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Abstract

Aberrant post-translational modifications (PTMs) of proteins and the resultant disturbances of cellular signaling
pathways typify many disease states. Hence the detection, localisation, and quantitation of PTMs represent important
elements of disease analysis. Herein, chromatographic and electrophoretic methodology that may be exploited to first
detect the protein(s) that is post-translationally modified, determine the site(s) of the PTM, quantify the stoichiometry
of the maodification, and then evaluate its stability is discussed. For proteins at which multiple PTMs occur, synthetic
peptides that only encompass selected modification site(s) are useful for restricting analysis to specific PTMs.
Suggestions for rational peptide design for studying discrete PTMs are detailed. Finally, intrinsic to these analyses of
PTMs is the requirement of an evaluation of the functional outcome of the PTM.
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Introduction

It is likely that all proteins undergo a level of post-translational
modification that may influence protein structure and function. This
PTM may arise enzymatically, such as the burgeoning list of amino acid
modifications that trigger, for example, changes to enzymatic activity,
cellular localization, or provide the signal for targeted proteolytic
degradation. Additionally, proteins undergo non-enzymatic PTMs
such as isomerisation, deamidation, or glycation, which may also
influence protein structure and function.

Some PTMs may be reversible; indeed enzymatic modification as
reversible phosphorylation provides a molecular switch that can be
used to regulate protein activity. Irreversible PTM constitutes a more
permanent change in protein structure and may result in irretrievable
loss of protein function.

Protein PTMs may arise from orchestrated cellular events
(for example, phosphorylation), or alternatively, from directed or
inadvertent exposure to the external environment; for example,
environmental chemicals such as pesticides that can be taken up
by routes including inhalation, or skin contact, traverse cellular
membranes to covalently adduct cellular protein targets.

Methodology

In an attempt to understand the complex array of protein PTMs,
there is the primary need to determine which protein is modified.
The principal laboratory techniques employed to identify post-
translationally modified proteins include the use of radiochemical
tracers, affinity-based activity ligands, selective visualization methods,
or mass spectrometry. In all of these techniques the method of analysis
should ideally be designed to be suitably specific to solely monitor the
target(s) of the PTM.

Secondly, to initiate structure-activity analysis, the site(s) of PTMs
need to be investigated. The major laboratory methods employed
for this include the use of radioactive tracers, mass spectrometry,
and Western blotting with PTM-specific antibodies. Additionally,
one should consider the stoichiometry of modification, and similar
methodology is often employed for this purpose. In addition to the
requirement to evaluate the stoichiometry, there is the need to assess
the stability of the modification, and finally, one needs to consider the
biological outcome of the PTM.

Results and Discussion

As an example of detection and purification of protein targets
of selective PTMs, we have examined the cytosolic protein targets of
several commercial organophosphorus (OP) pesticides commonly
employed within the UK and USA. OP pesticides (when in their
active oxon forms) possess a canonical chemical signature of a central
phosphorus atom double bonded to oxygen, and bonded to R1 and
R2 groups, and a ‘leaving’ group. The primary target of OP pesticides
or nerve agents is acetylcholinesterase (AChE) within nerve synapses.
Organophosphorylation of AChE produces a protein adduct that is
resistant to hydrolysis; in addition if the adduct undergoes dealkylation
(termed ‘ageing’), this results in further resistance to hydrolysis. Hence
this constitutes an essentially irreversible PTM. AChE is a member
of the serine hydrolase family of proteins, which typically possess an
active site triad of amino acids that includes a serine residue. This active
site serine residue is the amino acid that undergoes OP adduction.
Likewise, other proteins that contain a similar consensus sequence for
modification, such as serum albumin, are also susceptible to adduction
by OPs.

We have exploited the use of a radiolabelled (tritiated)
organophosphate, *H-diisopropylfluorophosphate (DFP), to provide
the chemical signature of the OP pesticides. Incubation of *H-DFP with
cytosolic proteins resulted in the labeling of only tissue active serine
hydrolases, or proteins that possess similar chemical reactivity. Our
strategy for detection of protein targets adducted by pesticides was to
preincubate cytosolic proteins with a non-radiolabelled pesticide prior
to incubation with the broad serine hydrolase inhibitor 3H-DFP. If the
non-labeled pesticide bound to a protein target, there was a reduction in
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subsequent radiolabelling of this protein with 3H-DFP. To characterize
these new pesticide targets, proteins were resolved by denaturing
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) and then autoradiography was used for protein visualization
[1-4].

SDS-PAGE thus provides a convenient method of initial
characterization of unknown protein targets via their denatured
molecular weight. However, protein radiolabelling and coupling to
suitably sensitive autoradiography can be several orders of magnitude
more sensitive than protein staining methods such as Coomassie blue
or even silver staining. Thus chromatographic purification techniques
provide an invaluable means to enrich proteins of interest to a level for
protein staining and mass spectrometric identification.

For purification of cytosolic *H-DFP (and pesticide) protein targets
we have utilised MONO Q column chromatography as the first step
for protein purification. MONO Q, a positively charged quartenary
ammonium compound, is a useful start point for purification of
cytosolic proteins since most cytosolic proteins are predicted to be
negatively charged at physiological pH [5], and will therefore associate
with a positively charged column matrix.

Other methods for detecting the target proteins of PTMs include
the use of activity-based affinity ligands which will react with active
members of a protein family. For example, fluorophosphonates have
been used in the study and identification of novel targets of pesticides

[6].

There are also a range of chromatographic and electrophoretic
separation techniques which can be used to determine the amino acid
site(s) of PTM. For example, after radiolabelling the sites of PTM in
a native protein, two-dimensional PAGE can be employed to resolve
proteins, and the resultant autoradiogram can be used as a template
with which to superimpose the positions of post-translationally proteins
to direct their extraction and identification by mass spectrometry [7].
Alternatively, after radiolabelling the sites of PTM in a native protein,
enzymatic cleavage can be used to liberate peptides. Resolution of these
peptides by, for example, two-dimensional thin layer chromatography
(2D-TLC), or reverse phase high performance liquid chromatography
(RP-HPLC) provides a means to track the localization of the radiolabel
to distinct peptides. Synthetic peptides can similarly be exogenously
radiolabelled, and resolved under identical conditions to ascertain if
the synthetic peptide exhibits identical chromatographic behavior to
peptides from the native protein to enable PTM site identification [8-
10]. Peptides may, however, possess more than one potential site of
PTM, so radiosequenation of the peptide, site directed mutagenesis, or
further peptide fractionation may be needed to complete unequivocal
determination of the PTM site [8].

Additionally, the site(s) of PTM may be confirmed using PTM-
specific antibodies and Western blotting. Commercial antibodies
directed against proteins containing specific PTMs are now
commonplace. Also, with the advent of sensitive mass spectrometry
instruments, direct detection of the proteins that are modified, and/or
the sites of PTMs can be undertaken after suitable sample enrichment
(reviewed in [11]).

Many (if not all) proteins undergo PTMs at multiple sites, although
some modifications may not greatly influence functional activity of the
protein. Native or recombinant proteins have been utilized to provide
a molecular target to study the PTM of interest, but if multiple PTMs
are present, then a method of discernment is required to restrict
the analysis to the PTM of interest. The production of shortened

recombinant proteins or synthetic peptides that only encompass
selected modification site(s) are useful reagents for restricting analysis
to specific PTMs. Our experience in the design of peptide mimics has
led us to suggest the following ‘rules’ for rational peptide design:

1. The synthetic peptide sequence should encompass several
amino acids upstream and downstream of the PTM site in
order to provide any localized primary consensus sequence
that directs the PTM. Hence a minimum peptide length of 6-10
amino acids may be required.

2. To enable subsequent monitoring of peptide behavior and a
direct comparison with the full-length native protein, synthesis
of a peptide that mirrors an enzymatic cleavage product of the
native protein is advised. For example, proteins can be readily
cleaved at the carboxyl side of arginine or lysine residues using
trypsin, hence a synthetic peptide based upon a trypsinolysis
fragment will facilitate mapping to a similarly digested native
protein. We have used this approach for radiolabelling whole
protein and synthetic peptides in vitro [8,10]. If enzymatic (or
chemical) cleavage methods are to be used, one should also
consider if the synthetic peptide sequence contains a blocked
or weak cleavage site, for example, the presence of arginine-
proline bonds, or lysine-proline bonds that are resistant to
trypsinolysis. Similarly, one should consider the potential for
inhibition of enzymatic digestion as a consequence of the PTM;
for example acetylation or di-, or tri-methylation of lysine
or arginine residues also renders the modified amino acid
resistant to trypsin digestion.

3. For assessment of PTM using radiolabelling, one should
consider the optimal method of removal of extraneous
radiolabel. Separation of incorporated from unincorporated
radiolabel will facilitate visualization (and quantification) of
protein modification after autoradiography, and an accurate
quantitative determination of radiolabelling and stoichiometry
of modification by liquid scintillation counting (LSC).
Examples of the techniques used for removal of unincorporated
radiolabel include SDS-PAGE, RP-HPLC, or ion exchange [1-
4,7-10,12].

The charge and length of the peptide will also impact on the method
used for its separation from extraneous radiolabel and detection. For
example, peptides with net positive charge at the pH used for analysis
may be separated from unincorporated radiolabel by binding and
association with negatively charged media. Similarly, peptide length
will influence the methods available to separate the radiolabelled
peptide from unincorporated radiolabel. For example, radiolabelled
peptides with a molecular weight of greater than 1,000 Da (typically
> 10 amino acids in length) can be resolved from phosphoproteins,
and from unincorporated radiolabel ([y-*?P]-ATP) using three-phase
peptide gels [13].

Once the site of PTM is established, there is a need to consider
the stoichiometry of modification, i.e. how many of the molecules of
a population are affected by the PTM. Radiolabeling methods may
also provide a convenient means to quantify PTM stoichiometry. For
example, the level of radioactivity incorporated into a protein via a
PTM can be quantified directly by LSC. From utilization of a radiolabel
with known specific activity and a known concentration of the protein
of interest, the number of molecules radiolabelled (stoichiometry
of modification) can be determined. Alternatively, PTM-specific
antibodies and Western blotting can provide a quantitation of the level
of PTM of a specific protein and be compared to the Western blotting
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signal generated from the total protein of interest. Quantitative PTM
determination by mass spectrometry may also be possible.

Additionally, one should consider the stability of the PTM; is the
PTM actively (enzymatically) removed? For example, a phosphate
moiety may be (catalytically) removed by the action of a phosphatase.
Alternatively, is the PTM spontaneously hydrolysed, and thus removed
at a steady rate, or is the PTM irreversible, in which case it should
persist for the lifetime of the protein, and follow similar protein half-
life kinetics. Again, protein radiolabelling may provide quantitative
measurements of the PTM stability. As an example of this, we
investigated the OP adduction of serum albumin, and were able to
show that the protein adduction followed the half-life of the protein,
and was therefore an essentially irreversible PTM [2].

Finally, one will need to consider the functional outcome of the
PTM. Is the PTM benign and without significant influence on protein
structure and function, or does the PTM have a profound effect on the
protein’s activity, binding with other proteins, cellular localization,
etc.?

In summary, PTMs comprise an every expanding list of protein
modifications that can have an impact upon protein structure and
function. Moreover, changes in PTMs may arise independently from
alterations in protein levels, and hence may be missed by conventional
differential proteomics. However, by establishing suitable methods for
studying PTMs we can begin to dissect their role in patho-physiological
processes.

Acknowledgements

The author would like to thank the Medical Research Council and Syngenta for
financial support for some of the research studies described in this manuscript. The
author would also like to thank Dr Danny McLaughlin (University of Nottingham) for
a helpful review of this manuscript.

References

1. Carter WG, Tarhoni M, Rathbone AJ, Ray DE (2007) Differential protein
adduction by seven organophosphorus pesticides in both brain and thymus.
Hum Exp Toxicol 26: 347-353.

2. Tarhoni MH, Lister T, Ray DE, Carter WG (2008) Albumin binding as a

. Schagger

potential biomarker of exposure to moderately low levels of organophosphorus
pesticides. Biomarkers 13: 343-363.

Carter WG, Tarhoni MH, Ray DE (2010) Analytical approaches to investigate
protein-pesticide adducts. J Chromatog B Analyt Technol Biomed Life Sci 878:
1312-1319.

Tarhoni MH, Vigneswara V, Smith M, Anderson S, Wigmore P, et al. (2011)
Detection, quantification, and microlocalisation of targets of pesticides using
microchannel plate autoradiographic imagers. Molecules 16: 8535-8551.

Schwartz R, Ting CS, King J (2001) Whole proteome pl values correlate with
subcellular localizations of proteins for organisms within the three domains of
life. Genome Res 11: 703-709.

Peeples ES, Schopfer LM, Duysen EG, Spaulding R, Voelker T, et al. (2005)
Albumin, a new biomarker of organophosphorus toxicant exposure, identified
by mass spectrometry. Toxicol Sci 83: 303-312.

Vigneswara V, Lowenson JD, Powell CD, Thakur M, Bailey K, et al.
(2006) Proteomic identification of novel substrates of a protein isoaspartyl
methyltransferase repair enzyme. J Biol Chem 281: 32619-32629.

Carter WG, Asamoah KA, Sale GJ (1995) Studies into the identity of the sites
of insulin-stimulated insulin receptor serine phosphorylation. Characterisation
of synthetic peptide substrates for the insulin-stimulated insulin receptor serine
kinase. Biochemistry 34: 9488-9499.

Carter WG, Sullivan AC, Asamoah KJ, Sale GJ (1996) Purification and
characterisation of an insulin-stimulated insulin receptor serine kinase.
Biochemistry 35: 14340-14351.

.Carter WG, Aswad DW (2008) Formation, localization, and repair of

L-isoaspartyl sites in histones H2A and H2B in nucleosomes from rat liver and
chicken erythrocytes. Biochemistry 47: 10757-10764.

.Zhao Y, Jensen OL (2009) Modification-specific proteomics: strategies

for characterization of post-translational modifications using enrichment
techniques. Proteomics 9: 4632-4641.

.Young AL, Carter WG, Doyle HA, Mamula MJ, Aswad DW (2001) Structural

integrity of histone H2B in vivo requires the activity of protein L-isoaspartyl
O-methyltransferase, a putative protein repair enzyme. J Biol Chem 276:
37161-37165.

H, von Jagow G (1987) Tricine-sodium dodecyl sulphate-
polyacrylamide gel electrophoresis for the separation of proteins in the range
from 1 to 100 kDa. Anal Biochem 166: 368-379.

Med chem
ISSN: 2161-0444 Med chem, an open access journal

Special * Issue * 2012


http://www.ncbi.nlm.nih.gov/pubmed/17615116
http://www.ncbi.nlm.nih.gov/pubmed/17615116
http://www.ncbi.nlm.nih.gov/pubmed/17615116
http://www.ncbi.nlm.nih.gov/pubmed/18484351
http://www.ncbi.nlm.nih.gov/pubmed/18484351
http://www.ncbi.nlm.nih.gov/pubmed/18484351
http://www.ncbi.nlm.nih.gov/pubmed/19879817
http://www.ncbi.nlm.nih.gov/pubmed/19879817
http://www.ncbi.nlm.nih.gov/pubmed/19879817
http://www.ncbi.nlm.nih.gov/pubmed/21989313
http://www.ncbi.nlm.nih.gov/pubmed/21989313
http://www.ncbi.nlm.nih.gov/pubmed/21989313
http://www.ncbi.nlm.nih.gov/pubmed/11337469
http://www.ncbi.nlm.nih.gov/pubmed/11337469
http://www.ncbi.nlm.nih.gov/pubmed/11337469
http://www.ncbi.nlm.nih.gov/pubmed/15525694
http://www.ncbi.nlm.nih.gov/pubmed/15525694
http://www.ncbi.nlm.nih.gov/pubmed/15525694
http://www.ncbi.nlm.nih.gov/pubmed/16923807
http://www.ncbi.nlm.nih.gov/pubmed/16923807
http://www.ncbi.nlm.nih.gov/pubmed/16923807
http://www.ncbi.nlm.nih.gov/pubmed/16923807
http://www.ncbi.nlm.nih.gov/pubmed/16923807
http://www.ncbi.nlm.nih.gov/pubmed/16923807
http://www.ncbi.nlm.nih.gov/pubmed/16923807
http://www.ncbi.nlm.nih.gov/pubmed/16923807
http://www.ncbi.nlm.nih.gov/pubmed/16923807
http://www.ncbi.nlm.nih.gov/pubmed/16923807
http://www.ncbi.nlm.nih.gov/pubmed/16923807
http://www.ncbi.nlm.nih.gov/pubmed/16923807
http://www.ncbi.nlm.nih.gov/pubmed/16923807
http://www.ncbi.nlm.nih.gov/pubmed/16923807
http://www.ncbi.nlm.nih.gov/pubmed/16923807
http://www.ncbi.nlm.nih.gov/pubmed/16923807
http://www.ncbi.nlm.nih.gov/pubmed/16923807
http://www.ncbi.nlm.nih.gov/pubmed/16923807
http://www.ncbi.nlm.nih.gov/pubmed/16923807
http://www.ncbi.nlm.nih.gov/pubmed/16923807
http://www.ncbi.nlm.nih.gov/pubmed/16923807
http://www.ncbi.nlm.nih.gov/pubmed/16923807
http://www.ncbi.nlm.nih.gov/pubmed/16923807

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction 
	Methodology
	Results and Discussion 
	Acknowledgements
	References



