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Introduction

Advances in the field of guantitative proteomics are beginning to routinely allow
scientists to reliably and accurately determine absolute protein concentrations or
changes in protein concentration from complex samples in vivo. These changes can
be measured in response to differential growth conditions, drug regimens, disease
states, and even more specifically. quantitative measurements can determine levels
of PTMs, such as phosphorylation in cell signalling pathways or glycosylation
fevels of hacmoglobin in diabetic paticnts. These measurements are allowing
scientists unprecedented insight into the roles individual protein levels and modifi-
cations play in the overall view of the system being studied.

This is not meant to be a comprehensive review of the subject, and numerous
excelient reviews that emphasize specific topics or methodologies are available
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{Aebersold and Mann, 2003; Ranish er al., 2003; Julka and Regnier, 2004). The aim
of this review is to familiarize readers with advancements in the various disciplines
of proteomics, outline specific procedures and methodologies that are utilized in
studies, and to present the most recent, significant experiments that have been
performed. Hopefully, this will demonstrate to readers who are less familiar with the
field, the manner of hypotheses that may be addressed by these methods, the
equipment and skills necessary to carry them out, a basic overview of the data
compiled by these studies, and the conclusions that can be reliably established from
the data.

Preteomics is the study of the proteome of a species, and individual proteomics
experiments analyse large, complex protein samples (Washburn et ol., 2001; Durr er
al., 2004; Yan et «l., 2004). These samples routinely consist of whole cell lysates,
large multi-protein complexes, or proteins with a specific chemnical make-up (such as
phosphorylation), and may consist of hundreds of proteins. In order to carry out
these analyses, technologies from many diverse fields are coupled and utilized in
order to perform these experiments and identify the proteins present. A brief outline
of the major components of a typical proteomics experiment and the technology
involved follows.

Chromatography

Although intact proteins may be utilized in experiments, most current studies digest
protein samples into peptides (normally with trypsin) and identify the proteins from
the resulting peptide sequences. Since thousands of peptides may be analysed in a
single experiment, it is necessary for a chromatographic system to resolve this
peptide mixture so that individual peptides are introduced into the mass spectrometer
and analysed separately.

The chromatography system employed depends on the sample but may consist of
single or multiple pumps, switching valves, and columns. Chromatographic methods
for analysis may combine several of the following methods; 1D or 2D SDS-PAGE,
ion exchange, reverse phase, normal phase, size exclusion. affinity or antibody
capture in various orders so that maximum resolution of the sample peptides is
achieved (Nagele et af., 2003, 2004).

Spectrometry

Proleomics experiments require that the sample is ionized in the gas phase, masses of
the ions can be resolved and differentiated, followed by fragmentation of the parention
in orderto analyse the spectra of the resulting fragments. lonization usually takes place
via ESI, where an electric current ionizes small solvent droplets eluted from a
chromatographic system, or MALDI, where the sampie is deposited on a matrix
containing amolecule (suchas CHCA jthat, when irradiated by alaser, both sublimates
and ionizes the analyte. Mass analysers routinely utilized are quadrupoles {which act
as amass filter allowing specific ranges of mass/charge ratios to be analysed), ion trap
(that accurnulates ions of specific mass/charge ratios), and TOF (where mass/charge
ratios of ions are determined by the flight time of ions from ionization 1o the detector).
Ton trap mass spectrometers are usually coupled to EST sources and utilized to measure
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MS/MS events, while TOF analysers are usually coupled to MALDI sources and
generaily demonstrate greater mass accuracy. Quadrupole mass analysers may be
employed in tandem with TOF or ion traps in order to improve detection and sensitivity
(Acbersold and Mann, 2003; Yates, 2004).

After an initial mass spectrum of the injected sample has been taken, routinely a
parent ion is chosen (may be based on a specific m/z or highest abundance) for
further analyses. The parent ion is then induced to fragment (normaily by cellision-
induced dissociation with an inert gas, such as helium) and a new mass spectruin is
taken of one of the fragments from the parent ion (MS/MS). This process may be
repeated several times, depending on the type of analysis being performed. These
additional experimentai mass spectra (normally of digested peptides from the
biological sample) are utilized to identify the protein from which the peptide
originated. This is accomplished by comparing the experimental mass spectra to the
theoretical mass spectra of peptides from protein databases by search algorithms,
such as SEQUEST (Eng 1 al., 1994) or MASCOT (Perkins et al., 1999).

Bioinformatics

The large numbers of peptide spectra generated during proteomics experiments must
be scarched against protein databases in order to determine which proteins are
present in the sample. Computer algosithmns, such as SEQUEST (Eng er al., 1994)
and MASCOT (Perkins er al., 1999), generate theoretical peptide spectra that are
compared 1o the experimental spectra in order to identify the peptides present. These
peptides are then searched against protein databases. such as NCBI
(www.nebinlmonih.gov) or Swiss-Prot {www.ish-sib.ch), in order to identify the
proteins represented by the identified peptides. New computer programs, such as
Peptide Prophet (von Haller ef al., 2003}, allow statistical evaluations of the peplides
identified to reduce the numbers of incorrectly identified peptides, ldentified peptides
and proteins can be organized by a computer program like DTASelect (Tabb et ol
2002), which can apply additional. more stringent acceptance crileria (o the identi-
fied peptides. DTASelect (Tabb ef al., 2002) then displays these peplides according
to the number of times each was identified and the proteir: from which it originates,
as well as data such as protein sequence coverage and observed and calculated
masses. Large data sets from separate analyses of protein samples can be compared
by a computer program called Contrast (Tabb et al., 2002), which searches all
peptides and proteins identified in each experiment and lists the proteins and
peptides identified in all analyses, allowing the researcher to evaluate the reproduc-
ibility of the experimental method empioyed. These analyses require dedicated
computer systems, such as a Linux cluster with multiple nodes or SGI SuperComputers.
to perform these searches in a time-effective manner.

(Juantitation

in order to determine the concentration of a specific protein in a sample, it is
necessary to measure and compare the signal from a known standard to the signal
from the desired target (can be a protein or a peptide). These standards can be
measured either concurrently with the sample (internal} or separately {external), with
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the signal intensity measured for different concentrations establishing a calibration
curve for the analyte protein. If the standard protein is measured separately, there is
no need to isotopically label the standard (with stable isotopes), thereby saving both
money and time. Internal standard proteins can be either isotopicalty labelied (also
with stable isotopes) or not, depending on the manner in which the data is 1o be
interpreted and the information that needs to be determined. Isotopicaliy-labelled
proteins can determine the absolute concentration of otherwise identical sample
proteins if the labelled protein is highly purified and the concentration known.
Chemically identical {standards are isotopically labelled) proteins and peptides will
ejute from the chromatographic system at the same time, and the absolute concentra-
tion can be determined by comparing the ratio of the standard/sample signals (ion
count measured by the detector for cach of the isotopic species present). Isotopically-
labelied proteins can also be utilized in a less stringent manner, such as comparing
relative protein levels between samples expressed in labelled and unlabelled media.
This method is simpler (alleviates the need for purification procedures). but only
relative concentrations between the sampies can be determined, again by compari-
son of the signal ratios. Internal standards that are not isotopically labelled need to
be chemically different (f.e. not the same protein or peptide) so that they can be
distinguished by the mass spectrometer. Relative concentrations of analyle proteing
can then be determined by normalization of the signal from the analyte protein to the
signal from a known concentration of the internal standard. In this way, the relative
protein concentrations from two separate growths can be determined by comparison
and nermalization with an internat standard protein that is not identical.

STABLE ISOTOPIC LABELLING

There are four main strategies utilized in the labelling of proteins and peptides for
use as standards to guantitate individual proteins in mass spectrometric-based
proteomic experiments (Hunter and Washburn, 2003), with different approaches
having different entry points into the scheme, as shown in Figure 1.1 (Washburn et
al., 2002). This allows the investigator a great deat of flexibility to determine the
label most suited for the experiment, control the costs associated with various
strategies, and the time and effort required for purification of the labelled standard.

(1) Metabolic labelling: proteins can be expressed in isotopically-enriched media.
This can mean that a specific atom is enriched, i.¢. "N, *C, 2H., or that specific
amino acids have stable isotopes already incorporated. Metabolic labelling has
been employed with E. coli (Marley er al., 2001}, C. elegans (Krijgsveld er af.,
2003), D. melanogaster (Krijgsveld et al., 2003), Rarfus norvegicus {(Wu et al.,
2004), yeast (Washburn ef al., 2002), human cells (Ibarrola ef al., 2003), and can
be utilized in absolute or relative quantitation, with absolute standards requir-
ing additional time and money spent in purification (Figure 1.1).

{2} Amino acid modifications; ICATs (Zhou et af., 2002; Whetstone et al., 2004) are
isotopically-labelled, synthetic molecules that allow the labelling of proteins or
peptides by covalently binding to cysteine residues via a thiol reactive group
incorporated into the isotope tag. ICAT reagents also incorporate biotin that
allows purification and enrichment of the desired peptides by avidin capture.
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Figure 1.1. Mcthod entry into a quantitalive protcomic amalysis scheme. When carrying out a
quanlitative proteomic analysis. the key is for the same peptide from two unigue growth conditions
to have unigue masses when being analysed by a mass spectrometer. ‘Heavy™ and ‘light” peptides
may be generaied al many points in g sample preparation pathway. Metaholic labelling introduces
a label during the growth of the organism. and is therefore the carliest peint of introduction of
‘heavy” and ‘light’ fabels. Metabolic labelling is [ollowed by ICAT. digestien in "0 and #0) water.
and lastly, post-digestion labelling. Only after a label has been introduced can the samples be
mixed and (urther processed. (Reproduced with permission from Analyrical Chemistry from
Washburn er af.. 2002.)

Other amino acid functicnal groups, such as primary amines (Hoang ef /., 2003)
and carboxylic acids {Goodlett er al., 2001), may also be modified by mass tags.
ICAT labelling can be utilized in absolute or relative quantitation, although use
in absolute guantitation may become more widely exploited (Lu ef al., 2004),
This method is expensive and requires extensive lime spent in purification
(Figure 1.1,
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(3)

(<)

Peptides can be synthesized with isotope labels (as in the AQUA method (Gerber
ef al., 2003)) which correspond to tryptic peptides that would be produced from
trypsin digestion of the analyte protein (Nakanishi ez al., 2003). This method is
employed for absotute quantitation, and purified peptides can be commercially
obtained or synthesized with a peptide synthesizer. Prior digestion and mass
spectral analysis of the target protein is required to determine that the peptide
chosen is quantitatively produced during digestion (Figure 1.2).

End labelting: C-terminus end labelling; proteins can be digested (normally by
trypsin) in "O-labelled water, which allows the incorporation of two O atoms
in the carboxylic terminus of each resulting peptide (Johnson and Muoddiman,
2004). N-terminus end labelling; selective labelling of peptide amino termini
can be carried out with reagents, such as nicotinyl-N-hydroxysuecinimide
(Munchbach et al., 2000). These methods are normally associated with relative
quantitation methods and therefore do not require additional purification
(Figure 1.1).
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ABSOLUTE QUANTITATION

The absolute guantitation of individual proteins from complex biological samples
has the potential to elucidate the role a specific protein piays within the system
being studied. This can be measured both in terms of protein concentration or the
level of PTM necessary to translate a signal or stimulate a cellular event. For this
reason, absoluie quantitation will most likely play a greater role in the futwre of
systemns biology.

The laboratories of Turecek, Aebersold, and Gelb have developed a new method
of affinily tagging proteins, termed VICAT, which allows for the absotute quantitation
of proteins in cell Iysates (Boutari et al.. 2004; Lu er al., 2004). Three separate VICAT
reagents are utilized in these studies; a protein tagging reagent that is bound to the
proteins from the analyte sample, an internal standard reagent that is bound 10 a
synthetic peptide corresponding to a tryptic peptide from the analyte protein, and an
IEF marker reagent also hound to the synthetic tryptic peptide. Al VICAT reagents
contain a biotin moiety, pholocieavable 2-nitro-benzyi bond, and a thiol reactive
site. The internal standard reagent and the IEF marker reagent also incorporate a
single HC atom.

All the reagents are readily distinguishable by mass spectromelric analysis; the
protein tagging reagent and the internal standard reagent have an identical chemical
skeleton, orly the internal standard reagent has four PC and two PN atoms in the
peptide tag, while the IEF marker reagent peplide tag is two methylene groups
shorter than the other tags. The protein sample is reduced, reacted with prolein
tagging reagent, trypsin digested, and a known quantity of the synthetic tryptic
peptide bound to the internal standard reagent is added to the sample. A larger
quaniity of the tryptic peptide bound to the IEF marker reagent is also added to the
sample (this allows the peptides to be visualized on film and minimizes loss of
sample during electrophoresis). All of the peptides ase then resolved on an IEF gel
{ Amersham Biotech.), visualized on film, and the peptides with the VICAT reagents
are cut and extracted from the gel. These tagged proteins are then bound to streptavidin
agarose (Sigma), washed, and released by photocleavage. The tagged peptides are
collected, further resolved on a C18 microcolumn before injection into an ESI LCQ
Peca XP ion trap mass spectrometer {ThermoFinnigan), utilizing SRM.

This method was used to quantitate human recombinant group V protein (hGV)
spiked into crude cell lysates from Sf9 insect celis. This was accomplished by
integrating the elution peaks for the various tagged peptides and comparing the
ratio of ion counts from the detector to determine the ratio of sample and standard
peptide tagged with VICAT reagents. The hGV protein was quantitated from 50-
1000 fmole and the signal response was linear in this range, with a line siope of 1.12
(Bottari et al., 2004; Lu er al., 2004). While this is a highly effective methodology,
the reagents are not yet widely available, they are expensive, and the gel purification
technique employed makes it difficult to automate the process.

An alternative approach relies on synthesized peptides (Figure /.2) that corre-
spond to tryptic peptides from the protein of interest. Gygi’s laberatory has developed
the AQUA method for the absolute quantitation of proteins and phosphoproteins
from cell lysates (Gerber ef al., 2003}. These synthesized peptides incorporate amino
acids that contain stable isotopes (VC, ¥N) and are added to the protein sample after
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purification by SDS-PAGE. The AQUA peptide internal standard is therefore present
during trypsin digestion, extraction from the gel, and reverse phase chromato-
graphy, so that any loss of sample happens equally for standard and sample peptide.
Samples were analysed by an LCQ Deca XP ion trap ar TSQ Quantumn triple
quadrupole mass spectrometer (ThermoFinnigan) and enhanced by only analysing
known retention times for the peptides of interest. M8/MS spectra were collected for
all parent ions, and quantitalion was accomplished by integration of the peaks from
the ion chromatograph and comparison of the ratios of the internal standard to the
analyte protein peak. This methodology was originally validated by analysis and
quantitation of horse heart myoglobin added to yeast cell lysates. Horse heart
myoglobin was analysed from 300 amole to 30 pmole, and the calibration curve for
expected versus observed myoglobin demonstrated a slope of one. Finally, the per
cent of phosphorylation of Separase at Ser-1126 was determined utilizing two
AQUA peptides, one of which was phosphorylated at the serine restdue. This meth-
odology was able to determine the dynamic changes in phosphorylation of this
protein during premitosis, mitotic entry, and exit from mitosis. This analysis was
accomplished from 400 pg of HeLa cell lysate using 0.15 pmole of AQUA peptide
standards in the ion trap mass spectrometer, and only 16 ug of cell lysate and 0.1
pmole of AQUA peptide utilizing the triple quadrupole mass spectrometer (Gerber er
al., 2003).

A further application of the AQUA method (Figure 1.2) by Gygi is the absolute
guantitation of six proteins from the rat forebrain PSD (Peng et al., 2004}. The
proteins GLuR 1, GEuR2, NmDARI, PSD-935, GKAP, and Shank1 were expressed in
"N media, purified by SDS-PAGE and quantified by Coomassie R-250 staining.
Four pmoles of these proteins were added to approximately 20 ug of PSD, separated
by SDS-PAGE, digested, and combined into one sample, The peptides were resolved
on a 75 pm id. CI8 column, and analysed on an LCQ Deca XP (ThermoFinnigan)
ion trap mass spectrometer. Analysis of defined m/z ranges at specific elution times
allowed the capture of labelled and unlabelled peptide pairs in the ion trap, which
were then subjected to collision-induced dissoctation and the MS/MS spectra
obtained. Quantification was accomplished by comparison of the peak area ratios for
labelled and unlabelled peptides. All six proteins were able to be quantitated by this
method, and the per cent variation over two experiments ranged from 2.5% o [4.3%
(Peng et al., 2004). While the AQUA method has been demonstrated to be reliable
when analysing complex samples, it also relies on gel-based separation techniques
and requires testing to verify which peptides are suitable for use as standards.

A methodology also relying on isotopically-labelled peptide standards was uti-
lized by Kuhn and co-workers to determine the amount of CRP in human serum
sampies (Kuhn er af., 2004). This methodology differs from the AQUA approach in
that it relies on the depletion of the most abundant proteins and fractionates protein
samples by size exciusion chromatography, not SDS-PAGE. The levels of CRP were
measured in subjects with and without RA, in order to determine the differences in
concenlration of this biomarker protein. Human plasma samples were first depleted
of haptoglobin, 1gG, and HSA using affinity chromatography (High Trap NHS-
activated HP, High Trap Protein G, and HiTrap Blue columns, respectively, Amersham
Biosciences). This was necessary since these proteins may constitute 60-90% of
sample proteins and may interfere in mass spectrometric analysis during elution,
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resulting in ion suppression of the desired peptides. The remainder of the sample was
fractionated on a Superdex 200 Hi Load column (Amersham Biosciences) and
analyscd by SDS-PAGE to determine the fractions rich in CRP. These fractions were
pooled, trypsin digested, and four synthetic YC-labelled tryptic peptides were added
at cither 250 or 300 fmoele/ul. These samples were resolved with MAGIC CI8 AQ
Media (Michrom Bioresources) in a capillary column {New Objective) and analysed
by an API-3000 TQ-MS (Applied Biosystems), MS/MS spectra were collected on
doubly charged parent ions, and [live subseguent transition ions were analysed.
Concentrations of sampie CRP were determined from the equation:

((peak area ratio X250 or 500 fmele/ulXfraction volume, uDIMW))/1 = 107 (1.1)

The average concentration determinations of CRP from four experiments were found
to be 0.75 pg/ml for healthy patients, 2.8 pg/ml for non-erosive RA patients, and 37.65
ug/ml for erosive RA patients. Average CRP concentrations were determined to be
approximately twice as highby immunoassay, butameasurable difference was seen for
the three sets of patients. Finally. in order to determine the recovery percentage for CRP
during the chromatographic process, 126 pg of purified protein was added to samples
from non-erosive RA patients (2.8 pg/ml) and the concentration determined as
outlined previously. The per centrecovery, based on comparison with the four fabelled
standard peptides, varied from 0.2% to 66% (Kuhn et af.. 2004}, This study highlights
the need to determine the recovery effictency of standard and sample proteins, since
low abundance proteins that are subjected to extensive purification techniques may
themselves be greatly depleted and skew the resuits.

Isotopically-labelled tryptic peptide standards are an excellent method for quan-
tifying proteins that may be difficull to work with due to solubility or gel separation
issues. To overcome solubility problems, Barnidge and colleagues utilized a single
peptide cleaved from rhodopsin (tryptic C-terminal peptide) in order to quantify the
membrane protein (Barnidge er al., 2003). This study was conducted on purified
rhodopsin samples, so resolution of the protein from a complex mixture was not
necessary. It was demonstrated that the peptide, TETSQVAPA, could be quantifa-
tively cleaved from rhodopsin under membrane solubilizing and non-solubilizing
conditions. The tryptic peptide was quantified with a synthetic peptide that incorpo-
rated two deuterated alanine residues. This peptide was utilized as both an internal
and external standard in order to compare the gquantification results achieved with
both methods. The peptides were resolved on a [ nun diameter column, packed with
TARGA media C18 {Higgins Analytical), prior to analysis on a TSQ Quantum {ripic
quadrupole mass spectrometer (ThermoFinnigan). Single reaction monitoring of the
peptides was ultilized so that only one daughter ien was analysed in the third
quadrupole, resuiting in the signal measured for quantitation. The linear dynamic
range of the peptide standards was evaluated for unlabelled synthetic peptide
utilized as an external standard and isotopically-labelied peptides utilized as an
internal standard. The external standards (integration of peak area versus concentra-
tion) generated a linear standard curve from (00 fmole/ul to 8§ pmole/ul with an R®
value of 0.9948, while the labelied internal standards {compared by the ratio of the
signals for both peptides) was linear over the same concentration range with an R?
value of 0.9964. Analyses of thodopsin utilizing this method were carried out on two
separate days, with each experiment carried out in triplicate, utilizing solubilized
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membranes and with both internal and external standards. The use of external
standards resulted in recovery ranging from 89% to 120% and CV values of 3.6 and
6.1. The internal standards yielded recoveries ranging from 84% to 159% and CV
values of 4.1 and 17 (Barnidge et al., 2003). In this analysis, the external standards
allowed for more precise quantitation of the analyte peptide; this seems reasonable,
since samples containing only rhodopsin were analysed, if the sample originated
from a more complex mixture of peptides, matrix effects during chromatography and
ionization might demonstrate a need for internal standards to overcome these
difficulties. This study serves to demonstrate that proteins that are difficult to work
with can still be quantitated if a suitable peptide can be utilized as a standard. Since
the AQUA method first resolves proteins on a gel, this is an attractive alternative to
absolute quantitation, if the protein can be highly purified by other methods (such as
affinity purification).

Uniabelled peptides can be utilized as external standards when the sample is
highly purified or the elution profile of the target does not overlap with other sample
peptides. Jeppsson er al. (2002) capitalized on purified haemoglobin samples and
employed an unlabelled peptide as an external standard to determine the ratio of
glycosylaied haemoglobin Alc (HbAlc) peptide to non-glycosylated haemoglobin
Ac {HbAc) peptide for the Glu-C digested -chain of haemoglobin glycosylated at
the N-terminal amine group. This is important since there are fifteen widely utilized
methodologies (chromatography, electrophoresis, immunology) that may not be
entirely specific for the peptide analysed in this method and whose results may vary
by 20%. Calibration solutions were prepared that contained 0%, 3%, 6%, 9%, 12%.
and 15% of HbAlc peptide, then resolved on a reverse phase cyanopropy! column
{ZORBAX), and the first twelve minutes of the elution profile were analysed by an
SSQ700 single stage quadropole mass spectrometer (ThermoFinnigan). Utilizing
mass spectrometry allows for the unambiguous determination of HbA lc and HbAc
peptides. These measurements produced a linear calibration curve for the standards
with an R* value of {. Hacmoglobin collected from patients was digested with Glu-
Cand analysed in the same manner as described above. Concentration was determined
by the ratio of the signals for the standards versus the patient samples. This method
was tested an ten samples in eleven different laboratories in Europe, USA, and Japan,
and produced an inter-laboratory CV of 1.76% and an intra-laboratory CV of 1.05%.
Comparison with another method (HPLC-CE) developed in this study yielded a
tinear calibration curve between the methods with an R*value of . This method has
now been approved by the International Federation of Clinicai Chemistry and
Laboratory Medicine and will serve as the new reference method worldwide (Jeppsson
et al., 2002). This study highlights that mass spectral analysis atlows the target
biomolecule to be positively identified (not the case with chromatographic or gel
techniques), while still allowing refiable and accurate quantitation determinations
to be made. Mass spectrat analysis may prove to be the method of choice for other
analyses where positive identification of the target is not paossible with the
analytical technique being utilized.

While it is more difficult to utilize entire iabelled proteins as standards {proteins
from complex samples may co-elute and cause signal suppression), they may be
useful in specific applications. An example of this method was demonstrated by Ji
and cofleagues, who utitized an intact, *N-labelled protein as an internal standard to
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quantitate the rKS5 protein from plasma samples (Ji et al., 2003). The method was
then employed to conduct preclinical trials of rK5 concentration in monkey plasma
samples after initiation of a drug regimen. Plasma samples with 200 pl of approxi-
mately 5 pg/ml of N rKS5 were loaded in 96 well plates on a HLB 60 mg solid phase
extraction plate (Waters Oasis), washed, and then eluted with 0.8 ml of acetonitrile
and 0.2% TFA. These samples were then resolved on a C18 column (Symmetry300)
at 40°C to improve peak shape, and analysed on an API 3000 triple quadrupole mass
spectrometer (PE Sciex), utilizing selective reaction monitoring for the rK5 and "N
1K5 standard. The peak areas were determined utilizing Sciex MacQuan software
version 1.6 in order to determine the ratio of standard and analyte protein. The linear
range of this assay was determined to be between 99.23 and 52 920.0 ng/ml, with R?
values for calibration curves ranging between 0.9972 and 0.9994. Eighteen repli-
cate samples from three analyses were run at the low and high end of the assay range
and yielded CV values of 4.8% and 1.7%, and accuracy (per cent theoretical) of
105.3% and 100.3%, respectively. The extraction recovery of two control samples
was determined to be 85% and 72% when the ion chromatograph peak area ratios
were compared to quality control samples. This methodology was then applied to
determine the rK5 level in monkey plasma samples after an intravenous drug was
administered to the animal. The toxicokinetic curve was linear over the range
studied (10.5e* to 10e® ng/ml) during a 25-hour period after drug administration and
all samples were analysed without dilution (Ji et al., 2003). This study demonstrates
that intact proteins may be utilized as internal standards even in complex mamma-
lian samples, but it is important to demonstrate the chromatographic system employed
is capable of resolving the protein targets.

The new methodologies for absolute protein concentration determination
described here allow for very precise measurements of individual proteins from
increasingly complex samples. While these methods will allow very specific
hypotheses to be addressed, they do still retain some drawbacks. Some of the
reagents are costly and not widely available (VICAT), require extensive purification
procedures, the target protein must be extensively analysed to demonstrate it is a
viable candidate (digestion and recovery issues), while several methods still rely on
gel separation techniques. This means that the process is difficult to automate and
precludes the study of certain proteins (high or low molecular weight, hydrophobic,
extreme isoelectric point) (Patton, 1999; Gygi et al., 2000; Patton et al., 2002; Shaw
and Riederer, 2003). As the methodologies become mature and are further refined, it
is likely that many of these issues will be addressed to allow more scientists to
employ these methods efficiently.

RELATIVE PROTEIN CONCENTRATION DETERMINATION

While relative protein concentration determinations cannot provide the precision of
absolute quantitation studies, important details of the biological system’s response
to stimuli can be ascertained. In many instances (such as the response to a drug
regimen), these studies may provide enough data to allow the investigator to
reliably draw the proper conclusions. Relative protein concentration determinations
can be measured with and without the use of stable isotopic labelling. Studies that
do not incorporate isotopic labelling may use an exogenous protein (or peptide) as
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an internal standard that the signal from sample proteins are normalized to, or
compare the ratio of the signals from the same protein from two different samples.
When stable isotopic labelling is utilized, one sample may be labelled either
metabolically (Ibarrola et al., 2003) or during digestion (Bonenfant et al., 2003),
with equal quantities of both samples measured concurrently, and the ratio of
proteins from each sample determined by comparison of the signals from each
isotopic species present. Alternatively, peptides labelled with stable isotopes, corre-
sponding to tryptic peptides from the target protein, may serve as internal standards
for each protein sample.

Non-isotopic labelling

Several groups have recently published articles describing the use of unlabelled,
exogenous proteins (digested to peptides) as internal standards to allow for relative
protein concentration determination between samples (Figure 1.3). The following
three studies are applications of this methodology.

Bondarenko and colleagues employed horse myoglobin (Sigma) as an internal
standard spiked into human plasma samples (Sigma) (both were digested and
analysed as peptides) (Figure 1.3; Bondarenko et al., 2002). The peptides were
resolved on a 75 pm i.d. column packed with BioBasic C18 media (New Objective),
and analysed on an LCQ Deca ion trap mass spectrometer (ThermoFinnigan). Two
plasma samples with 200 or 400 fmole of horse myoglobin were analysed, and peak
areas for the peptides were compared to determine if the difference in concentration
couldbereliably calculated. Next, the peak area for an internal protein, Apolipoprotein
A-1, was calculated by comparison and normalized to horse myoglobin. All chromato-
graphic peak areas were defined as ion intensity times seconds. The total peak areas for
horse myoglobin peptides at 200 and 400 fmole were calculated to be 3.48 x 10° and
6.46 x 10°, respectively. Next, the horse myoglobin to apolipoprotein A-1 ratio of peak
areas was determined and found tobe 1.15 and 2.23 for 200 and 400 fmole, respectively
and, after normalization, the peak area ratios were determined to be 1 and 1.93,
respectively. Repetitive measurements demonstrated that relative peak area measure-
ment error was below 11% (Bondarenko et al., 2002).

Wang and colleagues utilized a similar method in which exogenous proteins
could be spiked into a complex protein sample and relative changes in sample
protein concentration could be determined by comparison with these internal stand-
ards (Figure 1.3) (Wang et al., 2003). Bovine carbonic anhydrase and horse
myoglobin (Sigma) were spiked into human serum proteome samples (Sigma) at
concentrations of 100 fmole to 100 pmole, depleted of serum albumin and IgG
proteins by affinity beads (Proteomic Biosciences), digested with trypsin, resolved
in a fused silica capillary column packed with BioBasic C18 media (New Objective),
and analysed by both LCQ Deca ion trap (ThermoFinnigan) and LCT ESI TOF
(Micromass) mass spectrometers. It was demonstrated that peak intensities for these
internal standard peptides were linear over this concentration range, with R? values
ranging from 0.993 to 0.9972 for calibration curves for these peptides. The CV
values for 25 runs of the human serum samples gave median and average values of
25.7% and 29%, respectively. Comparison of peak areas from sample peptides with
these internal standard peptides will allow for differential protein concentration
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Figure 1.3. General scheme [or relative protein abundance determinations belween samplcs
wtilizing unlabeiled standards. Individual protein samples are measured separately with known
quantitics of uniabelled standard proteins. After digestion and mass spectrum analysis, the signals
from the sample peptides are normalized to the signal from a standard peptide. Since both signals
are normalized to the same standard whose concentration is known, the ratic of signals from the
sample peptides allows the relative abundance of proteins to be determined.

determinations of samples collected under varying conditions (Wang ef al..
2003).

Liu and colleagues utilized six unlabelled human proteins spiked inlo soluble
veast cell lysates as internal standards to be able to quantitate relative protein
concentration differences between samples (Figure 1.3) (Liu er al., 2004). Six
human proteins (BioRad low molecular weight markers), phosphorylase b, serum
albumin, ovalbumin, carbonic anhydrase. trypsin inhibitor, and ilysozyme were
spiked into yeast cell lysates over a range of 0.0417% 10 4.17% of the total protein
mass and digested with the sample. The peptide mixiure was resolved on a biphasic
SCX/RP capillary column (Partisphere SCX, Whatman, and XDB C18, Hewlett
Packard), and analysed on an LCQ ion trap mass spectrometer (ThermoFinnigan).
The number of spectra for each peptide recorded by the mass spectrometer was lincar
over the two order of magnitude range, and demonstrated R* values between 0.9967
and .9995 for calibration curves of spectral counts versus amount of internal
standard added. These data suggest that, since the spectral counts for these peptides
is determined by their concentration, comparison of spectra for analyle proteins
compared to these internal standards could allow for the relative concentration
determination of proteins from different samples (Liu er af., 2004). The Bondarenko,
Wang. and Liu studies demonstrate that low cost, commercially available standards
can be utifized to reliably quantitate relative differences in protein concentration
(Bondarenko er al., 2002; Wang ef al., 2003; Liu er al., 2004},

Software development is improving the quantitative determinations between
samples by improved analysis of experimental data (chromatograms, signals) and
statistical analysis of associated errors (Li ef al., 2003; MacCoss er al., 2003). A new
software program that allows analysis of the peak area ratios between individual
samples of unlabelled proteins for differential protein quantitation withoul stand-
ards ol any type has now been developed. An example of this method is demonstrated
by Chelius and Bondarenko (2002), utilizing software developed at ThermoFinnigan.
Two cultures of A431 cells were grown and. ten minutes prior to harvest, one sample
was treated with EGF. Total protein extracts {rom both cultures were prepared,
digested by trypsin, and analysed separately. Each culture was initially eluted from
astrong cation exchange column by a series of sall bumps. cach salt bump eluent was
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captured by a polystyrene-divinylbenzene peptide trap (Michrom Bioresources),
and tinally resolved on a 75 ym i.d. column packed with Bio Basic C18 media (New
Objective). Mass spectrometric analysis was carried out on an LCQ Deca XP Plus ion
trap mass spectrometer {ThermoFinnigan), with two MS/MS spectra obtained for the
most intense peaks, utilizing dynamic exclusion. Peak areas were calculated for each
precursor ion within a defined elution time based on the signal intensity. Uillizing
this methodology, 280 proteins were identified and 12 unique peptides were
detected in four analyses (trealed and untreated samples were analysed twice). The
per cent error in the peak areas calculated for both runs generatly ranged from 1.3 to
17.5 (the per cent error for one peptide was 68.2), while the standard deviations for
the two runs varied from 0.1 to 0.94. The peak area ratios that were determined to be
different by use of an a-table with p-values below (.05 were considered significant.
By these criteria, seven proteins were determined to be differentially expressed in
A431 cells after administration of EGF. In order to detect phosphorylation of
proteins, the initial SEQUEST (Eng ef al., 1994) search was mass modified at seriene,
threonine, and tyrosine residues and, utilizing the same process, it was determined
that the relative phosphorylation of four proteins increased in the EGF-treated
sample {Chelius and Bondarenko, 2002). This study is important since, if this
software becomes commercially available, it alleviates the need for more expensive
labelling techniques.

Stable isctopic labelling

An example of stable isotope metabolic labeliing used to determine differential
PTM was demonstrated by Ibarrola and co-workers, who utilized isotopically-
labelled Frigg protein to guantitate the differential phosphorylation of Frigg after
stimulation with calyculin A at various time points (Ibarrola er al., 2003). Human
203T cells, transfected with FLAG tagged Frigg expression construct, were origi-
nally grown in unlabelled media or media containing isotopically-labeiled lysine (6
Dalton mass difference). Both growths were incubated with calyculin A for different
periods of time (the light isotope media for the shorter period of time) to stimulate
phosphorylation. After cell harvest, the cell lysates were mixed, immunoprecipitaled
with anti-FLAG antibody (Sigma), further resolved by SDS-PAGE, and stained with
Coomassie blue. The Frigg protein band was excised, digested with trypsin, and the
Frigg peptides resolved on a capiilary column packed with C18 media (Vydac)
belore analysis ona Q-TOF API-US (Micromass) mass spectrometer. The firstexperi-
ments (utilizing isotopically-labelled lysine amino acid) demonstrated a 1:3 ratio of
Frigg phosphorylation in cells treated with calyculin A for 10 or 30 minutes,
respectively, and a 1:9 ratio for celis treated for 3 and 30 minutes, respectively.
Phosphorylation was confirmed by the loss of 69 mass units (B-elimination of
phosphoric acid) during MS/MS scans of the peptide. and the ratio of non-
phosphoryiated versus phosphorylated peptide was determined by the ratio of icn
current for each peptide present in the elution peak. In order to analyse other
peptides that may be phosphorylated but do not contain lysine, the previous method
was repeated, except that the cells were expressed in media containing isotopically-
labelled lysine and arginine. Two new peptides were analysed, one of which was not
phosphorylated during the course of the experiment. The other peptide was demon-
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strated to be phosphorylated at 87 and S11, at a 1:2 ratio after 10 or 30 minutes,
respectively, of calyculin A treatment. Phosphorylation at §7 had not been previ-
ously reported (Ibarrola er «l., 2003). This study demonstrates that the careful
selection of metabolic labelling media can reliably quantitate relative differences in
protein concentration, and may aid in the search for novel PTM sites.

Differential PFM can also be determined by C-terminal end labelling, as in the
study by Bonenfant and co-workers, who utilized "0 incorporated during trypsin
digestion to determine the effect rapamycin treatment has on the phosphorylation of
yeast NPR1 protein (Bonenfant et al., 2003). Yeast strains JC19-1A or JC28-1B were
transformed with a plasmid expressing GST-tagged NPRI, and either treated with
rapamycin for [5 minutes, or feft untreated. After harvesting the cells, NPR1 was first
purified on a Glutathione Sepharose 4B column {Amersham Pharmacia), followed
by capture of phosphoproteins by FeCl, charged, FAST Flow beads {Amersham
Pharmacia). After release, the proteins were dephosphorylated with calf intestinal
alkaline phosphatase (CIP), and untreated cells were digested with trypsin in H,'*O,
while rapamycin-treated cells were digested in H,'*0. Equal quantities of peptides
were mixed and spotted on a CHCA matrix for ionization. Mass spectrometric
analysis was accomplished on a Bruker Reflex 11T MALDI-TOF {Bruker Daltonik),
and determination of peptide ratios was accomplished by the ratio of the isotope
clusters for Jabelled and untabelled peptides. It was demonstrated that phosphoryla-
tion of NPRI was unaffected by rapamycin treatment at amino acids 707-721, while
phosphorylation of the peptide encompassing amino acids 353-362 decreased 3.6-
fold after rapamycin treatment (Bonenfant er al., 2003). This method of isotopic
labelling is fairly inexpensive, straightforward, and may be applied in most iabora-
tories, while still allowing accurate relative protein concentrations to be determined.

While not widely employed. effort is being made to utilize antibodies in the
chromatographic purilication of peptides from hiological samples. Tt 1s believed that
the specificity of antibodies will allow enrichment of target peptides and increase
the reselution of the chromatographic system. Anderson and co-workers have devei-
oped an approach termed SISCAPA to enrich complex samples for specific peptides
to aid in guantitation measurements {Anderson er af.. 2004). Single peptides from
plasma proteins Hx, AAC, IL-6, and TNE-o were selected to serve as detection and
quantification markers for these proteins. A rabbit antibody was raised for each
peptide. bound to Self-Pack POROS beads (Applied Biosystems), and each antibody
was separately packed inlo a 100 um i.d. fused silica capillary to a bed length of
approximately 1 cm, Afier elution [rom the antibody column, the flow was captured
by a Pepmap C18 trap cartridge (LC Packings) before loading onte a Pepmap C18
analytical column (LC Packings) for final resolution before injection into a Q-TRAP
tripie quadrupele/linear ton trap mass spectrometer (Applied Biosystems). Selective
reaction monitoring of known fragment ions increased specificity and was used 1o
quantitate peptides, while the quadrupole mass fillers allowed a range of ions within
4 amu to enter the ion (rap to increase sensitivity. When a mixture of the four
standard isotopically-labelled peptides was applied to each antibody column, ali
four peplides were detected in approximately a 1:i ratio. and gave an average
enrichment of 120-fold for the target peptide. However, when a complex peptide
mixture from human plasma was applied to the columns, only the peptides from Hx
and AAC were detected. The proteins [L-6 and TNFa are low abundance proteins,
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and no peptides were detected by mass spectrum analysis (Anderson et al., 2004).
While the use of antibodies holds promise for greater enrichment and resolution of
target peptides, this study demonstrates that the field has to overcome many obsta-
cles inherent in antibody chromatography (slower binding kinetics, selectivity and
lifetime issues).

Relative protein concentration determinations have more traditionally employed
stable isotopic labelling to measure concentration differences between samples
(Washburn et al., 2002; Hardwidge et al., 2004). This method has been demonstrated
to be reliable, but relatively costly, due to the stable isotopes utilized. New computer
algorithms are beginning to allow differential protein concentrations to be measured
without the need for stable isotopes (Bondarenko er al., 2002; Chelius and
Bondarenko, 2002; Wang et al., 2003; Liu et al., 2004). These methods allow
unlabelled, commercially available standards (cheaper than labelled samples) to be
utilized as internal standards, or for the signals from individual samples to be
compared without the need for standards at all. As these new methods are improved
and demonstrated to be reliable, the costs associated with current studies should
decrease and allow increased numbers of researchers to employ these methods.

Conclusion

Absolute protein concentration determinations allow for very precise measurements
of individual proteins from complex samples, but are costly and more time consum-
ing due to the expensive stable isotope labelled standards and the extensive
purification protocols utilized. Relative protein concentration determinations can
be utilized when only changes in concentrations need to be measured (such as in
response (o a drug regimen). While these measurements have utilized stable isotopic
labelling, they do not require extensive purification protocols and new method-
ologies described here are now alleviating the need for isotopic labelling.

The tools available to scientists today allow for great flexibility in determining
protein concentrations from biological samples. This can range from simple differ-
ential expression experiments with unlabelled standards to absolute concentration
determinations using isotopically-labelled standards and affinity-purified complexes
from transfected cells. These methods allow the examination, in ever-greater detail,
of the role individual proteins (or PTMs) are playing in the context of the entire
system. The technology necessary to carry out these experiments is either commer-
cially available (mass spectrometers, chromatographic systems, search algorithms)
or available for public use through government-funded initiatives (NCBI, Swiss-
Prot). The contribution made by mass spectrometric-based proteomics to the
biological field should increase dramatically as more scientists become aware of
these technologies and become familiar with their use.
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