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NMR Spectroscopic Characterization of the C-Mannose Conformation
in a Thrombospondin Repeat Using a Selective Labeling Approach
Hendrik R. A. Jonker, Krishna Saxena, Aleksandra Shcherbakova, Birgit Tiemann,

Hans Bakker, and Harald Schwalbe*

Abstract: Despite the great interest in glycoproteins, structural
information reporting on conformation and dynamics of the
sugar moieties are limited. We present a new biochemical
method to express proteins with glycans that are selectively
labeled with NMR-active nuclei. We report on the incorpo-
ration of *C-labeled mannose in the C-mannosylated UNC-5
thrombospondin repeat. The conformational landscape of the
C-mannose sugar puckers attached to tryptophan residues of
UNC-5 is characterized by interconversion between the canon-
ical 'C, state and the By; / 'S; state. This flexibility may be
essential for protein folding and stabilization. We foresee that
this versatile tool to produce proteins with selectively labeled
C-mannose can be applied and adjusted to other systems and
modifications and potentially paves a way to advance glyco-
protein research by unravelling the dynamical and conforma-
tional properties of glycan structures and their interactions.

Introduction

Glycosylation plays an essential role in the structure and
biological function of many proteins in living cells and
viruses."! The process that modifies proteins with glycans is
highly complex and tightly regulated by the specific cellular
microenvironment and orchestrated by numerous glycosyl-
transferases and glycosidases.”! Glycan structures and the
glycosylation patterns are highly dynamic and change during
development. Even though more than half of all human
proteins are glycosylated, the functional characteristics of this
important post-translational modification is so far poorly
understood and structural information is scarce. On the
molecular basis it is essential to understand how the linked
sugars can impact the stability, structure and function of
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glycoproteins. These small key elements are very diverse and
can exist in many conformations. The different shapes of the
six-membered sugar ring can be described by 38 canonical
states.”™! Theoretical studies indicated the importance of the
sugar ring flexibility and gave insight in the interconversion
pathways between the different geometries.*” For particular
glycans a distortion of the pyranose ring may be necessary for
biomolecular interactions, which makes characterization of
the sugar pucker and its dynamics essential to understand the
feasible selection of the specific conformations. Unfortunate-
ly, due to the flexibility of the glycans and incomplete
glycosylation, the relevant electron density is often limited or
even lacking in X-ray crystallography studies, and therefore
the sugar moieties of the glycoproteins are frequently missing
or modelled. Also, structural investigations by Nuclear
Magnetic Resonance (NMR) has its limitations due to the
severe overlap of the proton signals between the carbohy-
drate and the protein. This can be partially resolved by the
rather difficult and often less efficient eukaryotic isotope
labelling®® ™" or in vitro glycosylation technologies."? These
challenges need to be tackled and the current methods need
to be further refined to realize more detailed and straightfor-
ward structure elucidation of glycoproteins.

Among the many types of glycosylation, C-mannosylation
(C-Man) of a tryptophan residue is a unique post-transla-
tional modification which occurs in a variety of proteins. A
single mannose is distinctively attached to the tryptophan
indole sidechain via a carbon-carbon linkage between the
anomeric sugar C, carbon and the C;, carbon atom of the
amino acid side chain. C-Man was first reported in human
ribonuclease 2!"¥! and occurs at specific sites in many proteins
(such as the cytokine type I receptors and thrombospondin
type 1 repeats (TRSs). C-Man is catalyzed by enzymes of the
C-ManT family in the endoplasmic reticulum (ER) mem-
brane using dolichol-P-mannose as a donor substrate!' and
usually occurs at the first tryptophan in the consensus
sequence motif WXXW/C of the protein. There are two C-
ManTs (DPY19L1 and -3) in mammals with distinct specific-
ities towards their protein substrate consensus motifs and two
other putative C-ManTs (DPY19L2 and -4).["]

Considering the important role of glycans in protein
function, the development of methods to produce and analyze
glycosylated proteins is essential. Glycosylation is often
incomplete and the proteins and glycans are frequently very
dynamic and exhibit a high degree of conformational hetero-
geneity. Yet, solution NMR spectroscopy is particularly well
suited for the analysis and structural studies of such inhomo-
geneous and complicated targets.'®! Moreover, the rich
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diversity and the complex equilibria of interconverting forms
of saccharides and the structural complexity of the glycan
composition can be characterized in detail by NMR.I"
Here we describe a new eukaryotic expression strategy to
prepare selective C-isotope labeled C-Man glycoproteins;
which allows specific investigation of the glycans present in
proteins by solution NMR spectroscopy. This previously
unknown labeling technique is based on the development of
a Drosophila S2 cell line that cannot use glucose to generate
mannose and are therefore dependent on the supplied
mannose. The approach has been applied here to characterize
the conformational dynamics of the C-a-mannose moieties of
a thrombospondin repeat from the netrin receptor UNC-5,
which is involved in axon guidance by repulsion.”'*! Our
study showcases the information that can be obtained with
this methodology to advance the structural biology of
glycosylated proteins.

Results and Discussion
Production of Selective *C-mannose Labeled UNC-5 Protein

A Drosophila S2 cell line, stably expressing a single
thrombospondin type 1 repeat (TSR) of the netrin receptor
UNC-5, has been generated and described before.?*! Co-
expression of the C-mannosyltransferase DPY-19 from C.
elegans allowed producing the C-mannosylated form of the
repeat. The TSR2 of UNC-5 starts with the sequence
LDGGWSSWSDWSAC, in which the first two tryptophans
can be mannosylated by DPY-19"! and are named W5 and
W8 here (W277 and W280 in the original sequence, uniprot:
Q26261). To be able to selectively label mannoses in this cell
line, we introduced a mutation in the enzyme mannose
phosphate isomerase (MPI) by CRISPR-CAS. MPI is re-
sponsible for the reversible conversion of fructose-6-phos-
phate into mannose-6-phosphate (Figure 1), which enables
cells to use glucose as a source for the mannoses found in
glycoproteins. On the other hand, exogenous or salvaged
mannose can also be converted in other monosaccharides and
used for glycolysis. Knock-out the MPI enzyme thus resolves

Glucose Mannose 55 bp deleted sequence
‘ CCGCTGAGTAAACTCATTGGCAAGGAG
GCTGTGGATCAGCTCCATGACTCGACCA
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Figure 1. Development of a Drosophila S2 cell line that cannot use
glucose to generate mannose. Knock-out of the enzyme mannose
phosphate isomerase (MPI) by homozygous deletion of 55 bp in the
gene sequence (right) disables the conversion of fructose-6-phosphate
into mannose-6-phosphate (left).

© 2020 The Authors. Published by Wiley-VCH GmbH

two problems in one. The isotope label of *C-mannose cannot
end up in other metabolites and the *C-mannose pool is not
diluted.

The generated MPI knock-out clone has a homozygous
deletion of 55bp in the gene sequence (Figure1). We
established that the generated cell line was not able to grow
permanently without added mannose, and that normal growth
was supported over a range of 10 um to 1 mM exogeneous
mannose. The clone was routinely maintained in medium with
100 pm added mannose. To produce selective "*C-labeled
mannose in the UNC-5 protein cells were cultured at
a 300 mL scale and supplied with 500 pm “C-isotope labeled
mannose. Two mg of highly pure UNC-5 TSR2 was produced
that uniformly contained two C-mannoses (details in the
supporting information experimental section).

NMR Analysis

The successful incorporation of selective *C-labeled
mannose in the UNC-5 protein is shown in the '"H”C-HSQC
spectrum (Figure 2). Both mannose moieties of the C-Man
tryptophans W5 and W8 show distinct chemical shift reso-
nances. Advanced NMR experiments (among others “C-
resolved 3D and 4D NOESY, quantitative I'"-HCCH and
heteronuclear “*C-relaxation) were performed on this selec-
tive C-isotope labeled probe to determine the exact sugar
geometry and dynamics. Theoretical puckering studies ex-
ploring the kinetic energy landscape for several sugars shows
that there are different favorable geometries and many
possible interconversion pathways.*”! The various shapes
and distortions of the sugar moiety are influenced by exo-
anomeric effects and the type of glycosidic linkage.”*?")
Moreover, catalysis mechanisms typically take advantage of
the pyranose ring flexibility and proceed through distinct
transition state conformations.” Hence, investigation of the
puckering landscape is crucial to understand which particular
geometries are favored, especially within the complexity of
glycobiology.

Dynamics

In order to probe the dynamical behavior of the mannose
moieties, heteronuclear “C-relaxation experiments (for the
longitudinal “C-T, and off-resonance rotating frame “C-T,,
relaxation rates and {'H}"”C-heteronuclear NOE) were per-
formed on the selective labeled UNC-5 protein sample as well
as on free mannose, under the same conditions. Due to
uniform isotope labelling of the sugar moiety, direct deter-
mination of *C-T, is not possible. Therefore, the transverse
BC-T, relaxation rates were extracted from off-resonance
correction of the Ty, values using T,. As expected, the rates
and HetNOE values (supplementary Table 1) are clearly very
different for the free and the covalently attached mannose,
which correlates to the differences in their overall tumbling
rate as well as their mobility. To evaluate the dynamical
behavior, the relaxation data were analyzed using the model-
free method.””*" The free mannose (both o and f) is highly
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Figure 2. Incorporation of selective *C-labeled mannose in the UNC-5
protein. The "H"C-CT-HSQC spectrum (on the top) shows the
mannose sugar CH correlation signals of the selective *C-labeled C-
mannoses that are covalently attached to tryptophans 5 and 8 in the
UNC-5 protein (1.25 mm) measured at 600 MHz and a temperature of
298 K. For optimal acquisition time and resolution, the signals of
CiH;, CsHs, and CgHg, are folded in the carbon dimension (spectral
width of 7.7 ppm) and actually appear around 66.4, 82.6, and

61.1 ppm, respectively. The inserted structure shows a C-a-mannose
moiety (in a 'C, conformation) connected to a tryptophan (mannose
C, to tryptophan C;;) and indicates the numbering of the observed
signals in the NMR spectrum. The "H"C-CT-HSQC spectrum of free
3C-labeled mannose (on the bottom) shows the sugar CH correlation
signals of the o and 3 conformation (anomeric mixture, 10 mm)
likewise measured at 600 MHz and a temperature of 298 K. For
optimal acquisition time and resolution, the signals of C;H; and CgHg,
are folded in the carbon dimension (spectral width of 13.0 ppm) and
actually appear around 96.6 and 63.7 ppm, respectively. The inserted
structure shows a free a-mannose (in a ‘C; conformation) and
indicates the numbering of the observed signals in the NMR spec-
trum.
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dynamic, and the overall rotational correlation time 7, is very
fast (about 125 ps), making separation of the overall motion
and internal motion complicated and thus practically unfea-
sible. However, when the mannose moiety is covalently
attached to the tryptophan, the dynamics are strongly
reduced. The average order parameter for the C-Man W5 is
091 and for the C-Man W8 0.94, indicating that those
moieties become rigidified when attached and reside within
the environment of the UNC-5 protein. Furthermore, the
model-free analysis points to the presence of little internal
dynamics (7, in the order of about 60 ps) for the slightly more
dynamic C-Man W5.

Conformation by 3)(H,H) Couplings

The conformation of the mannose six-membered ring
moiety was first probed by determination of *J(H,H), the
vicinal proton-proton coupling constants. The dependence of
the individual expected couplings on the corresponding
endocyclic torsion angles of the pyranose conformations®
can be approximated well using the generalized Karplus
equation including a correction for the electronegativity of
the substituents.®"!] For these individual couplings, several
conformations are often possible, which cannot be distin-
guished due to the complex landscape for the pyranose ring
and the presence of multiple minima in the Karplus relation
(supplementary Figures 1 and 2). Nevertheless, a combination
of the coupling constants can characterize the ring puckering.
Therefore, we jointly analyzed the results from all couplings
and map their combined difference on the 2D mercator
projection of the “Cremer—Pople” sphere (Figure 3). The
combined difference plot substantially restricts the regions of
the conformational landscape in accordance with the exper-
imental data.

For both free o-mannose as well as f-mannose, the
analysis of the *J/(H,H) couplings indicates that those are
mostly present in the *C; conformation (and possibly fluctuate
to adjacent conformations such as E; and “H;). In contrast, the
C-mannose moieties of the UNC-5 W5 and W8 mostly map
towards the conformational space in the 'C, hemisphere
(including sugar pucker geometries such as By and 'S;).
Remarkably, for the C-Man W5 and WS, the observed
intermediate *J/(H;,H,) values (supplementary Figure 2C) do
not fully agree with either 'C, or *C; conformation, as also
observed by others.’>% This result fits to prior theoretical
considerations and can be explained by the preference of the
bulky tryptophan, which is covalently attached to the C;
carbon of the mannose to be in the equatorial position. The
experimental coupling may possibly be an intermediate;
probing an ensemble or exchange between two (or) more
conformations that deviate around the H;-C;-C,-H, torsion
angle (such as the By; boat and 'S; skew).

Conformation by CCR

For free mannose, a small molecule, the vicinal */(H,H)
couplings can be determined accurately, but for a covalently
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Figure 3. Exploring the landscape of mannose sugar conformations. The 38 canonical ring puckering designations (2 chair (C), 12 envelope (E),
12 half-chair (H), 6 boat (B), 6 skew (S) ) are illustrated (on top) by a 2D mercator projection map of the “Cremer—Pople” sphere.”! The pictures
are based on and adapted from Hill and Reilly,"! Bérces et al.”! and Mayes et al.”! The combined differences for either */(H,H) and CCR(CH,CH)
values are indicated below for free mannose and UNC-5 C-mannose, illustrating the regions of favorable sugar geometries. For each conformation
the difference of the experimental values from the theoretical expected values (Karplus equation) was calculated and combined according to:
BA=0.5\/(A’11z + APhigrs + APtsps + A%gns) - The *J(H,H) couplings of free mannose (both a and 3 anomers) indicate a conformation in the *C,
hemisphere; while the conformation of the UNC-5 C-mannose (both W5 and W8) spans a likely range in the 'C, hemisphere, which is also
observed by the same analysis for CCR(CH,CH). The separate analysis for free mannose and the UNC5-C-Man W8 and a table of the experimental
values for each */(H,H) coupling or CCR(CH,CH) is given in the supplementary information.

attached C-mannose, which is in the context of the larger
protein, the quantitative analysis becomes less accurate and
less precise due to severe overlap, line broadening effects but
also potential systematic errors.”" Yet, the size of measurable
effect of another parameter, cross-correlated relaxation
(CCR), linearly depends on the overall rotational correlation
time (z.) and can be conveniently used for the study of larger
biomolecules.”>* The cross-correlation rates report on the
project angles of CH-CH bond vectors and are geometrically
uniquely related to the torsion angles that can be measured
via vicinal 3/ proton-proton couplings. The selective “C-
mannose labeled UNC-5 protein sample allowed us to
determine the CCRs for the C-mannose moieties of the
UNC-5 W5 and W8 by means of quantitative 2D "H"C-T-
HCCH experiments (supplementary Figure 3). In addition to
the 2D version, a 3D experiment was exploited, adding an

© 2020 The Authors. Published by Wiley-VCH GmbH

additional carbon dimension, to resolve signal-overlap (such
as for the W8 C-mannose H2 and H3 protons which appear at
the same resonance). The obtained CCR(CH,CH) data was
analyzed in the same way as for the *J(H,H) coupling
constants (Figure 3 and supplementary Figure 2). The com-
bined difference landscape indicates essentially the same
conformational space in the 'C, hemisphere as observed for
the vicinal coupling constants. Moreover, the experimental
CCR values between C;H; and C,H, resemble the observa-
tion of the intermediate */(H;,H,) coupling (supplementary
Figure 2C) likewise indicating possible mobility and/or ex-
istence of more conformational states that fast interconvert
on the NMR timescale. The combined difference was also re-
examined without these values (to avoid the impact of this
divergent torsion angle on the outcome of the analysis,
supplementary Figure 4) and actually still shows analogous

Angew. Chem. Int. Ed. 2020, 59, 20659 — 20665
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landscapes; clearly mapping the C-mannose sugar geometry
towards the conformational space in the 'C, hemisphere.

Conformation by NOE

Particularly important for biomolecular structure deter-
mination is the Nuclear Overhauser Effect (NOE), providing
spatial distances between protons. For glycosylated proteins,
the NOE buildup for the sugar is efficient because of the
increased overall tumbling time due to the covalent attach-
ment to the protein. The well-established NOE can therefore
be readily used to calculate and validate the geometry of the
sugar. Moreover, fluctuations in the distance (due to dynam-
ics or the presence of multiple conformational states) would
be reflected in an averaged NOE. However, NOE averaging
is weighted by 1/7 ¢ and therefore substantially less sensitive
to averaging compared to both, *J(H,H) couplings and
CCR(CH,CH).

We verified whether the observed NOEs are in agreement
with the C-mannose sugar conformational space and per-
formed a conventional structure calculation of the UNC-5 W5
and W8 C-mannose moieties. The UNC-5 protein sample with
BC-selective labeled mannose facilitates the use of *C-
resolved NOESY experiments, which is crucial to separate
overlapping NOE cross peaks. NOEs were obtained from
several 3D "H'H®C-NOESY-HSQC spectra acquired with
different mixing times (NOE build-up) and from a 4D
"H*C'H"”C-NOESY-HSQC spectrum (to further resolve
signal-overlap) measured on the selective *C-labeled C-
Man UNC-5 protein. From modelled structures of all 38
canonical states the expected proton-proton distances were
compared. Even though most combinations feature rather
similar distances for all geometries close to the NOE distance
error ranges (with only about 0.6 Angstrom or less difference
between the *C, and 'C, conformation), taken together (and
in combination or verification with the dihedral angles
derived from *J(H,H) couplings and CCR(CH,CH) data)
they can enclose the global shape of the sugar. The most
indicative NOE to differentiate between the *C, and 'C,
conformation is the H;-Hs distance (about 1.8 Angstrom
difference; expecting a strong NOE for *C; and weak NOE
for 'C,). The NOE cross peak between these two protons is
inconveniently very close to the diagonal (and for W8 strongly
overlapping with H;-H,), but this could be well resolved by
using the 4D experiment. For W5, only a very weak NOE was
observed between H; and Hs and for W8 there was no cross
peak detected, which is indicative for the 'C, hemisphere and
thus nicely in agreement with the previous findings. In
addition, NOEs observed between the tryptophan and
mannose (eg. Hp-H; and H,-H,) resolve their relative
orientation. The structure of the C-Man tryptophan moieties
was calculated using ARIA/CNS.F-*! The bundle of calcu-
lated structures (Figure 4) encompasses a rather diffuse
spatial area for the mannose. This result is expected, as the
structure relies solely on intra-residue restraints and is not
further restricted and affected by sequential, medium and
long range NOEs. Nevertheless, the network of NOE distance
restraints limits the sugar pucker conformational space mostly
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Figure 4. Structural space of the C-mannosylated tryptophan. The
ensemble of C-mannosylated tryptophan structures (top left) shows

a conformational space encompassing the canonical 'C, chair and By,
boat / 'S; skew conformations (right). For clarity, the hydrogen atoms
are omitted in the structure pictures on the left. The divergence of the
six-membered ring (around the atoms C; and C,) between the 'C, and
By / 'S; geometries is indicated (bottom left) and in agreement with
their experimentally observed intermediate */(H3,H,) and
CCR(C3H;,C4H,) values (supplementary Figure 2C) likewise demon-
strating interconverting conformational states. The structures are
shown for the UNC-5 W8 C-mannose. The ensemble of conformations
of the UNC-5 W5 C-mannose tends more towards the By; /'S,
geometry.

to a mixture of the 'C, chair and a state adjoining the By, boat
and 'S, skew geometry (where the W5 C-mannose structure
calculations converge little more towards the By, / 'S, state,
supplementary Figure 4). This NOE based finding is well in
agreement with the conformational landscapes indicated by
the *J(H,H) couplings and CCR(CH,CH) data (Figure 3) and
the intermediate experimental values observed for H;-H,.
Our data thus indicates that the C-mannose puckers of the
UNC-5 thrombospondin repeat are mostly in the 'C, hemi-
sphere, possibly spanning a dynamic range of conformations
which allows fluctuation between the canonical 'C, chair and
the By, / 'S; state.

Conclusion

A new strategy is presented to prepare selective “C-
isotope labeled C-Man glycoproteins, which allows the use of
advanced experiments for detailed NMR investigation of the
glycans. The method is based on the development of
a Drosophila S2 cell line which lacks the MPI enzyme such
that mannose cannot be converted from glucose (and the
other way around) and is therefore potentially also applicable
to other kind of glycosylation modifications containing
mannose (O- and N-glycosylation) or fucose, which is derived
from mannose. Notably, the Drosophila S2 cell line used
in this work appeared to be especially suitable for the
expression as yeast and mammalian cells show mannose
toxicity after deletion of the MPI enzyme."**!! We did not
observe problems with the cell growth at least till 1 mm of
mannose.
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Preceding NMR™%*%! and X-ray crystallography
studies suggested that C-mannoses can occur both in *C;
and 'C, conformations. Therefore, we evaluated the confor-
mation of C-mannose by using the selective *C- mannose
labeled UNC-5 TSR2. Thermal denaturation studies on the
protein showed that C-Man plays an important role in the
protein stability (possibly by assisting the formation of the
Trp-Arg ladder) and simulations performed with C-mannoses
in either 'C, and *C, chair arrangements indicated similar
effects.’! Nevertheless, investigation of the mannose con-
formational space and dynamics may allow us to understand
in more detail by what means the sugar geometry and
orientations can allow (specific) interactions with surround-
ing residues and thereby affect the protein fold.

Using our novel labeling strategy, the UNC-5 thrombo-
spondin repeat was expressed at high yields with incorpo-
ration of uniform ®C-isotope labeled mannose which allowed
us to nicely resolve the signals of the mannose moieties (from
the protein signals) and perform NMR experiments that
require the presence of the "C label. In particular, the
selective "C-labeling enables the investigation of the C-
mannose dynamics by heteronuclear "*C-relaxation experi-
ments and more detailed structural conformational studies by
using cross-correlated relaxation and “C-resolved NOESY
experiments. Investigation of the sugar dynamics indicated
that the UNC-5 C-mannoses are mostly rigid and therefore
likely integrated in the stable structure of the folded protein.
This is well in agreement with the observed increased thermal
stability of the C-mannosylated protein in comparison with
the unmodified protein. The analysis of our */(H,H), CCR-
(CH,CH) and NOE data shows that the C-mannose puckers
span a range of conformational space in the 'C, hemisphere
allowing interconversion between the canonical 'C, and the
By; / 'S; state. This conformation differs from the free
mannose, which is most stable in the *C, hemisphere, but is
well in agreement with previous NMR studies and simulations
and retains the tryptophan indole moiety in the preferential
equatorial position.®>¥! Moreover, theoretical studies indi-
cated that the B, boat is a stable conformation!*’! and has only
a very low energy barrier to the “C, conformation!” thus
allowing an escape towards the free form of the Mannose. In
addition, the 'C, chair conformation and the flexibility of the
ring permits a rotation of 180° around the C;-Cy, axis'™® which
may either be required for the catalytic process of the C-
mannosyltransferase to attach the mannose and/or necessary
to arrive at the correct orientation for stabilizing contacts and
hydrogen bond formation during protein (re)folding.

The exact role and mechanism of the sugar structure will
only be fully understood when incorporating these observa-
tions in the larger context of the biological functions of the
protein and the relevant dynamical aspects of its structure and
molecular interplay, which are supposed to be affected or
regulated by glycosylation. Our study using the UNC-5
thrombospondin repeat shows a striking difference of the
pyranose ring conformation between the free form and the C-
linked mannose. Other targets and glycosylation modifica-
tions may share this feature but could also show a substantially
different behavior.”®*! We foresee that the novel tool
presented in this work allows for more detailed NMR studies
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on the glycan 3D structures and its interactions, thereby
providing a valuable foundation to advance structural glyco-
protein research.

Acknowledgements

This work was supported by the coordinated program of the
German Research Foundation DFG (FOR 2509, The concert
of dolichol-based glycosylation: from molecules to disease

models). Open access funding enabled and organized by
Projekt DEAL.

Conflict of interest

The authors declare no conflict of interest.

Keywords: C-mannosylation - conformation analysis -
NMR spectroscopy - selective isotopic labeling - glycoproteins

[1] A. Varki, Glycobiology 2017, 27, 3-49.

[2] A. Magalhdes, H. O. Duarte, C. A. Reis, Cancer Cell 2017, 31,
733-735.

[3] A. Bérces, D. M. Whitfield, T. Nukada, Tetrahedron 2001, 57,
477-491.

[4] A.D.Hill, P.J. Reilly, J. Chem. Inf. Model. 2007, 47, 1031 -1035.

[5] D. Cremer, J. A. Pople, J. Am. Chem. Soc. 1975, 97, 1354 —1358.

[6] A.R. Tonescu, A. Bérces, M. Z. Zgierski, D. M. Whitfield, T.
Nukada, J. Phys. Chem. A 2005, 109, 8096 —8105.

[7] H. B. Mayes, L. J. Broadbelt, G. T. Beckham, J. Am. Chem. Soc.
2014, 136, 1008 —1022.

[8] K. Saxena, A. Dutta, J. Klein-Seetharaman, H. Schwalbe,
Methods in Molecular Biology, Springer, Heidelberg, 2012,
pp- 37-54.

[9] T. A. Egorova-Zachernyuk, G. J. C. G. M. Bosman, W. J. Degrip,
Appl. Microbiol. Biotechnol. 2011, 89, 397 —406.

[10] A.R.Pickford,J. M. O’Leary, Methods Mol. Biol. 2004, 278,17 —
33.

[11] A. Dutta, K. Saxena, H. Schwalbe, J. Klein-Seetharaman,
Methods in Molecular Biology, Springer, Heidelberg, 2012,
pp. 55-69.

[12] V.Slynko, M. Schubert, S. Numao, M. Kowarik, M. Aebi, F. H. T.
Allain, J. Am. Chem. Soc. 2009, 131, 1274—1281.

[13] J. Hofsteenge, D. R. Miiller, T. de Beer, A. Loffler, W. J. Richter,
J. F. G. Vliegenthart, Biochemistry 1994, 33, 13524 —-13530.

[14] M. A. Doucey, D. Hess, R. Cacan, J. Hofsteenge, Mol. Biol. Cell
1998, 9, 291 -300.

[15] A. Shcherbakova, B. Tiemann, F. F. R. Buettner, H. Bakker,
Proc. Natl. Acad. Sci. USA 2017, 114, 2574-2579.

[16] A.W. Barb, D. J. Falconer, G. P. Subedi, Methods in Enzymol-
ogy, Academic Press, New York, 2019, pp. 239-261.

[17] W. A. Bubb, Concepts Magn. Reson. Part A 2003, 19, 1-19.

[18] J. F. G. Vliegenthart, Perspect. Sci. 2017, 11, 3-10.

[19] L. Unione, M. P. Lenza, A. Ard4, P. Urquiza, A. Lain, J. M.
Falcon-Pérez, J. Jiménez-Barbero, O. Millet, ACS Cent. Sci.
2019, 5, 1554-1561.

[20] M. Schubert, M. J. Walczak, M. Aebi, G. Wider, Angew. Chem.
Int. Ed. 2015, 54, 7096-7100; Angew. Chem. 2015, 127, 7202 -
7206.

[21] K. Keleman, B. J. Dickson, Neuron 2001, 32, 605-617.

[22] M. Hamelin, Y. Zhou, M. W. Su, I. M. Scott, J. G. Culotti, Nature
1993, 364, 327 -330.

Angew. Chem. Int. Ed. 2020, 59, 20659 — 20665


https://doi.org/10.1093/glycob/cww086
https://doi.org/10.1016/j.ccell.2017.05.012
https://doi.org/10.1016/j.ccell.2017.05.012
https://doi.org/10.1016/S0040-4020(00)01019-X
https://doi.org/10.1016/S0040-4020(00)01019-X
https://doi.org/10.1021/ci600492e
https://doi.org/10.1021/ja00839a011
https://doi.org/10.1021/jp052197t
https://doi.org/10.1021/ja410264d
https://doi.org/10.1021/ja410264d
https://doi.org/10.1007/s00253-010-2896-5
https://doi.org/10.1021/ja808682v
https://doi.org/10.1021/bi00250a003
https://doi.org/10.1091/mbc.9.2.291
https://doi.org/10.1091/mbc.9.2.291
https://doi.org/10.1073/pnas.1613165114
https://doi.org/10.1002/cmr.a.10080
https://doi.org/10.1016/j.pisc.2016.02.003
https://doi.org/10.1021/acscentsci.9b00540
https://doi.org/10.1021/acscentsci.9b00540
https://doi.org/10.1002/anie.201502093
https://doi.org/10.1002/anie.201502093
https://doi.org/10.1002/ange.201502093
https://doi.org/10.1002/ange.201502093
https://doi.org/10.1016/S0896-6273(01)00505-0
https://doi.org/10.1038/364327a0
https://doi.org/10.1038/364327a0
http://www.angewandte.org

GDCh
~~

[23] E. M. Hedgecock, J. G. Culotti, D. H. Hall, Neuron 1990, 4, 61—
85.

[24] A. Shcherbakova, M. Preller, M. H. Taft, J. Pujols, S. Ventura, B.
Tiemann, F. F. R. Buettner, H. Bakker, eLife 2019, 8, ¢52978.

[25] F. F. R. Buettner, A. Ashikov, B. Tiemann, L. Lehle, H. Bakker,
Mol. Cell 2013, 50, 295-302.

[26] J. L. Asensio, F. J. Cafiada, X. Cheng, N. Khan, D. R. Mootoo, J.
Jiménez-Barbéro, Chem. Eur. J. 2000, 6, 1035-1041.

[27] C.D. Navo, I. A. Bermejo, P. Oroz, P. Tovillas, I. Companén, C.
Matias, A. Avenoza, J. H. Busto, M. M. Zurbano, G. Jiménez-
Osés, F. Corzana, J. M. Peregrina, ACS Omega 2018, 3, 18142 -
18152.

[28] C. Rovira, A. Males, G.J. Davies, S.J. Williams, Curr. Opin.
Struct. Biol. 2020, 62, 79-92.

[29] A.M. Mandel, M. Akke, A. G. Palmer, J. Mol. Biol. 1995, 246,
144 -163.

[30] A.G. Palmer, M. Rance, P. E. Wright, J. Am. Chem. Soc. 1991,
113, 4371 -4380.

[31] C. A. G. Haasnoot, F. A. A. M. de Leeuw, C. Altona, Tetrahe-
dron 1980, 36, 2783 -2792.

[32] A. Loffler, M. A. Doucey, A.M. Jansson, D.R. Miiller, T.
De Beer, D. Hess, M. Meldal, W. J. Richter, J. F. G. Vliegenthart,
J. Hofsteenge, Biochemistry 1996, 35, 12005 -12014.

[33] T. de Beer, J.F. G. Vliegenthart, A. Loffler, J. Hofsteenge,
Biochemistry 1995, 34, 11785-11789.

[34] G.S. Harbison, J. Am. Chem. Soc. 1993, 115, 3026 -3027.

[35] H. Schwalbe, T. Carlomagno, M. Hennig, J. Junker, B. Reif, C.
Richter, C. Griesinger, Methods in Enzymology, Academic
Press, New York, 2002, pp. 35-81.

[36] B.Reif, M. Hennig, C. Griesinger, Science 1997, 276, 1230 -1233.

[37] 1. P. Linge, M. Habeck, W. Rieping, M. Nilges, Bioinformatics
2003, 79, 315-316.

Research Articles

Internati

[38] J.P. Linge, S.I. O’Donoghue, M. Nilges, Methods Enzymol.
2001, 339, 71-90.

[39] A.T. Briinger, P. D. Adams, G. M. Clore, W. L. Delano, P. Gros,
R. W. Grossekunstleve, J. S. Jiang, J. Kuszewski, M. Nilges, N. S.
Pannu, R. J. Read, L. M. Rice, T. Simonson, G. L. Warren, Acta
Crystallogr. Sect. D 1998, 54, 905-921.

[40] J. P. Pitkdnen, A. Tormi, S. Alff, L. Huopaniemi, P. Mattila, R.
Renkonen, J. Biol. Chem. 2004, 279, 55737 -55743.

[41] C. DeRossi, L. Bode, E. A. Eklund, F. Zhang, J. A. Davis, V.
Westphal, L. Wang, A. D. Borowsky, H. H. Freeze, J. Biol. Chem.
2006, 281, 5916 -5927.

[42] T.Nishikawa, Y. Koide, S. Kajii, K. Wada, M. Ishikawa, M. Isobe,
Org. Biomol. Chem. 2005, 3, 687-700.

[43] C.E. Munte, G. Géde, B. Domogalla, W. Kremer, R. Kellner,
H. R. Kalbitzer, FEBS J. 2008, 275, 1163-1173.

[44] M. F. Pronker, S. Lemstra, J. Snijder, A.J. R. Heck, D. M. E.
Thies-Weesie, R. J. Pasterkamp, B. J. C. Janssen, Nat. Commun.
2016, 7, 13584.

[45] D. V. Pedersen, T. A.F. Gadeberg, C. Thomas, Y. Wang, N.
Joram, R. K. Jensen, S. M. M. Mazarakis, M. Revel, C. El Sissy,
S. V. Petersen, K. Lindorff-Larsen, S. Thiel, N. S. Laursen, V.
Fremeaux-Bacchi, G. R. Andersen, Front. Immunol. 2019, 10,
2007.

[46] R.M. vandenBos, N.M. Pearce, J. Granneman, T.H.C.
Brondijk, P. Gros, Front. Immunol. 2019, 10, 2097.

[47] M. Appell, J. L. Willett, E. A. Momany, Carbohydr. Res. 2005,
340, 459 - 468.

Manuscript received: July 9, 2020
Accepted manuscript online: August 3, 2020
Version of record online: September 3, 2020

Angew. Chem. Int. Ed. 2020, 59, 20659 —20665

© 2020 The Authors. Published by Wiley-VCH GmbH

An dte

www.angewandte.org 20665


https://doi.org/10.1016/0896-6273(90)90444-K
https://doi.org/10.1016/0896-6273(90)90444-K
https://doi.org/10.1016/j.molcel.2013.03.003
https://doi.org/10.1002/(SICI)1521-3765(20000317)6:6%3C1035::AID-CHEM1035%3E3.0.CO;2-G
https://doi.org/10.1021/acsomega.8b02576
https://doi.org/10.1021/acsomega.8b02576
https://doi.org/10.1016/j.sbi.2019.11.008
https://doi.org/10.1016/j.sbi.2019.11.008
https://doi.org/10.1006/jmbi.1994.0073
https://doi.org/10.1006/jmbi.1994.0073
https://doi.org/10.1021/ja00012a001
https://doi.org/10.1021/ja00012a001
https://doi.org/10.1016/0040-4020(80)80155-4
https://doi.org/10.1016/0040-4020(80)80155-4
https://doi.org/10.1021/bi9610515
https://doi.org/10.1021/bi00037a016
https://doi.org/10.1021/ja00060a081
https://doi.org/10.1126/science.276.5316.1230
https://doi.org/10.1093/bioinformatics/19.2.315
https://doi.org/10.1093/bioinformatics/19.2.315
https://doi.org/10.1016/S0076-6879(01)39310-2
https://doi.org/10.1016/S0076-6879(01)39310-2
https://doi.org/10.1107/S0907444998003254
https://doi.org/10.1107/S0907444998003254
https://doi.org/10.1074/jbc.M410619200
https://doi.org/10.1074/jbc.M511982200
https://doi.org/10.1074/jbc.M511982200
https://doi.org/10.1039/B414905J
https://doi.org/10.1111/j.1742-4658.2008.06277.x
https://doi.org/10.1016/j.carres.2004.12.010
https://doi.org/10.1016/j.carres.2004.12.010
http://www.angewandte.org

