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REVIEW

ABSTRACT. ALL COLLAGEN SEQUENCES have a distinctive signature,
described by the X-Y-Gly formula indicating that any amino acid might be
present at X and Y positions, in many combinations, while the third position
is fixed and invariably glycine. The unique periodic nature of these sequences
makes it possible to perform a reliable statistical study on the physicochemical properties of amino acids at X and Y positions. In this study we
have phase separated twenty different main human collagen sequences into
three subsequences each. We have found that the X-Y-Gly formula is
frequently corrupted by phase shifts caused by deletion of a glycine codon.
The overall average charge of amino acids at X positions is always negative,
while at Y positions it is always positive. No exception was found. This
indicates the periodic nature of collagens even at X and Y positions and
predicts a pattern-related interaction in and between collagen triple-helices.
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INTRODUCTION

All collagens have a distinctive molecular
conformation: a triple-helix composed of three
supercoiled polyproline II-like helical chains [1-4].
This triple-helical conformation places strict constraints on amino acid sequence, requiring Gly at
every third residue and a high content of proline
and hydroxyproline residues. The collagen primary
sequence is usually described by the X-Y-Gly formula, where X and Y indicate any amino acid, but
the glycine (Gly) is compulsory at every third position. The single collagen strands are very unstable
peptides. For mammals and birds, the denaturation
temperature appears to be a few degrees higher
than body temperature, typically cited as approximately 41.5 Co [5], while the triple-stranded
configuration is extremely stable having lifetimes
of at least 6 months, and often much longer. This
property makes it very interesting to understand the
exact organization of the molecular interactions in
and between the triple-helical peptide structures. It
is widely accepted that the major force which keeps
the three strands together are the direct - H - or water mediated bonds between the peptide backbones
of the different strands [6,7], however, recent studies indicate that even the amino acid residues play
an important role [7,8]. The unique periodic nature
of the collagen primary sequence makes it possible
to use statistical and bioinformatical methods to
examine the physico-chemical properties of the
amino acid residues at X and Y positions and make
some predictions for the overall behavior of the
collagen polymer.

MATERIALS AND METHODS
Protein sequences were selected from the
SWALL databank, which is a virtual collection of
the SWISSPROT, SPTREMBL and TREMBLNEW [9].
We developed a JAVA program, called the
SeqForm, to find and alter sequence residues. The
program makes it possible to predefine residues in
optional phases of a sequence (for example every
1st, 2nd or 3rd, even in combinations), replace or

remove them and perform the same operation on
large files, containing many FASTA sequences.
Sequence similarity visualization was performed by
DOTLET, which is a dot-plot program [10].
Statistical analyses of protein sequences were
performed by the SAPS program [11]. Linear
regression analyzes and Students t-tests were used
for statistical evaluation of the results.

RESULTS
Twenty human collagen sequences were taken
from the SWALL database each belonging to a
different A1 class. They are known to form different histological structures, having different
physiological roles and interact with different
molecules, even if they all are similarly folded and
are major components of the extracellular matrix
(TABLE 1, FIG. 1).
The sequences were processed by SeqForm and
divided into three sub-sequences each containing
every third residues. The sub-sequences of an
...abcdefghi... sequence became ...adg..., ...beh...
and ...cfi... using period 3 selection and are referred
to as sequence phase (SP) 1-2-3 (not to confuse
with frame 1-2-3, which is used to define the
phases of a nucleic acid translation). The period 3
selection of the human collagens showed the presence of long (>10 residue) poly-Gly sequences
which were located in one or different phases.
Therefore, the primary SP1-2-3 selections did not
directly follow the expected X-Y-Gly formula in
each case and for the entire sequences. The polyGly sequences often shifted phase (TABLE 1). The
average length of the collagen protein sequences
was 1444 ± 149 residues, it occurred 7.3 ± 1.2
phase shifts/sequence and the distance between
phase shifts was 318 ± 78 residues (means ±
S.E.M, N = 20).
It was possible to exactly locate the place of the
phase-shifts, in most cases. Phase-shift is always
caused by codon deletion (and not a single base
deletion) and in our case always by deletion of a
Gly codon (FIG. 2).
We have re-arranged the primary SP1-2-3
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FIGURE 1. DIFFERENT FORMS OF THE COLLAGEN STRUCTURE AND SEQUENCE. Single collagen polypeptide chains (~ 1.400
amino acid long) are synthesized in the endoplasmic reticulum (a). They quickly associate with each other and a nucleation-like
process triggers formation of triple-stranded, supercoiled helical structures (b). The process is probably assisted by chaperons, like
Hsp47 (c). Cutting of the non-helical ends of pro-collagens leads to tropocollagens, in the Golgi, which is a highly ordered
structure of collagen rods (length: 300 nm, diameter: 1.5 nm) and contains 3.3 amino acids/turn (d). The collagen specific 67 nm
wide optical pattern occurs in fibrils (diameter: 10-300 nm) (e), which continues to assemble into fibers (diameter: 0.5-3 µm). The
lower part of the figure explain the characteristic X-Y-Gly pattern in the primary sequence of single collagen molecules (g) and
the data processing used in this article. Phase separation of the sequences into three subsequences displays shifting of poly-Gly
sequence between phases (h) which might be easily reversed and corrected (i).
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FIGURE 2. ILLUSTRATION OF THE HOMO-POLYMER PHASE SHIFT AND CODON DELETION. Phase separation of a collagen sequence
into three subsequences (phase-1-2-3) displays the phase-shifting poly-Gly (...gggg...) homo-polymer. A Gly codon is missing
from the coding sequence (CDS) at the place of phase-shifts (red block). Only a short sequence of collagen molecule is shown as
indicated by the amino acid and nucleic acid positions numbers (AA # and NA #).

selections by turning the subsequences at every
phase shift positions to “shift-back” the polyGly strings to only one single phase. This way
we could clearly re-format the sequences and
the X-Y-Gly formula applied for the entire
sequence and in each case.
Statistical analyzes showed that the physicochemical properties of amino acids are statistically
significantly different at X and Y positions (TABLE
2). The primary collagen sequences contain equal
number of positively vs. negatively charged, as
well as apolar vs. polar amino acids. However the
amino acids in the X phase contains significantly
more negative than positive charges and the amino
acids in the Y phase contains significantly more
positive than negative charges (FIG. 3). Both X and

Y phases contain significantly more apolar
(hydrophobic) than polar (hydrophilic) residues
(FIG. 4). The third phase, the poly-Gly phase is not
included in the table and figures because it is
known to be neutral and highly polar due to the
great excess of Gly residues.
A non-collagen protein group, the 6 insulin-like
growth factor binding proteins, was used as control.
They did not show any separation of physicochemical properties after similar phase selection.
The distribution of charges and polarity along
the X and Y subsequences was studied by dot-plot
method. Comparison of X and Y phases from
Col1A1 and Col2A2 with each other and a standard
showed that the charge and polarity is evenly
distributed along the sequences. The distribution of

TABLE 2. PERIODIC DISTRIBUTION OF CHARGE AND POLARITY IN COLLAGENS.
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Distribution of Charged Amino Acids in Collagen X-Y Phases
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FIGURE 3. DISTRIBUTION OF CHARGED AMINO ACIDS IN COLLAGEN X-Y PHASES. The primary sequence of 20 different
A1-class collagens was phase separated into three subsequences and the proportion of positively and negatively charged amino
acids in X and Y phases is displayed.

positive and negative charges in the X and Y
phases from the same collagen are similar but not
exactly matching with each other. The sequence
similarity between the original Col1A1 and Col2A1
was maintained in both X and Y sequences even
after phase separation (FIG. 5, 6). These rules did
apply even for other collagen classes except that
they are less similar to each other before and after
phase separation (these results are not shown).

DISCUSSION
The basic principles of triple-helix stability is
the subject of intensive research and dispute since
the first correct model of collagen structure was
proposed by Ramachandran and Kartha [1,2] and
was immediately declared as "stereochemically
unsatisfactory" by Rich and Crick [12,13]. Now it
is clear that direct hydrogen and water mediated
bonds exist between the Gly molecules in the three
neighbor strands, which is possible only because all

Gly residues are uniformly, centrally located in the
longitudinal axis of the collagen triple-helix. There
are no -H- bonds in the same strand, like in the alpha helix. These bonds are positioned between CN....O=C- or Cα-H....O=C atoms of the peptide
backbone [6]. The Gly is a polar amino acid and
these interconnected residues form a continuous,
hydrophilic, longitudinal core in the collagen. Any
interruption of the continuity of this core, for example, replacement of Gly with Ala might alter the
structure and function of collagen, as it is known
from hereditary disease, like osteogenesis imperfecta [14]. The residues of the non-Gly amino acid
are radially located on the surface of the collagen.
They were logically suspected to play a role in the
inter-collagen interactions, but not in stabilizing the
triple-spiral. However, the first high-resolution
structure of a triple-helical collagen-mimics 4 indicated a regular network of water molecules
surrounding the triple-helices in the crystal lattice.
The structure appeared to lend support to a
hypothesis that Hyp (hydroxyproline, a very fre-
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Distribution of Polar Amino Acids in Collagen X-Y Phases

Distribution (% of total in X+Y phases)
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FIGURE 4. DISTRIBUTION OF POLAR AMINO ACIDS IN COLLAGEN X-Y PHASES. The primary sequence of 20 different A1class collagens was phase separated into three subsequences and the proportion of apolar and polar amino acids in X and Y
phases are displayed.

quent amino acid in these molecules) stabilizes
collagen by forming hydrogen bonds with water
molecules surrounding the triple helix [15].
Confusingly, collagen is stable in anhydrous
environment of methanol or propane, [16] and replacement of proline by flouroproline improves
collagen stability [17] although fluorine does not
form hydrogen bonds [18]. Furthermore, the triplehelix stability is sequence dependent, which is an
additional indication of the role of the individual
amino acid residues at the X and Y positions
[19,20].

primary sequences into three subsequences turned
out to be a useful sequence visualization method,
which clearly displayed and confirmed the X-YGly organization of amino acid residues in collagens. Additionally, we discovered that there are
numerous phase-shifts in this organization due to
deletion of Gly which is caused by codon deletion.
The high frequency of Gly-codon deletions indicate
that it is a rule and not an exception and that Gly
deletion is an accepted event in contrast to Gly-replacement, which has clear pathological consequences [14,21].

The tertiary and quaternary structure of collagens is not a completed capital in the molecular
biology. The available studies in the PDB are restricted for short synthetic collagens, and the residue variation in these structures is poor in giving
any insight into the role of individual residues in
the structure forming. However, we have access to
a large amount of primary sequence data and the
relatively simple and periodic structure of collagens
makes them ideal subjects for bioinformatics studies.

We have observed that the physicochemical
properties of X and Y residues are different and
this difference increased by “turning back” the
subsequences at the positions of phase shifts and
“correcting” their effects. The number of negatively charged amino acids in X-phase is about two
times as much as the number of positively charged
residues. Contrary, the number of positively
charged residues in Y-phase is about two times as
much as the number of negatively charged residues.
No exception was found. This indicates a periodical
distribution of charges in collagens. Consequently,

Phase-separation of each major human collagen
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FIGURE 5. COMPARISON OF COLLAGEN SEQUENCES BY DOT-PLOTAmino acid sequences of two main collagens were compared
by dot-plot before (primary sequences) and after phase separation into three (X-Y-Gly) subsequences. Identity matrix with
window 59 was used.

FIGURE 6. DISTRIBUTION OF PHYSICO-CHEMICAL PROPERTIES IN COLLAGEN SUBSEQUENCES. The positions of
charges and polar residues in X and Y subsequences of two major collagens are indicated by barrs. The barr-code-like patterns
are aligned with each other to reveal the site of potential interaction between residues.

MEDICAL HYPOTHESES AND RESEARCH, VOL. 2, NO. 2, APRIL 2005
ALSO AVAILABLE ONLINE AT:

www.journal-MHR.com

354

J. C. BIRO AND A. M. BIRO

the overall average charge of the collagens is negative at X-, while positive at Y- positions at pH 7.0.
This is a simple, general, statistical prediction of
stabilizing electrostatic interactions between residues in collagens and is in agreement with the
suggestion, which emphasizes the role and influence of charged amino acid residues in forming the
collagen structure [20,22]. The distribution pattern
of positive vs. negative charges along the X and Y
subsequences is not identical. This indicates that
these opposite charges are not necessarily located
side by side in the same single collagen strand.
They would not necessarily be in opposite positions
either, when two identical (or highly similar) single
strands interact with each other. Opposite charges
may, but not necessarily, bind to each other in
collagens. It is known, for example, that Glu and
Lys display even direct interactions with carbonyl
groups and Hyp hydroxyl groups or interactions
mediated by water molecules [23]. Therefore, it
might be necessary to consider even charge related
interactions due to ionization rather than ion pair
formation.
Notably, the number of apolar (hydrophobic)
residues is about twice as much in both X and Y
positions than the number of polar (lipophobic)
residues indicating an overall hydrophobic nature
of collagen surface. Obviously this hydrophobic
surface is interrupted by hydrophilic residues,
which might explain the highly ordered hydration
network around the collagens [22].
Our results indicate that the periodic nature of
collagens is not restricted to the periodic presence
of Gly at every third position but it is a distinctive
collagen characteristic which applies even for other
physicochemical properties. The regular positive/negative charge pattern of the collagen surface
might be a simple but strong signature of collagen
molecules and it might generally attract different
other collagens and assist to establish the collagen
network.
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