, J = 12.4, 5.0 Hz, 1H, CH2Sexo), 2.57 (d,
J = 12.5 Hz, 1H, CH2Sendo), 2.04 (t, J = 7.4 Hz, 2H, CH2), 1.73 (p, J = 6.6 Hz, 2H, CH2), 1.66 –
1.54 (m, 4H, 2x CH2), 1.53 – 1.39 (m, 2H, CH2), 1.29 (hept, J = 8.0, 7.3 Hz, 2H, CH2) ppm;
13

C NMR (101 MHz, DMSO-d6): δ = 171.9, 164.5, 162.7, 153.8, 152.2, 131.0 (6x C quart), 129.4,

126.7 (4x CAr), 126.5 (Cquart), 123.3, 121.2 (5x CAr), 69.8, 69.58, 69.55, 68.1, 67.9 (6x CH2O),
61.1, 59.2 (2x NHCH), 55.4 (CHS), 40.5 (CH 2S), 37.9, 35.7 (2x CH2NH), 35.2, 29.4, 28.2, 28.1,
+

+

25.3 (6x CH2) ppm; HRMS (ESI-IT): m/z calcd for C34H46N8O7S+H : 711.3283 [M + H] ; found:
711.3263.
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3-(4-Methoxyphenyl)-1-phenyl-4,5-dihydro-1H-pyrazole-4-carboxamide (pyrazoline 47)

Tetrazole 41 (50 mg, 0.2 mmol, 1 equiv) and acrylamide (17.5 mg, 0.3 mmol, 1.5 equiv) were
dissolved in EtOH (15 mL). The mixture was stirred and irradiated (302 nm) from the top for 2 h at
room temperature. The formed yellow precipitate was filtered off to yield crude pyrazoline 47
(26.7 mg, 45%). Solvent was removed from the filtrate and purified by column chromatographie
(PE:EtOAc = 1:3) yielding another 20% product (12.2 mg).
1

Rf (PE:EtOAc, 1:3) = 0.3; H NMR (400 MHz, DMSO-d6): δ = 7.76 – 7.71 (m, 1H, NH), 7.70 – 7.64
(m, 2H, HAr), 7.27 (s, 1H, NH), 7.26 – 7.18 (m, 2H, HAr), 7.06 – 6.95 (m, 4H, HAr), 6.77 (tt, J = 7.3,
1.1 Hz, 1H, HAr), 4.58 (dd, J = 12.6, 7.7 Hz, 1H, CHCH2), 3.80 (s, 3H, CH3), 3.71 (dd, J = 17.4,
12.6 Hz, 1H, CH2a), 3.21 (dd, J = 17.4, 7.8 Hz, 1H, CH2b) ppm;

13

C NMR (101 MHz, DMSO-d6):

δ = 173.4 (CO), 149.2, 147.9, 145.5 (3x Cquart), 129.4, 127.8, 119.0, 114.6, 112.8 (5x CAr), 62.8
+

+

(CHCH2), 55.7 (CH3) ppm; HRMS (ESI-IT): m/z calcd for C17H17N3O2 +H : 296.1394 [M + H] ;
found: 296.1383.
1-(4-Methoxyphenyl)-3-phenyl-4,5-dihydro-1H-pyrazole-4-carboxamide (pyrazoline 48)

Tetrazole 42 (50 mg, 0.2 mmol, 1 equiv) and acrylamide (17.5 mg, 0.3 mmol, 1.5 equiv) were
dissolved in EtOH (15 mL). The mixture was stirred and irradiated (302 nm) from the top for 2 h at
room temperature. The formed precipitate was filtered off to yield pyrazoline 48 (29 mg, 49%).
Solvent was removed from the filtrate and purified by column chromatographie (PE:EtOAc = 1:2)
yielding another 20% product.
1

Rf (PE:EtOAc, 1:1) = 0.2; H NMR (400 MHz, DMSO-d6): δ = 7.71 (dd, J = 7.1, 1.8 Hz, 2H, HAr),
7.42 (dd, J = 8.3, 6.7 Hz, 2H, HAr), 7.38 – 7.32 (m, 1H, HAr), 7.26 (d, J = 2.1 Hz, 1H, NH2), 7.02 –
6.94 (m, 2H, HAr), 6.92 – 6.80 (m, 2H), 4.54 (dd, J = 12.6, 8.4 Hz, 1H, CHCH2), 3.77 – 3.65 (m,
1H, CH2a), 3.70 (s, 3H, CH3), 3.21 (dd, J = 17.4, 8.5 Hz, 1H, CH2b) ppm;

13

C NMR (101 MHz,

DMSO-d6): δ = 173.4 (CO), 153.4, 147.1, 139.8, 132.6 (4x Cquart), 129.1, 129.0, 126.0, 115.0,
114.4 (5x CAr), 63.9 (CHCH2), 55.8 (CH2), 39.0 (CH3) ppm; HRMS (ESI-IT): m/z calcd for
+

+

C17H17N3O2 -H : 294.1237 [M - H] ; found: 294.1227.
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1,3,4,6-Tetra-O-acetyl-N-Boc-mannosamine (Ac4ManNBoc, 50)

Boc protection was performed according to Zamora et al.

[195]

Mannosamine hydrochloride

(560 mg, 2.6 mmol, 1 equiv) was dissolved in 40% EtOH (13 mL) and NaHCO 3 (640 mg,
7.7 mmol, 3 equiv) was added. The suspension was sonicated and Boc 2O (630 mg, 2.9 mmol,
1.1 equiv), dissolved in EtOH (1.2 mL), was added slowly. The mixture was sonicated for 3 h,
turning yellow. The solvent was removed and the remaining yellow oil dissolved in water (15 mL),
washed with hexane (3x 20 mL) and extracted with 1-butanol (4x 20 mL). The combined butanol
layers were washed with water (2x 5 mL) before the solvent was evaporated. The boc-protected
mannosamine was used without further purification and dissolved in Ac 2O (3 mL) and pyridine
(3 mL) and stirred at room temperature overnight. The solvent was evaporated and the remaining
crude dissolved in DCM (10 mL) and extracted with KHSO4 (2x 10 mL) and NaHCO3 (2x 10 mL).
The combined organic layers were dries (MgSO4) and evaporated. The product was purified using
the Grace Reveleris System (PE:EtOAc = 10 – 50%) yielding an α/β-mixture (3:1) Ac4ManNBoc
(50, 540 mg, 1.2 mmol, 46%) as with foam.
1

Rf (PE:EtOAc, 1:1) = 0.4; α-anomer: H NMR (400 MHz, CDCl3): δ = 6.07 (d, J = 2.7 Hz, 1H,
H-1), 5.28 (dd, J = 10.3, 4.4 Hz, 1H, H-3), 5.18 (t, J = 10.1 Hz, 1H, H-4), 4.81 (d, J = 9.6 Hz, 1H,
NH), 4.31 (dd, J = 8.7, 2.8 Hz, 1H, H-2), 4.24 (ddd, J = 12.3, 7.0, 4.7 Hz, 1H, H-6a), 4.07 (dd,
J = 12.5, 2.5 Hz, 1H, H-6b), 4.01 (ddd, J = 10.1, 4.6, 2.5 Hz, 1H, H-5), 2.17, 2.10, 2.06, 2.02 (4x s,
1

3H, CH3(Ac)), 1.55 (s, 3H, CH3(Boc)), 1.46 (s, 6H, 2x CH3(Boc)) ppm; β-anomer: H NMR
(400 MHz, CDCl3): δ = 5.83 (d, J = 1.8 Hz, 1H, H-1), 5.12 (t, J = 9.7 Hz, 1H, H-4), 5.02 (dd,
J = 9.8, 4.1 Hz, 1H, H-3), 4.90 (d, J = 9.5 Hz, 1H, NH), 4.44 (dd, J = 9.4, 3.5 Hz, 1H, H-2), 4.24
(ddd, J = 12.3, 7.0, 4.7 Hz, 1H, H-6a), 4.14 – 4.10 (m, 1H, H-6b), 3.76 (ddd, J = 9.6, 5.3, 2.6 Hz,
1H, H-5), 2.12, 2.10, 2.06, 2.03 (4x s, 3H, CH3(Ac)), 1.55, 1.47, 1.46 (3x s, 3H, CH3(Boc)) ppm.
1,3,4,6-Tetra-O-acetyl-α/β-D-mannosamine (Ac4ManNH2*TFA, 51)

Ac4ManNBoc (50, 540 mg, 1.2 mmol) was dissolved in DCM (1 mL) and TFA (1 mL) was added.
The mixture was stirred for 30 min at room temperature before the solvent was removed. The
crude mixture was coevaporated with toluene, followed by EtOAc and PE and used without
further purification.
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1,3,4,6-Tetra-O-acetyl-N-acryl-α/β-D-mannosamine (Ac4ManNAcryl, 52)

Ac4ManNH2*TFA (51, 150 mg, 0.43 mmol, 1 equiv) was dissolved in dry DCM (4 mL) and DIPEA
(160 µL, 0.94 mmol, 2.2 equiv) was added. The mixture was stirred at room temperature for 5 min
and cooled to 0°C. Acryloyl chloride (60 µL, 0.74 mmol, 1.7 equiv) was added drop wise and the
mixture was stirred. After 75 min sat. NaHCO 3 (3 mL) was added. The aqueous layer was
extracted with DCM (2x 5 mL) and the combined organic layers were dried (MgSO 4). The crude
product was purified using the Grace Reveleris System (PE:EtOAc = 10 – 50%) yielding 25% over
two steps as α/β mixture (4:1).
1

Rf (PE:EtOAc, 1:1) = 0.2; α-anomer: H NMR (400 MHz, CDCl3): δ = 6.34 (dd, J = 17.0, 1.4 Hz,
1H, CH2a), 6.17 (dd, J = 16.9, 10.2 Hz, 1H, CH), 6.07 (d, J = 1.8 Hz, 1H, H-1), 5.75 (dd, J = 10.2,
1.4 Hz, 2H, NH, CH2b), 5.37 (dd, J = 10.2, 4.5 Hz, 1H, H-3), 5.19 (t, J = 10.0 Hz, 1H, H-4), 4.73
(ddd, J = 9.3, 4.5, 1.9 Hz, 1H, H-2), 4.32 – 4.23 (m, 1H, H-6a), 4.10 – 4.00 (m, 2H, H-5, H-6b),
2.19, 2.10, 2.07, 2.00 (4x s, 3H, CH3) ppm;

13

C NMR (101 MHz, CDCl3): δ = 170.7, 170.2, 169.9,

168.2, 165.6 (5x CO), 130.1 (CH), 128.1 (CH2), 91.8 (C-1), 70.3 (C-5), 69.0 (C-3), 65.7 (C-4), 62.2
1

(C-6), 49.5 (C-2), 21.0, 20.9, 20.83, 20.76 (4x CH3) ppm; β-anomer: H NMR (400 MHz, CDCl3):
δ = 6.33 (dd, J = 17.0, 1.4 Hz, 1H, CH2a), 6.25 – 6.12 (m, 1H, CH), 5.95 (t, J = 9.1 Hz, 1H, NH),
5.88 (d, J = 1.8 Hz, 1H, H-1), 5.73 (dd, J = 10.2, 1.5 Hz, 1H, CH2b), 5.14 – 5.03 (m, 2H, H-3, H-4),
4.86 (ddd, J = 9.1, 3.8, 1.8 Hz, 1H, H-2), 4.32 – 4.23 (m, 1H, H-6a), 4.15 – 4.08 (m, 1H, H-6b),
3.81 (ddd, J = 9.2, 5.2, 2.5 Hz, 1H, H-5), 2.09, 2.08, 2.03, 1.99 (4x s, CH3) ppm;

13

C NMR

(101 MHz, CDCl3): δ = 170.6, 170.3, 169.8, 168.5, 166.1 (5x CO), 130.4 (CH), 127.7 (CH 2), 90.8
(C-1), 73.6, 71.5, 65.5, 62.1, 49.7 (C-2, C-3, C-4, C-5, C-6), 21.2, 20.9, 20.80, 20.78 (4x CH3)
+

+

ppm; HRMS (ESI-IT): m/z calcd for C17H23NO10 +H : 402.1395 [M + H] ; found: 402.1403.
2,5-Dioxopyrrolidin-1-yl 2-((1S,2S,4S)-bicyclo[2.2.1]hept-5-en-2-yl)acetate (NHS-activated
endo-norbornene)

(1S,2S,4S)-Bicyclo[2.2.1]hept-5-en-2-ylacetic acid (400 mg, 2.63 mmol, 1 eq) and NHS
(423.5 mg, 3.7 mmol, 1.4 eq) were dissolved in anhydrous THF (14 mL). DCC (652 mg,
3.2 mmol,1.2 eq) dissolved in THF (8 mL) was added and the mixture was stirred at room
temperature overnight. The mixture was filtered to remove the urea and the filtrate was
evaporated. The crude product was purified by column chromatography (PE:EtOAc = 2:1) to yield
the activated ester as a white solid (500 mg, 2 mmol, 76%).
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1

Rf (PE:EtOAc, 1:1) = 0.5; H NMR (400 MHz, CDCl3): δ = 6.22 (dd, J = 5.8, 3.1 Hz, 1H, H-5 or
H-6), 6.00 (dd, J = 5.8, 2.9 Hz, 1H, H-5 or H-6), 2.98 – 2.93 (m, 1H, H-1), 2.88 – 2.78 (m, 5H, 4x
NHS and H-4), 2.59 – 2.49 (m, 1H, H-2), 2.46 – 2.32 (m, 2H, H-8), 2.03 – 1.98 (m, 1H, H-7a),
1.48 (dq, J = 8.4, 2.1 Hz, 1H, H-3a), 1.33 – 1.28 (m, 1H, H-3b), 0.66 (ddd, J = 11.8, 4.2, 2.6 Hz,
1H, H-7b) ppm;

13

C NMR (101 MHz, CDCl3): δ = 169.3, 168.3 (C=O), 138.4, 132.1 (C-5, C-6),

49.8 (C-3), 45.7 (C-1), 42.8 (C-4), 36.1 (C-8), 35.1 (C-2), 32.2 (C-7), 25.8 (NHS) ppm.
1,3,4,6-Tetra-O-acetyl-N-(3-(2-(bicyclo[2.2.1]hept-5-en-2-yl)-α/β-D-mannosamine
(Ac4ManNNorb, 53)

Mannosamine hydrochloride (360 mg, 1.7 mmol, 1 equiv) was dissolved in dry methanol (10 mL)
and neutralized by addition of NaOMe (0.5 M, 3.5 mL) and stirred at rt for 75 min. NHS-activated
endo-norbornene (498 mg, 2 mmol, 1.2 equiv) was suspended in MeOH (10 mL) and added. The
mixture was allowed to stir overnight before the solvent was evaporated. The crude product was
dissolved in pyridine (1.6 mL), Ac2O (1.6 mL, 17 mmol, 10 equiv) was added and the mixture was
stirred overnight at room temperature. The mixture was concentrated, diluted with DCM (50 mL)
and washed with 10% potassium bisulfate solution (50 mL), saturated sodium bicarbonate
solution (50 mL) and brine (50 mL). The organic layer was dried (MgSO 4) and the solvent was
evaporated. The crude product was purified by flash column chromatography (PE:EtOAc = 1:1) to
yield Ac4ManNNorb (53) as a white foam (0.24 mmol, 120 mg, 15%).
1

Rf (PE:EtOAc, 1:1) = 0.2; α-anomer: H NMR (400 MHz, CDCl3): δ = 6.19 (dt, J = 5.6, 2.8 Hz, 1H,
H-5’ or H-6’), 6.06 – 5.93 (m, 2H, H-1, H-5’ or H-6’), 5.68 – 5.59 (m, 1H, NH), 5.36 – 5.27 (m, 1H,
H-3), 5.25 – 5.07 (m, 1H, H-4), 5.02 (dt, J = 9.9, 4.1 Hz, 1H, H-3), 4.64 (dtd, J = 9.1, 4.5, 1.9 Hz,
1H, H-2), 4.33 – 4.21 (m, 1H, H-6a), 4.16 – 3.98 (m, 1H, H-6b), 3.79 (ddq, J = 9.8, 5.0, 2.5 Hz,
1H, H-5), 2.93 – 2.74 (m, 2H, H-1’, H-4’), 2.55 – 2.40 (m, 1H, H-2’), 2.23 – 1.79 (m, 15H, H-7’a,
H-8’, 4x CH3), 1.51 – 1.38 (m, 1H, H-3’a), 1.31 – 1.21 (m, 1H, H-3’b), 0.58 (tdd, J = 11.7, 4.3,
1

2.6 Hz, 1H, H-7’b) ppm; β-anomer: H NMR (400 MHz, CDCl3): δ = 6.19 (dt, J = 5.6, 2.8 Hz, 1H,
H-5’ or H-6’), 6.06 – 5.93 (m, 1H, H-5’ or H-6’), 5.85 (t, J = 1.5 Hz, 1H, H-1), 5.76 – 5.68 (m, 1H,
NH), 5.25 – 5.07 (m, 1H, H-4), 5.02 (dt, J = 9.9, 4.1 Hz, 1H, H-3), 4.76 (ddt, J = 9.0, 3.6, 1.6 Hz,
1H, H-2), 4.33 – 4.21 (m, 1H, H-6a), 4.16 – 3.98 (m, 2H, H-5, H-6b), 2.93 – 2.74 (m, 2H, H-1’,
H-4’), 2.55 – 2.40 (m, 1H, H-2’), 2.23 – 1.79 (m, 15H, H-7’a, H-8’, 4x CH3), 1.51 – 1.38 (m, 1H,
H-3’a), 1.31 – 1.21 (m, 1H, H-3’b), 0.58 (tdd, J = 11.7, 4.3, 2.6 Hz, 1H, H-7’b) ppm;
both anomers:

13

C NMR (101 MHz, CDCl3): δ = 173.4, 172.9, 172.8, 170.6, 170.2, 170.14,

170.09, 169.8, 169.7, 168.3 (10 x CO), 138.2, 138.1, 132.2, 132.1 (C-5’, C-6’), 91.8, 90.8 (C-1),
73.5, 71.6, 70.2, 69.2, 65.4, 65.2 (C-3, C-4, C-5), 62.1, 62.0 (C-6), 49.9 (C-3’), 49.5, 49.1 (C-2),
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45.8, 42.9, 41.9, 35.8, 32.0 (C-1’, C-2’, C-4’, C-7’, C-8’), 21.0, 20.94, 20.90, 20.88, 20.85, 20.82,
+

+

20.80, 20.7 (8x CH3) ppm; HRMS (ESI-IT): m/z calcd for C23H31NO10 +H : 482.2021 [M + H] ;
found: 482.2008.
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7.2 Biological Section
Reagents
Ac4Fuc6Alk (5) was purchased from Invitrogen and Ac4Fuc6Az (4) was synthesized according to
the literature

[147]

. 6-Methyl-tetrazine-sulfo-Cy5 (Tz-Cy5, Figure 36) was purchased from Jena

Bioscience, DBCO-Cy3 and azide-rhodamine488 (Figure 36) from Aldrich. Tz-biotin (27) was
synthesized according to Niederwieser et al.
literature

[203,

204]

[94]

and azide-biotin (Figure 36) according to

. AlexaFluor®647-labeled streptavidin, AlexaFluor®555-labeled streptavidin,

DIBO-AF488 and Hoechst33342 were purchased from Invitrogen as well as the Click-iT® Cell
Reaction Buffer Kit. PUGNAc was purchased from Sigma Aldrich, DNAse I from Thermo
Scientific, protease inhibitors cOmplete™ EDTA-free from Roche. AlamarBlue® Cell Viability
Reagent was obtained from Thermo scientific. Anti-biotin antibody was purchased from Abnova.
The secondary horseradish-peroxidase-conjugated anti-mouse antibody was purchased from
Dianova (goat anti-mouse igG (H+L)-HRO). Microscopy was performed using point laser scanning
confocal microscopes (Zeiss LSM 780 and 880 Meta) equipped with a highly sensitive GaAsPdetector for spectral imaging. Analysis of the obtained data was performed using ImageJ software
version 1.47v. CHO Lec13 cells were kindly provided by Pamela Stanley.

Figure 36: Chemical structures of (A) Tz-Cy5, (B) azide-biotin, (C) DBCO-Cy3 and (D) azide-rhodamine488.

Cell culture
The human embryonic kidney cell line 293T (HEK293T cells) was grown in Dulbecco’s modified
–1

Eagle medium (DMEM, Gibco) supplemented with 10% fetal calf serum (FCS), 100 units mL
–1

penicillin and 100 μg mL streptomycin (Gibco) at 37°C and 5% CO2. Mycoplasma contamination
was negatively tested using the Venor®GeM Classic Kit (Minerva Biolabs). HeLa S3 and Chinese
hamster ovary (CHO) cells were cultivated in the same way. CHO Lec13 cells were cultured in
MEMα medium (Gibco) supplemented with 10% dialyzed FBS (Gibco), 100 units mL

–1

penicillin
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and 100 μg mL streptomycin at 37°C and 5% CO2. When comparing CHO WT and CHO Lec 13
cells both cell lines were cultured in supplemented MEMα, only varying in FBS.
Fixation
Cells were washed two times with PBS before 4% paraformaldehyde (PFA) was added for 6 min,
followed by washing (2x PBS). Remaining PFA was quenched with 50 mM NH4Cl for 10 min
which was washed away with two times PBS.
Viability test – AlamarBlue® assay
5000 HEK293T cells per well were seeded in 96-well plates. The cells were allowed to attach
overnight before the cells were treated in quadruplicates with 0 – 2 mM sugar (stock solutions of
100 µM in DMSO) or equal amounts of DMSO as control. After 2 days, AlamarBlue® Cell Viability
Reagent (1:10 diluted in media) was added. Plates were incubated for 2 h at 37°C and 5% CO2.
Fluorescence was read out using the Synergy HT from Biotek with a 530/25 bandpass excitation
filter and a 590/30 bandpass emission filter. Experiments were performed in two independent
measurements. Data were plotted using SigmaPlot 13.
Confocal fluorescence microscopy
For HEK293T cells, the wells were coated with 0.01% poly-L-lysine (Sigma) in phosphatebuffered saline (PBS) for 1 h at 37 °C (or overnight at 4°C) and rinsed with PBS. 35000 cells/well
were seeded in 4-well ibiTreat μ-Slides (ibidi) or 15000 cells/well in 8-well ibiTreat μ-slides (ibidi)
and allowed to attach overnight. Cells were then incubated with 100 µM or 200 µM of the
corresponding derivative (stock solutions of 100 µM in DMSO) for 48 h. DMSO was added as
solvent control.
DAinv reaction
Cells were washed two times with PBS and then treated with Tz–biotin 27 (6 h, 1 mM for terminal
alkenes, 3 h, 250 µM for cyclopropene) at 37 °C. After two washes with PBS, cells were
–1

-1

incubated with AlexaFluor®-labeled streptavidin (6.6 μg mL ) and Hoechst 33342 (10 µg mL )
for 20 min at room temperature in the dark. Cells were washed twice with PBS, and DMEM was
added for microscopy.
Copper-catalyzed click reaction
Cells were washed two times with PBS and then treated according to the Click-iT® Cell Reaction
Buffer Kit with CuSO4 (1:1000) and N3-biotin (6.4 mM in DMSO, 1:3200) or azide-rhodamine488
(stock: 5 mM in DMSO, 30 µM) for 30 min at room temperature. When labeling with azide-biotin
cells were washed twice with PBS and incubated with AlexaFluor®-labeled streptavidin
–1

-1

(6.6 μg mL ) and Hoechst 33342 (10 µg mL ) for 20 min at room temperature in the dark. All
samples were washed twice with PBS, and DMEM was added for microscopy.
Dual labeling
Cells were washed two times with PBS and then treated with Tz-Cy5 (stock: 5 mM in DMSO,
50 µM, 30 min, 37°C). After two washes with PBS, cells were treated according to the Click-iT®
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Cell Reaction Buffer Kit with CuSO4 (1:1000) and azide-rhodamine488 (stock: 5 mM in DMSO,
-1

30 µM) and Hoechst 33342 (10 µg mL ) for 30 min at room temperature. Cells were washed
twice with PBS, and DMEM was added for microscopy.
Photo-click reaction (fixed cells)
Cells were washed two times with PBS and then fixed after the before mentioned protocol before
they were treated with tetrazole-biotin 45 (stock: 100 mM in DMSO, 100 µM). Cells were
irradiated for 10 min with a hand held UV-lamp (302 nm) which was directly placed on top of the
ibidi. Cells were incubated for 4 h at 4°C before they were washed twice with PBS and incubated
–1

-1

with AlexaFluor555®-labeled streptavidin (6.6 μg mL ) and Hoechst 33342 (10 µg mL ) for
20 min at room temperature in the dark. Cells were washed twice with PBS, and PBS was added
for microscopy.
Photo-click reaction (living cells)
Cells were washed two times with PBS and then treated with tetrazole-biotin (stock: 100 mM in
DMSO, 45: 100 µM, 46: 50 µM). Cells were irradiated for 1 min with a hand held UV-lamp
(302 nm) which was directly placed on top of the ibidi. Cells were incubated for 1 h at 37°C before
they were washed twice with PBS and incubated with AlexaFluor555®-labeled streptavidin
–1

-1

(6.6 μg mL ) and Hoechst 33342 (10 µg mL ) for 20 min at room temperature in the dark. Cells
were washed twice with PBS, and DMEM was added for microscopy.
Western blotting
Cell lysis, and Western blotting were performed as described previously

[125]

and repeated at least

once. 800 000 HEK293T cells were seeded in 10 cm dishes and were allowed to attach overnight.
The media were exchanged with media containing 100 μM Ac4Fuc6Alk (5) or Ac4GlcNAlk (39)
(stock solutions of 100 µM in DMSO) for 48 h. As solvent control DMSO was added. Cells were
trypsinated and re-suspended in PBS (10 mL) and pelleted by centrifugation (5 min, 400 rcf). The
supernatant was discarded and the pellet re-suspended in PBS (1 mL) and pelleted by
centrifugation (5 min, 400 rcf). The pellets were solubilized in 200 μL lysis buffer (0.5 V-% Triton
X-100, 25 mM Tris pH 7.4, 300 mM NaCl, 20 mM beta-glycerophosphate, 20 mM NaF, 0.3 mM
NaV, 30 µg/mL DNAse I, 1x protease inhibitors, 100 μM O-(2-Acetamido-2-deoxy-Dglucopyranosylidenamino) N-phenylcarbamate (PUGNAc)) and incubated at 4 °C for 30 min. The
lysates were cleared by centrifugation (30 min at 20 000 rcf, 4°C). 35 μL of the supernatant were
copper catalyzed reacted with biotin-azide according to the Click-iT® Cell Reaction Buffer Kit.
SDS sample buffer was added and samples were incubated for 10 min at 90 °C. Samples were
stored at -25 °C overnight. Proteins were separated by SDS-polyacrylamide gel electrophoresis
using 10% polyacrylamide gels and transferred to nitrocellulose membranes (BioRad). Transfer
efficiency and equal loading was analyzed with Ponceau S staining. The membranes were
blocked in 5% milk in PBS with 0.5 V-% Tween 20 (PBS-T) for 1 h at room temperature, followed
by incubation with anti-biotin antibody (1:2000) in milk overnight at 4°C. The membranes were
washed 3 times with PBS-T for 10 min each, incubated with secondary horseradish-peroxidaseconjugated anti-mouse antibody (1:50 000 in milk, 1 h, room temperature) and washed again

94

7. Experimental Section

3 times with PBS-T for 10 min each. The blots were developed by an ECL detection system
(clarity Western ECL substrate, BioRad) and visualized using a CCD camera (Raytest-1000,
Fujifilm).
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1

H NMR spectrum (CDCl3, 400 MHz) of 8.
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C NMR spectrum (CDCl3, 101 MHz) of 8.
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1

H NMR spectrum (CDCl3, 400 MHz) of Ac4Fuc6CH2 1 as α/β-mixture.

13

C NMR spectrum (CDCl3, 101 MHz) of Ac4Fuc6CH2 1 as α/β-mixture.
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1

H NMR spectrum (D2O, 400 MHz) of Fuc6CH2 (9) in a α:β mixture of 1:2.
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C NMR spectrum (D2O, 101 MHz) of Fuc6CH2 (9) in a α:β mixture of 1:2.
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1

H NMR spectrum (CDCl3, 400 MHz) of fucose 10 in a mixture of isomers (ratio 3:2).
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C NMR spectrum (CDCl3, 101 MHz) of fucose 10 in a mixture of isomers (ratio 3:2).
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H NMR spectrum (CDCl3, 400 MHz) of activated sugar 10.
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C NMR spectrum (CDCl3, 101 MHz) of activated sugar 10.
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H NMR spectrum (CDCl3, 400 MHz) of fucose 12.

13

C NMR spectrum (CDCl3, 101 MHz) of fucose 12.
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H NMR spectrum (CDCl3, 400 MHz) of Ac4Fuc6Vin 2 as α/β-mixture.
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C NMR spectrum (CDCl3, 101 MHz) of Ac4Fuc6Vin 2 as α/β-mixture.
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H NMR spectrum (D2O, 400 MHz) of Fuc6Vin (14) in a α:β mixture of 1:1.
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C NMR spectrum (D2O, 101 MHz) of Fuc6Vin (14) in a α:β mixture of 1:1.
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1

H NMR spectrum (CDCl3, 400 MHz) of fucose 18 in a mixture of isomers (ratio 17:1).

13

C NMR spectrum (CDCl3, 101 MHz) of fucose 18.
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H NMR spectrum (CDCl3, 400 MHz) of sugar 17.
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C NMR spectrum (CDCl3, 101 MHz) of sugar 17.
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H NMR spectrum (CDCl3, 400 MHz) of iodide 19.
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C NMR spectrum (CDCl3, 101 MHz) of iodide 19.
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H NMR spectrum (CDCl3, 400 MHz) of allyl-fucose 20.
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C NMR spectrum (CDCl3, 101 MHz) of allyl-fucose 20.
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H NMR spectrum (CDCl3, 400 MHz) of Ac4Fuc6All (3).
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C NMR spectrum (CDCl3, 101 MHz) of Ac4Fuc6All (3).
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1

H NMR spectrum (D2O, 400 MHz) of Fuc6All (21) in an α:β-mixture of 1:2.

13

C NMR spectrum (D2O, 101 MHz) of Fuc6All (21) in an α:β-mixture of 1:2.
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H NMR spectrum (CDCl3, 400 MHz) of Ac4Fuc6Cp (37) in an α:β-mixture of 1:1.4.
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C NMR spectrum (CDCl3, 101 MHz) of Ac4Fuc6Cp (37) in an α:β-mixture of 1:1.4.
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H NMR spectrum (DMSO-d6, 400 MHz) of activated tetrazole 44.
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C NMR spectrum (DMSO-d6, 101 MHz) of activated tetrazole 44.
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H NMR spectrum (DMSO-d6, 400 MHz) of activated tetrazole.
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C NMR spectrum (DMSO-d6, 101 MHz) of activated tetrazole.
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H NMR spectrum (DMSO-d6, 400 MHz) of tetrazole-PEG-biotin 44.
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C NMR spectrum (DMSO-d6, 101 MHz) of tetrazole-PEG-biotin 44.
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1

H NMR spectrum (DMSO-d6, 400 MHz) of tetrazole-PEG-biotin 45.

13

C NMR spectrum (DMSO-d6, 101 MHz) of tetrazole-PEG-biotin 45.
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1

H NMR spectrum (DMSO-d6, 400 MHz) of pyrazoline 47.
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C NMR spectrum (DMSO-d6, 101 MHz) of pyrazoline 47.
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1

H NMR spectrum (DMSO-d6, 400 MHz) of pyrazoline 48.
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C NMR spectrum (DMSO-d6, 101 MHz) of pyrazoline 48.
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1

H NMR spectrum (CDCl3, 400 MHz) of Ac4ManNHBoc (50) as α/β-mixture (3:1).

1

H NMR spectrum (CDCl3, 400 MHz) of the α-derivative Ac4ManNAcryl (52).
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1

H NMR spectrum (CDCl3, 400 MHz) of the α/β mixture of Ac4ManNAcryl (52).
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C NMR spectrum (CDCl3, 101 MHz) of the α/β mixture of Ac4ManNAcryl (52).
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1

H NMR spectrum (CDCl3, 400 MHz) of activated norbornene.
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C NMR spectrum (CDCl3, 101 MHz) of activated norbornene.
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1

H NMR spectrum (CDCl3, 400 MHz) of Ac4ManNNorb (53).
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C NMR spectrum (CDCl3, 101 MHz) of Ac4ManNNorb (53).
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