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Abstract Mass spectrometry (MS)-based proteomics, by

itself, is a vast and complex area encompassing various

mass spectrometers, different spectra, and search result

representations. When the aim is quantitation performed in

different scanning modes at different MS levels, matters

become additionally complex. Quantitation of post-trans-

lational modifications (PTM) represents the greatest chal-

lenge among these endeavors. Many different approaches

to quantitation have been described and some of these

can be directly applied to the quantitation of PTMs. The

amount of data produced via MS, however, makes manual

data interpretation impractical. Therefore, specialized

software tools meet this challenge. Any software currently

able to quantitate differentially labeled samples may the-

oretically be adapted to quantitate differential PTM

expression among samples as well. Due to the heteroge-

neity of mass spectrometry-based proteomics; this review

will focus on quantitation of PTM using liquid chroma-

tography followed by one or more stages of mass spec-

trometry. Currently available free software, which either

allow analysis of PTM or are easily adaptable for this

purpose, is briefly reviewed in this paper. Selected studies,

especially those related to phosphoproteomics, shall be

used to highlight the current ability to quantitate PTMs.

Keywords Quantitation � Quantification �
Post-translational modification � Software � LC-MS �
PTM

Introduction

Proteins may differ from a naı̈ve translation of their

encoding genes. Alternative splicing, RNA editing, and

protein splicing events give rise to multiple proteins with

different sequences (Nair et al. 2004; Lander et al. 2001).

Apart from displaying a different sequence, proteins can

differ in their post-translational modifications (PTMs). This

does not lead to a new protein since the sequence remains

the same but to a new ‘‘protein species’’ (Jungblut et al.

1996; Schluter et al. 2009). PTMs and their differential

expression levels are vitally important for understanding

biological function (Vissers et al. 2009). A singly changed,

missing, or additional PTM in a protein may significantly

perturb its function (Steen et al. 2005). Furthermore, many

critical events are mediated by changes in PTMs rather

than by transcriptional regulation, which necessitates the

need to quantitatively investigate changes in post-transla-

tional protein modifications systematically (Olsen et al.

2006). Among the more than 100 possible PTMs

(O’Donovan et al. 2001) phosphorylation is one of the most

important (Yan et al. 1998; Hunter 1998; Nair et al. 2004)

and has been investigated using mass spectrometry in

several aspects (Asara et al. 2008; Beausoleil et al. 2004;

Lu et al. 2007). 3-nitro-L-tyrosine, a marker for oxidative

stress, is another interesting PTM (Tsikas and Caidahl

2005).

Mass spectrometry (MS) has become the tool of choice

in proteomics research and is employed in protein detec-

tion/identification, sequencing, and quantitation (Aebersold

and Mann 2003). In brief, a complex sample is first sepa-

rated in several dimensions (e.g., gel electrophoresis or

liquid chromatography) to reduce the number of proteins

that are analyzed in one MS run. Since short amino

acid sequences (peptides) lend themselves better to MS
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analysis, the proteins are cleaved into peptides usually

using Trypsin that are then transferred to MS, usually via

reverse phase liquid chromatography (LC), where their

mass to charge ratios (m/z) are determined. Most modern

mass spectrometers are capable of several stages of MS and

more information can be gained about a particular peptide

entering the MS by using a second stage of MS (MS/MS,

tandem-MS, MS2) following fragmentation of the peptide,

where the fragment ions can form mass ladders in a manner

similar to Sanger sequencing for nucleotides. In this fash-

ion the peptide sequence can be determined using data

analysis methods like de novo sequencing and database

searching (Shadforth et al. 2005; Kapp et al. 2005). Some

mass spectrometers allow additional stages of MS for

analysis of the fragments of fragments, which makes fur-

ther analysis possible. These different stages of MS lead to

different possible experimental approaches for protein

identification and quantitation.

Using MS, proteins can be identified by their peptide

mass fingerprint (Mann et al. 1993). Using MS2 peptides

can be identified more confidently by their sequence

(Shevchenko et al. 1996; Mann and Wilm 1994).With MS/

MS/MS (MS3), the peptide sequence information can be

further refined and the confidence in peptide identification

is thus higher. Furthermore, diagnostic ions, which, for

example, confirm a PTM, can be found on this level (Mouls

et al. 2009). All these stages of MS are used for quantita-

tion of peptides and thus proteins. The quantitation meth-

ods used are numerous but can be grouped in two

categories: those using differential labeling and those

which quantitate without using labels (label-free). The

methods that employ differential labeling for quantitation

can be further categorized according to the experimental

step at which the label is introduced. This can be either

done in vivo, metabolically (Gygi et al. 1999; Oda et al.

1999; Ong et al. 2002), after protein extraction, and either

during or after protein digestion (Flory et al. 2002; Gallezot

et al. 2008; Julka and Regnier 2005). Additionally, stan-

dards can be injected (spiked into the sample) in order to

derive quantitative information (Ong and Mann 2005;

Fig. 1).

Another issue is how the labeling is performed. Stable

isotopic labeling by amino acids in cell culture (SILAC) is

achieved by providing a sample with amino acids, which

contain heavy isotopes of nitrogen (15N), carbon (13C) or

less often deuterium (2H).

Enzymatic or chemical labeling of proteins or peptides

can be performed by a multitude of strategies. For instance,
18O from H2

18O can be incorporated into the peptide during

protein digestion and peptides can be derivatized by

numerous chemical groups. Isotope-coded affinity tag

(ICAT), isotope-coded protein labeling (ICPL), and isotope

tags for relative and absolute quantification (iTRAQ) are

some of the methods that are used for chemical labeling

today (Li et al. 2003a; Schmidt et al. 2005; Ross et al.

2004). The large field of labeling strategies cannot be

detailed here but has been reviewed extensively (Ong and

Mann 2005; Bantscheff et al. 2007).

Introducing a label for differentially marking a peptide

has proven useful in quantitative proteomics (Wang et al.

2008). Concerns such as incomplete labeling (Ong et al.

2002) or changing chemical properties that influence sep-

aration are not visible during MS itself but affect online

data processing. Thus, regarding only the MS measure-

ments, a label changes at least the mass of the measured

peptide species. PTMs also change the mass of the peptide/

protein that they are attached to. Thus, the same strategies

used in differential labeling could potentially be employed

for the analysis of PTMs and their differential expression.

PTMs are always introduced metabolically but may be

altered or lost due to experimental procedures.

If the chemical properties of peptides are altered due to

an attached label or PTM, the labeled and unlabeled pep-

tide species may not be present in the same LC fractions or

gel spots. This may make it necessary to first determine

runtime parameters before quantitation can be performed.

Quantitation methods

Different labeling strategies incur different advantages

and disadvantages for quantitation. Although metabolic

Fig. 1 Differential labeling of samples can be performed at different

experimental times. Labeled nutrient sources can be differentially

distributed among samples. Labeling can also be applied during

protein digestion or to peptides and finally peptide standards can be

spiked into the sample. Afterwards, computational analyses can infer

quantitative data. Arrow shapes indicate at which time a labeling

method is applied. Samples are separate before the arrow and are

mixed afterwards, arrows on the same row represent alternatives. The

method labels on the arrows are merely examples and many others

exist
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labeling via SILAC, for instance, removes most experi-

mental errors from differential sample handling, only three

samples can be compared at one time and full labeling is

rarely achieved which complicates data analysis (Oeljekl-

aus et al. 2009). Similar to expectable side reactions in

chemical labeling strategies, labeled amino acids could be

metabolized leading to mass changes for unexpected amino

acids.

While iTRAQ currently enables the comparison of up to

eight different samples, the analysis of the resulting MS/

MS spectra has to be performed with great care (Zhang

et al. 2001). The iTRAQ labeling method has recently been

extended to allow for localization and quantitation of

nitration (Chiappetta et al. 2009).

For chemical labeling strategies, as in ICAT and ICPL,

side reactions and incomplete labeling can pose problems

during data analysis. Peptides can be synthesized and

modified for use in relative and absolute quantitative work

as done in the AQUA method (Gerber et al. 2003).

It is difficult to measure proteins using MS in a top-down

approach; inferring quantitative data from proteotypic pep-

tides in a bottom-up fashion seems to be a useful

workaround. Peptides can be identified on all levels of MS,

by their mass via MS, their mass and sequence with MS/MS,

and additional sequence information with MS3. Quantitation

can also be performed on several levels of MS (refer to

Fig. 2), which will be detailed in subsequent sections.

A method which cannot be placed into one of the fol-

lowing categories was used by Venable and co-workers

(2004) who performed data-independent measurement of

differentially labeled samples using sequential scan win-

dows of 10 Dalton (Da) in width to acquire MS/MS

spectra. They found that their method is superior to typical

quantitation using LC-MS.

Data analysis

Except for very small datasets, analysis of data from MS

experiments cannot be manually performed since large data

sets need to be correlated and then quantitated. Therefore, a

variety of tools can either be directly used for analysis of

data or are readily adaptable to quantify PTMs from MS

measurements and/or identification results (Table 1).

Fig. 2 Quantitation can be performed on several MS levels either

using labels or label-free. Three levels of MS are shown along with

common ways in which they are used for quantitation. Samples (1–n)

can be compared according to the quantitation method listed between

them. Dashed lines represent peaks from unmodified precursors

whereas solid lines represent peaks from modified precursor ions. In

order to highlight experiment resolution, the re-established LC

profiles are shown on the right with the triangle indicating that many

such measurements are needed. The dashed-dotted arrows indicate

the precursor ion of the spectrum that is pointed to
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The following two studies do not fit into the categories

in the next section and are therefore mentioned here.

Qurate is a tool that does not directly perform quantitation

but it is helpful for visual inspection and editing of quan-

titative results (May et al. 2009). Qurate like many other

tools retrieves information from the standard file formats

mzXML (Pedrioli et al. 2004), pepXML, and protXML

(Keller et al. 2005). Fragment assignment by visual assis-

tance is a method, which enables users to gain more

information from a dataset than currently possible with

automated approaches. It especially targets the analysis of

phosphorylated protein isoforms with multiple differen-

tially phosphorylated loci (Guan and Burlingame 2009).

Quantitation with LC-MS

With LC-MS, quantitative data is derived from a mass

spectrum representing all peptides currently detectable by

the mass spectrometer; a so-called survey spectrum. Mea-

surements taken from mixed differentially labeled samples

from different experimental conditions can then be com-

pared for changes in relative abundance of peptides and

proteins. In case of label-free quantitation, the measure-

ment has to be performed for each sample. Survey spectra

may contain a large number of peptide ions depending on

the complexity of the sample and the amount of applied

pre-fractionation.

This approach is sensitive to the complexity of the

sample and the number of charges at which each peptide

exists and therefore benefits from mass spectrometric

platforms capable of high m/z resolution and highly

reproducible LC systems (America and Cordewener 2008).

It would be best if all charged species of the peptide are

measured and their peak areas summed for accurate

quantitative information (Fig. 2) although other approaches

are possible (Andreev et al. 2006). The resulting measure

could be compared among experiments. In this approach,

both labeled and unlabeled peptides can be measured at the

same time and their abundance can be compared. If a

specific PTM is targeted, the same measurement can be

made but a likely shift in elution time must be taken into

account.

In label-free MS quantitation strategies, no heavy and

light peptide ions are present in the same survey spectrum

but are found in different LC-MS runs. It is therefore

necessary to find the corresponding m/z peaks in all

samples.

To compensate for complexity of the sample and to

increase accuracy, peptide ions can be differentiated from

noise by their isotopic envelope (a noise peak would most

likely not be accompanied by a number of isotopic peaks),

multiple detection in subsequent spectra (noise peaks are

not expected to occur consistently), and their elution time

which can additionally be taken into account. For the latter,

accurate mass and time (AMT) tags need to be established

before quantitation is performed (Smith et al. 2002).

MaXIC-Q, a web application, uses extracted ion chro-

matograms (XIC) and projected ion mass spectra for gen-

eric SIL quantitation (Tsou et al. 2009). In their study, the

authors also confirmed interesting results using MS/MS

measurements.

Another approach in this area, MapQuant, treats LC-MS

data similar to images and uses established methods from

the field of image processing (Leptos et al. 2006) for

quantitation.

Integrated platforms like msInspect (Bellew et al. 2006),

XCMS (Smith et al. 2006) and OpenMS (Kohlbacher et al.

2007) extract peptide features from the raw data and inte-

grate them over time in a label-free XIC fashion but offer

additional methods for quantitation and downstream sta-

tistical analysis as well.

ProteinQuant (Mann et al. 2008) and mzMine (Kataja-

maa and Oresic 2005) are also software tools able to per-

form label-free quantitation from LC-MS measurements.

Both perform denoising and normalization among other

methods. One study showed that ProteinQuant was slightly

more accurate than mzMine with both being more accurate

than CPAS (Rauch et al. 2006) with w/XPRESS (Li et al.

2003b) for quantitation (Mann et al. 2008). ASAPRatio (Li

et al. 2003b) is similar to XPRESS (Han et al. 2001) but

offers additional downstream statistical analysis.

Quantifying PTMs with LC-MS

Methods for determining phosphorylation using LC-MS

have been proposed as early as 2002 for example by Ruse

et al. (Ruse et al. 2002). Another more recent approach

quantified the differential phosphorylation between two

samples using a label-free strategy employing Decon2LS

(Jaitly et al. 2009) and VIPER (Monroe et al. 2007) soft-

ware packages (Yang et al. 2007).

MaxQuant is also promising for the quantitation of

PTMs and the ability to handle large datasets from isotope-

labeled high-resolution MS data (Cox and Mann 2008).

Wolf-Yadlin et al. point out that studies involving the

quantitation of phosphorylation events are poorly repro-

ducible and offer multiple reaction monitoring (MRM) as

an improvement over common MS acquisition protocols

(Wolf-Yadlin et al. 2007). MRMer (Martin et al. 2008),

built upon msInspect, can quantify data acquired via this

method.

Quantitation with LC-MS/MS

Quantitation using single stage MS has the best resolution

in regard to re-establishing the LC elution profile since
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more measurements can be taken. The LC profile is

therefore less serrated when compared to methods

employing MS/MS measurements (Fig. 2). MS/MS addi-

tionally takes a mass spectrum of fragmented selected

precursor ions from the survey spectrum thus adding the

possibility to validate identity before quantitation with

measurement regimes usually cycling between survey and

MS/MS spectra acquisition. For example the five most

abundant ions from survey spectra can be automatically

selected for fragmentation while a list of already measured

ion m/z values can be kept to dynamically exclude the

repeated measurement. These settings obviously influence

the possible quality of quantitation results (Old et al. 2005).

An advantage of label-free strategies over labeling strate-

gies is that the former ones can potentially compare an

arbitrary number of samples whereas the latter ones are

usually limited by the labeling strategy.

Label-free quantitation can be performed directly with

data acquired in this fashion. Additional work is needed if

labels are introduced although shifts in elution profile due

to the label become irrelevant since the identity of the

precursor is assigned using MS/MS. Apart from label-free

methods those employing labels may also be dependent on

MS/MS spectra as for example quantitation using iTRAQ

labeling.

When both labeled and unlabeled peptides are measured

at the same time and they are co-fragmented by choosing a

large enough m/z window for fragmentation from the sur-

vey spectrum, then the MS/MS spectrum can be quantitated

in regards to the difference in their light and heavy frag-

ment ions (Naumann et al. 2007).

Spectral counting is a method to perform quantitation

with LC-MS/MS data by simply counting the number of

identified spectra (i.e.: the spectra that were successfully

assigned a peptide sequence) among samples from differ-

ent experimental conditions (Washburn et al. 2001; Liu

et al. 2004; Gilchrist et al. 2006). In addition the count can

be weighted by the total ion current of the counted spectra

which can improve its dynamic range (Asara et al. 2008;

Allmer 2010). Alternatively, it can be weighted by the

reported score of the identification software (Allet et al.

2004); although one study showed that identification scores

may not be strongly correlated with protein abundance

(Ong and Mann 2005).

Identified MS/MS spectra go into the pool of spectra that

can be quantified among samples. Since spectral counting

is rather trivial, the counts are often generated by non

specialized software such as PeptideProphet (Keller et al.

2002) and MSMAG (Allmer 2010), or by specialized

software or scripts (Gao et al. 2003; Old et al. 2005;

Ishihama et al. 2005; Huttlin et al. 2007).

Using SIL, very small differences in protein expression

can be accessed, which makes it a good platform to assess

differential expression of PTMs (Blagoev et al. 2004). Peck

and co-workers for instance used iTRAQ to analyze

phosphorylation turnover (Nühse et al. 2007) while Chia-

ppetta and co-workers extended the method to quantify

nitration using MASCOT (Perkins et al. 1999) for data

analysis (Chiappetta et al. 2009).

RelEx (MacCoss et al. 2003), has been used in studies

employing stable isotope labeling for quantitation (Wu

et al. 2004; Zybailov et al. 2005). Complete labeling can

often not be achieved; but partial metabolic labeling has

been used in quantitative studies (Huttlin et al. 2007;

Whitelegge et al. 2004).

Quantifying PTMs with LC-MS/MS

Spectral counting depends on prior identification of MS/

MS spectra which renders them easily extensible to work

with arbitrary modifications, such as any type of label or

PTM, as long as they are identified by the search algo-

rithm. At least MSMAG (Allmer 2010) in conjunction

with 2DB (Allmer et al. 2008) is able to relatively

quantify one or more arbitrary labels or PTMs without

further modifications.

Most software tools that identify MS/MS spectra are

able to allow for static or variable modifications to amino

acids. It is, however, computationally extremely expensive,

if not impossible, to test for every possible PTM so that

modifications must be anticipated before database search.

Each additional PTM that is searched for also increases the

search space and thus, changes detection specificity and

sensitivity that then directly influence quantitation accu-

racy. Unfortunately, clear rules are missing and empirical

evaluation is still paramount (Weckwerth 2008). VEMS, a

new player in the field of database search algorithms allows

the search for multiple PTMs simultaneously (Matthiesen

et al. 2005) which makes it especially suited in this context.

Another extension to this approach is using de novo pre-

diction in conjunction with database searching which

enabled the identification of a novel protein polymorphism

(Hoehenwarter et al. 2008).

Labeling approaches such as SILAC have also been

used to quantitate PTMs including the extent of phos-

phorylation and the affected sites in a protein (Ibarrola

et al. 2003).

Quantifying with combinations of MS and MS/MS data

Once the identity of a peptide ion in a survey spectrum has

been established via LC-MS/MS, it is possible to use this

information to assign the identity to all peaks of that m/z in

other survey spectra within a suitable time window (the time

depends on the reestablished LC profile for the peptide).

Thus, more data can be generated than with LC-MS/MS
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alone but the confidence in the identity of the acquired data is

higher than with LC-MS alone. This can be improved further

by using mass spectrometers which are capable of measur-

ing MS and MS/MS spectra in parallel at the cost of making

the data analysis more complex (May et al. 2007; Jaffe et al.

2006). May and coworkers for instance developed msIn-

spect/AMT which can aid in analysis of experiments using

AMT for quantitation using LC-MS while integrating

data from LC-MS/MS results among other more generic

functions (May et al. 2007).

MapQuant (Leptos et al. 2006), PEPPeR (Jaffe et al.

2006), SuperHirn (Mueller et al. 2007), and Q-MEND

(Andreev et al. 2006) use identified peptides as landmarks

for reliable retention time alignment of LC-MS runs but the

latter does both in one MS run, whereas the former need

two MS runs for the same task. MSight (Palagi et al. 2005)

builds an image from an LC-MS run and uses image pro-

cessing approaches to align multiple LC-MS runs. It is also

capable of integrating peptide identifications from LC-MS/

MS data.

Quantitation with LC-MS3

With increasing fragmentation and measurements, the

absolute available amount of ions decreases and the mea-

surements become less precise unless the peptide is highly

abundant, which still leaves serration problems unac-

counted for (Fig. 3). The MS3 level option is thus mostly

used in order to confirm that a PTM is present within the

peptide and generally not for its quantitation (Mann and

Pandey 2001). This strategy was, for instance, used to

identify HOCl-induced modifications to proteins (Mouls

et al. 2009).

A third stage of MS is also indicated when the frag-

mentation is hampered due to the modification. The neutral

loss of a phosphorylation, indicated by an abundant frag-

ment ion 98 Da lighter than the precursor ion, can trigger

an automatic MS3 scan in order to get a higher quality

fragmentation spectrum from the phosphorylated precursor

(Hoffert and Knepper 2008). The loss of the modification

can pose problems but can sometimes be prevented by

using softer fragmentation methods (Viner et al. 2009) so

that PTMs can be mapped to their location in the sequence.

Since MS3 receives its ions from MS/MS, both spectra

should not be used for quantitation at the same time. This

redundancy should be avoided by merging MS/MS and

MS3 spectra sets which is done by PhosphoPic (Hoffert

et al. 2007), a software that builds upon Sequest (Eng et al.

1994) results, AScore (Beausoleil et al. 2006), and QUOIL

(Wang et al. 2006), and integrates these data and derives

quantitative results. It has also been successfully applied to

quantitate phosphoproteins (Hoffert et al. 2007; Olsen et al.

2006).

Conclusion

Peptide and protein quantitation can be achieved with

current MS methods and available analysis software.

Quantitation of PTMs is somewhat more challenging and is

therefore much less available in current research. Available

software could be adapted to allow for quantitation of

PTMs although there is still room for improvement in

currently available software (Iliuk et al. 2009). New soft-

ware is, however, abundantly available and it is difficult to

choose from the available tools in regard to differences in

the employed algorithms. To this end, and since many

processing steps have to be made to transform raw mea-

surements into quantitative data, it would be good to

develop modules with defined interfaces rather than pro-

viding complete applications.

Standard data interchange formats also need to be

developed in order to combine the numerous great

achievements in the field. Pipelines can then be applied to

bundle the modules to create efficient solutions to general

or particular problems. A concerted action of all parties,

albeit difficult to achieve, is mandatory and will lead to

even greater advances in the field. Other researchers seem

to think along the same line by emphasizing the modu-

larity of their approach and also extend this idea by

integrating methods from related fields such as micro

array analysis (Jaffe et al. 2006; Bellew et al. 2006; Mintz

et al. 2008). Developing an open toolbox consisting of

many different modules works best if the individual

Fig. 3 A highly schematic representation of labeled and label-free

precursor ions at three different charged states in a survey spectrum.

At charge one (a), the heavy and light precursor ions are clearly

separate and no interfering peaks are present. At higher charges

(b = 2, c = 3), the heavier and lighter ions come closer together and

more ions get into close proximity while the intensity diminishes with

charge. All peaks are assumed to be fragment ions; noise is not shown
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modules are well defined, have been tested by the

research community and offer standard interfaces or data

exchange formats. Only in this way will modularity be of

use for the field of mass spectrometry-based quantitative

proteomics and eliminate the need for ever-changing

software tools.
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