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Fluoroglycoproteins by copper-free strain-promoted azide—alkyne cycloaddition

Pedro M. S. D. Cal, Gongalo J. L. Bernardes, and Omar Boutureira

Abstract

This chapter describes a reliable two-step, metal-free protocol for the preparation of
well-defined fluoroglycoproteins. It starts with a first alkylation step to
chemoselectively install strain alkyne handles at cysteine residues followed by a second
strain-promoted azide—alkyne cycloaddition using an inverse electron-demand Diels—
Alder reaction. This proof-of-principle study that uses the apoptotic protein marker
Annexin V enables the efficient metal-free incorporation of 2-deoxy-2-fluoro-
glycopyranosyl azides into proteins and complements previous methods using Cu(I)-

mediated azide—alkyne cycloadditions and thiol chemistry.
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1. Introduction

Rational OH-to-F replacements in carbohydrate antigens represent a key strategy for the
design of biologically active (glyco)peptides and proteins with improved
pharmacological parameters that simultaneously carry a powerful '°F spectroscopic

label (1-3). Alternatively, the use of '*F provides new opportunities for non-invasive



imaging and diagnosis using this positron-emitting isotope (4). The unique physical and
chemical properties of the fluorine atom, such as its small size and high
electronegativity, allows the modulation of physical and pharmacological properties of
the biomolecule to which is attached (e.g., increased chemical/enzymatic stability,
hydrophobicity, etc.) (5). However, despite the increasing interest in fluorinated
pharmaceuticals, including those derived from carbohydrates, the biological
consequences of fluorination on the structure and activity of (glyco)peptides and
proteins (e.g., how fluorine interacts with protein recognition sites) are still being
discussed and rationalized (6, 7). Recent advances in selective chemical protein
modification (8—11) has stimulated the selective incorporation of such synthetic,
unnatural F-oligosaccharide mimetics into peptides and proteins mainly using Cu(I)-
mediated azide—alkyne cycloadditions (72—-16) and thiol chemistries (17-21), which
have emerged as versatile and powerful synthetic tools for the preparation of well-
defined F-carbohydrate-based vaccines and other detection/diagnosis elements (22—32).
However, avoiding the use of detrimental reaction conditions that may lead to toxicity

(33-35) and/or reactivity (36) problems are important issues still to be addressed.

This chapter reports the utilization of a two-step protein-modification protocol for the
development of synthetic homogeneous fluorinated glycoproteins via the incorporation
of strained alkynes into proteins by either a-haloacetamide or maleimide S-alkylation
(37, 38) and subsequent copper-free strain-promoted azide—alkyne cycloaddition
(SPAAC) (39, 40) using the apoptotic marker Annexin V (AnxV) and 2-deoxy-2-
fluoro-B-D-glucopyranosyl azide (FDGN3) pair as model systems. Studying the

reactivity of novel partners and conditions to access fluorinated (glyco)peptides and



proteins will provide valuable information to further explore the biological implications

of these emerging therapeutics and imaging agents in vivo.

2. Materials

All reagents and solvents (Analytical or HPLC grade) are used as received from

commercial suppliers without prior purification. Milli-QR purified water is used for

protein manipulations. Follow all waste disposal regulations when disposing waste

materials.

1. 20 mM Tris HCI buffer, pH 8.

2. N,N-dimethylformamide (DMF)

3.  DBCO-Maleimide was purchased from Sigma—Aldrich.

4.  DBCO-Bromoacetamide was prepared according to Liang et al (41)

5. Ellman’s reagent: 14 mg mL™' stock solution in H>O.

6.  Eppendorf tube: 0.5 mL.

7.  Zeba™ Spin desalting column: ThermoFisher Scientific, 7K MWCO, 0.5 mL.
8. Vivaspin® 500 centrifugal concentrator: Sigma—Aldrich, SK MWCO, 0.5 mL.
9.  Bradford reagent: Sigma—Aldrich.

10. Laboratory centrifuge.

11.  Vortex shaker.

12.  Eppendorf incubator shaker.

13.  MS vials with 300 pL inserts.

14. Standard biological pipettes (various sizes).

2.1. Protein Mass Spectrometry Equipment



Liquid chromatography-mass spectrometry (LC-MS) is performed on a Xevo G2-S
TOF mass spectrometer coupled to an Acquity UPLC system (Acquity UPLC BEH300
C4 column, 1.7 pm, 2.1 mm X 50 mm) (see Note 1). Water with 0.1% formic acid
(solvent A) and 70% acetonitrile and 29.925% water with 0.075% formic acid (solvent
B), are used as the mobile phase at a flow rate of 0.2 mL min!. The gradient is
programmed as follows: From 72% A to 100% B for 25 min then 100% B for 2 min and
72% A for 18 min. The electrospray source is operated with a capillary voltage of 2.0
kV and a cone voltage of 40 V. Nitrogen is used as the desolvation gas at a total flow of
850 L h™!. Total mass spectra are reconstructed from the ion series using the MaxEnt
algorithm preinstalled on MassLynx software (v. 4.1 from Waters) according to the

manufacturer’s instructions.

2.2. Protein LC-MS/MS Equipment

All LC-MS/MS experiments are performed using a nanoAcquity UPLC (Waters Corp.,
Milford, MA) system and an LTQ Orbitrap Velos hybrid ion trap mass spectrometer
(Thermo Scientific, Waltham, MA). Separation of peptides is performed by reverse-
phase chromatography using a Waters reverse-phase nano column (BEH C18, 1.7 pm,
75 um x 250 mm) at flow rate of 300 nL min™'. Peptides are initially loaded onto a pre-
column (Waters UPLC Trap Symmetry C18, 5 um, 180 um x 20 mm) from the
nanoAcquity sample manager with 0.1% formic acid for 3 min at a flow rate of 10 pL
min~!. After this period, the column valve is switched to allow the elution of peptides
from the pre-column onto the analytical column. Solvent A is water + 0.1% formic acid
and solvent B is acetonitrile + 0.1% formic acid. The linear gradient employed is 5—
40% B in 60 min. The LC eluent is sprayed into the mass spectrometer by means of a

New Objective nanospray source. All m/z values of eluting ions are measured in the



Orbitrap Velos mass analyzer, set at a resolution of 30000. Data dependent scans (Top
20) are employed to automatically isolate and generate fragment ions by collision-
induced dissociation in the linear ion trap, resulting in the generation of MS/MS spectra.
Ions with charge states of 2+ and above are selected for fragmentation. Post-run, the

data is processed using Protein Discoverer (version 1.3., ThermoFisher Scientific).

2.3. Protein of Interest Containing a Unique Cysteine
In this protocol, we use Annexin-V (AnxV) that is expressed and purified according to

Salvado et al (17).

Sequence of AnxV C315 (modified residue underlined and bold)
AQVLRGTVTDFPGFDERADAETLRKAMKGLGTDEESILTLLTSRSNAQRQEISA
AFKTLFGRDLLDDLKSELTGKFEKLIVALMKPSRLYDAYELKHALKGAGTNEK
VLTEIASRTPEELRAIKQVYEEEYGSSLEDDVVGDTSGYYQRMLVVLLQANRD
PDAGIDEAQVEQDAQALFQAGELKWGTDEEKFITIFGTRSVSHLRKVFDKYMTI
SGFQIEETIDRETSGNLEQLLLAVVKSIRSIPAYLAETLYYAMKGAGTDDHTLIR

VMVSRSEIDLFNIRKEFRKNFATSLYSMIKGDTSGDYKKALLLLCGEDD

Calculated average isotopic mass = 35805.58 (N-terminal Met cleaved)

A typical analysis of a conjugation reaction by LC-MS is described below (Section 3.1,
Fig. 1). The total ion chromatogram, combined ion series, and deconvoluted spectra are
shown for AnxV. Identical analyses are carried out for all the conjugation reactions

performed in this chapter.



3. Methods

All manipulations are carried out at room temperature unless otherwise indicated.

3.1. Control Reaction of AnxV with Ellman’s Reagent

1.

Transfer a 10 pL aliquot of AnxV (1 mg mL™", 0.616 nmol) in 20 mM Tris HCI
buffer at pH 8 to a 0.5 mL eppendorf tube.

Add Ellman’s reagent (2 uL of a 14 mg mL ! stock solution in H>O, 70.65 nmol)
and vortex the resulting mixture for 10 seconds (see Note 2).

Incubate the reaction mixture at room temperature (shaking at 500 r.p.m.).
Monitor reaction progress by LC-MS until no starting material is detected (see
Note 3). After 1 h of additional shaking, a 3 uL aliquot is analyzed by LC-MS (3
pL aliquot diluted by 7 uL of 20 mM Tris HCI buffer at pH 8) and complete
conversion to the expected Ellman’s product (calculated mass, 36003; observed

mass, 36003) is observed (Fig. 2).

3.2. Reaction of AnxV with DBCO-Maleimide (S-Alkylation Method 1)

1.

In a 0.5 mL eppendorf tube, dilute 8 uL of a 25 uM solution of AnxV with 28 pL
of 20 mM Tris HCI buffer at pH 8 and 3.5 pLL of DMF (see Note 4).

Add dibenzocyclooctyne-maleimide (DBCO-Maleimide) (see Note S) (0.5 uL of
a 10 mM stock solution in DMF) and vortex the resulting mixture for 10 seconds
(see Note 6).

Incubate the reaction mixture at room temperature (shaking at 500 r.p.m.).
Monitor reaction progress by LC—MS until no starting material is detected (see
Note 3). After 5 days of additional shaking, a 3 uL aliquot is analyzed by LC-MS

(3 pL aliquot diluted by 7 uLL of 20 mM Tris HCI buffer at pH 8) and complete



conversion to AnxV-S-Maleimide-DBCO (calculated mass, 36233; observed
mass, 36232) is observed (Fig. 3) (see Note 8).

Remove small molecules from the reaction mixture by loading the sample onto a
Zeba™ Spin desalting column (ThermoFisher Scientific, 7K MWCO) previously
equilibrated with 20 mM Tris HCI buffer at pH 8. The sample is eluted by
centrifugation (2 min, 1500xg) (see Note 7).

Concentrate the protein sample to 10 uM (by Bradford assay) (42) using a
Vivaspin® 500 centrifugal concentrator (Sigma—Aldrich, SK MWCO).

Flash frozen the sample with liquid nitrogen and store at —20 °C.

3.3. LC-MS/MS Analysis

1.

A 10 pM solution of the purified AnxV-S-Maleimide-DBCO is enzymatically
digested by trypsin overnight and subjected to LC-MS/MS analysis according to
Cal et al (43). No reduction/alkylation steps are performed.

Briefly, all MS/MS data is converted to mgf files and these are submitted to the
Mascot search algorithm (Matrix Science, London UK) and searched against a
custom database containing the corresponding protein and applying variable
modifications of oxidation (M), deamination (NQ) and a custom modification (C),
using a peptide tolerance of 25 ppm (MS) and 0.8 Da (MS/MS). Peptide
identifications are accepted if they could be established at greater than 95.0%
probability.

Significant hits, which suggested that the Maleimide-DBCO modification is
bound to peptides, are then verified by manual inspection of the MS/MS data.

Mascot search shows that ALLLLCGEDD is detected with the expected



modification at cysteine. The MS/MS spectrum is depicted in the following figure

with the majority of the sequence ions assigned (Fig. 4) (see Note 9).

3.4. Reaction of AnxV with DBCO-Bromoacetamide (S-Alkylation Method 2)

1. Ina0.5 mL eppendorf tube, dilute 8 uL of a 25 uM solution of AnxV with 28 pL
of 20 mM Tris HCI buffer at pH 8.

2. Add dibenzocyclooctyne-a-bromoacetamide (DBCO-Bromoacetamide) (4 puL of a
10 mM stock solution in DMF) and vortex the resulting mixture for 10 seconds
(see Note 6).

3. Incubate the reaction mixture at room temperature (shaking at 500 r.p.m.).

4. Monitor reaction progress by LC-MS until no starting material is detected (see
Note 3). After 5 days of additional shaking, a 3 pL aliquot is analyzed by LC-MS
(3 pL aliquot diluted by 7 uL. of 20 mM Tris HCI buffer at pH 8) and complete
conversion to AnxV-S-Acetamide-DBCO (calculated mass, 36122; observed
mass, 36121) is observed (Fig. 5) (see Note 8).

5. Remove small molecules from the reaction mixture by loading the sample onto a
Zeba™ Spin desalting column (ThermoFisher Scientific, 7K MWCO) previously
equilibrated with 20 mM Tris HCI buffer at pH 8. The sample is eluted by
centrifugation (2 min, 1500xg) (see Note 7).

6.  Concentrate the protein sample to 10 uM (by Bradford assay) (42) using a
Vivaspin® 500 centrifugal concentrator (Sigma—Aldrich, SK MWCO).

7.  Flash frozen the sample with liquid nitrogen and store at —20 °C.

3.5. Reaction of AnxV-S-Maleimide-DBCO with 2-Deoxy-2-fluoro-p-D-

glucopyranosyl Azide



1.  Prepare AnxV-S-Maleimide-DBCO as a 5 uM solution in 20 mM Tris HCI buffer
at pH 8 and transfer 30 uL to a 0.5 mL eppendorf tube.

2. Add 2-deoxy-2-fluoro-B-D-glucopyranosyl azide (FDGN3) (0.4 pL of a 48.3 mM
stock solution in DMF) and vortex the resulting mixture for 10 seconds (see Note
10).

3. Incubate the reaction mixture at room temperature (shaking at 500 r.p.m.).

4. Monitor reaction progress by LC-MS until no starting material is detected (see
Note 3). After 19 h of additional shaking, a 3 puL aliquot is analyzed by LC-MS (3
pL aliquot diluted by 7 uL of 20 mM Tris HCI buffer at pH 8) and complete
conversion to AnxV-S-Maleimide-DBCO-FDG (calculated mass, 36439;
observed mass, 36440) is observed (Fig. 6) (see Note 11).

5. Remove small molecules from the reaction mixture by loading the sample onto a
Zeba™ Spin desalting column (ThermoFisher Scientific, 7K MWCO) previously
equilibrated with 20 mM Tris HCI buffer at pH 8. The sample is eluted by
centrifugation (2 min, 1500xg).

6.  Flash frozen the sample with liquid nitrogen and store at —20 °C (see Note 12).

7. The hydrolysis of the maleimide conjugate is evaluated upon incubation at room
temperature for 2 weeks. After this period, ca. 30% maleimide hydrolysis
(calculated mass, 36457; observed mass, 36457) and ca. 30% retro-Michael to

AnxV (calculated mass, 35806; observed mass, 35805) is observed (Fig. 7).

3.6. Reaction of AnxV-S-Acetamide-DBCO with 2-Deoxy-2-fluoro-p-D-
glucopyranosyl Azide
1.  Prepare AnxV-S-Acetamide-DBCO as a 5 uM solution in 20 mM Tris HCI buffer

at pH 8 and transfer 20 uL to a 0.5 mL eppendorf tube.



Add 2-deoxy-2-fluoro-p-D-glucopyranosyl azide (FDGN3) (2.1 pL of a 48.3 mM
stock solution in DMF) and vortex the resulting mixture for 10 seconds (see Note
10).

Incubate the reaction mixture at room temperature (shaking at 500 r.p.m.).
Monitor reaction progress by LC-MS until no starting material is detected (see
Note 3). After 14.5 h of additional shaking, a 3 pL aliquot is analyzed by LC-MS
(3 pL aliquot diluted by 7 uL. of 20 mM Tris HCI buffer at pH 8) and complete
conversion to AnxV-S-Acetamide-DBCO-FDG (calculated mass, 36329;
observed mass, 36329) is observed (Fig. 8) (see Note 11).

Remove small molecules from the reaction mixture by loading the sample onto a
Zeba™ Spin desalting column (ThermoFisher Scientific, 7K MWCO) previously
equilibrated with 20 mM Tris HCI buffer at pH 8. The sample is eluted by
centrifugation (2 min, 1500xg).

Flash frozen the sample with liquid nitrogen and store at —20 °C (see Note 12).

4. Notes

1.

The use of liquid chromatography—mass spectrometry (LC-MS) analysis is
recommended for monitoring the reaction progress on peptides and proteins with
accurate resolution.

The use of chemical controls such as the cysteine-specific Ellman’s reagent
allows for determining not only the presence of free cysteine residues but also
their relative reactivity under the conditions tested, taking into consideration their

native residue microenvironment.



10.

Reaction monitoring by LC-MS analysis determines the minimum reaction time
necessary to achieve full conversion. Extended reaction times are typically
associated to a decrease of final protein concentration.

Same reaction was attempted on a larger scale (x10) but the results were not
reproducible and extra 13 equiv of Maleimide-DBCO was required to achieve full
conversion after 11 days at room temperature. Importantly, the amount of organic
solvent used should be adjusted to up to 10% to avoid protein precipitation and/or
denaturing.

A number of structurally varied cyclooctynes (e.g., DIFO, BCN, and ADIBO,
among others) have been developed featuring different reaction kinetics and
hydrophobicity/philicity (39, 40). Among them, dibenzocyclooctyne (DBCO)-
based reagents combine high reactivity and sufficient hydrophilicity thus reducing
non-specific binding while having greater efficiency than common copper-
mediated azide—alkyne cycloadditions (CuAAC).

We freshly prepare this solution prior to each experiment.

This desalting step is essential to remove excess alkyne reagent that will react
with FDGN3 in the next step.

Optimization of assay conditions described above is required (protein
concentration/reaction scale, buffer composition and pH, amount of alkylating
agent, % of organic co-solvent, and reaction time and temperature) (43).
Proteolytic digest followed by peptide mapping by LC-MS/MS should confirm
the desired site of modification and the absence of additional modifications at
other residues.

The FDGN3 solution can be stored at 4 °C for several months.



11. No catalyst or accessory reagents and thus no extensive optimization of assay
conditions required (44) unlike for CuA AC reactions where optimization is
typically required (type and concentration of copper source, reduction reagent,
ligands, and co-solvents) (45).

12.  Following the two consecutive reactions described above, proteins should be
observed by LC-MS as a single species with >95% conversion to the desired final
product, as judged by calculation from peak intensities in the deconvoluted

spectrum.
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Glossary

ADIBO Azadibenzobicyclooctyne

AnxV Annexin V

BCN Bicyclo[6.1.0]nonyne

CuAAC Copper-mediated azide—alkyne cycloadditions
DBCO Dibenzocyclooctyne

DIFO Difluorinated cyclooctyne

DMF N,N-dimethylformamide



ESI Electrospray ionization

FDG 2-Deoxy-2-fluoro-B-D-glucopyranose
FDGN3 2-Deoxy-2-fluoro-B-D-glucopyranosyl azide
HPLC High performance liquid chromatography
LC Liquid chromatography

MS Mass spectrometry

MWCO Molecular weight cut-off

SPAAC Strain-promoted azide—alkyne cycloaddition
TOF Time of flight

UPLC Ultra performance liquid chromatography
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Fig. 1 ESI-MS spectrum of AnxV.
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Fig. 2 ESI-MS of the reaction of AnxV with Ellman’s reagent.
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Fig. 3 ESI-MS of the reaction of AnxV with DBCO-Maleimide.
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Fig. 5 ESI-MS of the reaction of AnxV with DBCO-Bromoacetamide.
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Fig. 6 ESI-MS of the reaction of AnxV-S-Maleimide-DBCO with 2-deoxy-2-fluoro-f3-

D-glucopyranosyl azide (FDGN3).
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Fig. 8 ESI-MS of the reaction of AnxV-S-Acetamide-DBCO with 2-deoxy-2-fluoro-f-

D-glucopyranosyl azide (FDGN3).



