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Evolving views of protein
glycosylation

Kurt Drickamer and Maureen E. Taylor

The composition, biosynthesis and known roles of oligosaccharides that
are attached to glycoproteins suggest that multiple forces have driven the
evolution of proteins that create and recognize these structures. The evo-
lution of glycoprotein biosynthesis and recognition mechanisms can be
best understood as a sequential development of functions associated with

oligosaccharides.

THE ROLE OF carbohydrates that are
attached to proteins and lipids has been
a changing one'?. Carbohydrates on the
surface of yeast and other free-living
eukaryotes probably play largely struc-
tural roles, while those on the surface
of multicellular eukaryotes can have
information-bearing functions in cell-
cell recognition and adhesion. Recent
work on glycoprotein biosynthesis,
which occurs as the molecules make
their way to the cell surface, indicates
that the carbohydrates also have an im-
portant role in intracellular sorting -
specifically, in quality control®**. Con-
sideration of the sets of sugars that are
involved in these different processes
suggests that these functions evolved
sequentially and that there were four
distinct evolutionary stages, during
which different selection pressures se-
lected for distinct types of sugar struc-
ture. Here, we summarize evidence from
studies of oligosaccharide structure,
biosynthesis and recognition that sup-
port such a sequential model for the
evolution of glycoprotein oligosaccha-
rides (see Fig. 1).

Cores and elaborations in oligosaccharide
structures

Given the number of hexoses and the
possibilities for assembling them into
oligosaccharides by using multiple dif-
ferent linkages, the potential for diver-
sity in oligosaccharides is staggering®.
However, the number of consitituent
sugars that are actually present in most
groups of oligosaccharides is not large,
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and the linkages that are used tend to be
restricted. In mammals, for instance,
projections suggest that synthesis of
structures attached to proteins by M-
and O-linkages, together with the glyco-
sidic portions of glycolipids, probably
can be accounted for by fewer than 500
glycosyltransferases, each specific for
creating a single type of linkage®’. The
sugars in mammalian protein-linked
oligosaccharides can be divided roughly
into two groups: (1) the core sugars
(such as N-acetylglucosamine, mannose
and possibly glucose), which establish
the basic branching pattern and are
complemented by extensions (usually
polylactosamine chains consisting of re-
peated galactose-N-acetylglucosamine
disaccharides); and (2) a variety of
terminal elaborations, which include

TALKING POINT

galactose, NMN-acetylgalactosamine, [-fu-
cose, sialic acid and sulphates (see Fig. 2).

Biosynthesis

The biosynthetic pathway for con-
struction of N-linked chains on eukary-
otic glycoproteins provides evidence for
the distinction between core sugars and
elaborations®. The initial carbohydrate
structure that is attached to nascent
polypeptides contains two MN-acetyl-
glucosamine residues, nine mannose
residues and three glucose residues,
which suggests that glucose should be
included in the list of core sugars. This
14-sugar unit is transferred en bloc to
proteins in the endoplasmic reticulum -
a process that seems to be common to
all eukaryotic cells. The core is then
modified during transit through various
luminal compartments; glucose residues,
and usually some mannose residues, are
removed before the creation of complex
structures (Fig. 3).

This rather arcane biosynthetic pro-
cess might reflect the evolutionary
history of the pathway: the N-acetylglu-
cosamine-, mannose- and glucose-contain-
ing core could be a primordial structure,
and galactose, N-acetylgalactosamine and
other monosaccharides might have been
incorporated more recently. Indeed,
yeast glycoproteins contain very large
high-mannose structures and lack mam-
malian-type terminal elaborations®. Thus,
addition of the core appears to reflect
this structure’s much older role as a cell-
wall constituent in lower eukaryotes;
the elaborations appear to have evolved
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Figure 1
Sequential development of different functions of protein-linked oligosaccharides. The
colour scheme represents the changing importance of each function in different groups of
organisms. In prokaryotes, glycosylation is associated largely with the cell wall and the

outer membrane of Gram-negative bacteria.
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Figure 2
Examples of N- and O-linked glycoprotein oligosaccharides. (a) Core sugars and extensions.
Extensions include N-acetylglucosamine and galactose additions to the core and follow
removal of various portions of the core. (b) Terminal elaborations. Different terminal elabo-
rations can involve multiple different sugar residues or a common sugar, such as sialic
acid, that is linked to the subterminal residue in different ways.

more recently. The terminal variations
have expanded extensively within the
animal kingdom and have developed in
a slightly different way in plants'.

The intracellular location of the pro-
tein glycosylation machinery provides
some of the best evidence for the evolv-
ing role of the glycosylation pathway.
Proteins initially encounter carbohy-
drate as the glucosylated, high-mannose
structure in the endoplasmic reticulum?®,

Sugars associated with the more-recently
developed adhesion and recognition
functions are added much later in the
biosynthetic pathway, particularly in
the Golgi. These structures include termi-
nal elaborations of the N-linked glycans,
which are added after partial removal of
mannose, as well as O-linked sugars.
Two aspects of this pathway reflect the
evolutionary events that led to its cre-
ation. First, the circuitous route of adding
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Figure 3
Summary of the biosynthetic pathway for N-linked oligosaccharides. Some of the key steps,
starting with en bloc transfer of the core from a lipid-linked precursor, are shown. The steps
include processing to remove core sugars, which is followed by addition of new terminal

elaborations.
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a set of nine mannose residues and then
removing some of these residues is
difficult to explain in conservative ener-
getic terms, but clearly could reflect the
grafting of a new pathway onto an old
one. Second, the fact that later additions
are made in a stepwise manner allows
for greater flexibility in the generation of
diverse terminal elaborations, while the
initial en bloc transfer of a common glu-
cosylated, high-mannose oligosaccha-
ride core is more appropriate for creation
of more-uniform structures. These differ-
ences again reflect the changing evolu-
tionary pressures on the glycosylation
pathway.

Terminal elaborations as recognition
markers

Following trimming back of glucose
and mannose residues, the remodelling
of the core by addition of various types
of extensions is largely determined by
the addition of MN-acetylglucosamine
residues, which dictate various branch-
ing patterns!!. Extensions often include
addition of galactose, either as a single
residue at the end of a branch or as a
longer polylactosamine chain. These ex-
tended structures then serve as a scaf-
fold for addition of a variety of terminal
elaborations. These elaborations can be
simple: sialic acid, for example, can be
attached through various different link-
ages. Alternatively, the elaborations can
be more complex: additional residues
can be added sequentially to form either
linear (e.g. attachment of N-acetylgalac-
tosamine followed by attachment of a
sulphate group) or branched arrange-
ments (e.g. attachment of fucose and
sialic acid). The examples shown in Fig.
2 represent only a small subset of the
multitude of known elaborations, many
of which were originally recognized as
unique blood-group-specific antigens.

Comparison of the structures and
biosynthesis of N-linked sugars with
those of O-linked structures suggests
that O-linked sugars can be viewed
largely as extensions and terminal elabo-
rations. The O-linked sugars can simply
be single sugar residues. Alternatively,
complex structures can be built on an
initial fucose!?, N-acetylgalactosamine!
or mannose residue! that is attached to
the polypeptide. A common structure is
a polylactosamine scaffold similar to
that sometimes found on N-linked sug-
ars. As in the case of the extensions and
terminal elaborations added to N-linked
sugars, additions are single and step-
wise, and occur relatively late in the
biosynthetic pathway, in the Golgi rather
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than in the endoplasmic reticulum. There
is no en bloc transfer of a common core
onto serine/threonine residues; this is
consistent with the view that the O-linked
structures are analogous to the exten-
sions and elaborations of the N-linked
oligosaccharides. These considerations
suggest that the O-linked structures on
mammalian glycoproteins developed in
parallel with the more recent part of the
N-linked glycosylation pathway.

While the roles of many of the termi-
nal structures on glycoprotein oligosac-
charides are not well understood, selec-
tive recognition of some of these sugars
by endogenous receptors suggests that
these structures serve as readily access-
ible tags on the surface of glycoproteins.
One of the simplest modifications to
the N-linked core is the addition of
a phosphate group, which targets hy-
drolases to lysosomes'®. This post-Golgi,
but intracellular, sorting function, which
is mediated by mannose-6-phosphate
receptors, is an example of the use of
unique terminal sugars in sorting. The
existence of this sorting function in meta-
zoans but not in yeast and dictyostelium!
indicates that the function is a more-
recent evolutionary development (Fig. 1).

Many additional sugar-specific recep-
tors recognize glycoprotein oligosac-
charides once these sugars reach the
cell surface!. Two main roles of these
lectins are in clearance of proteins from
the circulation and in cell-cell adhesion.
Clearance of asialoglycoproteins that
bear terminal galactose residues and
clearance of glycoprotein hormones that
bear terminal N-acetylgalactosamine-4-
sulphate residues are two of the most-
extensively studied extracellular sorting
events!'’. Two families of sugar-specific
adhesion receptors, the selectins and
the sialoadhesins, interact with sialyl-
ated cell-surface ligands'®!®, While these
recognition functions are becoming in-
creasingly well understood at the molec-
ular level, the diversity of terminal oligo-
saccharide structures found on different
proteins suggests that there are many
as-yet-unidentified receptors. These rec-
ognition functions would be useful only
in multicellular organisms and thus ap-
peared relatively recently in evolution
(Fig. 1). Another group of extracellular
mammalian lectins has also evolved:
these recognize core sugars on bacteria
and fungi, and target an innate immune
response towards these organisms that
is based on the preponderance of core
sugars compared to the lower abundance
and internal position of core sugars at the
surface of mammalian cells'.

An intermediate role for sugars

The early attachment of core N-linked
structures to glycoproteins suggests
that this part of the sugar functions
early in the life of the glycoconjugate.
This argument is particularly appealing
in the case of the glucose component,
because these residues are transient and
are lost once the glycoprotein reaches
the later portion of the Golgi. Recent evi-
dence suggests that removal of glucose
from the core structure indicates to the
sorting apparatus in the luminal com-
partments that the protein component
is appropriately folded®*. These sorting
steps are mediated by two intracellular
lectins: the chaperones calnexin and cal-
reticulin. The presence of at least some
components of this sorting pathway in
relatively simple eukaryotes, such as
yeast?’, but not in prokaryotes suggests
that the sorting role of sugars evolved
relatively early but probably after the
structural role (Fig. 1). While it is poss-
ible to argue that the sorting function of
sugars preceded their structural role,
there is no evidence that yeast calnexin
monitors protein folding. The role of gly-
cosylation in protein folding must there-
fore have evolved after the structural
role was established

Additional intracellular lectins might
interact with the core sugars during the
early phases of transit through the lumi-
nal compartment. Protein ERGIC-53,
which shuttles between the endoplas-
mic reticulum and the early compart-
ments of the Golgi, is one of a family
of intracellular animal proteins that re-
semble legume lectins and appears to
bind mannose-containing structures?!.
The fact that the structures recognized
by both this L-type-lectin family and
the calenexin-calreticulin group are of the
core type (glucose and mannose) is con-
sistent with the intracellular sorting
function of sugars evolving after their
original structural role but before their
role in cell-surface interactions.

Collateral functions of oligosaccharides

Studies of the effects of glycosylation
on protein structure and function sug-
gest that glycosylation can affect the be-
haviour of proteins in a cell-free context.
At the structural level, attachment of
carbohydrate can decrease amino acid
backbone mobility throughout the pro-
tein and increase thermal stability®?. In
some instances, structural analysis has
revealed at least part of the underlying
physical basis for these effects, in the
form of specific contacts with the sugar
residue?®?,

TALKING POINT

The structures of oligosaccharides
that are attached to glycoproteins provide
interesting insight into the potential im-
portance of carbohydrate in glycopro-
tein structure and function. Comparison
of the three-dimensional structures of
two of the many distinct trypanosome
variant surface glycoproteins that can
coat the parasite reveals that, in one
case, the hydrophobic core near the
base of the protein is covered by a short
stretch of peptide that adopts an a-helical
conformation; in another case, this patch
is instead covered by a portion of a high-
mannose oligosaccharide that is attached
to a nearby asparagine residue?.

This comparison suggests an impor-
tant principle of glycoprotein evolution:
if a glycosylation-directing sequence that
is appropriately accessible on the surface
of a protein appears, an oligosaccharide
will be attached by the pre-existing gly-
cosylation machinery; the selection pro-
cess will then work on the glycosylated
protein. In the case of the two tryp-
anosome variant surface glycoproteins,
if the oligosaccharide is present, the
a-helical segment can be deleted with-
out disrupting the protein structure.
At this point, the glycosylation becomes
an essential part of the structure of this
form of the protein. This fact leads
to the hypothesis that, once the glyco-
sylation machinery was in place, at-
tached oligosaccharides inevitably came
to play essential roles in the functions
of some glycoproteins. The portions of
N-linked oligosaccharides that are
involved in such functions seem to
be core residues. It often does not mat-
ter which particular sugars are attached
to a protein; the protein just has to
be glycosylated on a particular as-
paragine residue??. This phenomenon is
probably due to the proximity of the
core to the protein surface. By contrast,
terminal elaborations are distally located,
which facilitates their interaction with
receptors.

Viewed in this way, direct effects of
glycosylation on the behaviour of glyco-
proteins appear to be a relatively re-
cently evolved function of sugars (Fig. 1).
This view helps to explain the otherwise-
baffling fact that sugar residues some-
times perform functions that apparently
could be accomplished by amino acid
residues. It has been difficult to under-
stand how such functions could have
driven the evolution of the complex gly-
cosylation machinery. It is far more
likely that evolution of the machinery
was driven by the evolving functions dis-
cussed above, while the structural effects
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of glycosylation arose adventitiously and
were subsequently selected for.

Conclusions and outlook

The sequential development of differ-
ent glycoprotein functions we propose is
necessarily somewhat speculative and
not readily subject to direct experimental
verification. Nevertheless, this scheme
provides a reasonably satisfying explana-
tion for a number of seemingly anomalous
aspects of glycoprotein biosynthesis and
a sometimes-bewildering multiplicity of
proposed functions. As we learn more
about the diversity of glycoprotein struc-
ture and the genetic complexity that un-
derlies the biosynthetic machinery, we
should be able to discern the evolving role
of complex carbohydrates more clearly.
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Conservation of gene order: a
fingerprint of proteins that
physically interact

Thomas Dandekar, Berend Snel,
Martijn Huynen and Peer Bork

A systematic comparison of nine bacterial and archaeal genomes reveals
a low level of gene-order (and operon architecture) conservation.
Nevertheless, a number of gene pairs are conserved. The proteins
encoded by conserved gene pairs appear to interact physically. This obser-
vation can therefore be used to predict functions of, and interactions

between, prokaryotic gene products.

COMPLETELY SEQUENCED GENOMES
provide us with an opportunity to study
the evolution of genome organization at
a comprehensive level. A variety of stud-
ies have focused on the conservation of
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gene order in evolution, and the au-
thors have drawn different conclusions,
depending on the phylogenetic dis-
tance between the species compared
and on the genes that were analyzed!=.
For example, conservation of gene
order between Mycoplasma genitalium
and Mycoplasma pneumoniae® is likely
to be a result of a lack of time for
genome rearrangements after diver-
gence of the two organisms from their
last common ancestor. Hence, if one is
interested in the selective constraints
that preserve gene order, only relatively

long evolutionary distances between
the species compared should be con-
sidered. However, the distances should
be small enough that a significant num-
ber of orthologous genes is still shared
by the species.

Gene order is already considerably
disrupted when the protein-sequence
identity shared by orthologs in two
genomes is <50%’. We therefore analyzed
genes from three sets of three completely
sequenced genomes for which at least
two of the intergenomic distances show
less than 50% identity in shared ortho-
logs (Fig. 1), which should be a suffi-
cient test set for systematic studies.
The genome sequences used (see Box
1) included those of proteobacteria
(Escherichia coli®, Haemophilus influen-
zae® and Helicobacter pylori'’), Gram-
positive bacteria (M. genitalium", M.
pneumoniae'> and Bacillus subtilis'®)
and archaea (Methanococcus jannaschii',
Methanobacterium thermoautotrophicum®
and Archaeoglobus fulgidus'®).

To ensure that any conservation of
gene order dates back to the earliest
point at which the sequences compared
diverged (rather than to more recent
horizontal gene-transfer events) and
hence reflects evolutionary constraints,
we only considered genes that show the
same order in a set of three genomes.
For example, the urease operon is pres-
ent in both H. influenzae and H. pylori,
but is absent from E. coli. In H. influenzae,
the G-C content of the urease-operon
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