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ABSTRACT

Glycosyltransferases (GTases) transfer sugar moieties to proteins, lipids or existing glycan or
polysaccharide molecules. GTases form an important group of enzymes in the Golgi, where the
synthesis and modification of glycoproteins and glycolipids take place. Golgi GTases are almost
invariably type Il integral membrane proteins with the C-terminal globular catalytic domain residing
in the Golgi lumen. The enzymes themselves are divided into 103 families based on their sequence
homology. There is an abundance of published crystal structures of GTase catalytic domains
deposited in the Protein Data Bank (PDB). All of these represent either of the two main characteristic
structural folds, GT-A or GT-B, or present a variation thereof. Since GTases can function as
homomeric or heteromeric complexes in vivo, we have summarized structural features of the
dimerization interfaces in crystal structures of GTases, as well as considered the biochemical data
available for these enzymes. For this review, we have considered all 898 GTase crystal structures in
the Protein Data Bank and highlight the dimer formation characteristics of various GTases based on

24 selected structures.
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Eukaryotic cells are coated with glycans of variable composition and structure. These glycans are
covalently attached to membrane proteins and lipids as a result of glycosylation, and form the basis
of various cellular recognition events needed for cell-cell contacts or in differentiating between the
own and the foreign by the immune system. Glycosylation, therefore, must be a very precise
process, and improper glycosylation is in many cases manifested in diseases due to impaired cellular
recognition. Such diseases include congenital disorders of glycosylation, inflammation, diabetes and
cancers (for recent reviews, see Hennet & Cabalzar (2015) [1], Chang & Yang (2016) [2] and Vajaria
et al. (2016) [3]).

Glycan synthesis takes place in the endoplasmic reticulum and the Golgi apparatus and involves a
complex interplay between a number of carbohydrate-acting enzymes, donor and acceptor
substrates, nucleotide-activated sugars and their transporters. Therefore, and to ensure fidelity in
glycan synthesis, there is a specific requirement for the presence of distinct sets of glycosidases and
glycosyltransferases (GTases) in the cell. The latter form a huge ensemble of enzymes currently
divided into 103 sequence-based families, according to the CAZy database [4] (www.cazy.org). They
catalyse the addition of specific sugar moieties in specific sequence and chemical configuration (i.e.
the linkages between sugar units and the stereochemistry of the product and the substrate -
inverting or retaining) to specific acceptor molecules, which can be carbohydrates, proteins or lipids.
Given the huge variety of glycan structures needed for normal cellular recognition events, it is
therefore not a surprise that the total amount of different GTases in the CAZy database approaches

250.

Glycosyltransferases - the topic of this review - are almost invariably type Il integral membrane
proteins with a short cytoplasmic tail, a single transmembrane domain, a stem region and a globular
catalytic domain located in the Golgi lumen. Due to the difficulties in both producing and
crystallizing full-length type Il membrane proteins, all the crystal structures of GTases thus far solved

represent their soluble, globular catalytic domains.


http://www.cazy.org/

Glycosyltransferases form homomers

GTases have been shown to form enzyme dimers, tetramers and oligomers in live cells mainly via
interactions between their catalytic domains [5-7], and it has been suggested that ordered protein
arrays in the trans-Golgi might contain GTases [8]. Considering that these enzymes do not use a
template, a question of considerable interest is whether enzyme complex formation is part of the

cellular mechanism to ensure the fidelity of glycan synthesis.

How to analyze dimerization?

For homomeric complexes, it has been shown that dimerization is the most common transition
occurring during the assembly of protein complexes [9], cyclization being the next most common,
while fractional transitions are the rarest. We therefore focused on dimerization interfaces,
acknowledging that even if the GTases may form higher order oligomers, dimerization would still be
a biologically relevant step in the homomer formation. Even with the abundance of structural
information, analysis of protein dimerization (or formation of higher-order oligomers) with the help
of crystal structures is not straightforward. Protein crystals may contain more than one protein
molecule in the asymmetric unit (the smallest repetitive unit of the crystal). In such cases, these two
or more molecules are typically symmetrically arranged. This so called non-crystallographic
symmetry is a feature separate of the crystallographic symmetry and would not necessarily exist, if
the interaction observed in the crystallized species was not due to functional reason. Instead, the
crystal unit cell and the crystal symmetry would then simply form differently. Crystal formation
necessarily involves molecular contacts; therefore, the problem is to separate functionally relevant,
or “physiological”, protein-protein contacts from interactions that merely bring about and maintain
the crystal packing. Consequently, other data including biochemical characterization of the
complexes by using e.g. gel filtration, analytical ultracentrifugation or dynamic light scattering must

be taken into account.



In favourable cases there is a well justified logical reason for the protein to form dimers, for example
in the case when a ligand binding site is formed from residues located in different monomers, or
when a prediction of protein-protein interactions on the basis of analysing interaction site
properties can be made with high confidence. The latter approach is a very active field of research,
and a great many server-based analysis tools are now freely available [10, 11]. For this review we
have reanalysed all the 898 GTase crystal structures in the Protein Data Bank (PDB, www.rcsb.org)
[12] using the above criteria, and present our view on various GTase dimers that are likely to also

form functionally relevant complexes in vivo.

Selection of GTase structures to study and their structural characteristics

At the time we started this work, the contents of the CAZy data base and the PDB included a total
of 898 crystal structures of GTases. After thorough analysis of all GTase families, we chose structures
of 172 unique proteins such that 44 of the 103 GTase families were represented by at least one
crystal structure. 61% of all GTase crystal structures are eukaryotic, of which 40% represent human
proteins. A fair number of these structures are complexes with donor nucleotide-activated sugars

and/or acceptor glycans, or molecules representing only parts of them.

Based on literature a major motivation to obtain high quality GTase structures seems to be to get
atomic resolution details of the catalytic mechanisms and ligand binding modes in order to use this
data for drug design. GTase structures from a wide range of species are often usable for functional
analysis due to the structural conservation between enzymes across species. Each coordinate entry
of the PDB is filed as a separate structure, although many of the entries are redundant. This is due
to structure-function studies requiring structures of proteins in several different states, including
apo- and multiple holo structures with different ligands bound. An additional reason for structural
redundancy is that most GTases fall into two similar fold types: GT-A and GT-B, and variants thereof,
with only a limited degree of structural difference. The structural conservation is not reflected in
the sequence similarity: the average sequence identity was found to be only 12% and 11% for GT-A
and GT-B folds, respectively, in a set of 67 non-redundant GTase structures representing 28 families

[13]. A small portion of the GTases possess neither the GT-A nor the GT-B fold, but display slightly



different topological properties [14]. GTases within a given family usually share the same fold type

[15].

GT-A and GT-B folds have similar spatial arrangements consisting of a/p alternations, with variable
N- and C-termini. Although the size of the a and B parts vary, the overall structure is always held
together by a continuous central twisted B-sheet called the Rossmann fold, which is flanked by a-
helices on both sides [16]. The GT-A fold contains one six-stranded B-sheet showing a 321465
topology, in which B6 is antiparallel to the other strands (Fig. 1; Fig. 2A). Insertions breaking the o/
alternation are often found between 5 and 36, and more rarely between other strands. A smaller
antiparallel two-stranded B-sheet that consists of B4’ (a short strand flanking f4) and BC (a short
strand in the variable C-terminus), is usually present in eukaryotic GT-A folds (Fig. 2A). This two-
stranded B-sheet is sometimes accompanied by parallel or antiparallel short B strands from the
variable C-terminal part. Other common features of the GT-A fold are the Asp-X-Asp (also known as
DxD) motif, and a divalent cation binding motif, usually flanking B4 [15, 17-19], that is needed for
activity. Some GTases may occasionally lack these features and still be considered as part of the GT-

A fold family.

The GT-B fold consists of two separate Rossmann fold motifs, each of them consisting of a six-
stranded parallel B-sheet with a 321456 topology, and connected by a linker region [20] (Fig. 1; Fig.
2A). The two domains face each other, with the active site located within the resulting cleft. Some
variant GTases possess a fold closely resembling the canonical GT-A or GT-B topology, but with a
different order of B-strands. These variants have sometimes been regarded as new fold types,
increasing the confusion in the classification. The classification we describe above is based on a

common structural core shared within the dataset of the GTase structures used in this study.

The GTase structures in the CAZy database were imported, family by family, into Excel for analysis.
Out of 898 crystal structures, 338 contained more than a single protein molecule in the asymmetric
unit, and were selected for further investigation. These 338 structures were then sorted by kingdom,
species, and unique protein name. Of these, 164 were from eukaryote species, among which 82

were of human origin, representing 15 different GTases. We then set out to analyze all these human



GTases in detail, including also homologues from other species when appropriate. The PDB codes
of the 164 selected eukaryote GTase structures as well as the associated PDB files were gathered
using a custom python script. In the case where more than one structure was available for a given
protein, structural alignments were made in order to choose the most representative one, typically
the example with the highest resolution. We did not discriminate between apo- and holoenzymes,
since the local conformational changes brought about by substrate binding generally did not affect

overall fold or dimerization properties.

Our final selection contains 24 structures from 18 different GTases, representing both the main GT-
A and GT-B folds and their variants (Fig. 1, Table 1). Each structure was evaluated for the likelihood
of a physiological dimer being present in the asymmetric unit of the crystals using various
criteria/tools (Table 1). The nature of the interface and thermodynamic properties were assessed
employing the jsPISA macromolecular surface and interface calculation tool [21], Voronoi
tessellation, i.e. the DiMoVO server [22], and the EPPIC [23] server. Evolutionary conservation of

the interface was assessed using the InterEvol [24] server.

In the following paragraphs, we will first review various GTase dimers as they are described in the
literature, and also refer to the existing biochemical evidence of their dimerization, if such data is
available. We then summarize, with help of bioinformatic tools, their likelihood of representing

physiologically relevant enzyme dimers.

GT-A folds

B-Glucuronyltransferases (PDB codes 3CUO, 1V84, 2D0)J)

B-Glucuronyltransferases (EC 2.4.1.135) belong to family 43 inverting GTases, which use UDP-
glucuronate as the donor substrate. They add the glucuronic acid moiety to an existing galactosyl-

galactosyl-xylosyl- or galactosyl-xylosylprotein acceptor depending on the specific enzyme. Crystal



structures have been solved for three of the human enzymes: glucuronyltransferase-| (GIcAT-I; PDB
3CU0) [25], glucuronyltransferase-P (GIcAT-P; PDB 1V84) [26], and glucuronyltransferase-S (GIcAT-
S; PDB 2D0J) [27].

The GIcAT-I structure appears as a functional dimer (Fig. 1). Both monomers are required for binding
to the acceptor molecule. More specifically, the oxygen and nitrogen atoms of the side chain of
residue GIn318 of one monomer are at a hydrogen bonding distance from the O-6 atom of the Gal-
1 moiety of the acceptor bound to the active site of the other monomer [28]. Furthermore, if the O-
6 position is sulphated, the NE2 atom of GIn318 from the other monomer undergoes a
conformational change and positions itself at a 3.0 A distance from the 0-4 oxygen atom of the
sulphate [25]. Enzyme kinetic studies provide additional evidence in favour of a functionally relevant
GIcAT-I dimer: a sulphated or a phosphorylated acceptor enhances GIcAT activity, but only if the

enzyme is dimeric [25].

GIcAT-P structure [26] is highly similar with GICAT-I. This holds true also for the dimer interface area.
For example, the last B-strand, containing the GIn318 residue, extends to the active site of the other
monomer, exactly as in GIcAT-I. GICAT-P has also been shown to exist as a dimer by gel filtration
under non-denaturing conditions [29], as well as by analytical ultracentrifugation, even when the N-

terminal part containing the transmembrane domain is deleted [30].

GIcAT-S structure [27] was solved by using the GICAT-P structure as the search model in molecular

replacement, and the same conclusions regarding GIcAT-S dimerization could be drawn.

Glycogenins (PDB codes 1LLO, 3U2U, 4UEG)

Glycogenins (GTase family 8; EC 2.4.1.186) are autocatalytic proteins serving not only as the core of

the glycogen structure, but also as enzymes catalyzing the addition of the first UDP-glucose



molecules in the initial phase of glycogen synthesis. In the catalysis, the stereochemistry of the

added glucose is retained as a.

Several crystal structures of glycogenins have been solved: glycogenin-1 from rabbit (rGYG1; PDB
1LLO) [32] and human (PDB 3U2U) [33], as well as human glycogenin-2 (PDB 4UEG) [34, 35] serve as

representative examples.

Rabbit glycogenin (rGYG1) was crystallized in two crystal forms - one containing 10 molecules (five
dimers) per asymmetric unit, while the other holding only one molecule per asymmetric unit. In the
former crystal form (tetragonal), the monomers of the dimers are related to each other by a non-
crystallographic 2-fold axis creating identical dimers compared to the crystallographic dimers of the
latter crystal form (orthorhombic) [32]. The decameric variant of rGYG1 is likely to be an artefact of
concentrating the protein for crystallization for three reasons: (i) the purified rGYG1 was suggested
to be a dimer by density gradient centrifugation [31]; (ii) the active sites of glycogenin monomers in
the complex would in this form be placed unfavourably with regard to the glycogen biosynthesis by
the glycogen synthase; (iii) the interface areas between the dimers (that form the decamer) cover
only 7% of the total surface area. Thus, the decamer likely connects dimers to support crystal
packing. In the orthorhombic crystal form of rGYG1, 20% of the total surface area is involved in
dimer contacts, likely representing a physiologically relevant dimer as this value is typical for

proteins that possess high affinity binding with each other [36].

The ensemble of rGYG1 structures [33] with different intermediates of glycogen synthesis has
revealed a “lid” domain, which guides the substrates in the narrow dimer interface. The substrates
are then subjected to either intra- or intersubunit catalysis, depending on the chain length of the
nascent glycan chain and steric factors in the channel. The term “intrasubunit mechanism” refers to
an activity of the glycogenin monomer, while the “intersubunit mechanism” involves catalytic
residues from both monomers in a glycogenin dimer. The findings by Issoglio and co-workers [37],
who studied the mechanisms of monomeric and dimeric rabbit muscle glycogenin, fully support the

above view. They found that, while a glycogenin monomer is sufficient for priming glycogen
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biosynthesis in vivo via the intrasubunit mechanism, the intersubunit mechanism mediated by the

glycogenin dimer is needed for full polymerization capacity of glycogenin.

Human glycogenins have been shown to form non-covalent dimers with shared enzymatic activity
between monomers. All crystal forms of the human glycogenin [33] contain dimers. One of the
glycogenin monomers acts as the glucose-introducing transferase, while the other serves for glucose
branching in the growing glycogen chain [34, 35]. Glycogenin-1 is also co-purified with glycogenin-

2, and vice versa, suggesting that the two glycogenins may also form heterodimers.

Xylosyltransferases (PDB code 4WLM)

Xyloside xylosyltransferase-1 (XXYLT1; GTase family 8; a retaining a-1,3-xylosyltransferase; EC
2.4.2.n3) catalyzes the addition of an a-D-xylose to an existing xylose-glucose disaccharide to
complete the synthesis of the trisaccharide O-linked to EGF-like repeats in Notch proteins [38].
XXYLT1 possesses the typical GT-A fold signature of DxD motif to coordinate a catalytic Mn?* ion.
Human XXYLT1 has been expressed in Sf9 cells as a full-length type Il membrane protein and purified
[38]. It was found that XXYLT1 forms SDS-resistant homodimers linked together by a disulfide bond
between the transmembrane domains. The crystal structure of the luminal catalytic domain of
XXYLT1 [39] is also a dimer, with an interface area between monomers well in the range typical for
functionally relevant protein-protein interactions, although the AG of -12.7 kcal/mol is rather low
(Table 1). It was assumed that the catalytic domains provide additional dimerization contacts in
XXYLT1 [39]. The active sites of the catalytic domains do not overlap with the dimer interface area,
and the active sites appear to be positioned in such a way that it is consistent with the orientation

of the Notch acceptor proteins.

N-acetylglucosaminyl- and N-acetylgalactosaminyltransferases (PDB codes 2GAK, 10MZ, 5FV9)
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Crystal structures of three different N-acetylglucosaminyltransferases have been published. These
are (i) core 2 B-1,6-N-acetylglucosaminyltransferase (C2GnT; GTase family 14; EC 2.4.1.102) [40], (ii)
a-1,4-N-acetylglucosaminyltransferase (Extl2; GTase family 64; EC 2.4.1.223) [41] from mouse, and
(iii) human polypeptide N-acetylgalactosaminyltransferase (GalNT2; GTase family 27; EC 2.4.1.41)
[42]. Both of the two glucosaminyltransferases use UDP-N-acetylglucosamine as the substrate, but
they act on different acceptor glycans in different biosynthetic pathways: C2GnT adds N-
acetylglucosamine to an N-acetylgalactosamine with a 1,6-linkage making the core 2 structure of
mucin type O-glycans, while Extl2 produces 1,4-linked glucuronic acid and N-acetylglucosamine
repeats found in heparin sulfate chains. The human galactosaminyltransferase GalNT2 uses UDP-N-

acetyl-a-D-galactosamine as a substrate to add the first sugar in mucin biosynthesis.

C2GnT was found to exist both as monomers and dimers in cells [43], while the predominant form
in solution (secreted in culture media) was monomeric [40, 43]. Surprisingly, in the crystal structure
the two C2GnT monomers form a disulfide-bonded dimer via Cys235 residues. However, this dimer
may not reflect the physiological situation, since the Cys235 is unique to the murine enzyme. The
DiMoVo score for C2GnT (2GAK) is also low (Table 1), supporting the view that the observed dimer
is probably a result of crystal packing. On the other hand, the jsPISA analysis suggests that the C2GnT
dimer could well be a biologically relevant dimer, even without the disulfide bridge (Table 1). Of the
two molecular forms, only the dimer could be crystallized. The fact that C2GnT crystal structure
contains the stem domain (in addition to the catalytic domain) makes it a rare exception among the
purified and crystallized GTases. Two disulfide bridges connect the stem domain to the catalytic
domain, but due to high temperature factors of the stem domain and the lack of extensive contacts
between the two domains, it may not represent the conformation present in the full-length protein

[40].

Extl2 does not form a disulfide-bonded dimer, but the dimeric nature of the enzyme could be
assigned with more confidence than for C2GnT due to the dimer interface area, the AG of binding
and other characteristics of jsPISA interaction radar analysis (Table 1). However, no direct

experimental evidence on the protein behaviour in solution exists to support this view.
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GalNT2 was crystallized with three independent dimers in the asymmetric unit. Our analysis with
the EPPIC server indicates that the interactions between the monomers are only crystal contacts,
despite the other parameters favouring the existence of biologically relevant dimers (Table 1).
Structural studies by others on the same enzyme revealed a crystallographic dimer [44] or a dimer

with an interface not likely to be biologically significant [45].

The three structures described above do not superimpose well, with an r.m.s. deviation of atomic
positions in pairwise comparisons ranging from 6.7 to 16.4 A, as estimated with PyMOL (The PyMOL

Molecular Graphics System, Version 1.8 Schrédinger, LLC.).

ABO blood group antigen glycosyltransferases (PDB codes 3U0X, 3UQY)

ABO blood group antigens attached to membrane proteins or lipids contain a common N-
acetylgalactosamine-galactose-fucose trisaccharide core, which is non-antigenic and defines the
type O blood. This core structure is then modified to blood type A and B antigens upon addition of
an N-acetylgalactosamine or a galactose, respectively, as a terminal sugar by a relevant
glycosyltransferase (GT family 6). Several high resolution apo- and holostructures of both blood
group A specifying a-1,3-N-acetylgalactosaminyltransferase (GTA; EC 2.4.1.40) and blood group B
specifying a-1,3-galactosyltransferase (GTB; EC 2.4.1.37) from human have been solved. In addition,
a chimeric enzyme (AAGlyB) capable of transferring either of the terminal sugars has been
constructed and its structure solved [46]. All of these structures are highly similar, as expected given

that the GTA and GTB enzymes differ only by four amino acid residues.

The GTA (PDB 3U0Y) and GTB (PDB 3UOX) structures were solved to 1.6 A and 1.85 A resolution,
respectively, in complex with a GTB-specific inhibitor compound [47], and present as dimers. The
respective monomers are related by 2-fold symmetry, which may indicate biological relevance [48].
The stem regions of the two monomers extend to form a large dimer interface dominated by
random coil, and mediating the physical interaction between the two type || membrane proteins.

Dimer formation of the crystallizable species of GTA in solution has been experimentally verified by



13

SDS-PAGE [49]. This type of dimer contact - formed through the stem regions - appears to be a

rather unique feature of only some glycosyltransferases.

GT-A variants

Sialyltransferases (PDB code 5B07)

ST8 a-N-acetyl-neuraminide a-2,8-sialyltransferase 3 (ST8Sialll; EC 2.4.99.-) is an oligo/poly-
sialylating sialyltransferase, which uses a CMP-activated sialic acid unit as a donor to add a sialic acid
to a terminal position with an a-2,8 linkage on different acceptors [50]. The enzyme belongs to
GTase family 29 and its crystal structure revealed a variant of the common GT-A fold [51, 52].
ST8Sialll structure displays a 612345 topology where all the strands are parallel (instead of 321465
with B6 antiparallel). Being active on oligo- and polysialylation, a positively charged binding pocket
is needed to accommodate the negatively-charged donor and acceptor molecules. The ST8Sialll
crystal structure [51] revealed that such a groove is indeed formed by patches of the surface forming
the dimer interface, emphasizing that the active enzyme is by necessity a dimer. In contrast,
monosialylating enzymes such as ST3Gall and ST6Gall operate on uncharged acceptor molecules,
and therefore do not need - and do not have - large positive binding areas [51, 53-54]. ST8Sialll’s
dimer interface contains symmetrical pairs of hydrogen bonds created by residues which are not
conserved in monomeric ST8Siall and ST8SialV enzymes. Static light scattering experiments carried

out by Volkers et al. (2015) [51] confirmed that ST8Sialll is a dimer also in solution.

In the ST8Sialll dimer, the two monomers are linked to each other in a manner placing the two active
sites on the same side of the dimer, but about 20 A away from the dimer interface to opposite
directions. This enables both monomers to simultaneously bind a dimeric target molecule, or

possibly utilize allostery in their function [51].

Galactosyltransferases (PDB code 4IRP)
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B-1,4-galactosyltransferase 7 (B4GalT7; EC 2.4.1.133) is a proteoglycan synthesizing enzyme that
adds a galactose to the second position of a growing saccharide core structure of a glycoprotein
acceptor (GlcAB1-3GalB1-3GalB1-4XylB1-O-[serine]), which already contains the initiating xylose
residue. It is also a drug development target for glycosaminoglycan synthesis [55]. It belongs to
GTase family 7 and its crystal structure [56] revealed a variant of the GT-A fold in which the 33 strand
is replaced by a strand (B7) present in the C-terminal domain. Thus, the topology is 721465 (Fig. 2A).
The monoclinic crystal had four B4GalT7 molecules in the asymmetric unit, forming two copies of a
dimer. The dimeric nature of the protein is supported by the finding that the stoichiometry of UDP
binding by B4GalT7 was between 0.4 and 0.6 [57]. Subsequent gel filtration analysis under native
conditions provided evidence for dimer formation, suggesting that only one of the monomers in the

dimer is able to bind UDP-galactose.

GT-B folds

Glycogen phosphorylases (PDB codes 1YGP, 51KO, 4BQE, 2IEG, 3DDS)

We also included glycogen phosphorylase (GP; EC 2.4.1.1) in the list of selected enzymes, together
with some others (see below), because it is classified as a member of GT family 35. Yet, its catalytic
activity differs from “classical” GTases due to the role of the enzyme in storage energy mobilization.
It produces glucose-1-phosphate from linear stretches of glycogen chains by cleaving the a-1,4
glycosidic bonds. Glycogen phosphorylase is a well-known prototypic allosteric enzyme that can
exist in @ monomeric inactive state as well as in dimeric or tetrameric active states. It is well
established that phosphorylation of a specific serine residue and binding of AMP increase the
activity of the enzyme by triggering the conformational change of an unstructured loop into an a-
helix, and by a shift in allosteric state, respectively. The sites of both of these activation events reside
near the dimer interface, as deduced from the human liver GP structure [58]. A wealth of

crystallographic and biochemical evidence shows that the active unit of GPs is a dimer. The change
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of the oligomeric state from monomer to dimer upon activation has also recently been shown by

dynamic light scattering [59].

Brain, liver and muscle isoenzyme structures of GP have been determined from human and various
other organisms. The structures are highly homologous, exemplified by the 83.3% sequence identity
between the isoenzymes in rabbit muscle (PDB 2IEG) [60] and human brain [59]. Despite this
apparent structural identity, the dimer interface has some flexibility without affecting the activity
of the enzyme. The liver isoenzyme [58] is structurally the most rigid: the dimer interface area is
3350 A2 (PDB entry 1FA9). The corresponding values for muscle (2240 A?) [61] and brain (1400 A2)
[59] GP dimer interfaces reflect the extent of conformational changes taking place during activation

of the enzymes. The same phenomenon is also seen in the yeast GP structures [62, 63].

Inhibition of glycogen phosphorylase activity is a potential strategy for drug development e.g. for
diabetes treatment. Not surprisingly, structural studies with various ligands are gradually increasing
our understanding of the dynamics and allostery of oligomeric structures of glycogen

phosphorylases, like e.g. rabbit muscle [64] and human liver [65, 66] variants.

Instead of glycogen phosphorylases, plants have glucan phosphorylases that belong to the same GT
family 35. The Arabidopsis thaliana glucan phosphorylase PHS2 crystal structure at 1.7 A resolution
[67] revealed a dimer, in which the active site of each monomer is buried in a cavity away from the
dimer interface area. The structure is also well superimposable with the glycogen phosphorylase
GT-B fold enzyme structures, and can therefore be regarded with confidence as a physiologically

relevant dimer.

Glycogen synthases (PDB codes 3NBO)

Glycogen synthases (EC 2.4.1.11; GT family 3) catalyse the addition of glucose units from UDP-

glucose to a growing glycogen chain. Crystal structures of the yeast isoenzyme Gsy2p have been
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solved both in the apo state and in the glucose-6-phosphate activated state [68]. The amino acid

sequence of Gsy2p is 51.7% identical (78.5% similar) to the corresponding human enzyme.

The structure of Gsy2p is an A/B/C/D tetramer, which is formed from different structurally or
functionally relevant dimers: the interfaces between each monomer accommodate binding sites for
either the allosteric activator glucose-6-phosphate or the donor and acceptor molecules. Each of
the four monomers have a long a-helix extending from the core enzymatic domain, such that these
four helices form a coiled coil arrangement in the centre of the tetramer (as seen for the B/D dimer
in Fig. 1). These helices form the extensive monomer-monomer interaction surfaces seen in Table

1.

Sucrose synthase (PDB code 3528)

Sucrose is synthesized from NDP-glucose and D-fructose by sucrose synthase (EC 2.4.1.13). Sucrose
synthases are retaining GTases belonging to the GT family 4. Structural and biochemical studies of
the Arabidopsis thaliana enzyme AtSusl have shown that the oligomeric state of the enzyme is
linked to the regulation of its activity [69]. AtSusl was shown to exist solely as a tetramer by
analytical gel filtration. The analysis of the crystal structure using the jsPISA server revealed two
types of monomer-monomer interactions responsible for the oligomerization of AtSus1: A/B (C/D),
and A/D (B/C), with interface areas of 1280 A2 and 1076 A2 respectively. Interestingly, the GT-B
domains themselves do not play any major role in forming these interactions. Instead, sucrose
synthase contains separate cellular targeting and peptide binding domains, which mediate the
oligomerization contacts. It appears that the transition of AtSusl tetramers to dimers precedes the
phosphorylation of Ser 167, and it has been suggested that the change in oligomerization state
regulates this phosphorylation step [69]. Hardin et al. (2006) [70] have also reported that the maize

enzyme exists as a dimer rather than a tetramer.
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GT-B variants

Fucosyltransferases (PDB code 4AP5, 3ZY5)

Fucose is one of the sugars found either directly linked to proteins via O-linkage to a serine or
threonine residue, or added as a terminal sugar on branched glycan chains. Structures of

fucosyltransferases catalysing both of these types of additions have been solved.

Protein O-fucosyltransferases 1 and 2 (POFUT1 and POFUT2; EC 2.4.1.221) are inverting enzymes of
GT families 65 and 68, respectively. They transfer an a-L-fucosyl residue from GDP-B-L-fucose to the

hydroxyl group of serine residues in acceptor proteins.

Human POFUT2 crystal structure is known both in apo form (PDB 4AP5) and in complex with the
donor substrate (PDB 4AP6) [71]. The two molecules in the asymmetric unit of the apoprotein form
a non-crystallographic dimer with an extensive monomer-monomer interface of 1670 A2. The
substrate-binding cavity is formed between the two monomers such that a loop from one molecule
partially covers the cavity of the other molecule. In the substrate-bound state, however, the dimer
interface is reduced to 1315 A2 due to the accommodation of the substrate. Interestingly, the
structure of the enzyme-substrate complex indicated that the physiologically relevant form of
POFUT2 is dimeric, since in this holoenzyme structure the dimer is formed in the same way despite
holding only one molecule per asymmetric unit. Thus, a crystallographic dimer in this case seems to
be identical to the biologically relevant non-crystallographic dimer simply out of necessity. POFUT2
possesses a two-domain topology, representing a variant of the GT-B fold. The first domain shows
a 3217465 topology, B5 being antiparallel to the others. The second domain shows an all-parallel
3214 topology when an a-helix replaces B5 next to B4 in an interesting deviation from the majority

of structures.

The only known crystal structure for a POFUT1 is the one of Caenorhabditis elegans enzyme (PDB
37ZY5; a complex with GDP-fucose). There is only one chain (A) in the asymmetric unit of the

monoclinic unit cell, but there is a significantly large interface area (1297 A?) with the
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crystallographic symmetry mate molecule (A’). Therefore we included this putative A/A’ dimer
structure in our study. The first domain in each monomer shows a 321756 topology with an
antiparallel B3 strand, while the second domain shows a 32145 topology with all strands aligned in
a parallel fashion. The EPPIC analysis (Table 1) indicates that the structure of POFUT1 is a
crystallographic dimer, although other metrics suggest it to be a biological dimer. Interestingly, the
same protein - but with a bound GDP instead of GDP-fucose - crystallizes with two molecules per
asymmetric unit (PDB 3ZY3). Despite a sufficiently large interaction surface (1096 A2), jsPISA analysis
renders the structure a probable crystallographic dimer. It seems likely that POFUT1 does not form
biological dimers, as also both the gel filtration chromatography and analytical ultracentrifugation

data of Lira-Navarrete et al. (2011) [72] indicated that C. elegans POFUT1 is a monomeric protein.

C. elegans POFUT1 (424 residues in POFUT1 isoform 1) and human POFUT2 do not share
considerable sequence similarity despite catalyzing the same reaction: based on ExPASy homology
analysis, they share 26.8% identity (49.7% similarity) over a 179 amino acid overlap. In contrast,
human POFUT1 (for which no crystal structure is available yet) is identical in sequence with the

human POFUT2 over the common 383 amino acid residue part.

N-acetylglucosaminyltransferases (PDB code 4GYW)

N-acetylglucosaminyltransferase (OGT; EC 2.4.1.255) belongs to family GT41 of inverting GTases. It
transfers N-acetylglucosamine from the sugar donor UDP-GIcNAc onto specific serine or threonine
residues of nucleocytoplasmic proteins. It is a different GT-B variant compared to the
fucosyltransferase POFUT1 described above: in addition to its GTase domain topology, it is also a
considerably larger protein (1046 residues) due to its 13 tetratricopeptide repeats (TPR) containing
domain. The GT-B domain topology of OGT is 3214567 for the first subdomain and 32145 for the
second subdomain, with all elements parallel to each other. In the crystal structure (PDB 4GYW)
[73] there is only one molecule per asymmetric unit, but molecules A and A’, which are related by
crystallographic symmetry, form a dimer. In fact, the TPR domains are responsible for this

dimerization. This has been shown by using the TRP domain alone in crystallization [74]. N-
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acetylglucosaminyltransferase therefore seems to represent an interesting and novel variant of the

GT-B fold, in addition to its unique dimerization properties.

DIMER INTERFACE ANALYSES

The dimerization interface for each of the selected structures was analyzed in order to review
whether any similarities exist between them. We considered six different criteria: interaction
surface area and energy-related metrics, amino acid composition, secondary structure composition,

topology, evolutionary conservation, and active site position in the dimer structure.

Interface area and energy-related metrics

All the selected structures show an interface area larger than 900 A2. This is commonly accepted as
the minimum area for biologically relevant dimers [23, 75]. The areas vary from 941 A? (C2GnT) to
3355 A2 (Gph1) (Table 1). The solvation free energy AG and the total binding energy vary from -7 to
-32 kcal/mol and -14 to -48 kcal/mol, respectively. These three parameters are part of the jsPISA
interaction radar score [21], and are as such reliable measures to assess dimerization in crystal
structures. In table 1, we also list the jsPISA score, which is a weighted average of each of the radar
metrics. A value higher than 50% depicts a good probability for the interface to be biologically

relevant [21].

The DiMoVo method [22] also uses the interface area as the main criterion in assessing whether the
dimers are crystallographic or biologically relevant, but it also considers other criteria such as
frequencies and pairwise distances of amino acids. In this way, the predictive value compared to the
interface area alone is improved from 78% to even 97%. The boundary value of the DiMoVo score
is 0.5; values below 0.5 quite accurately predict crystallographic dimers, while values above 0.5
predict biological dimers. Interestingly, a low DiMoVo score was obtained for hGygl, PHS2 and GPb

(Table 1) despite their good energy metrics.
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The EPPIC method [23] considers evolutionary conservation as a criterion for interaction sites. In
our study, all the structures with a very low DiMoVo score also scored congruently in the EPPIC

assessment (Table 1).

Amino acid composition

To analyse the amino acid composition at the dimer interfaces, we calculated the ratios between
the frequency of amino acids observed at the interface and the frequency of amino acids within the
full-length sequence of the crystallized proteins. Alanine residues were statistically significantly
absent from the interfaces, whereas Arginine and Proline residues were statistically over-
represented (Supp. Fig. 1). This finding is in line with Hashimoto et al. (2010) [13], whose study
material consisted of 73 nonredundant GTase structures representing 31 families, but were not

restricted to necessarily having non-crystallographic symmetry mates in the asymmetric unit.

Secondary structure composition

All types of secondary structures were observed in the dimerization interfaces: a-helices, B-strands,
loops and disordered regions (Fig. 3A). We analyzed the secondary structure compositions of each
of the topological elements responsible for dimerization contacts (Fig. 3B), and found that loops and
helices are invariably the major feature. Hashimoto et al. (2010) [13] also found in their data set

that B-strands are under-represented in the dimer interfaces.

Topology

Topological elements responsible for dimerization were analysed by examining their position with

regard to the core B-strands of GT-A and GT-B folds (Fig. 2A-B and 2B). We found features that were
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shared between different topological elements, as well as features that distinguish the two folds

from each other (Fig. 2C).

Structures belonging to the GT-A fold were found to display a conserved dimerization interface
topology, with two core dimerization elements making contacts with each other. The first element
resides in the region between B5 and B6 (Fig. 2A and 2C, magenta); the second element is in the
region after B6 (Fig. 2A and 2C, blue). In addition to these two core elements, some families use
additional elements for dimerization (Fig. 2C). For example, glucuronyltransferases use al (Fig. 2A
and 2C, red), as well as the surface created by the B4’-BC (Fig. 2A and 2C, green). The region between
B4 and B5 is also used by N-acetylglucosaminyltransferases, galactosyltransferases and
xylosyltransferases (Fig. 2A and 2C, green). Galactosyltransferases use amino acids located in N-

terminal of the core fold (before B1) (Fig. 2A and 2C, brown).

GTase structures with the GT-B fold also display similarities in the dimerization interface topology,
with the nuance that the topological elements may lie on the domain “a” or domain “b” (first and
second Rossmann fold domains, respectively). Glycogen phosphorylases and sucrose synthases use
almost always domain “a” for dimerization, whereas glycogen synthases, fucosyltransferases and N-
acetylglucosaminyltransferases use elements from both “a” and “b” domains. The first core
dimerization element of GT-B fold enzymes is the N-terminal region of the core fold, either before
Bla or B1lb (Fig. 2B and 2C, brown, blue); the second element is the region between either f2a and
B3a or B2b and B3b (Fig. 2B and 2C, purple). The sole exception is the sucrose synthase family, which
employs only the first core element and the region between f4a and B5a as an additional element
(Fig. 2B and 2C, green). In glycogen phosphorylases and sucrose synthases, the region between B3a

and B4a participates as an additional element (Fig. 2B and 2C, orange).

Interestingly, the structures of ST8Sialll, B4AGalT7, PoFUT1 and PoFUT2, as well as OGT, which are
GT-A or GT-B fold variants, display mixed dimerization elements from both folds. PoFUT1 and
PoFUT2 (GT-B variants) use the region between B5 and 6, specific to the GT-A fold dimerization
interface, as well as the regions between 32 and B3, specific to the GT-B fold dimerization interface.

ST8Sialll (a GT-A variant) employs the N-terminal region before 1 and the region between 3 and
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B4, common to GT-B fold dimerization interface, and the region between B4 and 5 specific to GT-
A fold. In B4GalT7 the N-terminal region before 1 and the region between B2 and B3 specific to

GT-B fold, as well as the C-terminal region after 36, act as core element of GT-A fold dimerization.

These data emphasize the high variability existing between the identified dimer interfaces, a
phenomenon in line with the existence of multiple distinct enzyme dimers. In this regard, the lack
of any consensus motifs for dimerization, and the use of various topological arrangements, suggest
that any individual enzyme uses a specific interaction surface only for binding itself and not any non-
relevant enzyme. If the latter would be the case, the end result would be a mix of all kinds of enzyme
dimers and also “mixed” glycans these enzyme complexes might make. This outcome is not
desirable, and seems to be prevented by highly distinct interfaces allowing only specific interactions.
A similar situation must also exist between sequentially acting enzymes that are known to form
heteromeric complexes with each other [7]. Whether the interfaces in the latter case are similar to

those used for the formation of enzyme homodimers remains to be clarified.

Evolutionary conservation

We also evaluated the amino acid sequence conservation in the dimerization interfaces. Briefly,
multiple sequence alighnments were generated by querying the sequence of each studied GTase
against the OMA orthology database [76], using the InterEvolAlign server. We found various types
of conservation profiles (Fig. 4), from strict conservation (red), high conservation (orange) to more

diverse (yellow). The multiple sequence alignments are detailed in Suppl. Fig. 2.

Active site positioning

From the functional point of view, a feature of particular interest is how the active sites of the
monomers relate to the dimer interface. In general, at least three possibilities exist: (i) the active

sites are far away from each other, suggesting either an independent catalytic activity for both of
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them or that dimerization is a stabilizing factor; (ii) the active sites are located close to each other
to facilitate cooperative substrate binding and catalysis; or (iii) the active sites overlap with the
dimerization interface in order to provide a mechanism to regulate the enzymatic activity via

dimerization.

Since not all the structures contained a substrate or any other bound ligand, we inspected donor
and acceptor substrate binding sites and the metal binding site (for GT-A folds) as a guide to locate
the active sites. In most of the GT-A folds the active site is near B4 and B4’ (Fig. 2A), while in GT-B
folds it seems to be predominantly located in the linker region between the two Rossmann fold
domains. In most homodimers, however, the active sites are located far away from the dimerization
interface, in some cases near the opposite ends of the dimer. In contrast, even though the active
sites in the glucuronyltransferase dimer reside very close to each other (20 A away), they both are

still easily accessible.
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DISCUSSION

In this review, we analysed various GTases using the available crystal structures of their globular
catalytic domains to determine whether any of them represent biologically relevant dimers. Likely
candidates were identified by choosing crystals with more than one molecule per asymmetric unit.
Only the crystal structures of the globular catalytic domains of GTases are available, but there are
good grounds to assume that these domains are responsible for, or at least contribute to,
dimerization of the full-length GTases. This assumption is consistent with dimerization being a
regulator of the enzymatic activity of the GTases. The fact that none of the GTases contain the
dimerization signature sequence LIxxGVxxGVxXT of single-spanning transmembrane helices [77],
and that their ca. 40-80 residues long stem domains appear to lack regular secondary structure,
provide strong support for the view that the catalytic domains have an important role in linking

GTases to homodimers.

Phylogenetic analysis of GTases by Hashimoto et al. (2010) indicated that certain GTase families
could be classified either as “monomer families” or “dimer families”. Structures belonging to
families GT44, GT7 and GT27 (GT-A fold) and GT5, GT9 and GT80 (GT-B fold) are monomers, while
GT81 and GT43 (GT-A fold) and GT35 and GT23 (GT-B fold) represent homodimers. Only a few
families seem to contain a mixed population of GTase oligomers. Accordingly, structures from
families 35 and 43 were over-represented in our analysis (Table 1 and Fig. 1), while none of the
“monomer family” structures passed the criteria used in our study. Hashimoto et al. (2010) also
found that, especially for the GT-B fold, homo-oligomer interfaces are more typically formed from
helices and terminal regions or loop structures than from B-strands. A typical example for a GT-A
fold enzyme is glucuronyltransferase GIcAT-I (family 43) [25], where the homodimer interface is
formed from C-terminal ends including a long loop and the last a-helix: the substrate binding sites
are near the interface and acceptor substrates are in contact with both GIcAT-I monomers.
Furthermore, glycogen phosphorylase (family 35) structures form homodimers via a-helices, which

are missing from family 5 monomeric glycogen glucosyltransferases [13].
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As discussed by Krissinel & Henrick [78], the challenge of dividing up dimers into physiological and
non-physiological ones continues to exist. It is not trivial to judge a crystallized protein as a biological
dimer with confidence. The main problem here is that it is still hard to define absolute values or
even reliable characteristics for a biological interface; otherwise the problem could be tackled by a
bioinformatics approach. Nevertheless, the most common characteristics to assess the relevance of
a dimer are the interface area (in A2), the solvation free energy gain (kcal/mol) between the
transition of isolated and interfaced structures, and the number of salt bridges or hydrogen bonds
at the interface. As an example, a maximum free energy of dissociation (AGo) of 15 - 20 kcal/mol
should represent a biological dimer, and usually 10 or more hydrogen bonds are found in a relevant
interface. However, many dimers or higher oligomers may be transient and thus possess “weak”
interactions in vivo, which may not prevail under crystallization conditions. Transient complexes
with dissociation constants higher than 100 uM (AGo < 5 kcal/mol) may have only a 10% probability
to form crystals [79], while stable complexes can be expected to crystallize without undergoing a
change in the oligomerization state. The properties of the interface itself do not completely
determine the binding energy, but also depends on other factors, like the size and shape of the
complex and the entropy change. Therefore the function of the protein should always be taken into
account along with the analysis of its crystal structure. However, it is estimated that the values
obtained by calculating the binding energy and the entropy of dissociation are 80% accurate for the

identification of macromolecular assemblies in crystals [78].

GTases have been shown to be able not only to function as homo-oligomers but also as hetero-
oligomers [5-7]. The hetero-oligomers can also involve more than two GTases, forming functional
multienzyme complexes [80]. To this day, however, no heteromeric complexes between two GTases
have been crystallized, making analyses of their interactions impossible. Nevertheless, a few
examples where a glycosyltransferase is forming a complex with a non-glycosyltransferase need to
be addressed here briefly. -1,4-galactosyltransferase 1 (B4GalT1) has been crystallized in complex
with a-lactalbumin (LA) and various substrates [81]. The binding site of LA partially overlaps with
the substrate binding site, consistent with a regulatory role of the ligand in the complex: instead of
an N-acetylglucosamine, a glucose is accepted for binding. A large conformational change of a
critical loop region takes place upon LA binding. The other known example is the hetero-complex

between EryClll (3-alpha-mycarosylerythronolide B desosaminyl transferase), a GTase from family
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1, and its partner EryCll, a cytochrome P450 family protein. The crystal structure of the EryCllI-EryCll
complex has been determined [82] and it reveals a heterotetramer with an elongated quaternary
organization. A homodimer of EryClIl forms the center of the complex, while EryCll molecules reside
on the periphery. It is evident in this case that the interaction surfaces for homomer and heteromer
formation are located in distinct surface areas of the GTase, which is a valid observation to keep in
mind for possible analogy with other heterocomplexes to be solved in the future. Conversely, as
indicated earlier, glycogenins 1 and 2 (Gygl and Gyg2) co-purify [35], indicating that the two
glycogenins may also form heterodimers. Since the crystal structures of Gygl and Gyg2 homodimers
superimpose very well (with r.m.s. deviation of 0.865A), we hypothesize that the same interaction
surface might be used both for homomers and for heteromers of these two GTases, which may be

competing with each-other.

It is also worth noting that highly specific dimerization — whether homo- or heteromeric — is more
likely to employ interfaces that further increase the strength of interaction. In contrast, transient
interactions, with possibly a choice of interaction partners, call for interfaces that may not be clearly
distinguishable from crystal contacts. This could indicate that hetero-oligomers, as well as some

homo-oligomers, could be so transient that their isolation for crystallization is not favorable enough.

Lastly, it is inevitable that the data we chose - 898 crystal structures of glycosyltransferases
deposited to the Protein Data Bank - contain some which are physiological enzyme dimers, but
happen to have crystallized with one molecule per asymmetric unit, and therefore escaped our
analysis. Equally well, as discussed above, it could be questioned whether some of our chosen cases
are true dimers, or instead crystal artefacts - depending on the subjective weighting of criteria.
However, it is neither possible nor meaningful to carefully review all the 898 available structures.
We believe that the way we selected the structures, and the data we obtained, provides further
support for the conclusion that glycosyltransferases can form - and do form - physiological dimers

not only in crystals but in vivo.

CONCLUDING REMARKS
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The main outcomes of this review are as follows. First of all, each GTase fold type uses different
topological elements for constructing their dimerization interfaces. These elements serve as
fingerprints within a group of a particular fold. An interesting observation is also that variant folds
can use mixed topological elements from the basic GT-A and GT-B folds. Additionally, it is typical
that homodimerization does not bring the active sites of the GTase monomers close to each other.
Moreover, our survey revealed that different glycosyltransferases form biologically relevant homo-
dimeric complexes. This conclusion is supported by both biochemical and structural evidence. No
hetero-oligomers between different glycosyltransferases have been structurally characterized, and

this poses a future challenge for understanding glycosyltransferase function.
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FIGURE LEGENDS

Figure 1.

Ribbon drawings of the 24 GTase homodimeric structures comprising the research material of this
study. All structures are presented in orientations which easily show the secondary structural
elements in the dimer interface, with the location of interacting residues in those structural
elements colour coded as follows: before 1 (brown), between B1 and B2 (red), between 32 and B3
(purple), between B3 and B4 (orange), B4'-Bc / between B4 and B5 (green), between B5 and B6
(magenta), after B6 (blue). Each structure can be identified with the enzyme acronym; the same
identification is used in Table 1 and in the text. GT-A fold and GT-A variant structures are on the left,
while GT-B fold and GT-B variant structures on the right.

Figure 2.

Topological elements responsible for dimerization are presented separately for GT-A and GT-B folds
as topology diagrams (A and B respectively) and as a table indicating the use of each topological
element by the studied GTases (C). A. B. Topology of the GT-A and GT-B folds. The common
structural core B-sheet is in grey with the strands numbered. The topological elements connecting
the core B-strands are shown with a-helices as circles, B-strands as arrows and loops/random
structure as plain lines, and colour coded as follow: before B1 (brown), between B1 and B2 (red),
between B2 and B3 (purple), between B3 and B4 (orange), B4'-Bc / between B4 and B5 (green),
between B5 and 6 (magenta), after 6 (blue). In (C) the same elements are tabulated to clarify the
use of each element in dimer formation by each fold type. Colour coding is the same as in (A,B). As
discussed in the text, certain topological elements are used for dimerization mainly or exclusively
by GT-A enzymes, while a different set of elements is utilized by GT-Bs. Additionally, the mixed
nature of the variant folds is evident.

Figure 3.

Analysis of the frequency of occurrence of secondary structure elements (a-helices, B-strands, loops
and disordered regions) in the dimer interfaces of the 24 GTase homodimers of this study in the
overall dataset (A) and in each topological element (B).

Figure 4.

Evolutionary conservation of the amino acid sequence of the dimerization interface, visualized on
each monomer (the interface facing the reader) of the 24 GTases as a color gradient: from red
(strictly conserved) through orange (high conservation) to yellow (more diverse). The residues not
involved in the dimerization interface are displayed in grey. The placement of the monomers in the
figure is the same as for the dimers in figure 1.



29

Supplement Figure 1.

Log-ratio of the frequency of amino acids observed at the interface and within the full-length
sequence of the crystallized domains of the 24 GTase homodimers of this study. Stars indicate the
statistical significance according to critical values of x2.

Supplement Figure 2.

Multiple sequence alignments of the dimerization interface for each of the 24 GTases. As the residue
numbers are not sequential, they are detailed below each alignment.

TABLE LEGEND

Table 1.

Summary of the analysis of the dimer interface of the 24 GTase structures. Numerical values or
assessment given by each tool is discussed in the text. Organism codes: hsa stands for Homo sapiens,
ocu for Oryctolagus cuniculus, mmu for Mus musculus, sce for Saccharomyces cerevisiae, ath for
Arabidopsis thaliana, cel for Caenorhabditis elegans. Chains indicates the name of the chains in the
crystal structure used to analyse the dimer interface: monomers related by a crystallographic
symmetry are highlighted (grey background) in contrast to monomers related by a non-
crystallographic symmetry (white background). IA, interface area; DG, solvation energy; BE, total
binding energy. jsPISA score is a weighted average of each of the jsPISA radar metrics, for which a
value higher than 50% depicts good possibility of the interface being biologically relevant. DiMoVo
score values below 0.5 predict crystal dimers, while values above 0.5 predict biological dimers. EPPIC
server assessment predicts biologically relevant dimers (Bio) or crystal dimers (Xtal). For each
metric, grey background indicates off-limits values suggesting a crystallographic dimer rather than
a dimer of physiological relevance: IA < 1200 A2, DG >-10 kcal/mol, BE >-16 kcal/mol, jsPISA score <
50%, DiMoVo score < 0.5, EPPIC assessment for a crystal dimer.
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Harrus et al. Table 1

Family Organism | Acronym | PDB code | Chains |14 (A%) | DG (kcal/mol) | BE (kcal/mol) | jsPISA |DiMoVo |EPPIC

ocu rGyg L0 EF 1205 -23.37 -26.92 64 0.65 Bio

Glycogenins hsa hGygl 3u2U AB | 1420 -29.41 -31.63 63 0.45 Bio

hsa hGyg2 AUEG AB' 1067 -23.43 -24.76 38 0.51 Bio

hsa GIcAT-P 1vEaq AB 2049 -21.61 -36.12 72 0.68 Bio

Glucuronyltransferases hsa GlcAT-5 2001 AB 2225 -11.36 -31.08 73 0.57 Bio
hsa GlcAT-1 3CU0 AB 2029 -28.52 -41.11 72 0.87 Bio

mmu C2GnT 2GAK AB 941 -10.03 -14.19 56 0.10 Xtal
M-acetylglucosaminyltransferases | mmu Extl2 10MZ AB 1294 -16.4 -23.06 60 0.73 Bio
hsa GalMT2 | 5FV9 AB 1348 -12.23 -18.01 66 0.66 | Xial

Galactosyltransferases hsa GTE 3U0x AB 2696 -32.01 -48.09 79 1.32 Bio
hsa GTA 3uoY AB 2498 -27.12 -41.35 78 1.27 Bio

Xylosyltransferases mmu XHYLTL | 4WLM AB 1214 -12.7 -19.8 63 0.73 Bio
Sialyltransferases hsa ST8Sialll| 5BO7 AB | 9747 -8.99 -14.62 59 0.33 Xtal
Galactosyltransferases hsa BAGalT? 4IRP AB | 737.8 -12.18 -14.84 54 0.67 Bio
sce Gphl 1YGP AB 3355 -28.04 -44,12 71 0.83 |error

ocu PyeM 2IEG AB 2067 -18.99 -25.52 70 0.51 Bio

Glycogen phosphorylases hsa GPm 3DDS AB 2507 -26.71 -37 75 0.69 Bio
ath PHS52 4BOE AB 25860 -23.45 -34.11 67 0.43 Bio

hsa GPb SIKO AC 1471 -7.446 -15.29 57 0.40 Bio

Glycogen synthases sce Gsy2 3NBO BD 1554 -32.15 -35.26 66 0.87 Bio
Sucrose synthases ath Susl 3528 BC 1284 -18.23 -22.17 62 0.78 Bio
Fucosyltransferases hsa PoFUT2 4AP5 AB 1717 -15.52 -20.71 62 0.15 Xtal
cel PoFUT1 3Z¥35 AR 1297 -12.54 -18.18 62 0.27 Xtal
M-acetylglucosaminyltransferases hsa QGT 4GYW AA" | 2058 -12.14 -18.07 60 0.60 Bio
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Danio rerio

Tetracdon nigroviridis
Ornithorhynchus_anatinus
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Phaecosphaeria nodorum
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Neurospora_ crassa
Kluyveromyces lactis
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Lodderomyces_elongisporus FippfelH . . . .RLPYLV|NQ
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Scheffersomyces_stipitis EpIe]SAGKNRLP Y VVING]

Debaryomyces_hansenii EBRISISKGLN[RLPFLV|SQ
Saccharcmyces cerevisiae IpPIeCHKVSRLPFTVINY
Eremothecium gossypii IpIeICHRGTTLPF LV|NA
Candida glabrata IPpJeMIANYRLPYLVNY
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GlcAT-S P[VKZ T R|N[T| TE[L G GRR Y RL]Y G TIK| KVNINE[PHD TVK[I E V]
Xenopus_(silurana) PIVKATR|NT LIEIL GGRRY RIV|]Y GW T[K KVNLNEPPDTIK|IEV|
Danio rerio AVKATR[NT LIEILGGRRYR|LIY GW T|C KVN|LNEPQDSVF|IEV|
Takifugu_rubripes PIVKATR|H|A| LIEF GGR{SYR|LIY GW T|Q KPHILINEPRDTVV|LE V|
Branchiostoma floridae HIVKATR|QT LIQILGGMRF RIV|Y YW T[K KPKMQEQRSDPR|IEV|
Oryzias_ latipes PIVKATR|NT LIE[F GGLRY SIVIKV[E TIK KPV|ILNE(GGTDPNVET
Meleagris_gallopavo PIVKATR|NT LE[F GGLIRY S[VIKV[E TIK KPV|LINEGGTDPNVETI
Ixodes_scapula.ris HIVEATR|H|T LIRILGGLIVVEK|LIN VW S|Q APKLMEPKNSVADEL
Da.phnia_pulex PILKATR|QT LIE|IL GSVIRF R|L|S GW T[K NP KLDLVMVDWTVE V|
Apis mellifera PIVKATR|QT IKILGGLMVE|INAW TIK PPQLVEKKSNIG|IEV|
Anopheles_ga.mbiae PIVEKA T R|Q|V| TIEILGGLMVEK|LINAWEKD TPK|LIAEKKSNDGME V|
Aedes_aeg'ypti PIVKATR|H|V| TELGGLMVEK|LNAWTE APKLIAEKKSDTGLEV
Drosophila_willistoni PIAKATR|H|L VIE[LGGLMVE|LNAWRID KTK|LISERKSDGGME V|
Drosophila._melanogaster PIAKATR|H|L TELGGLMVR|LINAWTD KTK|LAEKQSDGGME V|
Trichoplax_ad.haerens ATKAIRQT KDILGGLRFGRRVE RE RAHLREATEDDEK|VE V|
Ciona intestinalis WTKATR|QIT LIQILGGLIKF GK|Y AW S(E KPKMHEKKSNSKME V|
Ciona_savignyi WTKATRQT LRLGGLIKE GK|Y AW S[K KPKMQERKSNSEME V|
Caenorhabditis_ remanei ARKATR[Y|T LIK|I GGMF V T|L|N VW T[K KSKLKEKGNELGVEKI
Caenorhabditis_briggsa.e ARKATR[YT LIKIIGGMF VT|LINIW TK KSKLKIGKGNELGVAY)
Caenorhabditis_elegans ARRATR|Y|T LIK|T GGMF V T|L|N VW T[K KPK|LKEKGNSLGVDN
Nematostella vectensis FIVKATQIN|A| S|E|IF GAARWG|VIHNW KK TPR|I|GEKHSDPDIIET
Monosiga._brevicollis S[SHVTR|Y|T LIEF GGL{SYGV|HAWDR LPNLIQEGPDRRPIITT
Drosophila pseudocbscura P[ELATR|YT I|S[LTK TGV S|I|Y GWR|D KNPP|QAKYNTDK|LLV

P92 V93 K95 A96 T99 R100 N103 T104 R106 Q107 R132 D187 N188 T189 Y190 5191 L192 E193 1211 G213 G214 R215 R216 Y217 R219 1221 Y231 G233 W234 T294 K295 V296
W299 H300 T301 R302 T303 E304 K305 V306 N307 L308 N310 E311 P312 H315 D317 T318 V319 K3201321 E322 V323



GlcAT-I L T8 LT PGLGGLRFHTARCTVITRTEPKMKQE LJRG SDP[T|EV]
Monodelphis_domestica L T|S LIT PGLGGLRFHTAWCTVITRTEPKMEKQE L RGSDPI|EV
Anolis_carolinensis L TIMH|T PGLGGLRFYTAWCTVTRTEP KMKQE LIL GSDP|I|E[V
Xenopus_ (Silurana) P T|L L|T PGLGGLRYHTAWCTVRITRTEPKLEKQEILRGSDL|T|IQ[V
Takifugu_ rubripes L T|L H|T PGLGGMEKYHTGWCSVJITRTEPKMEKRE LILGSDPV|E[V
Oryzias_latipes L T|L H|T PGLGGMEKYHTGWCTVITRTEP KMKRE L|L G SDP|L|E[V|
Danjio rerio L T|L H|T PGLGGMEKFHTGWCTVRTRTEPKMKRJE L(MGSDP|V|E[V
Branchiostoma floridae H T|L H|T PGLGGMRFYTYWCTVRTRTEPKMKQELRP SDP|T|E[V
Ixodes_scapularis H TIRL|T PGLGGLVVNAVWCSVITRTEPKLREKKVIRNP SK(G|S(L
Daphnia_pulex P T|L L|T PGLGSVIRFSTGWCTVRTRTEPKLNDGMIV . DWV|EV
Nematostella vectensis L T|L H|T PGIGGLIWHTDWCTVRTQTAPKIKNEILKGSPMEWV|.
Gallus_gallus P T|L H|T PAFGGLRYKTV[FCTIPQITRTEPVLEKEK|. .|. . TDPVE|IL
Ciona_intestinalis W T|L H|T PGLGGLEKFYTAWCSVITRTEP KMKHELKS SN SME[V
Ciona_ savignyi W T|L H|T PGLGGLEKFYTAWCSVRITRTEPKMKQEILKS SN SME[V
Trichoplax adhaerens Al T|Q H|T PGLGGLRFRVV[FCRIGTTTAAHLNREV|TLEDDV|E[V
Anopheles_gambiae P VIR L|T PGLGGLMVNSAWCKVITRTEP KLDAE L(KK SNDME[V
Aedes_aegypti P VIR L|T PGLGGLMVNSAWCTVRTRTEPKLDAELKHSDT|LEV
Drosophila willistoni P LIML|S PGLGGLMVNAAWCRVIITRTETKL|T SEL(KRSDGME[V
Drosophila melanogaster P LML(S PGLGGLMVNAAWCTV|YTRTETKLAAELQRSDGMEV
Apis_mellifera P T|L H|T PGLGGLMVNAAWCTVITRTEPQLNVELKHSNIL|I|EV
Monosiga_brevicollis s TIRQIT RAFGGLSYHVAWLDVYTRTEPNLRQELRPIITI|.|.|.
Caenorhabditis remanei Al T|S HIT PGIGGMFVNAVWCTVWITRTESKLMIE T|F NEAHL|G[V|
Caenorhabditis_briggsae A T|S H|T PGIGGMEFVNSIWCTV|ITRTESKLMV|E T|F NE S H|L|G|V|
Caenorhabditis elegans A T|S H|T PGIGGMFVNAVWCTVTRTEPKLS IDT|FNEAH|L|G[V|
Drosophila pseudoobscura R T|LH|T PGFADY|GVLDSWCSITQTKKKFGPKIKASDH|T|I|L
Vitis_wvinifera Al VIR L|L PAMAQSKNHTNECSINILHLERNLYPRLLDVVLIK|.
Arabidopsis_thaliana Al TIRL|T PAMAQSKNHTNECSIPLHLDLDVYPQALQALIMK|.
Oryza_ sativa P [VIK DA PAIVGTKYHTNQCTVINFELEPQVYPTTILDAVV|IT|.

L87 V88 K90 A91 E92 V94 R95 Q98 T99 S101 L102 T198 Y199 S200 R201 E202 P217 G219 L220 G222 G223 L224 R225 F226 H240 T241 A242 W243 C301 T302 V304 W307 T309
R310T311E312 P314 K315 M316 K317 Q318 E319 L322 R327 G328 S329 D330 P331 1333 E334 V335



C2GnT KCTK[TP|P SSKYDLSDMNFDVSNGAP Y wjQH
Rattus_norvegicus KSTK[TPPS|SKYDLSDMNFDVSNGAP Y WK|H
Oryctolagus_cuniculus KSMQTPSLISKYDLSDMRFDVSKGAP Y WK|H
Bos_taurus KLME[TP|SLISKYDTSDMQFDVSK|GAP Y WV|H
Homo_sapiens KLMETPIPASKYDLSDMQFDVSK|GAP Y WK|H
Sus_scrofa MLEKE[TP|SLISKYDMSDMHF|DV SKGAP Y W T|H]
Canis_lupus KSMETP|SLISKYDMSDMHFEDV SK|GAP Y WKH|
Equus_caballus KSME[TP|SLISKYDMSDMHFE|DISK|GAP Y WMH|
Ornithorhynchus_anatinus KSRE[TP|SS5|SKYDVSDMHF|DVS|KGAP Y WKH
Anolis_carolinensis KAKN[TP|SASKYDVEDMNFE|DVSK|GAP Y WEK|H|
Taeniopygia_guttata KAKS[TP|SS|SKYDVSDMNEDVSKGAP Y WN|H
Meleagris_gallopaveo KAKN[TP|SSINKYDVSDMNFEDVSKGAP Y WN|H
Monodelphis domestica KTME[SP|SS|SKYDISDMQLDIFKGAPYWQP
Xenopus_ {Silurana) MGKE|TPPANKYDVSDMNLDVAK|GAP YF|K[H
Tetraodon nigroviridis MLRN|LPRP[NKFDMTDLNHDGS|PDAVY WQ|H
Danio_rerio SHNN[TPSPINKYEQSDMNHDLN|SGAP Y WQ|H
Ciona_intestinalis SNYD[IPIPPHKYDQNELIQL|. . .|.|. LV YWQ[H
Branchiostoma_floridae QVGN[VPSK|. « - . . . PWSE|. . .|.|. KQYW|C|H|
Trichoplax adhaerens YSHGIRDNTRNKRYNMKSEE .|[.|. . . . .|. .
Nematostella vectensis ATNNIPV .. ... .... . ... .|GDPPF S|Q|5]

K232 C235T237 K279 T280 P330 P337 S338 S339 K341 Y342 D343 L344 S345 D346 M347 N348 F359 D362 V363 5364 N365 G366 A367 P368 Y369 W390 Q394 H395



Extl2 gF|s[TlolF] cDQYPFKP[SNIMIISQFGFE YRINHK
Rattus_norvegicus QF|S|I|QF GDQYSFEFKPISNIIMIISQFEGE Y|ANHK
Homo_sapiens P|F|s[VQ|F GDQY TFK[P|S N|TMI|SQF GF Y|aN[¥[k
Bos_taurus olF|s[vig|F GDHY TFK[P|S N|IM|I|S QF GF Y|aN|H[K
Sus_scrofa QlF|s[vig|F GDHY TFK[P|S N|I MI|SQF GF Y|aN|H[K
Equus_caballus olF|s[vig|F GDQY TFK[P|S N|TMI|S QF GF Y|aN|H[K
Monodelphis_domestica H|F|s[VQ|F GDQY TFK[P|S N|TIMI|SQF GF Y|aN|H[K
Ornithorhynchus anatinus HF|S[V|Q[F GDQY TF|K[P|S N|IIM|I|SQF GF Y|A|N|H|K
Anclis carclinensis Y|E|S|I|QF GDQYPFKP|ISNIMISQFGF Y|AN|HK
Meleagris_gallopavo H|F|S[V|QIF GDQYPF|K|IP|ISN|IM|I|SQF GF Y|AN[HK
Taenicpygia guttata HF|S[V|QIF GDQYPFKP|ISN[IMISQFGEFE YAN|HK
Xenopus_ {(Silurana) Y|E|S[V|QIF GDMYAL|K[P|S S|IM[I|SQF GF Y|A|N|H|K
Danio rerio P|F|S[VIQ[F GDRYPFKPISNIIMIITQLGE Y|ANHK
Tetraocdon nigroviridis P(F|3[V|QF GD....l.|.SNLMVSQFGF Y|a|N|HM
Nematostella_vectensis D[F|EAIEF NDV .. ofofefe ofe o] oo v o 1]
Ixodes_sca.pularis DIF|EVIE|IF NDV . .AKVIEFRLFEKDNF K|LKRF
Branchiostoma floridae D|F|E[V|E|F NDV. .AKVIVEHR|LYKDNF K|L|K|[R[F
Apis_mellifera DIF|E(I|E|E NSI..AKVVEFRLFKDIFKLKRF
Drosophila melanogaster D|F|E[V|E|F NQTI..PKVVEFRLFRDNFK|LKR[Y
Aedes_aeg’ypti DIF|EVIE|IF NQT..PEKVVEFRLFKDNF K|L|KR|F
Anopheles_ga.mhiae DF|EVIE[Y NQT..PEKVVEFR|LFKDNF K|L|KR|F
Caenorhabditis_remanei Q|L|R[V|E[N CQOM. . PK[TKNVT|S|AYDC S FMG|I|T
Caenorhabditis_elegans QILIR[VIEMN CQOM . . P|K[T|S Q|F R|L|F K T R L N[H|Q[K|C
Caenorhabditis_briggsae QIL|IR[V|E[N CQOM . . PK|T|ISQFR|LIFKTRLNHQEK|C
Trichoplax_adhaerens D|F|R[V|E[S CQL . .PK[V|S QF RILI¥Y R TRV G|E|Q[K|C
Cicna_intestinalis D|F|R[VIE[S CEL . .PEKV|TQFRLFKTRL DK|QIK|C
Vitis_wvinifera S|F|N[V|S|A TGTYP.|.|.TSMEKRAVDSRSFW.|-

Populus_trichocarpa S|F|K[V|SA TGTYP.|.|.TTIVKAVDSRIFW.|.

Brabidopsis_thaliana H|F'|N[V|SIA SGTYP.|.|.TSMKIA[VDSRNE[W|.|.|-
Monosiga_brevicollis QMRV|G|H]| CHPQPLD|S|T T|L TILN TARLF|GC[VIR

Q159 F163 5166 1167 Q170 F171 P180 R181 F196 N205 G206 D207 Q208 Y209 P260 F264 K266 P267 S312 N313 1314 M315 1316 S317 Q318 F319 G320 F321 Y323 A324 N325
H326 K327



GalNT2

Danio_reric

Tetraodon nigroviridis
Xenopus_ {Silurana)
Branchiostoma_floridae
Ixcdes_scapularis
Apis_mellifera
Drosophila willistoni
Drosophila_melanogaster
Aedes_aegypti
Anopheles_gambiae
Nematostella_vectensis
Daphnia_pulex
Trichoplax adhaerens
Pongo_abelii
Caenorhabditis_briggsae
Caenorhabditis_ elegans
Monosiga_brevicollis
Caenorhabditis_remanei
Ciona_intestinalis
Cryptosporidium parvum
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GTB EFMVSLPRV?PﬁKﬁTPCEKDVLVVTPLIVWIFNILQ PLLY|GSSRFPD QERLR[H \Y%
Oryctolaqus_cuniculus .. .AVSCRML[Y|P|QPKV TP SRISDVLVLTPLII VW TF S T 1jojdP LiL ¥ SADRF P|D AER[LY[H v
Rattus_norvegicus QKVVSVPERMalY|PloP|NVLTP IRNDV LVIF TPYLidI I W TFNILQldaLLYRSRRE BD V E H[LY[H I
Mus_musculus .. ..AVTRNBAY[LoPRVLKE TRKDVLVIL TPLIAT IW TEF N T 1/Qjd T F|L Y|S S SRF PD LEH[LY[H I
Bos_taurus CRIPEVPR|LLY[PKAQL LK P LRVDVLVMTPYFidvVvw TFD L LjojdP LIL Y AADRF PD PER[LS[H L
Xenopus_ {(Silurana) LTEVKLERML|Y|P|KP|E[T LK P P[R|T|D V LIT|T TPl I vWw T Y NV LiQldD VL ¥|GAGRF BD EEK[LY[H I
Pongo_abelii KP LQP VVH|s|Qly|PloP|K|L L/E HR[E|T|Q L LIT|L TPIYLig I VS TENLL|I|9D L|I Y|/AVE[HF 2|3 ARE|I|SN X
Taeniopygia guttata KLIQLFPQLF|Y|QoP|RVLAPK[R[QD VLTV TPIYLidI Iw TFD I 1/allD T|T FDVP[RF B|G RKE[LSH E
Meleagris_gallopave KPVQLFPQLF|Y|QoP|RVLAPKR[QD VLTV TR I IW TF s T LjVidD IMENV PR F B|G KKE[LSH E
Gallus_gallus KPVQLF P QILF|¥|QoP|R[V LA P R[R[QID V LT[V TPYLig I v TF s I LjAlD MI FNV P[RF B|G KKE[LT[H E
Danio_rerio RSLKTSPGEFQYKoP|sILLa . cRaDVVSLsPILid I 1w TFNL I|IjdN 1T FD Y PR F B|G EER[LYN Q
Sus_scrofa DNRGE LP L{VDWFNE|E|. . K[RPEVVT|I TRIYKIIV VW T YNV LYo s|L YK AHP F PG TQN[LILN D
Tetraodon_nigroviridis KsSGADFGGAF[EPTR.|. .|. . sRlepbvoTcTPKIdI IWMEFDLY|T|HE SLYRLPKYE.|. RWA[LLH D

E61 F62 M63 V64 S65 L66 P67 R68 M69 V70 Y71 P72 Q73 P74 K75 V76 L77 T78 P79 C80 R81 K82 D83 V84 L85 V86 V87 T88 P89 W90 L91 P93 194 V95 W96 T99 F100 N101
1104 L105 Q108 E223 P227 L228 L232 Y237 G238 S239 S240 R241 F244 P257 D259 E260 G261 D262 F263 Q275 E276 R279 L311 R312 H313 K314 T316 K317 V335



GTA EFMVSLP RMV[Y| KVLPICKDVLVVITPRILIFTI VR TFNIL GS5S5REPD R{H}SEIV
Oryctelagus_cuniculus ...... CRMIL|Y KVLPISSDVLVLTPRLIJIVHRTEFSIL SADRFPD Y[HESKIV
Rattus_norvegicus VLVVSVPRMA|Y NVLPIINDVLVIFTPLIFIIWTIFNIL RSRRFEPD Y(HISK|T
Mus_musculus . VLVAVTRNA|Y RVLPITKDVLVLTPRILIFTIIWTFNIL SS5S5RFPD Y(HPSK|T
Bos_taurus LGFPEVPRLL|Y QLLP[LVDVLVMTPFIFVVWTFDLL AADRFP|D SIHK[L
Xenopus_ (Silurana) CGVVKLERML|Y ETLPIPTDVLTIITPRLIFIVWTYNVL GAGREFEPD Y(HISK|T
Pongo_abelii .« . - QBEVVHW|S|Q[Y KLLHRTQLLTILTPRILIFIVSTEFNLL AVPHFAS SNPYK[X
Taeniopygia guttata SGKQLFPQLF[Y RVLPKQDVLTIVTIPRILIFIIWTFDIL DVPRFP|G S|HIYK[E
Meleagris_gallopavo NWEKQLFPQ|LF[Y RVLPKODVLTIVTIPRILIFTIIWTFSIL NVPRF PG S|HISK[E
Gallus_gallus NWEKQLFPQ|LE[Y RVLPKQDVLIVIPRILIFIVWTEFSIL NVPREF PG THISE[E
Danio_rerio LSGKTSPGF|Q|Y SLLG.ADVVSLSPYLIIIWTFNLI DYPIRFP|G YNpESEIQ
Sus_scrofa FWIGELPL{V|D[W El. . .JKPEVVTIITREQKIFVVHTYNVL KAHPFP|G LNESK|D
Tetraodon_ nigroviridis ...... GGAF|E . SGDVQTICTPPNIKIFIIWMEDLY RLPKYE. L{HM4R|D

E61 F62 M63 V64 S65 L66 P67 R68 M69 V70 Y71 P72 Q73 P74 K75 V76 L77 P79 C80 K82 D83 V84 L85 V86 V87 T88 P89 W90 L91 P93 194 V95 W96 T99 F100 N101 1104 L105 Q108
E2231232Y237 G238 S239 S240 R241 F244 P257 D259 E260 G261 D262 F263 L311 R312 H313 K314 K317 V335



XXYLT1 DINfEL P ¢ REaRloREPL|s £ W Q[EH E[L]
Equus_caballus DNI3lL P G RIE|A[R|IOF]P|1L/S RQQ[EH EL
Xenopus_ (Silurana) D|NIIM HM K|E|AR|IOEIR[1L|N E A Q[F|H E[L,
Meleagris_gallopavo DNIJI0 E G R|E|ARREK[LN QMK|E(H E[L|
Taeniopygia guttata DNIIP E G K|EAR[QEK[LN QMK|E(H KT
Monodelphis_domestica D|RIYP P GR|E ARIOEIA[LRR A R[EHE[L
Anclis_carclinensis D|RIFP E GRP|AIRIAEIGILIN GP A[EH G|L
Danio_rerio N/HJYWP S D R|D|S|RIRE]T[VIN Q RR|E|H E[L
Trichoplax adhaerens H|E}30Q P N RERRKFK[LG QL N|[E[Y DM|
Branchiostoma_ floridae D|HJ3E S D K|D|K|R|GSR[LIN S vV A|R[Y Q[L
Nematostella vectensis K KIJE 5 S ME|N[RIRISJK[T|N Q A D|E|H D|L
Droscphila melanogaster DNIQL P H SNRIRNEJK[S|L E E T|E[Y N|T|
Drosophila_pseudocbscura |D|HigLP HSNRRNEK[S|LEE T|E|Y N|L,
Drosophila_willistoni DNI3IL P H S[NRIREE]K|T|V E E R|E[Y N|L|
Anopheles_gambiae D|QI3AP D SDRIRRER|I|E E T N|E|F G|L|
Aedes_aegypti N R3S SD LIDRRQE]R[LE E S N|E|F G|L
Daphnia_pulex E|Y)3D D @ LD KRIoEV|I|Q = s N[E|Y Q|1
Ixodes scapularis ALIYP E T RHRALEISIARNG Y|E|RE[L|

D242 N243 F244 1245 P246 G247 R275 E297 A298 R300 Q301 S302 P303 L304 S306 H307 W313 Q316 E339 H340 E342 L343



ST8Sia-IIT
Anolis_carolinensis
Xenopus_ (Silurana)
Takifugu_rubripes
Gasterosteus aculeatus
Danio_rerio
Oryzias_latipes
Tetraodon nigroviridis
Branchiostoma_ floridae
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Monodelphis domestica
Taeniopygia guttata
Anolis carolinensis
Xenopus_ (Silurana)
Takifugu rubripes
Tetracdon nigroviridis
Danic rerio
Nematostella vectensis
Branchiostoma_floridae
Aedes_aegypti
Droscphila melanogaster
Droscphila pseudoobscura
Droscphila willistoni
Daphnia_pulex
Ixodes_scapularis
Caenorhabditis_ remanei
Caenorhabditis_elegans
Caencrhabditis briggsae
Ciona_savignyi
Trichoplax_adhaerens
Monosiga brevicollis
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Candida glabrata
Kluyveromyces_lactis
Eremothecium gossypii
Candida albicans
Loddercmyces_ elongisporus
Scheffersomyces_stipitis
Debarycmyces_ hansenii
Yarrowia_ lipolytica
Neurospora crassa
Aspergillus_fumigatus
Cryptococcus_neoformans
Laccaria bicolor
Dictyostelium discoideum
Populus_trichocarpa
Vitis vinifera
Ostreococcus_’lucimarinus’
Cryptosporidium parvum
Oryza_sativa

Sorghum bicolor
Arabidopsis_thaliana
Ornithorhynchus anatinus
Homc_sapiens
Gallus_gallus

Xencpus_ (Silurana)
Anolis_carclinensis
Meleagris_gallopavo
Danio rerio
Rattus_norvegicus
Ciona_intestinalis
Anopheles_gambiae
Aedes_aegypti
Drosophila melanogaster
Ixodes_scapularis
Branchiostoma_floridae
Caenorhabditis_elegans
Nematostella vectensis
Trichoplax adhaerens
Moncsiga brevicollis
Giardia_intestinalis
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PygM KHF[TLVKDNVTIRDF[RD VW I[gE [E]e[]D R[Y] E MK VLRNENR]
Danio rerio THETLVEDNVIRDFRDV|GWIQE E(E|A{D R[Y] E L K| V|L RN E N|R|
Gallus_gallus KHFETLVKDNVTRDF[RD V|GW I|QE E(E|AD R[Y] EMEK| V|L RN E N|R|
Meleagris gallopavo .. ... .HGGALGEK|GS LNPR|IQE E(E[AD R]Y] EMEK| V|L R[N E NR]
Anolis_ carolinensis S O PR 0 0 I 4 E|E[AID R[Y] EME| V|LR|N E NR]
Ornithorhynchus_anatinus e . . MN|S|A|lGE E|E|AID R|H] ELR V|L RN E N|R]
Xenopus_(silurana) KHFTLVKDNVTRDF[RD V|GW I|QE E(E|AD R[H EMR| V|L RN E N|R|
Ixodes_ scapularis KHYTLVEDNVTRDF[KDV|GWI|QE K|E[P|D R[Y] EMEK| V|L RN E N|R|
Drosophila melancgaster KHYTLVEDNVIRDF[KDV|GWIQE E(E[P[D R[Y] EMEK| V|L RN E N|R|
Aedes_aegypti RHYTLVKDNVTRDF[KDV|SWI|IQE E(E[P[D R[Y] B MK| V|L RN E N|R|
Anopheles_gambiae KHYTLVEDNVTRDF[KDV|SWI|QE E(E[P[D R[Y] EMEK| V|L RN E N|R|
Ciona_intestinalis KHYTLVEDNVIRDFRDV|GWIQE E(E|A{D R[Y] EMEK| V|C RN E N|R]
Branchiostoma_floridae KHFETLVKDNVTRDF[RD V|GW I|QD E(E[P[D QY] EMEK| V|C R[N E N|R]
Caenorhabditis_elegans KHFISITIKDNVTRDFRDV|SWIIQE E(E[P|D R|F B MK| VIMR(N E N|R|
Nematostella vectensis EHYISLVKDNVTQDF[KDVIGW I|QE E|H|P|E R|F E MK| VIC R[N E N|R]
Trichoplax adhaerens KHYTELKDNNTRDF[RE A[SWI|QE E(E[P[D R[Y] EMEK| V|C R[N E N|R]
Moncsiga_brevicollis DHC|ITLAKDSVTRDLRDMSWHRE E(L[{P[D K|F| E VR V|L R[N E R[M|
Arabidopsis_thaliana GKY|SPHF|SLKGEQY|RD I|QWNVIR E|I|P|D E[K] DLK| AQH|SQQ|T
Sorghum_bicolor GQYNPHF|SLAGEQY|RD I|QWNLR E|F|A|D DIK] DLEK| A|Q H|A Q QA
Oryza_sativa GQY|SPHF|SLAGEQY|RD V|QWNLR E|I|aD E[K] DLEK| A|Q H|A QQ|A
Cryptosporidium parvum REYTLARTFNDNARRD I|ELNET E[H|P[Y V(O DV T VICRIQE Y|S
Debaryomyces_hansenii EEIITLARNYNDLGQRDL{IWA|QQ E|Q|P|Y E|Y]| E VK| VIAQIOE 8|S
Scheffersomyces_stipitis EETTLARNYNDLAQRDLII|WAQQ E|T[P|Y K[Y] E VK| VIGQ|QE S|S
Lodderomyces_elongisporus EETNLGRSYNDLAQRD I|IWAQQ E(T[P[Y K[Y] E VK| V|A QIO E S|A|
Candida albicans EET|SLGRSYNDLAQRDV|I[WAQD E|T[P|Y N|Yi E VK| VIAQIOE S|S
Eremothecium_ gossypii GET|TLARSYNDFAQRD V|I[WNQQ E|T[P[Y N|F E VK| VA Q|0 E S|A
Kluyveromyces_lactis SET|ITLARSYNDLAQRD V|I[WN|QQ E|T|P[Y N|F EVR| V|E Q|Q E S|A|
Candida_glabrata DET|TLGRSYNDLAE[RD I|I[WN|QQ E|T[P|Y N|F EVR| V|G Q|0 E S|a
Saccharomyces cerevisiae DETITLARSYNDMAERDV|IWN|QE E|T|P|Y N|S E VR| VA Q|Q E S|A]
Yarrowia_lipolytica QET|SLARSYNDLAQRD VIVWN|QE ElQ[P[Y T|Yi EVEK| V|S Q|Q E T|A
Neurospora crassa TETITLARSYNDQASRD I|LWNQR E[V|P[Y D|F| D VK| V|A QIO E T(A
Aspergillus_fumigatus KETTLARSYNDLASRD I|IWN|QR E[(I[P|Y D|F D VK| VIA QIO E T(A]
Cryptococcus_neoformans NNT[SLGRQYNDVAQ|RD L|ID/WNAN E|A|P|P DIR] D VK| V|A S|S EN|R]
Laccaria_ bicolor RQTISLARQYNDF GQRD L{VWNMK E(APP E[N D VK| VIE S[IND A|S
Dictyostelium discoideum KEYTLARTYNDF S QRD IEWN|QN E(VIP[Y VIA] D I K| VIEKIQEN|S
Ostreococcus_’lucimarinus’ EEYTMARNYQDFEN|RD I|EWN|QQ E|H[P|Y NI|F] Y VK| ILKQET|S
Populus_trichocarpa KEYTVARSFSDFEQRD I|EWHLQ E(Q[P[Y NIF H VK| VIVRIQE T|S
Vitis wvinifera KEY|TVARSFSDFEQRD I|EWH|QQ E|Q[P|Y N|F H VK| VIVR|QE T|C

DWRIQIS ElFEly TIH 1] F

Giardia intestinalis SKYHLGRDTTDFGQRNI DTIQ) RRMEN|
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Populus_trichocarpa EY[TVARSFSDFERDT
Vitis_vwvinifera EY[TVARSFSDFERDI
Giardia intestinalis KYHLGRDTTDFGRNTI
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CPm HF|[T LVEKDNV T RDRD V|cWI[QE [ E|E[R] [ElF MLL]AN[D D ¥]I[V]L RN E N|R
Moncdelphis_domestica HFTLVEDNVTRD[RD V| T|IQE V E(E|A| E|FML|ILIAND D Y|I|V|L R[N E N|R|
Ornithorhynchus_anatinus B e I AlGE V E|E|A| E|F M L|LAND D Y|I|V|L RN E N|R|
Gallus_gallus HFITLVEKDNVTRDRDYV| T|IQE V E(E|A| EYML|LIAND D Y|I|V|L R[N E N|R|
Xencpus_(Silurana) HFTLVEDNVTRD[RD V| T|IQE V E(E|A| EFMLIMANDD Y[I|V|L R[N E N[R|
Danio rerio HFITLVEKDNVTRD[RD V| TIQE T E(E|A| EYMLMANDD Y[I|V|L RN E NR|
Meleagris_ gallopavo «.|- . -GGALGEEK|GSL RIOE VE|EA) EYMLMANDD Y[I[V|LRNE NR
Ancolis_ carolinensis B O . R I I I - V E|E[& E|YML[MANDD Y|I|V|L RN E NR|
Ciona_intestinalis HYITLVEDNVTRD[RD V]| T|IQE V E(E|A| E[YMFE[M SN|SDY[IVICRNENR|
Branchiostoma_ floridae HFITLVEKIDNVTRDRD V| T|QID T E|E|P| EF TYMAKNE Y[IVICR[NE NR|
Anopheles_gambiae HYTLVEKDNVTRD[KDYV| T|IQE V E(E|P E(YMFE[MS IDDY|I|VILR[NENR|
Aedes_aegypti HYITLVEIDNVTRD[KD V| T|IQE I E(E|P EYMFEMS IDDY|IVILRNENR]
Drosophila_melanogaster HYITLVEIDNVTRD[KD V| TIQE V E(E|P EFMFMS IDDY|IVILRNENR|
Ixodes_scapularis HYITLVEKIDNVTRD[KD V| TIQE A K|E|P EYMFMSVNDY|IVILRNE NR|
Nematostella vectensis HYISLVEKDNVTQDEKDV| T|IQE 'V E(H|P E(Y LYMAKDD Y|I|VICR[NE NR|
Caenorhabditis_elegans HFISIIKDNVTRDRD V| TIQE T E(E|P E|YMFMANHD Y[V|VIMR[N E NR|
Trichopla.x_adhaerens HYITELKIDNNTRDRE 2| TIQE T E(E|P E|Y I MM S KD D Y[V[VIC R[N E NR|
Monosiga_brevicollis HCITLAKDSVTRDRDM HR|E E E|L|P| E(Y I L{V|SN(S NY|I|V|LR[NE RM|
Arabidopsis_thaliana EFTPLFSEKEPKRDI NE|K E E|A|A DV SV|V|A S[D KH|T|A|E LF E K[F
Sorghum_bicolor QYNPHF|SLAGEQRD I|QWNLR E E|F[a DIV VK|LAAID Q Y|E|a[Q H|A Q Q|A
Oryza_sativa QY|SPHF|SLAGE QRD V|QWNLR E E|I[a D|T VN|L/2 2D 0 Y|E|a[Q HIA © QA
Cryptosporidium_parvum EYTLARTFNDNARDTI NIE|T F E|H|P| DV T Q|V|P RIE KY[V[VICR|Q E Y|S
Debaryomyces_hansenii EITLARNYNDLGRD I|I[WalQQ V E|QIP E|I Q LIV[P N|E D Y|Q[V|AQ|QE S|
Scheffersomyces_stipitis ET|TLARNYNDLARDIL|I[WAaQQ I E|T|P E|I Q LIV[P E[ED Y|Q[V[GQ|QE 5|8
Loddercmyces elongisporus ETINLGR/SYNDLARDTI AlQ|Q I E[T[P E(I Q L{V|P N[E D Y|Q[VIAQIQ E S|A|
Candida_albicans ET|SLGR/SYNDLARD V|I[WAQ[Q IE(T|P E|I QLIV[P T|ED Y|Q[V|AQ|QE S|S
Eremothecium gossypii ET|TLARSYNDFARD V|I[WN[Q[Q V E|T|P E|I Q LIV|P T|E D Y|S[VIAQ|Q E S|A]
Kluyveromyces_lactis ETITLARSYNDLARDYV| NQ|Q V E(T|P E|I Q I[V|P T[E D Y|K|V|E Q|Q E S|A|
Candida_ glabrata ET|TLGR/SYNDLARD I|I[WNQ[Q V E|T|P E|V Q L[V|P T|E D Y|K[V|G Q|Q E S|A|
Saccharomyces_cerevisiae ETITLARSYNDMARD V| N|Q|E V E(T|P E(V Q L|V|P T|E D Y|K[VIA Q[C E S{A]
Yarrowia_ lipolytica ET|SLARSYNDLARD V|V[WN|QE V E|Q[P E|T S RIVIP Q|E D Y|I[v|S Q|Q E T|A|
Neurospora_crassa ETITLARSYNDQARDTI NIQIR V E(V|P DIV T K[V|AS(E D Y|E[VIAQ|Q E T|A|
Aspergillus_fumigatus ETTLARSYNDLARDI NIQIR V E(I|P D|I T Q|V|A S|E D Y|E[VIA Q[ E T|A|
Cryptococcus_neoformans NTISLGRQYNDVARDI, N|AN L E[AP DIV T L|V|P QIGN Y|E[VIA S(S E N[R|
Laccaria bicolor QTISLARQYNDFGRDIL NMEK L E|A|P DVTL[V|P RIGN Y|E|V|E S[ND A|S
Dictyostelium_discoideum EY[TLARTYNDF SRD I NQIN T E[V|P| DV Q Q|I|P K[E N Y|L|V|E K[Q EN|S
Ostreococcus_’'lucimarinus’ EY[TMARNYQDFERDTI N|Q[Q HE|H|P Y|I S S[VIPR[EDY|V|IT[LKIQE T|S
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PHS2 AP EN Y[HK Y[5 PH[F|s P LR D I|QWN EDEKF I VEJHD] A 2AFLIF[FNEGHMERQHSQQT
Populus_trichocarpa APLNY[HQF|SPHF|ISPFRDI N EDEKF I Vi{H]D A SDF LIF|F NDIGPE|S|Q H|S Q O A
Vitis_vwvinifera APLNYH[QY|SP|HF|ISPFRD I N E|D EKFV V{H|D| AAEF LF[F NDGMEAQH|S QQA
Oryza sativa APANF[HQY|SPHF|SP LRDV N EDEKF I Vp3{H|D AAEF LF|FND|GMMEAQHAQ QA
Sorghum_bicolor APSNY[HQYNPHFSPLRDTI N E(DDKF I PpdHD AAEF LF|FND|GMMEAIQHAQ QA
Ostreococcus_’ lucimarinus’ .. ... de - o] - SREV] N DIDE VGV ARIPID PAV|F LAF NAISPEMG TN S M A
Monosiga_brevicollis .. .LRHHC|TLAKDVSRDM H DD KF GV PPPIE S .NFLSIFNHGMIVILRNERM
Trichopla.x_ad.haerens EPQSR[HHY|TE[LKDRNRE 2 I DIDRY GKPP{PIE S . K[F L|S|F NAIGR{VIVICRINE N|R|
Caenorhahditis_elegans GAQARHHF|SI|IKIDRNRD V| I DIDRF GKAPAEE 2 . N|F LIK|F ND|Gp{VVIMR|N E N|R|
Nematostella vectensis RPVAR[HHY|S L{VIK[DRNKD V| I DIERF GKAPAPIE A . K[F'L|S|F N|D|Gp{ I|V|ICRIN E N|R|
Branchiostoma floridae GAQSR|HHF|T LIVKDRNRD V| I DIDQY GK Sp4P|E A . K[IF LIK|F NDIGP{I|VICRINE N|R|
Ciona_ intestinalis GASSRHHY|TLIVKDRNRD V| I DIDRY GKAPAEE S.NFLGFNTIGMIVICRNEN|R
Xenopus_(silurana) GVGGRHHFT L{VKIDRNRD V| I DID RHGK APP|E| A . NF LR[FNV|GMIVILRNENR
Gallus_gallus GVGGRHHF|T LIVKDRNRD V| I DD RHGKAPAPE A . NFLRFNVIGMIVILRNENR]
Ornithorhynchus_anatinus  ..... ) [ R S R Y P A i DIDRHGKARIP[E A . N|F LR[F N|VIGR4 I[VILRNE N|R|
Sus_scrofa GVGGRHHFT L{VKIDRNRD V| I DID RHGK APP|E| A . NF LR[FNV|GMIVILRNENR
Callithrix_jacchus GVGGRHHF|T LIVKDRNRD V| I DD RHGK SpdP|E A . NFLRFNVIGMIVILRNENR]
Meleagris_gallopavo GYKISNGGALIGEKPG|. . .|. DIDRY GKAPIPE A . NFLQIFNVIGMIVLRNENR|
Anolis_ carolinensis = ..... 1S [ PR R ) R DR IR R I DIDRY GK AAP|E| A . NF LE[F NVIGMIVILRNENR
Danio rerio GAGNR[HHF|T L{VKIDRNRD V| I DIDRY GK ARP|E| A . CFLEK[F NVIGMIVILRNENR
Homo_sapiens GAGNRJHHF|T LIV[K]DRNRD V| I DIDRY GKAPAPIE A . NF LEK[FNVIGMIVLRNENR]
Ixodes_scapularis GAQARHHY|T LIVKIDRNKD V| I DIDRY GKAPAEE S .VFLRFNNGMIVILRNEN|R
Drosophila_melanogaster GAENR[HHYT LVKDRN[K D V| I DIDRY GK ARP|E| S . IF LK[F NDIGMI|V|ILRINE NR
Aedes_aegypti GSVGRHHY|T LIVKDRNKD V| I DIDRY GKAPAPIE S . IFLEKFNDGMIVILRNENR
Anopheles_ga.mbiae GAQDRJHHY|T LIVIKDRNKD V| I DIDRY GKAPAPIE S . IFLEKFNDGMIVILRNENR
Cryptosporidium_parvum EYLSNHEY|TLARTRFRDTI N DY VQS T ERBIQID P . RFFNFNEGMVVICRQOEY|S
Dictyostelium_discoideum TFLDDHEYTLARTKYRDT N DY VAGTIEP{LD P . KFLDFNGGMLVIEKQENS
Debaryomyces_hansenii KFDEKHE I|T LIARNMYRD L Al DIYEY T INP4SIE P . NF FNF NAIGMMQVIAQQES|S
Scheffersomyces_stipitis KLDSK[HET|T LIARNMYRD I A DY KY S I Mp4S|E P . EFFTFNAIGMCVIGQQOES|S
Loddermyces_elongisporus DLEERHETNLIGR/SMYRD I A D(Y K'Y T LDp4H|E P . NFFTFNAGMCVIAQQE S|A]
Candida_ albicans KLDEKH|E T|S LIGIRISMY[RD V] A DIY NY S I DpS{N|E| P . I|F FSIFNAIGMQVIAQDE 5|8
Eremothecium_gossypii .. KKQHET|T LIARSLYRD V| N DY NFRIEPSIE P . TFFS[FNSIGPSVIAQIQE S|A]
Kluyveromyces_lactis .. KKQHET|TLARSLYRD V| N DIYNFATERBISIE P . TIF FA[F N S|IGMKVIEQQE S|A]
Candida_glabrata .. KRDHETTLIGRISLYRDI N DY NF G I Ep{N|E| P . T|F FAF NNIGREK[VIGQD E S| A
Saccharomyces_cerevisiae .. KRDHET|T LIARSLYRD V| N D(Y N SGIEPRINE P . TIF FA[F NN|GPMKVIAQIQE S|A]
Yarrowia lipolytica .. EERHET|ISLARSLYRD V| N DY TYG I PpNIE P . QFFA[FNAIGMIVISQQET|A]
Neurospora crassa .. GERHETTLARSMYRDTI N D D A S GFFIQIFNSIGMEVIAQIOE T|A|
Aspergillus_fumigatus . .GERHET|TLARSLYRDI N D D A S GFF|QF NAIGMEVIAQIQE T|A
Cryptococcus_neoformans MIDTR[HNTIS LIGRQVYRDIL N DIFEDRE I Ap4LD P . QF LN[F NA|GP{E[V|A S|S E N|R]
Laccaria bicolor .. SSNHQTSLARQP YRD I N DIF ENQLPP4LD P . RF LN[F NA|IGMEV|E SIND A[S
Giardia_ intestinalis QP SNS|FI[KYHL|GRD S TRN I|DWR| DY THGIEBILDKEIGA . ClFLAH S|S|GE{Y|IRRMEN|F

A20 P22 E23 N33 Y36 H37 K39 Y40 S41 P42 HA43 F44 S45 P46 LA7 R63 D64 167 Q68 W70 N71Y74 V75 H166 L168 F169 E1801181 P182 E183 D184 E187 K188 F189 1194 V195
R196 H197 D198 V199 R246 K251 A252 A254 E255 L257 L259 F260 F262 N263 E264 G265 Y267 E268 A271 Q272 H274 5275 Q278 Q279 7282 V283 Y285 P286 G287 A289
T290 N292 G293 L296 A618 T619



GPb RHF([T L VKD N VD[RD V|g[W I[Q FlaD R[Y] [E]Y MN[DFE I [V]L RIN/LN]
Monodelphis_domestica RHFTLVEKDNVDIRD V|GW IQFJADR|Y EYMNDR4I[V|L R[NLN|
Equus_caba.llus v e s|ls « . JDVICILVRGRCLF|JADR|Y| EYMNDR4T[V|L R[N LN
Gallus_gallus RHFTLVEKDNVDIRD VIGWIQFADR|Y E Y MNDp4I[V|L R[N|LN|
Meleagris_gallopavo ...|- -SGGALGEKG|SPRQFADR[Y E[Y MN[DRI|V|L R[N|LN|
Anolis carolinensis e afe e e afe e e a]e s o.|-]«]|- FIADR|Y] E|Y MN[DR T [V|L RN|L{N|
Xenopus_ (Silurana) RHFTLVEDNVDRDV|GW IQFJADR|Y EFMNERT[V|L R[N LN
Danio rerio RHFTLVEKDNVDIRD VIGWIQFADR|Y E Y MNDp4I[V|L R[N|LN|
Bos_taurus RHFTLVEKDNVDIRD V|GW IQFJADR|Y EF TNDp4I[V|IL R[N LN
Ornithorhynchus_ anatinus ve e e e o]e e o d]e . .[NIS|A|G Y|ADRH E\F MNDp4 I |[V|L R[N|LN
Sus_scrofa RHF|TLVEKDNVD|RD V|IGW I|QYADRH EFMNDp4I[V|IL R[NLN|
Ciona_intestinalis RHYTLVEDNVDIRD V|GW I|QYJADR|Y EY MN|SR4IV|C RN|LIN
Branchiostoma floridae RHFTLVEKDNVDIRD V|GW| IQY/PDQ|Y EF T K[Np4IV|IC RN|LN
Anopheles_gambiae RHYTLVEDNVDIKDV|SW|I|QY/PDR|Y EYMIDp4TV|IL RNLMN
Aedes_aegypti RHYTLVEKDNVDI|KD V|S[WIQYPDR|Y EYMIDp4IV|ILR[NLN
Drosophila melanogaster RHYTLVEKDNVD[KD V|G[WI|QYPDR[Y EFMIDIV|LRNLMN
Ixodes_scapularis RHYTLVEDNVDIKDV|GW IQYPDR|Y EYMVNR4T[V|L R[N LN
Nematostella_ vectensis RHYSLVEDNVDKDVIGWI|QYPERF E|Y L K[DRY I[V|C RIN|A[MN
Caenorhabditis elegans RHFSIIKDNVDIRDV|SWIQYPDR|F E|Y M N|Hp4V[VM R[N LN
Trichopla.x_a.dhaerens RHYTELEXKDNNDRE A|S|W|I|Q Y|P DR|Y E|Y I K|IDpqVIV|C RN|L|N
Monosiga brevicollis RHCITLAKDSVDRDMS|WHRY|PDEK|F EY I N|SpIV|L RNLIR
Arabidopsis_thaliana YKYSPHF|SLKQRD IIQWNVHPDE|K| D|VVADMEA|IQ HIS|IRIQ
Sorghum_biceolor YQYNPHF|SLAQRD I|QWN|LY|ADDHK| DV V ADME|R|Q HAKIQ
Oryza_sativa FQY|SPHF|SLAQRD V|QWN|L ¥Y|AD E[K DI vV ADME|R|0 HARIOQ
Cryptosporidium parvum NEYTLARTFNARDIELNEYPYVQ DV T RERVIV|IC RIQIR[Y
Debaryomyces_hansenii KEITLARNYNGRDL|IWAQYP YE|Y EI QNERMOVIAQIQKIS
Scheffersomyces_stipitis KET|ITLARNYNARDIL|I|[WAQY[P YK E I QE[ENOVGQOR|S
Lodderomyces_elongisporus RETNLGR|SYNARD I|I|[WAQYP YK|Y EII QNERQVIAQQK|S
Candida_ albicans KET|SLGR|S YNARD V|I|WAQ ¥[P YNY, EIQTEMOVIAQIOR|S
Eremothecium gossypii QETITLAR|SYNA[RD V|I|[W[N|Q Y|P Y N|F EIQTEMS[VIAQIOR|S
Kluyveromyces_lactis QETITLAR|SYNA[RD V|I|[W[N|Q Y|P Y N|F E I QTEMK[VEQOR|S
Candida_glabrata DET|TLGR|S YNARD I|I|WN|Q¥Y[P YN EVQTEMKV|GQOR|S
Saccharomyces_cerevisiae DETTLARSYNARDV|I|WNQY|PYN|S EVQ TERMKVIAQIQRIS
Yarrowia lipolytica RET|SLAR|ISYNARD VIVWNQ Y[P Y T|Y E I SQEMIVSOQORT
Neurospora_crassa RETTLAR|SYNAIRD I|LWN|QYP ¥ D|F DVTSEMME[VIAQIQR|T
Aspergillus_fumigatus RETTLARSYNARD I|I|WN|Q Y|P Y D|F DI T SIERE[VIAQIQRIT
Cryptococcus_neoformans RNTISLGR|QYNA|RD L|D|W|N|A Y|P P D|R| DIV T QIGR4E([VIA 5|S|E|N
Lacecaria bicolor NQTISLARQYNGIRD LIVW|NM Y|P P E|N| DV T RIGR4E([VIE S[N|S|1A
Dictyostelium discoideum DEYTLARTYNS|RD I|EWNQYP Y VA DIV Q KIERLIVIE K|QR[N|
Ostreococcus_’ lucimarinus’ NEYTMARNYQERDIEWNQYPYNF Y| IS R[EMVITILKQR|T
Populus_trichocarpa DEYTVAR|SF SERD I|EWHL Y|P Y N|F HV T DO TIVIV R|QR|T|
Vitis_wvinifera DEYTVAR|SF SE|RD I|E[WH|Q YP ¥ N|F HV S GO IVIVRIQR|T
Giardia_intestinalis SKYHLGR[DTTGRNIDWRIQYP Y TH| ID/KD C|DF{Y|Z|R RME[N|

R33 H36 F37 T38 L39 V40 K41 D42 N44 V45 D50 R60 D61 V64 G65 W67 168 Q72 F163 A179 D181 R184 Y185 K191 R193 P194 E195 Y196 M197 N250 D251 Y262 1263 V266
L267 R269 N270 L271 N274 R277 D283 N838 1839



Gsy2 REG CFDF OVLEMHMTTI G I FOA[fJR Y P ENE[L BT DLL{LKT K T|L.
Candida glabrata RHGS|YDFDVILEVDVTIGIFDAMEKEFPHNE|L P|TNL LLKLKVL
Eremothecium gossypii RHWNYDFDVILEVEKVTIGLFEAMRYPRSE|IPTDLLLITLEVL
Kluyveromyces_ lactis RHGQFDFDVLENKVITIGIFEAMRYPHNE(LP|TS|LLEKLKVL
Phaeosphaeria nodorum RYGHNDFDII|ILHVNII|AVALFESLIWIEGD|LEEDL . |I|KLRLM
Aspergillus_ fumigatus RYGHNDFDV|ILRIIE[IEIGMYECLAWKEGNMEDEL . |IRLRLM
Neurospora_ crassa RYGHYDFEILRVDIIEIGIFES|VKWHEGPLPEEL . |[IRLRLM
Botryotinia_fuckeliana RY GHNDFDI|LRVD|IIEVGIFEALKWHEGVMPEDE|L .|IRLRLM
Yarrowia_lipolytica K'Y GHL|DFDMLEVNIIQIGMLDICIAARENSHE|I F|GL(L| . LIRLKV|L
Candida_albicans KYGNYDFDVILEIGVIQVGLFECARYPNTENVETIL . IRLKIL
Lodderomyces elongisporus KYGNYDFD/I[LE/IEVQVGLFECRRYPNIEWVESIL .| IRLKIL
Debaryomyces_hansenii KYGNYDFDILEIENVQVGLFECARFPNNEWVESIL . IRLKIL
Scheffersomyces_stipitis KYGNYDFDILWEIENQVGLFECARFPNAENVESIL . IRLKIL
Ustilago maydis KYGHYDFDTILRVE[IQVGLFEMARYQGEDVIDPL . LKLKIL
Laccaria bicolor RYGHYDFDTLRV|T|IIQVGLFD|AIAIRFHGS T(IP|TP|L|. [LQILK I|L
Cryptococcus_necformans RYGHYDFDTLKVEV|TISIFEAICRYSGEEVENPL . LRLKVL
Nematostella vectensis RY GHF|DFD|TILKVINIIIQIIGI YE|C[VIK . . NLEBSGL.|LIILKVA
Aneclis_carclinensis RY GHLDF NR|LWAN||VIKIF GL Y E|L|L{V . . NLEDMM . |LFMKIT
Xenopus_ {Silurana) RYGHLDF NR|LCAN|I|KIF GL ¥ E|L|L{V . . NLEDMM . |LIFILKIT
Homo_sapiens RYGHLDF NR|LWANNVIKIF GL Y E|L|L{V . . SILPDMM .|LIFMKTIT
Ornithorhynchus anatinus RYGH|LDF S|R[L{WANVIKF GL Y E|LL{V . . NLEDMM . LFMEKILT
Danjio_rerio RY GHLDF NR|LWAQIVIKIF GL ¥ E|L|L(R . . E[IPDMI|.|LFMKIT
Meleagris_gallopaveo RYGHLDF SR[L{WAQVIKIF GL Y N|L|IL|K . .E|IPDL(T|.LIIMKI|T
Taeniocpygia guttata RYGHL|DFDR|LWAQIVIKIF GL ¥ N|L|L{K . . E[IPDL|T|.LIIMKIT
Monodelphis_domestica RY G HLD F DR|L|WAN|VIK[F GL ¥ D|L|L{K . . E[IFDL|I|.|LVMKIT
Pan_troglodytes RYGHLDFDR|LWAHNVKFGLYDLILR. . . . E[IFDL(I|.LLMKIT
Trichoplax adhaerens RHGHFNFKTLRVNIQMGLFEAL. ... .MEIIDGL.LFLKIA
Branchiocstoma_ floridae RYGHYDFDVLRVAVIQIGIFEICILGVWRQY[L SAN|S|. LRITAIA
Ixodes_scapularis RYGHYDFDSILRVIQMQIGMFECL|. . . . SKIIFKGL .| I|LLKIS
Drosophila melanogaster RYGHTIDFDILR|IINVIQVGMFD|ICILIQ. .. . N|IPNAL.|LLITKMM
Drosophila_pseudoobscura RYGHMDFD|I[LRIINVIQVGMFD|C[VIK . . . . RILE|EV|L| . |LMIKMM
Apis_mellifera RYGHYDFDTLRIINIIQIGMYEICILS . . . . RMPDV|L|.|LTITKL|L
Anopheles_gambiae RYGHFNFE N|TILR|IINIIQIGMY E|CIL{Q . CQLPEG|I.|LIIIKLL
Aedes_aegypti RYGHFNFDTLRLNIQIGMYDICILHK . . . . HLEDGI|.LMIKLL
Caenorhabditis_elegans RHGH|LD FDTILK[VD|II|K[VGIFD|IC/L{. . . . QHLPEP|L|. MNILKI|L
Ciona_intestinalis RYGHFDLNV|LKVDIIKIIGLFD|C[L{. . . . RK[LENE(L . LIVILKMN
Monosiga breviccllis KYGHIEWDVLIVEKIQVGMLEVMR. .. .ELPQSL . LVLKLA
Dictyostelium discoideum RYGHYDFDLMRCN/IVMGLEFET[S. .. .REKMISP|L.LLLKIL
Giardia_intestinalis RYGT|.|TFNMIKTR|LALS LVDLIT]NTAL SN|LA/S T|L/I|L|IMKS/S

R298 H302 G303 C304 F305 D306 F307 D308 V375 L378 E379 V382 H383 V385 T386 1389 G390 1393 F394 D395 A397 1398 R399 Y400 P401 H402 N403 E408 L409 P410T411
D412 L1413 1416 L417 K422 1425 K426 1429 L432



Susl NFWLELDPFETELHKVPBIAERYEMFYALKR
Populus_trichocarpa [pRavidosfsh-dadid mi: YD Riop:SE i@ %4z
Vitis wvinifera

NFMLELDPFETELHEKVRBNERYEMFYALKR
Oryza_sativa NFMLELDPFETELHKVIBERYEMFYALKR)

N132 F133T134L135E136L137 D138 P141 F142 E390 T393 E394 L424 H427 K428 V511 D779 L781 E782 R785 Y786 E788 M789 F790 Y791 A792 L793 K794 R796



PoFUT2 PPEGLYHEWQPDERP[CQLLF|SQDKHENRGWE/V S[CKWEHVRKWL
Mus_ musculus PPEGLYHWQPDARPICPLL|Y|SQDKHE[YRGWE|VSICKWGHIRKWL
Bos_taurus PPEGLYHWOQPDSRPICPPLIY|SQDKHE[YRGWE|VSICK[WGHVRKWL
Equus_caballus PPEEGLYHWQPDDRPICPLLY|SQDKHE[YRGWE|V S|ICIK[WGHVRAWL
ornithorhynchus_anatinus PPEGLYHWQPDERPICQLL|Y[SKDKHEYRGWE|VS|CRWGHVVEWL
Anolis carolinensis [ .PDERPICQLMYSMDKHK[YRGWE|VTICKWGHVVEWV
Taenicpygia_guttata PPEGLYHWQPDEKPICQPMYSKDKHGYRGWK|VSCRWGHVEELL
Gallus_gallus PPEGLYHWQPDERPICQLMY|SKDKHQYRGWE|VS|ICIKWGHVEDWL
Xenopus_(Silurana) PPEGLYHWQPDQRPICQLMY|ISEDKNGYRGWE|VTICKWGHDREWL
Takifug’u_rubripes PPEGLYHWQPDEKRPICKLI|Y[SKDKQGYRGWE|VI|CKWGHDGGIL
Oryzias_latipes PPEGLYHWQSDERPICKLMY|SKDKQGYRGWE|VT|ICKWGHDGERL
Danioc_ rerio PPEGLYHWQPEDRPICKLMYISKDKQGYRGWE|VTICKWGHDEELL
Branchiostoma floridae PGEGLYHWKSEERDICPPV|IYIHPDQSGYRGWD|FKIC|GR|SHNDQKL
Nematostella vectensis PGEGLYHWRR.DRD|ICNPV[Y[YKD . GGYRGYAFK[C/AX|AHDQSQL
Ciona_intestinalis PGEGIYHWKHGERDICNPVY[ETDSEGIRGWEFKICKYARTKEKK
Ciona_savignyi PGEGIYHWEKRDERPDICSPVIY[IETDTEGIRGWE|FKICKYARTKDKL
Ixodes_scapularis [ . - QVHL|ICNRV[Y|IPEQSSRITADLEK|. «|o|a|e|e|e|e » « «
Caenorhabditis_ remanei FGEEGLHHWQ . . ERK[CPAH|YI[KQEGDSWRGWEFKICRYARPEES

Caenorhabditis_briggsae FGEGLHHWQ. . ERR[CPAH|Y[RKENDSWRGWEFKICRYRARPEET

Caenorhabditis_elegans FGEGLHHWEK. . KRS[CPAH|Y[KQVEEFWKGWE|FQICRYARPDQT

Trichoplax_adhaerens DSEGMYHWRTSE|T|N[CNQK[Y[KLMNGN[Y . GYKILRCRIQGRIEESTI
Da.phnia_pulex PAEGLPHWEKNDFENCKLPY[RETKDGIKGWE|ISICIQY|GRNKKFR
Droscphila melanogaster ISEGLYHWHQGRWV|.|.|. KPI[C|SEG . SS|G.GPAFHIC|GR[SR|TPYSR
Droscphila pseudoobscura ISEGLYHWHHHRAFPKNNSICINEY .SAG.GPNYH|C|GRSRTPYSR
Droscphila_willistoni ISEGLYHWHHNR[SPINDRAICINEY . SV|G. GPE|YH|IC|GK|SRTPYSR
Aedes_aeg'ypti PSEGLFHWRSYQTV[CETDP|. . NNLGF .G .RRIICAY|GRSKSTM
Anopheles_gambiae PSEGLVHWRGNEHVICGH .[.|]. . . .DG[L. A . GF T|ICAY|GRITRMSR

P52 P53 E54 G55 L89 Y90 H91 W92 Q93 P95 D96 E158 R159 P160 C161 Q164 L165 L166 Y167 S168 Q169 D170 K171 H172 E173Y175R176 G177 W178 E183 V190 S191
C192 K296 W300 G301 H302 V335 R336 K337 W356 L359



PoFUT1 CMGNEKWTIPRQAIYMR VDE|GDE[GFIDQEY HTRLF
Caenorhabditis remanei CMGNEKWTPRRAIYD VIDE|GDP(GFDQEF HKRLF
Caenorhabditis_briggsae CMGN|.WNPREKATIYD VIDE(GEP|GFIEQEF HKRLF
Ciona_intestinalis CMGNYHESTKRSED P|ISE|. . P[TFHKSH HLYFM
Trichoplax adhaerens CMGN|IF[YYR. .. .[E K[Y VIGNG|GFNVRKY HEYM.
Ixodes_ scapularis A Y S . e oe - o]- |GGRW HLF..
Daphnia pulex CMGNI[YMARQG. .|. V[SE|G. .|PYDHKS HLF..
Drosophila willistoni CMGNV[YMERSLQQE VISE|G. .[PF[DHSW, HLF ..
Drosophila_pseudcobscura |[CMGNV[YMERKNNP[D VISE/G. .[PFDHSHW HLF..
Drosophila melancgaster CMGNV[Y(KERKNDPD V[SEA. .PFDHSY HLF..
Aedes_aegypti CMGNIYTERGLDG|S V[SEIG. .|IPYDHEKW HLF ..
Anopheles_gambiae CMGN|I[¥TERGLDG|S AISE/G . .[PYDHKW HLF..
Nematostella vectensis CMGN|V[WLPPSS. .|. D[YEl. . .[HYHDLH HFM. .
Branchiostoma floridae CMGNK|F[TMAQRSV]D V[SE|. . E[GY[NDQF HRLF .
Danio rerio CMGNIF[ESAHRSQD DISV|. .GGF|SYEH LDGFM
Oryzias_latipes CMGNRIFIETAQRSAD D|ISV|. . GIGF|SHEH LDGFM
Tetraodon nigroviridis CMGNR|IFEAAQRSED D|ISV|. . GIGF|SYQH MEGEFM
Takifugu_ rubripes CMGNRFETAQRTAD DISV|. .GGF|SYQH MDGFM
Xenopus_ (Silurana) CMGN|VIF[TARQRSPD I[SE|l. .D|IGF|SYQH MTGFM
Ornithorhynchus_anatinus |. MGNV[F|QAAERSSD S|SE|. . S|IGF|SYEH MSGFM
Mus_musculus CMGN|V[FEVAQRSPD N[SE|l. . T[GF[SYEH MTGFM
Homo_sapiens CMGNVIFIEVAQRSP[D N[SE|. . TIGF|SYEH MTGFM
Canis_lupus CMGNVIFIEVAQRSP[D N[SK|. . S|RF|SYEH MTGFM
Bos_taurus CMGN|V[FEVAQRSPD N[SE|. . AlGF|SYEH MTGFM
Anolis_ carolinensis CMGNVIFIESAQRTVD DISE|. . GIGF|SYEH MIGLM
Meleagris gallopavo PAGNVIFEAAQRSAPD D|SE|. . K[GF|SYEH MTGFM
Gallus_gallus CMGNVIFIEAAQRSAD DISE|. . K[GF|SYEH MTGFM
Monosiga_ brevicollis CMGNH|SIRYDAQP . |.| VDR|. . .|GYLHNH HYM. .

C37 M38 G39 N43 K116 W120T121 P122 R123 Q124 A1251126 Y127 A131 E132 P133 C135 H136 E139 G140 N141 P142 F143 V155 D157 E158 G161 D162 P164 G165
F167 D168 Q171 E186 Y187 S194 F199 D244 V248 H251 T256 R258 L260 F261



OGT RREK[LEPEHQEMHKEIRP YQ L ENRGQINLATQNSQ
Danio_rerio ORK[LEPEHQEMHKEIRPYQI, NNQGQINLATQNSQ
Branchiostoma floridae KCK|LEPEHQEMHK|E IRP Y QM| TTQGQVNLASQNVQ
Anopheles_gambiae RLKLEPEHNELHKEIRPYAL TASGQVNLATQNQQ
Aedes aegypti RLK[LEPEHNEILHKEIRPYAT, TASGQINLATQNQQ
Apis_mellifera RLK[LEPEHNEMHKEIRPYQI, TASGQCNMATQNQQ
Drosophila melancgaster RLEK|LEPDHKEMHKEIRPYSL SATGQVNLATQNRQ
Ciona_intestinalis ASKLEPEHQELHKEIRPYQI SKNSQLNLAVQASQ
Nematostella vectensis RCK|LEPEHQELHKEIRPFQT TLNGESVEKEEGSQ
Trichoplax adhaerens KREK|LEPEHQEAHKEIRPYQI NSNGILNNGSV.AQ

QMTGQMNLGSQHAQ
QMTGQMNLGSQHAQ
OMTGQMNLGSQHAQ

Caenorhabditis_ remanei RLK
Caenorhabditis elegans RLK
Caenorhabditis briggsae RLK|

EFPEHQDLHKEIRPYSTI
EPEHNDLHKEIRPYST
EPEHQDLHKEIRPYST
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Vitis_wvinifera TKA[LATGFADS|ICNELRPLST DN......... CsSD
Populus_trichocarpa SKA[LATGFSPDSICNELRPLSI DT...vuwu.n CSD
Arabidopsis thaliana SKALATGFSDSICNELRPLTT DN..owowereu.n SS8D
Sorghum biceclor SKA|I|ISSGLADTICTELRPLNTI TV et oo e v CSD
Ustilago_maydis .PY|LISASALQYTIQLQPYNI SQGAQ....SEQLF
Yarrowia lipolytica .SLILLSPSSLSYQYLSPYKI SVDGYSWDSEESIF
Neurospora_ crassa CAYLLSESALAYQYLTPHD T Rt ittt e e a s MLF
Aspergillus_fumigatus .AYLLSPSSLAYN[YLHSYQI . LF
Botryotinia fuckeliana .AYLLSPSALAYN[YLLSYPI - LF
Phaeosphaeria nodorum .PPMVSPHALAYYYLQKYDT . IF
Monosiga_ brevicollis HKR[LGPSHPERHQEIKP YNR| QVSALTNMANQLRF
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P436 E437 E778 N781 R782 G783 Q784 1785 N796 L798 A799 T801 Q802 N805 S823 Q824 Y825 G826 R867 P869 A870 V871 E873 P874 Q887 1891 F892 P894 V895



