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Abstract

The Linear Code is a new syntax for representing
glycoconjugates and their associated moleculesin asimplelin-
ear fashion. Similar to the straightforward single letter nomen-
clature of DNA and proteins, Linear Code presents
glycoconjugatesin acanonic, compact and practical form while
accounting for all relevant stereochemical and structural con-
figurations. It usesasingleletter codeto represent each monosac-
charide and includes a condensed description of the connections
between monosaccharides and their modifications, allowing a
simple linear representation of these compounds. The new lin-
ear syntax enables the implementation of bioinformatics tools
for investigation and analysis of glyco-molecules and their biology.
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A. Introduction

Glycobiology, the study of carbohydrate-containing mol-
ecules and their biological activity, was described in the March
2001 special edition of Scienceas a“Cinderellafield”. Asthe
Genome project reaches its final stages, the obtained datais
confirming that there are only 30,000 genes and there are only
small differences between the genomes of different species. The
number of native proteinsis however much larger, mainly due
to post-transcriptional and post-translation modifications of the
protein messages. The most common and most diverse post trans-
lation modification is protein glycosylation. It has been esti-
mated that more than half of the proteinsin nature are glycopro-
teins (Apweiler et al., 1999). Recent studies have revealed es-
sential roles of carbohydrates in biological processes such as
protein folding (Parodi, 2000), protein localization, immunity
(Huby et al., 2000), cell proliferation (Zanneta et al., 1994), and
hormone and growth factor responses (Van den Steen et al.,
1998). In addition, many viruses and bacteria use cell-surface
carbohydratesto enter cells and subsequently initiate infections
(Rossmann et al., 2000; Hooper et al., 2001). The diversity in
carbohydrate function makes them exciting new targets for elu-
cidating crucia pathwaysin awide range of diseases.
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Until recently, the field of glycobiology has been largely
overlooked. A primary reason has been the extreme complexity
and variability of carbohydrates derived from: (a) the types of
monosaccharides and modifications present; (b) the types of link-
ages, and (c) the presence of branching. In addition to creating
difficulties in the study of carbohydrates, this structural vari-
ability sets up an obstacle for development of asimple and con-
sistent nomenclature. While several recommendations and pro-
posals have been introduced for glycan nomenclature and rep-
resentation (i.e. IUPAC-IUBMB and Bohne-Lang, et al.), the
field still suffers from inconsistent use of the designated rules
and inconvenient illustration for complex carbohydrates.

The simplelinear presentation of amino acidsand nucleic
acids paved the way for bioinformatics tools, such as databases
and homology searches. These tools, which seem trivial today,
essentially served asthe foundation for genomicsand proteomics.
In order to develop glycomic tools for databases and
bioinformatics, a simple and comprehensive linear representa-
tion must first be employed. To meet this need, a new syntax
caled the Linear Code™ has been developed for representing
glycoconjugates and their associated moleculesin asimplelin-
ear fashion. Similar to the straightforward nomenclature of DNA
and proteins, Linear Code presents complex carbohydratesin a
compact and practical form while accounting for all relevant
stereochemical and structural configurations. This paper de-
scribes the novel Linear Code syntax, as well as the symbols
and rules used for representation of complex carbohydrates.

B. Carbohydrate representation

There are several established formats for chemical pre-
sentation of saccharides. The Fischer and Haworth projections
are frequently used. IUPAC-IUBMB has recommended the use
of three letter codes for the presentation of monosaccharides
and has suggested extended and condensed forms for the pre-
sentation of oligo- and polysaccharide chains (Fig 1).
B-1. Linear Code representation of saccharide units

The smallest unit comprising a carbohydrate is the basic
saccharide unit (SU). The saccharide unit is composed of four
elements. the monosaccharide name, modifications (if any), its
anomericity (the a and 3 configurations of the glycosidic bond)
and the position at which it is bound to agiven SU. The Linear
Code offers a simple way of representing saccharide units and
the connections between them.
B-1-1. The monosaccharide

The Linear Code assigns asingle | etter code to the most
common structures of monosaccharides found in vertebrates
(Tablel). In cases where the monosaccharides are different from
the common structure, they are expressed as follows:

* Stereoisomers (D or L) of the common monosaccahrides

are indicated with apostrophes: “ * “ (MS)).
» Monosaccharides with different ring structure (furanose
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Mannose (Man)

Galactose (Gal)

H
O
®

N-acetylglucosamine (GICNAC)
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Full Representation

[-D-Galp-(1-4)-B-D-GlcpNAc-(1-2)-a-D-Manp-(1-6)

cx-L-Fucp—(lI6)

B-D-Manp-(1-4)-B-D-GlcpNAc-(1-4)-a-D-GlcpNAc

-D-GlcpNAc-(1-2)-a-D-Manp-(1-3)

Linear Code

GNb2Ma3(Ab4GNb2M a6)MbAGNb4(Fab)GNa

Fig 1. Recommended symbols and conventions for drawing glycan structures compared to the new Linear Code represen-
tation. The example used isa typical branched “biantennary” N-glycan with two types of outer termini.

/pyranose) in relation to the common structure are indi-
cated with acaret: “ » “ (MSM).
« Monosaccharides that differ in both stereospecificity
and ring structure are indicated with atilde: “ ~
(MS~).
Example:
D-Galp = A (The most common structure of Galactose)
L-Gap=A
D-Gaf = A"
L-Galf = A~

go
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Tablel : Linear Codes of common monosaccharide structures (ordered by branch hierarchy).

Trivia Name Monosaccharide / Core * Linear Code
D-Glcp D-Glucose G
D-Gap D-Galactose A
D-GlcpNAC N-Acetylglucosamine GN
D-GalpNAc N-Acetylgal actosamine AN
D-Manp D-Mannose M
D-Neup5Ac N-Acetylneuraminic acid NN
D-Neup Neuraminic acid N
KDN?2 2-Keto-3-deoxynanonic acid K
Kdo 3-deoxy-D-manno-2 Octulopyranosylono W
D-GalpA D-Galacturonic acid L
D-ldop D-loduronic acid |
L-Rhap L-Rhamnose H
L-Fucp L-Fucose F
D-Xylp D-Xylose X
D-Ribp D-Ribose B
L-Araf L-Arabinofuranose R
D-GlcpA D-Glucuronic acid U
D-Allp D-Allose (0]
D-Apip D-Apiose P
D-Fruf D-Fructofuranose E

1- al the monosaccharides are in their pyranose form unless otherwise noted.
2- KDN: 3-deoxy-D-glycero-K-galacto-nonul osonic acid.

B-1-2. Modifications of the sugar chain

Modifications are defined as any addition of non-carbo-
hydrate moietiesto the basic SU. The modifications are repre-
sented by adding square brackets that include the connecting
position of the modification to the SU, followed by the modifi-
cation symbol (Table Il) in the form: [#symbol]. For example:
D-Glcp with Sulfate (S) in position 3 would be written G[39]. If
there is more than one modification on the same monosaccha-
ride, they are written in numerical order according to their posi-
tion, within the same brackets. Exceptions include certain
monosaccharides with common modifications, for example: N-
acetlygalactosamine (D-GalpNAc) can be presented by A[2N],
but isinstead represented with a short two letter code asAN. In
the same manner N-Acetylneuraminic acid is presented as NN,
and N-Acetylglucosamineis presented as GN (Tablel).
B-1-3. Connection to a neighboring MS

In general, Linear Code uses lower case symbolsto rep-
resent connecting motifs to the SU such as anomericty, repeat-
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Tablell : Linear Code of common modifications.

Modification Type Linear Code
deacetylated N-acteyl Q
ethanol aminephosphate PE
inositol IN
methyl ME
N-acetyl N
O-acetyl T
phosphate P
phosphocholine PC
pyruvate PYR
sulfate S
sulfide SH
2-aminoethylphosphonic acid EP

ing and cyclic structures. Two components appear when illus-
trating the connection between adjacent monosaccharides: the
sugar’s anomer, and the position a which the sugar is connected
to the adjacent sugar. Anomericity is expressed using the let-
ters“a’ and "b” —to represent a and 3 anomers, respectively.
These gppear immediately following the modificaion. The con-
nection position will appear after the anomer.

For example:
B-D-Galp(2P)-(1-3)-B-D-Glcp
Would be written as:
A[2P]b3Gb

In cases where a monosaccharide is connected from its
first position to a modification and then to another monosaccha
ride, the modification will be written in square brackets “[ ]”
after the anomer, with no number in the brackets (Ab[P]G). If
the sugar at the reducing end isin its open form (ol) the letter
“0" (in lower case) is added. By convention, carbohydrates are
read from right to left. Consistent with this custom, the Linear
Code also reads from right to | eft (i.e. from the reducing end of
the carbohydrate).

B-2. Complex carbohydrates

Complex carbohydrates are comprised of sequences of
bound saccharide units. Complex carbohydrates range from
simple linear forms to highly branched, repeating and cyclic
structures. The Linear Code contains a diverse set of rules to
account for all possible combinations.
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B-2-1. Linear complex carbohydrates

A linear complex carbohydrate refers to an unbranched,
non-cyclic string of saccharide units.
Example:

o-L-Fucp-(1-4)-B-D-GlcpNAc-(1-3)-3-D-Gal p-(1-4)-B-D-Glcp
Would be written as:

FadGNb3AbAGh
B-2-2. Branch points

The major complexity of glycan presentation is due to
the variability in complex carbohydrates’ branching structure,
ranging from linear to branched to polymeric. The Linear Code
allows linear representation of branched carbohydrates by ex-
pressing the branchesin parentheses“()”. Deciding which chain
is the branch and which is the backbone is accomplished by
using two basic rules:

1. When the monosaccharides commencing each chain areiden-
tical, the chain connected to the higher position is considered
the branch. Thisruleisaso applicable in cases where different
modifications exist (when the modified form is not in the
monosaccharide hierarchy table).

For example:

a-D-Neup5Ac-(2-3)-B-D-Galp-(1-3)-B-D-GI cpNAc—(:L-Z)—cx—D-Manp—(ll-ﬁ)
-D-Manp-(1-4)-B-D-GlcpNAc
B-D-GIcpNAc-(l-Z)-a-D-Manpk(]!-B)
Would be written as:
GNb2Ma3(NNa3Ab3GNb2Ma6)MbAGNb
Since both branches are commencing with Mannose, the branch
chain vs. backbone chain is designated as follows. the chain
beginning with the Mannose connected to the higher position (6
position in example) is the branch chain.
2. When the saccharide units at the branch point are different,
the single letter code table (Table ) is utilized. The monosac-
charides in Table | are organized according to hierarchy that
was empirically determined according to the frequency in which
certain sugars appear at the branch node, in order to normalize
the data. The chain beginning with the lower MSin the hierar-
chy table (thusthe morerare SU), is designated the branch chain
and will be written inside the parenthesis “()”. Concurrently,
the chain beginning with the higher MS rank is designated the
backbone chain. Modifications do not change the hierarchy of
the MS except for the modified MSs existing in the table itself.
For example:

B-D-Galp-(1-3)-B-D-GalpNAc-(1-4)
|
B-D-Galp-(1-4)-B-D-Glcp

|
a-D-Neup5Ac-(2-3)
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Would be written as:

Ab3AND4(NNa3)Ab4Ghb
Since NN islower in hierarchy than AN (see Table), the chain
beginning with NN is considered the branch chain.

When the complex carbohydrate contains more than two
branches, the decision of branch / backbone is initially deter-
mined by the aforementioned hierarchy rules, and then accord-
ing to the monosaccharide unit position. The following example
shows the rules for determining the Linear Code of a branched
carbohydrate structure.

B-D-Galp-(1-4)
[B-D-GlcpNAc-(1-6)
a-L-Fucp-(1-3) |
B-D-Galp-(1-4)-B-D-Galp-(1-4)-B-D-Glc

B-D-GapNAc-(1-4)-B-D-GlcpNAc-(1-3)

Would be written as:

Ab4(GNb4GNb3)(Ab4(Fa3)GNb6)Ab4Gh
Starting from the reducing end, there are two branches and a
backbone. The first branch chain, (i.e. the chain commencing
with GNb6) was determined according to the hierarchy table
(Gal vs. GIcpNAcp — see Table |) and the higher connection
position (GNb6 vs. GNb3). Since the first branch chain is
branched again (Fa6 versus Ab4) anested branch point is added
based on the hierarchy table (i.e. Fa3 is branched). The second
branched chain (GNb4GNb3) isthen added and finally the back-
bone - Ab4.
B-2-3. Repeating and cyclic units

In some cases complex carbohydrates will contain cy-
clic or repeating units. In the Linear Code, a cyclic motif is ex-
pressed using the letter “c”. Repeating units are expressed in-
side parentheses “{n }”, where ‘n’ represents the number of
repeats. For example, cellulose, which is a polymer of D-Glu-
cose residues joined by -1,4 linkages, would be written as:
{nGb4}. If the repeating units are not connected ‘ head to tale’,
the monosaccharide at which the unit is connected is marked
between two dashes “- -“. For example the capsular polysac-
charide of Klebsiellae serotype K79 (Guy et al., 1985) has the
following repeating unit:

_3)-B-D-Galp-(1-3)-B-D-GlcpA-(1-2)-a-L -Rhap-(1-3)-a-L-Rhap-(1-3)-a-L-Rhap-(1 -

|
a-D-Glcp-(1-4)-a-D-Glcp(1-4)

Would be written as:
{nGabGa4d(-Ab3-)Ub2Ha3Ha3Ha3}
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B-2-4. Glycoconjugates

A saccharide unit is often connected through its reduc-
ing end to various non-carbohydrate moieties. The Linear Code
divides this type of connection into three groups; amino acid
seguences, lipid moieties and ‘ other’ molecules. The represen-
tations of these groups are as follows:

« Amino acid sequences are written after asemicolon“ ; “

using the amino acid single letter code. For example: a-

D-Glc bound to Asn-Tyr-Ser-Cys would be written as:

Ga;NY SC. In cases were the SU is bound to an amino

acid in the middle of the sequence (Ser in the aforemen-

tioned example) the amino acid is marked using “- -* .

So the Linear Code would be Ga;NY-S-C.

« Lipid moieties are written after acolon “ : ”, using the

Linear Code representation for lipids (Table I11). For

example:3-D-Glc bound to Ceramide would be written

as: Gh:C.

« Other glycosides are written after the number symbol

“ #*" using its complete name. For example:
[3-D-GlcpNAc-(1-3)-B-D-Gal p-(1-1)-4- Trifluoroacetami dophenol
would be written as: GNb3Ab#4-Trifluoroacetamidophenol
B-3. Unknown and Uncertain elements

Due to the structural diversity of carbohydrates, and the
fact that determination of oligosaccharide sequencesarefar from
routine, there may be one or more components in a saccharide
unit or in a complex carbohydrate that are unknown or uncer-
tain. The Linear Code accounts for unknown or uncertain com-
ponents in the following manner.
B-3-1. Unknown components of the saccharide unit

If only one component of aSU isunknown, asingle ques-
tion mark “?" should be used. For example AN?3G, represents
a SU with an unknown anomer type (a or B), if the connection
position is aso unknown, the Linear Code would be written as
AN??G. When an entire saccharide unit in the complex carbo-
hydrate is unknown, the asterisk character “ * ” is used. For
example: the Linear Code ANb3* A contains 3 saccharide units,
but the identity of the middle SU is unknown.
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000000D00D0O00000D0000d0 Linear Codel O 1O
oo0o00oooooooop -b-GlcOO0O0OOODOn
gooocehcooonoood
Jo0o0ooooooboobooooboobobooobooo
goboobogd
B -D-GlcpNAc-(1-3)- B -D-Galp-(1-1)-4-Trifluoroacetamidophenol
O GNb3Ab#4-Trifluoroacetamidophenol O O O O
B-3.0000000000ODOO
gobodboboooboobbooboboobboooboo
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000000000000 000000O0O00O00OOd Linear
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B-3-1.0000000000
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000000000000 ANGUOOOO0ODOOO0O0aDOBR O
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CodeO 0 AN?GUHODODODCOO0ODOOI0D0DOO0OOOOO
0000000000000 0000000D0O Linear Code
ANP3*A0 3000000000000 0000000O0DOO
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Tablelll : Lipid moietiesin Linear Code.

Trivial name Full name Linear Code
Cer Ceramide C

Sph Sphingosine D

IPC Inositol phosphoceramide IPC
DAG Diacylglycerol DAG
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B-3-2. Uncertain components of the saccharide unit

When two possibilities are given for the identity of a sac-
charide unit element, adlash “/” is used to separate the two op-
tions. For example: ANb3/4 states that the binding position can
either be carbon number 3 or 4 of the neighboring saccharide
unit.

B-3-3. Uncertain saccharide units

When two options are given for the identity of a com-
plete saccharide unit, two slashes “//” are used to separate the
two options. For example: the Linear Code Ab4//Ga2A a3 states
that the actua structure can either be Ab4Aa3 or Ga2Aa3.

It isimportant to emphasize that both the dlash and ques-
tion mark characters may be used several times in one complex
carbohydrate.

B-3-4. Uncertain connection site(s) of a saccharide unit to the
complex carbohydrate

When analyzing branched complex carbohydrates, there
are often uncertainties in the connection site of a saccharide unit
(or asequence of saccharide units) to a given complex carbohy-
drate. In other words, we may not know whether a saccharideis
attached at point A or point B. Therefore we have designated a
Linear Code rule to describe this uncertainty.

An uncertainty islabeled by avariable. The variableis
written as two characters, a percentage symbol and the variable
index number. For example: 1% and 2% represent two separae
uncertainties. The full description (i.e. complete saccharide unit
names) of each of the possibilities, “index%", are placed at the
end of the Linear Code, after the vertical bar symbol “ |“. The
“|” symbol separates between agiven Linear Code and its pos-
sihbilities. For example:

B-D-Galp-(1-4)-B-D-GlcNAc-(1-2)-a-D-Manp(1-6)

3-D-Manp-(1-4)-3-D-GlcpNac

B-D-Galp-(1-4)-B-D-GlcNAC-(1-2)-a-D-Manp(1-3)

cx—D—NeupAc(2—6)~§ (or)

Would be written:
NNa6=1%|1%AbAGNb2M a3(1%Ab4GNb2Ma6)Mb4Gh

The example shows a structure where the uncertainty is
in the exact connection site of NeupAc(2-6) at the non-reducing
ends of the complex carbohydrate (i.e. to the Mana 1-3 or
Mana 1-6 branch). Since thereis only one “uncertain” saccha-
rideunit (NNa6), the Index number is 1; and thus,“ 1%" isadded
to both non-reducing ends (Mana1-6 and Mana1-3). In addi-
tion the “NNab6=1%|" at the end of the Linear Code is added as
afootnotein order to describe the uncertain saccharide unit.

135

Trends in Glycoscience and Glycotechnology
Vol.14 No.77 (May 2002) pp.127-137

B-3-2.000000000O0ODO
gbooobooboooboobob20b0obooobooboobo

gOo0oOoOooOoDoo200000000000000C00 ANb3/

4000000000000030000400000000

oo
B-3-3.
gbooboooo2000booboobobooz0Oonogon
O0020000000000000000 Linear Coded Ab4/
/Ga2Aa30 0000000 Ab4Aa30 GazAa30 OO OOOODO
gboboobiocobooobooboboboboboboboobooo
oboboboooooobooboobobo
B-3-4.00000000000000O0DOOODOOO
gbooboooooooboboboboooooooboon
gbobooooooobobobooooobobobobo
obobAQOBOODOOOOOODODODODOOOO
0000000000 OO0O00DDOO0D0O Linear Coded OO
goooo
gbobobobooobooboboooooooboob 2o
gboboobobooboboboooooboboboobooo
oboooboowbo220b00b0020b00b0b0obooooon
gbmoboboooobooboboboboomoboooo
OO LinearCode 0 0000000 OO0O0OODOOOOOODO
00000 LinearCode 0O OODOOODOOOOODOODO
go

gooo
O

B-D-Galp-(1-4)-B-D-GlcNAc-(1-2)-a-D-Manp(1-6)
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oooo0o0o0o00O
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OO0OMana 1300 000000000000000000OO

0000000000000 00000MNNa6 10000

00000000001000000000MMana 1-600

Mana 1-30[0 100000000000000000O0OO

00000000 NNa6=1%| 0 Linear Code 0 000000
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C. Conclusions

Glycobiology has steadily grown in recent years as a
promising field for discovery of novel medicines. Asthe scien-
tific community seeks new insight into the fascinating world of
glycans, new bioinformatics tools must be developed in order
to facilitate and analyze the growing amount of data. A consen-
sus linear presentation of carbohydratesis essentia for the de-
velopment of thesetools. The Linear Code enables, for the first
time, the development of carbohydrate bioinformatics tools.
Moreover complex carbohydrates can now be stored in data-
bases in a comprehensive and user-friendly manner. Substantial
progress can be made in the availability of primary and added-
value databases, the development of algorithms, and network
information services for carbohydrate analysis. These services
can be used for glycan homology searches, elucidation of com-
plex carbohydrate biology, and inter-species comparison of gly-
cans to identify unique and common structures.

We have already developed several glycomic tools that
are based on the new Linear Code syntax. The Glyder algorithm
allows for the first time structural comparison of glycans. The
Glycomics Database (www.glycomics.com) is an advanced
database that compiles information about glyco-conjugates. The
Linear Code can make a key contribution to the organization
and analysis of the massive amount of glycan information avail-
able, allowing in-depth investigation of glyco-molecules and
their biology.
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