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Abstract

The whole proteome of any organism is too complicated to be analyzed in a simple one-step process and direct attempts for the entire
proteome analysis normally lead to considerable loss of information. A practical approach is the targeting of the specific structural feature of
interest using chromatography. This approach simplifies the proteome while preserving most of the vital information necessary for analysis.
Selection of peptides with specific amino acids (cysteine, histidine and methionine) or N- or C-terminal peptides is an accepted procedure
for proteome simplification when general analysis is desired. While selection of enzymatically and non-enzymatically modified proteins and
peptides is used when post-translational modifications are targeted. Protein interaction with small molecules as well as other proteins also has
been studied using chromatographic selection methods.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Proteomics; Amino acid; Chromatography; Affinity selection; Glycosylation; Phosphorylation; Oxidation; Nitration; Glycation; Specific amino
acid selection

Contents
R 10T [ od 1T o 24
2. Chromatographic targeting of Structural featuresS. . . .......o i e e e 24
3. Targeting Chang e . . ..o 24
4. Integrating proteolysis int0 the ProteOMICS PrOCESS. . ...\ttt e e e e e e e e e 25
5. Selection of peptides with Specific amino aCIdS. . . ... ... ... ..o e 26
5.1. Selection of histidine-containing PePLAESs. . . .. ...ttt 26
5.2. Selection of cysteine-containing PePLIES . . .. ..ottt 26
5.3. Selection of methionine-containing PEPLAES . .. ...t 27
5.4. Summary and future of specific amino acid SeleCtion ... 27
6. Selecting N- or C-terminal peptides from a protein . ... e e e e 27
7. Selection of enzymatically modified proteins and peptides. . . ... ..ot e 27
7.1 GIYCOSYIAtION. . . .ot e e e e 28
7.2, PhOSPpNOIYIation. . . ... 29
74 TR 1111 17 o S P 30

* Corresponding author. Fax: +1 765 494 0359.
E-mail addressfregnier@purdue.edu (F. Regnier).

1570-0232/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jchromb.2004.08.028



24 H. Mirzaei, F. Regnier / J. Chromatogr. B 817 (2005) 23-34

8. Non-enzymatic post-translational modification. . . ... ... ... i e 30
8. L. GlYCatiON. . ..o 30
8.2. Protein OXIAAtiON. . ... .. e e e 30

9. Protein—protein INtEIraCtiONS. . . . ... ...ttt ettt e e e e e 31
9.1. ImmUNOGIOBULIN SEIECHION . . . ... e e e e e 32
0.2, LN . ottt e e 32
9.3. Abundant protein reMOVAL . . . .. ... e 32

10. Protein—small MOIECUIE INtEIACHIONS . . . . ...ttt ettt e e e e e e e e e e 32

11. Miscellaneous selection MEthOdS. . . .. ... i e e e e 33

12, CONCIUSIONS . . .ttt 33

RO EIENCES. . . ..ttt e e 33

1. Introduction tion. This is very important in proteome samples (and their

proteolytic digests) that potentially contain*:a® compo-

Proteomics was conceived as a technique that would nents.
examine a proteome in a single, integrated set of analytical Analysis of post-translational modification (PTM)
operations_ With accumu|ating experience we are learn- prOVideS one of the Strongest cases for targeted selection.
ing this probably is not possible at present. Beyond the Although many proteins are post-translationally modified
10,000-30,000 proteins coded by the genome of many cellsduring their biological lifetime, perhaps only one in 20-50
there are splicing variants, post-translational modifications Of their tryptic peptides will be modified, depending on the
(PTMs), and genetic variations between individuals. This PTM. The number of peptides that must be examined to find
makes the proteome far more complex than the genome.@ PTM will be reduced at least an order of magnitude by
Glycoproteins alone can have 10-50 glycan variants at aPTM specific selection.
single site in one protein. The fact that the proteome is  Finally there is the issue of using separation behavior to
dynamic adds another level of complexity. Unique patterns Predictstructure. Itis possible with both reversed phase chro-
of change in PTMs and protein expression are hallmarks of matographyi2] and ion mobility separatof8] to predict the
cellular differentiation, regulation, and disease progression. elution or migration time of a peptide to within a few percent.

The Comp|exity ofa proteome can far exceed the Capacity When a search of a database for pOteﬂtial peptlde candidates
of ana|ytica| Systemsl We must accept that with h|ghe|’ p|ants finds multlple pOSSib“itieS, it is pOSSible to differentiate be-
and animals, proteomics methods do not at present, and willtween them by correlating predicted migration behavior of
not in the immediate future’ define more than a small por- candidates with that of the unknown. Molecular W6|ght and
tion of a proteome on a routine, high throughput basis, i.e. separation behavior are frequently adequate to identify a pep-
within 24 h. Thus, all proteomics methods are a priori tar- tide without sequence data.
geted in some way, either intentionally or by limitations of

the analytical system being used.
3. Targeting change

2. Chromatographic targeting of structural features It is assumed above that a compelling case can be made
for examining a particular type of structure. That is not al-
How then do we decide which part of the proteome to ana- ways true. In the case of many diseases, one has no idea
lyze and which targeting strategies provide the most meaning-which proteins are associated with the disease. How then is
ful data? A variety of chromatographic and electrophoretic it possible to target and select relevant peptides or proteins
methods, sometimes enabled by protein or peptide derivati-on the basis of structure? Very important proteins associ-
zation, have been accumulating over the past three decadeated with the onset and progression of either a regulatory
that target structural features common to multiple proteins event or disease. These proteins generally change in con-
and peptides. The presence of histidine, cysteine, methion-centration, and sometimes structure, during the event. This
ine, phosphorylation, glycosylation, glycation, nitration, and means that samples taken before and after the biological
specific types of oxidation along with the propensity of pro- event will be different. Two-dimensional gel electrophore-
teinsto interact with substrates, cofactors, allosteric effectors, sis and quantification by staining have been used for decades
and other proteindHig. 1) are examples of properties that are in such comparative analyses, even before the arrival of pro-
associated with cellular regulation and disease, and can beeomics[4-6]. Recently developed isotope coding methods
targeted. Selection of proteins and peptides from complex allow multiple complex mixtures to be globally searched and
mixtures on the basis of common structural features or chem-compared for any component that differs in concentration
ical behavior can reduced sample complexity 80% or more in more than 15-20% between samp|ék Detailed discus-
asingle separation stglj. Moreover, identificationis greatly ~ sions of these methods can be found in recent revi8yg3.
facilitated by knowledge derived from structure-based selec- A unique feature of some new coding methods is that struc-
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Fig. 1. A general structure specific selection scheme. One mode of selection is on the basis of structural features such as complimentary tteemather pro
cofactor binding site, or a specific structural feature such as a substrate binding site. Post-translational modifications such as phosglyeoggtaiion,

and oxidation can be also target based on unique properties of the moieties added during modification. Sometimes specific amino acids, suehrd histidin
cysteine, in peptides derived from proteins are targeted using affinity selection strategies, either directly or after covalent modificatiaggivithagent

such as biotin that can later be selected with avidin.

tural features of the proteome are targeted and selected firstnedia that enzyme concentrations of up to 100 mg/mL can be
and then a search is made for changes in concentration otobtained. The enabling feature of immobilization in the case

structurg10]. Protein expressiojil], phosphorylatiofil2], of proteolytic enzymes such as trypsin is that it allows very
and glycosylation13,14] have all been examined in this high enzyme densities without auto-proteolysis and sample
way. contamination with enzyme fragments. This means (1) it is

possible to have enzyme to substrate ratios 10—-1000 times

higher than the 1/50 ratio (w/w) normally used in solution
4. Integrating proteolysis into the proteomics process and (2) the absolute concentration of enzyme can be orders

of magnitude higher. When the enzyme to substrate ratio ex-

The proteomics revolution is based on the fact that massceeds 10 there will be an acceleration of proteolysis, espe-
spectrometers can readily determine partial sequence andially when reactor temperature is elevated as | 16}
molecular weight of peptides. With data from only a few pep- As will be discussed below, 100-fold acceleration is common.
tides and DNA sequence from a DNA database it is possible  The effectiveness of immobilized trypsin columns has
to identify proteins. But before this can happen, proteins must evaluated wittEscherichia colilysates using size-exclusion
first be converted to peptides. This seemingly trivial task can chromatography (SEC) to examine the proteolysis products
present substantial problems. Disulfide cross-linking, glyco- [17]. Trypsin columns were operated in both a continuous-
sylation, and the presence of hydrophobic domains reduceflow and stopped-flow mode at temperatures ranging from
the rate at which some proteins can be digested. Reductionambient to 37 C with incubation times of 0-2 h. Total diges-
of disulfide bridges makes it easier for proteolytic enzymes tion of reduced and alkylated protein mixtures was achieved
to penetrate proteins but glycosylation and aggregation still in 20 min at 37°C judging from the size of the cleavage frag-
reduce the rate of proteolysis in some cases. This leaves twanents and the absence of peptides retained beyond the total
options; further alter protein structure or increase the rate of inclusion volume. A useful feature of the silica based SEC
proteolysis. Immobilized enzymes provide a relatively sim- column used was that miscleaved hydrophobic peptides were
ple route to accomplish the later. retained beyond the total inclusion volume of the column
Based on decades of research, it is known that in immobi- and easily recognized. Solution based digestion in contrast

lized enzyme reactors packed with high surface area supportieft more miscleaved peptides, even after 36 h of digestion.
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Beyond the obvious time advantage of immobilized enzyme are found in more than 90% of the proteins in a proteome.
columns they are easily incorporated into multidimensional Thus, selecting peptides containing a low abundance amino
separation systems for automated proteorfii6s19] acid would reduced sample complexity 80% or more while
One of the problems alluded to above is that in some still obtaining at least one peptide from more than 90% of the
proteins proteolysis can produce fragments that are more hy-proteins in a proteome.
drophobic than the parent protein. They can even aggregate
and precipitate. When this occurs in an immobilized enzyme 5.1. Selection of histidine-containing peptides
column there is the potential for (1) reducing the proteolytic
efficiency of the reactor by blocking sorbent pores; (2) Copper loaded immobilized metal affinity chromatog-
increasing the backpressure across the column; and (3) confaphy (Cu(ll)IMAC) columns have been widely used to
tamination of future samples. There are at three ways to dealselect histidine-containing proteins and peptid28,29].
with this problem. One is to gradient elute the reactor with a It has recently been shown that most histidine-containing
mobile phase used in reversed phase chromatography (RPCpeptides can be captured from tryptic digests with little non-
after each sample has been processed. RPC mobile phasespecific binding through the use of very hydrophilic IMAC
effectively solublize most hydrophobic cleavage fragments. columns and imidazole as a displa¢g0,31] Peptides that
This intermittent use of organic solvents and weakly acidic contain multiple histidine residues can also be selected with
mobile phases seems not to limit immobilized enzyme Cu(Il)IMAC, representing less than 5% of all peptides in a
column life. A second alternative is to execute the reaction in proteome digeqB2]. This may be of particular value in the
high concentrations of urea or guanidinium hydrochloride. study of histidine rich domains in zinc-finger and metal bind-
These reagents have been widely used to deal with this prob-ing proteins.
lem in bulk proteolysis, but do not completely circumvent it. Quantification of expression using histidine peptides has
In addition, urea can carbamylate proteins at high concentra-been accomplished through differential coding of control
tion. A third alternative is to introduce organic solvent into and experimental samples with isotopically distinct forms
the proteolysis buffer. The reaction rate of trypsin is actually of 4-trimethylammonium butyrate (TMABB3]. Following
enhanced with some peptides in solvents of lower dielectric coding, samples were mixed, histidine-containing peptides
constan{20]. Notably, methanol-based digestions produced were selected with Cu(Il)IMAC, and the selected peptide
fewer missed cleavages while acetonitrile-based digestionsfraction transferred to a reversed phase chromatography col-
produced the most peptid¢gl]. When human transferrin  umn where they are further resolved before analysis by mass
(hTf) was digested in an immobilized trypsin column using spectrometry. Changes in protein expression were identified
an agueous—organic mobile phase 42 peptides were observethrough differences in the isotope ratio of peptide isoforms
by MALDI-MS in contrast to 12 peptides from a solution from the two samples. This method has come to be known as
digest. the global internal standard technique (GIST) for quantifica-
With increasing interest in miniaturization and the move- tion [33].
ment to micro-total analytical systemsTAS), immobilized
enzymes are being used for on-chip proteolysis. The sim-5.2. Selection of cysteine-containing peptides
plest approach is to place chromatographic supports carrying
an immobilized enzyme into either sample wells or channels  Cysteine-containing peptides are generally selected by
on the chif22—-24] Proteolysis is achieved in the same man- derivatization of cysteine residues with biofB84]. Proteins
ner as described above. The difference is that liquid is movedare first reduced and then alkylated with a biotinylated alky-
through the chip with either a micro-mechanical pump or by lating agent followed by proteolysis and an ion exchange
electroosmosis. A second approach is to etch pores into chanstep to remove the excess biotinylating agent. After selection
nel walls within the chip and immobilize a proteolytic en- of the biotinylated cysteine-containing peptides via avidin
zyme in these pord25,26] Etching substantially increases affinity chromatography they are desorbed from the affinity
the surface area of the reactor and concomitantly the enzymecolumn with an acidified mobile phase and transferred to the
loading capacity. LC-MS for identification. Because the tetrameric form of
avidin binds to the biotin with such great affinity, the much
lower affinity monomeric form of avidin is generally used in
5. Selection of peptides with specific amino acids the affinity column.
Cysteine selection has also been used to study protein ex-
Insilico analysis indicates that low abundance amino acids pression. Quantification is achieved by labeling sulfhydryl
such as histidine and cysteine are expected to occur individu-groups in proteins with an isotopically coded affinity tag
ally in only 10-20% of the tryptic peptides from a proteome (ICAT) during the normal reduction and alkylation steps pre-
[27]. Methionine-containing peptides are found in even lower ceding proteolysifr]. Control and experimental samples are
abundance, occurring iB. coli at an average frequency of treated with isotopically distinct forms of the biotinylated
6 per protein. Although any one of these amino acids occur alkylating agent and then mixed before the proteolysis and
in tryptic peptides at a frequency less than one in six, they ion exchange steps preceding avidin affinity chromatography.
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Changes in expression are quantified in the same way as withysis, the protein parent will be missed. A solution to this
histidine-containing peptides. problem in the future would be to sequentially select differ-

It should be noted that peptides derived from the small ent amino acids in multiple RPC-MS analyses of the same
number of proteins that naturally carry covalently bound bi- samples. This is equivalent to multidimensional chromatog-
otin would also be selected in this process. In addition, frag- raphy involving cation exchange chromatography followed
mentation of the rather large affinity tag can further compli- by RPC-MS[39,40] except that one has knowledge of one
cate the mass spectrum. or more amino acids in the selected peptide fractions.

5.3. Selection of methionine-containing peptides
6. Selecting N- or C-terminal peptides from a protein

The observation was made in the days of paper chro-
matography that when a sample was chromatographed inone The ultimate in simplification would be to select a single,
direction and dried, then rotated 9@nd chromatographed signature peptide from each protein in the proteome. This has
in a second direction with the same mobile phase that all been done in several ways. One is through the use of diagonal
the analytes appear on the chromatogram in a diagonalchromatography to recognize N-terminal peptipgg. After
line. Analytes that were chemically modified in some acetylation of primary amine groupsin proteins, including the
way between these two chromatographic dimensions noamino-terminus, the proteins were digested with trypsin. The
longer fell on the diagonal analyte line. This technique for critical feature of this process is that proteolysis generates a
recognizing chemical modifications came to be known as new set of amino groups on all peptides except those origi-
diagonal chromatographjB5,36]and is also possible with  nating from the amino termini of proteins. The tryptic digest
HPLC[37]. was then separated by reversed phase chromatography and

Methionine is known to be oxidized by hydrogen perox- the RPC fractions treated with 2,4,6-trinitrobenzenesulfonic
ide. The retention time of a methionine-containing peptide acid (TNBS). TBNS peptides display a strong hydrophobic
in reversed phase chromatography generally changes a fevshift and therefore segregate from unaltered N-terminal pep-
minutes following hydrogen peroxide oxidation. When the tides during a second identical separation step. N-terminal
tryptic digest of a proteome is separated by reversed phaseeptides were identified by LC-MS.
chromatography and each of the chromatographic fractions  Another approach is to select C-terminal peptides from
are treated with hydrogen peroxide, the chromatographic be-tryptic digests of proteins with an anhydrotrypsin (AHT) col-
havior of methionine-containing peptides will be different umn[42]. A unique feature of trypsin digestion is that all
when the sample is rechromatoghrapf&d. Generally the peptides in the digest will have a C-terminal lysine or argi-
retention time of methionine containing peptides is reduced nine residue except those arising from the C-terminus of the
3—-6 min after hydrogen peroxide oxidation. More than 800 protein. AHT columns form a covalent intermediate with all
proteins fromE. coli have been identified using this diagonal peptides that contain a lysine or arginine residue at their C-
approach for recognizing methionine-containing peptides. terminus, leaving C-terminal peptides from proteins in the

Although not currently explored, itis likely thatwhen cou- effluent. The exception would be proteins that naturally con-
pled with GIST coding it would be possible to quantify rel- tain a basic amino acid at their C-terminus. It is important
ative changes in the concentration of methionine-containing that the trypsin used in proteolysis be free of chymotrypsin

peptideq38]. because AHT columns do not select chymotryptic peptides
and a large number of false positives would be obtained.
5.4. Summary and future of specific amino acid selection These are both elegant methods for sample simplification

and will be very useful in many types of studies. But again,

Selection of peptides containing specific amino acids will methods that depend on very small numbers of peptides for
continue to be an important part of proteomics. The great ad- protein identification run the risk of either missing some pep-
vantage of this strategy is that proteome complexity is sub- tides due to ion suppression during LC-MS, the N-terminal
stantially reduced and peptide identification is simplified. But peptide is too small to be captured, or isoforms of proteins
there are also disadvantages of this approach. One is thatan have the same peptide.
some proteins may not contain selectable peptides. This can
be from 1 to 10% of the proteome, depending on the amino
acid and the organism. Another disadvantage is that a variety7. Selection of enzymatically modified proteins and
of protein isoforms, be they PTM or multimer variants, may peptides
have the same peptide and too few peptides are selected to
differentiate between the variants. This is an important is-  Most proteins are modified in some way after leaving the
sue when ion suppression or co-elution of isobaric peptidesribosome, be it through derivatization with a unique new func-
causes one or more peptides from a protein to be missed durtional group, addition of structural units, proteolysis, deg-
ing RPC-MS analyses. If only one or two peptides from a lycosylation, or some other form of cleavage. These post-
protein were selected and they were missed during the anal4ranslational modifications are of two major types, alterations
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arising from enzymatic reactions and those derived from non-
enzymatic modifications.

Proteomics is heavily dependent on DNA databases for
protein identification. Through in silico transcription and
translation of DNA sequences from databases, protein se-
guence can be quickly predicted and protein parents identi-
fied based on matching either their predicted tryptic peptide
mass fingerprint or the sequence of a small number of sig-

Glycoprotein 7’

nature peptides to experimental data. A major problem with a (1-6) Fucosyl
this approach in the case of post-translationally modified pro- transfarase
teins is that one must know that a tryptic peptide is carrying a

PTM and understand the nature of the modification before the A ab

mass of these modified peptides can be predicted from DNA
databases. This is almost never the case. It is in this contex
that PTM targeted selection of modified tryptic peptides is of
S0 much interest.

7.1. Glycosylation

Among the many types of PTM, glycosylation occurs most
frequently. The glycoproteome plays a key role in cellular
regulation and functiorj43], in addition to being promi-
nently associated with disease. Alzheimer’s disease, diabetes .
stress, some autoimmune diseases, cystic fibrosis, arthritis Lectin —»
cancer, certain types of heart disease, respiratory illnesses
renal function diseases, and diseases related to cellular ad
hesion are all associated with aberrations in glycoproteins
[44-46} Proteomics, when coupled with glycobiology, pro- [ % P2 0 oISt O e an cate aberratons i g

X ) a1 -
videsa powerful new method to study glycosylation and gly- C(()sylation aZsociated with disease pfogression. A lectin that targets fuc?)ge
copathologies. in the glycan portion of glycoproteins or glycopeptide has been used to

Glycoproteins occur in two forms. O-linked glycosyla- select all glycoforms carrying fucose and show that during chemotherapy,
tion occurs through a post-translational attachment of either the concentration of some fucose containing glycoproteins associated with
mono- or oligosaccharides to the hydroxyl group on serine, metastasis decrease dramaticig].
threonine, or occasionally hydroxyprolin@:Glycosylation
occurs independent of protein expression. N-linked glycosy- known that aberrations in fucosylation and other forms of
lation differs in that a glycan is attached to the amide group glycosylation occur in cancer. But few or these aberrations
of asparagine at —Asn—X—Ser— or —Asn—X-Thr— sequenceshave been connected to specific proteins. One way to ad-
while the protein is still on the ribosome, i.e. during protein dress this problem is through the use of a lectin that targets a
synthesis. Failure tdN-glycosylate proteins occurs in only disease specific aberration in glycosylation, such as fucosy-
very rare cases associated with genetic diseases. This meanation (Fig. 2). ImmobilizedLotus tetragonolobuagglutinin
that the initialN-glycosylation is directly proportion to pro-  (LTA) has been used to select fucose containing tryptic pep-
tein synthesis and is notreally a post-translation modification. tides from tryptic digests of blood and show that fucosylation
Both O- and N-linked oligosaccharides can undergo exten- of a large number of proteins was suppressed in lymphosar-
sive post-translational processing involving the deletion or coma patients during chemotheraf®?]. One of the com-
addition of individual sugang7,48] Multiple genesregulate  plications in glycoproteomics is that glycan heterogeneity
this glycan processing through a series of enzymes located atn glycopeptides complicates direct MS/MS sequencing and
different sites in cells. identification of peptides. This is because both the peptide

Lectin affinity chromatography is by far the most widely and glycan portions of glycoconjugate are generally unknown
used and specific method for selecting glycoproteins and gly- and identification through databases is impossible without
copeptides. Lectins are available that target either O- or N- knowledge of peptide molecular weight. Deglycosylation by
linked oligosaccharides, broad structural features of a glycan, either enzymatic or chemical means is necessary before pep-
a single sugar residue, or even specific glycopathologies attide identification is possible, as noted above. The strong
both the glycoprotein and glycopeptide levpl9-51] The point of this approach is that a large number of well char-
long history of exploiting lectin specificity as a histological acterized lectins are available. The weak point is that there
staining agent and in oligosaccharide structure analysis is ofwill be types of glycosylation for which there is no specific
great value in proteomics. Based on lectin staining it is well lectin.
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Another recently described route to select glycoproteins is of sialylated glycopeptides from human serum. Equal amount
by periodate oxidation and covalent capture of the resulting of serum digests labeled with acetatgathd & were com-
dialdehyde$53]. Periodate cleavass-diols in the oligosac-  bined and selected by Sambucus Nigra Lectin (SNA) affinity
charide portion of glycoproteins to form aldehydes that were column. SNA is specific for glycopeptides carrying a sialic
captured by a hydrazide resin. Following the capture of ox- acid attached to terminal galactosednZ,6). After deglyco-
idized proteins on the resin, bound proteins were trypsin sylation with PNGase, the sample was separated witlga C
digested and non-glycosylated peptides eluted. Following column Fig. 3).
derivatization with stable isotope coded succinic anhydride  Although there can be broad oligosaccharide heterogene-
that was used later in quantification; the peptide portion of ity at any one site in a glycoprotein, only a few of these
the glycopeptide was removed from the resin by hydrolysis isoforms may be associated with a disease. It is likely that
with PNGase F, an enzyme specific fiiglycosylation. Re- in the future the quantification methods described above will
leased peptides were further fractionated by reversed phasde used to recognize glycoforms associated with regulatory
chromatography and identified by mass spectral analysis. All events or disease and study their role in biological processes.
glycoforms that contain one or more diols will be oxidized
by periodate. The strong point of this method is that a broad 7.2. Phosphorylation
range oiN-glycosylated isoforms of glycoproteins will be se-
lected. The weak point will be the difficulty in differentiating Rapid modulation of signaling is a key component of intra-
between them. cellular regulation and homeostasis. Signaling anomalies can

Phenylboronates form a cyclic ester with vicinal diols, lead to uncontrolled growth or death. In either case, the abil-
the rate of which depends on diol stereochemistry. This hasity of cells to carry out their genetically determined role is
led to extensive use af-aminophenylboronate chromatogra- compromised by faulty signaling. It is not surprising that al-
phy columns to select carbohydrates and release them undemost 10% of all references in the phosphoprotein literature
acidic conditiong54,55] These columns have been used in relate to disease. Itis in this context that both phosphorylation
the capture of ribonucleotides and should be of equal utility and dephosphorylation of proteins in signaling pathways is

in glycoprotein proteomics. of such great interest in biology, medicine, and drug discov-
Changes in glycoprotein concentration have also beenery. In some respects, monitoring phosphoprotein dynamics

guantified. Differential coding of tryptic peptides witk- is equivalent to “wire tapping” a cell.

acetoxy succinic anhydrid®&6] or succinic anhydrid¢57] There are two major classes of phosphoproteins; serine or

using the GIST protocol combined with lectin based gly- threonine phosphorylated proteins and those that are phos-
copeptide selection or periodate oxidation and covalent cap-phorylated on tyrosine. Other types of phosphorylation are
ture along with succinic anhydride codifig0] have been  seen infrequently or are transitory, as in the case of histidine
used to recognize and quantify changes in glycoproteins. Inphophorylation. Tyrosine phosphorylated proteins constitute
the case of cancer, it has been shown that glycoproteins asno more than 0.1% of the phosphoproteome and are thoughtto
sociated with metastasis are reduced in concentration duringbe involved in the most crucial signalif§9]. Phosphoryla-
chemotherapis8]. Fig. 3is areversed phase chromatograph tion at multiple sites is very important in regulatif@®]. This
presents an analytical problem in that phosphopeptides that
have been phosphorylated at three to four sites will be much
more hydrophilic and may not be retained by reversed phase
0.100 0.100 columns. There is also the prospect that their ionization effi-
ciency will be reduced. Marked differences in the chemical
properties of serine/threonine and tyrosine phosphate esters
have been exploited in their determination. Phosphate esters
of serine and threonine readifreliminate in base whereas
n 0.050 0.050 N the tyrosine esters do not. There are also families of phos-
m m phatases that differentially hydrolyze these two classes of
phosphate esters.
0.025 0.025 Antibodies specific for either tyrosine phosphorylation or
serine/threonine phosphorylation have been used extensively
0.000 7 0.000 to select and recognize phosphoproteins, either through im-
25 Min 50 munoprecipitation, immunosorbent chromatography, or in
western blotting61,62] A recent paper describes a protocol
Fig.3. Areversed phase chromatogram of glycopeptides fromhuman serum.for global selection of phosphotyrosine modified proteins us-
Equal amounts of serum from two samples were tryptic digested and individ- ing an antiphosphotyrosine immunosorbent column followed

ually coded with acetateychnd &. After coding the samples were combined T . . . . ]
and sialylated gycopeptides selected with a Sambucus Nigra Lectin (SNA) _by trypsin dlgest|0n ofthe Captured proteins, differential cod

affinity column. Following deglycosylation with PNGase, the sample was 1Ng Of control an_d experimental sa_mples with §BpH and
fractionated with a @ column as seen above. CD3OH, respectively, IMAC selection of the phosphopep-

2 0.075 0.075 2
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tides, and reverse phase chromatography—mass spectrometmglimination. Prior to application of this method the mixture
of the selected phosphopeptidés3]. In general, antibod-  must first be deglycosylated.

ies targeting phosphorylation seem to be more specific for

phosphoproteins than phosphopeptides, as reflected by th&.3. Nitration

literature.

Direct selection of all phosphopeptides from trypsin di- Nitrotyrosine plays a direct role in cellular signalif@f]
gests with Al(111), Fe(lll), or Ga(lll) loaded IMAC columns  and is frequently found in proteins. Fluctuation in the con-
is another approac}64]. The problem with this method is  centration of nitrotyrosine has been associated with oxidative
that peptides with multiple aspartate or glutamate residuesstress related disea4@§], diet[71], and even aginfy2]. Be-
are also selected. Half, or more of the selected peptidescause nitrophenyl groups are immunogenic, it is possible to
may not be phosphorylated. Several solutions to this prob- prepare antibodies that target nitrotyrosine and use them in
lem have been explored. One is to methylate the carboxylthe same manner as with phosphotyrosine. There also has
groups in phosphopeptidd65]. But the tendency of as- been some effort to investigate tyrosine nitration in proteins
partate esters to internally cyclize under acidic conditions by mass spectrometfy3].
through aspartamide formation with the loss of methanol
makes them labile during reversed phase chromatography
with acidic mobile phases. Another approach is to digest 8. Non-enzymatic post-translational modification
with endoprotease glu-@66]. This enzyme cleaves pro-
teins at acidic residues and greatly reduces the number of A wide variety of protein modifications occur as a result
acidic peptides. Ga(lll)IMAC selection of endoprotease glu- of the accumulation of low molecular weight species in cells,
C digests indicate the roughly 70% of the captured peptideseither from the environment or disease related alterations in
are phosphorylated. Quantification in this method has beenmetabolism.
achieved with GIST14] and isotope coding of methyl esters
[65]. 8.1. Glycation

Another method for selecting all phosphopeptides is
through attachment of an affinity tag to phosphate residues Reduction of glucose transportinto cellsin diabetes results
[67]. In this process, primary amines in peptides are first in the elevation of blood glucose. Reaction of protein amino
protected using thébutyl-dicarbonatet{BOC) chemistry. groups with glucose (the Maillard reaction) leads from early
An aqueous solution of the protected peptides is then treatedstage products such as Schiff bases and Amadori products
with ethanolamine and a water-soluble carbodiimide to con- to advanced glycation end products (AGE), structures impli-
vert carboxyl groups to amides and phosphate groups tocated in diabetic complications and the aging pro¢éds
phosphoramidates. Phosphate groups in peptides were subAGE modified proteins have been captured from biological
sequently regenerated by treatment with weak acid and agairfluids in several affinity chromatography approaches. One is
converted to phosphoramidates with carbodiimide catalysis, through the use of AGE-targeting antibod{@s]. Another
but with cystamine in the second phosphoramidation. Re- is through the use of natural antibacterial proteins, such as
duction of cystamine generates a free sulfhydryl group on lactoferrin and lysozyme. Both bind specifically to glucose-
phosphate groups in peptides. Following removal of non- modified proteins bearing advanced glycation end products
peptide reactants through reversed phase chromatography|76].
these sulfhydryl-containing peptides are covalently captured
by reaction with iodoacetyl groups attached to glass beads.8.2. Protein oxidation
Phosphoramidate bonds in the captured peptides are again
cleaved with trifluoroacetic acid, but at a concentration that It has been demonstrated that oxidative modification
cleaves thé-BOC protecting group as well. Phosphopeptide of proteins increases during aging and diseases such as
recovery was roughly 20%. atherosclerosis, arthritis, muscular dystrophy, cataractogeno-

Specific selection of serine/threonine phosphorylated pep- sis, pulmonary dysfunction, various neurological disorders,
tides has also been achieved by replacing the phosphateand possibly even canc§f7]. Oxidative modification can
group with a moiety, such as biotin, which can be affinity occur in a number of ways. Among the most common are
selected68]. Peptides that ar®-phosphorylated on serine  oxidation of advanced glycation end products (AGE), attach-
or threonine underg@-elimination in base with the forma- ment of a lipid fragment from polyunsaturated fatty acid ox-
tion of a conjugated diene(CH=CHC=0)-. Addition of idation, oxidation of amino acid side chains, or cleavage of
1,2-ethanedithiol to this alkene under basic conditions forms the polypeptide backbon@8]. All of these modifications
a derivative with a free sulfhydryl group. Alkylation of these leave proteins with one or more carbonyl residues. Because
thiol derivatized peptides with ICAT reagent places an affin- the presence of carbonyl groups in a protein is relatively
ity tag on peptides at former phosphorylation sites. Quantifi- unique to protein oxidation, this can be exploited in their
cation can be achieved with the ICAT method, as has beenselection. Oxidized proteins and their tryptic fragments have
shown in yeast. Bub-glycosylated peptides also undeigo been captured from complex mixtures by first derivatizing
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9. Protein—protein interactions

Intermolecular interactions of proteins play an essential
0.0025 0.0025 role in cellular processes. The association of polypeptide
subunits to form a multimeric protein, as in the case of

2 2 o i _
g 0-0000 0.0000 hemoglobin, is a simple case. At a much higher level, large
0 0 numbers of proteins can interact to form a supramolecular
r: -0.0025 -0.0025 :1 complex as in the case of the ribosome. Roughly 70 proteins

are assembled in a highly order structure in ribosomes.
-0.0050| -0.0050 A major problem in proteomics is how to recognize and
U\/\W&/\J identify these interacting proteins. Methods have been de-
M -0.0075 vised that allow protein complexes to be selected based on the
40 45 50 55 60 65 70 75 80 85 assumption that protein complexes formed in vivo will either
Min remain associated after cell lysis or can be assembled in vitro.
Fig. 4. This figure is a greversed phase chromatogram of yeast oxidized One .approach ade'lpted fr.qm the early affinity chromatogra-
proteins captured via avidin selection. phy literature is to immobilize one of the components of the
complex and let other members reassemble on the surface
of a sorben{81,82] Three lactate dehydrogenase subunits
will assemble around a fourth immobilized suby®i8], for
example. This is useful with multimeric proteins but is much
less likely to occur with a structure as large as a ribosome. In
the case of super-complexes like ribosome, antibody precip-
itation might be used as the method of affinity selecf&4.
Immunological precipitation does not suffer from complex
size restrictions as in affinity chromatography.
Molecular biology enables another powerful approach by

-0.007

their carbonyl groups with 2,4-dinitrophenyl hydrazii@®]

or biotin hydrazidg80] and after reduction and removal of
excess derivatizing agent the derivatized peptides were se
lected with either an immunosorbent or avidin, respectively.
Oxidized proteins captured in this manner are further sep-
arated by RPC then identified from their unmodified tryptic
peptidesFig. 4is a Gg reversed phase chromatogram of yeast
oxidized proteins captured via avidin selection. The nature of X ) , " " "
the oxidative modifications was examined by analysis of the allowing b|osy_nthet|c addition of pepude tags of s_pecmed
tagged peptidesig. 5is a tandem mass spectrum of a pep- sequence o either th_e N- or C-termmu_s of a prot_em. When
tide (GKFEDMAKDPotinylatedaG ) from an oxidized protein the addl'qon ofa pep'qd.e tag does not interfere with the in-
affinity selected from a liver homogenate of a rat dosed by corporation of a protein into a complex and the tag appears at

diquat. The protein was identified to be amphoterin based onthe surface of the complex, 'F is possible to selec_:t_the_whole
the sequence of a selected peptide and the position of Oxi_complex frqm a 'VS?‘E- In this manner, the part|C|pat|(_)n of
dation assigned from the MS/MS spectrum. Again the small all protelns_ |r_1volved n complex formation can be exa_mln_ed.
number of naturally occurring biotinylated proteins and pep- Obviously it is a tedious process to tag all the proteins in a

tides are also selected unless they are removed by an avidir?e"' . I . . .
pre-selection One of the major complications associated with recogniz-

ing protein—protein interactions is how to differentiate be-
tween specific and non-specific binding. This issue has been
recently addressed through a method termed tandem affinity

= M errEDMAKeeneaGK purification (TAP)[85] (Fig. 6). A fusion cassette called TAP
240] 1 tag was genetically engineered that codes for a fused polypep-
220 g " tide product containing a calmodulin binding domain, a to-
2001 1290475 = bacco etch virus (TEV) protease cleavage site, and an IgG
3180 _ T binding domain from protein A. The TAP tag construct was
B Y = s then fused to the target protein gene and introduced into a
f 1:3 - g host cell. Expressed fusion protein was recovered from host
§ 3556 g 494575 cell lysate by selection with an immobilized IgG column that
& go wrjoss o 2 ” binds to protein A. After removal of unbound proteins, TEV
60 L e i 5745090 mfgn protease was added to cleave the fusion protein complex from
40 < [ bk s the IgG support. The eluate was then added to a calmodulin
20 elbiiid] o ..L Lo .J. - . *’L column in the presence of calcium. This second affinity pu-
07460 200 300 400 500 600 700 800 900 10001100 12001300 rification step removes TEV protease and non-specifically
Wz, amu bound proteins from the first affinity selection. The final com-

Fig.5. Atandem mass spectrum of an oxidized peptide affinity selected from plex of target prot_em and asspmated proteins was re!eaSEd
rat liver homogenate. The fragmentation pattern of the peptide indicates thefrom the calmodulin column with EGTA and the associated

presence of a lysine residue oxidized and labeled with biotin hydrazide. ~ proteins identified86,87]
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S @@ TEV Protease cleavage site etry to determine the parent proteins from which they were
?W oo e-?g‘?*" R derived.
Associated @ Ly 0P \ S 9.1. Immunoglobulin selection
proteins .éﬂ“'& Calmodulin binding peptide
Target Protein Protein A fromStaphylococcuf0] and protein G from
Streptococcug91] are among a small group of proteins
% .4 n——— produced by bacteria that bind to albumin and the constant
Y Ui‘ - column region of immunoglobulins. Versions of these proteins have
LB Tve b o G'\@\j- i now been prepared in which albumin binding domains
O%ﬁ protease St j'gG e have been excised through protein engineering. When
.éuf cleavage immobilized, these modified forms of proteins A and G
select only immunoglobulins from complex mixturg2].
o) This is very useful in the analysis of primary structure
i analysis and glycosylation in therapeutic antibodies.
CW i ~ Calmodulin H
ey oy b 9.2. Lectins
0. &%
- Both plants and animals produce proteins referred to as
l o lectins that target oligosaccharide structures. Plant lectins
serve a number of roles, including defense against fungal
A attack. In contrast, animal lectins are more likely to be in-
-6 7 i volved in cellular adhesion or intercellular recognition. It has
- 3 been noted above that lectins can be used to select classes

of glycoproteins from the proteome. The opposite is also
Fig. 6. An illustration of the tandom affinity selection method for the elim-  true. Immobilized glycoproteins and oligosaccharides may

ination of the non-specific bindings in protein—protein interaction studies. be used to select lectins based on their binding specificity
A genetically engineered fusion cassette consisting of a calmodulin-binding [93]

domain, a TEV cleavage site, and an IgG binding domain is linked to the
protein of interest. After recovery of the protein complex from cell lysate by
IgG affinity-selection, it is released from the first affinity column by cleav- 9.3. Abundant protein removal
age of the TEV linker and then captured on calmodulin beads. Subsequent
to remqv_al of non-specifically bpund proteins, the complex is released' by One of the problems in proteomics is that a small number
the addition of Ca(ll) to the mobile phase and the components characterized . . .
by conventional proteomics methoifS], of abuno_lant_protelns, or peptides in the case of bottom-up
proteomics, interfere with the analysis of low abundance an-
alytes. This occurs both by overloading separation systems
Although affinity methods enable the identification of and suppressing the ionization of low abundance peptides.
associating proteins in a complex, they provide little infor- Preparative immunosorbent columns are frequently used to
mation on their spatial relationship in the complex. Protein eliminate interfering, abundant proteif®}]. The concernin
cross-linking agents can be useful in this regard. Recent stud-abundant protein removal with immunosorbents is that low
ies indicate that ethanedinitrile readily permeates cells andabundance proteins may bind non-specifically to the immobi-
covalently links associating salt bridges between adjacentlized antibody or adhere to abundant proteins being captured.
proteins with an apparent lack of nonspecific side reactions
[88]. Upon trypsin hydrolysis, peptides involved in the
cross-linking reaction will have the unique feature of having 10. Protein—small molecule interactions
two C-termini with basic amino acids. When the proteolysis
of cross-linked proteins is carried out inFO, four moles of Proteins frequently interact with molecules of a few thou-
180 will be incorporated into all cross-linked peptides instead sand or less in molecular weight during the course of cataly-
of the two found in other peptidd89]. (Proteolysis with sis and regulation. Many enzymes have been affinity selected
trypsin is partially reversible and incorporates two moles of through immobilization of a psuedo-substrate, reaction prod-
180 ) Ifthe sample is divided into equal parts that are digested uct, inhibitors, cofactor, or allosteric effector. Inhibitors and
in H>1%0 and B180, respectively, and then recombined, the cofactors will probably be the most useful in proteomics be-
digest will be coded in such a manner that cross-linked pep- cause they bind a broad range of proteins. For example, most
tides will appear in mass spectra as doublet clusters of ionsenzymes that bind ATP or NAD can be selected with a col-
separated by 8 amu while none cross-linked peptides will umnthatis an AMP mimic. Cibacron blue and AMP columns
be seen as doublet clusters separated by 4 amu. Cross-linkelave been used extensively for this purpose. Covalent in-
peptides are then characterized by tandem mass spectromhibitors provide another avenue of selection. For example,
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ATP kinases that have been covalently inhibited with fluoro-

sulfonylbenzoyl adenosine can be selected with immunosor-

bents directed against the inhibif@5]. A large number of

protease inhibitors and dyes have also been used in affinity[

selection[96].

11. Miscellaneous selection methods

Given the success of molecularly imprinted polymers
(MIPs) in structure specific selectidA7], it is interesting

33

[7] S.P. Gygi, B. Rist, S.A. Gerber, F. Turecek, M.H. Gelb, R. Aebersold,
Nat. Biotechnol. 17 (1999) 994.

[8] M. Hamdan, P.G. Righetti, Mass Spectrom. Rev. 21 (2002) 287.

[9] F.J. Turecek, Mass Spectrom. 37 (2002) 1.

10] W.F. Patton, J. Chromatogr. B: Anal. Technol. Biomed. Life Sci. 771
(2002) 3.

[11] S. Kennedy, Biomarkers 7 (2002) 269.

[12] S. Ficarro, O. Chertihin, V.A. Westbrook, F. White, F. Jayes, P.
Kalab, J.A. Marto, J. Shabanowitz, J.C. Herr, D.F. Hunt, P.E. Vis-
conti, J. Biol. Chem. 278 (2003) 11579.

[13] H. Kaji, H. Saito, Y. Yamauchi, T. Shinkawa, M. Taoka, J.
Hirabayashi, K. Kasai, N. Takahashi, T. Isobe, Nat. Biotechnol. 21
(2003) 667.

that they have not been used in proteomicsl Apparen“y' [14] Z. Yan, G.W. Caldwell, P.A. McDonell, Biochem. Biophys. Res.

non-specific binding in MIPs becomes dominant in peptides

exceeding a few amino acif38]. Imprinted protein columns
have been describe@®9] but they have not been used in
proteomics.

Commun. 262 (1999) 793.

[15] Y. Hsieh, H. Wang, C. Elicone, J. Mark, S. Martin, F. Regnier, Anal.
Chem. 68 (1996) 455.

[16] H. Jiang, H. Zou, H. Wang, J. Ni, Q. Zhang, Y. Zhang, J. Chro-
matogr. A 903 (2000) 77.

Although not strictly a structure specific selection, pro- [17]1 S. Wang, F.E. Regnier, J. Chromatogr. A 913 (2001) 429.

teins can be selected on the basis of bulk properties. Selectiont®! iélLEi'

D.A. Chen, F.E. Regnier, J. Chromatogr. A 808 (1998)

by isoelectric focusing in 2D gel electrophoresis has proven 1g; « “seta, M. Taoka, T. Isobe, Y. Yamakawa, T. Okuyama, J. Chro-

to be extremely useful in proteomics. The protein parent of
peptides derived from gels can often be determined by com-

matogr. 20 (1999) 362.
[20] H.H. Weetall, W.P. Vann, Biotechnol. Bioeng. 18 (1976) 105.

paring the computed isoelectric point of a protein candidate [21] G-W. Slysz, D.C. Schriemer, Rapid Commun. Mass Spectrom. 17

with experimentally determined behavior. The same is true

of molecular weight derived from 2D gel electrophoresis.
Combining affinity chromatography with 2D gel elec-

trophoresis is even more powerful in that a three-dimensional

selection is being used.

12. Conclusions

Proteomics is dominated by the problem that sample com-
plexity exceeds the analytical capacity of separation systems

(2003) 1044.

[22] C. Wang, R. Oleschuk, F. Ouchen, J. Li, P. Thibault, D.J. Harrison,
Rapid Commun. Mass Spectrom. 14 (2000) 1377.

[23] L.J. Jin, J. Ferrance, J.C. Sanders, J.P. Landers, Lab Chip 3 (2003)
11.

[24] B.E. Slentz, N.A. Penner, F.E. Regnier, J. Chromatogr. A 984 (2003)
97.
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and mass spectrometers. Structure specific selection of a porpg) ¢.s. chaga, J. Biochem. Biophys. Methods 49 (2001) 313.

tion of the proteome affords a rapid method for dealing with
this problem while simultaneously simplifying identifica-
tion. Moreover, structure specific selection frequently allows

important biochemical and disease related questions to be

[29] V. Gaberc-Porekar, V.J. Menart, Biochem. Biophys. Methods 49
(2001) 335.

[30] A.M. Noubhani, W. Dieryck, N. Bakalara, L. Latxague, X.J.

Santarelli, Chromatogr. B: Anal. Technol. Biomed. Life Sci. 790

(2003) 153.
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ful impetus for the expansion of structure specific selection
in proteomics.
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