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Summary. We describe immune-proteome structures using libraries of
protein fragments that define a structural immunological alphabet. We pro-
pose and validate such an alphabet as i) composed of letters of five consecu-
tive amino acids, pentapeptide units being sufficient minimal antigenic
determinants in a protein, and ii) characterized by low-similarity to human
proteins, so representing structures unknown to the host and potentially able
to evoke an immune response. In this context, we have thoroughly sifted
through the entire human proteome searching for non-redundant protein
motifs. Here, for the first time, a complete sequence redundancy dissection
of the human proteome has been conducted. The non-redundant peptide
islands in the human proteome have been quantified and catalogued accord-
ing to the amino acid length. The library of uniquely occurring n-peptide
sequences that was obtained is characterized by a logarithmic decrease of
the number of non-redundant peptides as a function of the peptide length.
This library represents a highly specific catalogue of molecular protein sig-
natures, the possible use of which in cancer/autoimmunity research is
discussed, with a major focus on non-redundant dodecamer sequences.

Keywords: Human proteome — Redundant peptide sequences — Quanti-
tative proteomic redundancy — Qualitative proteomic redundancy

Introduction

Alignment of protein sequences provides information on
residue conservation, variability, dispensability. This in-
formation allows reconstruction of the structural-function-
al profile of proteins through the definition of common
structural motifs, interacting domains, and regulatory
regions. The distribution of amino acid residues, dipep-
tides and, in general, short amino acid sequences is fun-
damental in the comparative analysis of proteins from
different kingdoms, and of related proteins forming fami-
lies. The final results are of interest not only in compara-
tive genomics and proteomics studies, but also in experi-
mental pathology and therapeutics.

De facto, research is progressively shifting the focus
from analysis of disease-associated proteins as whole en-
tities to identification of the specific peptide sequences at
the root of the protein derangements leading to the altered
pathways involved in disease pathogenesis (Bielekova
et al., 2000; Yan et al., 2006). In parallel, identifying short
amino acid motifs endowed with antigenic/immunogenic
properties might offer the potential to provoke/neutralize
(auto)immune responses and, consequently, to design
immunotherapeutic treatments in cancer diseases as well
as in infectious or autoimmune pathologies (Hartemann-
Heurtier et al., 2004; Fontoura et al., 2005; Kanduc, 2005;
Mahdavi and Monk, 2005; Wang and Walfield, 2005).
These considerations are strengthened by an ample litera-
ture documenting that short peptides are critically in-
volved in modulating/interfering with essential cell reac-
tions (Lucchese et al., 2006, and refs. therein).

Our labs are exploring the possible immunological sig-
nificance of peptide sequence redundancy in the human
proteome. The rationale is the following. If it is true that
normal auto-antigens are tolerated through the purging of
all antigen receptors that could possibly recognize and
attack auto-antigens (Tsubata and Honjo, 2000; Kamradt
and Mitchison, 2001; Ohashi, 2003), i.e. through the clon-
al deletion process, then it is logical to hypothesize that
peptide sequences uniquely expressed in a proteome (or
expressed late in the temporal cell ontology or rarely
expressed or present at subluminal concentration level or
hidden in immune privileged sites) have more chances to
escape the tolerance process. In other words, the molecu-
lar sequences with no/low similarity to the host proteome
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have more chances to induce an immune response.
Consequently, identification and localization of unique
amino acids stretches in the human proteome is of re-
markable importance since these non-redundant peptide
sequences might represent i) ‘“‘pathogenicity islands™,
by being potentially able to induce specific destructive
autoimmune reactions or, alternatively, ii) “ideal targets™,
if immune reactions are desired as in cancer immunother-
apeutic approaches.

In this study we searched the human proteome for such
sole occurrence strings. To this end, we systematically
analyzed the entire set of human proteins that comprehen-
sively form the human proteome for peptide sequences
that are present only and exclusively in one human pro-
tein. We report such an analysis of non-redundant peptide
islands and discuss its possible use in studying/interpret-
ing basic phenomena such as antigenicity /immunogenicity,
as well as in designing/developing new therapeutical pep-
tide-based approaches.

Materials and methods

Sequence similarity analysis for each human protein was conducted
against the human proteome. The human proteome was obtained from
EBTI’s Integr8 site (ebi.ac.uk/integr8); the analyzed proteome consisted of
37991 proteins when downloaded on May 30, 2006. In determining the
intra-human similarity pattern, the human proteins to be analyzed were
manipulated and analysed at the 5-mer level as follows.

Each entire protein was decomposed in silico to a set of 5-mers
sequentially overlapped by four residues. Source protein and position

Table 1. n-Peptide redundancy in the human proteome
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were recorded for each 5-mer. The resultant dataset was then analyzed
based on frequency of occurrence of individual 5-mers. Pentamers
which only occurred once in the set of human proteins were identified
and collected into a library. In silico digestion was performed by a
custom program written in C for efficiency. All other analysis was
performed using LINUX/UNIX shell scripts and standard LINUX/
UNIX utilities. The zero-redundant peptide sequences were further ana-
lyzed through PIR, Expasy, NCBI, and PubMed databanks for potential
disease relationships.

Results

Intra-proteomic peptide non redundancy

We explored the human proteome for the degree of inter-
nal non-redundancy using the pentapeptide as a length
unit, i.e. a peptide unit effective from the biological as
well immunological point of view (Niman et al., 1983;
Reddehase et al., 1989; Liu et al., 1992; Lucchese et al.,
2006; Opdenakker et al., 2006). We asked two questions: 1)
How many pentapeptides are uniquely expressed in the
human proteins? 2) Is peptide sequence non-redundancy
influenced by the peptide length?

The quantitative data we found are reported in Table 1
listing the number of unique occurrences of n-peptides
(with n from 5 to 16 amino acids) and the relative n-
peptide overlaps disseminated through the more than
36,000 human proteins that comprehensively form the
human proteome in the integr8 database (www.ebi.ac.
uk/integr8). In other words, Table 1 provides numerical

Sequence Total occurrences
length
(aa) Theoretical (10°) Actual
Unique® Including Formed by 5-mers
overlapsb occurring only once®
5 32 2 388 563 16 249 364 464 485
6 64 8 247 275 16 210 640 123 854
7 1280 10 431 975 16 171 995 41 060
8 25 600 10 797 988 16 133 421 14 437
9 512 000 10 912 559 16 094 868 4 860
10 10 240 000 10 982 062 16 056 379 783
11 204 800 000 11 033 022 16 017 956 201
12 4 096 000 000 11 071 755 15 979 581 58
13 81 920 000 000 11 101 910 15 941 254 16
14 1 638 400 000 000 11 125 333 15 902 957 6
15 32 768 000 000 000 11 143 351 15 864 691 2
16 655 360 000 000 000 11 156 519 15 826 455 1

#Number of unique n-peptides in human proteome

® Occurrences of n-peptides in human proteome (including duplicate instances of same n-peptide)
¢ Number of n-peptides formed by 5-mers expressed only once in the human proteome, i.e. with zero redundancy
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Table 2. Human proteins hosting long non-redundant peptide motifs and relevant to autoimmune diseases
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Protein description-name ID Aa pos Peptide sequence Autoimmune pathology References
Ubiquitin-activating P22314 705 DCVTWACHHWHTQYSN  Pemphigus foliaceus Liu et al. (1992)
enzyme E1
Matrix metalloproteinase-9 P14780 114 LKWHHHNITYWIQN Rheumatoid arthritis Opdenakker et al. (2006)
Multiple sclerosis Descamps et al. (2003)
Lupus erythematosus Dubois et al. (1999)
Experimental autoimmune Matache et al. (2003)
encephalomyelitis
ADAMTS-15,metalloprot-  Q8TES8 689 FTKPMHGYNFVVA Asthma Paulissen et al. (2006)
einase
Cytochrome P450 4F3 Q08477 84 FGDMCCWWVGPWH Type 1 diabete Park et al. (2004)
Autoimmune hepatitis Vergani and Mieli-Vergani
(2004)
Autoimmune polyglandular Liiv et al. (2002)
syndrome type 1
Autoimmune endocrinopathies Hrda et al. (2004)
Coagulation factor VIII P00451 1832 KTYFWKVQHHMAP Hemophilia A Lacroix-Desmazes et al. (2002);
Di Giambattista et al. (2001);
Vianello et al. (1999)
Jacquemin and Saint-Remy
(1998)
Cabane and Bossi (1996)
Vesicular inhibitory amino  Q9H598 334 SEFHCMMNWTHIA Mouse model of amyotrophic ~ Raiteri et al. (2005)
acid transporter GABA lateral sclerosis
and glycine transporter
Neuronal acetylcholine Ql4CY7 456 DRFFMWIFFIMV Myasthenia Ricny et al. (2002)
receptor protein
subunit o-9
Deoxycytidine kinase P27707 156 QDWHDWMNNQFG Graves’ and Hashimoto’s Karbownik et al. (2003)
diseases
Tryptophan pyrrolase P14902 32 LPDFYNDWMFIA Tryptophan chronic immune Schrocksnadel et al. (2006)
activation in neurologic/
psychiatric disorders
Psoriasis susceptibility 1 Q5ST21 49 MEPANHFWHAGD Psoriasis Szczerkowska-Dobosz (2005);
Ozawa and Aiba (2004)
Laeverin CHL2 antigen Q6Q4G3 425 VTMNWWNNIWLN Rheumatoid arthritis Haas et al. (2006)
Toll-like receptor-9 QI9NRY96 170 RFLFMDGNCYYK Systemic lupus erythematosus ~ Yu et al. (2006); Prinz et al.
Multiple sclerosis (2006)
Protein Wnt-5a P4122 68 KHLYQDHMQYIG Rheumatoid arthritis Sen et al. (2001)

ID Primary accession number. Only non-redundant peptide motifs >12 aa long have been considered

values for uniquely expressed pentapeptides as well as
for the intra-proteomic non-redundancy of peptides of
different amino acid length and formed only and exclu-
sively by 5-mers expressed only once in the human prote-
ome, i.e. with a content of redundancy equal to zero. That
is, Table 1 lists the number of: i) pentapeptides express-
ed only once in the human proteome, ii) esapeptides
formed by two sequential 5-mers, overlapping by four
residues and each of which is expressed only once in
the human proteome, iii) eptapeptides formed by three
5-mers, overlapping by four residues and each of which
is expressed only once in the human proteome, and so on.
As an example, the non-redundant DRFFMWIFFIMYV se-
quence we find in the neuronal acetylcholine receptor

protein subunit alpha-9 (Acc. Q14CY7, also see Table 2
for description) is a dodecapeptide formed by eight con-
secutive pentamers each overlapping the next by 4 amino
acids, i.e. DRFFM, RFFMW, FFMWI, FMWIEF, and so on,
each pentameric subunit being present only and exclusive-
ly in the neuronal acetylcholine receptor protein subunit
alpha-9.

On the whole, the numbers reported in Table 1 clearly
document that the human proteome presents a high num-
ber of pentapeptides occurring only once (464485 unique
pentapeptides equal to 19.4% of the actual pentapeptides
found in the human proteome). Then, at a deeper analysis,
it is interesting that, although the number of pentapeptides
expressed only once in the human proteome is high, the
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Fig. 1. Quantitation of peptide sequence non-redundancy in the human
proteome as a function of peptide length

peptide sequences with more non-redundant pentapep-
tides in a row drastically decrease in count. Plotting pep-
tide sequence non-redundancy in the human proteome as
a function of peptide length reveals the behavior illustrat-
ed by Fig. 1.

Three observations are worth noting in Fig. 1. First, the
number of n-mer peptides (N) formed by sole occurrence
5-mers and the length of the non-rendundant peptides (1)
are inversely related by a logarithmic relationship. Indeed,
plotting the number of n-mer peptides (N) formed by sole
occurrence 5-mers on a log scale against n shows a linear
behavior. That is, Fig. 1 indicates that the logarithm of the
number of n-peptides formed by sole occurrence penta-
mers (N) is a linear function of the peptide length n.
Second, the figure indicates that for each additional amino
acid in the length, the number of non-redundant peptides
is approximately 29% of the previous one, thus suggesting
powerful constraint(s) that limit the presence of non-re-
dundant peptide sequences. Third, Fig. 1 defines 16 amino
acids as the length constraint to peptide non-redundancy
in the human proteome. The longest human peptide en-
tirely formed by non-redundant pentamers is a 16 amino
acid long fragment. Biologically, on the whole Fig. 1
suggests that level of peptide sequence redundancy is
not randomly distributed in the human proteome.

The mathematical treatment of the data listed in Table 1
and graphically reported in Fig. 1 is detailed in Box 1.

Location of the non-redundant sequences in human
proteins

Next, we analyzed the location of the non-redundant se-
quences in the human proteins, searching for possible rela-
tionship(s) between non-redundant fragments and cancer/
autoimmunity auto-antigens. The analysis was restricted

Box 1. N is exponentially related to the peptide length n

The relationship illustrated in Fig. 1 can be described by
the equation

log(N) =a+bn (1)
or alternatively
N = 10((1+bn) (2)

where N =number of peptides of length n formed by
sole occurrence 5-mers and n = the peptide length (with
5<n<16). The formula

f(n)=a+bn

is the general form for a straight line where a is the “‘y-
intercept” (the value of log (N) for a hypothetical value
of 0 for n) and b is the slope of the line (i.e. the slope on
the plot of log (N) versus n). We can obtain the values
for a and b by performing a linear regression using a
least-squares technique and the data reported in Table 1.
We obtain: a = 8.338747086; b = —0.536531468, with
r = —0.997853259. The value of r, the Pearson correla-
tion coefficient, indicates how closely the data fits a
linear relationship, with » = —1 or r = 1 for a perfect
straight line and r = 0 for completely unrelated data
(e.g. random data). A value of r<—0.5 or r>0.5 is
usually taken as indicating the presence of a linear rela-
tionship. In this case » = —0.997853259 which is highly
supportive of the conclusion that a linear equation can
describe the relationship between n and log (N). The
fact that r is negative indicates that the two variables
(n and log (N) in this case) are inversely related; i.e. as n
gets larger, log (N) gets smaller.

From Eq. (2) above and the values for a and b we
can give a formula for N, the number of n-mer pep-
tides (N) formed by sole occurrence 5-mers. This for-
mula is

N = 10(8.33874708670.536531468n) (3)

Rearranging the exponent gives

8 +0.338747086 — 0.536531468n
= 0.338747086 + 8 — 0.536531468n

SO

N = 10(0.338747086+870.536531468n) (4)

Using the mathematical identity 10" = 10*x1(?, Egq.
(4) can be rewritten as

N = 100.338747086 % 10(87053653 1468n) (5)

The first term on the right-hand side of this equation
is a constant and can be simplified. Therefore, a final
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expression for N is

N = 2.18145915x 1080336331468 (6)

Solving the equation for values of n from 5 to 16, it turns
out that for each additional amino acid in the length, the
number of non-redundant peptides is approximately

29% of the previous one.

to non-redundant fragments having a number of amino
acids >12. The data we obtained are reported in Tables 2
and 3. It can be seen that the longest human peptide en-
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tirely formed by non-redundant pentamers, i.e. the 16
amino acid long fragment DCVTWACHHWHTQYSN, is
present in the ubiquitin-activating enzyme E1, Acc. P22314
(Table 2). That is, the DCVTWACHHWHTQYSN peptide
is formed by 12 overlapping 5-mers, none of which recurs
in the approximately 36 thousand human proteins we
investigated. Importantly, Table 2 illustrates that the
DCVTWACHHWHTQYSN peptide as well as a number
of peptide fragments endowed with zero redundancy at
pentameric level are located in proteins which, to some
extent, are involved in autoimmune diseases, from multi-

Table 3. Human proteins hosting long non-redundant peptide motifs and relevant to cancer diseases

Protein description — name ID Aa pos Sequence Tumor pathology References
Ubiquitin-activating enzyme E1 ~ P22314 705 DCVTWACHHWHTQYSN Human cancers Sun (2006)
Matrix metalloproteinase-9 P14780 114 LKWHHHNITYWIQN Prostate, endometrial, Van Themsche et al. (2007);
rectal cancer Unsal Kilic et al. (2007);
Nabha et al. (2006)
TBC1 domain family member 8§ 095759 582 KREHMMSCYWEQPR Neuroblastoma Roberts et al. (1998)
Ubiquitin-protein ligase Q96EP1 632 RPDCYWGRNCRTQ Human cancers Pray et al. (2002)
Guanylate cyclase subunit (-2 075343 279 QMIWMESMWCMVY Gastric carcinoma Behrends and Vehse (2000)
Coagulation factor VIII P00451 1832 KTYFWKVQHHMAP Prostatic adenoma; Barrier et al. (2006);
colorectal tumors Moon et al. (2006)
Huntingtin-interacting protein 14 Q8IUHS 366 TKFWMYVTWFFWF Human tumors Ducker et al. (2004)
Breast cancer anti-estrogen Q5TEW3 635 GTDMWEKNDQSCE Breast cancer Liang et al. (2006)
resistance protein 3
Ribosome biogenesis block of Q14137 462 VIVCHGMVYNDL Colorectal tumor Killian et al. (2006)
proliferation 1 protein
Ameloblastin Q3B861 434 PEMMHDAWHFQE Odontogenic tumors Perdigao et al. (2004)
Breast epithelial mucin- Q3KP51 142 MVIWGANA Prostate cancer Teh et al. (2004)
associated antigen
Deoxycytidine kinase P27707 156 QDWHDWMNNQFG Pancreatic cancer, hairy Vernejoul et al. (2006);
cell and lymphocytic Juliusson and Liliemark
leukaemia. Human (2006); Pauwels et al.
tumors (2006); Lotfi et al. (2006)
Dermatopontin Q07507 125 DREWQFYCCRYS Prostate cancer; Takeuchi et al. (2006);
leiomyomas Catherino et al. (2004)
Dihydropyrimidinase, Q14117 282 THYWNKEWHHAA Oral squamous cell; Garnis et al. (2004);
gastric cancer Abe et al. (2003)
Axonemal dynein intermediate Q9GZS0 399 SIMWTKYHMAYL Ovarian cancer; Ding et al. (2005);
chain 2 prostate cancer Bull et al. (2001)
Protocadherin fat 2 Q5WI9G8 3844 QRHVNDHEWHSI Neurofibromatosis-2 Willecke et al. (2006)
Tryptophan pyrrolase P14902 32 LPDFYNDWMFIA Hepatocarcinoma and Vazquez et al. (1999);
other neoplasms; Cozzolino et al. (1969);
renal tumors Allegri et al. (1965)
Transmembrane protease Q17RH4 153 KGCEHGWWEINE Prostate cancer; Saleem et al. (20006);
ovarian cancer Tanimoto et al. (2005)
Retinoblastoma-associated Q5T4S7 1671 FMNQHWYHCHTC Retinoblastoma Huh et al. (2005)
factor 600
Oncostatin-M specific Q99650 288 CTHKNWCNWOQIT Melanoma; malignant Lacreusette et al. (2007);
receptor B subunit mammary epithelial Liu et al. (1998)
cells
Zinc in-between-RING-finger Q96EPO 411 QVWYCIHCTFCN Breast cancer Thompson et al. (2004)
ubiquitin-associated
domain protein
Protein Wnt-5a P41221 68 KHLYQDHMQYIG Neuroblastoma; ewing Blanc et al. (2005); Uren

sarcoma; breast cancer;
colorectal cancer

et al. (2004); Jonsson et al.
(2002); Smith et al. (2002)

ID = primary accession number. Only non-redundant peptide motifs >12 aa long have been considered
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ple sclerosis to lupus erythematosus. In parallel, it was
found that a number of non-redundant peptides are pres-
ent in a number of auto-antigens studied in main tumoral
pathologies (Table 3).

Discussion

We use computational biology to select peptide sequences
having the immunogenic potential to evoke humoral re-
sponse. The selection criterion is based on the analysis of
the sequence redundancy level to the human proteome. The
eventual goals are 1) to elucidate the regulatory mecha-
nisms/factors that dictate peptide immunodominance as-
sessment, and 2) to use peptide selection as a basis of
innovative technologies and biological applications in dis-
ease prevention/cure. Indeed, the characterization of pep-
tide sequences uniquely expressed in tumor auto-antigens
might be therapeutically used in order to produce specific
antibodies which selectively hit tumor cells. Of not second-
ary importance, such an approach would offer effective,
safe and apparently “infallible” tool to specifically destroy
tumors by hitting peptide motifs uniquely expressed in the
tumoral antigens, without cross reactions with other cell
components. The current antigen-specific immunothera-
peutical protocols target not only antigen-positive tumor
cells, but also normal tissues expressing the shared tumor
antigen by molecular mimicry and/or epitope spreading
(Miller et al., 2001; Tian et al., 2002). In this context, the
data reported in Table 3 might be a concrete step along
new, safe and practically ““infallible” cancer therapies.

In addition, our data are of interest in furthering
our understanding of the molecular mechanisms involved
in peptide antigenicity and/or immunogenicity (Van
Regenmortel, 2004). If immune reactions are related to
a molecular definition of amino acid sequences never/
sporadically encountered by the immune system, it is log-
ical that auto-antigen peptide epitopes able to evoke hu-
moral autoimmune response are defined by low sequence
similarity to the proteome. The data reported in Table 2
may thus constitute a first ‘““sequence block™ to be inves-
tigated in the context of autoimmunity and related phe-
nomena (i.e. epitope spreading, cripticity, glycosylation)
and possibly might lead to the exact definition of peptides
to be used in order to block and neutralize circulating
autoantibodies in autoimmune diseases, with the concom-
itant gain of a complete absence of cross-reactions.
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