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Synthesis of glycosylated and
fluorescently labeled antigenic peptides
for immune-receptor interaction studies
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Bolli, E.; Codée, J.D.C.; van Kasteren, S.l.; Albertazzi, L. Single-Molecule Imaging of Glycan—
Lectin Interactions on Cells with Glyco-PAINT. Nat. Chem. Biol. 2021, 17 (12), 1281-1288

L. Verschoor and R.W.R van den Kieboom also contributed to the work presented in this
chapter

Introduction

Glycans have a critical role in immune response modulation through their interaction with
immune lectins.’ Immune cells express a variety of such lectins — protein receptors for
glycans — and use these to distinguish self from non-self, leading to subsequent secretion of
specific cytokines*> and receptor-mediated endocytosis of the glycosylated material.®
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Chapter 4

One well-studied example of an immune lectin is the mannose receptor (MR, CD206), also
known as the macrophage mannose receptor.” This protein contains multiple domains with
different binding specificities.? It has eight C-type lectin domains (CTLs) for which evidence
suggests only one, CTL4, is active.’ The other domains do seem to play a role in recognition of
larger glycan structures, like yeast mannan.'? The CTLs of the mannose receptor not only bind
mannosides and oligomannosides, but also fucosides and N-acetyl-glucosamine-containing
carbohydrates.!!

In addition to the CTL-domain, the MR has two additional binding domains: a fibronectin type
Il domain, capable of binding collagen fragments,*? and a cysteine-rich lectin domain (CRD)
capable of binding to sulfated sugars, particularly 4-sulfo-N-acetyl-galactosamine and 3-sulfo-
galactose containing oligosaccharides.!3

Cysteine rich domain (CRD) ———
Collagen binding domain

C-type lectin domains (CTL)

T A
LWL

Figure 1. Cartoon representation of the mannose receptor (CD206). The CTL domain that is responsible for most
of the calcium dependent oligosaccharide binding affinity (CTL4) is highlighted.

The biology of the MR is intriguing: it appears to enhance uptake of attached ligands in a
receptor-dependent fashion, yet it possesses no internal signaling domains. In 2006, Kurts and
co-workers'#* observed that MR-ligands showed enhanced antigen cross-presentation, while
leaving MHC-Il restricted antigen presentation unaffected. This effect seemed to be caused by
differential routing of mannose receptor associated antigen compared to non-MR binding
soluble antigen. As shown globally in Figure 2, regular pinocytosis of antigen targets an antigen
to lysosomes, resulting in MHC class Il presentation and activation of CD4* T-cells. MR-
mediated uptake, however, results in sequestering of antigen in early endosomes, resulting in
epitope presentation via MHC class | and activation of CD8* T-cells. This striking observation
was deemed of importance to the field of vaccinology, as strong activation of a CD8* T-cell
response is critical for anti-viral and anti-tumor vaccine regimes.’> Achieving this using
conventional vaccination strategies has proven difficult to date.®
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Figure 2. Simplified overview of the different routing of antigens and the different T-cell activations this results
in, depending on MR-mediated uptake of antigen or uptake by pinocytosis.

Decoration of synthetic vaccines with MR-ligands is an area of active research.'’'8 Yet, to date,
no direct correlation between mannoside-lectin binding characteristics and improved T-cell
activation of a vaccine candidate has been made. This is largely due to the generally weak (mM
to uM affinity) binding of carbohydrates to lectins.'! This weak binding makes studying
carbohydrate-lectin interactions using established techniques like surface plasmon resonance
(SPR) or isothermal titration calorimetry (ITC) difficult. However, recently a microscopy-based
method was developed that allowed for the evaluation of glycan-lectin interactions on the
surface of a cell, using a points accumulation for imaging in nanoscale topography (PAINT)
microscopy technique.

In PAINT microscopy, single molecule interactions are detected only when the fluorescent
molecule under study is bound to some larger structure; the diffusional motion of unbound
probe blurs the fluorescent signal to below detection limits. Interactions that slow the probe’s
diffusion for a certain length of time (hundreds of milliseconds), like glycan-lectin interactions,
can be made visible as distinct events. The frequency these events are observed is correlated
to the on-rate of the interaction, while the time (number of frames) they are visible is directly
related to the off-rate. Glycoclusters were synthesized, containing various valences and
configurations of carbohydrates, all containing a single fluorophore. By treating cells
expressing the MR on the cell surface with low concentration (1-5 nM) of these probes, direct
measurements of the lectin binding kinetics could be made for the first time. This method,
dubbed “glyco-PAINT”!? enables the direct, single molecule, observation of fluorescently
labeled glycoclusters binding to the mannose receptor and the extraction of binding

CD8 epitope

L )\ )
Carbohydrate
bindingcluster (A)

information from the approach.

Antigenic peptide (B) Fluorophore(C)

Figure 3. General design of the model antigenic peptides containing a mannose receptor binding carbohydrate
cluster (A), an antigenic peptide containing a CD8* T-cell epitope (B) and a fluorophore (C) for tracking via glyco-
PAINT.
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It was envisaged that this technique could also be used to directly determine MR-binding
kinetics of synthetic glycosylated vaccines. If this could then be combined with a CD8* T-cell
activation study, a correlation between on-cell lectin binding kinetics and antigen cross-
presentation could finally be established. This chapter describes the synthesis of a series of
such glycosylated model peptides (Figure 3), containing a carbohydrate binding cluster (A,
Figure 3), a CD8 T-cell epitope within flanking regions (B, Figure 3) and a fluorophore to allow
glyco-PAINT of the constructs (C, Figure 3).

Results and Discussion

In order to study antigen uptake and cross-presentation using glyco-PAINT, a synthetic
antigenic peptide bearing both one or more glycans as well as a fluorophore had to be
designed and synthesized (Figure 4). As a first step in the design, the antigenic peptide was
selected. The commonly employed model antigen OVAza7.262 was chosen as a first model
antigen.?%2! This peptide contains the MHC class | restricted epitope OVA2s7.26a (SINFEKL),
commonly used in the study of antigen cross-presentation in mice and reagents for its
immunological analysis are widely available. The OVA47-264 peptide is often C-terminally
extended with a AsK spacer and previous work has indicated that the C-terminal lysine residue
of this spacer can be modified with various functionalities without impairing antigen uptake
and presentation.?%22 This residue was therefore considered the preferred site for fluorophore
introduction.

Similar previous work has also indicated that attachment of one or more azido-lysine residues
N-terminal of the peptide is well tolerated in cross-presentation.”?3 Propargylated glycans
can then be installed by copper(l)-catalyzed azide alkyne cycloaddition (CuAAC). Variation of
the number of azidolysines, as well as the spacing between the azidolysine residues enables
the study of the effects multivalency has on the binding and internalization of glycosylated
peptides. By introducing spacers of varying length between the azidolysine cluster and the N-
terminus of the antigenic peptide, further optimization of the glycan-mediated uptake might
be achieved. In the initial study, two spacers are compared: a single glycine residue and a
triethylene-glycol based spacer, as described in Chapter 5. This last option could improve both
aqueous solubility of the peptide as well as increasing the peptide’s flexibility, and form an
interesting contrast to the less flexible glycine spacer. Both of these spacer options are
compatible with in-line Fmoc-SPPS, simplifying synthetic accessibility.
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Figure 4. Overview of the proposed target peptides for the glyco-PAINT based studies on the correlation of
mannose-receptor binding and CD8 T-cell cross-presentation. The OVA247-264 peptide sequence contains the well-
studied OVAzs7-264 epitope, which is C-terminally extended with the amino acid sequence AAAAAK. This C-
terminal lysine is then used for the introduction of the sulfoCy5 fluorophore. N-terminally an optional spacer can
be introduced, followed by a cluster of one, two or six azidolysine residues conjugated with propargylated glycans
via CUAAC chemistry.

Introduction of the propargylated glycans using CUAAC conjugation will be carried out as the
last step, on the fluorescently labeled peptide scaffold (Figure 5A). The introduction of this
fluorophore on the C-terminal lysine will be accomplished using on-resin coupling methods.
To selectively modify this residue over the lysine residue that is present in the OVA347-264
sequence, the C-terminal residue will be protected with the acid-labile monomethoxytrityl
(Mmt) protective group, which can be liberated in a highly selective fashion. The synthesis of
the fully protected, resin-bound antigenic peptide, containing the azidolysine residue required
for carbohydrate conjugation, can be achieved using standard Fmoc-SPPS.

As the glycans of choice, mono- and trimannosides 1 and 2 (Figure 5B) were considered as
good model mannosides to target the CTL domain of the mannose receptor, based on the data
obtained in the original Glyco-PAINT experiments. These structures were previously shown to
be on the lower and higher end of mannose receptor affinity respectively.’® Furthermore, to
target the CRD of the mannose receptor, a sulfated GalNAc derivative (3) was added to the
library.?#2> For the fluorophore, required to enable peptide tracking by Glyco-PAINT, the sulfo-
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Cy5 dye (4) was selected. This dye is water soluble, super-resolution microscopy compatible,?®
and synthetically accessible.?”

A
) 708
KKKKKK S SPACER I OVA,47.564 AsK
R R R U
N3 N3 Nj sCy5
R
KKKKKK B SPACER OVA 547264 AsK
N3 N3 N3 U
N3 N3 N Pg Pg Pg Mmt
R [ |
KKKKKK B SPACER OVA 547264 AsK
N3 N3 N Pg Pg
B
Ho— OH
HO O
HO
OH Ho— 9" o HO480 ~OH
OH HO o OH o
HO o HO™To o HO 0
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Figure 5. A) Retrosynthetic analysis of one of the target peptides. The R-groups represent different glycans linked
via triazole-linkage, as in Figure 4. B) synthetic building blocks, required to furnish the differently glycosylated
mannose receptor targeting fluorescent peptides.

To synthesize trimannoside 2, a modified synthesis based on the work of Fairbanks and co-
workers was explored.?® In this work, this trimannoside was synthesized bearing a benzyl
protecting group on the reducing end anomeric center. Replacing this with a propargyl group
had no negative effect on the synthesis, as shown in Figure 6.
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Figure 6. Synthesis of trimannoside 6. Reagents and conditions: a) Acz0, pyridine, 93% b) i) Propargyl-OH,
BFs-Et20, DCM, 63% ii) NaOMe, MeOH, 93% c) Ph(OMe)s, TsOH, MECN ii) TFA, H20, 61% d) N,N-
dimethylaminopropylamine, THF, 72% e) CCIsCN, DBU, DCM, 70% f) BFs-Et20, 4A molecular sieves, DCM, 62% g)
Na(s), MeOH, 68%.

The first step of the synthesis was the acetylation of b-mannose to yield peracetylated sugar
5. Propargyl alcohol was introduced at the anomeric position using BFs-Et;0 as a catalyst,
followed by Zemplén deacetylation with sodium methoxide in methanol to produce 1. A
portion of this sugar was reserved for later peptide conjugation. The bulk was regioselectively
benzoylated on the 2- and 4-positions:?®?° treatment of 1 with trimethylorthobenzoate and
para-toluenesulfonic acid gave the 2,3:4,6-bis-orthoester intermediate, which can be
hydrolyzed in the presence of TFA to give predominately the 2,4-benzoylated glycosyl
acceptor 6.

Intermediate 5 was also used to create lactol 7 using the selective anomeric deacetylation

procedure reported by Andersen et al3° This intermediate was converted into
trichloroacetimidate donor 8 using trichloroacetonitrile and catalytic DBU. The protected

trisaccharide 9 was formed in 62% yield by reacting 4 equivalents of 8 with glycosyl acceptor
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6, using BF3-Et,0 as the activator. Deprotection of the ester groups under Zemplén conditions
produced the propargyl-modified trimannoside 2.

HO _OH ab.c HO _OH d HO OBz
0 o] 0
— =z —— .
HO&&NHHOH Hogg/o\// Bzoég/o\//
2 NHAc NHAc
+HCl 10 1"
e HO;S0 OBz f HO;S0 _OH
—_— o] — o]
BzO o F Ho&po Z
NHAc *NH3 NHAc
12 3

Figure 7. Synthesis of sulfated N-acetylgalactosamine derivative 3. Reagents and conditions: a) Ac20, pyridine
84% b) propargyl-OH, Yb(OTf)s DCM, 94% c) NaOMe, MeOH, quant. d) BzCl, pyridine, DMF, -40°C, 55% e)
SOs-pyridine, pyridine, 91% f) NHs, H20, 75%.

The synthesis of the sulfated galactosamine derivative 3 began with the acetylation of b-
galactosamine hydrochloride to yield peracetylated galactosamine in exclusively the PB-
configuration. The anomeric position was modified with propargyl alcohol using Yb(OTf)s as
catalyst.3! This was followed by deacetylation to produce propargylated N-
acetylgalactosamine 10. This intermediate was then benzoylated on the 3,6-positions. Initially,
the conditions described by Imperiali and coworkers®? were attempted, but the solubility of
compound 10 in pyridine at -40°C was too low for the reaction to work efficiently. By dissolving
the starting material in DMF, followed by cooling to -40°C and careful addition of benzoyl
chloride in pyridine, the desired product 11 was obtained in 55% yield. This intermediate was
sulfated using SOs-pyridine complex in 91% vyield (12). Deacetylation using ammonium
hydroxide produced the desired sulfated N-acetylgalactosamine 3.

With the carbohydrate building blocks in hand, the focus was shifted to the synthesis of the
fluorophore. The synthesis of such sulfated derivatives of cyanine dyes were originally
described by Waggoner and coworkers.?” To bring the structure in line with the commercially
available cyanine dyes, a methyl substituent was placed on the indole nitrogen, instead of the
ethyl used in the original publication (Figure 8).
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Figure 8. Synthesis of sulfoCy5 fluorophore 16. Reagents and conditions: a) 3-methylbutanone, AcOH, 65% b) i)
NaOAc, MeOH ii) Mel, MeCN, 80% c) i) KOAc, MeOH ii) 6-bromohexanoic acid, 1,2-dichlorobenzene, quant d) i)
malonaldehyde bis(phenylimine) HCI, AcOH, Ac20, quant ii) Acz0, pyridine, 7%.

The synthesis of 4 started with a Fischer indole synthesis, yielding indoline 13 from p-
hydrazinobenzenesulfonic acid and 3-methylketone. This indoline was alkylated with either
iodomethane, producing 14, or with 6-bromohexanoic acid, to produce 15. To produce 4, 14
was first reacted with an excess malonaldehyde bis(phenylimine), followed by a quick workup
and further reaction with 15 to yield the asymmetric dye. Using RP-HPLC, the final product
was obtained as the free carboxylic acid (4).

For the first attempt at a glycosylated and fluorophore labeled antigenic peptide, a simple
monovalent design was endeavored (Figure 9). As a spacer moiety between the azidolysine
residue and the antigenic peptide, a single glycine residue was introduced.
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Figure 9. Synthesis of fluorescently labeled and glycosylated peptide 21. Reagents and conditions: a) SPPS (2
cycles, HCTU, Fmoc-Gly-OH, Fmoc-Lys(Nz3)-OH) b) i) AcOH, TFE, DCM ii) EtsN, DMF c) 4, HCTU, DiPEA, DMF d) i)
20% (v/v) piperidine/DMF ii) TFA, TIS, H20 iii) RP-HPLC, 5.0 % e) 3, CuSOa, NaAsc, THPTA, 40°C, 74%.

The synthesis of resin bound peptide 16 was started by coupling of the Mmt-protected lysine
onto Tentagel S RAM resin. Automated SPPS was then used to couple five alanine residues,
followed by the native sequence of OVA;47.264. This peptide was then elongated with a glycine
residue, followed by azidolysine, to yield resin bound peptide 17. From this peptide, the Mmt-
group was removed selectively using a mildly acetic mixture (1:2:7, AcOH/TFE/DCM)33
followed by extensive washing with EtsN in DMF to remove excess acetic acid. Fluorophore 4
was then coupled to the deprotected lysine sidechain using HCTU as a coupling agent. After
coupling overnight, resin bound peptide 19 was obtained. Removal of the N-terminal Fmoc in
19 was followed by cleavage using a standard TFA deprotection mixture (95:2.5:2.5,
TFA/TIS/H;0) to yield a product mixture that, according to LC-MS analysis, contained product
20, tainted with large quantities of a peptide with a mass spectrum indicating over-labeling
with 4 (Am = +624 Da), suggesting a second unprotected amine was present in (part of) resin
bound peptide 18. This could be caused by either unintentional cleavage of the Boc protecting
group of the other lysine residue in the sequence, or by accidental partial cleavage of the Fmoc
protecting group during the washing steps, with the latter being the most likely. The mixture
was subjected to RP-HPLC and peptide 20 was isolated successfully in a yield of 5.0%. Next,
conjugation of peptide 20 to the propargylated sulfosugar 3 under copper catalysis was
attempted. Many different conditions for bioconjugation using copper catalysis have been
described.343> Initially, copper iodide was used as the source of Cu(l), with DiPEA and THPTA
added to stabilize this reactive species, as was described previously for the synthesis of
mannose glycoclusters.'®36 However, this combination of reagents performed erratically,
showing efficient conversion in some cases and no conversion in others. A different approach
was taken instead: CuSO4 was used as the copper source and was reduced in situ to Cu(l) using
sodium ascorbate. The ligand THPTA3* was added to stabilize the catalytically active species.
The solvents were sparged with nitrogen before use, in order to remove dissolved oxygen that
could potentially oxidize the Cu(l) species back to Cu(ll). The purification of the product was
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carried out using size exclusion chromatography with HW-40 resin3®, to remove the unreacted
sugar, copper salts and small molecule ligands used in the reaction. The fluorophore present
in the product allows for facile detection of product containing fractions via UV monitoring.
This way, peptide 21 was obtained in a 74% vyield.

Mmt N3 N3 N3 Mmt
Fmoc OVA47.264 AsK —a> il KKKKKK § G OVA 347.264 AsK
16 N3 N3 N3 22
N3 N3 N3 sCy5 N3 N3 N3 sCy5
N3 N3 N3 23 N3 N3 N3 24

R R R $CY5 HO— OH
d R= HO 0 N
B = KKKKKK %G OVA 47264 AsK HO [ N
N
s I,
R R R 25 N

Figure 10. Synthesis hexaazide peptide scaffold 25. Reagents and condition: a) SPPS (7 cycles, HCTU, Fmoc-Gly-
OH, 6 x Fmoc-Lys(N3)-OH) b) i) AcOH, TFE, DCM ii) EtsN, DMF iii) 4, HCTU, DiPEA, DMF c) i) 20% (v/v)
piperidine/DMF ii) TFA, TIS, H20 iii) RP-HPLC, 2.4% d) a) 1, CuSOa4, NaAsc, THTPA, DMSO.

A peptide bearing 6 azidolysine residues was chosen as the next target as this would allow the
comparison of MR-ligand valency on antigen cross-presentation. The synthesis of this peptide
was started from resin bound peptide 16, which was elongated with a single glycine residue,
followed by six azidolysine residues to yield resin-bound intermediate 22. The Mmt protecting
group on 22 was cleaved under mild acidic conditions (AcOH/TFE/DCM, 1:2:7) followed by
basic washes. Coupling of fluorophore 4 to the unmasked amine, mediated by HCTU, produced
resin bound peptide 23. Fmoc cleavage and global deprotection of the peptide using a TFA
cocktail (95:2.5:2.5, TFA/TIS/H,0) vyielded crude 24. This intermediate was again highly
contaminated by large quantities of doubly labeled peptide. After RP-HPLC, pure 24 was
obtained in 2.4% yield.

As, due to the low yields of SPPS, only limited quantities of 24 were available, the conjugation
with propargyl mannoside 1 was attempted on a test-scale. Gratifyingly, the click reaction
proceeded without incident, generating compound 25 cleanly based on LC-MS analysis (Figure
10). However, after purification over HW-40 size exclusion resin, some problems were
encountered. The ammonium acetate used as buffer salt during the purification was not fully
removable by lyophilization, even after repeated rounds of lyophilization. This, combined with
the small scale of the reaction, meant the final yield of 25 could not be determined accurately.
As the isolated yield of peptide 24 was rather poor, resynthesis using larger quantities of the
peptide was not an immediate option. Therefore, improvements to the synthesis of the
scaffold were considered a first priority.
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To increase the yield of the fluorophore labeled scaffold peptide, the over-labeling problem
in the fluorophore labeling step had to be eliminated. Since this problem is most likely caused
by unintentional deprotection of the N-terminal Fmoc, acetylation of the N-terminus before
fluorophore coupling was considered a viable strategy to explore.

N3 Ny Ny Mmt N3 Ns Nj Mmt
a
O | KKKKK 1G T OVA47.064 AK IRV KKK TG T OVAL47 00 AgK
N3 N3 N3 22 N3 N3 N3 26
N3 N3 N3 sCy5 N3 N3 N3 sCy5
b c
SNV | KKK G T OVA,47064 AK W | KKK TG T OVA,47064 AgK
N3 N3 N3 N3 N3 N3

27 28

Figure 11. Synthesis of acetylated scaffold 29 from resin bound intermediate 23. Reagents and conditions: a) i)
20 % (v/v) piperidine/DMF ii) Ac20, DiPEA, DMF b) i) AcOH, TFE, DCM ii) EtsN, DMF iii) 4, HCTU, DiPEA, DMF c) i)
TFA, TIS, H20 ii) RP-HPLC, 6.2%.

Previously synthesized intermediate 22 was N-terminally deprotected and acetylated by
treating the resin bound peptide with a mixture of Ac;O and DiPEA in DMF, producing resin
bound peptide 26 (Figure 11). This peptide was then selectively deprotected and the
fluorophore was introduced as before, producing 27. After global deprotection of the peptide
followed by RP-HPLC purification, 28 was obtained in 6.2% yield, a marked increase over the
previous synthesis.

N3 N3 Nj sCy5
I KKKKKK XGE  OVA,47.064 AsK
N3 N3 Nj 28
a b
N3 N3 Ng sCy5
IV KKKKKK TG OVAyu7.264 AsK
N3 N3 N3
HO;S0O _OH
HO— OH 8
R= HO 0 T 0 N>\
Ho N HO o_[
N
29 30

Figure 12. Conjugation of peptide scaffold 29 with mannoside 1 and attempted conjugation with sulfated
glycoside 3. Reagents and conditions: a) 1, CuSQOas, NaAsc, THTPA, DMSO, 20% b) 3, CuSOs, NaAsc, THTPA, DMSO.

This peptide was again conjugated to monomannoside 1. The solubility of the scaffold 28 was
quite low even when using DMSO as main solvent, but conjugation with the mannoside did
proceed to completion. During size exclusion chromatography over HW-40 resin, ammonium
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bicarbonate was used as the buffer salt, which is easier to remove by lyophilization. This
enabled the isolation of compound 29 in 20% yield. Next, an attempt was made to modify
peptide 28 with sulfated glycan 3. Unlike the modification with the neutrally charged
mannoside, the Cu-catalyzed conjugation proceeded sluggishly for this sugar. LC-MS analysis
after 72 hours of reaction time indicated the presence of a mixture of peptides, bearing
various amounts of sugar 3. The main component of the mixture had a mass-spectrum
indicative of conjugation of only three sugars to the peptide. At the same time, the reaction
mixture had started to turn gel-like, further indicating the low solubility of the scaffold as a
problematic factor. After an additional 48 hours of reaction time, the complexity of the
mixture had further increased and no products or intermediates could be identified by mass
spectrometry analysis. Further dilution with DMSO or DMF could not redissolve the peptide,
hindering thorough analysis and further conversion. At this point, the reaction was
abandoned.

As these solubility issues were seriously hindering the synthesis of more complex peptides,
the earlier described polyethyleneglycol spacer was considered as a replacement for the
glycine spacer used up to now. This spacer should increase solubility in both organic and
aqueous solvents, hopefully keeping the molecule in solution during the copper-catalyzed
glycoconjugation. However, the length and flexibility of this moiety can also have considerable
effect on the binding kinetics of the glycocluster, so direct comparison between peptides
containing different spacers need to be considered carefully. The synthesis of a short PEG
spacer compatible with Fmoc-SPPS will be described in Chapter 5, and this same spacer will
be used here.

Mmt N3 N Ny Mmt
a I
Fmoc OVA 247.261 AK I S e | KKKKK B TEG OVA 47264 A:K
16 N3 N3 N3 31
N3 N3 N3 sCy5
b.c I
SNV | (KKK B TEG OVA47.264 AsK
N3 N3 Nj 32
N3 N3 N3 sCy5
d I
S SNV | <KKK B TEG OVA47.264 AsK
N3 N3 Nj 33
H
TEG EfN\/\O/\/O\/\O/ﬁR\
o}

Figure 13. Synthesis of scaffold peptide 34 containing a polyethylene glycol spacer. Reagents and conditions: a)
SPPS (7 cycles, HCTU, Fmoc-PEG-OH, 6 x Fmoc-Lys(N3)-OH) b) i) 20 % (v/v) piperidine/DMF ii) Ac20, DiPEA, DMF
c) i) AcOH, TFE, DCM ii) EtsN, DMF iii) 4, HCTU, DiPEA, DMF d) i) TFA, TIS, H.0 ii) RP-HPLC, 7.4%.
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By extending resin bound peptide 16 with this PEG spacer, followed by elongation with six
azidolysine residues, resin bound peptide 31 was obtained successfully. N-terminal acetylation
followed by selective Mmt deprotection and HCTU mediated coupling of fluorophore 4 yielded
resin bound peptide 32. Global deprotection of this molecule followed by RP-HPLC purification
yielded compound 33 in 7.4% yield. As expected, the solubility of this molecule was improved
compared to the previously described compound 28. Next, copper catalyzed click reactions
with all three propargylated glycans were carried out on this scaffold.

N3 N3 N sCy5
1"
V= KKKKKK B TEG OVA 247.264 AsK
N3 N3 N3 33
a
Y Y Y
? R T FOv°
Y KKKKKK B TEG OVA 247.264 AsK
R R R
OH
R= HO[Q
HO
WO 8 ¢ OH
H H 0580
Ho\ O HO % ’ P
HO HO 0] N
6 N=N 0 N=N, HO o_[
O\/K/N4 O\/K/N4 NHAc N N
34 35 36

Figure 14. Synthesis of three different glycoconjugates based on scaffold 34. Reagents and conditions: a) 1, 2 or
3, CuS04, NaAsc, THPTA, DMSO, 40°C, (35: 85%, 36: 54%, 37: -).

Conjugation of scaffold 33 with both the monomannoside 1 and trimannoside 2 worked
without major issue in 85% and 54% vyield respectively. The increase in yield observed for the
hexa-monomannoside (compared to compound 29) could indicate that the increase in
solubility helps the reaction or the following purification. Sulfated glycan 3 was also subjected
to copper catalyzed click with scaffold 33 in an attempt to produce conjugate 36, and initially
LC-MS analysis indicated formation of the desired glycopeptide from this reaction. An attempt
was made to isolate this product using size exclusion chromatography, but after lyophilization
of the main peak no product was observed by LC-MS analysis.
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Since earlier work has found a correlation between multivalency and both lectin binding and
cross-presentation, peptides with a different valency were explored next. Using the methods
described above, synthesis of a peptide bearing two N-terminal azidolysine residues, with a
glycine spacer between them, was carried out (Figure 15).

Mmt N3 N3 Mmt
a
Fmoc OVA 247.264 AsK ——» Fmoc— LS REe OVA 547.264 AsK
16 37
N3 Na sCy5
b,cd
YW |« N OVA 547.264 AK
38
e
Y Y
R R sCy5
V= KGK ® TEG OVA 347.264 AsK
_ HO OH
R= ) 0
HO
Ho\ O © ) o
Ho—\ OH HO OH 0380 N
o) HO > )
HO HO 0 N
HO N=N o} N=N, HO o\/[ \
O\)\/Ngi O\/’\/N4§ NHAC N §
39 40 41

Figure 15. Synthesis of bivalent peptide scaffold 39 and glycoconjugates 40, 41 and 42. Reagents and conditions:
a) SPPS (4 cycles, HCTU, Fmoc-PEG-OH, Fmoc-Lys(N3)-OH, Fmoc-Gly-OH, Fmoc-Lys(N3)-OH) b) i) 20 % (v/v)
piperidine/DMF ii) Ac20, DiPEA, DMF c) i) AcOH, TFE, DCM ii) EtsN, DMF iii) 4, HCTU, DiPEA, DMF d) i) TFA, TIS,
H20 ii) RP-HPLC, 6.6% €) 1, 2 or 3, CuSOas, NaAsc, THPTA, DMSO, 40°C, (40: 60%, 41: 60%, 42: 52%).

Manual elongation of the resin bound peptide 16 with the TEG-spacer followed by Lys(Ns)-
Gly-Lys(N3) proceeded smoothly. This was followed by acetylation of the N-terminus, selective
lysine deprotection and fluorophore incorporation. After global deprotection with TFA
(95:2.5:2.5, TFA/TIS/H20) and RP-HPLC scaffold 38 was obtained in 6.6% yield. This scaffold
was derivatized with all three propargylated glycans, producing all three bivalently
glycosylated peptides in decent yields. Of particular note here is the fact that compound 41,
bearing two of the sulfo-GalNAc moieties was obtained without incident in fair yield. This
indicates that the problems encountered while attempting to synthesize compounds 30 and
36 are most likely arriving from the amount of sulfated glycans introduced and are not an
inherent problem of the sulfated glycan.
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To evaluate whether the binding of these novel antigenic peptides could indeed be studied by
glyco-PAINT, a binding density measurement was performed. In this experiment, the same
mannose-receptor expressing Chinese hamster ovary (CHO) cells used for the original glyco-
PAINT experiments were used.? Since CHO cells do not express any mannose-binding lectins
by themselves, non-modified CHOs were used as negative controls. During the measurement,
1 nM of molecule 34 was added to the cells and a total of 5000 frames, with a 50 ms frame
integration time, were recorded. Using the tracking software TrackMate3” individual single-
molecule binding events were detected as fluorescent puncta in the images. Next, using the
tracking capability of the software, these individual binding events were linked together into
tracks, effectively grouping together peptide-MR interactions that persisted over several
frames. These tracks were converted to density maps by plotting the total amount of tracks
per um?2. These maps, together with the brightfield images of the cells, are shown in Figure
16.

Figure 16. An example of glyco-PAINT used to determine binding affinity of glycosylated antigenic peptide 34.
Top half of figure: Brightfield images showing A) MR-transformed CHO and B) non-transfected wildtype CHO
cells. Bottom half of figure: Density maps showing binding in events/um? for C) MR-transformed CHO cells and
D) non-transfected CHO cells. A single pixel in the density maps represents 1 um?of cell area. The scale bar in
brightfield images represents 10 um.

In these maps, the difference in binding density between MR-expressing cells and the wild-
type is apparent. This suggests that 1) the glycosylated antigenic peptides do indeed have
binding interaction with the mannose receptor and 2) Glyco-PAINT can be used to measure
the kinetics of this binding. In the near future, all glycosylated peptides described in this
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chapter will be evaluated in this manner, and ko and relative kon values will be determined
for all. Once these data are obtained, T-cell assays will be carried out using the different
constructs to determine whether a correlation between one or more parameters of MR-
binding and level of T-cell activation exist, using a dendritic cell mediated cross-presentation
assay.

Conclusion

The effects glycosylation has on antigen (cross-)presentation are as of now not yet fully
understood. Novel methods and tools to study lectin interaction, uptake and routing of, and
T-cell activation by, glycosylated antigens are a key region of investigation. The glyco-PAINT
method was developed to better measure the binding of glycans to lectins on a cell
membrane, allowing for more accurate determination of some of the parameters involved in
uptake of glycosylated antigen. Here, a series of glycosylated peptides were synthesized in an
attempt to apply the glyco-PAINT methodology to glycosylated versions of the well-studied
antigenic peptide OVA247-264.

Incorporation of the required fluorophore was carried out by modification of the C-terminal
AsK modification. On-resin introduction of the fluorophore enabled facile conjugation of the
fluorophore to the desired lysine residue, and the modified peptides were isolated in
reasonable yields after RP-HPLC. For the introduction of the multivalent glycans, a strategy
based on the introduction of a multivalent clickable scaffold, in the form of one or more
azidolysine residues on the N-terminal side of the peptide, was utilized. These azide containing
peptides can be modified with different propargylated glycans, creating diversity in both
multivalency and glycan structure. Besides the already known propargyl mono- and
trimannoside structures, a new novel sulfated GalNAc derivative, as a ligand for the cysteine
rich domain of the mannose receptor, was developed.

During the synthesis of the larger scaffolds, some solubility problems were encountered. The
solubility of the peptide was improved by the introduction of a PEG based spacer between the
antigenic peptide and the poly-azidolysine scaffold. Using this improved scaffold, hexavalent
peptides 34 and 35 could be synthesized successfully, as well as bivalent peptides 39, 40 and
41. Interestingly, both attempts to couple six sulfo-GalNAc molecules onto a hexavalent
scaffold failed. Whether this is a problem caused by the high degree of sulfation, by negatively
influencing either the click reaction or the following purification, remains to be investigated.

An initial glyco-PAINT experiment was carried out using peptide 34, showing that this
construct does indeed show MR-dependent binding interactions with cells. The technique will
be further utilized to fully characterize the MR binding of molecules 34,35 and 39-41.
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Experimental

General methods for synthesis and characterization of compounds

Solvents were purchased from Honeywell, VWR or Alfa Aesar. Anhydrous solvents were prepared by
drying over 4A molecular sieves. Reagents purchased from chemical suppliers were used without
further purification, unless stated otherwise. All reactions were performed under nitrogen atmosphere
and/or under exclusion of H,0, unless stated otherwise. Reactions were followed by thin layer
chromatography which was performed using TLC silica gel 60 F254 on aluminium sheets, supplied by
Merck. Compounds were visualized using UV absorption (254 nm) and/or a spray reagent, either
permanganate (5 g/L KMnOa, 25 g/L K2CO3) or sulfuric acid (10% v/v in EtOH). *H and 3C NMR spectra
were recorded using a Briker AV400 (400 / 101 MHz) or a Briiker AV300 (300 / 75 MHz) and COSY and
HSQC 2D experiments were used to assign peaks. Recorded data was interpreted and analyzed using
MestReNova 12 software. Chemical shifts are reported in ppm (8) in reference to an internal standard
(TMS) or the residual solvent peak. High resolution mass spectra were recorded by direct injection (2
pL of a 2 uM solution in H,O0/MeCN 1:1 and 0.1% formic acid) on a mass spectrometer (Thermo Fisher
Exactive HF Orbitrap) equipped with an electrospray ion source in positive mode. The high resolution
mass spectrometer was calibrated prior to measurements with a calibration mixture (Thermo
Finnigan). LC-MS characterization of compound was carried out using an electrospray ionization mass
spectrometry (ESI-MS) on a Thermo Finnigan LCQ Advantage Max LC-MS instrument with a Surveyor
PDA plus UV detector on an analytical C18 column (Phenomenex, 3 pum, 110 A, 50 mm x 4.6 mm) in
combination with buffers A (H.0) and B (MeCN) containing a constant 10% C (1% aq TFA).

1,2,3,4,6-penta-0O-acetate-D-mannopyranose (5)
Aco—, QAc D-mannose (9.20 g, 50 mmol) was suspended in EtOAc (250 mL). Pyridine (10 eq.,
Aﬁ?&y 40 mL, 500 mmol) and acetic anhydride (10 eq., 47 mL, 500 mmol) were added and
the reaction was stirred overnight at room temperature. The reaction mixture was
diluted with 250 ml EtOAc and washed once with 1M HCI (1 L) and twice with saturated NaHCOs (2 x 1
L) solution. The resulting organic layer was dried over MgS0,, filtered and concentrated. Penta-acetyl

OAc

mannose 5 was obtained as a viscous yellow oil (18.43 g, 47.2 mmol, 93%). The product was used in
the next reaction steps without further purification. Spectral data was in accordance with earlier
published results.®

Propargyl 2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside (S1)

AcO Oéc A solution of 5 (3.90 g, 10 mmol) in anhydrous DCM (50 mL) was cooled to 0°C in
Aﬁgﬁﬁ an ice bath. Propargyl alcohol (5 eq., 2.9 ml, 50 mmol) and BFs-Et,0 (10 eq, 12.3

O\/ mL, 100 mmol) were added and the solution was warmed to room temperature.
After 96 hours, the reaction was quenched by the addition of saturated aqueous NaHCOs3 (200 mL). The
reaction mixture was further diluted by the addition of DCM (200 mL) and the organic layer was
separated. The organic layer was washed once with saturated aqueous NaHCO; (200 mL) and twice
with water. The organic layer was dried over MgS0,, filtered and concentrated. Silica gel column
chromatography (10>50% EtOAc in pentane) yielded S1 as a colourless oil (2.43 g, 6.3 mmol, 63%). 'H
NMR (300 MHz, CDCl3) & 5.36 — 5.26 (m, 3H, H2, H3, H4), 5.04 (d, J = 1.7 Hz, 1H, H1), 4.34 — 4.25 (m,
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3H, H5, CH-propargyl), 4.12 (dd, J = 12.2, 2.5 Hz, 1H, H6a), 4.07 — 3.99 (m, 1H, H6b), 2.49 (t,J = 2.4 Hz,
1H, CH-propargyl), 2.17 (s, 3H, C(O)CHs), 2.11 (s, 3H, C(O)CHs), 2.05 (s, 3H, C(O)CHs), 2.00 (s, 3H,
C(O)CHs). 3C NMR (75 MHz, CDCls) & 170.8 (C=0), 170.1 (C=0), 170.0 (C=0), 169.8 (C=0), 96.3 (C1),
75.7 (CH-propargyl), 69.4 (C2), 69.1 (C5), 69.0 (C4), 66.1 (C3), 62.4 (C6), 55.1 (CH,-propargyl), 21.0
(C(O)CHs), 20.9 (C(O)CHs), 20.8 (C(O)CHs).

Propargyl a-p-mannopyranoside (1)

HO— OH Acetylated glycoside S1 (1.07 g, 2.76 mmol) was dissolved in MeOH (25 mL). a 30%
Hﬁ&g (w/w) NaOMe in methanol solution (80 pL) was added and the reaction mixture
o\/// was stirred for four hours. After TLC analysis indicated completion of the reaction,
the reaction mixture was neutralized with Amberlyst H* resin. The resin was
filtered off and the solution was concentrated in vacuo. Propargyl mannoside 1 was obtained as a
crystalline white solid (0.56 g, 2.56 mmol, 93%). *H NMR (300 MHz, MeOD) & 4.96 (d, J = 1.7 Hz, 1H,
H1), 4.27 (d, J = 2.4 Hz, 2H, CH,-propargyl), 3.89 — 3.57 (m, 5H, H2, H3, H4, H6), 3.51 (ddd, J = 8.7, 5.8,
2.3 Hz, 1H, H5), 2.86 (t, J = 2.4 Hz, 1H, CH-propargyl). 3C NMR (75 MHz, MeOD) 6 99.8 (C1), 76.0 (CH
propargyl), 75.0 (C5), 72.5 (C4), 72.0 (C2), 68.4 (C3), 62.8 (C6), 54.8 (CHx-propargyl). HRMS (ESI) m/z:

[M + Na*] calcd for CosH1406 241.0683, found 241.0681.

Propargyl 2,4-di-O-benzoyl-a-p-mannopyranoside (6)

Ho— 0Bz Glycoside 1 (0.53 g, 2.5 mmol) was dissolved in MECN (12.5 ml). Trimethyl
o)
Bzﬁc&g orthobenzoate (2,5 eq., 1.1 ml, 6.2 mmol) and TsOH (0.1 eq., 48 mg, 0.25 mmol)

O\/ were added and the solution was swirled until all solids were dissolved. The
solution was stirred for another 5 minutes and the MECN was removed in vacuo. The obtained solid
was redissolved in fresh MECN (5 ml) and 10% aqueous TFA (5 ml) was added. The solution was stirred
for another 15 minutes and subsequently concentrated to dryness. The crude solid was purified by
column chromatography (1:1 EtOAc:pentane) to obtain pure 6 as a white solid (0.65 g, 1.52 mmol,
61%). *H NMR (300 MHz, CDCl3) § 8.13 — 8.03 (m, 4H, CHarom), 7.65 — 7.56 (m, 2H, CHarom), 7.51 — 7.41
(M, 4H CHarom), 5.52 (t, J = 10.0 Hz, 1H, H4), 5.45 (dd, J = 3.5, 1.7 Hz, 1H, H2), 5.25 (d, J = 1.7 Hz, 1H, H1),
4.44 (dd, J = 10.0, 3.5 Hz, 1H, H3), 4.33 (d, J = 2.4 Hz, 2H, CH,-propargyl), 4.00 (ddd, / = 10.0, 4.1, 2.4
Hz, 1H, H5), 3.86 — 3.70 (m, 2H, H6), 2.51 (t, J = 2.4 Hz, 1H, CH-propargyl). 3C NMR (75 MHz, CDCl3) &
167.4 (C=0), 166.1 (C=0), 133.9 (CHarom), 133.8 (CHarom), 130.1 (CHarom), 129.3 (Cg), 129.1 (Cg), 128.8
(CHarom), 128.7 (CHarom), 96.7 (C1), 78.4 (Cq4-propargyl) 75.6 (CH-propargyl), 72.8 (C2), 71.2 (C5), 70.3
(C4), 68.7 (C3), 61.5 (C6), 55.4 (CH,-propargyl). HRMS (ESI) m/z: [M + Na*] calcd for Cy3H2,05 449.1207,
found: 449.1202.

2,3,4,6-tetra-O-acetyl-D-mannopyranose (7)
AcO— OAc Anomeric deacetylation was carried out according to the procedure of Andersen et
AX?O%&H al.®® Acetylated sugar 5 (9.93 g, 25 mmol) was dissolved in THF (125 mL). DMAPA (5
OH eq., 15.7 ml, 125 mmol) was added to the solution and the reaction mixture was
stirred for 2 hours, after which TLC analysis indicated full consumption of starting material. The
solution was transferred to a separation funnel and diluted with DCM (500 mL). The organic layer was
washed successively with 1M HCI (500 mL) and brine (500 mL). The organic layer was dried over MgSQ,,
filtered and concentrated producing the partially deacetylated sugar 7 (6.39 g, 18.3 mmol, 72%). This

product was used in the next step without further purification. *H NMR (300 MHz, CDCl3) § 5.42 (dd, J
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= 10.0, 3.3 Hz, 1H, H3), 5.37 — 5.20 (m, 3H, H1, H2, H4), 4.62 (d, J = 4.2 Hz, 1H, 1-OH), 4.32 — 4.21 (m,
2H, H5, H6a), 4.19 — 4.09 (m, 1H, H6b), 2.17 (s, 3H, C(O)CHs), 2.11 (s, 3H, C(O)CHs), 2.06 (s, 3H, C(O)CHs),
2.01 (s, 3H, C(O)CHs). 23C NMR (75 MHz, CDCl3) § 171.0 (C=0), 170.4 (C=0), 170.2 (C=0), 170.0 (C=0),
92.1 (C1), 70.3 (C2), 68.9 (C3), 68.3 (C5), 66.3 (C4), 62.7 (C6), 20.9 (C(O)CHs), 20.8 (C(O)CHs), 20.8
(C(O)CHs).

Trichloroacetimidate 2,3,4,6-tetra-O-acetyl-D-mannopyranoside (8)

AcO— OAc Partially protected compound 7 (1.74 g, 5.0 mmol) was co-evaporated three
0
Aﬁcoo&g times with toluene. The flask was backfilled with N; and the sugar was dissolved

O\H/CC's in anhydrous DCM (25 mL). Trichloroacetonitrile (5 eq., 2.5 ml, 25 mmol) and DBU

NH (0.1 eq., 77 mg, 0.5 mmol) were added and the reaction was allowed to stir at

room temperature for 2.5 hours. Celite was added to the reaction and the volatiles were removed in

vacuo. Silica gel column chromatography on neutralized silical (1:1 Et,0:pentane) yielded

trichloroacetimidate 8 a colorless solid (1.64 g, 3.34 mmol, 70%). *H NMR (300 MHz, CDClz) & 8.80 (s,

1H, C(NH)CCls), 6.29 (d, J = 1.9 Hz, 1H, H1), 5.50 — 5.39 (m, 3H, H2, H3, H4), 4.32 — 4.24 (m, 1H, H6a),

4.24 —4.13 (m, 2H, H5, H6b), 2.21 (s, 3H, C(O)CHs), 2.09 (s, 3H, C(O)CHs), 2.07 (s, 3H, C(O)CHs), 2.01 (s,

3H, C(O)CHs). ¥C NMR (75 MHz, CDCl3) & 170.0 (C=0), 169.9 (C=0), 169.9 (C=0), 169.7 (C=0), 159.9

(C(NH)CCIl5), 94.6 (C1), 71.3 (C5), 68.9 (C2) , 68.0 (C3), 65.5 (C4), 62.2 (C6), 20.9 (C(O)CHs), 20.8
(C(O)CH3s), 20.8 (C(O)CHs), 20.7 (C(O)CHs).

Propargyl 2,3,4,6-tetra-O-acetyl-a-D-mannopyranosyl-(1-6)-[2,3,4,6-tetra-O-acetyl-a-D-
mannopyranosyl-(1->3)]-2,4-di-O-benzoyl-a-D-mannopyranoside (9)

Aco— OAc Glycosyl acceptor 6 (0.21 g, 0.5 mmol) was co-evaporated 3 times with
o]
AX?O toluene and dissolved in anhydrous DCM (25 mL) under an Nzatmosphere.
OAc o

AAC%O& 0Bz In a separate dry flask imidate donor 8 (4 eq., 0.99 g, 2.0 mmol) was
AcO™TB,0 é: 0 dissolved in anhydrous DCM (5 mL). The solution containing the imidate
© o\/ was transferred to the reaction flask with a syringe and activated 4A
molecular sieves (1.26 g) were added. After stirring for one hour BFs-Et20

(2 eq,0.12 ml, 1.0 mmol) was added and the solution was stirred overnight. The reaction was quenched
by adding EtsN (20 eq., 2.8 mL). The reaction mixture was filtered over celite and water (150 mL) was
added. The layers were separated and the aqueous layer extracted twice with DCM (2 x 50 mL). The
organic fractions were combined, dried and concentrated. The crude compound was purified by silica
gel column chromatography (30% EtOAc in DCM) to produce pure 9 as a colorless solid (0.34 g, 0.31
mmol, 62%). *"H NMR (400 MHz, CDCl3) & 8.18 — 8.13 (m, 2H, CHarom), 8.06 — 8.01 (m, 2H, CHarom), 7.67
—7.52 (m, 4H, CHarom), 7.49 — 7.43 (m, 2H, CHarom), 5.65 (t, J = 10.0 Hz, 1H), 5.55 (dd, J = 3.4, 1.8 Hz, 1H),
5.34 (dd, J=10.1, 3.4 Hz, 1H), 5.29 —5.20 (m, 3H), 5.11 - 5.06 (m, 2H), 4.98 (d, J = 1.9 Hz, 1H), 4.88 (dd,
J=2.9,1.8Hz, 1H), 4.81 (d, J = 1.7 Hz, 1H), 4.49 (dd, J = 9.8, 3.4 Hz, 1H), 4.37 (d, J = 2.4 Hz, 2H, CH>-
propargyl), 4.25 —3.97 (m, 8H), 3.91 (dd, J = 10.8, 6.7 Hz, 1H), 3.62 (dd, J = 10.8, 2.2 Hz, 1H), 2.56 (t, J
= 2.4 Hz, 1H, CH-propargyl), 2.14 (s, 3H, C(O)CHs), 2.12 (s, 3H, C(O)CHs), 2.05 (s, 3H, C(O)CHs), 1.99 (s,
3H, C(O)CHs), 1.95 (s, 3H, C(O)CHs), 1.94 (s, 3H, C(O)CHs), 1.85 (s, 3H, C(O)CHs), 1.83 (s, 3H, C(O)CHs).
13C NMR (101 MHz, CDCl3) § 170.8 (C=0), 170.7 (C=0), 170.1 (C=0), 169.9 (C=0), 169.8 (C=0), 169.2
(C=0), 166.0 (C=0), 165.4 (C=0), 133.8 (CHarom), 133.7 (CHarom), 130.1 (CHarom), 130.0 (CHarom), 129.2
(Cq), 128.9 (CHarom), 128.8 (Cy), 128.7 (CHarom), 99.5, 97.3, 96.2, 78.1 (C4-propargyl), 75.8 (CH-propargyl),
75.0, 71.6, 70.1, 69.4, 69.3, 69.1, 68.8, 68.7, 68.4, 66.8, 66.1, 65.9, 62.5, 62.4, 55.1 (CH,-propargyl),
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21.0 (C(O)CHs), 20.9 (C(O)CHs), 20.8 (C(O)CHs), 20.7 (C(O)CHs), 20.5 (C(O)CHs). HRMS (ESI) m/z: [M +
NH,*] caled for Cs;Hss026 1104.3555, found 1104.3553

Propargyl a-p-mannopyranosyl-(1->6)-[a-D-mannopyranosyl-(1->3)]-a-b-
mannopyranoside (2)

HO— OH A small amount of sodium metal was dissolved in 5 ml MeOH (pH > 12).

H,_(,)O 2 The methoxide solution was added to a flask containing 9 (0.32 g, 0.29

HHOO og 0 oH mmol) and the solution was stirred for 6 days. The reaction mixture was

H% 0 acidified with Amberlyst H+ and filtered. The solution was concentrated to
o]

\/ dryness and the product was redissolved in 2 ml MeOH. The product was

precipitated from 30 ml ice-cold diethyl ether. The ether was removed via
centrifugation and the solids were washed with fresh Et20. The product was dried under vacuum
yielding pure 2 as a white powder (0.12 g, 0.22 mmol, 68%). The obtained spectral data was consistent
to earlier published results.>* *H NMR (400 MHz, MeOD) & 5.06 (d, J = 1.4 Hz, 1H), 4.84 (d, J = 1.5 Hz,
1H), 4.26 (t, J = 2.1 Hz, 2H, CH,-propargyl), 4.04 (dd, J = 3.0, 1.8 Hz, 1H), 4.00 — 3.90 (m, 2H), 3.89 — 3.58
(m, 18H), 2.89 (t, J = 2.4 Hz, 1H, CH-propargyl). 3C NMR (101 MHz, MeOD) & 104.0, 101.5, 100.2, 80.7,
76.1 (CH-propargyl), 74.9,74.4,73.8,72.6,72.4,72.1,72.1,71.2,68.7,68.5,67.3,67.1, 62.8, 55.0 (CH>-
propargyl). HRMS (ESI) m/z: [M + NH4*] calcd for C2;H34016 560.2185, found 560.2189

1,3,4,5-tetra-0-acetyl-2-deoxy-2-acetamido-B-p-galactopyranoside (S2)

AcO OAc This reaction was carried out as described by Wipf et al.** Galactosamine
Aco&/om hydrochloride (2.16 g, 10 mmol) was suspended in anhydrous pyridine (20 mL) and
NHAC acetic anhydride (12 eq, 11.3 mL, 120 mmol) was added. The reaction was stirred
overnight and decanted into ice cold water (200 mL). The precipitate was collected by filtration and
dried in vacuo, yielding the title compound S2 (3.25 g, 8.4 mmol, 84%) as a white solid. Traces of water
were removed by co-evaporation with toluene. *H NMR (400 MHz, CDCl5) § 5.70 (d, J = 8.8 Hz, 1H, H1),
5.45 (d, ) =9.6 Hz, 1H, NH), 5.38 (dd, J = 3.4, 1.2 Hz, 1H, H4), 5.09 (dd, J = 11.3, 3.3 Hz, 1H, H3), 4.45
(dt, J = 11.4, 9.2 Hz, 1H, H2), 4.21 — 4.07 (m, 2H, H6), 4.03 (td, J = 6.5, 1.2 Hz, 1H, H5), 2.18 (s, 3H,
C(O)CHs), 2.14 (s, 3H, C(O)CHs), 2.05 (s, 3H, C(O)CHs), 2.03 (s, 3H, C(O)CHs), 1.95 (s, 3H, C(O)CHs). *C
NMR (101 MHz, CDCls) 6 170.9 (C=0), 170.6 (C=0), 170.4 (C=0), 170.3 (C=0), 169.7 (C=0), 93.2 (C1),
72.0(C5), 70.4 (C3), 66.5 (C4), 61.4 (C6), 50.0 (C2), 23.5 (C(O)CHs), 21.0 (C(O)CHs), 20.8 (C(O)CHSs), 20.8
(C(O)CHs).

Propargyl 3,4,5-tri-O-acetyl-2-deoxy-2-acetamido-B-p-galactopyranoside (S3)

AcO ~OAc Compound S2 (778 mg, 2 mmol) was suspended in anhydrous DCM (10 mL).
AcO 2 o\/ Propargyl alcohol (10 eq, 1.15 mL, 20 mmol) and Yb(OTf)3 (5 mol%, 62 mg) were
NHAC

added. The mixture was refluxed overnight. TLC analysis (100% EtOAc) indicated
complete consumption of starting material and the reaction was allowed to cool to room temperature.
The reaction mixture was further diluted with DCM and washed once with H,0. The organic layer was
dried over MgS0O,4 and concentrated under reduced pressure. Silica gel column chromatography (4/1
EtOAc/pentane = 100% EtOAc) yielded compound S3 as a white solid (569 mg, 1.88 mmol, 94%). *H
NMR (400 MHz, CDCls) § 6.12 (d, J = 8.8 Hz, 1H, NH), 5.38 (d, J = 2.9 Hz, 1H, H4), 5.32 (dd, J = 11.2, 3.4
Hz, 1H, H3), 4.90 (d, J = 8.4 Hz, 1H, H1), 4.40 (d, J = 2.3 Hz, 2H, CH2-propargyl), 4.21 — 3.96 (m, 4H, H6,
H2, H5), 2.51 (t, J = 2.3 Hz, 1H, CH-propargyl), 2.16 (s, 3H, C(O)CHs), 2.06 (s, 3H, C(O)CHs), 2.01 (s, 3H,

125



Chapter 4

C(O)CHs), 1.98 (s, 3H, C(O)CHs). *C NMR (101 MHz, CDCl3) & 170.8 (C=0), 170.5 (C=0), 170.4 (C=0),
98.7 (C1), 78.7 (Cg-propargyl), 75.4 (CH-propargyl), 70.8 (C5), 70.0 (C3), 66.8 (C4), 61.5 (C6), 55.9 (CH>-
propargyl), 51.0 (C2), 23.5 (C(O)CHs), 20.7 (C(O)CHs).

Propargyl 2-deoxy-2-acetamido-B-p-galactopyranoside (10)

HO _OH Compound S3 (555 mg, 1.83 mmol) was dissolved in MeOH (18 mL) and a
o 0 o, Z catalytic amount of metallic sodium was added. After 2 h, TLC (10% MeOH in
NHAc EtOAc) indicated full consumption of starting material. The reaction was
guenched by the addition of Amberlite® H+ resin and filtered. The volatiles were removed under
reduced pressure and 10 was obtained in quantitative yield as a white solid. 'H NMR (400 MHz, MeOD)
64.57 (d, ) =8.4 Hz, 1H, H1), 4.37 (dd, ) = 2.4, 1.0 Hz, 2H, CH2-propargyl), 3.93 (dd, J = 10.7, 8.4 Hz, 1H,
H2),3.84 (dd, J =3.4, 1.0 Hz, 1H, H4), 3.78 (dd, J = 11.4, 7.0 Hz, 1H, H6a), 3.73 (dd, ) = 11.4, 5.2 Hz, 1H,
H6b), 3.63 (dd, J = 10.7, 3.3 Hz, 1H, H3), 3.51 (ddd, J = 6.8, 5.2, 1.1 Hz, 1H, H5), 2.85 (t, J = 2.4 Hz, 1H,
CH-propargyl), 1.99 (s, 3H, NHC(O)CHs). *C NMR (101 MHz, MeOD) & 100.8 (C1), 80.1 (Cqg-propargyl),
76.9 (C5), 76.0 (CH-propargyl), 73.1 (C3), 69.6 (C4), 62.5 (C6), 56.3 (CH.-propargyl), 54.0 (C2), 23.0
(NHC(O)CHs).

Propargyl 3,6-di-O-benzoyl-2-deoxy-2-acetamido-B-D-galactopyranoside (11)

HO OBz Deprotected sugar 10 (470 mg, 1.8 mmol) was co-evaporated with toluene (3x)
820 éo o, FZ and dissolved in anhydrous DMF (3.6 mL). The reaction mixture was cooled to -
NHAc 40°C before a solution of benzoyl chloride (2.2 eq, 465 uL, 3.96 mmol) in

anhydrous pyridine (1.8 mL) was added dropwise. The reaction mixture was kept at -40°C for 1 h before
allowing it to warm to room temperature. The reaction was stirred an additional 20 h, when TLC (70%
EtOAc in pentane) indicated complete consumption of starting material. The reaction mixture was
concentrated under reduced pressure and subjected to silica gel column chromatography (1/1
EtOAc/pentane = 9/1 EtOAc/pentane). This yielded the title compound 11 as a white solid (469 mg,
1.0 mmol, 55%). *H NMR (400 MHz, MeOD) & 8.10 — 8.01 (m, 4H, CHarom), 7.66 — 7.56 (m, 2H, CHarom),
7.53 = 7.42 (m, 4H, CHarom), 5.19 (dd, J = 11.1, 3.2 Hz, 1H, H3), 4.60 (dd, J = 11.3, 7.4 Hz, 1H, H6a), 4.55
—4.44 (m, 2H, H6b, H2), 4.43 — 4.34 (m, 2H, CH,-propargyl), 4.28 (dd, J = 3.3, 1.1 Hz, 1H, H4), 4.08 (ddd,
J=7.4,5.2,1.1 Hz, 1H, H5), 2.87 (t, ) = 2.4 Hz, 1H, CH-propargyl), 1.87 (s, 3H, NHC(O)CHs). *C NMR
(101 MHz, MeOD) 6 173.6 (C=0), 167.7 (C=0), 167.5 (C=0), 134.5 (CHarom), 134.4 (CHarom), 131.2 (Cy),
131.1 (Cg), 130.9 (CHarom), 130.6 (CHarom), 129.6 (CHarom), 129.6 (CHarom), 100.4 (C1), 79.7 (Cq-propargyl),
76.5 (CH-propargyl), 75.7 (C3), 74.0 (C5), 67.2 (C4), 64.8 (C6), 56.4 (CH,-propargyl), 51.2 (C2), 22.8
(NHC(O)CHs).

Propargyl 3,6-di-O-benzoyl-4-0-sulfo-2-deoxy-2-acetamido-B-p-galactopyranoside (12)
HO,SO OBz Compound 11 (65 mg, 0.14 mmol) was dissolved in anhydrous pyridine (2.8
B20 0 o\/// mL) and SOs-pyridine complex (5 eq, 111 mg, 0.7 mmol) was added and the
NHAc reaction was heated to 50°C. After 1.5 h, TLC (100% EtOAc) indicated full
consumption of starting material. The reaction was allowed to cool to room temperature, after which
the mixture was concentrated under reduced pressure. Silica gel column chromatography (EtOAc 2>
1/4 MeOH/EtOAc) yielded the title compound 12 (70 mg, 128 pmol, 91%) as a white solid. *H NMR
(400 MHz, MeOD) & 8.17 — 8.00 (m, 4H, Bz), 7.63 — 7.52 (m, 2H, Bz), 7.51 — 7.40 (m, 4H, Bz), 5.31 (dd, J

=11.2,3.3 Hz, 1H, H3), 5.04 (d, J = 3.2 Hz, 1H, H4), 4.67 (d, ) = 6.5 Hz, 2H, H6), 4.43 — 4.31 (m, 3H, H2,
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CH2-propargyl), 4.17 (td, J = 6.1, 5.7, 0.9 Hz, 1H, H5), 2.85 (t, ) = 2.4 Hz, 1H, CH-propargyl), 1.87 (s, 3H,
C(O)CHs). 3C NMR (101 MHz, MeOD) & 167.8 (C=0), 134.3 (CHarom), 134.0 (CHarom), 131.4 (C4), 131.4
(Cq), 131.1 (CHarom), 130.7 (CHarom), 129.5 (CHarom), 129.3 (CHarom), 100.2 (C1), 79.5 (Cg-propargyl), 76.6
(CH-propargyl), 73.7 (C5), 73.3 (C3), 73.2 (C4), 65.4 (C6), 56.4 (CH2-propargyl), 51.6 (C2), 22.8
(C(O)CHs). HRMS (ESI) m/z: [M + Na*] calcd CzsH2sNO11S 570.1041, found 570.1042

Propargyl 4-O-sulfo-2-deoxy-2-acetamido-B-b-galactopyranoside ammonium salt (3)

HO3SO OH Compound 12 (90 mg, 0.16 mmol) was suspended in 28% aqueous ammonia
HO O o\/ (1.6 mL) and stirred at RT for 24h, at which time TLC (20% MeOH in EtOAc)
*NH; NHAc indicated complete consumption of starting material. The reaction mixture

was then diluted with water and washed with diethyl ether (3x). The organic layer was discarded and
the aqueous layer concentrated under reduced pressure. The obtained residue was subjected to silica
gel column chromatography (EtOAc = 1/1 MeOH/EtOAc) and the purified product was lyophilized to
yield the title compound 3 as a with powder (42 mg, 0.12 mmol, 75%). *H NMR (400 MHz, D,0) 6 4.72
— 4.68 (m, 1H, H1), 4.66 (d, J = 2.1 Hz, 1H, H4), 4.39 (t, ) = 2.4 Hz, 2H, CH,-propargyl), 3.91 — 3.84 (m,
2H, H3, H2), 3.82 - 3.76 (m, 3H, H6, H5), 2.87 (t, J = 2.4 Hz, 1H, CH-propargyl), 2.01 (s, 3H, C(O)CHs). 3C
NMR (101 MHz, D;0) 6 175.0 (C=0), 99.6 (C1), 78.7 (Cq-propargyl), 76.1 (CH-propargyl), 75.6 (C4), 74.5
(C5), 69.9 (C3), 60.9 (C6), 56.7 (CH2-propargyl), 52.5 (C2), 22.2 (C(O)CHs). HRMS (ESI) m/z: [M + Na*]
calcd C11H16NOsSNa 384.0336, found 384.0338

2,3,3-trimethyl-3H-indole-5-sulfonic acid (13)
HO5S 4-Hydrazinobenzenesulfonic acid (1.97 g, 10 mmol) was suspended in AcOH. 3-
m methyl-2-butanone (3 eqv., 2.58 g, 30 mmol) was added and the reaction mixture
H was refluxed for 3h. After cooling back to room temperature, the reaction mixture
was triturated with EtOAc, the precipitate was collected by centrifugation and washed with cold EtOAc

to give compound 13 as a pink powder (1.56 g, 6.5 mmol, 65%). 'H NMR (300 MHz, DMS0) 6 7.92 (d, J
=1.7 Hz, 1H), 7.87 (dd, J = 8.1, 1.7 Hz, 1H), 7.54 (d, J = 8.1 Hz, 1H), 1.43 (s, J = 7.2 Hz, 6H, C(CH3)2).

1,2,3,3-tetramethyl-3H-indol-1-ium-5-sulfonate (14)
HOSS 2,3,3-trimethyl-3H-indole-5-sulfonic acid (13) (0.550 g, 2.3 mmol) was dissolved in
\CE? MeOH (11.5 mL). NaOAc (1.1 eqv., 0.205 g, 2.5 mmol) was added and the reaction
I mixture was stirred at RT for 15 min. The reaction mixture was concentrated under
reduced pressure, co-evaporated with toluene (3x) and suspended in acetonitrile (11.5 mL).
lodomethane (2 eqv., 0.29 mL, 4.6 mmol) was added and the reaction mixture was stirred at 80°C for
22h. The reaction mixture was siluted by the addition of additional acetonitrile and the residue was
obtained by decantation. This residue was washed three times with acetone to give compound 14 as

ared solid (0.474 g, 1.9 mmol, 80%). *H NMR (400 MHz, MeOD) & 8.05 (d, J = 1.2 Hz, 1H, CHarom), 7.96
(dd,/=8.4,1.2 Hz, 1H, CHarom), 7.85 (d, J = 8.4 Hz, 1H, CHarom), 4.08 (s, 3H, NCH3), 1.61 (s, 6H, C(CH3)z2).
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1-(5-carboxypentyl)-2,3,3-trimethyl-3H-indol-1-ium-5-sulfonate (15)
HOAS 2,3,3-trimethyl-3H-indole-5-sulfonic acid (13) (0.718 g, 3 mmol) was dissolved
W in MeOH (12 mL). KOAc (1.1 eqv., 0.324 g, 3.3 mmol) was added and the
reaction mixture was stirred at RT for 15 min. The reaction mixture was
on concentrated under reduced pressure, co-evaporated with toluene (3x) and
S suspended in 1,2-dichlorobenzene (12 mL). 6-bromohexanoic acid (1.25 eqv.,
0.732 g, 3.75 mmol) was added and the reaction mixture was stirred at 110°C
for 23h. The solvent was removed by decantation and the residue was washed 3 times with
isopropanol to give compound 15 as a red powder (1.08 g, 3 mmol, quantitative). *H NMR (400 MHz,
MeOD) 6 8.13 (t, J = 4.5 Hz, 1H, CHarom), 8.05 (dd, J = 8.4, 1.5 Hz, 1H, CHarom), 7.96 — 7.89 (m, 1H, CHarom),
4.53 (t, J = 4.5 Hz, 2H, NCH2CH2CH2CH2CH2C(0O)0H), 2.37 — 2.27 (m, 2H, NCH2CH2CH2CH2CH2C(0)OH),
2.03-1.92 (m, 2H, NCH2CH2CH2CH2CH2C(0)OH), 1.77 — 1.65 (m, 4H, NCH2CH2CH2CH2CH2C(O)OH), 1.62

(s, 6H, C(CH3)2).

Sulpho Cy5-OH (4)

2,3,3-trimethyl-3H-indole-5-sulfonic acid (14) (0.999 g,
3.9 mmol) was dissolved in AcOH (20 mL) and Ac,0 (54
eqv., 20 mL, 210 mmol). Malonaldehyde bis(phenylimine)

monohydrochloride (1.1 eqv., 1.11 g, 4.3 mmol) was

added and the reaction mixture was refluxed for 4h. The
o) reaction mixture was concentrated under reduced

pressure, precipitated in EtOAc and washed 3 times with
EtOAc to give the intermediate as a dark yellow solid (1.8 g, 3.9 mmol, quantitative). LC-MS RT = 4.7
min (C18, 10-90% B over 9 minutes) LRMS calcd [M]* = 425.15 observed M/z = 425.13

This intermediate (0,424 g, 1 mmol) and compound 15 (0.353 g, 1 mmol) were dissolved in pyridine
(10 mL). Ac,0 (105 eqv., 10 mL, 105 mmol) was added and the reaction mixture was stirred at 110°C
for 4h. The reaction mixture was triturated with EtOAc, the precipitate was collected by centrifugation
and washed 3 times with isopropanol. Reverse phase HPLC yielded the title compound as dark blue
solid (42 mg, 65 umol, 7%). *H NMR (400 MHz, D,0) 6 7.85 (d, J = 12.4 Hz, 2H, C-CH=CH-CH=CH-CH=C),
7.74 (d, J=5.1 Hz, 2H, aromatic), 7.73 — 7.68 (m, 2H, aromatic), 7.23 (dd, J = 8.3, 3.6 Hz, 2H, aromatic),
6.33 (t,J=12.2 Hz, 1H, C-CH=CH-CH=CH-CH=C), 3.98 — 3.88 (m, 2H, NCH2CH2CH2CH2CH2C(O)OH), 3.48
(s, 3H, NCHs3), 2.29 (t, J = 7.3 Hz, 2H, NCH2CH2CH2CH2CH2C(O)OH), 1.75 — 1.64 (m, 2H,
NCH2CH2CH2CH2CH2C(0)OH), 1.60 — 1.48 (m, 14H, NCH2CH2CH2CH2CH2C(O)OH, 2x C(CHs),), 1.41—1.28
(m, 2H, NCH2CH2CH2CH2CH2C(0)OH). LC-MS RT = 4.3 min (C18, 10-90% B over 9 minutes) LRMS calcd
[M]* =643.21 observed M/z = 643.33

SPPS procedures

General procedure for automated SPPS

Peptides were synthesized using automated Fmoc-SPPS on a Liberty Blue™ automated microwave
peptide synthesizer (CEM corporation). Synthesis was performed 100 umol scale on Tentagel S RAM
resin (loading 0.20-0.25 mmol/g, Rapp Polymere GmbH, Germany). Resin was first swollen for 5
minutes in DMF prior to amino acid coupling. Activation was achieved using DIC/Oxyma coupling as is
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recommended by the manufacturer. The following amino acids were used: Fmoc-Ala-OH, Fmoc-
Arg(Pbf)-OH, Fmoc-Asn(Trt)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-GIn(tBu)-OH, Fmoc-Glu(OtBu), Fmoc-Gly-
OH, Fmoc-lle-OH, Fmoc-Leu-OH, Fmoc-Lys(Boc)-OH, Fmoc-Lys(Mmt)-OH, Fmoc-Phe-OH, Fmoc-
Ser(tBu)-OH, Fmoc-Val-OH. All amino acids were obtained from Novabiochem except Fmoc-Lys(Mmt)-
OH which was obtained from CEM corporation. Standard coupling was achieved using 5 equivalents
amino acid as a 0.2 M amino acid/DMF solution, 5 equivalents DIC as a 0.5 M of DIC/DMF solution and
5 equivalents Oxyma as a 1 M Oxyma/DMF solution (also containing 0.2 M DiPEA), at 90°C for 2
minutes. Standard Fmoc deprotection was achieved by 20% (v/v) piperidine in DMF at 90°C for 90
seconds, repeated once. To analyze the quality of the peptide, a small amount of resin (~1mg) was
treated with 200 pL of a TFA cocktail (95:2.5:2.5, TFA/H,O/TIS) for 2 hours, after which the TFA was
filtered into 800 pL of ice cold Et,0. After five minutes the formed precipitate was collected by
centrifugation and the supernatant discarded. The pellet was dissolved in 200 pL 1:1:1
H>0/MeCN/tBuOH and subjected to LC-MS analysis. Peptides were characterized using electrospray
ionization mass spectrometry (ESI-MS) on a Thermo Finnigan LCQ Advantage Max LC-MS instrument
with a Surveyor PDA plus UV detector on an analytical C18 column (Phenomenex, 3 pm, 110 A, 50 mm
x 4.6 mm) in combination with buffers A (H,0), B (MeCN), and C (1% aq TFA). Quality of crude was
evaluated with a linear gradient of 10-90% B with a constant 10% C over 10 minutes.

General procedures for manual SPPS

Manual elongation of peptides was carried out in a fritted syringe at either 25 or 5 umol scale. Fmoc
deprotection was achieved using 20 % (v/v) piperidine in DMF in two steps, reacting 3 and 7 minutes
respectively. Fmoc-Gly-OH was coupled using 5 equivalents of amino acid together with 5 equivalents
of HCTU (as a 0.5 M solution) and 10 equivalents DiPEA for 45 minutes. Fmoc-Lys(Ns)-OH was coupled
using 2 equivalents together with 2 equivalents HCTU (as a 0.2 M in DMF solution) and 4 equivalents
of DIiPEA for 90 minutes. Fmoc-TEG-OH (Chapter 5) was coupled using 4 equivalents, together with 4
equivalents HCTU and 8 equivalents DiPEA in 1 mL of DMF for 45 minutes. Analysis of the quality of
the resin-bound peptide was carried out as above.

General procedure for N-terminal acetylation

The N-terminal Fmoc was cleaved by treating the resin twice with a 20% (v/v) solution of piperidine in
DMF, for 3 and 7 minutes. This was followed by the addition of a solution containing 10 % (v/v) Ac;O
and 5 % (v/v) DiPEA in DMF (1 mL for 25 umol resin bound peptide). This resin was acetylated for 15
minutes under gentle agitation, followed by draining the acetylation solution and thorough washing of
the resin with DMF.

General procedure for fluorophore labeling

Fluorophore labeling of peptides was generally carried out on a 5 umol scale. The resin was first swelled
in DCM, followed by selective Mmt deprotection. The Mmt group protecting the C-terminal lysine
residue, the resin was treated with a mildly acidic mixture consisting of 10 % (v/v) AcOH and 20 % (v/v)
TFE in DCM (1 mL) for one hour.3® After this time has elapsed, the resin was washed three times with
DCM and three times with DMF. To remove residual acetic acid, the resin was then treated with a 10
% TEA in DMF mixture (2 x 10 min) followed by an additional three washes with DMF. One equivalent
of fluorophore 16 was dissolved in a 50 mM solution of HCTU together with 2 equivalents of DiPEA.
This mixture was added to the drained resin and allowed to react under gentle agitation overnight
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protected from light. After overnight coupling the solution was drained and the resin was thoroughly
washed with DMF.

General procedure for peptide global deprotection and purification

Peptide cleavage was carried out using a standard TFA cleavage cocktail (TFA:H,0:TIS 95:2.5:2.5) using
1 mL per 25 umol of resin bound peptide. Before initiating cleavage, the resin was thoroughly washed
with DCM and drained. The TFA cocktail was added and mixed with the resin under gentle agitation
for one hour, after which it was drained into a centrifuge tube containing ice cold diethyl ether (10:1
ratio Et,O:TFA). When deprotecting fluorophore modified peptides, the cleavage reaction was
protected from light as much as possible and a 20:1 ratio of Et,0 to TFA was used. The diethylether/TFA
mixture was chilled for a minimum of 10 minutes to increase peptide recovery and the precipitated
peptide was recovered by centrifugation. The supernatant was discarded and the pellet washed with
a small amount of Et,0, followed again by centrifugation. This pellet was dissolved in a mixture of
H,0/MeCN/tBuOH and subjected to RP-HPLC purification on a Gilson GX281 semipreparative HPLC.
This machine was equipped with a Gemini-NX C18 column (5 um, 110 A, 250 x 10.0 mm) using a flow
of 5 mL/min and buffers A =0.1% TFA in H,0 and B = MeCN. Peak detection was done using a UV-Vis
detector set to 225 nm or 610 nm for fluorescently labeled peptides. Quality of purified peptides was
determined using an electrospray ionization mass spectrometry (ESI-MS) on a Thermo Finnigan LCQ
Advantage Max LC-MS instrument with a Surveyor PDA plus UV detector on an analytical C18 column
(Phenomenex, 3 um, 110 A, 50 mm x 4.6 mm) in combination with buffers A (H,0), B (MeCN), and C
(1% aq TFA). Quality of the peptides was evaluated with a linear gradient of 10-50% B with a constant
10% C over 9 minutes or a linear gradient of 10-90% B with a constant 10% C over 9 minutes.

Fmoc-Asp(OtBu)-Glu(OtBu)-Val-Ser(tBu)-Gly-Leu-Glu(OtBu)-GIn(Trt)-Leu-Glu(OtBu)-
Ser(tBu)-lle-lle-Asn(Trt)-Phe-Glu(OtBu)-Lys(Boc)-Leu-Ala-Ala-Ala-Ala-Ala-Lys(Mmt)-RAM-
Tentagel S (16)

Peptide was synthesized on a 100 umole scale using the general automated synthesis procedures. LC-
MS RT = 5.3 min (C18, 10-90% B over 9 minutes) LRMS calcd [M+2H]** = 1384.21, [M+3H]*' = 923.14
observed M/z = 1384.75, 923.50

Fmoc-Lys(Ns)-Gly-Asp(OtBu)-Glu(OtBu)-Val-Ser(tBu)-Gly-Leu-Glu(OtBu)-GIn(Trt)-Leu-
Glu(OtBu)-Ser(tBu)-lle-lle-Asn(Trt)-Phe-Glu(OtBu)-Lys(Boc)-Leu-Ala-Ala-Ala-Ala-Ala-
Lys(Mmt)-RAM-Tentagel S (17)

Resin bound peptide 16 (10 pmol) was elongated manually with Fmoc-Gly-OH and Fmoc-Lys(Ns)-OH.
LC-MS RT = 5.6 min (C18, 10-90% B over 9 minutes) LRMS calcd [M+2H]?* = 1490.00, [M+3H]3* =993.67
observed M/z = 1490.33, 994.08

Lys(N3)-Gly-Asp-Glu-Val-Ser-Gly-Leu-Glu-GIn-Leu-Glu-Ser-lle-lle-Asn-Phe-Glu-Lys-Leu-Ala-
Ala-Ala-Ala-Ala-Lys(sCy5)-NH: (20)

The C-terminal Lys(Mmt) of resin bound peptide 17 (10 umol) was chemoselectively deprotected
followed by coupling of 4 (1.0 eq, 6.4 mg, 10 umol) as described in the general methods. Global
deprotection followed by RP-HPLC purification yielded compound 20 as a blue solid (1.69 mg, 0.50
umol, 5.0%). LC-MS RT = 7.2 min (C18, 10-50% B over 9 minutes) LRMS calcd [M+2H]** = 1691.33,
[M+3H]3* = 1127.88 observed M/z = 1691.25, 1128.17
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Fmoc-Lys(Ns)-Lys(N3)-Lys(N3)-Lys(N3)-Lys(Ns)-Lys(Ns)-Gly-Asp(OtBu)-Glu(OtBu)-Val-
Ser(tBu)-Gly-Leu-Glu(OtBu)-GIn(Trt)-Leu-Glu(OtBu)-Ser(tBu)-lle-lle-Asn(Trt)-Phe-Glu(OtBu)-
Lys(Boc)-Leu-Ala-Ala-Ala-Ala-Ala-Lys(Mmt)-RAM-Tentagel S (22)

Resin bound peptide 16 (25 pumol) was elongated manually with Fmoc-Gly-OH and Fmoc-Lys(Ns)-OH.
LC-MS RT = 8.0 min (C18, 10-90% B over 9 minutes) LRMS calcd [M+2H]?** = 1875.48, [M+3H]?** =
1250.65 observed M/z = 1875.80, 1250.93

Lys(N3)-Lys(Ns)-Lys(Ns)-Lys(N3)-Lys(N3)-Lys(Ns)-Gly-Asp-Glu-Val-Ser-Gly-Leu-Glu-Gin-Leu-
Glu-Ser-lle-lle-Asn-Phe-Glu-Lys-Leu-Ala-Ala-Ala-Ala-Ala-Lys(sCy5)-NH: (24)

The C-terminal Lys(Mmt) of resin bound peptide 22 (5 umol) was chemoselectively deprotected
followed by coupling of 4 (1.0 eq, 3.2 mg, 5 umol) as described in the general methods. Global
deprotection followed by RP-HPLC purification yielded compound 24 as a blue solid (0.49 mg, 0.12
umol, 2.4%). LC-MS RT = 5.4 min (C18, 10-90% B over 9 minutes) LRMS calcd [M+3H]** = 1384.69
observed M/z = 1385.00

Ac-Lys(N3)-Lys(Ns)-Lys(Ns)-Lys(N3)-Lys(N3)-Lys(N3)-Gly-Asp-Glu-Val-Ser-Gly-Leu-Glu-GIn-
Leu-Glu-Ser-lle-lle-Asn-Phe-Glu-Lys-Leu-Ala-Ala-Ala-Ala-Ala-Lys(sCy5)-NH; (28)

Resin bound peptide 22 (5 umol) was N-terminally acetylated according to the standard conditions.
This was followed by chemoselective deprotection of the Mmt group and coupling of 4 (1.0 eq, 3.2 mg,
5 umol) as described in the general methods. Global deprotection followed by RP-HPLC purification
yielded compound 28 as a blue solid (1.30 mg, 0.31 umol, 6.2%). LC-MS RT = 6.4 min (C18, 10-90% B
over 9 minutes) LRMS calcd [M+3H]?** = 1398.70 observed M/z = 1399.00

Fmoc-Lys(Ns)-Lys(N3)-Lys(N3)-Lys(N3)-Lys(Ns)-Lys(Ns)-TEG-Asp(OtBu)-Glu(OtBu)-Val-
Ser(tBu)-Gly-Leu-Glu(OtBu)-GIn(Trt)-Leu-Glu(OtBu)-Ser(tBu)-lle-lle-Asn(Trt)-Phe-Glu(OtBu)-
Lys(Boc)-Leu-Ala-Ala-Ala-Ala-Ala-Lys(Mmt)-RAM-Tentagel S (31)

Resin bound peptide 16 (25 umol) was elongated manually with Fmoc-TEG-OH and Fmoc-Lys(Ns)-OH.
LC-MS RT = 7.6 min (C18, 10-90% B over 9 minutes) LRMS calcd [M+2H]* = 1941.52, [M+3H]* =
1294.68 observed M/z = 1941.53, 1294.80

Ac-Lys(Ns)-Lys(Ns)-Lys(Ns)-Lys(N3)-Lys(N3)-Lys(N3)-TEG-Asp-Glu-Val-Ser-Gly-Leu-Glu-GIn-
Leu-Glu-Ser-lle-lle-Asn-Phe-Glu-Lys-Leu-Ala-Ala-Ala-Ala-Ala-Lys(sCy5)-NH; (33)

Resin bound peptide 31 (5 umol) was N-terminally acetylated according to the standard conditions.
This was followed by chemoselective deprotection of the Mmt group and coupling of 4 (1.0 eq, 3.2 mg,
5 umol) as described in the general methods. Global deprotection followed by RP-HPLC purification
yielded compound 33 as a blue solid (1.60 mg, 0.37 umol, 7.4%). LC-MS RT = 6.0 min (C18, 10-90% B
over 9 minutes) LRMS calcd [M+3H]** = 1443.06 observed M/z = 1443.00

Fmoc-Lys(Ns)-Gly-Lys(Ns)-TEG-Asp(OtBu)-Glu(OtBu)-Val-Ser(tBu)-Gly-Leu-Glu(OtBu)-
GIn(Trt)-Leu-Glu(OtBu)-Ser(tBu)-lle-lle-Asn(Trt)-Phe-Glu(OtBu)-Lys(Boc)-Leu-Ala-Ala-Ala-
Ala-Ala-Lys(Mmt)-RAM-Tentagel S (37)

Resin bound peptide 16 (25 umol) was elongated manually with Fmoc-TEG-OH, Fmoc-Lys(N3)-OH and
Fmoc-Gly-OH. LC-MS RT = 6.5 min (C18, 10-90% B over 9 minutes) LRMS calcd [M+2H]*" = 1661.86,
[M+3H]** = 1108.24 observed M/z = 1662.00, 1108.67
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Ac-Lys(Ns)-Gly-Lys(N3)-TEG-Asp-Glu-Val-Ser-Gly-Leu-Glu-GIn-Leu-Glu-Ser-lle-lle-Asn-Phe-
Glu-Lys-Leu-Ala-Ala-Ala-Ala-Ala-Lys(sCy5)-NH: (38)

Resin bound peptide 37 (5 pumol) was N-terminally acetylated according to the standard conditions.
This was followed by chemoselective deprotection of the Mmt group and coupling of 4 (1.0 eq, 3.2 mg,
5 umol) as described in the general methods. Global deprotection followed by RP-HPLC purification
yielded compound 38 as a blue solid (1.24 mg, 0.33 umol, 6.6%). LC-MS RT = 5.0 min (C18, 10-90% B
over 9 minutes) LRMS calcd [M+2H]?** = 1883.93, [M+3H]3* = 1256.28 observed M/z = 1884.42, 1256.67

CuAAC glycopeptide conjugation

General procedures for CUAAC modification of peptides

Peptides were dissolved in degassed DMSO and glycans in either degassed DMSO or degassed MilliQ
water. These were mixed together in a 1.5 mL Eppendorf tube, followed by addition of a copper click
mix. This click mix typically consistent of 1 part 0.1 M CuSO4 (in MQ), 2 parts 0.1 M sodium ascorbate
(inMQ) and 3 parts 0.1 M THPTA (in DMSO), giving a solution with a total Cu(l) concentration of around
15 mM. Of this solution, enough was added to be 0.15 equivalents compared to the peptide. The
reaction was heated in a 40°C shaker block, and every 24 hours 1 equivalent of 0.1 M sodium ascorbate
was added. Periodically, a 0.5 pL sample was diluted into 39.5 pL of 1:1:1 H,O0/MeCN/tBuOH and
analyzed by LC-MS to evaluate reaction progression. After full conversion of the peptide towards the
desired conjugate was observed, the reaction mixture was subjected to size exclusion chromatography
over Toyopearl HW-40 size exclusion resin using 150 mM NH;O0Ac or 150 mM NH4HCO; (containing
20% MeCN) as the buffer. Fractions showing absorbance at 610 nm were combined and lyophilized.

Lys(4-SOs-GalNAc)-Gly-Asp-Glu-Val-Ser-Gly-Leu-Glu-GIn-Leu-Glu-Ser-lle-lle-Asn-Phe-Glu-
Lys-Leu-Ala-Ala-Ala-Ala-Ala-Lys(sCy5)-NH: (21)

Compound 20 (0.5 umol) was dissolved in 15 pl degassed DMSO and sugar 3 was added (2 eq., 10 L
of 0.1 M solution in H,0). A click mix was prepared by mixing Cul (1 eq, 0.1 M), THPTA (3 eq, 0.3 M)
and DiPEA (2 eq, 0.2 M) and 1 pL of this mixture was added to the reaction mix. After SEC purification
and lyophilization compound 21 was obtained as a blue powder (1.37 mg, 0.37 umol, 74%). LC-MS RT
= 7.0 min (C18, 10-50% B over 9 minutes) LRMS calcd [M+2H]** = 1860.86, [M+3H]3** = 1240.93
observed M/z = 1860.83, 1240.92

Lys(Man)-Lys(Man)-Lys(Man)-Lys(Man)-Lys(Man)-Lys(Man)-Gly-Asp-Glu-Val-Ser-Gly-Leu-
Glu-GIn-Leu-Glu-Ser-lle-lle-Asn-Phe-Glu-Lys-Leu-Ala-Ala-Ala-Ala-Ala-Lys(sCy5)-NH: (25)
Compound 24 (50 nmol, 5 mM in DMSO) was mixed with propargyl mannoside 1 (7.5 eq., 7.5 L of 50
mM solution in 1:1 H,0/DMSO0). 0.5 uL of the standard click mix was added and the reaction carried
out at 40°C. After SEC purification and lyophilization compound 25 was obtained as a blue powder
(0.67 mg). LC-MS RT = 6.7 min (C18, 10-50% B over 9 minutes) LRMS calcd [M+3H]** = 1821.19,
[M+4H]* = 1366.14 observed M/z = 1821.00, 1366.08

Ac-Lys(Man)-Lys(Man)-Lys(Man)-Lys(Man)-Lys(Man)-Lys(Man)-Gly-Asp-Glu-Val-Ser-Gly-

Leu-Glu-GIn-Leu-Glu-Ser-lle-lle-Asn-Phe-Glu-Lys-Leu-Ala-Ala-Ala-Ala-Ala-Lys(sCy5)-NH: (29)
Compound 28 (100 nmol, 50 mM in DMSO) was mixed with propargyl mannoside 1 (12 eq., 6 uL of 200
mM solution in 1:1 H,O0/DMSO). 1 uL of the standard click mix was added and the reaction carried out
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at 40°C. After SEC purification and lyophilization compound 29 was obtained as a blue powder (0.11
mg, 20 nmol, 20%). LC-MS RT = 6.7 min (C18, 10-50% B over 9 minutes) LRMS calcd [M+3H]3** = 1835.22,
[M+4H]* = 1376.67 observed M/z = 1835.25, 1376.92

Ac-Lys(Man)-Lys(Man)-Lys(Man)-Lys(Man)-Lys(Man)-Lys(Man)-TEG-Asp-Glu-Val-Ser-Gly-
Leu-Glu-GIn-Leu-Glu-Ser-lle-lle-Asn-Phe-Glu-Lys-Leu-Ala-Ala-Ala-Ala-Ala-Lys(sCy5)-NH: (34)
Compound 33 (100 nmol, 50 mM in DMSO) was mixed with propargyl mannoside 1 (12 eq., 6 pL of 200
mM solution in DMSO). 1 pL of the standard click mix was added and the reaction carried out at 40°C.
After SEC purification and lyophilization compound 34 was obtained as a blue powder (0.48 mg, 85
nmol, 85%). LC-MS RT = 4.3 min (C18, 10-50% B over 9 minutes) LRMS calcd [M+3H]** = 1879.21,
[M+4H]* = 1409.66 observed M/z = 1879.33, 1409.83

Ac-Lys(triMan)-Lys(triMan)-Lys(triMan)-Lys(triMan)-Lys(triMan)-Lys(triMan)-TEG-Asp-Glu-
Val-Ser-Gly-Leu-Glu-GIn-Leu-Glu-Ser-lle-lle-Asn-Phe-Glu-Lys-Leu-Ala-Ala-Ala-Ala-Ala-
Lys(sCy5)-NH: (35)

Compound 34 (100 nmol, 50 mM in DMSO) was mixed with propargyl mannoside 2 (12 eq., 6 uL of 200
mM solution in DMSO). 1 ulL of the standard click mix was added and the reaction carried out at 40°C.
After SEC purification and lyophilization compound 35 was obtained as a blue powder (0.41 mg, 54
nmol, 54%). LC-MS RT = 4.2 min (C18, 10-50% B over 9 minutes) LRMS calcd [M+4H]* = 1896.07,
[M+5H]°* = 1517.06 observed M/z = 1896.08, 1517.17

Ac-Lys(Man)-Gly-Lys(Man)-TEG-Asp-Glu-Val-Ser-Gly-Leu-Glu-Gln-Leu-Glu-Ser-lle-lle-Asn-
Phe-Glu-Lys-Leu-Ala-Ala-Ala-Ala-Ala-Lys(sCy5)-NH: (39)

Compound 38 (100 nmol, 25 mM in DMSO) was mixed with propargyl mannoside 1 (4 eq., 2 uL of 200
mM solution in DMSO). 1 ulL of the standard click mix was added and the reaction carried out at 40°C.
After SEC purification and lyophilization compound 39 was obtained as a blue powder (0.25 mg, 60
nmol, 60%). LC-MS RT = 6.8 min (C18, 10-50% B over 9 minutes) LRMS calcd [M+3H]** = 1402.00
observed M/z = 1402.08

Ac-Lys(triMan)-Gly-Lys(triMan)-TEG-Asp-Glu-Val-Ser-Gly-Leu-Glu-GIn-Leu-Glu-Ser-lle-lle-
Asn-Phe-Glu-Lys-Leu-Ala-Ala-Ala-Ala-Ala-Lys(sCy5)-NH: (40)

Compound 38 (100 nmol, 25 mM in DMSO) was mixed with propargyl mannoside 2 (4 eq., 2 pL of 200
mM solution in DMSO). 1 L of the standard click mix was added and the reaction carried out at 40°C.
After SEC purification and lyophilization compound 40 was obtained as a blue powder (0.29 mg, 60
nmol, 60%). LC-MS RT = 6.6 min (C18, 10-50% B over 9 minutes) LRMS calcd [M+3H]** = 1618.07
observed M/z = 1618.08

Ac-Lys(4-SOs-GalNAc)-Gly-Lys(4-SO4s-GalNAc)-TEG-Asp-Glu-Val-Ser-Gly-Leu-Glu-Gin-Leu-
Glu-Ser-lle-lle-Asn-Phe-Glu-Lys-Leu-Ala-Ala-Ala-Ala-Ala-Lys(sCy5)-NH: (41)

Compound 38 (100 nmol, 25 mM in DMSO) was mixed with propargyl N-acetylgalactosamine 3 (4 eq.,
2 uL of 200 mM solution in DMSO). 1 uL of the standard click mix was added and the reaction carried
out at 40°C. After SEC purification and lyophilization compound 41 was obtained as a blue powder
(0.23 mg, 52 nmol, 52%). LC-MS RT = 6.8 min (C18, 10-50% B over 9 minutes) LRMS calcd [M+3H]?** =
1482.66 observed M/z = 1482.67
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Glyco-PAINT data acquisition and analysis

CHO-MR and wt CHO cells were cultured as described previously.'® Image acquisition was carried out
on a NIKON Ti-2 microscope in a 512 x 512 pixel region (pixel dimensions: 0.160 um x 0.160 um). At
least 5000 frames were collected using a 50 ms acquisition time. A 640 nm laser at 40 mW was used
to illuminate the fluorescent molecules.

Data analysis was carried out using the open source Fiji package. First, individual fluorescent puncta
were detected using the LoG (Laplacian of Gaussian) detector of the TrackMate plug-in, with the
estimated object diameter set to 0.480 um and median filter preprocessing turned on. Next, these
detected puncta were tracked over time using the ‘simple LAP tracker’ option, with ‘linking max
distance’ and ‘gap-closing max distance’ set to 0.6 um and ‘gap-closing max frame gap’ set to 3. From
the resulting tracks, only tracks containing > 3 individual spots were included for further analysis.
Heatmaps were generated from 5000 frames analyzed over the whole image. The average position of
every track was rounded down on both the x and y axis, effectively binning events per um?2. The
resulting track density was plotted as a 2D histogram using matplotlib.
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