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ABSTRACT

ProMoST is a flexible web tool that calculates the
effect of single or multiple posttranslational modifica-
tions (PTMs) on protein isoelectric point (pl) and
molecular weight and displays the calculated patterns
as two-dimensional (2D) gel images. PTMs of proteins
control many biological regulatory and signaling
mechanisms and 2D gel electrophoresis is able to
resolve many PTM-induced isoforms, such as those
due to phosphorylation, acetylation, deamination,
alkylation, cysteine oxidation or tyrosine nitration.
These modifications cause changes in the pl of the
protein by adding, removing or changing titratable
groups. Proteins differ widely in buffering capacity
and pl and therefore the same PTMs may give rise
to quite different patterns of pl shifts in different
proteins. It is impossible by visual inspection of a
pattern of spots on a gel to determine which modifica-
tions are mostlikely to be present. The patterns of PTM
shifts for different proteins can be calculated and are
often quite distinctive. The theoretical gel images
produced by ProMoST can be compared to the experi-
mental 2D gel results to implicate probable PTMs and
focus efforts on more detailed study of modified
proteins. ProMoST has been implemented as cgi
script in Perl available on a WWW server at http://
proteomics.mcw.edu/promost.

INTRODUCTION

A large fraction of proteins are modified after synthesis (post-
translational modification or PTM) and these modifications

may control the protein activity (1), location in the cell (2),
protein lifetime (3) and protein or nucleic acid binding part-
ners (4). Many of these PTMs can be observed as distinct
protein isoform spots on two-dimensioinal (2D) gels. When
proteins have been identified on 2D gels by mass spectrometry,
it has been found that there are two or three protein isoforms
made from each gene on average in eubacteria (5) and archae
bacteria (6), and ten or more separable protein isoforms result-
ing from single eukaryotic genes are often found (7-9),
although not all proteins show evidence for isoforms. Mass
spectrometry is the most generally useful method for identify-
ing PTMs, but antibody methods are effective if suitable
reagents are available.

The most frequently occurring protein PTM appears to be
phosphorylation, which is controlled by a balance of protein-
specific kinase and phosphatase enzymes that are typically
regulated by environmental stimuli or internal cellular pro-
grams. A detailed characterization of the sites of phosphor-
ylation is very difficult to accomplish by mass spectrometry,
and the quantitation of protein levels (10), protein phosphor-
ylation or other PTMs by mass spectrometry requires isotopic
internal standard approaches (11), although relative quantita-
tion can be obtained with a variety of differential isotope
labeling technologies (12,13). Phosphorylation replaces neut-
ral hydroxyl groups on serines, threonines or tyrosines with
negatively charged phosphates with pKs near 1.2 and 6.5.
Thus, at pHs greater than about 7.5 phosphates add two nega-
tive charges to proteins; near pH 6.5 they add one-and-a-half
negative charges, and below about pH 5.5 phosphates add a
single negative charge. Depending on the isoelectric point (plI)
of the unmodified protein and the number of other titratable
groups in the protein, adding a phosphate (or any other PTM)
has a smaller or larger effect on the pI of the modified protein.

The 2D gel patterns of the PTM isoforms are of great value
because the relative amount of each isoform can be rapidly

"To whom correspondence should be addressed. Tel: +1 414 456 8838; Fax: +1 414 456 6595; Email: Halligan@mcw.edu

The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access
version of this article provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press are attributed as the original
place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety but only in part or as a derivative

work this must be clearly indicated.

© 2004, the authors

Nucleic Acids Research, Vol. 32, Web Server issue © Oxford University Press 2004, all rights reserved


http://

Nucleic Acids Research, 2004, Vol. 32, Web Server issue

determined from staining intensity on the gel, and it is difficult
to obtain this information in any other way. Examples of gel
shifts due to protein phosphorylation that have been charac-
terized on 2D gels and by mass spectrometry, and examples of
gel shifts with changes in the redox state of low pK thiols, are
discussed later in this paper to illustrate these points.

The calculation of the pl for proteins and the relationship
between the pl value and migration in the electro-focusing
dimension has been previously explored (14,15). There are
a number of programs and web services that calculate pl
values for proteins (16—18), but ProMoST additionally allows
the user to calculate values for proteins with a wide range of
PTMs, including those entered by the investigator, and pro-
vides a graphical representation of the gel shifts due to PTMs
for an unlimited number of proteins.

MATERIALS AND METHODS
Algorithms

The ProMoST web service calculates a number of different
quantities for each amino acid sequence input. The amino acid
composition of the sequence is calculated for internal use in
determining charge and pl values, but is also available for
display. The monoisotopic or average isotopic molecular
mass of the protein is calculated by summing the high-
precision mono or average isotopic masses of its amino
acids and adding the mono or average isotopic mass of one
water molecule, corresponding to an H at the N-terminal end
and a OH group at the C-terminal end of the molecule. This
value is used in generating the pseudo-2D gel plot as the
molecular weight (MW). For PTMs that add significantly to
the mass of the protein, such as phosphorylation, the mass of
the modification is also considered.

The charge on the protein at a particular pH value is calcu-
lated by determining the sum of the partial charges for all the
charged amino acids and modifications, using the standard
equations (19):

charge of type N (negative) groups

n
-1

SR !
charge of type P (positive) groups

P

Z 1+ 10pH P, * 2

total charge
Cr=CyN + Cp. 3

In our calculation of the charge on the protein, we use
specific values for the ionizable groups on each of the
amino acids. Additionally, unlike other methods that use a
fixed value for the pK of the N-terminal amino and C-terminal
carboxyl groups of the protein, we use specific pK values,
dependent on the amino acids present at the ends. Furthermore,
we also adjust the pK values for the side chains of the terminal
amino acids to a specific value for that position. The charge of
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proteins with PTMs is calculated in the same manner, adding
the pK values for the modifications for each of the PTMs or
removing the pK values for modifications that remove ioniz-
able side chain groups. All of the pK values used in the charge
calculations can be changed by the user with the ‘Advanced’
interface option. Additionally, the user can define additional
PTMs by specifying the pK values for the modification.

The most important value calculated by the ProMoST pro-
gram is the pI of the unmodified and modified versions of the
protein. The pl is defined as the pH value at which the positive
and negative charges on the protein are balanced and the
net charge is zero. To determine the pH value at which the
net charge is zero, an initial pH value of 7 is tested and the net
charge on the protein calculated. Depending on the sign of
the charge on the protein, a delta value of 3.5 is added or
subtracted from the initial pH value of 7 and the charge on
the protein recalculated at the new pH. The process of dividing
the delta pH value in half and changing sign as needed
is reiterated until a net protein charge of less than 0.002 is
obtained. This ‘binary search’ method rapidly converges on an
accurate value for the protein pl and is much simpler than
solving the equations required in determining the pl value
exactly (D.Tabb, http://fields.scripps.edu/DTASelect/
20010710-pI-Algorithm.pdf).

RESULTS AND DISCUSSION
Purpose

The purpose of the ProMoST web service is to provide an easy
method to examine the effect of different protein modifications
on the relative position of migration of the protein on 2D
(isoelectric focusing/SDS-PAGE) gels. In this way, an invest-
igator can visually determine if the pattern of spots observed
on a 2D gel corresponds to those determined by theoretical
calculation for various test modifications. Furthermore, by
inputting FASTA format sequence data, the effect of sequence
changes due to mutations or allelic variation on predicted gel
shift migration of the protein can also be examined.

The ProMoST program also allows for the flexible alteration
of pK values for modified and unmodified amino acids, as well
as for the addition of new protein modifications. In this way, if
aninvestigator has reason to believe that an alternative value for
the pK for a particular amino acid or modification needs to be
adopted, all of the pK values are available to be changed, using
the ‘Advanced’ interface. Additionally, it is possible to define
new PTMs, in addition to the predefined PTMs. The interface
allows for the examination of multiple instances of the same
PTM, e.g. aprotein with one, two, three, four or five phosphory-
lated tyrosine residues. This ability makes it easy for 2D gel
users to compare the trains or pairs of spots observed on the gel
with the patterns of spots predicted for different PTMs.

Audience

The prime audience of this program is biochemists and others
performing 2D gel electrophoresis of proteins who are inter-
ested in protein modification, or readers of journal articles
wishing to evaluate the consistency of published data with
possible PTMs. This program is expected to be of significant
value to the 2D gel-based proteomics community.
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Overview

The ProMoST web service provides an HTML interface to a
Perl-based cgi program that calculates protein pl and mole-
cular mass values. The interface allows the user to choose the
standard pK values for charged amino acids and modifications
or to alter the values. The program takes protein accession
numbers, names or sequence as input and produces tables of
values for modified and unmodified proteins. It also has a
graphic output of theoretical 2D gels.

ats Internet Explorer
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Input

Two forms of the web interface are available to accept pro-
tein information from the user. The ‘Simple’ interface gives
the user a choice of pasting or entering the protein informa-
tion in a text box or uploading a file containing protein
sequence information (Figure 1). The protein information
can consist of a list of accession numbers or protein
names, or protein sequences in FASTA format. The accession
numbers or protein names are used by the program to obtain
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Figure 1. ProMoST simple interface. The ProMoST simple interface allows the user to either paste in or upload amino acid sequence data in FASTA format or
accession numbers for a single protein or group of proteins. The simple interface also allows for the user to select PTMs or define new PTM values. PTMs can be
applied singly or multiply to each protein. The user can also choose various output and formatting options.
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the sequence data from a local copy of the NCBI nr protein
database.

In addition to the normal charged amino acids, values for
common protein modifications (deamidation and phosphory-
lation) are also included. The user is able to specify the number
of each modification that is to be considered. Thus, it is
possible to examine the effects of a single phosphotyrosine
or phosphoserine/phosphothreonine or a series of up to
10 phosphotyrosines or phosphoserines/phosphothreonines
on the same protein molecule.

To extend these capabilities, the user can also add the name
and pK values for up to three additional user-defined protein
modifications and the user can choose to block either the N-, C-
or both terminal ends of the protein. In addition to the protein
information and the pK values, the user can also specify a wide
range of output options.

The standard pK values for the charged amino acids
(internal, C-terminal and N-terminal) are presented by the
web interface as a series of text boxes in the Advanced in-
terface (Figure 2). The user can thereby examine and change
any of the default pK values and also has the ability to exclude
any of the charged amino acids from the pI calculation, as
would be required if the residue were modified to an uncharged
state.

Output

The output of the program is divided into two sections: the
input data and the calculated results (Figure 3). The user can
opt to have the input data displayed in the form of the actual
input accession number/protein name, the deduced accession
number, the sequence read from the database or the composi-
tion of the protein. Any or all of these options can be active at
the same time.

There are three main output modes, all of which can be used
at the same time. Data can be displayed to the screen, or
optionally, it can be either displayed or saved as a text file
or saved as an Excel format file. The screen display takes the
form of an HTML table (Figure 3, top). The user has the option
to choose from different columns of data. The molecular mass
choices include the monoisotopic mass, the average isotopic
mass, both or neither calculated molecular mass. The protein
information can be displayed as the input accession numbers
the deduced accession numbers or sequence description. The
calculated pl is optional. The table also shows which modi-
fications are active for each line in the table.

Data can also be sent to either a tab-delimited text file or to
an Excel format file. The files can be viewed on the screen
either with the browser (text files) or with Excel (Excel files).
By using the browser ‘Save link as’ option, the user can
directly save the text or Excel file to their computer.

A graphic gel image output is available (Figure 3, bottom).
The user can specify the molecular mass and pl range of the
gel, as well as the physical size of the gel image. Proteins are
plotted to the gel as ovals at the location of their calculated
molecular mass and pl. The ovals are color coded for the
modification. The parent, unmodified protein is plotted as
an open oval and in the case of multiple proteins on the
same plot, it is labeled with a protein index number that

Wé41

Fls Edt Ves Fovorkes Took el
bk - = - @D A Do Pt @weds 3 - b T o s EPEAN gtkon gCmc =
[ S Terp—y—— ] fw

MCW Proteomics Center

o5 sew Wsting: Home =
™ ProMoST: Protein Modification Screening Tool
e Pragram i calkulate accurats MWT and o valses from proteins
. simpie SRS
s . Dasa:
Aeswnes s |
E
-
=
Data Format:
 FASTA Format Sequences # Accassion Numbers
Fils uplead:
| Browss
P values
hasic Armiso Acits.
A Primary W T minal - Tormmat
"k Fa i [io3
# r 25 s [ins
7 F® (T3 k&
Ackic Amisg Koils
A Prmay W-Termina  Torminal
ol -
" E s s 133
Fcpa E e
Py e 137} FE]
et A Acits
oo Acid - Wism - Tom
-] F= Bm
s = 33
s = &
A o
Fa (53
v Fm par
c | §F oo
1 Fa E
& Fe |z
m F=z= [:E
0 fm 33
o F& il
x e o
e ]
[ T [T
s BT
E= p=
R F® Ew
¥ E= B
w  Fn Bre
Protein Modifications
Tesmial Essts Biockos
™ W Tomsines [ € Temminus T Both onas
[——
I sapsesgieapi[T 31 1 onmsmomics [T 5]
Phospherytation
T Phosprosseneaoninesm [T Spat B3 iz
@ prospratwosmerey (1008 S penn B9 panfiz
T Mediication 1 biama [ hiegs [Positva =] gicar [ w2 |
I Weditcaion 7 Hame | changa [Positie =] picat [ mkaz[
T weasicanen 3 ams [ hargs [Ponite =] grcan [ pra
Display aptions:
I gt ™ Sequence Tie Lnes [ amma Acid Sequence T Aming Acin Compasition
Cutput locations:
F Display on Screen [ Save to Tab Dedm Test Fie
P ot gei image
LowpB wgnpulT pHaeafi
LowhwT gai PT wignwwT oai B0 T sep pomy B
Cutput options:
P Detsiied header B Column nesdings [ nput Acc Mumbers B Acc. Numoers
F Sequence descrption [ Morcesolopic mass W Average isctapic mass B gl
L
| b o |
2002 Emal. brog@mew ey, This graject s fusdschy the
7, HMGE, Nz Heart Lusg and Blosd insimle

&l [ D

Figure 2. ProMoST advanced interface. The ProMoST advanced interface
allows the user to change the pK values used in the charge calculations. In
addition to allowing for alternative values, this feature also allows the user to
remove titratable groups, simulating what might be done by chemical
modification of the protein.
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Figure 3. ProMoST results output. The human CDK?2 protein is used to illustrate the tabular and graphic output from the ProMoST program. The predicted migration
of the parent protein is indicated as an open oval and the predicted migration of the phosphorylated proteins with one to five phosphotyrosines are indicated by yellow
filled ovals. The vertical axis is molecular mass in kDa and the horizontal axis is pI values.

matches the table or file of values. Comparison with experi-
mental data is facilitated if the pattern of the pls and MWs of
the unmodified and modified proteins are printed out on trans-
parencies at the same dimensions as the experimental gels.

Three examples are briefly described, where advantage has
been taken of 2D gels to track the relative amounts of protein
isoforms under different biological conditions. These ex-
amples suggest that this technique can be extremely powerful,
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especially to enhance understanding of complex regulatory
systems. Cyclin-dependent kinase 2 (CDK2) plays a central
role in controlling major events in the cell cycle in complex
activation and inactivation processes that depend on site-
selective phosphorylation reactions. Roger et al. (7) were
able to follow the relative stoichiometry of six different
phosphorylated forms of CDK2 under different stimulus con-
ditions, were able to implicate a previously unrecognized form
and to alter the conception of the sequence of regulatory
phosphorylation events. Figure 3 shows the predicted 2D
gel spot profile for 0-5 phosphates added to CDK2, which
agrees quite well with the experimental data. Stathmin is a
phosphoprotein that is regulated by cell surface receptors and
is involved in control of the cell cycle. Zugaro et al. (8) showed
that there were at least 14 different isoforms of stathmin that
can be distinguished on 2D gels. Muller et al. (9) were also
able to isolate the different phosphorylated isoforms of stath-
min from 2D gels and confirm the phosphorylation sites, using
mass spectrometry. The state of stathmin phosphorylation
controls microtubule stability and influences mitotic spindle
assembly (20). Another example of the utility of isoelectric
point shifts are low pK thiols which are being recognized as
critical components in redox signaling in cells (21), and the
resulting sulfenic, sulfinic or sulfonic acid forms can be
detected by protein pl shifts (22,23).

Future directions

While we have focused on shifts due to PTMs, this tool will
also compute and display virtual gels of complete proteomes,
combinations of proteomes or sub-proteomes from a list
of accession numbers similar to a recently published tool,
JVirGel (24), and will be faster due to the efficient manner
of pl calculation. In the current implementation, the program
does not check whether or not there are the appropriate res-
idues and motifs for each of the PTMs plotted. In the future,
ProMoST could be extended to recognize potential PTM motif
sites in proteins and propose which proteins might have
isoforms, additionally this could also be extended to potential
proteolytic processing, such as signal sequences. Once
proteins are identified from 2D gels, differences between
predicted and observed pI and MW could be used to flag those
proteins as possible candidates for more detailed study. The
development of multiplex differential fluorescent dye detec-
tion technology (25,26) is overcoming past limitations in gel-
to-gel reproducibility of 2D gels and leading to expanding use
for comparison of protein differences in experiment and con-
trol samples. Gel staining methods and fluorescent dyes that
are specific for particular PTMs are being developed (27-30);
these are expected to lead to expanded use of 2D gels for
analysis of complex regulatory patterns in systems biology,
and ProMoST is expected to be useful in this analysis.
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