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Abstract: Glypiation is a common posttranslational modifi-
cation of eukaryotic proteins involving the attachment of
a glycosylphosphatidylinositol (GPI) glycolipid. GPIs contain
a conserved phosphoglycan that is modified in a cell- and
tissue-specific manner. GPI complexity suggests roles in
biological processes and effects on the attached protein, but
the difficulties to get homogeneous material have hindered
studies. We disclose a one-pot intein-mediated ligation (OPL)
to obtain GPIl-anchored proteins. The strategy enables the
glypiation of folded and denatured proteins with a natural
linkage to the glycolipid. Using the strategy, glypiated eGFP,
Thyl, and the Plasmodium berghei protein MSPI,, were
prepared. Glypiation did not alter the structure of eGFP and
MSPI1,, proteins in solution, but it induced a strong pro-
inflammatory response in vitro. The strategy provides access to
glypiated proteins to elucidate the activity of this modification
and for use as vaccine candidates against parasitic infections.

Introduction

Posttranslational modification of proteins by the attach-
ment of complex glycosylphosphatidylinositols (GPIs) is
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ubiquitous in eukaryotes and protozoa.'! GPIs consist of
a phospholipid, a phosphoethanolamine unit, and a conserved
pseudo-pentasaccharide glycan core that is modified in a cell-
and tissue-specific manner.” GPI-anchored (“glypiated”)
proteins (GPI-APs) are functionally diverse, including hydro-
lytic enzymes, adhesion molecules, complementary regulatory
proteins, receptors, and protozoan proteins, as well as
cytokines and prion proteins."*! The challenge of expressing
GPI-APs containing a single, defined glycolipid in eukaryotic
cell lines and their purification is a major limitation for
determining the effects of GPIs and their modifications on the
structure and function of the anchored protein.

Protozoan parasites cause severe human diseases such as
leishmaniasis,¥ Chagas disease® and malaria.’®! The cell
membranes of these parasites contain large amounts of
GPI-APs that modulate the host immune response during
infection.””! These proteins are of different size and complex-
ity and include important vaccine candidates such as the
surface variant glycoproteins from T7Trypanosoma brucei,
mucins and mucin-like proteins from Trypanosoma cruzi,
the metalloprotease GP63 from Leishmania donovani, and
the circumsporozite protein (CSP) on sporozoites and mer-
ozoite surface proteins (MSPs) from Plasmodium falcipa-
rum,® among others.”! In Plasmodium sp., GPI-APs cover
the parasite surface during all developmental stages and
contribute to the survival of the parasites in the vector as well
as to binding and invasion during the human liver and blood
stages.’®™ The Plasmodium GPIs are very heterogenous in the
lipid part and contain an additional mannose (Man-I1V) on the
glycan core as the main modification (Figure 1a).l'

Peptides and proteins have been attached mainly to GPI
analogues by coupling fully protected peptides and glycans,"”!
through Staudinger reaction and expressed-protein liga-
tion,™! and by transpeptidation with Sortase A."*! However,
access to GPI-APs containing a natural GPI limits the
evaluation of the activity of these complex glycoconjugates.
Herein, we describe a strategy to obtain GPI-anchored
proteins containing fully lipidated GPIs. The strategy uses
the Nostoc punctiforme DnaE split intein (Npu™/Npu©)'" to
generate protein thioester intermediates of the protein of
interest that undergo a chemoselective reaction with synthetic
cysteine-containing GPI-glycolipids in a one-pot ligation
(OPL)."! We established conditions for the reaction using
enhanced green fluorescence protein (eGFP) as a protein
model and show the semisynthesis of two naturally GPI-
anchored proteins: Thyl (CD90) from thymocytes and
MSP1,, from Plasmodium berghei ANKA (PbA). Moreover,
we show that glypiation does not affect the structure of
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Figure 1. a) Lipid and glycan variability of GPIs anchoring Plasmodium
spp. proteins. b) Structure of the cysteine-containing GPIs and biotin
used in this study.

MSP1,, in solution but enhances the in vitro production of the
pro-inflammatory cytokines IL-12 and TNF-a by bone-
marrow-derived dendritic cells.
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Results and Discussion

Three fragments were necessary to obtain GPI-APs by
OPL using the Npu™/Npu® split intein fragments: an ex-
pressed fusion protein of the protein of interest (POI) and the
Npu" fragment (POI-Npu™), a synthetic Npu® fragment
elongated with four amino acids at the C-extein cleavage
site, and a synthetic GPI glycolipid with a cysteine linked to
the phosphoethanolamine unit (PEtN) on the GPI Man III
unit (Figure 2a).

The fusion proteins of Npu" with green fluorescence
protein (eGFP-Npu™),!™ P. berghei MSP1,, (MSP1,o-Npu™),
and Thyl (Thyl-Npu™) were recombinantly expressed in E.
coli either as soluble proteins or in inclusion bodies and were
isolated by affinity chromatography using a HisTag attached
at the C-terminus of Npu" (for details see Supporting
Information). The C-terminal intein fragment coupled to
the first four residues of the C-Extein from DNA polymer-
ase 111 from Nostoc punctiforme (Npu®AA) was synthesized
by the Fmoc strategy on Rink amide resin using microwave-
assisted solid-phase peptide synthesis. The process provided
the Npu® peptide in good amount and purity. However, the
formation of aspartimide and a difficult separation from the
product reduced the yield of the synthesis (Figure S1 in the
Supporting Information).”) Two essential residues (Asn35
and Cys36) for the transfer and splicing in the natural intein
were exchanged for Ala in this peptide, thereby de-function-
alizing the autocatalytic potential of the Npu® fragment for
the corresponding transfer of the protein fused to the Npu®™
fragment.

The synthesis of GPI1 and GPI2, which contain a cysteine
residue, was completed using established methods.™™! A
convergent assembly of the glycan and two phosphorylations
were used to install the lipid and a phosphoethanolamine
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Figure 2. One-pot ligation of eGFP with biotin. a) Scheme of the OPL reaction. b) Comparison of OPL with MESNA, MMP, and MMBA by SDS-

PAGE and western blot (eGFP-Biotin detected with anti-biotin antibody).

M = Molecular weight marker; 1) GFP-Npu"; 2) OPL with MESNa, 1 h;

3) OPL with MMP, 1 h; 4) OPL with MMBA, 1 h; 5) OPL with MESNa, 1 d; 6) OPL with MMP, 1 d; 7) OPL with MMBA, 1 d. c) Kinetic study of

OPL, monitored by RP-HPLC (C4). d) SDS-PAGE and western blot of the

antibody after 1,2 and 6 days. M = Molecular weight marker, EP=eGFP-Npu".

OPL of eGFP with GPI2; detection with Ponceau S staining and anti-GPI
e) SDS-PAGE of OPL between Thy1 and GPI1; purification by His-

Trap. M = Marker; LM =ligation mixture 6 d; FT =flow-through; W =wash; E=elution fractions. MESNa = sodium 2-mercaptoethanesulfonate,

MMP = methyl 3-mercaptopropionate.
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coupled to cysteine. The synthesis of the GPI of Plasmodium
proteins (GPI3, Figure 1b) started with the preparation of the
pseudo-hexasaccharide 5 using two protected building blocks
and a [442] glycosylation strategy (Scheme 1 and the
Supporting Information).'*'”) Pseudo-hexasaccharide 5 was
deallylated with palladium chloride in acetic acid.'*! A
phosphitylation of myo-inositol with H-phosphonate 7!°
and subsequent oxidation with iodine delivered the corre-
sponding glycolipid 8. Cleavage of the TIPS ether using
scandium triflate and water to release the alcohol 9,
subsequent phosphitylation with the H-phosphonate 10,1*"!
and careful oxidation with iodine and water gave the
protected product 11. Final removal of all protecting groups
from 11 by treatment with hydrazine acetate, palladium-
catalyzed hydrogenolysis, and treatment with trifluoroacetic
acid and with mercury trifluoroacetate delivered GPI3 for the
glypiation of proteins (Scheme 1).1*"

The one-pot ligation (OPL) for C-terminal protein
modification involved three steps. The first step is the self-
assembly of the split-intein fragments POI-Npu™ and
Npu®AA to give an active intein domain that in the second
step induces an N- to S-acyl shift to form the thioester POI-S-
Npu® intermediate (Figure 2a). Due to the lack of cysteine in
Npu®AA, the POI-S-Npu" intermediate cannot undergo an
intramolecular transthioesterification with the C-extein, but it
reacts in the third step with a thiol to form the desired ligation
product by one of two pathways (Figure2a). The first
pathway (Path A) involves a transthioesterification of the
intermediate POI-S-Npu™ with a thiol additive, such as
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Scheme 1. Synthesis of lipidated GPIs containing a cysteine residue.
Conditions and reagents: a) PdCl,, AcOH, H,O, AcONa, 70%. b) i.
7,0 PivCl, pyridine; ii. I,, H,O 75%. c) Sc(OTf);, H,0, CH,Cl,/
acetonitrile, 68 %. d) i. 10,0*®! PivCl, pyridine; ii. I,, H,0, 70%. €) i.
H,N-NH,-AcOH, AcOH, pyridine, CH,Cl,; ii. Pd(OH),/C, H,, CHCl,,
MeOH, H,0; iii. TFA, anisole, Hg(OTFA),, 0°C, iv. 3-mercaptoethanol,
H,0, 43% (over 4 steps). Piv=pivaloyl, TfO =trifluoromethanesulfo-
nate, TFA=trifluoroacetic acid.
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methyl 3-mecaptopropionate (MMP), that is added to the
reaction to form a protein thioester (POI-SR) in situ. This
thioester undergoes a second transthioesterification with
a cysteine-containing molecule (GPI1, GPI2, and GPI3 or
biotin-4) and a subsequent irreversible S- to N-acyl shift
furnishes the desired product. In the second pathway, the
product is formed through direct transthioesterification of
POI-S-Npu™ with the cysteine-containing molecule and sub-
sequent rearrangement to the ligation product (Figure 2a).
The OPL is technically an expressed-protein ligation reaction,
or native chemical ligation,”” that involves in situ formation
of the protein thioesters mediated by an active split intein
domain.

To establish the best conditions for the C-terminal
modification of proteins, we investigated the OPL between
eGFP-Npu™ and biotin-4 using methyl 3-mercaptopropionate
(MMP), 4-mercaptophenylacetic acid (MPAA), or sodium 2-
mercaptoethanesulfonate (MESNa) as a thiol reagent.?!
SDS-PAGE and western-blot analysis of the reaction showed
formation of the eGFP-biotin product after one hour and
increased formation of the product after 24 h when using
MMP or MESNa (Figure 2b and Figure S6). A kinetic study
of this OPL monitored by RP-HPLC showed a fast associ-
ation of the intein fragments, the formation of intermediates
to generate the active protein thioester, and the appearance
of the ligation product in small quantities already after one
minute. To achieve high protein conversion and high product
yields, incubation over several hours or days was required
(Figure 2c¢). These results were in good agreement with a fast
association of the intein and formation of the eGFP-SR
thioester and a slower ligation to the desired product. They
showed also that a capture of the intein intermediate from the
N- to S-acyl shift with cysteine-containing compound would
deliver the product without the need for additional thiol
reagents. However, since GPIs are difficult to synthesize and
are available only in limited amounts, we performed the OPL
using the cysteine-GPlIs as limiting reagents.

Glypiation of eGFP via the OPL strategy was investigated
with GPI1, which contains a single lipid chain, using the
conditions for the ligation with biotin-4. OPL with this
glycolipid was extended to several days to increase conver-
sion. The glypiated eGFP-GPI1 product was detected by
western blot using an anti-GPI antibody. LC-MS analysis
confirmed the formation of the product and the applicability
of the strategy to glypiated eGFP (Figures S7 and S8). We
next evaluated the OPL for glypiation of eGFP with GPI2,
which bears a natural lipid with two alkyl chains shows low
solubility in the ligation buffer. B-Octylglucopyranoside
(22 mm) was added as a surfactant to the buffer to increase
the solubility of GPI2 and the OPL was accomplished using
the same reaction time and concentrations used with GPI1.
SDS-PAGE analysis of the ligation at different times showed
a slower conversion of the eGFP-SR thioester and lower yield
formation of the e GFP-GPI2 product comparing to the OPLs
with biotin-4 and GPI1 (Figure 2d). This slower conversion
may be a result of the low solubility of GPI2 and possible
formation of micelles even in the presence of the surfactant.

Next, we performed the glypiation of the hydrophobic
Thyl (CD90) protein by OPL. The solution structure of GPI-
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anchored glycoprotein Thyl is affected by glypiation.’” The
GPI of this protein was the first fully elucidated GPI and has
as sialic acid containing trisaccharide glycan side chain on
Man-1.”% In addition to the GPI anchor, Thyl has three N-
glycosylation sites and is naturally a mixture of more than 120
glycoforms. The biological function of Thyl is not completely
understood; however, it has been associated with T-cell
proliferation and different types of cancer.? The influence of
glycosylation and the GPI anchor on Thyl activity remains
unknown.””

Expression of the Thyl-Npu" fusion protein in E. coli
yielded the protein in inclusion bodies requiring high
concentrations of urea for solubilization (8 M) and purification
(>2M). OPL with biotin-4 using the same conditions used for
the ligations with e GFP, but including 2 M urea for keeping the
Thy1-Npu™ fusion protein in solution, allowed the intein
fragments to fold, thereby inducing the formation of the
activated intein domain and generation of the corresponding
protein thioester. OPL with Thy1 proceeded similarly to that
with eGFP; the Thyl-SR thioester formed fast, the ligation
product Thyl-biotin appeared after a few minutes, and high
conversion was achieved after several days (Figure S9).

Thyl was ligated to GPI1 using the conditions established
with biotin-4. After OPL for seven days, the Thyl-GPI1
product was purified. The unreacted fusion protein Thyl-
Npu and cleaved Npu™ carrying a C-terminal HisTag were
retained on the HisTrap column and were eluted with
imidazole (Figure 2e). The product and the Npu“AA intein
fragment lacking the tag were not retained in the HisTrap
column and were separated either by dialysis or using SEC on
a Superdex 30 column. The purification was monitored by
SDS-PAGE (Figure 2¢) and the product was analyzed by
western blotting and LC-MS (Figure S10). The hydrophobic
Thy1-GPI1 ligation product was obtained, but MS character-
ization proved challenging as various complex mixtures of
adducts and fragmentation products were observed.

MSP1,-Biotin

MSP1,-GPI3

Encouraged by the results obtained coupling eGFP and
Thyl, OPL glypiation of the C-terminal fragment of MSP1
(MSP1,,), one of the most abundant and highly conserved
GPI-APs in Plasmodium sp. was undertaken.”™ MSP1 is
a cysteine-rich protein stabilized by multiple disulfide bonds
and is expressed as an approximately 200 kDa protein
precursor. The protein is linked to the GPI via cysteine and
it is an essential protein for the invasion and survival of the
parasite in the host.”! MSP1 undergoes two proteolytic
cleavages leaving the C-terminal fragment (MSP1,y) anch-
ored to the membrane via the GPL®") MSP1,, remains on the
membrane during the red blood cell infection and is
internalized by endocytosis during the ring-stage into the
vacuolar system, where it localizes at the food vacuole,"
a unique organelle in Plasmodium for degradation of
hemoglobin and target for multiple antimalarial drugs.”®

OPL between MSP1,,-Npu" and biotin-4 using MMBA as
thiol reagent resulted in fast formation of the MSP1,,-biotin
product as determined by western blotting and LC-MS. SDS-
PAGE monitoring of the process showed almost complete
consumption of the fusion protein after four days (Fig-
ure S11). MSP1,,-Npu™ was ligated next to the synthetic GPI3
using OPL using the conditions established to obtain eGFP-
GPI2 (Figure 2a and the Supporting Information).” The
ligation progressed in a similar manner to the ligation with
biotin-4 and delivered the product MSP1,,-GPI3 with high
conversion of the fusion protein after five days (Figure S12).

OPL was scaled up for eGFP-Npu" and MSP1,,-Npu™
with biotin-4, GPI1, and GPI3 to obtain e GFP-biotin, e GFP-
GPI1, MSP1,4-biotin, and MSP1,,-GPI3 to investigate the
effects of glypiation on the structure and biological activity of
the proteins. These ligations were carried out under optimized
conditions using 10 uM MSP1,,-Npu®, 30 pm Npu©AA, 20 mm
TCEP solution, and 70 mm MMBA in Tris buffer at pH 7.2
containing octylglucoside (22 mm) for ligation with GPI3. The
MSP1,,-biotin and MSP1,o-GPI3 products were isolated using
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Figure 3. Characterization of GPl-anchored proteins. a) RP-HPLC chromatogram of purified MSP1,,-GPI3. b) Deconvoluted ESI-MS spectrum of
MSP1,,-GPI3. c) SDS-PAGE after His-Trap purification of the preparative synthesis of MSP1,o-Biotin and MSP1,,-GPI3. M =molecular weight
standard, FT =flow through; EP=MSP1,,-Npu", LM = ligation mixture; E=elution fractions; dotted arrow shows the intein. d) CD spectra of
MSP1,4-Biotin and MSP1,,-GPI3, e, f) Production of TNF-a (e) and IL-12 (f) by BMDCs stimulated with the MSP1,4-Biotin and MSP1,,-GPI3.

CM = Culture medium.
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HisTrap and SEC columns and were analyzed by SDS-PAGE,
MALDI MS, and LC-MS (Figure 3).

Possible structural changes on the proteins during OPL or
by the glypiation were analyzed by circular dichroism
(CD).B Previous CD studies showed different profiles with
and without glypiation that were attributed to a structural
change in the protein.’>*!! The CD spectra of eGFP-Biotin,
eGFP-GPI1, and eGFP-OH exhibit a minimum at 210 nm
that corresponds with the p-sheet folds in the (-barrel
structure reported for this protein (Figures S15).? Similarly,
the CD spectra of MSP1,y-biotin and MSP1,,-GPI3 showed
a profile corresponding to a random coil structure that is in
good agreement with previously reported CD spectra for
unmodified MSP1,, containing two epidermal growth factor
(EGF) like domains (Figure 3d).*! CD analysis indicates that
OPL and glypiation did not affect the structure of eGFP and
MSP1,, in solution, which is a requirement for the immuno-
genicity of this protein.*"

Isolated GPIs and GPI-anchored proteins from parasites
induce a strong proinflammatory response and the production
of cytokines by macrophages.” This type of response is
characteristic in patients with severe malaria that show
enhanced levels of IL-6, TNF-a, and IL-12 correlating with
parasitemia.® Thus, a proinflammatory response is consid-
ered important for protection against malaria and for
clearance of the parasites, but may also contribute to
malaria-associated pathology such as cerebral malaria.’’!
The proinflammatory activity of MSP1,,-biotin and MSP1,,-
GPI3 was tested invitro and compared to bacterial lip-
opolysaccharide (LPS), a strong proinflammatory stimulator.
Bone-marrow-derived dendritic cells (BMDCs) from mice
were cultured in the presence of Iscove’s modified Dulbecco’s
medium (CM, negative control), 1 ygmL™" lipopolysacchar-
ide (LPS, positive control), or each of the modified MSP1,
proteins at 0.01, 0.1, and 1 pum concentrations (Figures 3 e and
f). ELISA determination of tumor necrosis factor alpha
(TNF-a)) and interleukin 12 (IL-12) indicated cytokine
production for cells stimulated with MSP1,-biotin and
MSP1,,-GPI3. The cytokine production was concentration-
dependent with highest cytokine secretion for MSP1,,-GPI3
at 1 um, and showed a tendency for higher TNF-a and 1L-12
levels for the glypiated protein. These findings agree with
previous reports describing this property for isolated GPIs
from protozoa.”’**! Future studies will focus on the effect of
glypiation for MSP1,, activity invivo and its potential as
a malaria vaccine candidate.

The difficulty in accessing GPI-anchored proteins has
limited investigations into the biological role of glypiation and
its effect on the structure and activity of proteins. The herein
reported OPL is an efficient method to glypiate the C-
terminus of proteins and provides access to naturally glypi-
ated proteins with biological activity. This OPL method will
help us to evaluate the effect of the GPI structure on protein
folding, the behaviour of GPI-APs in membranes, and the
activity of glypiated proteins in vitro and in vivo.
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Conclusion

We have established a one-pot ligation strategy for the
glypiation of proteins using the DnaE split intein from Nostoc
punctiforme. An active protein thioester is formed in situ and
reacts with a synthetic cysteine-containing GPI. The method
tolerates folded and denaturated proteins, glycolipids with
poor solubility in buffers, and additives for protein solubili-
zation. We completed the semisynthesis of glypiated eGFP,
Thyl, and Plasmodium berghei ANKA MSP1,, proteins and
showed that the process does not affect protein folding.
Structural analysis of the glypiated proteins by CD revealed
no effect of glypiation on the overall structure of the eGFP
and MSP1,, proteins in solution. Glypiation enhanced the
proinflammatory activity of the MSP1,, protein in vitro, thus
suggesting potential application of glypiated proteins in
vaccine development.

Acknowledgements

We thank DFG and the priority program 1623, the Max
Planck Society and the RIKEN-Max Planck Joint Center for
Systems Chemical Biology for financial support. We thank
Prof. Dr. Henning Mootz for the donation of the e GFP-Npu™
clone and for his helpful suggestions.

Conflict of interest

The authors declare no conflict of interest.

Keywords: GPI anchor - glycoproteins - glypiation -
protein modifications - protein semisynthesis

[1] M. A. Ferguson, J. Cell Sci. 1999, 112, 2799 -2809.

[2] Y. H. Tsai, X.Y. Liu, P. H. Seeberger, Angew. Chem. Int. Ed.
2012, 57, 11438 -11456; Angew. Chem. 2012, 124, 11604 - 11623.

[3] a) M. A.J. Ferguson, A. F. Williams, Annu. Rev. Biochem. 1988,
57, 285-320; b) H. Ikezawa, Biol. Pharm. Bull. 2002, 25, 409 -
417.

[4] S. Burza, S. L. Croft, M. Boelaert, Lancet 2018, 392, 951-970.

[S] C.Bern, N. Engl. J. Med. 2015, 373, 456 —466.

[6] a) F. Debierre-Grockiego, R. T. Schwarz, Glycobiology 2010, 20,
801-811; b) E. A. Ashley, A. Pyae Phyo, C. J. Woodrow, Lancet
2018, 391, 1608 -1621.

[7] a) M. A.S. Campos, 1. C. Almeida, O. Takeuchi, S. Akira, E. P.

Valente, D. O. Procépio, L. R. Travassos, J. A. Smith, D.T.

Golenbock, R. T. Gazzinelli, J. Immunol. 2001, 167, 416-423;

b) S. D. Tachado, R. Mazhari-Tabrizi, L. Schofield, Parasite

Immunol. 1999, 21, 609-617; c) M. M. Camargo, I. C. Almeida,

M. E. Pereira, M. A. Ferguson, L. R. Travassos, R. T. Gazzinelli,

J. Immunol. 1997, 158, 5890-5901.

a) P.R. Gilson, B.S. Crabb, Int. J. Parasitol. 2009, 39, 91-96;

b) P. R. Sanders, P. R. Gilson, G. T. Cantin, D. C. Greenbaum, T.

Nebl, D.J. Carucci, M.J. McConville, L. Schofield, A.N.

Hodder, J. R. Yates, B.S. Crabb, J. Biol. Chem. 2005, 280,

40169-40176.

[9] A. Guha-Niyogi, D. R. Sullivan, S. J. Turco, Glycobiology 2001,
11,45R-59R.

[8

[

www.angewandte.org

An dte

Chemie

12039


https://doi.org/10.1002/anie.201203912
https://doi.org/10.1002/anie.201203912
https://doi.org/10.1002/ange.201203912
https://doi.org/10.1146/annurev.bi.57.070188.001441
https://doi.org/10.1146/annurev.bi.57.070188.001441
https://doi.org/10.1248/bpb.25.409
https://doi.org/10.1248/bpb.25.409
https://doi.org/10.1016/S0140-6736(18)31204-2
https://doi.org/10.1056/NEJMra1410150
https://doi.org/10.1093/glycob/cwq038
https://doi.org/10.1093/glycob/cwq038
https://doi.org/10.1016/S0140-6736(18)30324-6
https://doi.org/10.1016/S0140-6736(18)30324-6
https://doi.org/10.4049/jimmunol.167.1.416
https://doi.org/10.1046/j.1365-3024.1999.00268.x
https://doi.org/10.1046/j.1365-3024.1999.00268.x
https://doi.org/10.1016/j.ijpara.2008.09.007
https://doi.org/10.1074/jbc.M509631200
https://doi.org/10.1074/jbc.M509631200
https://doi.org/10.1093/glycob/11.4.45R
https://doi.org/10.1093/glycob/11.4.45R
http://www.angewandte.org

An dte

Chemie

GDCh

=7 Research Articles

Internatic

[10] J. Zettler, V. Schiitz, H. D. Mootz, FEBS Lett. 2009, 583, 909 —
914..

[11] a) P. Gerold, L. Schofield, M. J. Blackman, A. A. Holder, R. T.
Schwarz, Mol. Biochem. Parasitol. 1996, 75, 131-143; b) R. S.
Naik, O. H. Branch, A. S. Woods, M. Vijaykumar, D. J. Perkins,
B.L. Nahlen, A.A. Lal, R.J. Cotter, C.E. Costello, C.F.
Ockenhouse, E. A. Davidson, D. C. Gowda, J. Exp. Med. 2000,
192, 1563 -1576.

[12] N. Shao, J. Xue, Z. Guo, Angew. Chem. Int. Ed. 2004, 43, 1569 —
1573; Angew. Chem. 2004, 116, 1595-1599.

[13] a)S. Y. Zhu, Z. W. Guo, Org. Lett. 2017, 19, 3063-3066;
b) C. F. W. Becker, X.Y. Liu, D. Olschewski, R. Castelli, R.
Seidel, P. H. Seeberger, Angew. Chem. Int. Ed. 2008, 47, 8215—
8219; Angew. Chem. 2008, 120, 8338 -8343, c¢) T. Dhar, H. D.
Mootz, Chem. Commun. 2011, 47, 3063 —3065.

[14] a) Z. M. Wu, X. Q. Guo, Z. W. Guo, Chem. Commun. 2010, 46,
5773-5774;b) Z. M. Wu, X. Q. Guo, Q. L. Wang, B. M. Swarts,
Z.W. Guo, J. Am. Chem. Soc. 2010, 132, 1567 -1571.

[15] a) J. Zettler, V. Schiitz, H. D. Mootz, FEBS Lett. 2009, 583, 909 -
914.; b) M. Vila-Perell6, Z. Liu, N. H. Shah, J. A. Willis, J.
Idoyaga, T. W. Muir, J. Am. Chem. Soc. 2013, 135, 286—292.

[16] Y. H. Tsai, S. Gotze, 1. Vilotijevic, M. Grube, D. Varon Silva,
P. H. Seeberger, Chem. Sci. 2013, 4, 468 —48]1.

[17] Y.-H. Tsai, S. Gotze, N. Azzouz, H. S. Hahm, P. H. Seeberger, D.
Varon Silva, Angew. Chem. Int. Ed. 2011, 50, 9961-9964;
Angew. Chem. 2011, 123, 10136-10139.

[18] a) T. Ogawa, S. Nakabayashi, Carbohydr. Res. 1981, 93, C1-CS5;
b) N. El-Abadla, M. Lampilas, L. Hennig, M. Findeisen, P.
Welzel, D. Muller, A. Markus, J. van Heijenoort, Tetrahedron
1999, 55, 699 -722.

[19] M. Fujino, O. Nishimura, J. Chem. Soc. Chem. Commun. 1976,
998 -998.

[20] P.E. Dawson, T. W. Muir, I. Clarklewis, S. B. H. Kent, Science
1994, 266, 776 -779.

[21] A.Reif,S. Siebenhaar, A. Troster, M. Schmalzlein, C. Lechner, P.
Velisetty, K. Gottwald, C. Pohner, 1. Boos, V. Schubert, S. Rose-
John, C. Unverzagt, Angew. Chem. Int. Ed. 2014, 53, 12125-
12131; Angew. Chem. 2014, 126, 12321 -12327.

[22] E. Barboni, B.P. Rivero, A.J. George, S.R. Martin, D. V.
Renoup, E. F. Hounsell, P. C. Barber, R.J. Morris, J. Cell Sci.
1995, 108, 487 -497.

[23] A.G.D. Tse, A.N. Barclay, A. Watts, A. F. Williams, Science
1985, 230, 1003 -1008.

[24] A. Kumar, A. Bhanja, J. Bhattacharyya, B. G. Jaganathan,
Tumor Biol. 2016, 37, 11611 -11622.

[25] a) M. J. Blackman, A. A. Holder, Mol. Biochem. Parasitol. 1992,
50,307-315; b) M. J. Blackman, H. Whittle, A. A. Holder, Mol.
Biochem. Parasitol. 1991, 49, 35-44; c) L. H. Miller, T. Roberts,
M. Shahabuddin, T. F. McCutchan, Mol. Biochem. Parasitol.
1993, 59,1-14;d) W. H. L. Stafford, B. Giinder, A. Harris, H.-G.
Heidrich, A. A. Holder, M. J. Blackman, Mol. Biochem. Para-
sitol. 1996, 80, 159-169; ) A. A. Holder, Parasitology 2009, 136,

1445-1456; f) A. R. Dluzewski, I. T. Ling, J. M. Hopkins, M.
Grainger, G. Margos, G.H. Mitchell, A. A. Holder, L. H.
Bannister, PLOS One 2008, 3, e3085.

[26] C.S. Lin, A.D. Uboldi, C. Epp, H. Bujard, T. Tsuboi, P. E.
Czabotar, A. F. Cowman, J. Biol. Chem. 2016, 291, 7703 -7715.

[27] a) P. R. Gilson, T. Nebl, D. Vukcevic, R. L. Moritz, T. Sargeant,
T. P. Speed, L. Schofield, B. S. Crabb, Mol. Cell. Proteomics 2006,
5,1286-1299; b) S. Das, N. Hertrich, A.J. Perrin, C. Withers-
Martinez, C. R. Collins, M. L. Jones, J. M. Watermeyer, E. T.
Fobes, S. R. Martin, H. R. Saibil, G. J. Wright, M. Treeck, C. Epp,
M. J. Blackman, Cell Host Microbe 2015, 18, 433-444; ¢) J. S.
McBride, H. G. Heidrich, Mol. Biochem. Parasitol. 1987, 23,71 —
84; d)J. A. Lyon, R. H. Geller, J. D. Haynes, J. D. Chulay, J. L.
Weber, Proc. Natl. Acad. Sci. USA 1986, 83, 2989-2993;
e) A. A. Holder, J.S. Sandhu, Y. Hillman, L.S. Davey, S.C.
Nicholls, H. Cooper, M. J. Lockyer, Parasitology 1987, 94 (Pt 2),
199-208; f) M. R. Baldwin, X. Li, T. Hanada, S. C. Liu, A. H.
Chishti, Blood 2015, 125, 2704-2711.

[28] S. E. Francis, D.J. Sullivan,Jr., D. E. Goldberg, Annu. Rev.
Microbiol. 1997, 51, 97-123.

[29] See Ref. [13b].

[30] S.M. Kelly, T.J. Jess, N.C. Price, Biochim. Biophys. Acta
Proteins Proteomics 2005, 1751, 119-139.

[31] T. Kukulansky, S. Abramovitch, N. Hollander, J. Immunol. 1999,
162, 5993.

[32] F. Yang, L. G. Moss, G. N. Phillips, Jr., Nat. Biotechnol. 1996, 14,
1246-1251.

[33] a) A.-G. Planson, J. I. Guijarro, A. F. Chaffotte, PLOS One 2013,
8,e57086; b) S. C. Garman, W. N. Simcoke, A. W. Stowers, D. N.
Garboczi, J. Biol. Chem. 2003, 278, 7264 —7269.

[34] I. Holm, F. Nato, K. N. Mendis, S. Longacre, Mol. Biochem.
Parasitol. 1997, 89, 313 -319.

[35] S. D. Tachado, P. Gerold, R. Schwarz, S. Novakovic, M. McCon-
ville, L. Schofield, Proc. Natl. Acad. Sci. USA 1997, 94, 4022.

[36] L. Malaguarnera, R. M. Imbesi, S. Pignatelli, J. Simpore, M.
Malaguarnera, S. Musumeci, Parasite Immunol. 2002, 24, 387 —
389.

[37] a) A.J. Luty, D.J. Perkins, B. Lell, R. Schmidt-Ott, L.G.
Lehman, D. Luckner, B. Greve, P. Matousek, K. Herbich, D.
Schmid, J. B. Weinberg, P. G. Kremsner, Infect. Immun. 2000, 68,
3909-3915;b) K. E. Lyke, R. Burges, Y. Cissoko, L. Sangare, M.
Dao, I. Diarra, A. Kone, R. Harley, C. V. Plowe, O. K. Doumbo,
M. B. Sztein, Infect. Immun. 2004, 72, 5630—5637.

[38] a) I. C. Almeida, R. T. Gazzinelli, J. Leukocyte Biol. 2001, 70,
467-477; b) S. Magez, B. Stijlemans, T. Baral, P. De Baetselier,
Microbes Infect. 2002, 4, 999 —1006.

Manuscript received: February 17, 2020
Revised manuscript received: March 30, 2020
Version of record online: May 18, 2020

12040 www.angewandte.org © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2020, 59, 12035—12040


https://doi.org/10.1016/j.febslet.2009.02.003
https://doi.org/10.1016/j.febslet.2009.02.003
https://doi.org/10.1016/0166-6851(95)02518-9
https://doi.org/10.1084/jem.192.11.1563
https://doi.org/10.1084/jem.192.11.1563
https://doi.org/10.1002/anie.200353251
https://doi.org/10.1002/anie.200353251
https://doi.org/10.1002/ange.200353251
https://doi.org/10.1021/acs.orglett.7b01132
https://doi.org/10.1002/anie.200802161
https://doi.org/10.1002/anie.200802161
https://doi.org/10.1002/ange.200802161
https://doi.org/10.1039/c0cc04172f
https://doi.org/10.1039/c0cc00828a
https://doi.org/10.1039/c0cc00828a
https://doi.org/10.1021/ja906611x
https://doi.org/10.1016/j.febslet.2009.02.003
https://doi.org/10.1016/j.febslet.2009.02.003
https://doi.org/10.1021/ja309126m
https://doi.org/10.1039/C2SC21515B
https://doi.org/10.1002/anie.201103483
https://doi.org/10.1002/ange.201103483
https://doi.org/10.1016/S0008-6215(00)80764-8
https://doi.org/10.1016/S0040-4020(98)01063-1
https://doi.org/10.1016/S0040-4020(98)01063-1
https://doi.org/10.1039/c39760000998
https://doi.org/10.1039/c39760000998
https://doi.org/10.1126/science.7973629
https://doi.org/10.1126/science.7973629
https://doi.org/10.1002/anie.201407160
https://doi.org/10.1002/anie.201407160
https://doi.org/10.1002/ange.201407160
https://doi.org/10.1126/science.2865810
https://doi.org/10.1126/science.2865810
https://doi.org/10.1007/s13277-016-5112-0
https://doi.org/10.1016/0166-6851(92)90228-C
https://doi.org/10.1016/0166-6851(92)90228-C
https://doi.org/10.1016/0166-6851(91)90128-S
https://doi.org/10.1016/0166-6851(91)90128-S
https://doi.org/10.1016/0166-6851(93)90002-F
https://doi.org/10.1016/0166-6851(93)90002-F
https://doi.org/10.1016/0166-6851(96)02696-5
https://doi.org/10.1016/0166-6851(96)02696-5
https://doi.org/10.1017/S0031182009990515
https://doi.org/10.1017/S0031182009990515
https://doi.org/10.1371/journal.pone.0003085
https://doi.org/10.1074/jbc.M115.698282
https://doi.org/10.1074/mcp.M600035-MCP200
https://doi.org/10.1074/mcp.M600035-MCP200
https://doi.org/10.1016/j.chom.2015.09.007
https://doi.org/10.1016/0166-6851(87)90189-7
https://doi.org/10.1016/0166-6851(87)90189-7
https://doi.org/10.1073/pnas.83.9.2989
https://doi.org/10.1182/blood-2014-11-611707
https://doi.org/10.1146/annurev.micro.51.1.97
https://doi.org/10.1146/annurev.micro.51.1.97
https://doi.org/10.1016/j.bbapap.2005.06.005
https://doi.org/10.1016/j.bbapap.2005.06.005
https://doi.org/10.1038/nbt1096-1246
https://doi.org/10.1038/nbt1096-1246
https://doi.org/10.1371/journal.pone.0057086
https://doi.org/10.1371/journal.pone.0057086
https://doi.org/10.1074/jbc.M210716200
https://doi.org/10.1016/S0166-6851(97)00128-X
https://doi.org/10.1016/S0166-6851(97)00128-X
https://doi.org/10.1073/pnas.94.8.4022
https://doi.org/10.1046/j.1365-3024.2002.00478.x
https://doi.org/10.1046/j.1365-3024.2002.00478.x
https://doi.org/10.1128/IAI.68.7.3909-3915.2000
https://doi.org/10.1128/IAI.68.7.3909-3915.2000
https://doi.org/10.1128/IAI.72.10.5630-5637.2004
https://doi.org/10.1016/S1286-4579(02)01617-9
http://www.angewandte.org

