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Abstract

Like sialylation, fucose usually locates at the non-reducing ends of various glycans on
glycoproteins and constitutes important glycan epitopes. Detecting the substrate glycans of
fucosyltransferases is important for understanding how these glycan epitopes are regulated in
response to different growth conditions and external stimuli. Here we report the detection of
these glycans via enzymatic incorporation of fluorescent tagged fucose using
fucosyltransferases including FUT2, FUT6, FUT7, and FUT8 and FUT9. More specifically, we
describe the detection of substrate glycans of FUT8 and FUT9 on therapeutic antibodies and the
detection of high mannose glycans on glycoproteins by enzymatic conversion of high mannose
glycans to the substrate glycans of FUT8. By establishing a series of precursor glycans, we also
demonstrate the substrate specificities of FUT8. Furthermore, using simultaneous enzymatic
incorporation of both fluorescent sialic acids and fluorescent fucoses, we demonstrate the

interplay between fucosylation and sialylation.
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Introduction

Glycans are commonly found on cell membranes and secreted proteins. They are frequently
terminated with sialic acids, negatively charged monosaccharides, and fucose, a deoxy
hexosaccharide. For their unique physical properties, sialic acids and fucose are essential
constituents of various glycan epitopes that are recognized by lectins and antibodies and

involved in important biological roles ™.

Well-known fucosylated glycans include blood group H-antigen, Lewis X structures, and core
fucosylated N-glycan. They are generated through various fucosyltransferases > (Fig. 1). H-
antigen on red blood cells contains an 0.1-2 linked fucose introduced by FUT1 and FUT2 °. Lewis
X structure is a trisaccharide (Galf 1-4[Fucai1-3] GIcNAc) that has a fucose residue linked to a
GlcNACc residue through an o/1-3 linkage. Lewis X structure can be sialylated at the Gal residue
to become sialyl-Lewis X structure (Neu5Aco2-3Galf1-4[Fucal-3] GIcNAc) that is the ligand for
E-selectin and is essential for lymphocyte extravasation ’. The a-3 linked fucose on Lewis X and
sialyl-Lewis X structures is introduced via several fucosyltransferases including FUT6, FUT7 and
FUT9 2. Among these enzymes, FUT7 is strictly active on sialyllactosamine °, FUT9 is strictly
active on lactosamine *°, and FUT6 is active on both structures **. Fucosylation carried out by
FUTY is critical to ricin toxicity . Core-6 fucosylation on the innermost GlcNAc of N-glycan
introduced by FUT8 *° plays critical role in the antibody-dependent cellular cytotoxicity (ADCC)
of therapeutic antibodies **. For FUT8 substrate recognition, an unmodified p1-2 linked GlcNAc

residue introduced to the a-3 arm of N-glycan by MGAT1 * is critical *°.
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For their important biological roles, cellular display of fucosylated glycan epitopes " must be
tightly regulated % Itis believed that this regulation is achieved via the establishment of
precursor glycan pools and controlled expression of key FUTs. Upon environmental stimuli, cells
can quickly convert the precursor glycans to functional epitopes via the action of these
enzymes. Therefore, it is equally important to detect the glycan epitopes and their precursor

glycans.

Previously, we described a direct fluorescent glycan labeling (DFGL) strategy to label and detect
the substrate glycans of various sialyltransferases *%. In this report, we describe another DFGL
strategy to label and detect the substrate glycans of some representative FUTs. The method
was demonstrated on several well characterized glycoproteins, including fetal bovine fetuin®
that contains complex N-glycans and O-glycans, ribonuclease B that contains high mannose N-
glycans, insect cell expressed recombinant HIN1 neuraminidase *° that contains Man3 type
high mannose N-glycan, and Cantuzumab l a therapeutic antibody that contains N-glycans. In
addition, using enzymatic incorporation of fluorophore-tagged fucoses and sialic acids, we
demonstrated dual labeling of N- and O-glycans on the cellular extracts of HEK293 cells and the

interplay between FUT9 and N-glycan specific sialyltransferase ST6Gal1.
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Results

Detection of Substrate Glycans of o-2 and a-3 Fucosyltransferases on Fetal

Bovine Fetuin

To test whether we can detect the substrate glycans of a-2 and o-3 FUTs, we first prepared
Cy5-conjugated GDP-Cy5-Fuc, and tested it as a donor substrate for FUT2, FUT6, FUT7 and FUT9
on fetal bovine fetuin and asialofetuin (Fig. 2A). The labeled samples were then separated on
SDS-PAGE, followed by traditional protein gel imaging and fluorescent imaging. By comparing
the images, it was found that these enzymes indeed can recognize Cy5-conjugated fucose (Cy5-
Fuc) and label their substrate glycans. Specifically, we found that FUT2 and FUT9 can label
asialofetuin, FUT7 can label fetuin and FUT6 can label both fetuin and asialofetuin. These

results are consistent to the specificities of these enzymes reported in the literature s

Next we tested the tolerance of the aforementioned FUTSs for Cy5, AlexaFluor® 488, and
AlexaFluor® 555 conjugated fucoses (Fig. 2B). We found that FUT2 preferred AlexaFluor® 555,
FUT7 preferred AlexaFluor® 488, FUT9 preferred AlexaFluor® 555, and, FUT6 showed no

obvious preference among the three fluorescent fucoses (Table 1).
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Probing the Status of Core-6 Fucosylation on Therapeutic Antibodies by FUT8

It is known that FUT8 can tolerate azido-fucose *°. Here we tested whether FUT8 can tolerate
the three fluorescent fucoses and detect its substrate glycans on Cantuzumab that was
prepared from FUT8 knockout cell line and the reference monoclonal antibody from the
National Institute of Standards and Technology (NIST mAb, material 8671). NIST mAb is a
humanized 1gG1k monoclonal antibody®. IgG antibodies are known to contain an N-glycan site
on their heavy chains 2. Fig. 3A shows that significant amounts of Alexa-Fluor® 555, Alexa-
Fluor® 488 and Cy5 conjugated fucoses were introduced into Cantuzumab but not to NIST mAb
by FUT8. For comparison, the samples were also probed by FUT9, which showed consistent

incorporation of the three dyes to both antibodies.

To prove that the labeling was specific to respective enzyme substrate glycans, in a parallel
experiment, glycans of in vitro fucosylated Cantuzumab and NIST mAb were analyzed on a Gly-
Q™ Glycan Analysis System (Prozyme) (Fig. 3B). While FUT9 converted G1[6], G1[3] and G2 of
Cantuzumab to G1[6]F, G1[3]F, and G2F2, respectively, FUT8 converted M3N[3], GO, and G1[6]
of the antibody to M3N[3]F°, GOF® and G1[6]F, respectively, demonstrating the strict
specificities of these two FUTSs. Consistent to the labeling results of Fig. 3A, glycan analysis of
NIST mAb suggested that G1[6]F° and G2F° were modified by FUT9 but no detectable substrate
glycans for FUT8 were found (Fig. 3C). In fact, all peaks in the electropherogram of NIST mAb
were found to be core-6 fucosylated. The structures of above mentioned glycans are shown in

Fig. 3D.
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Detecting High Mannose Glycans by FUT8

High mannose N-glycans are related to serum clearance of therapeutic antibodies ** and are
frequently targeted in broad neutralizing antibody responses during human immunodeficiency
viral infection 2>. As such, detection of high-mannose glycans is particularly valuable. Here, we
demonstrate a strategy to probe high mannose glycans using FUT8 and show the substrate
specificity of FUT8. Bovine ribonuclease B (RNase B) is known to contain high-mannose glycans
% To test whether we can detect high-mannose glycans on a glycoprotein, a sample of RNase B
was first treated with a-1,3-mannosyl-glycoprotein 2-B-N-acetylglucosaminyltransferase
(MGAT1) to introduce the al-3-arm GIcNAc residue before labeling by FUT8 (Fig. 1D). The
addition of al-3-arm GIcNAc residue by MGAT1 resulted in strong labeling by FUTS8, and further
galactosylation and sialylation significantly reduced the labeling (left side of Fig. 4A). In
addition, pretreatment of RNase B with unmodified fucose by FUT8 abolished the labeling
completely, suggesting that the modification of fucose by Cy5 didn’t affect the substrate
recognition by FUTS8. As a positive control, an RNase B sample pretreated with MGAT1 and B-
1,4-galactosyltransferase 1 (B4GalT1) was labeled with Cy5 conjugated sialic acid by ST6Gal1,

which resulted in similar intensity of labeling by FUTS.

To confirm that the glycans labeled by FUT8 and ST6Gall were high-mannose glycans,
sequentially modified RNase B samples were analyzed with Gly-Q™ Glycan Analysis System.
The results indicated that only Man5 (M5) was modified by FUT8 via MGATL1 (Fig. 4B) and

ST6Gall via MGAT1 and B4GalT1 (Supplemental Fig.1). Since other high-mannose glycans
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including Man6, Man7, Man8, and Man9 can be converted to Man5 by al,2 specific

mannosidase *° treatment, in theory, all these glycans can be detected by FUTS as well.

To test whether Man3 glycan can be labeled, monomeric Sf21 cell expressed recombinant 1918
H1N1 influenza neuraminidase (Neu) that is known to contain both Man3 (M3) and core-6
fucosylated Man3 (M3F°) *° was labeled by FUT8. Again, the sample was labeled significantly by
FUTS only after pretreatment with MGAT1 and the labeling was inhibited or abolished by
additional pretreatment by B4GalT1 and ST6Gal1 (right side of Fig. 4A), again confirming that an
unmodified GIcNAc introduced by MGAT1 on the al,3-arm of high-mannose N-glycan is critical
for FUTS8 recognition. Meanwhile, since the difference between Man5 and Man3 is on their
al,6-arms, these results also proved that the al,6-arms are flexible for FUT8 recognition. In
contrast to labeling on RNase B, the signal of FUT8 labeled product was only a fraction of that
of ST6Gall labeled product. To understand this difference and confirm that Man3 was indeed
modified, sequentially modified Neu samples were subject to GlyQ analysis. It was found that
the precursor substrate glycan for FUT8 (M3) on recombinant 1918 H1N1 influenza
neuraminidase was only about 3% of that of the precursor substrate glycans for ST6Gall (both
M3 and M3F°) (Fig. 4C), therefore explaining the difference on the signals labeled by FUT8 and
ST6Gall in Fig. 4A. Similar results were obtained when the experiment was repeated on both
monomeric and dimeric recombinant 1918 H1N1 influenza neuraminidase prepared in

different batches (Supplemental Fig. 2).


https://doi.org/10.1101/2020.01.28.919860
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.28.919860; this version posted January 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Interplay between Sialylation and Fucosylation Revealed by Simultaneous
Labeling of Fucose and Sialic Acid

Since fucosylation and sialylation involve different donor substrates, it may be possible to label
a common substrate glycan with fucosyltransferases and sialyltransferases simultaneously,
thereby to study the interplay between these two families of enzymes. To test this idea,
cytoplasmic extracts of HEK293 cells were labeled simultaneously by a sialyltransferase
(ST6Gall or ST3Gal2) and a fucosyltransferase (FUT7 or FUT9) (Fig. 5). ST6Gall is active on

27,28

terminal GalB1-4GalNAc disaccharide on N-glycans . ST3Gal2 is active on terminal Galpf1-

%2 To generate substrate glycans for FUT9, samples

3GalNAc disaccharide found on O-glycans
were pretreated with recombinant C.p neuraminidase to remove terminal sialic acids. The four
enzymes exhibited distinctive labeling patterns, especially at bands around 10 kDa (likely to be
labeled glycopeptides), demonstrating these enzymes recognize overlapping but distinct glycan
substrates (Fig. 5B). More specifically, FUT9 and ST6Gall exhibited largely overlapping but not
identical labeling patterns. When the extract was labeled simultaneously by FUT9 and ST6Gall,
the signal generated by either of the two enzymes was reduced compared to the signals
generated by them individually (Fig. 5C), suggesting that the two enzymes have mutually
exclusive relationship on their substrate recognition, i.e. sialylation by ST6Gall prevents
fucosylation by FUT9 and vice versa. In contrast, ST3Gal2 showed no obvious interference to
FUTO labeling. ST6Gall and FUT7 exhibited very weak labeling on samples without

neuraminidase treatment, suggesting that the proteins in the extracts were largely a2-6

sialylated and didn’t contain the substrate glycans for FUT7.
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Discussion

In this article, we demonstrated that Cy5, AlexaFluor®555 and AlexaFluor® 488 conjugated
fucoses are well tolerated by various FUTs. Using enzymatic incorporation of these fluorescent
fucoses, we were able to reveal the presence of the substrate glycans of various FUTs on
glycoproteins, particularly on therapeutic antibodies. We also demonstrated the detection of
high mannose glycans on glycoproteins and the substrate specificities of FUT8. Furthermore, by
enzymatic incorporation of fluorescent fucoses and fluorescent sialic acids simultaneously, we

can study the interplay between fucosyltransferases and sialyltransferases.

Previously, we described direct fluorescent glycan labeling (DFGL) using enzymatic
incorporation of fluorescent sialic acids '8 The current strategy is another version of DFGL that
uses enzymatic incorporation of fluorescent fucoses. The two labeling strategies are similar in
principle but have overlapping applications. In some cases, glycans can be labeled by either
strategy. For example, terminal lactosamine can be labeled by either ST6Gall or FUT9, and
high-mannose glycans can be converted to substrate glycans for either ST6Gall or FUTS8 for
labeling (Fig. 4). In some other cases, the substrate glycans can only be revealed by one strategy
but not the other. For example, the status of core-6 fucosylation can only be revealed by FUT8
and the sialylation on core-1 O-glycan can only be revealed by ST3Gall or ST3Gal2. Labeling
through fucosylation expands the range of glycans that can be labeled and provides further

assurance when a substrate glycan can be labeled by both strategies.
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Sialylation and fucosylation are common terminal modifications on various glycans. The
interplay between these two modifications could determine some important biological
properties of a cell. For examples, opposing actions of FUT9 and ST3Gal4 determines the
sensitivity of a cell to the toxin ricin %% and, the opposing actions of FUT2 and ST3Gals
determines sialyl Lewis X expression >*. With these tools, we can study this kind of interplay
rather conveniently. As an example, we demonstrated the mutually exclusive relationship
between the sialylation by ST6Gall and the fucosylation by FUT9. Since sialylation by ST6Gall
creates the receptors for HIN1 influenza virusaz, the counteractive action by FUT9 could
mitigate the susceptibility of a cell to the virus. In contrast, no obvious interplay was found
between ST3Gal2 and FUT9, which is not surprising as these two enzymes recognize different

substrate glycans.

Since the fucosyltransferases investigated in this report can tolerate Cy5 and AlexaFluor
fluorophores that are very different on structures, it might be possible to use these enzymes to
conjugate other types of functional groups such as drugs to glycoproteins on cell surface as a

way for drug targeting.
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Table 1. Fucosyltransferase used in this study and their tolerance* for three fluorophores

Fucosyltransferases Acceptor glycan type Alexa Fluor 555 Alexa Fluor 488 Cy5

FUT2 Terminal Gal of +H+ + +
lactosamine

FUT6 GlcNAc of lactosamine, ++ ++ ++

sialylation on terminal
Gal is flexible

FUT7 GlcNAc of + ++ +
sialylactosamine

FUTS8 Core GlcNAc of N-glycans ++ ++ +++

FUT9 GlcNAc of lactosamine +++ +4++ +++

Note: *The tolerance of a fluorophore-conjugated fucose as a donor substrate for a
fucosyltransferase is based on the corresponding fluorescent intensity of the labeled fetuin or
asialofetuin in Fig. 2, or labeled Cantuzumab in Fig. 3, and, is indicated by number of + sign. As
the fluorescent intensity of each labeled band is also dependent on the abundance of the
glycan acceptor on a target protein, comparison of the tolerance of different fluorophores
should be limited to those under a same labeling enzyme.
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Material and methods

Recombinant FUT2, FUT6, FUTS, FUT9, MGAT1, B4GalT1, ST6Gall, HIN1 viral neuraminidase, C.
perfringens Neuraminidase and GDP-Azido-Fucose were obtained from Bio-Techne.
Cantuzumab, an anti-Mucl therapeutic antibody, was purchased from Creative Biolabs. NIST
monoclonal antibody reference material 8671 was purchased directly from the National
Institute of Standards and Technology. Alkyne-Alexa Fluor® 488, alkyne-Alexa Fluor® 555 were
purchased from Thermo Fisher Scientific. Cy5-alkyne, RNase B, fetal bovine fetuin and

asialofetuin and all other chemical reagents were purchased from Sigma-Aldrich.

Preparation of fluorescent conjugated GDP-fucose

Fluorophore conjugated GDP-fucoses were prepared by incubating equivalent GDP-Azido-
Fucose (CMP-Ns-Fuc) and alkyne-conjugated fluorophores via copper (I)-catalyzed azide-alkyne
cycloaddition. For example, 5 mM of GDP-N3-Fuc was mixed with 5 mM of Cy5-alkyne in the
presence of 0.1 mM of Cu™ and 1 mM of ascorbic acid. The reaction was kept at room
temperature for 2 hours. The fluorophore conjugated GDP-fucoses were purified on a HiTrap®
Q HP (GE Healthcare) column and eluted with a 0-100% gradient of NaCl elution buffer (300
NaCl, 25 mM Tris at pH 7.5). The fluorophore conjugated GDP-fucoses were collected based on
color exhibition and UV absorption as the conjugated GDP-fucoses were vivid in color and had
UV absorption at 260 nm. Alexa Fluor® 555 conjugated GDP-fucose, Alexa Fluor® 488
conjugated GDP-fucose, Cy5 conjugated GDP-fucose were prepared and purified and finally

concentrated to > 0.1 mM by a speed-vacuum concentrator.
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Fluorescent labeling of glycoproteins using fucosyltransferases

For a typical labeling reaction, 1 to 5 pg of a target protein was mixed with 0.2 nmol
fluorophore conjugated GDP-fucose and 0.2 ug of a fucosyltransferase in 30 puL 25 mM Tris pH
7.5, 10 mM MnCl,. The mixture was incubated at 37° C for 30 minutes. The reaction was then
separated by sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and the
gel was directly imaged using a fluorescent imager FluorChem M (ProteinSimple, Bio-techne)
and followed by imaging with traditional protein imaging methods such as silver staining or

trichloroethanol (TCE) staining.

GlyQ analysis

All samples for GlyQ analysis were prepared analyzed according to the manufacture’s protocol.

Reference

1. Varki, A. Biological roles of glycans. Glycobiology 27, 3-49 (2017).

2. Becker, D.J. & Lowe, J.B. Fucose: biosynthesis and biological function in mammals.
Glycobiology 13, 41R-53R (2003).

3. Miyoshi, E. et al. Fucosylation is a promising target for cancer diagnosis and therapy.
Biomolecules 2, 34-45 (2012).

4. Sackstein, R. Glycosyltransferase-programmed stereosubstitution (GPS) to create HCELL:
engineering a roadmap for cell migration. Immunological reviews 230, 51-74 (2009).

5. Ma, B., Simala-Grant, J.L. & Taylor, D.E. Fucosylation in prokaryotes and eukaryotes.
Glycobiology 16, 158R-184R (2006).

6. Kelly, R.J., Rouquier, S., Giorgi, D., Lennon, G.G. & Lowe, J.B. Sequence and expression of

a candidate for the human Secretor blood group alpha(1,2)fucosyltransferase gene
(FUT2). Homozygosity for an enzyme-inactivating nonsense mutation commonly


https://doi.org/10.1101/2020.01.28.919860
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.28.919860; this version posted January 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

correlates with the non-secretor phenotype. The Journal of biological chemistry 270,
4640-4649 (1995).

7. Nelson, R.M., Dolich, S., Aruffo, A., Cecconi, O. & Bevilacqua, M.P. Higher-affinity
oligosaccharide ligands for E-selectin. The Journal of clinical investigation 91, 1157-1166
(1993).

8. Mondal, N. et al. Distinct human alpha(1,3)-fucosyltransferases drive Lewis-X/sialyl
Lewis-X assembly in human cells. The Journal of biological chemistry 293, 7300-7314
(2018).

0. Sasaki, K. et al. Expression cloning of a novel alpha 1,3-fucosyltransferase that is

involved in biosynthesis of the sialyl Lewis x carbohydrate determinants in leukocytes.
The Journal of biological chemistry 269, 14730-14737 (1994).

10. Brito, C., Kandzia, S., Graca, T., Conradt, H.S. & Costa, J. Human fucosyltransferase IX:
specificity towards N-linked glycoproteins and relevance of the cytoplasmic domain in
intra-Golgi localization. Biochimie 90, 1279-1290 (2008).

11. Weston, B.W., Smith, P.L., Kelly, R.J. & Lowe, J.B. Molecular cloning of a fourth member
of a human alpha (1,3)fucosyltransferase gene family. Multiple homologous sequences
that determine expression of the Lewis x, sialyl Lewis x, and difucosyl sialyl Lewis x
epitopes. The Journal of biological chemistry 267, 24575-24584 (1992).

12. Stadlmann, J. et al. Comparative glycoproteomics of stem cells identifies new players in
ricin toxicity. Nature 549, 538-542 (2017).

13. Ihara, H., Ikeda, Y. & Taniguchi, N. Reaction mechanism and substrate specificity for
nucleotide sugar of mammalian alphal,6-fucosyltransferase--a large-scale preparation
and characterization of recombinant human FUTS. Glycobiology 16, 333-342 (2006).

14. Jefferis, R. Glycosylation as a strategy to improve antibody-based therapeutics. Nature
reviews. Drug discovery 8, 226-234 (2009).

15. Kumar, R., Yang, J., Larsen, R.D. & Stanley, P. Cloning and expression of N-
acetylglucosaminyltransferase I, the medial Golgi transferase that initiates complex N-
linked carbohydrate formation. Proceedings of the National Academy of Sciences of the
United States of America 87, 9948-9952 (1990).

16. Yang, Q., Zhang, R., Cai, H. & Wang, L.X. Revisiting the substrate specificity of
mammalian alphal,6-fucosyltransferase reveals that it catalyzes core fucosylation of N-
glycans lacking alphal,3-arm GlcNAc. The Journal of biological chemistry 292, 14796-
14803 (2017).

17. Adey, A. et al. The haplotype-resolved genome and epigenome of the aneuploid Hela
cancer cell line. Nature 500, 207-211 (2013).

18. Wu, Z.L. et al. Direct Fluorescent Glycan Labeling with Recombinant Sialyltransferases.
Glycobiology (2019).

19. Prien, J.M,, Ashline, D.J., Lapadula, A.J., Zhang, H. & Reinhold, V.N. The high mannose
glycans from bovine ribonuclease B isomer characterization by ion trap MS. Journal of
the American Society for Mass Spectrometry 20, 539-556 (2009).

20. Wu, Z.L., Zhou, H., Ethen, C.M. & V, N.R. Core-6 fucose and the oligomerization of the
1918 pandemic influenza viral neuraminidase. Biochemical and biophysical research
communications 473, 524-529 (2016).


https://doi.org/10.1101/2020.01.28.919860
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.28.919860; this version posted January 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

21. Rodon, J. et al. Cantuzumab mertansine in a three-times a week schedule: a phase I and
pharmacokinetic study. Cancer chemotherapy and pharmacology 62, 911-919 (2008).
22, Kashi, L. et al. Heterologous recombinant expression of non-originator NISTmAb. mAbs

10, 922-933 (2018).

23. Reusch, D. & Tejada, M.L. Fc glycans of therapeutic antibodies as critical quality
attributes. Glycobiology 25, 1325-1334 (2015).

24, Goetze, A.M. et al. High-mannose glycans on the Fc region of therapeutic IgG antibodies
increase serum clearance in humans. Glycobiology 21, 949-959 (2011).

25. Lavine, C.L. et al. High-mannose glycan-dependent epitopes are frequently targeted in
broad neutralizing antibody responses during human immunodeficiency virus type 1
infection. Journal of virology 86, 2153-2164 (2012).

26. Avezov, E., Frenkel, Z., Ehrlich, M., Herscovics, A. & Lederkremer, G.Z. Endoplasmic
reticulum (ER) mannosidase | is compartmentalized and required for N-glycan trimming
to Man5-6GIcNAc2 in glycoprotein ER-associated degradation. Molecular biology of the
cell 19, 216-225 (2008).

27. Wu, Z.L., Ethen, C.M., Prather, B., Machacek, M. & Jiang, W. Universal phosphatase-
coupled glycosyltransferase assay. Glycobiology 21, 727-733 (2011).

28. Wu, Z.L., Huang, X., Burton, A.J. & Swift, K.A. Probing sialoglycans on fetal bovine fetuin
with azido-sugars using glycosyltransferases. Glycobiology 26, 329-334 (2016).

29. Kitagawa, H. & Paulson, J.C. Cloning of a novel alpha 2,3-sialyltransferase that sialylates
glycoprotein and glycolipid carbohydrate groups. The Journal of biological chemistry
269, 1394-1401 (1994).

30. Taubenschmid, J. et al. A vital sugar code for ricin toxicity. Cell research 27, 1351-1364
(2017).

31. Zerfaoui, M., Fukuda, M., Sbarra, V., Lombardo, D. & El-Battari, A. alpha(1,2)-
fucosylation prevents sialyl Lewis x expression and E-selectin-mediated adhesion of
fucosyltransferase Vll-transfected cells. European journal of biochemistry 267, 53-61
(2000).

32. Viswanathan, K. et al. Glycans as receptors for influenza pathogenesis. Glycoconjugate
journal 27, 561-570 (2010).

Figure legends

Fig. 1. Substrate specificities of various fucosyltransferases and strategies for their substrate
glycans labeling. A) FUT2 substrate specificity and its substrate glycan labeling. B) Strategy for
labeling lactosamine (LN) by a-3 linkage specific FUT6 and FUT9. C) Strategy for labeling sialyl-
lactosamine (sLN) by a-3 linkage specific FUT6 and FUT7. D) FUT8 substrate specificity and its
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substrate glycan labeling. FUT8 specifically introduces a fucose residue to the core-GIcNAc of an
N-glycan that has a terminal B-2 linked GIcNAc on its a-3 arm.

Fig. 2. Probing substrate glycans of various fucosyltransferases on fetuin and asialofetuin. A)
Probing substrate glycans of fucosyltransferases with Cy5. Samples of fetuin (Fet) or
asialofetuin (A-fet) of fetal bovine origin were probed with FUT2(F2), FUT6(F6), FUT7(F7) and
FUTO (F9) in the presence of GDP-Cy5-fucose. FUT9 labeled itself in the gel (indicated by an
arrow). B) Tolerance of Alexa-Fluor®555 (555), Alexa-Fluor®488 (488) and Cy5 by the indicated
fucosyltransferases. All reactions were incubated at 37°C for 30 minutes and then separated on
SDS-PAGE and imaged with silver staining (upper panels) and fluorescent imager (lower panels).
M, molecular marker.

Fig. 3. Probing core-6 fucosylation on antibodies by FUT8. A) Probing substrate glycans of
FUT8 (F8) and FUT9 (F9) on Cantuzumab, an anti-Muc1l therapeutic antibody, and NIST
reference mAb 8671 using GDP-Alexa-Fluor®555-fucose (555), GDP-Cy5-fucose (Cy5), and GDP-
Alexa-Fluor®488-Fucose (488) as donor substrates. Cantuzumab was expressed in FUT8
knockout cells and is devoid of core-6 fucose. Molecular marker (MM) was a prestained
Western molecular marker (BioRad). FUT9 (50 kDa) showed self-labeling. All reactions were
separated on SDS-PAGE and imaged with trichloroethanol (TCE) staining (upper panel) and
fluorescent imager (lower panel). Labeling on the light chains of the antibodies by Alexa-
Fluor®555 is likely through non-specific staining due to the usage of unpurified GDP-Alexa-
Fluor®555-fucose that contained free Alexa-Fluor® 555. B) GlyQ analysis of the Cantuzumab
samples prepared side-by-side for the samples in A, showing that FUT8 modified GO and G1[6],
and, FUT9 modified G1[6] and G1[3]. C) GlyQ analysis of the NIST mAb samples prepared side-
by-side for the samples in A, showing that FUT8 had no modification on any glycan species and

FUT9 modified Gl[6]FC and G2F . D) The structures of the glycans analyzed in B and C.

Fig. 4. Detecting high mannose glycans on glycoproteins by FUT8. A) Detecting Man5 on RNase
B and Man3 on recombinant HIN1 neuraminidase monomer (Neu). Samples were pretreated
with MGAT1, FUTS8, B4GalT1 and ST6Gall with their respective unmodified donor substrates
(indicated with +). The pretreated samples were then labeled by FUT8 with GDP-Cy5-fucose or
ST6Gall (61) with CMP-Cy5-Sialic acid. All samples were separated on SDS-PAGE and visualized
by silver staining and fluorescent imaging. The middle and lower panels belong to a same image
with different contrasts. Only the MGAT1 modified sample was strongly labeled by FUTS. B)
Representative GlyQ analysis data of pretreated samples of RNase B (RB), showing that Man5
(M5) was sequentially modified by MGAT1 and FUT8. C) Representative GlyQ analysis data of
pretreated samples of Neu, showing that both Man3 (M3) and M3F  were modified by MGAT1],
but only M3N was further modified by FUT8. D) Molecular structures of Man3 and Man5 and
their derivatives for FUT8 and ST6Gall labeling. While the B2 linked GIcNAc introduced by
MGAT1 on a3 arm is essential for FUT8 recognition, the mannose residues in lighter shade of
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green on a6 arm are flexible for substrate recognition. Further elongation of the a3 arm with
B4GalT1 renders the glycan to be the substrate glycan for ST6Gall. Only glycans involved in this
experiment are depicted here.

Fig. 5. Simultaneous labeling by FUT9 (F9) or FUT7 (F7), and, ST6Gal1 (61) or ST3Gal2 (32) on
HEK293 cell extracts. HEK293 cell extracts were labeled with Alexa-Fluor® 555 conjugated
fucose (AF555-Fuc) by an indicated fucosyltransferase (lane a) or Cy5 conjugated sialic acid (Cy5-
SA) by an indicated sialyltransferase (lane b) or both (lane ¢). Recombinant C.p neuraminidase
was added into some lanes as indicated to remove existing terminal sialic acids. All reactions
were separated on SDS-PAGE. A) TCE image of the gel. B) Fluorescent image of the gel from
both green and red channels. FUT9 labeled by itself, ST3Gal2 labeled by FUT9, and FUT7 labeled
by ST6Gall are indicated by arrows. C) Single channel images of FUT9+ST6Gall and FUT9+
ST3Gal2 double labeling. M, prestained Protein Ladder (BioRad, visible from the red channel).
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Fig. 1. Substrate specificities of various fucosyltransferases and strategies for their
substrate glycans labeling. A) FUT2 substrate specificity and its substrate glycan labeling.
B) Strategy for labeling lactosamine (LN) by a-3 linkage specific FUT6 and FUT9. C)
Strategy for labeling sialyl-lactosamine (sLN) by a-3 linkage specific FUT6 and FUT7. D)
FUT8 substrate specificity and its substrate glycan labeling. FUT8 specifically introduces a
fucose residue to the core-GlIcNAc of an N-glycan that has a terminal B-2 linked GIcNAc

on its a-3 arm.
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Fig. 2. Probing substrate glycans of various fucosyltransferases on fetuin and asialofetuin. A) Probing substrate
glycans of fucosyltransferases with Cy5. Samples of fetuin (Fet) or asialofetuin (A-Fet) of fetal bovine origin were
probed with FUT2(F2), FUT6(F6), FUT7(F7) and FUT9 (F9) in the presence of GDP-Cy5-fucose. FUT9 labeled itself in the
gel (indicated by an arrow). B) Tolerance of Alexa-Fluor®555 (555), Alexa-Fluor®488 (488) and Cy5 by the indicated
fucosyltransferases. All reactions were incubated at 37°C for 30 minutes and then separated on SDS-PAGE and imaged

with silver staining (upper panels) and fluorescent imager (lower panels). M, molecular marker.
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Fig. 3. Probing core-6 fucosylation on antibodies by FUT8. A) Probing substrate glycans of FUT8 (F8) and FUT9 (F9) on
Cantuzumab, an anti-Mucl therapeutic antibody, and NIST reference mAb 8671 using GDP-Alexa-Fluor®555-fucose (555), GDP-
Cy5-fucose (Cy5), and GDP-Alexa-Fluor®488-Fucose (488) as donor substrates. Cantuzumab was expressed in FUT8 knockout
cells and is devoid of core-6 fucose. Molecular marker (MM) was a prestained Western molecular marker (BioRad). FUT9 (50
kDa) showed self labeling. All reactions were separated on SDS-PAGE and imaged with trichloroethanol (TCE) staining (upper
panel) and fluorescent imager (lower panel). Labeling on the light chains of the antibodies by Alexa-Fluor®555 is likely through
non-specific staining due to the usage of unpurified GDP-Alexa-Fluor®555-fucose that contained free Alexa-Fluor® 555. B) GlyQ
analysis of the Cantuzumab samples prepared side-by-side for the samples in A, showing that FUT8 modified GO and G1[6], and,
FUT9 modified G1[6] and G1[3]. C) GlyQ analysis of the NIST mAb samples prepared side-by-side for the samples in A, showing
that FUT8 had no modification on any glycan species and FUT9 modified G1[6]F¢ and G2F¢. D) The structures of the glycans
analyzed in B and C.


https://doi.org/10.1101/2020.01.28.919860
http://creativecommons.org/licenses/by-nc-nd/4.0/

A

Label

MGAT1

FUTS8
B4Gal

ST6GAll

/3

50

37

25

20
75

50

37

25

20

79

50

37

25

20

D

bioRxiv preprint doi: https://doijrg/10.1101/2020.01.28.919860; this version posted January 29, 2020. The copyright holder for this preprint
hich was not certified by pee i er, who has granted bi a license to display the preprint in perpetuity. It is mad

B

RNase B Neu

ing FUTS 61 FUTS 61
+ + + + + + + ¥ ¥ +

M5NF€

m1 + RB/MGAT1/FUTS

+ +
+
+

+ +
+

IVISN
Sa b ¢ d e

RB/MGAT1

M6

- RB

s ed>e>>m® A

6 7 8 9 10 11 12
Glucose Units (GU)

c M3NF:

5 6 7 8 9
Glucose Units (GU)

M3NG/M5NG

a6

B4GalT1l

| ST6Gal1

Fig. 4. Detecting high mannose glycans on glycoproteins by FUT8. A) Detecting Man5 on RNase B and Man3 on
recombinant HIN1 neuraminidase monomer (Neu). Samples were pretreated with MGAT1, FUTS8, B4GalT1 and
ST6Gall with their respective unmodified donor substrates (indicated with +). The pretreated samples were then
labeled by FUT8 with GDP-Cy5-fucose or ST6Gall (61) with CMP-Cy5-Sialic acid. All samples were separated on SDS-
PAGE and visualized by silver staining and fluorescent imaging. The middle and lower panels belong to a same image
with different contrasts. Only MGAT1 modified sample was strongly labeled by FUT8. B) Representative GlyQ analysis
data of pretreated samples of RNase B (RB), showing that Man5 (M5) was sequentially modified by MGAT1 and FUTS.
C) Representative GlyQ analysis data of pretreated samples of Neu, showing that both Man3 (M3) and M3F¢ were
modified by MGAT1, but only M3N was further modified by FUT8. D) Molecular structures of Man3 and Man5 and
their derivatives for FUT8 and ST6Gall labeling. While the 2 linked GlcNAc introduced by MGAT1 on a3 arm is
essential for FUT8 recognition, the mannose residues in lighter shade on a6 arm are flexible for substrate recognition.
Further elongation of the a3 arm with B4GalT1 renders the glycan to be the substrate glycan for ST6Gall. Only glycans
involved in this experiment are depicted here.
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Fig. 5. Simultaneous labeling by FUT9 (F9) or FUT7 (F7), and, ST6Gall (61) or ST3Gal2 (32) on HEK293 cell extracts. HEK293 cell extracts were
labeled with Alexa-Fluor® 555 conjugated fucose (AF555-Fuc) by an indicated fucosyltransferase (lane a) or Cy5 conjugated sialic acid (Cy5-SA)
by an indicated sialyltransferase (lane b) or both (lane c). Recombinant C.p neuraminidase was added into some lanes as indicated to remove
existing terminal sialic acids. All reactions were separated on SDS-PAGE. A) TCE image of the gel. B) Fluorescent image of the gel from both
green and red channels. FUT9 labeled by itself, ST3Gal2 labeled by FUT9, and FUT7 labeled by ST6Gall are indicated by arrows. C) Single
channel images of FUT9+ST6Gall and FUT9+ ST3Gal2 double labeling. M, prestained Protein Ladder (BioRad, visible from the red channel).
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