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ABSTRACT

Proteome-pl is an online database containing infor-
mation about predicted isoelectric points for 5029
proteomes calculated using 18 methods. The iso-
electric point, the pH at which a particular molecule
carries no net electrical charge, is an important
parameter for many analytical biochemistry and
proteomics techniques, especially for 2D gel elec-
trophoresis (2D-PAGE), capillary isoelectric focus-
ing, liquid chromatography—-mass spectrometry and
X-ray protein crystallography. The database, avail-
able at http://isoelectricpointdb.org allows the re-
trieval of virtual 2D-PAGE plots and the develop-
ment of customised fractions of proteome based
on isoelectric point and molecular weight. More-
over, Proteome-pl facilitates statistical comparisons
of the various prediction methods as well as bi-
ological investigation of protein isoelectric point
space in all kingdoms of life. For instance, using
Proteome-pl data, it is clear that Eukaryotes, which
evolved tight control of homeostasis, encode pro-
teins with pl values near the cell pH. In contrast,
Archaea living frequently in extreme environments
can possess proteins with a wide range of isoelectric
points. The database includes various statistics and
tools for interactive browsing, searching and sorting.
Apart from data for individual proteomes, datasets
corresponding to major protein databases such as
UniProtKB/TrEMBL and the NCBI non-redundant (nr)
database have also been precalculated and made
available in CSV format.

INTRODUCTION

Isoelectric point (pl) is the pH at which a particular
molecule carries no net electrical charge. For polypeptide
chains, pI depends primarily on the dissociation constants
(pK,) for the ionisable groups of the seven charged amino
acids: glutamate, aspartate, cysteine, tyrosine, histidine, ly-
sine and arginine. Moreover, the charge of the terminal
groups (NH, and COOH) can affect the pI of short pep-

tides. It is also important to consider posttranslational
modifications, the exposure of charged residues to solvent,
the Born effect (dehydration), hydrogen bonds (charge-
dipole interactions), and charge-charge interactions (1). p/
has broad usage in currently used biochemical and pro-
teomic techniques. For example, during electrophoresis, the
direction of protein migration on the gel depends on the
charge. Thus, it is possible to separate proteins in a gel based
on their pI. Given the sequence, we can try to computation-
ally predict pI using the Henderson—Hasselbalch equation
(2), by calculating the charge of the molecule at a certain pH
using pK, values of charged residues. More than 600 differ-
ent pK, values have so far been reported for the ionisable
groups of amino acids (3). The final result, predicted p/, will
most likely be different than the real one, given that many
proteins are chemically modified (e.g., amino acids can be
phosphorylated, methylated, or acetylated), and this can in-
fluence their charge. Nevertheless, even an approximate iso-
electric point is a highly valuable and frequently used pa-
rameter.

In the past, much work has gone into creating databases
storing experimentally verified pI values for proteins, yet
none of these databases contains more than five thousand
proteins (4,5), which is very few compared to the pro-
tein sequence data currently available. Thus, Proteome-p/
database is an attempt to decrease this gap; hopefully, it will
expand the body of knowledge regarding isoelectric points
in a more genome-wide fashion.

MATERIALS AND METHODS
Sequences

Protein sequences of model organisms were obtained from
UniProt as of April 2016, release 2016_04 (6). This includes
5029 complete proteomes (with splicing isoforms for Eu-
karyote) from the entire tree of life. In total, protein iso-
electric point, molecular weights and other statistics were
calculated for >21 million protein sequences (Table 1).

Predictions

To predict isoelectric points, Proteome-p/ currently uses 18
different algorithms and programs, which can be divided
into three categories. The first category consists of methods
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Table 1. General statistics of the Proteome-p/ database
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Number of proteomes Total number of proteins

Mean mw of
proteins (£SD)

Mean size of
proteins (+SD)

Mean number of
proteins (+SD)

Viruses 504 20920
Archaea 135 318 388
Bacteria 3776 12 082903
Eukaryote 614 9299 039
Eukaryote (major) 614 8629 591
Eukaryote (minor) 448 669 448

42 + 89 297 + 375 33+42
2358 + 920 283 £ 212 31+£23
3200 + 2510 311 £ 240 34426

15145 + 11 830 438 +429 49 +48
14 055 £ 9899 434 + 416 48 + 46
1494 + 5130 495 + 564 55463

mw-—molecular weight in kDa; for more statistics, see Supplementary Table S1. ‘Major’ and ‘minor’ refer to splicing isoforms of proteins used for calculation of the statistics.

that predict the isoelectric point based on the Henderson—
Hasselbalch equation with different pK, values correspond-
ing to different charged groups (2). Those methods usually
use nine different p K, values established empirically in sepa-
rate experiments (seven pK, values for charged amino acids
and two for polypeptide chain termini). For example, pK,
values obtained by Thurlkill ez al. were measured in 0.1 M
KCI at 25°C using alanine pentapeptides with a charged
residue in the centre and with blocked terminal groups (7).
Further, nine-parameter models are used for calculation of
isoelectric points in methods named after the lead author
of the study or the source of the pK, values: EMBOSS
(8), DTASelect (9), Solomons (10), Sillero (11), Rodwell
(12), Wikipedia, Lehninger (13), Grimsley (3), Toseland
(14), Thurlkill (7), Nozaki (15) and Dawson (16). Addition-
ally some algorithms use different numbers of pK, values
(Patrickios (17) uses only six, Bjellqvist (18) uses 17, and
ProMoST (19) uses 72 pK, values depending on the location
of amino acid with respect to the protein termini). In the
next category, we have IPC_protein and IPC_peptide mod-
els, which use computationally optimised nine-parameter
pK, sets (20). Finally, the consensus from all methods apart
from Patrickios (highly simplified model with only six pa-
rameters) is also reported.

RESULTS
Database use

The Proteome-p/ database incorporates multiple browsing
and searching tools. First, it can be searched and browsed
by organism name, average isoelectric point, molecular
weight or amino acid frequencies (see also Table 2). Pro-
teins with extreme pI values are also available. For individ-
ual proteomes, users can retrieve proteins of interest given
the method, isoelectric point and molecular weight ranges
(this particular feature can be highly useful to limit poten-
tial targets in analysis of 2D-PAGE gels or before conduct-
ing mass spectrometry). Additionally, precalculated frac-
tions of proteins according to isoelectric point are also avail-
able. Finally, some general statistics (total number of pro-
teins, amino acids, average sequence length, amino acid fre-
quency) and links to other databases (UniProt, NCBI) can
be found (see Figure 1 for an example).

Moreover, apart from the data for individual proteomes,
one can also obtain precalculated isoelectric points from all
major protein databases, including nr (21), UniProt, PDB
(22) and SwissProt (23) (more details in Supplementary
Data).

DISCUSSION

The main content of the Proteome-p/ database is the
comprehensive isoelectric point prediction using numer-
ous methods. The isoelectric point—the pH at which a
particular molecule carries no net electrical charge—is
an important parameter for many analytical biochemistry
and proteomics techniques, such as 2D-PAGE gel elec-
trophoresis (24,25), capillary isoelectric focusing (26), lig-
uid chromatography-mass spectrometry (LC-MS) (27) and
X-ray protein crystallography (28,29). Additional goals of
the database include facilitating biological investigation of
protein isoelectric point space. For instance, it is well known
that distribution of protein isoelectric points of proteomes
is bimodal, with a low fraction of proteins having p/ val-
ues close to the cell physiological pH (Supplementary Fig-
ure S1) (30). Interestingly, if we divide proteomes into the
kingdoms of life, one can notice that Eukaryota have the
largest proteins restricted to narrow isoelectric point range.
On the other side, Archaea possess usually small proteins,
but the isoelectric points of their proteins can vary signifi-
cantly (Figure 2). This is most likely due to the adaptation to
the extreme conditions in which many Archaea live (31). Fi-
nally, viruses form a completely separate group. Their pro-
teins have isoelectric point which is strongly correlated with
the pI of its host proteins and therefore can vary signifi-
cantly. Simultaneously, the molecular weight of viral pro-
teins is significantly lower than that of host proteins due to
the compactness of virions (significant evolutionary pres-
sure to minimise the overall size) (32).

It should be noted that there is at least one other simi-
lar database storing isoelectric points for some proteomes.
The JVirGel website (33) containsp/l data for 227 relatively
small, prokaryotic proteomes, precalculated using only one
method. In contrast, the Proteome-p/ database aggregates
predictions of isoelectric points calculated by 18 different
methods and algorithms across >5000 proteomes from all
kingdoms of life (over 21 million proteins).

Future work

The principal future goal is to include more isoelectric point
algorithms and proteomes for further investigation. The
next future goal is to provide more tools for online analysis,
e.g., tools for Gene Ontology searching (34). Another possi-
ble extension could be to add putative digestion products of
trypsin and their respective isoelectric points (35). We will
be grateful for any contribution to the database from the
community.
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Proteome-pI - Proteome Isoelectric Point Database
PH1 2 3 4 5 6 7 8 9 10 11 12 13 14

Home Browse Search Statistics Download About Contact

Salmonella enterica subsp. enterica serovar Alachua str. R6-377

cellular Bacteria; P ia; p E Enter Salmonella enterica; Salmonella enterica subsp.
enterica; Salmonella enterica subsp. enterica serovar Alachua

Average proteome isoelectric point is 6.86

Get precalculated fractions of proteins

Molecular weight (kDa)
©
3

2 14

4 6 8 10 12
Isoelectric point (IPC protein)

Virutal 2D-PAGE plot for 5,128 proteins (isoelectric point calculated using IPC_method)
Get csv file with sequences according given criteria:

pH 2 - 13 Method |Toseland v

Molecular weight 0 - 1000 kDa

* You can choose from 18 different methods calculating isoelectric point

Protein with the lowest isoelectric point:
>tr|GSLRA4|GSLRA4_SALET DNA gyrase subunit A (Fragment)
LORVAEPVDDEELDATDGSVAEGDEDIAPEAESDDDVADDADE
Molecular weight: 4.55 kDa
Isoelectric point according different methods:

Bjellgvist 3.210 Jl DTASelect 3.274 Jf Dawson 2.969 | emBoss 2.969  Grimstey  2.676 J| IPC peptide 2.842
IpC protein 2.918 Jf Lehninger  2.804 J| Nozaki 3.121 [l Patrickios 3.223 | ProMosT  3.160 Jf Rodwell 2.804
Sillero  3.071 fSolomon  2.854 f Thurtkitl 2.842 [J{ Toseland  2.753 [ Wikipedia 2.969 Jf Avg pI 2.952

Protein with the highest isoelectric point:
>tr|GSLVR7|GSLVR7_SALET 565 ribosomal protein L34
MKRTFOPSVLKRNRSHGFRARMATKNGROVLARRRAKGRARLTVSK
Molecular weight: 5.38 kDa
Isoslectric point according different methods:
Bjellgvist 12.998 Jf OTaSelect 12.998 Jf Dawson 13.013 Jf EnBoss 13.510 ) Grimsley  13.042 J] IPC peptide 13.516
1PC protein 12.837 Jf Lenninger  13.408 J Nozaki 13.013 [l Patrickios 12.398 Jf ProvosT  13.495 ) Rodwell  12.676
Sitlero  13.013 [ Sotonon  13.495 f Thurtkitt  13.013 [ Tosetand  13.013 [ wikipedia 13.481 Jf Avg pI 13.157

General Statistics

Number of major Number of additional Number of all Number of amino Min. Seq. Max. Seq. Avg. Seq. Avg. Mol.
isoforms isoforms proteins acids Length Length Length Weight
5,122 6 5,128 1,055,807 25 1,407 206.1 228 kDa
Amino acid frequency

Ala Cys Asp Glu Phe Gly His lle Lys Leu Met Asn Gin Pro Arg Ser Thr Val Trp Tyr

9.81 1.16 52 563 387 74 231 60 433 10.57 286 378 438 445 577 571 54 7.01 15 2.86

Note: For statistics only major isoforms were used (in this case 5,122 proteins)
For dipeptide frequency statistics click here

See this proteome in: Unipfdt
L1

Proteome-pl is available under Creative Commons Attribution-NoDerivs license, for more details see here

Figure 1. Proteome-pl example report for Salmonella enterica. At the top, the average isoelectric point, precalculated fractions of proteins according to
isoelectric point and virtual 2D-PAGE plot for the proteome are shown. In the next section, the user can retrieve a subset of proteins within specified iso-
electric point and molecular weight ranges calculated using a particular method. Next, proteins with minimal and maximal isoelectric points are presented
along with some general statistics.
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Table 2. Amino acid frequency for the kingdoms of life in the Proteome-pI database

Kingdom Ala  Cys Asp Glu Phe Gly His e Lys Leu Met Asn Pro GIln Arg Ser Thr  Val Trp Tyr Total amino acids
Viruses 6.61 1.76 581 6.04 425 579 215 653 635 884 246 541 462 339 524 706 6.06 650 1.19 394 6150 189
Archaea 820 098 621 7.69 386 7.8 1.77 7.03 527 931 235 3.68 426 238 551 6.17 544 780 1.03 345 89 488 664
Bacteria 10.06 094 559 6.15 389 776 206 589 468 10.09 238 358 461 358 588 585 552 727 127 294 3716982916
Eukaryota 763 1.76 540 642 387 633 244 510 564 929 225 428 541 421 571 834 556 620 124 287 3743221293
All 876 138 549 632 387 7.03 226 549 519 968 232 393 502 39 578 7.4 553 673 125 291 7555 843 062

*Similar statistics for all 5029 proteomes included in Proteome-p/ are available online on individual subpages. For di-amino acid frequencies see Supplementary Table S2.
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Figure 2. Isoelectric points and molecular weights across kingdoms of life. Data for the proteomes of 135 Archaea, 127 viruses (> 50 proteins), 3775 bacteria

and 614 eukaryotes.

AVAILABILITY

All data in the Proteome-p/ database are available for down-
load free of charge. Proteome-p/ can be accessed at http:
/lisoelectricpointdb.org The database will be available at
given web address for at least ten years.
SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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Supplementary table S1. Detailed statistics of the Proteome-pl database

IDM number Median number IDM size  Median size IDM mw Median mw
of proteins of protein  of proteins of protein of proteins of protein
Viruses 22 7 225 182 26 21
Archaea 2,254 2,065 255 241 28 27
Bacteria 3,011 2,950 279 265 31 29
Eukaryote (all isoforms) 13,187 11,684 369 336 41 37
Eukaryote (main isoform) 12,618 11,585 367 334 41 37
Eukaryote (minor isoforms) 387 15 407 362 45 40

mw - molecular weight in kDa; IDM - interdecile mean

Supplementary table S2. Di-amino acid frequency in the Proteome-pl database (average from 5,029 proteomes)

Ala Cys Asp Glu Phe Gly His lle Lys leu Met Asn Pro GIn Arg Ser Thr Val Trp  Tyr

Ala 9.16 1.12 467 548 321 6.70 177 457 39 898 218 279 413 328 516 593 483 6.38 1.06 221
Cys 1.01 030 073 0.73 058 112 036 073 064 130 0.29 052 072 049 080 106 0.72 088 0.18 041
Asp 480 069 324 403 230 421 117 326 264 528 126 201 285 180 3.02 346 273 384 0.78 1.77
Glu 558 0.71 358 476 215 385 138 374 411 6.06 160 272 248 270 400 3.69 332 408 0.75 174
Phe 3.15 063 240 225 170 297 088 222 181 379 087 163 172 135 194 3,03 220 266 053 1.29
Gly 599 099 377 414 294 533 162 405 374 659 177 263 281 250 422 502 4.02 496 1.04 227
His 1.77 038 1.17 123 096 166 0.72 121 094 229 049 082 140 094 142 152 116 144 032 0.73
lle 484 083 335 354 222 385 121 3.08 295 510 1.15 242 277 197 288 404 314 375 0.61 1.68
Lys 405 061 285 384 169 3.08 110 3.13 364 473 131 247 237 211 3.03 335 289 325 0.58 1.63
Leu 9.04 135 539 590 3.75 653 222 499 506 9.02 214 3,69 521 388 583 721 535 642 111 259
Met 2.22 027 127 146 080 154 048 126 138 221 061 100 1.18 091 133 170 141 152 0.23 0.57
Asn 295 055 207 232 158 286 087 254 216 3.72 092 194 215 154 198 275 213 251 050 1.33
Pro 464 056 289 347 187 362 112 231 221 449 102 179 297 195 263 397 289 358 061 137
GIn 337 047 181 242 134 235 097 213 211 387 096 159 196 227 246 251 205 246 049 1.09
Arg 487 0.77 3.10 375 227 369 146 3.17 3.04 586 143 213 282 237 412 382 298 372 082 1.73
Ser 573 100 370 389 293 534 157 381 343 686 161 282 384 264 391 589 416 456 0.89 2.03
Thr 504 074 288 311 216 426 118 314 251 548 117 2.07 333 190 281 410 329 409 068 158
Val 6.24 096 390 425 269 451 144 375 326 6.74 156 251 340 234 378 472 397 482 081 188
Trp 094 0.18 068 069 051 080 031 069 067 137 034 055 052 056 086 085 0.70 0.78 0.22 0.37
Tyr 220 047 172 171 135 213 0.71 161 144 293 064 129 134 119 174 199 158 184 040 1.04
* Similar statistics for all 5,029 proteomes, grouped proteomes from different kingdoms of life are available online in “Statistics” section and on individual subpages of the database.

All values are presented as per milles (%o), therefore need to be multiplied by 1073. For better visibility di amino acids which are more than expected are marked by red, and those which are
underrepresented are marked by blue in the table.


http://isoelectricpointdb.org/statistics.html
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Supplementary Figure S1. Isoelectric point distributions for proteins from nr and UniProt databases
Isoelectric point for biological databases

Pre-computed data with isoelectric point for nr, UniProt and PDB databases are available as separate files from RepOD repository:
Isoelectric point for all nr (non redundant) NCBI proteins (86 million proteins) April 2016. RepOD. http://dx.doi.org/10.18150/repod.2872103

Isoelectric point for UniProtKB/TrEMBL proteins (63 million proteins) April 2016 RepOD. http://dx.doi.org/10.18150/repod.9948646
Isoelectric point for PDB proteins (~339,000proteins) Dec 2015. RepOD. http://dx.doi.org/10.18150/repod.1549954
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