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ABSTRACT: An RNA G-quadruplex in the protein coding segment of mMRNA is translatable (TG4) and may potentially impact protein translation.
This can be consequent to staggered ribosomal synthesis and/or result in an increased frequency of missense translational events. A mathemati-
cal model of the peptides that encompass the substituted amino acids, ie, the TG4 -mapped peptidome, has been previously studied. However,
the significance and relevance to disease biology of this model remains to be established. ProTG4 computes a confidence-of-sequence-identity
(7) -score, which is the average weighted length of every matched TG4 -mapped peptide in a generic protein sequence. The weighted length
is the product of the length of the peptide and the probability of its non-random occurrence in a library of randomly generated sequences of
equivalent lengths. This is then averaged over the entire length of the protein sequence. ProTG4 is simple to operate, has clear instructions, and
is accompanied by a set of ready-to-use examples. The rationale of the study, algorithms deployed, and the computational pipeline deployed
are also part of the web page. Analyses by ProTG4 of taxonomically diverse protein sequences suggest that there is significant homology to
TG4 -mapped peptides. These findings, especially in potentially infectious and infesting agents, offer plausible explanations into the aetiology
and pathogenesis of certain proteopathies. ProTG4 can also provide a quantitative measure to identify and annotate the canonical form of a
generic protein sequence from its known isoforms. The article presents several case studies and discusses the relevance of ProTG4-assisted
peptide analysis in gaining insights into various mechanisms of disease biology (mistranslation, alternate splicing, amino acid substitutions).
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Background
Non-canonical or atypical translation is the synthesis of pro-
teins by one or more mechanism(s) that depart significantly
from the usual molecular biology. This includes the synthesis
of short peptides (<1004a) from upstream open reading
frames (uORF), short open reading frames (sORF)-encoded
polypeptides (SEPs), and translation from atypical start sites.*
A translatable G-quadruplex (7G4) is defined as the presence
of Hoogsteen or reverse-Hoogsteen pairing between inter-
spersed repeats of Guanosine residues in the protein coding
segment (PCS) of a messenger RNA (mRNA).> The pres-
ence of one or more 7G4 s may stall the ribosomal machinery
and/or facilitate missense translations. In fact, the stress-inde-
pendent amino acid substitutions that result from the latter can
account for errors rates ~107* —=107° for proteins of approxi-
mately 300 amino acids.>1%11 Although most of these substitu-
tions favour misfolding and thence disorder, the same may also
contribute to alternate splicing and a compensatory adaptation
to missing tRNA molecules under perturbed conditions.!-15
The combinatorial superset of protein/peptide sequences
that will result under the assumptions of the ‘wobble’- and
‘superwobble’-hypotheses is referred to as the ‘statistical’-
proteome/peptidome.>1011 While the myriad of forms has pre-
cluded a comprehensive empirical validation, reverse-mapping,
ie, populating the ‘empirical-peptidome (mass spectrometry,

microarrays) and thence characterizing the same might be an
alternative strategy. In fact, protocols such as the data depend-
ent acquisition (DDA) and quantification of rare amino acid
substitutions (QRAS) have made much progress.'* In addition,
generic software which are platform-dependent and -inde-
pendent may utilize advanced data analytics to compare and
infer biological relevance.!! However, a web-based tool
which can scan the sequence of a generic protein for the occur-
rences of this ‘statistical -peptidome and thereby establish bio-
logical relevance is not available.

A mathematical model (codon-association with third-
base wobble) of a short 7G4 was able to establish a map
with a subset of the ‘statistical-peptidome (7G4 ~ PTG4) >
Interestingly, the model was able to distinguish and quantitate
the differential occurrence of 7G4 -mapped peptides in a
6-frame translation model of empirically validated protein
sequences.” This study also established a strong association
(co-occurrence, correlation) between 7G4 -mapped peptides
and disorder-favouring short linear motifs (SLiMS) within
and across taxa.>?? Despite these preliminary studies, a detailed
assessment of the biomedical relevance of 7G4 -mapped
peptides (PTG4) is awaited. ProTG4 will compare the full
complement of 7G4 -mapped peptides with a user-defined/
generic protein sequence, assign a weight to the selected matches
and compute a confidence-of-sequence-identity (7/)—score.
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The impact of ProT'G4 on basic and disease biology will be
gauged by comparing the distribution of 7G4 -mapped pep-
tides across taxonomically diverse protein sequences. In par-
ticular, ProTG4 will examine protein sequences from the
non-haem iron(II)- and 2-oxoglutarate-dependent dioxy-
genase (i20Gdd) and the carbohydrate active enzyme
(CAZy) enzyme superfamilies.?3-2” Members are present in
all kingdoms of life, possess a conserved active site, are
well characterized (in silico, laboratory), and are clinically
relevant.?2° Furthermore, the 7 -score generated by
ProTG4 will be parameterized and evaluated as indices
to identify and annotate the canonical form of a generic
protein sequence from its known isoforms. This objective
will be accomplished by evaluating known isoforms of
protein sequences from a diverse set of curated and reference
proteomes.

Rationale, Mathematical Derivation, and Algorithm
Deployed by ProT' G4

A detailed account of the mathematics (formulation, deriva-
tion, enumeration) involved in constructing a model of a short
TG4 in the protein coding segment (PCS) of a mRNA and its
mapping has already been described.® Briefly, SEPs with
molecular weights (~0.8—-2.3KDa;~7—-204a) were used to
define the boundaries of the peptides that comprise PTG4 .5
The corresponding 7G4 was then modelled as an intra-strand

subsequence of the mRNA (~20—-60Mer) of the gene of a
hypothetical protein.”
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A codon-association with third-base ‘wobble’ model was
deployed to annotate a subset of vertebrate codons which was
then used to identify amino acids for the Guanosine stretches

(er) and loops (zeZ),5
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The 7G4 -mapped peptidome (pTG4z.j. € PTG4) is then,

prGa=\J "\ p1G4, (1)
The association f(7G4,PTG4) is clearly a surjection,
f:TG4 — PTG4 5

Assessing the occurrence of 7G4-mapped peptides in
a generic protein sequence

ProT'G4 is a web server that queries a protein sequence for the
full complement of 7G4 -mapped peptides. The occurrences
of every matched peptide sequence ( pTG4, € pTG4 c PT\ G4)
are then computed in a library of randomly generated sequences
(pTG4; €V) of equivalent lengths.

$pres, = D.pTGH; ®)

The weight (60) of each positive match in a generic protein
sequence is the probability that this occurrence is not due to

chance, ie,
¢ TG4,
oo PS4, 21_(ZP ]) 3)
#V #V
Here,
4
4y 10 ,L€[7,50]ﬂﬂ (4)
10°, L €[50,00) aa
L = Lengthof generictarget protein sequence
V' = Libraryof randomly generated sequences
aa = Amino acids

The weighted length of a positive match in a generic protein
sequence is then,

((u.l)ke[l’w) =w,., (5)

The confidence-of-sequence-identity (V) over the entire
length of the protein is,

y= (%).@w&.&} 6)
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Clearly, ¥ can be computed for a single protein sequence or be
utilized to derive the corresponding data from entire proteomes

(Table 1).

Implementation and usage of ProTG4

The computations outlined, vide supra, are dependent on the
length of protein sequences. A reasonable (~10-20s) for
the results may be obtained by restricting the number of
user-defined sequences (~5—10). The server is simple to
use and provides the user with a brief description of the
rationale, algorithm and pipeline deployed. There are also
several important instructions and precautions that the user
must adhere to for relevant and timely feedback. Several
ready-to-use examples (radio button) are provided to explore

and comprehend the functioning of ProTG4. If ProTG4

finds suitable peptides in the user-defined sequence(s), it
outputs these as tables to independent files which can be
downloaded (summary, details). While the summarized data
includes the sequence ID, length of the protein, number of
positive matches, and confidence-of-sequence-identity (7)
, details mention the amino acid sequence, start and end
positions (Figure 1). ProT'G4 gives consistent results when
tested in three independent browsers (Chrome, FireFox,
Microsoft Edge). The coding is done using in-house devel-
oped PERL scripts along standard HTML for the design
and layout.

Biomedical relevance of ProTG4
The translatable G-quadruplex (TG4) may be an important

cause of abnormal amino acid substitutions in de novo

Table 1. ProTG4-derived confidence-of-sequence-identity scores in sets of taxonomically diverse protein sequences.

—Prot —Prot —Prot

Y € [ymin Y max ]

REFERENCE(S)

DATA SETS SEQUENCES
1. i20Gdd sequences
Generic 3,429
Human 17
Animals 357
Plants 1,531
Fungi 324
Bacteria (gram positive) 205
Bacteria (gram negative) 995
Archaea 2
2. CAZy sequences
Generic 8,616
Humans 293
Plants 896
Fungi 685
Bacteria 3,226
Virus 266
Metazoa 179
Protists 30
3. H. sapiens (UP000005640)
Generic 20,349
Combined 31,897
Isoforms (canonical & curated) 10,175
Misc. 10,174

0.94 0.44-1.00 Supplementary
Texts 2a and 2b

0.93 0.81-0.99

0.92 0.75-0.99

0.93 0.76-1.00

0.94 0.44-1.00

0.96 0.83-1.00

0.95 0.62-1.00

0.91 0.88-0.95

0.94 0.44-1.00 Supplementary
Texts 3a and 3b

0.92 0.78-0.99

0.91 0.77-0.99

0.89 0.58-0.99

0.94 0.52-1.00

0.85 0.64-0.99

0.91 0.69-0.98

0.82 0.53-0.95

0.93 0.39-1.00 Supplementary

Texts 4a and 4b

(Continued)
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Table I. (Continued)

DATA SETS SEQUENCES 7 7 Wi T ] REFERENCE(S)
4. C. trachomatis (UP000000431)
Generic 1992 0.92 0.63-1.00 Supplementary
Texts 5a and 5b
Combined 1993
Isoforms (canonical & curated) 742
Misc. 1,251
5. C. albicans (UP000000559)
Generic 1447 0.88 0.40-1.00 Supplementary
Texts 6a and 6b
Combined 1478
Isoforms (canonical & curated) 264
Misc. 1,214
5. D. rerio (UP000000437)
Generic 3216 0.92 0.58-1.00 Supplementary
Texts 7a and 7b
Combined 3456
Isoforms (canonical & curated) 441
Misc. 3015

D. melanogaster (UP0O00000803)

6. Generic 4886 0.92 0.33-1.00 Supplementary
Texts 8a and 8b
Combined 6442
Isoforms (canonical & curated) 2335
Misc. 4107
7. G. gallus (UP0O00000539)
Generic 2605 0.92 0.41-1.00 Supplementary
Texts 9a and 9b
Combined 2867
Isoforms (canonical & curated) 414
Misc. 2453
8. C. elegans (UP000001940)
Generic 4747 0.92 0.34-1.00 Supplementary
Texts 10a and 10b
Combined 6880
Isoforms (canonical & curated) 3259
Misc. 3621
9. B. taurus (UP000009136)
Generic 6904 0.92 0.00-1.00 Supplementary
Texts 11a and 11b
Combined 7353
Isoforms (canonical & curated) 791
Misc. 6562

(Continued)



Kundu 5

Table I. (Continued)

DATA SETS SEQUENCES TR REFERENCE(S)
10. R. norvegicus (UP000002494)
Generic 8222 0.93 0.00-1.00 Supplementary
Texts 12a and 12b
Combined 9891
Isoforms (canonical & curated) 2635
Misc. 7256
11. A. thaliana (UP000006548)
Generic 16329 0.91 0.00-1.00 Supplementary
Texts 13a and 13b
Combined 18613
Isoforms (canonical & curated) 4155
Misc. 14458

Abbreviations: CAZy, carbohydrate active enzymes; Combined, curated non-canonical and canonical sequences; i20Gdd, non-haem iron(ll)- and 2-oxoglutarate-

) . . . . Prot .
dependent dioxygenases; Misc., non-canonical and non-curated canonical sequences; TG4 , translatable G-quadruplex; UP, Uniprot ID; ¥ " , average confidence-of-
sequence-identity score for sets of generic protein sequences.

ProTG4
A WEB SERVER TO APPROXIMATE THE GENERIC PROTEIN FROM AN IN SILICO LIBRARY OF TRANSLATABLE G-QUAORUPLEX (TG4E)-MAPPED PEPTIOES
Schema to delineate peptides that correspond to TG4
NOTE:
+ PIOTOH, ppoximates 3 gonaric eoten sacvance from an i o Wby of TG4+ 5T (S5~ AN CEMNS Poiiomal) s.ass
13pped paptides (73 TsheTCs —» S T —
- hor(‘ai“n{n)' xx{mwm\d. fy and. |
Caii Tt €503 genans frocein sequence. B b
= et
1 Lengh ~7-50 ids: Library of equivalent length rands o = Y
: * * '5 Algonthm s 3
2 > 30 amino acids: Libe s . gorit pipetine o
oy z £ SRR

- ‘. s then the heed identical amuno <
aad Gagments o doumiy o Norary of equnatent lengts

* The marmed pepeidas have basn thown 10 avociate with abor lingar meons (SLINS)
 Since the Coneace

spesd of calculation depands or the length of the INPUT sequences,
PSS B I SR P R TR T R R E

= Forbest results (10-201), please choote fuwer (~&- 10) tequences of proteins (=100
Amins 3cidn).

Paste your sequence(s) here :

CITATION:
Kundu S ProTG4: 2 web server 10 approximate the generic protein secuence from an in
hico libvary @

o
flSs s R GRS |
AR e e R S R
OIS SRS PN AD S sl

ProTG4 |
web server to approxil the generic protein sequence from an in silico library of latable G-quadruplex (TG4)-mapped peptides)
Analysis of your sequence(s) is now complete and is presented as under:
SEQUENCE 10 LENGTH MATCHES CONFIDENCE OF SEQUENCE IDENTITY

>0Peear1 156 1 0.935887
Y0Pea26s 98 6 0.9999%
>0PeR187 8 s 8.999993
H0Peasss 9 4 @.92¢041
>0PeR34a2 6 4 0.901632
>0Peas39 121 7 .933876
>0PeRrTes 12 4 .455353
s0p20766 a 3 e
>0PeR393 36 2 0.972125
>0PeRss1 29 2 9999948

[ ProTG4_summary [ ProTG4_details [ (hewanaYss) [ (Exnow] ]

Figure 1. Implementation and usage of ProTG4: ProTG4, computes a confidence-of-sequence-identity (7) -score, which is the average weighted length
of every matched TG4 -mapped peptide in a generic protein sequence. The weighted length is the product of the length of the peptide and the
probability of its non-random occurrence in a library of randomly generated sequences of equivalent lengths. This is then averaged over the entire
length of the protein sequence. ProTG4, is simple to operate, has clear instructions and is accompanied by a set of ready-to-use examples. The
rationale of the study, algorithms deployed and the computational pipeline deployed are also part of the web page. The output of ProTG4 is in tabular
format and written to independent files which can be downloaded (summary, details). The summarized data include the sequence ID, length of the
protein, number of positive matches, and the ¥ -score. Details include the amino acid sequence of each matching pattern, start and end positions.
mRNA indicates messenger ribonucleic acid; PCS, protein coding segment; PTG4 , peptidome associated with TG4 ; SLiMS , short linear motifs; 7G4 ,
translatable G-quadruplex.

protein synthesis.”> The persistent of these modifications associated with dysfunctional proteostasis.>1011122230 Ap
reflect ‘escape’ mechanisms from the proof reading machin- interesting finding of the previous study was the redundancy
ery and are implicated in the proteopathies or diseases of specific amino acids in proteins across taxa.” These were
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Table 2. ProTG4-derived and confidence-of-sequence-identity based predictors of the canonical form of reference protein sequences with known

isoforms.

ORGANISM

#iprot

iprot

Y min

iprot iprot
Y max min

iprot

v Vmax TP

Rz[L
TP+FN

1.100 REFERENCE(S)

1. H. sapiens

2. C.
trachomatis

3. C. albicans

4. D. rerio

5. D.
melanogaster

6. G. gallus

7. C. elegans

8. B. taurus

9. R. norvegicus

10. A. thaliana

10175

N _ _
_ . _
- - +
201 + - -
_ N _
- - +
114 n - -
_ N -
- - +
201 N - _
_ . _
- - +
759 + - -
- . -
- - +
152 + - -
_ . -
- - +
1126 + - -
_ N -
- - +
342 N - -
_ . _
- - +
966 + - -
_ . _
- - +
1871 + - -
_ N _
- - +

3230

4104

7334

26

39

65

37

39

76

84

106

190

303

293

596

60

71

131

399

490

889

162

159

321

349

475

824

732

984

1716

6945 = 32%
6071 = 40%
2841 = 72%
175 = 13%
162 = 19%
136 = 32%
77 = 33%
75 = 34%
38 = 67%
117 = 42%
95 = 53%
1 = 79%
456 = 95%
466 = 39%
163 = 79%
92 = 40%
81 = 47%
21 =~ 86%
727 = 35%
636 =~ 44%
237 = 79%
180 = 47%
183 = 47%
21 = 94%
617 = 36%
491 = 49%
142 = 85%
1139 = 39%
887 = 52%
155 = 92%

Supplementary Texts
4c, 4d and 4e

Supplementary Texts
5¢, 5d and 5e

Supplementary Texts
6¢c, 6d and 6e

Supplementary Texts
7c, 7d and 7e

Supplementary Texts
8c, 8d and 8e

Supplementary Texts
9c, 9d and 9e

Supplementary Texts
10c, 10d and 10e

Supplementary Texts
11c, 11d and 11e

Supplementary Texts
12c, 12d and 12e

Supplementary Texts
13c, 13d and 13e

Abbreviations: FN, false negative; R, recall or sensitivity analysis of predictor; TP, true positive; #iprot , cardinal number of the set of unique protein sequences with

iprot

one or more curated isoforms; ¥ min
the confidence-of-sequence-identity among isoforms of a generic protein sequence; Ymin ¥ Ymax , minimum or maximum value of the confidence-of-sequence-identity
among isoforms of a generic protein sequence.

, minimum value of the confidence-of-sequence-identity among isoforms of a generic protein sequence; 7max ,

iprot

iprot

iprot .
maximum value of
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purported to be the reason for molecular mimicry, a mecha-
nistic explanation for the secondary proteopathies.® Here, an
offline analysis by ProT'G4 of protein sequences in taxonom-
ically diverse protein sequences (i20Gdd, CAZy) suggests
that there is significant homology of 7G4 -mapped peptides
(Table 1; Supplementary Texts 1-3).23272° These findings,
especially in potentially infectious and infesting (bacteria,
virus, fungi, helminths) agents, offer plausible explanations
into the aetiology and pathogenesis of certain proteopa-
thies.” Isoforms of proteins (z'prot) share similar functional-
ity and may be arise from gene duplications, re-insertional
events (retrotransposition), polyploidy (aneuploidy, poly-
ploidy) and atypical recombination. The canonical form of a
generic protein sequence is annotated on the basis of several
sequence-dependent and sequence-independent strategies.
eterized (707 y i
tive measure to identify and thereby annotate the canonical
form of a generic protein sequence from its known isoforms

(Tables 1 and 2; Supplementary Texts 4-13).

Here, too, the 7 -score generated by ProTG4 can be param-
and may offer a quantita-

Conclusions

ProTG4 is a web server that examines the distribution of short
stretches of a specialized subset of amino acids that correspond
to a translatable G-quadruplex, ie, the 7G4 -mapped pepti-
dome in a generic protein sequence. Here, the implementation,
usage and scope of ProT'G4 are presented. The article also dis-
cusses the relevance of ProT'G4-assisted peptide analysis in
gaining insights into probable mechanisms (mistranslation,
alternate splicing, amino acid substitution) of disease causation
and/or progression.
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