Spin labelling via metabolic glycoengineering for studying post-
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Post-translational modifications are involved in many cellular
processes. The addition of O-linked B-N-acetylglucosamine (O-
GIcNAc) is a ubiquitous post-translational modification and
essential for regulatory processes in mammalian cells. Here, we
demonstrate specific spin labelling of post-translational
modifications, namely glycosylation modifications, via metabolic
glycoengineering and subsequent copper-catalyzed azide-alkyne
cycloaddition. Electron paramagnetic resonance spectroscopy and
subsequent quantitative spectral simulations allow for detection of
the labelled post-translational modifications.

Post-translational modifications (PTMs) of proteins are characterized
by often reversible attachments of different chemical moieties
ranging from small methyl groups via huge oligosaccharides to entire
protein structures. A large number of human proteins associated
with a variety of diseases incline for PTMs.12

Only a limited number of experimental tools are available for
studying PTMs. The majority of PTM detection methods has been
developed to provide the best opportunity to identify, validate, and
study the function of regulatory PTMs for a protein of interest.34
Most commonly, downstream methods like western blot or mass
spectrometry are used to determine PTM patterns.> However, not
for all proteins site specific PTMs were identified.

Among the most important PTMs is glycosylation, characterized by
complex and structurally diverse modification patterns resulting in a
huge variety of glycosylation modifications of proteins.2 O-
GlcNAcylation, i.e. enzymatic addition of N-acetylglucosamine
(GIcNAc) monosaccharide to specific Ser/Thr residues,® regulates a
wide variety of cellular functions including transcription, translation,
and signal transduction in the cytosol, nucleus and mitochondria.®”
O-GlIcNAcylation is catalyzed by the O-linked N-acetylglucosaminyl
transferase (OGT) and reverted by the enzyme O-GlcNAcase
(OGA).89.10 Aberrant O-GlcNAcylation is highly related with chronic
diseases. Dysregulation of O-GIcNAc modification leads to tumor
growth and metastasis cancer processes and is provocative for

metabolic disorders, cardiovascular disease, diabetes and
Alzheimer's disease.!!
Metabolic  glycoengineering (MGE) (also called metabolic

oligosaccharide engineering (MOE))1213 js an established method to
incorporate chemical reporter groups into cellular glycans for
subsequent bio-orthogonal labelling. MGE has found broad
application for fluorescent labelling of carbohydrates, e.g. for
visualization of glycans on the human cell surface* or even within
living cells.’> Also, global spin labelling of the layers of glycans on the
cell surface called glycocalyx and subsequent electron paramagnetic
resonance (EPR) measurements have been demonstrated.l’ In
addition, sialoglycans on the cell membrane were recently studied by
EPR spectroscopy.1®

Here, we set out to establish spin labelling of PTMs, namely protein
glycosylation, via MGE to open the avenue for EPR experiments on
specific target proteins modified in the cell.

As exemplary targets we choose two model proteins, mitochondrial
O-linked N-acetylglucosaminyltransferase (mOGT) and cellular
tumor antigen p53. Both were shown to feature O-GIcNAcylation in
mammalian cells.20 mOGT, a variant of the OGT protein, consists of
1046 amino acids, has a molecular weight of 110 kDa, and forms a
homodimer in its active state.’®p53 is a 393 amino acids protein with
molecular weight of 44 kDa.l® For OGT the O-GIcNAc Database?®
reports seven O-GIcNAc sites. The list of O-GIcNAcylation sites in
p53and the effects of glycosylation on its function are still
disputed.?® 22 Only one O-GlcNAc site is reported in the O-GlcNAc
database for p53 (Ser149).20 However, twelve phosphorylation sites
are known for p53, and in case of incomplete phosphorylation these
sites might also get glycosylated. Also, Yang et al. discuss Thrl55 as
O-linked glycosylation site for p53.2%

The experimental strategy is shown in Figure 1. The target proteins,
p53 or OGT, containing a His-tag for purification, were expressed in
HEK 293T cells. We performed in cellula MGE to modify the target
protein by tetraacetylated N-azidoacetyl-glucosamine (AcsGIcNAz)
(see SI Fig. S1 (A)), which has previously been reported to be
incorporated into  O-GlcNAcylated proteins,2® and used
tetraacetylated N-acetylglucosamine (AcsGIcNAc) (SI Fig. S1 (B)) as
negative control. After MGE, the target proteins were purified from
the cell lysate by nickel-charged nitrilotriacetic acid (Ni-NTA) resin
addressing the HIS tag (see SI, page 4). Upon protein purification, a
nitroxide-based spin label (SL) was attached via copper-catalyzed
[3+2] azide—alkyne cycloaddition (CuAAC) as an orthogonal click
reaction directly on the Ni-NTA beads using an alkyne proxyl
nitroxide radical 2* (Figure 2).

EPR spectra were measured in X band (9.47 GHz) at room
temperature (= 22°C) upon elution (elution details see Sl page S5) to
detect spin labelled glycosylation modifications and to monitor the
SL dynamics. The EPR spectra (Figure 2) for OGT upon in cellula MGE
with AcsGIcNAz and CuAAC spin labelling are typical nitroxide spectra
featuring three lines due to hyperfine splitting. The spectrum of the
negative control, OGT upon in cellula MGE with AcsGIcNAc, does not
show any EPR signal above the detection limit (Figure 2B, red).
Therefore, we conclude that AcsGIcNAz spin labelling of modified
OGT does take place selectively at the azido groups.

For the OGT sample modified with Ac4GIcNAz, upon elution, buffer
exchange and concentrating the protein solution to the original
volume, we find a spin concentration of 0.87 uM at a protein
concentration of 266 uM corresponding to a relative spin
concentration of approximately 0.3% per molecule.

Similar experiments were performed for p53, which is skewed-
cube-shaped prone.? The corresponding EPR spectra are shown in
Figure 3. Despite the low spin concentration (0.14 uM at a protein
concentration of 30uM, corresponding to 0.5%), an EPR signal was
detected for the sample modified with Ac4GIcNAz, but not for the
negative control.

The relative spin concentrations reflect i) the glycosylation statistics
including the competition between the artificial GIcNAz and the



native GIcNAc sugars, and ii) the spin labelling efficiency in the CUAAC
reaction.

In a control experiment under similar conditions, we determined the
spin labelling efficiency of AcsGIcNAz with alkyne-proxylin the CUAAC
reaction to approximately 75% (see Sl Fig.5 B), which is in agreement
with formerly reported CuAAC spin labelling efficiencies.2426
Assuming a labelling efficiency of 75% for the metabolically
incorporated AcsGIcNAz, we estimate a relative O-GIcNAz level of
0.4% (0.6%) per protein OGT (p53).

To analyze the SL dynamics, we performed full spectral simulations
for the EPR spectra (Figure 4). A) SL in solution, B) SL attached to
AcsGIcNAz in solution, C) SL attached to GIcNAz incorporated in OGT
and D) SL attached to GIcNAz incorporated in p53. Spectral
simulations were performed using the toolbox EasySpin 5.2.29.27
assuming an isotropic rotation of SL and only varying the rotational
correlation time between the different spectra (parameters
described in Sl).

While the model of isotropic tumbling for the cases A) and B) worked
well for describing the corresponding EPR spectra, the isotropic
tumbling fits for SL attached to the proteins (C, D) are — as expected
—slightly oversimplified but the isotropic rotational correlation time
Tr can be used as semi-empirical parameter. Note that besides
possible partially anisotropic tumbling, the spectra might be
obtained for several labelled sites within the protein. As every site
might be characterized by somewhat different SL dynamics, a
combination of such sites might appear to not fit perfectly to a single
Tr approximation, even if the tumbling at each site is approximately
isotropic. The spectra were best described by the rotational
correlation times of 1, = 10 ps for the free SL, 1.=79 ps for the free
label attached to the sugar AcsGIcNAz, .= 1.0 ns, and t.=1.2 ns for
the spin label attached to OGT or p53. The increase of 1. with
increasing complex size, i.e. from A) over B) to C) or D), respectively,
reflects the slower tumbling of SL. In cases C) and D), T, does not
reflect the overall molecular tumbling of the complex but rather the
flexibility of the secondary structure element involved or steric
hindrance from inter- and intra-molecular interactions.?8 Since p53 is
prone to tetramerisation,?> this might result in slightly slower
tumbling of SL in p53 as compared to OGT.

In summary, we have demonstrated that spin labels can be
attached to post translationally glycosylated sites of proteins of
interest employing MGE. This approach combines in cellula MGE
with bio-orthogonal spin labelling reaction and provides a facile
technology to probe protein O-GIcNAc modification by EPR
spectroscopy.

In future, the spin labelling approach can potentially be transferred
into cells.2426 Also obtaining distance restraints in the nanometer
range 234 might be feasible.
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Experimental details
DNA plasmid of OGT/O-linked N-acetylglucosamine transferase gene

ORF cDNAclone expression plasmid, N-His tag (from Biozol, Artikel-
Nr. SIN-HG17892-NH-1) and p53_WT-His in pcDNA3.1 were used for

the HEK 293T human cell line expression. O-linked modification of
the expressed proteins were performed via metabolic
glycoengineering (MGE). O-GIcNAcylated protein was obtained after
harvesting the cells and purified on the Ni-NTA resin. Spin labelling
was performed both on resin-bound protein and after elution.
X-band (9.47 GHz) CW EPR measurements were performed on a
Bruker EMXnano. Spectra for each sample were acquired at optimal
modulation amplitude and microwave power to avoid over-
modulation and saturation, respectively. Each individual sample of
proteins was prepared by purification from lysate of HEK 293T cell
culture previously treated with AcsGIcNAz. and purified from the
cells lysate. EPR measurements were performed with 50 pl samples
in capillaries (HIRSCHMANN® ringcaps®; inner diameter 1.02 mm). All
measurements were performed at 22°C.

For the quantitative EPR spectral simulations Matlab R2019b (The
MatWorks, Inc. 3 Apple Hill Drive, Natick, MA 01760-2098, USA)
and EasySpin 5.2.29 toolbox were used.?*27 The EPR base line
correction was performed with a second order polynomial
function. CW-EPR spectra in fast motion regime were simulated
with the EasySpin function chilli. Least-squares fits with varying
simulation parameters to the experimental data was performed
using EasySpin fitting function esfit.22:26

Detailed protocols can be found in SI.
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Fig. 1 Schematic representation of the experimental strategy. The
target protein (here: OGT) is expressed in HEK293T cells. AcsGIcNAz
is transfected into the cell, deacylated, and converted to GIcNAz for
the further metabolic pathway. After MGE and protein purification,
the attached azido sugar was selectively labelled via Copper click
chemistry with Alkyne Proxyl spin label for EPR investigation.
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Fig. 2 X-band EPR spectra of(A) OGT protein upon in vivo MGE with
AcsGIcNAz and CuAAC spin labelling attached to the Ni-beads via
His-tag and subsequent elution (B) OGT protein upon in vivo MGE
with AcsGIcNAz and CuAAC spin labelling after elution from
purified Ni-beads (black curve); negative control: OGT protein
upon in vivo MGE with AcsGIcNAc and CuAAC spin labelling after
elution from purified Ni-beads (red curve). All samples were
prepared with the same amount of expressed HEK 293T cells.
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Fig. 3 X-band EPR spectra of p53 upon in vivo MGE with
Ac4GIcNAz and CuAAC spin labelling on Ni-beads via His-tag and
subsequent elution (black curve). Red: negative control using
(Ac4GIcNAc) without an azido group (red curve).
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Fig. 4 Experimental EPR spectra (black) and full spectral simulations (red) for (A) SL in solution (t,=10.23 ps), (B) SL attached to AcsGIcNAz
in solution (t,=79 ps), (C) SL attached to GIcNAz incorporated in OGT (t,=1.00 ns) and (D) SL attached to GIcNAz incorporated in p53
(t=1.2 ns).



