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B-1,4-Galactosyltransferase 1 (B4GALT1) and ST6 f3-galac-
toside a-2,6-sialyltransferase 1 (ST6GAL1) catalyze the succes-
sive addition of terminal -1,4-linked galactose and «-2,6—
linked sialic acid to N-glycans. Their exclusive interaction in the
Golgi compartment is a prerequisite for their full catalytic activ-
ity, whereas a lack of this interaction is associated with cancers
and hypoxia. To date, no structural information exists that
shows how glycosyltransferases functionally assemble with each
other. Using molecular docking simulations to predict inter-
action surfaces, along with mutagenesis screens and high-
throughput FRET analyses in live cells to validate these predic-
tions, we show here that BAGALT1 and ST6GALLI interact via
highly charged noncatalytic surfaces, leaving the active sites
exposed and accessible for donor and acceptor substrate bind-
ing. Moreover, we found that the assembly of ST6GAL1
homomers in the endoplasmic reticulum before ST6GAL1 acti-
vation in the Golgi utilizes the same noncatalytic surface,
whereas BAGALT1 uses its active-site surface for assembly,
which silences its catalytic activity. Last, we show that the homo-
meric and heteromeric BAGALT1/ST6GAL1 complexes can
assemble laterally in the Golgi membranes without forming
cross-cisternal contacts between enzyme molecules residing in
the opposite membranes of each Golgi cisterna. Our results pro-
vide detailed mechanistic insights into the regulation of glyco-
syltransferase interactions, the transitions between B4GALT1
and ST6GAL1 homo- and heteromers in the Golgi, and cooper-
ative BAGALT1/ST6GALLI function in N-glycan synthesis.

Glycosyltransferases and glycosidases in the endoplasmic
reticulum (ER)” and the Golgi apparatus are responsible for
enzymatic addition and removal of sugar moieties to generate
linear or branched glycan chains found in proteins and lipids
(1). Most glycosyltransferases are type II transmembrane pro-
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teins with three distinct structural and functional domains: a
transmembrane domain preceded by an N-terminal cytoplas-
mic tail, a stem domain (STEM) oriented toward the lumen of
the Golgi, and a globular catalytic domain (CAT) (2). The pres-
ence of the catalytic domains in the Golgi lumen allows for the
processing of glycan chains along their passage through the
secretory pathway (3).

Recent evidence has shown that many glycosyltransferases
exist and function in cells either as homomers or heteromers
rather than as monomers, as thought previously (4). Their olig-
omerization state depends on several factors; for instance, gly-
cosyltransferases acting on N-glycans assemble into less active
homomeric complexes in the ER but form functionally relevant
and fully active heteromers in the Golgi (5-7). This transition
between homomers and heteromers is key for spatial and
temporal regulation of glycosylation, as glycan addition and
removal are sequential and do not use any template, unlike
synthesis of mRNA and proteins. Such complexes have been
identified so far in all glycosylation pathways, i.e. in the synthe-
sis of N- and O-glycans, glycosaminoglycans, and glycolipids.
For instance, in the case of glycosaminoglycans, complexes
termed GAGosomes (8) are involved in polymerization of
heparan sulfate and needed for catalytic activity of EXT1 and
EXT?2 and their correct localization in the Golgi (9). The ER and
Golgi microenvironments have primary roles in governing the
type of assembly made, in addition to contributing to the pres-
ervation of the Golgi structure and ER—Golgi trafficking (10,
11). Accordingly, the redox state difference between these two
compartments regulates the interaction between B4GALT1
and ST6GAL1, whereas the pH gradient (pH 7 versus pH 6.3)
affects BAGALT1 and ST3GAL3 interactions as well as interac-
tions between glycosyltransferases that act on O-glycans (6, 12).
Changes in Golgi redox potential in hypoxic cells correlates
with loss of a-2,6 sialylation and inactivation of ST6GAL1 and
its inability to bind BAGALT1. These events have been shown
to be coordinated by formation of two disulfide bonds on two
distinct surface areas within the catalytic domain of the enzyme
(12). On the other hand, the first human B4GALT1 dimeric
structure indicates that the homodimeric interaction takes
place via the surface surrounding the active site, and two muta-
tions there (M340H and H343A) prevented dimer formation,
most likely by changing the affinity to the Mn?" binding and by
altering the active site’s loop dynamicity (13, 14).
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To decipher how the BAGALT1 and ST6GALLI glycosyltrans-
ferases interact and function at the molecular and cellular
levels, we utilized molecular modeling and docking, mutagen-
esis screens, domain truncations, and validation with high-
throughput FRET analyses. Our data unveil, for the first time,
interaction surfaces important for assembly of both homomeric
and heteromeric complexes between BAGALT1 and ST6GALI.
Our findings also show that the complexes can interact later-
ally, i.e. without necessarily having contacts across the cisternal
space. The results also provide mechanistic details that facili-
tate transitions between enzyme homo- and heteromers in the
Golgi in addition to providing a rationale for having such an
intricate transition system to regulate glycosylation.

Results

B4GALTT1 uses its noncatalytic surface for interaction with
ST6GAL1

Recently, we presented the first human homodimeric crystal
structure of B4GALT1 and showed that the interaction takes
place at the surface surrounding the active site of the enzyme
through concerted loop movements involving amino acids
Met?**° and His®**? (13). To determine possible heterodimer
interaction sites in the BAGALT]1 catalytic domain, we first uti-
lized molecular docking predictions using the ClusPro server
(15) and obtained several potential residues that can mediate
the interaction with ST6GAL1. We created single mutations of
selected amino acids (Fig. 14) and screened their effects on the
interaction by using the FRET system. Enzymes tagged with
mVenus (donor) and mCherry (acceptor) were expressed in
COS-7 cells, and FRET signals were acquired strictly from Golgi
regions of cells by image segmentation and fine adjustments (7).
The active-site mutants M340H, M340E, and H343A did not
affect the heteromeric interaction, as no FRET signal loss was
observed (Fig. 1D). Based on the crystal structure (13), the
Cys'”?residue forms a disulfide bridge with Cys'3° that restricts
the conformational flexibility of a semi-disordered loop (Cys"*°
to Cys'”?) in the catalytic domain of B4GALT1 opposite the
active site (Fig. 1B). Therefore, we mutated C172A and nearby
Q206A. The mutations had a significant effect on heteromers,
with 67% and 34% loss of FRET signal, respectively (Fig. 1D). No
such loss was detected with BAGALT1 homodimers (Fig. 1C),
indicating the specificity of the C172A and Q206A mutations.

Interestingly, directed docking of ST6GALL to this interface
of BAGALT1 with the Haddock server (16) highlighted the
same region as a potential contact site between the two
enzymes. Based on the docked model, seven charged residues
(Glu144, Glu'®?, LyslSG, Lysl62, Arg170, Asp171, and Arg204)
involved in salt bridges with ST6GAL1 were identified as being
important for the heteromeric interaction (Fig. 1E). Of these,
we selected six to mutate into serine residues (D150S, E152S,
K156S, K162S, R166S, and D171S). The mutant construct
(BAGALT1.Ncat, Fig. 1F) lost its ability to bind ST6GAL1 but
preserved its ability to bind to itself (Fig. 1G). These data pro-
vide strong support for this surface to mediate BAGALT1 bind-
ing to ST6GALL.

We then tested whether ST3GAL3 binding is similarly
affected by the mutations. ST3GAL3 is an enzyme that com-
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petes with ST6GAL1 on binding to BAGALT1 (5) and can use
both GalB1,4GlcNAc and GalB1,3GlcNAc as its acceptor sub-
strate. To our surprise, ST3GAL3 still interacted with the
mutant B4GALT1.Ncat protein (Fig. 1H). This suggests that,
even though the two sialyltransferases compete for binding to
B4GALT]1 (Fig. 1H), they use different but mutually exclusive
interaction surfaces on BAGALT1.

ST6GALT interaction surfaces

The same methodology was applied to determine the
ST6GALLI interaction surfaces, which effectuate both homo-
dimerization as well as heterodimerization to B4GALT1. Only
the monomeric crystal structure for the rat and human
ST6GALI is currently available (17, 18). Molecular docking on
the ClusPro server revealed residues that can modulate the
interaction of B4AGALT1 with ST6GALL1 (Fig. S1A) in two dis-
tinct surfaces, one being the active site and the other one resid-
ing opposite the active site. Point mutations of the depicted
residues on ST6GALI significantly inhibited both homomeric
and heteromeric interactions. For example, the H263A muta-
tion inhibited homomer formation by 50% and heteromer for-
mation by 15% (Fig. S1, B and C), whereas R145A and H405A
each inhibited only homomer formation by 16% and 40%,
respectively. All of these residues are situated opposite the
active site (Fig. S14).

Molecular docking of ST6GALL with itself using the Sym-
mDock server (19, 20) (Fig. 2A) or with B4GALT1 using the
Haddock server (Fig. 2B) revealed potential interacting residues
in the noncatalytic surface for both interactions. The three res-
idues (Arg'*®, His**?, and His***) mentioned above are part of
this same surface. The heterodimer and homodimer docking
models were overlapping and involved several shared salt
bridges on the same surface (Fig. 2C). Based on these models, a
mutated construct was designed (Fig. 2D) to remove seven
charged amino acids. The following mutations were included:
D146S,D157S,K171S, H263S, E310S, D336S, and R402S (yield-
ing the mutant ST6GAL1.Ncat, Fig. 2D). FRET measurements
showed that the mutations significantly inhibited both interac-
tions (homomers by 68% and heteromers by 87%). Based on one
of the docking models, the active-site area may participate
in ST6GAL1 homodimer formation (similar to B4GALT1).
Therefore, we also tested this possibility and prepared another
mutant construct, ST6GALI.Cat, in which the lysine and argi-
nine residues were mutated to glutamic acid residues (K111E,
K241E, R242E, and K358E; Fig. S1D). FRET measurements
revealed that the mutations did not affect homomeric interac-
tions, but they inhibited the formation of heteromers by 36%
(Fig. S1A, right panel). Because of this, we constructed several
other mutations within the same active-site area, which, how-
ever, did not fold and/or localize correctly in the Golgi mem-
branes (data not shown).

An important factor to consider is the presence of one N-gly-
cosylated residue, Asn'*? (17), and another potential glycosyl-
ation site in residue Asn'®'. They both reside in the identified
interaction surface area of ST6GAL1 (Fig. 34). To examine
whether they contribute to the interactions, we carried out
FRET measurements in cells treated with swainsonine or tuni-
camycin. Swainsonine is a known mannosidase inhibitor and
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halts processing of high-mannose N-glycans to complex N-gly-
cans. Tunicamycin, in turn, depletes all N-glycans from newly
synthetized proteins by inhibiting the formation of N-acetylg-
lucosaminylpyrophosphoryldolichol, a necessary acceptor sub-
strate for N-glycan precursor synthesis. FRET measurements in
swainsonine-treated cells showed no loss of the FRET signal
between ST6GAL1 homomers and between B4GALT1/
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ST6GAL1 heteromers, indicating that the interactions are not
dependent on complex N-glycans (Fig. 3B). Intriguingly, tuni-
camycin treatment resulted in a 2-fold increase in the forma-
tion of BAGALT1/ST6GALL heteromers (Fig. 3C). The reason
for this is not clear but may relate either to steric hindrance of
the interaction by the existing N-glycan, tunicamycin-induced
oxidative stress in the ER and the Golgi compartments (21), or
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both. In line with the latter possibility, the more oxidizing envi-
ronment of the Golgi lumen compared with the ER favors
B4GALT1-ST6GALLI interaction (12).

Heteromeric assembly regulates the catalytic activity of
B4GALT1 and ST6GAL1

To investigate whether the interaction mutants are enzy-
matically active, we measured their activities first in cellulo
by utilizing electroporated Lec20 cells lacking endogenous
B4GALT]1 activity and staining with rhodamine-conjugated
RCA-I- or fluorescein-conjugated SNA lectin. These lectins
are used as markers for terminal 3-1,4-galactose and «-2,6-
sialic acid, respectively. Transfection of cells expressing WT
B4GALT1 or the B4GALT1.Ncat mutant alone with RCA-I
lectin (Fig. 4, A and B) slightly increased terminal galactose
residues in the cells. Cells expressing both enzymes
(B4AGALT1-WT and ST6GAL1-WT) simultaneously showed
2-fold higher galactose levels in the cells (Fig. 4B). In con-
trast, cells expressing the interaction mutants (B4GALT1.Ncat
and ST6GAL1.Ncat) did not show such an increase, suggesting
either that the mutations rendered the BAGALT1 enzyme inac-
tive despite not localizing in the active site or that the low activ-
ity may be caused by the loss of its ability to interact with
ST6GAL1 (Figs. 1G and 2D), consistent with our previous
results (22). SNA lectin staining, on the other hand, showed
that cells expressing WT B4GALT1 and ST6GAL1 together
displayed 3-fold higher «-2,6-sialic acid levels than cells
expressing the mutant B4GALT1.Ncat and ST6GAL1.Ncat
(Fig. 4, A and C). Similar results were obtained from in vitro
sialylation assays with cell lysates prepared from cells trans-
fected with an empty vector (Mock), with WT ST6GALI1
(ST6GAL1.WT), or with the ST6GAL1.Ncat mutant con-
structs. The ST6GAL1.Ncat interaction mutant retained only
10% of the activity of WT ST6GALL (Fig. 4D). These data sug-
gest that enzyme interactions are necessary for the full catalytic
activity of BAGALT1 and ST6GALIL. However, the possibility
that the mutations also intrinsically impair the activity of these
two enzymes cannot be excluded at the moment.

Lateral interactions mediate formation of B4GALT1 and
ST6GAL1 complexes

A recent Golgi EM and tomography study suggested the
presence of cisternal protein arrays in the trans-Golgi that
likely hold cisternal membranes together (23). BAGALT1 and
ST6GAL1 are mainly localized in the trans-Golgi cisternae and,

in theory, can adopt two possible configurations: cis and trans,
where cis represents lateral interactions in the Golgi membrane
and the trans configuration denotes transferases that bind to
each other while residing in opposite membranes in one cis-
terna (Fig. 5A). In support of the latter theoretical possibility,
the calculated molecular dimensions of the two transferases
(15- to 25-nm diameter) potentially exceed the 20-nm diameter
of intracisternal space (24). To examine whether B4GALT1 and
ST6GAL1 indeed interact via cis or trans and what role the stem
and catalytic domains have in the interactions, we deleted them
separately, expressed the constructs in COS-7 cells, and mea-
sured their effect on the interactions using the FRET system. In
the case of BAGALT1 homodimers, we found that deletion of
the catalytic domain completely inhibited the interaction, indi-
cating that B4GALT1 interacts with itself mainly via this
domain (Fig. 5B). Removal of only the stem domain did not
inhibit the interaction. Instead, we detected an even higher
FRET signal with the stemless enzyme constructs, confirming
that homomers form via catalytic domains (Fig. 5B). As the
deletion truncates the enzyme size by 10—15 nm, they cannot
reach each other from opposite membranes and can therefore
only interact via lateral interactions. In the case of ST6GAL1
homodimer formation, neither removal of the catalytic domain
nor of the stem domain had any effect on the interaction (Fig.
5B). This indicates that ST6GALI can interact with itself via
both the stem and the catalytic domains. The reason for the
increased FRET signal is not clear but may involve reduced
spatial hindrance of the donor and acceptor fluorophores or
reduced rigidity of the construct upon removal of the ST6GAL1
stem domain. Structural predictions of the stem domain
revealed two a-helical domains that may make the stem
domain more rigid. The fact that removal of the stem domain
again did not inhibit formation of ST6GAL1 homomers sug-
gests that ST6GAL1 homodimers assemble via lateral (cis)
interactions. To investigate whether B4GALT1/ST6GALI het-
eromers utilize the cis or trans configuration for interaction, we
expressed truncated enzyme constructs separately in COS-7
cells and measured the FRET signals for comparison. As
expected, removal of the catalytic domain reduced heteromer
formation by 90%, indicating that the two enzymes interact
only via their catalytic domains. When one stemless construct
was expressed with a WT partner (e.g stemless BAGALT1-WT
ST6GALIL or WT BAGALT1-stemless ST6GAL1), we detected
a 20% inhibition of the FRET signal. When both stem domains

Figure 1. Identification of the B4GALT1 interaction surfaces. A, structure of the B4AGALT1 monomer (PDB code 4EE4) in surface representation, showing
single mutations in purple (chosen using ClusPro docking predictions) and the active site surface in red. B, BAGALT1 structure in cartoon representation,
showing the C130-C172 disulfide bond in purple and the interaction surface in green. The active-site surface is shown in red. C, homomeric FRET interactions
between B4GALT1 mutants. COS-7 cells were transfected with the depicted mVenus- and mCherry-tagged FRET enzyme constructs, fixed 24 h later, and
quantified with the Operetta High Content Imaging system. FRET efficiencies were calculated from 10,000 to 20,000 cells and expressed as percentages of
control values (mean = S.D., n = 3) after subtracting the FRET efficiencies of negative control (MGAT1-B4GALT1) values. D, heteromeric FRET interactions.
B4GALT1.mVenus mutants and ST6GALT.mCherry WT were coexpressed, and FRET signals were determined as above. E, B4GALT1 structure showing the
predicted heteromeric interaction surface for ST6GAL1in green, as revealed by docking simulations with Haddock. Blue spheres show positively charged
residues (Lys', Lys'®?, Arg'’°, and Arg?®%), and red spheres show negatively charged ones (Glu'**, Glu'>2, and Asp'”"). The charged residues are situated on the
binding interface. F, B4AGALT1 structure showing in green the predicted interaction surface for ST6GAL1, as revealed by docking simulations. The yellow residues
depict the mutated residues on that surface (D150S, E152S, K156S, K162S, R166S, and D171S). The mutant was named B4GALT1.Ncat. G, BAGALT1.Ncat
homomeric and heteromeric (with ST6GALT) FRET assays. Constructs were coexpressed in COS-7 cells, and FRET efficiencies were calculated as mentioned
above. H, BAGALT1.Ncat heteromeric FRET assay with ST3GAL3 and B4GALT1-ST6GAL1 inhibition assay by ST3GAL3-HA (triple cotransfection). Constructs
were coexpressed in COS-7 cells, and FRET efficiencies were calculated as mentioned above. Statistically significant changes relative to the control samples
(gray columns) are indicated (*, p < 0.05; **, p < 0.01; ***, p < 0.001).
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H263

|- homodimer residues II- heterodimer residues

D D336S

ST6Gal1.Ncat FOCY

Figure 2. Identification of the ST6GAL1 interaction surfaces. A, docking
model of the ST6GAL1 homodimer from SymmDock. The active-site surface
in both enzymes is presented in dark red, and the green surface indicates the
interaction interface. Red spheres depict negatively charged residues (Asp'*¢,
Glu™*, Asp', Glu'®®, Glu®®, and Asp*3°), blue spheres indicate positively
charged residues (Lys'?’, His"*’, Arg"”®, His*®*, Lys*®”, and His*°®) of human
ST6GAL1, and black lines denote to residues that interact with each other.
Hydrophobic amino acids forming hydrophobic contacts between the two
ST6GAL1T monomers on the interface are shown as light brown spheres. B,
docking model of B4GALT1 and ST6GAL1 heterodimeric interaction from
Haddock. The active-site surface in both enzymes s presented in dark red, and
the green surface indicates the interaction interface. Red spheres depict nega-
tively charged residues (B4GALT1: Glu'**, Glu'*?, and Asp'’"; ST6GalT1:
Asp™®, Asp'*’, GIu3'®, and Asp®3), and blue spheres indicate positively
charged residues (B4GALT1: Lys'®®, Lys'®?, Arg'’°, and Arg®®* ST6GALI:
Lys'”", His?®3, and Arg*®?) in both enzymes. Light brown spheres show hydro-
phobic amino acids forming hydrophobic contacts between the two
enzymes. C, ST6GALT interaction interface. In red and blue, we show nega-
tively and positively charged residues, respectively, and in yellow shared res-
idues between the homodimeric (model I) and the heterodimeric (model Il)
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Figure 3. N-glycan effect on the ST6GAL1 interactions. A, crystal structure
of N-glycosylated ST6GAL1 (PDB code 4JS2). The structure originally contains
one N-glycan at Asn'* only. The green surface represents the predicted
ST6GALT1 interaction surface, and Asn'*? and Asn'®" are shown in purple. B
and C, COS-7 cells were transfected with the depicted mVenus-tagged (for
B4GALT1) and mCherry-tagged (for ST6GAL1) FRET enzyme constructs,
treated with 5 um swainsonine (Sw) or 5 um tunicamycin (Tm) 6 h after trans-
fection, fixed 24 h later, and quantified with the Operetta High Content Imag-
ing system. FRET efficiencies were calculated from 10,000 to 20,000 cells and
expressed as percentages of control values (mean = S.D., n = 3) after sub-
tracting the FRET efficiencies of negative control (MGAT1-B4GALT1) values.
Statistically significant changes relative to the control samples (gray columns)
are indicated (**, p < 0.01; ***, p < 0.001).

were removed, we found a cumulative 40% decrease in FRET
signal. This loss was rescued when we inserted the B4GALT1
stem domain into the stemless ST6GAL1 construct (Fig. 5B).
Because 60% of the stemless—stemless FRET signal still exists, it
is our conclusion that heteromers can also interact laterally via
cis configuration. However, the data do not exclude the possi-
bility that the complexes also form via trans configuration.

Discussion

Glycan synthesis in the Golgi is not only dependent on the
catalytic activity of the glycosyltransferases but also on their
proper localization and their spatial and temporal interac-
tions with each other. In addition, it has been shown recently

surface. D, model showing in yellow the mutations performed on ST6GAL1
(named ST6GAL1.Ncat: D146S, D157S, K171S, H263S, E310S, D336S, and
R402S). The graph shows the ST6GAL1.Ncat homomeric and heteromeric
(with BAGALT1) FRET assays. COS-7 cells were transfected with the depicted
mVenus-tagged (for B4GALT1) and mCherry-tagged (for ST6GAL1) FRET
enzyme constructs, fixed 24 h later and quantified with the Operetta High
Content Imaging system. FRET efficiencies were calculated from 10,000 to
20,000 cells and expressed as percentages of control values (mean = S.D.,n =
3) after subtracting the FRET efficiencies of negative control (MGAT1-
B4GALT1) values. Statistically significant changes relative to the control sam-
ples (gray columns) are indicated (***, p < 0.001).
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that Golgi-resident glycosyltransferases also form com- expected to enhance their catalytic activity and glycosylation
plexes with nucleotide sugar transporters (7). This func- efficiency, as each sugar residue can be transferred directly
tional coupling between enzymes and their transporters is from the transporter to the enzyme and the acceptor sub-
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Figure 5. B4GALT1 and ST6GAL1 complexes in Golgi membranes. A, schematic of the possible configurations (cis, trans) that can be used for binding. Cis
represents two enzymes interacting laterally on one side of the Golgi cisternae, whereas the trans configuration represents two enzymes interacting from
opposite sides of one cisterna. Red depicts the active-site surface, and green represents the interaction interface. B, FRET assays of COS-7 cells expressing WT
and truncated B4GALT1 and ST6GAL1. COS-7 cells were transfected with the depicted mVenus-tagged (for B4GALT1) and mCherry-tagged (for STEGAL1) FRET
enzyme constructs, fixed 24 h later, and quantified with the Operetta High Content Imaging system. FRET efficiencies were calculated from 10,000 to 20,000
cells and expressed as percentages of control values (mean = S.D., n = 3) after subtracting the FRET efficiencies of negative control (MGAT1-B4GALT1) values.
Statistically significant changes relative to the control samples (gray bar) are indicated (¥, p < 0.05; **, p < 0.01; ***, p < 0.001).

strate in the same complex before transferring the acceptor
to the next complex.

So far, structural data on Golgi heteromeric assemblies do
not exist. This lack of information likely stems from the diffi-
culties in getting such complexes to crystallize in vitro. In live
cells, their formation needs special conditions (pH, redox state)
provided by the Golgi lumen. In this study, we focused on identi-

fying interaction surfaces needed for assembly of BAGALT1 and
ST6GAL1 homomers and their heteromeric complexes. Both
enzymes reside in and interact only after their arrival in the Golgi,
whereas they both form homomers in the ER (6). Previously, we
showed that heteromeric coupling between them depends on the
Golgi redox state and, specifically, on the formation of two surface-
exposed disulfide bonds in ST6GALI1 (12).

Figure 4. Enzymatic activity assays with BAGALT1 and ST6GAL1. A, lectin staining of COS-7 cells expressing WT and mutant B4GALT1 and ST6GALT1. Pictures
of stained cells were taken using Operetta™ (PerkinElmer Life Sciences) using blue, green, and red filters. Blue represents nuclear Hoechst stain, green
represents bound SNA-fluorescein on a-2,6 sialic acid, and red-orange represents bound RCA-I-rhodamine on 3-1,4 galactose. Scale bar = 200 um. B, RCA-I-
rhodamine mean intensities as percent of up to 50,000 Lec20 cells expressing the depicted constructs (mean = S.D., n = 3). Statistically significant changes
relative to control cells (mock-transfected cells) are indicated (***, p < 0.001). C, SNA-fluorescein mean intensities as percent of up to 50,000 Lec 20 cells
expressing the depicted constructs (mean * S.D., n = 3). Statistically significant changes relative to control cells (mock-transfected cells) are indicated (**, p <
0.01; ***, p < 0.001). D, enzymatic activity of the ST6Gal mutants. Cells transfected with the indicated ST6GAL1 constructs were lysed in radioimmune
precipitation assay buffer 24 h post-transfection, and then their activities were determined as described under “Experimental procedures” using asialofetuin
as an acceptor. The values shown (columns) are expressed as the mean percent of disintegrations per minute (n = 3) after normalizing them against the
ST6GAL1 protein present (determined by immunoblotting). Statistically significant changes relative to control cells (mock-transfected cells) are indicated (¥,
p < 0.05; ** p < 0.001).
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By utilizing molecular docking simulations, directed
mutagenesis of both enzymes, and FRET interaction screens,
here we report seven salt bridges scattered around the pre-
dicted interaction surface and five hydrophobic contacts that
are fundamental for the heteromeric interaction between
B4GALT1 and ST6GALL. The surface is surprisingly rich in
exposed charged residues. In BAGALT1, the interaction surface
consists of a disordered loop with one small charged helix. This
loop appears to be stabilized by the Cys'*°-Cys'”* disulfide
bond. Mutagenesis of cysteine 172 to alanine significantly
affected BAGALT1 binding to ST6GALL, suggesting that loss of
this particular disulfide bond most likely destabilizes the inter-
face and therefore affects its binding affinity or capacity.
Removal of the charged residues on B4AGALT1 by replacing
them with serine completely alleviated the interaction between
B4GalT1l and ST6GAL1 without causing loss of enzyme
homomers. In addition, BAGALT1 mutants M340H/E and
H343A, which have been shown previously to be essential for
homomer assembly, did not affect heteromeric interaction with
ST6GALL. Based on these results, we conclude that BAGALT1
possesses two distinct interaction surfaces: one surface in the
active site surface for homodimerization and the other non-
catalytic surface for heterodimerization. According to the
homodimeric structure of B4GALT1, active sites are partially
hidden in the homodimer and can explain the lower enzymatic
activity of the enzyme homomers. When in the Golgi,
B4GALT1 and ST6GALLI can bind to each other using the het-
eromeric interaction surface on B4GALT1 and the noncatalytic
surface in ST6GALIL, leaving the active sites fully accessible.
This molecular arrangement is the first example of how glyco-
syltransferase activity can be regulated in the cell by modulating
enzyme interactions.

In the case of ST6GALIL, both homo- and heterodimeric
docking models overlapped at the same highly charged surface
area opposite the active site. They have in common four
charged residues and two hydrophobic residues. Single muta-
tions of histidine 263 to alanine pointed out the importance of
this shared residue in both interactions. In the docking models,
His®*® binds to Asp'”* in B4GALT1 and to Asp'®” in itself.
Further mutagenesis of the charged amino acids on this
surface almost completely abolished both interactions. It
remains uncertain how ST6GAL1 homodimers disassemble
to allow BAGALT1 binding to the same surface. One possi-
bility may be that the disulfide bond formation on ST6GAL1
triggers certain conformational changes in ST6GALI1, weak-
ening the homodimer interaction while increasing the affin-
ity for BAGALT1. This normally takes place after the enzyme
arrives in the Golgi (12). Verification of whether such con-
formational changes are needed for heteromeric interac-
tions must wait until a combination of atomic structures of
these complexes are solved.

Besides increasing enzymatic activity, heterodimerization
has another benefit to glycosylation: it can enhance substrate
channeling directly from B4GALT1 to ST6GALL and thereby
increase the rate of glycan synthesis. In support of this view,
B4GALT1 and ST6GALI coexpression increased cell surface
galactose and sialic acid by 2- and 3-fold, respectively, com-
pared with cells expressing B4GALT1 alone or cells expressing
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the mutant constructs. Nevertheless, it remains unclear
whether the apparent inactivity is due to loss of its interactions
or indirect consequences on the active site, perhaps via con-
served regions such as sialylmotifs, which participate in binding
donor and acceptor substrates and in keeping the active con-
formation of the enzyme (25). For example, the D336S muta-
tion in the ST6GAL1.Ncat construct is part of such a sialylmotif
(region 321-343). However, this residue appears not to be con-
served in all sialyltransferases, and it also does not seem to
interact with other residues, as its side chain orients outward
from the catalytic domain. Therefore, it might be irrelevant for
ST6GALI activity (26). Crystallization of the mutant ST6GAL1
is needed to clarify this point. It is important to note that even a
single mutation can inactivate the enzyme, especially when it
targets the active site. This does not necessarily mean that it
destroys the enzyme’s ability to bind to itself or to another
enzyme. For instance, the B4AGALT1 M340H/E mutant has
been shown to be enzymatically dead (14), but it retained its
ability to bind ST6GALIL. Therefore, enzyme activity is not a
necessary prerequisite for the interaction. Rather, they seem to
be independent phenomena.

Regarding whether the BAGALT1 and ST6GALL interact lat-
erally or have contact while residing in opposite membranes of
the Golgi cisterna, we showed that the truncated stem domain
mutants still retained their ability to form homomers or hetero-
mers. These findings suggest that the complexes form via lat-
eral interactions. However, because the dimensions of the two
enzymes suffice to span the cisternal space, we cannot exclude
the possibility that they can also interact via trans configura-
tion. Moreover, we showed that the catalytic domain trunca-
tions attenuated binding of BAGALT1 not only with itself
but also with ST6GALI, confirming that these interactions are
mediated mainly via the catalytic domains. In contrast,
ST6GAL1 homomers utilize both the catalytic and the stem
domains for assembly of homomers. Structural predictions of
the ST6GAL1 stem domain (data not shown) suggested the
presence of two helices which, if true, could contribute to the
rigidity of the stem domain. It is important to note that all
truncated enzymes localized correctly to the Golgi (Figs.
S2-S5) and were properly folded, excluding the possibility that
the stem domain has some role in these phenomena. In con-
trast, it seems to be important for homodimerization of the
enzyme. We also expect that the mutations themselves in the
catalytic domain of the enzymes do not affect localization of
the constructs within the Golgi stacks, as many fusion proteins
tagged with the N terminus of BAGALT1 localize similar to
B4GALT1 in the trans side of the Golgi stack.

Taken together, we have shown in cellulo that BAGALT1
uses two distinct interaction surfaces for binding itself or
ST6GAL1L, whereas ST6GALLI has overlapping interaction sur-
faces for binding. In addition, BAGALT1 has another interac-
tion site for ST3GAL3 and for lactalbumin that are distinct
from the ones described in this report.> From the functional
point of view, the formation of BAGALT1 homomers via the
active site interaction surface serves to keep the enzyme mini-

3 F. Khoder-Agha, D. Harrus, G. Brysbaert, M. F. Lensink, A. Hardiun-Lepers, T.
Glumoff, and S. Kellokumpu, unpublished data.
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mally active until it reaches the Golgi compartment, where its
binds ST6GALI and exposes its active site because of disassem-
bly of the homodimers. In contrast, the ST6GAL1 enzyme is
activated only after it reaches the more oxidizing environment
of the Golgi lumen, a condition that is necessary for the forma-
tion of two surface-exposed disulfide bonds in the enzyme’s
catalytic domain. This process may occur concomitantly with
or may even helped by binding of B4AGALT1 to ST6GAL1. We
also provide evidence to suggest that the interactions can occur
laterally and do not necessarily involve cross-cisternal contacts
between the enzymes. Collectively, these findings help under-
stand how the cooperative functioning and activity of glycosyl-
transferases are regulated at the molecular and cellular levels.

Experimental procedures
Molecular docking and modeling

For the docking predictions, we used the published
B4AGALTI1 (PDB code 4EE4) and ST6GALL (PDB code 4JS2)
structures. For B4GALT1, we considered residues 126 —397
chain A and built a model of the WT structure, mutating resi-
dues T337R, T338C, and H340M using the mutation tool Coot
(27); version A for the alternative positions of residues 357
and 382 was selected. For ST6GALI, we considered residues
89-406 chain A. Docking of the heteromer interaction be-
tween BAGALT1 and ST6GAL1 was performed with ClusPro
(15) with default parameters and with Haddock (16), specifying
the noncatalytic surface for BAGALT1 and the entire surface
for ST6GALI and letting the passive residues be defined auto-
matically around the active residues. The docking of the
homodimer ST6GAL1 was computed with SymmDock using a
symmetry of order 2 (19, 20). The docking parameter files are
available upon request.

Plasmid constructs

All glycosyltransferase expression plasmids were pre-
pared from commercially available full-length cDNA clones
(Imagenes GmbH, Berlin, Germany). Golgi-localized pcDNA3-
based FRET enzyme constructs possessing C-terminal mVenus
or mCherry variants as well as an HA epitope tag were pre-
pared as described previously (22). The glycosyltransferase
genes were inserted in-frame with the tags using 5" HindIII
and the 3’ Xbal restriction sites. Detailed information
regarding the cloning strategies, primer sequences, and
sequences of the constructs is available upon request. All
constructs were sequence-verified with the ABI3500xL
genetic analyzer. The MGAT1 construct was prepared as
described earlier (7).

Site-directed mutagenesis and domain truncations

The B4GALT1 mutants L142D, N158A, C172A, Q206A,
M340H, M340E, and H343A and the ST6GAL1 mutants
R145A, Q235A, K241A, H263A, N279A, and H405A were gen-
erated by site-directed mutagenesis of the WT B4GALT1 and
ST6GAL1 plasmid cDNA using the QuikChange Lightning
Site-Directed Mutagenesis Kit (Agilent Technologies Inc.,
Santa Clara, CA). Primers containing 1-bp mutations were used
for PCR amplification. The XL10 Gold Escherichia coli strain
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was used to clone the mutants. The mutated inserts were
ligated into the pcDNA3 plasmid containing either C-terminal
mVenus, mCherry, or HA tags (22) using the 5’ cloning site
(HindIII) and the 3’ cloning site (Xbal). BAGALT1 STEM-
truncated (A55-125) and CAT-truncated (A126-399) and
ST6GAL1 STEM-truncated (A32-99) and CAT-truncated
(A89-406) were generated using a similar PCR and ligation
protocol. BAGALT1 Ncat mutant (D150S, E152S, K156S,
K162S, R166S, and D171S), ST6GAL1 Ncat (D146S, D157S,
K171S, H263S, E310S, D336S, and R402S), and Cat (K111E,
K241E, R242E, and K358E) constructs in pUC57 were ordered
from Genscript and ligated into the pcDNA3 plasmid contain-
ing either C-terminal mVenus, mCherry, HA, or stop codon
tags. The clones were selected using ampicillin resistance as a
marker. All plasmid cDNAs were sequence-verified before use.
Correct Golgi localization of the mutants was also verified in
transfected cells by using confocal microscopy. The primer
sequences used for mutagenesis and domain truncations are
available upon request. A list of all mutant constructs is shown
in Table S1.

Cell maintenance and transfections

COS-7 cells were obtained from the ATCC, and Lec20 cells
(Chinese hamster ovary (CHO)-K1 cell line containing a
B4GALT1 loss-of-function mutation (28)) were a generous gift
from Dr. Pamela Stanley. Cells were grown in DMEM supple-
mented with 10% fetal bovine serum, 4 mm L-glutamine, 100
units of penicillin/ml, and 100 pg of streptomycin/ml. Cells
were transfected with expression plasmid(s) using either
FuGENE 6™ (Promega) or Lonza Electroporation Kit R
according to the manufacturer’s instructions. When appropri-
ate, cells were treated with 5 um swainsonine or 5 uM tunica-
mycin 6 h post-transfection for 18 to 20 h and then fixed with
49% paraformaldehyde for 15 min and washed with PBS (pH 7.4).

Cell staining and fluorescence imaging

Fixed cells were permeabilized with 0.1% saponin and 1%
BSA in PBS and stained with anti-GM130 (610822, BD Biosci-
ences) and then Alexa Fluor 594 — conjugated anti mouse sec-
ondary antibodies (Invitrogen). Cells were mounted and
imaged using a Zeiss Observer Z1 microscope equipped with an
LSM 700 confocal unit, Zen 2009 software (Carl Zeiss AG,
Oberkochen, Germany), a X63 Plan-Apo oil immersion objec-
tive, and appropriate filter sets for each dye. Appropriate filter
sets for each fluorophore were used.

FRET analyses

FuGENE-transfected COS-7 cells with FRET plasmids (in
the case of heteromeric interactions, B4GALT1 was tagged
with mVenus, and ST6GAL1 was tagged with mCherry) were
incubated for 18 to 20 h, seeded for 5 h in 96-well plates (Cell
Carrier Ultra™, PerkinElmer Life Sciences), fixed with 4% para-
formaldehyde for 15 min, and washed with PBS (pH 7.4) (6).
Using Operetta™ (PerkinElmer Life Sciences), we measured
the FRET signal and analyzed the data via Harmony 4.1 soft-
ware as described in Ref. 7. Briefly, Golgi regions were carefully
selected using mVenus contrast. Donor, acceptor, and FRET
intensity raw values were collected from 10,000 -20,000 cells,
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and FRET efficiencies were calculated. Background level inten-
sities and overexpression crowding (negative control) values
were subtracted from the raw values. Measurements were per-
formed in at least three independent experiments.

Lectin staining

Electroporated cells with relevant plasmids were incubated
for 48 h, seeded for 5 h in 96-well plates, and fixed with 4%
paraformaldehyde. Cells were then quenched with 1% BSA for
1 h and stained with SNA lectin tagged with fluorescein (Vector
Laboratories, FL-1301) and with RCA-I lectin tagged with rho-
damine (Vector Laboratories, FL-1081) for 1 h. Cells were
washed and counterstained with Hoechst dye for nuclear
staining.

Sialyltransferase activity assays

Each transfected COS-7 cell pellet (100,000 cells) was sus-
pended directly in 35 ul of radioimmune precipitation assay
buffer (10 mm Tris HCI, 150 mm NaCl, and 1% Triton X-100
(pH 6.4)). Further mechanical lysis of the cells was achieved by
loading the cell lysate into a 1-ml syringe and using a 26-gauge
needle. After 5 min of centrifugation (14,000 rpm at 4 °C) the
supernatant was used as an enzyme source. Sialylation assays
were carried out using desialylated fetuin as an acceptor sub-
strate, prepared as described previously (29). Briefly, the sialy-
lation reaction mixture (30 ul) contained cacodylate buffer (40
mM (pH 6.2)), MnCl, (4 mm), Triton CF-54 (0.08%, Sigma-Al-
drich), CMP-Neu5Ac (50 um: CMP-[**C]Neu5Ac (22.5 nCi,
50,000 dpm, 13.6 uM) and 36.07 um cold CMP-Neu5Ac), desia-
lylated fetuin (20 mg/ml), and enzyme source (6 ul), and the
mixture was incubated at 37 °C for 4 h. The reaction was
stopped by precipitation of glycoproteins with phosphotung-
stic acid (1 ml, 5% in 2 N HCI), followed by filtration on What-
man GF/A glass microfiber filters. Radiolabeled sialic acid
incorporated into glycoproteins was quantified by liquid scin-
tillation counting in UltimaGold (3 ml, PerkinElmer Life Sci-
ences) with a Hidex 300 SL counter.

SDS-PAGE and immunoblotting

COS-7 cell pellets expressing relevant proteins were resus-
pended with SDS sample buffer, loaded, and run on precast
Bio-Rad gels (4%—15%) in 1% SDS electrophoresis buffer. West-
ern blotting analyses were carried out as described elsewhere
(30). For immunoblotting, primary antibodies used were rabbit
polyclonal anti-BAGALT1 (Sigma, HPA010807), rabbit poly-
clonal anti-ST6GAL1 (anti-CD75, Acris Antibodies, Herford,
Germany, TA314536), and mouse monoclonal anti a-tubulin
(Sigma-Aldrich, St. Louis, MO, T6074). The secondary anti-
bodies used were either anti-mouse or anti-rabbit Fab2 frag-
ments conjugated to horseradish peroxidase (1:10,000,
Abliance, Compiégne, France). Stained protein bands were
visualized using ECL reagent and a GelDoc instrument (Bio-
Rad). Quantification of protein bands from the digitalized
pictures was done using Image]J software.

Statistical analyses

Statistical significance was evaluated using two-tailed ¢ test.
Each FRET experiment was repeated at least three times with
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10,000 to 20,000 cells/experiment (not significant, p = 0.05; *,
p < 0.05;*, p < 0.01; ***, p < 0.001).
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