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Abstract This review intends not only to discuss the

current possibilities to gain 100% sequence coverage for

proteins, but also to point out the critical limits to such an

attempt. The aim of 100% sequence coverage, as the

review title already implies, seems to be rather surreal if

the complexity and dynamic range of a proteome is taken

into consideration. Nevertheless, established bottom-up

shotgun approaches are able to roughly identify a complete

proteome as exemplary shown by yeast. However, this

proceeding ignores more or less the fact that a protein is

present as various protein species. The unambiguous

identification of protein species requires 100% sequence

coverage. Furthermore, the separation of the proteome

must be performed on the protein species and not on the

peptide level. Therefore, top-down is a good strategy for

protein species analysis. Classical 2D-electrophoresis fol-

lowed by an enzymatic or chemical cleavage, which is a

combination of top-down and bottom-up, is another inter-

esting approach. Moreover, the review summarizes further

top-down and bottom-up combinations and to which extent

middle-down improves the identification of protein species.

The attention is also focused on cleavage strategies other

than trypsin, as 100% sequence coverage in bottom-up

experiments is only obtainable with a combination of

cleavage reagents.
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Prologue

Initially, it is necessary not only to present the importance

of a high or 100% protein sequence coverage, but also the

constraints that hinder the realization. It could even be said

that the idea for 100% sequence coverage is comparable to

the way of thinking in surrealism. Nevertheless, proteomics

pioneer M. R. Wilkins already pointed out in the beginning

of the proteomics era that 100% protein identification is

worthwhile (Wilkins et al. 1996). The question is why

every protein should be identified with 100% sequence

coverage and why all this should be ‘‘beyond the realism’’,

in other words, ‘‘surrealism’’.

In Anno Domini 1994, Wilkins defined the proteomics

concept (Wasinger et al. 1995). According to him, the

proteome can be described as the complete protein map of

the genome of an organism, a cell or a cellular compart-

ment. More than a decade later, the complete proteome

analysis seems to be feasible. In 2006, Mann et al. were

able to show that half of the approximately 4,500 predicted

proteins of the popular model system, yeast, can be iden-

tified using a high-throughput bottom-up approach, termed

GeLCMS (de Godoy et al. 2006). The same research group

later published a quantitative proteomics study of haploid

and diploid yeast cells that covered the whole proteome

without discriminating difficult to detect proteins, such as

membrane proteins, or low abundant ones (de Godoy et al.

2008). Furthermore, the identified peptides represented

average protein sequence coverage of 38%. It would seem

that all doubts concerning the enormous challenge of

the dynamic range of every proteome and the analysis of

difficult to detect protein groups, such as the above-men-

tioned membrane proteins, are overcome. The ‘‘amour

impossible’’ to membrane proteins, as phrased nicely by

T. Rabilloud, would no longer be valid (Santoni et al. 2000).
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Even the satirist Quintus Horatius Flaccus, who was

mentioned by P. G. Righetti in his review ‘‘The art of

observing rare protein species in proteomes with peptide

ligand libraries’’, would be incorrect with his famous

statement ‘‘Est modus in rebus, sunt certi denique fines’’

(‘‘There is moderation in all things; there are, in short, fixed

limits’’; Boschetti and Righetti 2009). In reality, the term

‘‘protein species’’ is abandoned a bit too early, but this

issue will be addressed later on (Jungblut et al. 1996,

2008). For the moment, the topic should remain on com-

plete proteome analysis, membrane proteins and dynamic

range, and to put all this into perspective.

Certainly, T. Rabilloud changed his dictum about

membrane proteins to a ‘‘possible, but difficult love’’

(Rabilloud 2009). Earlier, P. G. Righetti compared the

challenges in proteomics, such as the dynamic range, to the

situation of the main character in Rudyard Kipling’s story

‘‘The Strange Ride of Morrowbie Jukes’’ (Righetti et al.

2005a). Owing to the irresistible technological progress,

proteomics can overcome a number of difficulties just like

rescue came to poor Morrowbie from nowhere. The tech-

nical advances as the essential driving force to the

impressive results in the complete yeast proteome analysis

were, therefore, appreciated by the responsible protagonists

of the aforementioned study. Current limitations were also

addressed, but all answers were linked to the prospective

development of the ‘‘rescuer’’, or, in other words, progress.

Indeed, progress may be fast, as in the case of the yeast

proteome, but not ensured (de Godoy et al. 2006; de Godoy

et al. 2008). Or to say it in the words of the famous Swiss

author Friedrich Dürrenmatt:’’Je planmäßiger die Mens-

chen vorgehen, desto wirksamer vermag sie der Zufall zu

treffen.’’ (The more methodically humans proceed, the

more effective they might be hit by coincidence). There-

fore, it is fair to be encouraged that the state of the yeast

proteome analysis continues to advance. However, the

detection of the two- to threefold amount of expressed gene

products in mammalian cells will depend on some coinci-

dence: The positive one that moves the situation in the

right direction, and the negative one that has a vice versa

effect. Hence, even if, the complete proteome of a mam-

malian cell could finally be analyzed by a high-throughput

bottom-up approach, only one representative protein for

any expressed gene would be identified in most cases (de

Godoy et al. 2008). Therefore, a different strategy is nee-

ded, besides refined versions of high-throughput bottom-up

(Cox and Mann 2007), to analyze a proteome with all its

modifications and isoforms, because a gene encodes sev-

eral protein species (Jungblut et al. 1996, 2008). An anal-

ysis for modifications or isoforms can certainly be done

using a high-throughput bottom-up approach on defined

subproteomes (de Godoy et al. 2006), but there is a need

for a more original approach to face the problem of protein

species analysis. The purification of subproteomes is nev-

ertheless important. For the isolation of subproteomes, it is

generally accepted that the purification is required to take

place under well-defined conditions to guarantee high

levels of purity and reproducibility. However, this is nearly

impossible to achieve (Jungblut et al. 2008).

The previously mentioned term, protein species, was

introduced roughly at the same time as proteomics

(Jungblut et al. 1996). An exact definition and a clear

nomenclature, however, were recently conceived (Jungblut

et al. 2008; Schlüter et al. 2008). In short, the main aspect

of the protein species concept could be summarized with

the following citation: ‘‘The term protein refers to its

coding gene and, therefore, is the umbrella term for all of

the developing protein species’’ (Jungblut et al. 2008). Any

of these primary translation products, which could be

named initial protein species, has various possibilities of

transformation. For instance, it could be processed by an

enzyme or environmental influences. Single nucleotide

polymorphisms also result in new protein species. All this

can certainly lead to different functions at the various

locations in a cell, a tissue or organism. The 170 identified

protein species of Histon 3.2 are a concrete example

(Garcia et al., 2007). The full complexity behind the pro-

tein species concept has extensively been addressed in the

work of Schlüter et al. (2008) and Jungblut et al. (1996). In

summary, a protein species represents the smallest unit of

the proteome that can be correlated with a function

(Schlüter et al. 2008). As a consequence, it should be

obvious that an absolute bottom-up strategy is very fast and

sensitive, but out of a complex mixture of protein species

from a selected compartment (cell, tissue or organism), in

most cases, only one representative protein per expressed

gene is identified. The peptides are necessarily distributed

over the whole LC run so that a subsequent assignment of

the peptides to the corresponding protein species is more

or less impossible. The same applies to the quantification

of a protein species as the same peptide can originate

from different protein species. The separation of a protein

species mixture on the protein level, as practiced in the

classical 2D-electrophoresis (2-DE; first dimension: IEF,

isoelectric focusing; second dimension: SDS-PAGE,

sodium dodecyl sulfate polyacrylamide gel electropho-

resis) combined with a mass spectrometric bottom-up

analysis or the top-down approach (Kelleher et al. 1999),

allows for protein species detection. Both strategies,

however, are not as efficient as a bottom-up strategy on

the peptide level (Cox and Mann 2007; de Godoy et al.

2008; Jungblut et al. 1996; Schlüter et al. 2008). This in

turn leads to unrealistic analysis times (Hoehenwarter

et al. 2006).

However, there are almost insuperable hurdles for all

available proteomic strategies. For instance, all protein
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species from a eukaryotic cell should be detected. First of

all, cell lines actually constitute bad models for cells

in their physiological context, i.e. the tissue (Godovac-

Zimmermann et al. 2005; Dumont et al. 2002). A relevant

analysis of all present protein species would consequently

be based on a selection of a few cells out of a defined area

of the tissue and such a sample preparation would contain

protein species in a quantity range of low zeptomol to the

high femtomol. Except for the highly abundant protein

species, this dynamic range is beyond the detection capa-

bilities of available techniques. Every pre-fractionation

technique or subsequent separation strategy on the protein

level (PAGE or liquid chromatography, LC) requires more

starting material. Indeed, the dynamic range could be

reduced by the use of ‘‘peptide ligand libraries’’ (Boschetti

and Righetti 2009), although a high sample amount would

be necessary, which in turn could only be obtained using

cell lines. Furthermore, this technique cannot be applied to

all protein classes, such as membrane proteins. Quantifi-

cation experiments are, however, after a standardization of

the protein amounts, no longer reasonable. The importance

to comparatively quantify protein species in two cell states

or to perform an absolute quantification for the functional

characterization is quite obvious.

Real protein species function characterization, particu-

larly with regard to the recently suggested protein code

(Sims and Reinberg 2008) requires very high sequence

coverage together with the identification of all post-trans-

lational modifications. The combination of all modified and

unmodified amino acids of a protein species would finally

construct the protein code. Such a protein surface of an

isolated protein species provides a variety of targets for

other protein species which can cause various reactions.

Nevertheless, even for a given protein species, there are

many possibilities. Therefore, the meaning of the modifi-

cation pattern must be evaluated on every occasion in the

context of the compartment of the organism.

Owing to this enormous complexity, it seems logical

that a more detailed look is necessary. Without a good

overview of a proteome, in-depth research makes no sense.

Before a search for protein species can be initiated, it is

important to determine which proteins are present. There-

fore, high-throughput bottom-up strategies, as defined by

Mann et al. (Cox and Mann 2007) constitute an absolute

necessity. There is, without a doubt, a need for many fur-

ther developments concerning this strategy to avoid ‘‘years

of misdirected work’’ in the case of in-depth analysis

(Mann and Kelleher 2008). Moreover, the question is if the

time has already come to think about a more detailed look

or if the danger is still too high to get misdirected. Owing

to the complex situation, which has been adequately dis-

cussed, it is rather unrealistic, even for a well-defined

problem, to hope for a perfect 100% sequence coverage of

every protein species. Although 100% sequence coverage

is quite surreal, it is negligent to describe cell events on the

protein level without 100% sequence coverage. The situ-

ation is comparable to the study of a living cell using

conventional confocal microscopy. Due to the diffraction,

the resolving power is limited to approximately 200 nm.

Abbe’s resolution limit was accepted as an insuperable law

until the group of Stefan Hell circumvented it (Hell 2007).

The STED (Stimulated Emission Depletion) microscope

improved the resolving power by a factor of ten so that

events in living cells can be clearly displayed, e.g. synaptic

vesicles during exocytose (Willig et al. 2006). In analogy,

in order to see cell events on the protein level, a proteomics

platform is needed which provides the potential for 100%

sequence coverage for every protein species.

Mass spectrometrists in proteomics—servant

of two masters

One can compare the search for a proteomic strategy that

achieves 100% sequence coverage for every protein spe-

cies with the famous play of the Commedia dell’arte

‘‘Servant of two masters’’ from Carlo Goldoni. Truffaldino

has the idea to serve two masters, Beatrice and Florindo,

concurrently and without them being aware of the situation.

His main goal was to satisfy his lust for food, his exorbitant

hunger. The situation becomes even more complicated

because the two masters end up falling in love and

searching for each other. Likewise, in a haste to get 100%

sequence coverage for a protein species, two trends are

served in proteomics; the bottom-up and top-down

approach. Towards the end of the play, Beatrice and

Florindo finally meet each other. Truffaldino is not only

forgiven, but also allowed to marry his beloved. In much

the same manner, just as Truffaldino gained from the

masters’ bonding, the daily user could potentially gain

from the combination of bottom-up and top-down to mid-

dle-down (Forbes et al. 2001). In middle-down, proteins

are initially enzymatically or chemically cleaved into big-

ger fragments as compared to the bottom-up approach

(3–20 kDa). Nevertheless, drastic changes and twists

in proteomics workflows, resulting in bottom-up and

top-down approaches, do not solve the 100% sequence

coverage problem, but only lead to slight and steady

improvements. The real question is to which extent the

daily user’s hunger for sequence coverage is already sat-

isfied. One should not forget that, even though Truffaldino

gained a wife, his hunger was not satisfied.

That being said, the following bottom-up chapter sum-

marizes which strategies on the peptide level are avail-

able to gain a high or even 100% sequence coverage in

protein identification. Specific, less specific and unspecific
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cleavage strategies are presented. In addition, an outlook is

given for the rarely applied chemical cleavage agents.

Furthermore, the influence on the sequence coverage of in-

gel proteolysis, matrix-assisted laser desorption/ionization

(MALDI) and electrospray ionization (ESI) are carefully

reviewed. Most of the proteomic workflows, referred in the

bottom-up chapter, have been established for high-

throughput approaches which prevent the detection of

protein species as it has already been pointed out in the

prologue. Nevertheless, these studies can contribute to

improve the identification of protein species if applied to a

combination of top-down and bottom-up strategies.

Although top-down strategies can already identify protein

species attaining high sequence coverage, there are several

limitations which are discussed later on (see top-down

chapter). Some could perhaps be solved using the discussed

strategies of the bottom-up chapter in a middle-down or a

combined top-down/bottom-up approach. Only the second

strategy, however, makes unambiguous protein species

identification possible as middle-down strategies still sep-

arate proteomes on the peptide level. In our point of view, a

combined top-down/bottom-up approach is consequently

the best strategy for a protein species analysis. Figure 1

provides a summary of all mentioned strategies.

Bottom-up

The saying ‘‘Quod latet, ignotum est, ignoti nulla cupido

(What is hidden is unknown: for what is unknown there is

no desire)’’ from Ovid could come in one’s mind of

Washburn’s shotgun approach ‘‘multidimensional protein

identification technology’’ (MudPIT) and every other bot-

tom-up shotgun workflow (Washburn et al. 2001). In other

words, many proteins remain undetected with no interest to

search them out. Meanwhile, protein identification is so

efficient that *7,000 proteins are identifiable on the basis

of peptides in a single mass spectrometry (MS) experiment

(Wisniewski et al. 2009; Garcia, 2010). Nevertheless, a

trend-setting study from the group of Aebersold demon-

strates that a serious problem is still present in the back-

ground. The basic message shall be summarized here:

‘‘Although such analyses typically assume that a protein’s

peptide fragments are observed with equal likelihood, only

a few so-called ‘proteotypic’ peptides are repeatedly and

consistently identified for any given protein present in a

mixture.’’ (Mallick et al. 2007). It could also be shown that

‘‘proteotypic peptides’’ of low abundant proteins in a

complex mixture are reproducibly detectable. Naturally,

‘‘proteotypic peptides’’ differ from one proteomic work-

flow to another. SDS-PAGE followed by MALDI-MS

results in different ‘‘proteotypic peptides’’ than SDS-PAGE

coupled with LC–ESI or MudPIT-ESI. The aforementioned

indication, however, was only verified using trypsin, the

most popular protease for MS-based protein identification.

In addition, a prediction program was developed for the

evaluated proteomic workflows and tested on real datasets.

This program enables the calculation of ‘‘proteotypic

peptides’’ resulting from tryptic digestions of any protein

sequence. One advantage of ‘‘proteotypic peptides’’ is

obviously the extension of the dynamic range for protein

identification leading to the above-mentioned high num-

bers of protein identification (Mann and Kelleher 2008).

The consequential disadvantage is the occurrence of ‘‘non-

proteotypic peptides’’, which are irreproducibly detectable

or absent. Therefore, the frequent absence of ‘‘non-prote-

otypic peptides’’ may serve as the main obstacle for 100%

sequence coverage. The sequence ranges of proteins, which

are covered by ‘‘non-proteotypic peptides’’, remain unre-

vealed in proteome analysis but, in most cases, the need to

Fig. 1 Summary of proteomic

strategies

294 B. Meyer et al.

123



close the sequence gaps is not essential. If protein identi-

fication of one single representative protein species per

expressed gen is sufficient, high sequence coverage is

certainly not necessary (de Godoy et al. 2008). Finally, this

confirms Ovid’s expression that hidden things remain

unknown and the interest for unknown things is low as long

as a significant identification is possible.

Nevertheless, the variety of enzymatic and chemical

cleavage strategies should provide enough possibilities to

approach 100% sequence coverage for every protein, when

sufficient protein amounts are available. All listed cleavage

strategies in Table 1 should generate reproducibly different

‘‘proteotypic peptides’’ for a given proteomic workflow.

For a determined workflow, even less specific enzymes,

such as elastase, continually provide the same abundant

peptides in the same region of the analyzed proteins

(Rietschel et al. 2009a). Perhaps, this is questionable for

the unspecific candidates such as proteinase K, subtilisin

and thermolysin, but some hints for repeated peptide

detection in the same sequence region of proteins are

reported for proteinase K (Speers and Wu 2007; Bendz

et al. 2008). ‘‘Proteotypic peptides’’, however, prevent

100% sequence coverage. Particularly the studies of

MacCoss et al. (2002) using trypsin, elastase and subtilisin

together with the relevant work of Coon’s group using

conventional specific enzymes (Swaney et al. 2010) prove

that the answer to the 100% sequence coverage challenge

lie in the combination of enzymes. Additional optimiza-

tions in a proteomic workflow such as the complementary

use of MALDI and ESI, more efficient MALDI matrices,

strategies to improve the peptide fragmentation and a better

peptide recovery from gel-separated proteins, all contribute

to higher numbers of detected peptides for an identified

protein and, therefore, result in a higher sequence coverage

(Fig. 2). Indeed, many points are left out of this article, for

instance, the rarely used protease thermolysin (Schlosser

et al. 2005; Chen et al. 2009). Apart from the selected

examples of enzymatic and chemical cleavage strategies in

the following three subchapters, further studies prove the

possibility to gain high sequence coverage for proteins

(Distler et al. 2006; John et al. 2006; Chmelik et al. 2009;

Chen et al. 2010; Zvonok et al. 2010). Microwave-assisted

protein cleavage is only described for acids. Microwave-

assisted digestions using enzymes are not mentioned,

although a positive effect for the protein sequence coverage

should be certainly gained. Microwave-assisted protein

cleavage and many other strategies, such as ultrasonic

energy or high pressure, however, were recently reviewed

(Capelo et al. 2009). The same is true for immobilized

enzymes (Ma et al. 2009; Krenkova and Svec 2009; Spross

and Sinz 2009, 2010). Furthermore, the challenges of data

interpretation and the software solutions are not presented

in detail although both points are important for a maximum

possible and correct peptide assignment to the protein

sequence and an in-depth analysis of tandem mass (MS/

MS) spectra. This list could certainly be continued. Nev-

ertheless, the discussed studies in the following subchap-

ters should be seen as an attempt to summarize knowledge

and literature references of bottom-up approaches which

could give direction to improved bottom-up/top-down

combinations. Until now, most of such combinations more

or less ignore this know-how (see chapter ‘‘Top-down and

bottom-up’’). We strongly believe that the insights of the

selected bottom-up studies can contribute to increase the

sequence coverage in combined top-down/bottom-up

workflows, but also to provide more variability to approach

the different challenges in the protein species analysis, for

instance, membrane proteomes or the detection of phos-

phorylation sites. At the end of the day, this should make a

more sophisticated analysis of protein species possible.

Indeed, most of the bottom-up studies are alone unsuitable

for the identification of protein species.

Specific enzymatic cleavage strategies

A recently introduced study by the research group of

J. J. Coon evaluates all popular specific enzymes, which

can be used as an alternative specific proteolysis strategy to

trypsin in a proteomic workflow (Swaney et al. 2010).

Besides trypsin, the yeast proteome was digested using

endoproteinase Lys-C, Arg-C, Asp-N or Glu-C and frac-

tionated by strong cation exchange (SCX). Every fraction

Table 1 Enzymatic and chemical cleavage reagents

Name Specificity

Trypsin Arg, Lys

Endoproteinase Lys-C Lys

Endoproteinase Glu-C Glu

Endoproteinase Arg-C Arg

Endoproteinase Asp-N Asp

Metalloendopeptidase Lys-N Lys

Chymotrypsin Phe, Trp, Tyr, Leu (*70%)

Elastase Ala, Val, Leu, Ile, Ser, Thr

(*80%)

Pepsin (pH \ 2) Phe, Leu, Glu, Ala (*60%)

Proteinase K None

Thermolysine None

Cyanogen bromide (CNBr) Met

BNPS-skatole Trp

Iodosobenzoic acid Trp

Diluted/concentrated acid Asp/none

2-Nitro-5-thiocyanobenzoic acid

(NTCB)

Cys

Hydroxylamine Asn-Gly
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was then separated via nano-LC and analyzed using an

ESI-linear ion trap (LIT)-orbitrap. Theoretic calculations,

however, showed that the combination of these five pro-

teases can cover 95% of all amino acids in the yeast pro-

teome with at least one peptide consisting of 7–35 residues,

suitable for mass spectrometric sequence analysis. There-

fore, the average sequence coverage of every protein

should be significantly improved. Owing to the existence of

the aforementioned ‘‘proteotypic peptides’’ in a proteomics

workflow, 95% are certainly not obtainable. The following

discussion in this chapter, however, will consistently show

that every step in the workflow influences the peptide

population. The more variants used in every step and the

more optimization done, respectively, the less the infor-

mation gets lost in the process. The optimal peptide length

has already been mentioned, but every peptide also needs

distinct fragmentation conditions. In the case of the

selected study, the situation is even more complex due to

the use of different proteases, other than trypsin, which

generate peptides with internal basic amino acids. The

researchers of this study, nevertheless, had previously

developed the ‘‘decision tree’’, a concept to gain an optimal

fragmentation using collision-induced dissociation (CID)

or electron transfer dissociation (ETD) (Swaney et al.

2008). The charge state and the mass-to-charge ratio (m/

z ratio) constitute critical factors for a successful CID- and

ETD experiment, respectively, e.g. all twofold charged

peptides, including threefold charged over m/z = 600,

fragment optimally using CID, whereas for threefold

charged below m/z = 600, ETD is the optimal fragmenta-

tion method. Therefore, different ‘‘decision trees’’ were

initially tested for all proteases even though, finally, no

differences were noticed. As expected, for tryptic diges-

tions, more peptides were fragmented via CID, although

for all other proteases, more peptides were sequenced by

ETD. The two main reasons for a more frequent ETD

selection are the above-mentioned internal basic amino

acids yielding high charge states and an extended average

peptide length. Finally, the average sequence coverage for

every identified protein could be improved from 20 to 40%

by the use of five different enzymes. The number of

identified proteins was marginally enhanced between 2,700

and 3,300 (depends on the used enzyme) to 3,900, only

when the 92,000 peptides from the digests of the five

enzymes were pooled. Furthermore, it could be proven that

low abundant proteins (\100 copies/cell) were consider-

ably better detectable when this combination of five

enzymes is used. The sequence coverage was improved by

a factor of three, but the yield was only 7%. In contrast,

high abundant proteins (100,000 copies/cell) provided

sequence coverage of *75%. Indeed, the application of

five enzymes is pretty laborious, not to mention that two

different proteases already made a significant difference in

this study. Moreover, three digestions using three different

enzymes provided more information than three replicates

with the same protease. Finally, the study performed the-

oretical calculations for the analysis of phosphorylation

sites. Therefore, several datasets of published yeast prote-

ome analyses, based on tryptic digestions, were investi-

gated concerning the coverage of serines and threonines in

the complete proteome by tryptic peptides. Only a com-

bination of their dataset and a previously published Lys-C

dataset from the group of M. Mann (de Godoy et al. 2006)

with the tryptic datasets resulted in an improvement of

65%. Beside this study, earlier applications of Lys-C, Arg-

C, Asp-N and Glu-C, including combinations of these

enzymes, are available (Biringer et al. 2006; Choudhary et al.

2003). Furthermore, earlier studies included less specific or

unspecific enzymes such as chymotrypsin and proteinase K

(see ‘‘Less specific and unspecific cleavage strategies’’).

Fig. 2 Influence factors on the

protein sequence coverage in

the bottom-up approach
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In addition to these five specific proteases, the group of

A. J. Heck recently introduced an additional enzyme of

significant interest. It is a metalloendopeptidase which cuts

specifically at the N-terminal of lysine (Lys-N; Nonaka

et al. 1995). Therefore, the generated peptides provide

simple ETD-/ETcaD- and MALDI-TOF/TOF-spectra con-

taining a clear c- and b-ion-series, respectively (Taouatas

et al. 2008; Boersema et al. 2009). ETcaD is a further

development of ETD which considerably improves the

ETD fragmentation of doubly charged peptides by addi-

tional CID (Swaney et al. 2007). Labile posttranslational

modifications (PTM), however, still remain at the peptide

backbone. Moreover, it could be shown that peptides of a

Lys-N digest can be fractionated by SCX into N-terminal

acetylated peptides (I), monophosphorylated peptides

containing a single lysine (II), peptides containing one

lysine (III) and peptides with more than one basic amino

acid (IV). Fractions I and IV can be optimally sequenced

via CID or ETcaD, whereas fractions II and III using ET-

caD. Indeed, all MS/MS spectra of peptides of fraction IV

contain z-fragments depending on the position(s) of

the internal basic amino acid(s). Owing to the blocked

N-terminus, MS/MS spectra fraction I peptides yield only

z-fragments. Recently, a special DeNovo-algorithm for

ETD spectra of Lys-N digested samples was also published

(van Breukelen et al. 2010). Furthermore, it was investi-

gated if, when using Lys-N and trypsin digested samples,

modifications at lysine and the N-terminus of a peptide

improve the quality of ETD spectra, thus resulting in

directed and complete sequence ladders. Guanidinated,

dimethylated, and imidazolinylated peptides of Lys-N

digests yielded significant progress whereas only guanidi-

nated and imidazolinylated peptides of tryptic digests,

containing a single lysine at the C-terminus, provided

simplified MS/MS spectra (Hennrich et al. 2009). The tes-

ted nicotinylation suppresses peptide backbone fragmenta-

tion in ETD. In summary, MS/MS spectra with directed

sequence ladders, such as obtained from peptides of Lys-N

digests are easy to interpret. Therefore, the peptide identi-

fication rate increases and, along with it the average protein

sequence coverage. Furthermore, data of Lys-N digested

samples are complementary to tryptic ones (Gauci et al.

2009). During the analysis of a purified phosphoproteome,

the number of identified phosphorylated peptides was

*70% higher using a combination of Lys-N and trypsin. In

contrast, replicates of tryptic digests yielded only 25%

improvement. Therefore, the data are consistent with

experimental and theoretical results of Swaney et al. (2010).

Less specific and unspecific cleavage strategies

For the analysis of membrane proteins, the available spe-

cific enzymes are insufficient due to the low number of

cleavage sites. Beside the specific proteases, some alter-

native less specific or unspecific enzymatic or chemical

cleavage strategies have been consequently established for

this problematic protein group in the last years, and in most

cases for shotgun approaches. Many protocols, however,

are based on old ideas. Chymotrypsin and elastase were

introduced by Lucas et al. (1969) and Morris et al. (1974),

respectively, for the mass spectrometric determination of

the primary structure of purified proteins. Morris stated that

they found elastase to be an ideal proteolytic enzyme for

combination with the mass spectrometric study of dehy-

drofolate reductase. Nevertheless, Wu et al. (2003) con-

sidered elastase and subtilisin to be unsuitable for the

analysis of complex proteomes. For instance, in the case of

the vesicle proteome they found elastase and subtilisin

activities to be substantially diminished when applied to

complex membrane-containing samples. However, they

established a protocol based on the unspecific protease

proteinase K in an alkaline milieu. In an earlier study,

MacCoss et al. (2002) showed that digestions of a standard

protein mix, purified protein complexes and lens tissue

with the enzyme combination elastase, subtilisin and

trypsin provide high sequence coverage and a better

detection of PTMs and such samples, though, are less

complex compared to the vesicle proteome of Wu et al.

(2003). Using the three enzyme proteolysis strategy, the

analyzed standard proteins yielded sequence coverages of

approx. 90%. Abundant proteins in the purified protein

complexes or lens tissue revealed significantly higher

sequence coverages. Nevertheless, the various overlapping

peptides for abundant proteins, which build up clusters in

certain sequence ranges, are the most striking point in this

study. Before McCoss, however, Schlosser et al. (2001,

2002, 2005) demonstrated in several studies that elastase is

an efficient enzyme for phosphoprotein analysis. Later

studies with elastase using membrane proteomes (purple

membranes, Corynebacterium membranes) or a phospho-

proteome could finally disprove Wu et al. (2003) that

elastase is inapplicable for the analysis of subproteomes

(Rietschel et al. 2009a; Wang et al. 2008).

An alternative proteolysis strategy for membrane pro-

teins was introduced by Fischer et al. (2006). Initially, the

theoretical digestion of membrane proteomes using dif-

ferent cleavage reagents demonstrated that a combination

of trypsin and chymotrypsin could be beneficial for the

membrane protein analysis in terms of sequence coverage

and number of identified proteins (Fischer and Poetsch

2006). The authors summarized that a combination of a

cleavage at hydrophobic and hydrophilic amino acids is

advantageous for the membrane proteome analysis.

Therefore, the combination of chymotrypsin and Glu-C

would also be well suited. In practice, however, the results

were not convincing when using the model membrane
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protein bacteriorhodopsin. A following study based on the

analysis of the membrane proteome of Corynebacterium

glutamicum, after trypsin and chymotrypsin digests, proved

the expected effect of this enzyme combination (Fischer

et al. 2006).

Many of the previously mentioned alternative cleavage

protocols are summarized in an actual review by Speers

and Wu (2007). In addition, detailed tables and references

for chaotropic reagents, detergents and organic solvent

systems, including threshold amounts for different

cleavage strategies, are provided. These additives are

obligatory for membrane protein solubilization, denatur-

ation and accessibility into the membrane; such additives

certainly also improve the accessibility to soluble pro-

teins. Another main focus of this and another review is the

recovery of hydrophobic peptides using LC separation at

enhanced temperature (60�C; Blackler et al. 2008a). Apart

from the already mentioned protocols, a pepsin method

was introduced by Han and Schey (2004). LC–ESI-MS/

MS analysis of aquaporin digested by pepsin showed that

100% sequence coverage is possible in this case. A pepsin

proteolysis protocol for MALDI has recently been eval-

uated and tested using purple membranes (Rietschel et al.

2009b). The most abundant membrane protein bacterio-

rhodopsin (*90–99%) yielded sequence coverage of

nearly 60%. A number of 40 peptides could be assigned to

the sequence of bacteriorhodopsin after direct MALDI

measurement and approximately 70 using a LC–MALDI

approach. High peptide numbers were also obtained

for lower abundant proteins, e.g. 80 peptides using

LC–MALDI for the S-layer cell surface glycoprotein.

Indeed, this bacteriorhodopsin sequence coverage is not

as impressive as the 100% sequence coverage observed

after a tryptic digestion in 60% methanol (MeOH) in

combination with LC–ESI (Blonder et al. 2004). For the

excellent coverage, however, CID fragment spectra of low

quality were also taken into consideration, especially from

large tryptic fragments. The straightforward idea to use

the MS compatible MeOH as a solubilization and dena-

turation agent, nevertheless, led to following studies

based on digestions with chymotrypsin, elastase and

pepsin to apply the same buffer system which signifi-

cantly improved the quality of the digestions (Fischer

et al. 2006; Rietschel et al. 2009a, b). The denaturing and

solubility-improving properties of MeOH were also

emphasized in the review by Speers and Wu (2007). One

last protocol from this review worth mentioning combines

a proteinase K digest under basic conditions with a

cyanogen bromide (CNBr) cleavage in formic acid

(Blackler et al. 2008b). First of all, the hydrophilic protein

parts are removed using proteinase K. Then, the remain-

ing residues in the membrane are delipidated by the for-

mic acid and cleaved by CNBr at methionine into smaller

fragments. Thereafter, the hydrophilic and hydrophobic

peptide fraction can be separately analyzed by, for

instance, MudPIT.

Chemical cleavage strategies

The application of CNBr for methionine cleavage has been

extensively used throughout the years. Washburn et al.

(2001) has evaluated the MudPIT approach using CNBr

and trypsin as cleavage reagents. Van Montfort (2002a, b)

established an in-gel proteolysis protocol for the CNBr/

trypsin combination. Using solely CNBr cleavage, 100%

sequence coverage was immediately gained for the model

membrane protein bovine rhodopsin (Ablonczy et al.

2005). Recently, a strategy concerning 2-nitro-5-thiocya-

nobenzoic acid (NTCB) cleaving at cysteine, combined

with a tryptic digestion, resurfaced for membrane proteome

analysis (Iwasaki et al. 2009). Besides cysteine and

methionine, further possible amino acid positions, which

can be cut by chemical reagents, are tryptophan, aspartic

acid and the amino acid combination asparagine–glycine.

Chemical reagents which are generally used for protein

digestion include: cyanogen bromide (CNBr) cleaving at

methionine (Met) residues, BNPS-skatole or iodosobenzoic

acid cleaving at tryptophan (Trp) residues, formic acid

cleaving at aspartic acid (Asp) peptide bonds, hydroxyl-

amine cleaving at asparagine–glycine (Asn-Gly) peptide

bonds, and 2-nitro-5-thiocyanobenzoic acid (NTCB)

cleaving at cysteine (Cys) residues. Except for iodoso-

benzoic acid, Crimmins et al. (2001, 2005) provides an

overview of the basic protocols, including links to the

original literature, for the in-solution cleavage and the

cleavage on PVDF membranes, respectively. An older

review of Han et al. (1982) also contains general infor-

mation about the cleavage protocol with iodosobenzoic

acid. Additional variants of the chemical cleavage strate-

gies are supplied by a compilation of protocols from Smith

(2003). In general, chemical cleavage strategies generate

high mass peptides due to the infrequency of the specifically

cleaved peptide bonds in protein sequences. Therefore, they

are interesting cleavage tools for the middle-down approach

or the strategy which combines top-down and bottom-up

(see corresponding chapters). Besides CNBr and acidic

cleavage, however, only very few actual studies are avail-

able which apply other chemical reagents. Nevertheless, it

can be suggested from the sparse literature that the

neglected chemical cleavages with NTCB, BNPS-skatol,

iodosobenzoic acid or hydroxylamine, especially in com-

bination with other enzymatic or chemical cleavage strat-

egies, yield additional peptides which improve the sequence

coverage of the protein of interest (Freemont et al. 1988;

Vestling et al. 1994; Rahali and Gueguen 1999; Wu et al.

1996; Yamagami and Ishiguro 1998).
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In contrast, there are some interesting new applications

of the acidic cleavage at Asp which is why this method is

exemplarily summarized as follows. Diluted acid (pH

*2) cleaves at 108�C in 2 h C-terminal at Asp (Schultz

et al. 1962; Inglis 1983). N-terminal cleavage occurs only

rarely. Frequently used acids are formic acid (Li et al.

2001), diluted hydrochloric acid (Zubarev et al. 1994;

Vorm and Roepstorff 1994) or trifluoroacetic acid (TFA;

Tsugita et al. 1992). The use of a microwave reduces the

reaction time from 2 h to 1 and 10 min (Zhong et al.

2005; Swatkoski et al. 2006, 2007a, b). During the

investigation of the protein components of a virus,

Swatkoski et al. (2007b) were able to gain very high

sequence coverage via microwave-assisted acidic cleav-

age followed by MALDI-time-of-flight (TOF)-MS. The

same group tested the influence of acidic cleavage on

some common modifications using model proteins and

peptides (Swatkoski et al. 2008). For example, methio-

nine and cysteine were not oxidized, but phosphate

groups were partially cleaved. Furthermore, the ribosomal

proteome of yeast was investigated using an LC–ESI–

LIT-Orbitrap or LC–MALDI-TOF/TOF (Swatkoski et al.

2007a). All above-mentioned acidic cleavages, however,

were conducted offline. Meanwhile Hauser and Basile

(2008) developed a platform which performs the reduc-

tion in the proteins (optional) as well as the microwave-

assisted acidic cleavage, followed by the peptide

separation via LC and an ESI-MS/MS acquisition. The

cleavage at Asp, nevertheless, doubles the peptide length

on average when compared with tryptic digests if miss

cleavage sites are not taken into consideration (16 resi-

dues vs. 9). Owing to internal basic amino acids, the

resulting peptides are higher charged as compared to

tryptic ones. Therefore, ETD and electron capture disso-

ciation (ECD) are better suited for fragmentation exper-

iments than CID, i.e. both fragmentation techniques result

in significantly extended sequence ladders (Hauser et al.

2008). Besides the microwave-assisted acidic cleavage in

diluted acids, a variant was evaluated using concentrated

acids. Zhong et al. (2005) recovered nearly 100%

sequence coverage when using the model membrane

protein bacteriorhodopsin and 25% TFA as cleavage

reagent. 25% TFA cleaved quite unspecifically, but

cleavages at glycine were detected more frequently.

Moreover, C-terminal and N-terminal sequence ladders

were visible in the MS spectra, especially when low

sample concentrations were used. As a real sample, the

membrane fraction of a human breast cancer cell was

analyzed using LC–MALDI. A further variant is the

recently published specific acidic cleavage at Asp using

MALDI matrices (Remily-Wood et al. 2009). Protocols

for in-solution and in-gel cleavage were evaluated using

standard proteins.

In-gel proteolysis

In-gel digestions remain unsatisfactory till the present day.

Hydrophobic and larger peptides are hardly extractable

which is understandable, as the acrylamide network pro-

vides an attractive adhesion surface (Speers and Wu 2007;

Bornemann et al. 2010). In general, the loss from in-gel

digest protocols is 15–50% (Hellman et al. 1995; Speicher

et al. 2000; Stewart et al. 2001). The size of the protease is

also of certain importance, i.e. proteases beyond the mass

of 25 kDa, for example pepsin and Glu-C, can hardly

penetrate into the gel matrix, which hinders the effective

protein cleavage (Rabilloud et al. 2009). Furthermore,

proteins are fixated during standard staining procedures and

SDS is removed whereby considerable amounts of protein

might be not accessible to an enzyme due to aggregation

(Speers and Wu 2007). High accessibility of the protease to

the protein and an effective extraction would consequently

result in higher sequence coverages. Many strategies,

including the usage of detergents, organic solvents,

microwave excitation, ultrasonic treatment and immobi-

lized enzymes, are only partially successful to solve the

both mentioned problems (Lazarev et al. 2009). A current

publication shows that after protein separation, the con-

trolled extension of the acrylamide network using the

cleavable crosslinker ethylene-glycol-diacrylate (EDA)

improves enzyme penetration (Bornemann et al. 2010).

The sequence coverage and number of assigned peptides

increased for every analyzed protein using a tryptic

digestion and MALDI-peptide mass fingerprinting (PMF).

Whether the gel system is practicable for real proteomic

studies will be shown in the future.

Another main problem of enzymatic in-gel digestions is

missing robust standard protocols, except for tryptic in-gel

protocols. A frequently applied trypsin in-gel digestion

procedure was developed, for instance, by Shevchenko

et al. (2006). Indeed, a number of other enzymes, such as

chymotrypsin (Galkin et al. 2008; Chmelik et al. 2009;

Papasotiriou et al., 2010), elastase (Galkin et al. 2008;

Schlosser et al. 2002, 2005; Papasotiriou et al. 2010),

proteinase K (Schlosser et al. 2005; Jansson et al. 2008;

Bendz et al. 2008; Papasotiriou et al. 2010) and pepsin

(Jansson et al. 2008; Chen et al. 2010), have also been

used. But, as far as we know, protocols as well-evaluated as

the tryptic one have not been established. In fact, the same

is true for in-solution digestion protocols of other enzymes

than trypsin. We discussed many protocols in the previous

chapters but they all do not have the robustness of tryptic

proteolysis protocols. The importance of well-evaluated

proteolysis protocols shall be exemplary demonstrated by

an in-gel digest using proteinase K. The adjustment of a pH

value of 11 using sodium carbonate buffer is critical,

because carbon dioxide from the air would change it over
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time, resulting in too many short peptides (Jansson et al.

2008). A pH of 12 circumvents this problem but also

causes more background in the mass spectrometric analysis

as the gel gradually starts to hydrolyze. Another gel system

based on N-acryloyl-aminopropanol is more stable against

hydrolysis but is costly (Simo-Alfonso et al. 1996a, b;

Bendz et al. 2008).

MALDI- and ESI-MS

Even without detection losses during a gel extraction or LC

separation, all peptides ought to ionize equally efficiently.

In reality, this is not the case. ESI particularly ionizes

analytes which concentrate in the charged droplet surface

phase (Cech and Enke 2000; Speers and Wu 2007).

Therefore, hydrophobic peptides are detected more fre-

quently than hydrophilic. This could also be proved by

derivatizing peptides with alkyl tags (Frahm et al. 2007). In

contrast, MALDI detects basic, polar and aromatic residues

quite efficiently (Krause et al. 1999; Speers and Wu 2007).

Particularly, arginine-containing peptides induce intense

signals in MALDI-spectra. Due to the various peptides of

an elastatic digestion as compared to a tryptic one, in terms

of physicochemical properties, the systematic investigation

of elastatic digests from Rietschel et al. (2009a) constitute

a good example for the above-mentioned differences

between ESI and MALDI. Elastatic digestions generate, for

example, many peptides with a pI of 6 which are preva-

lently detected by ESI. Due to their frequently small pep-

tide size below 700 Da, which correspond to the MALDI

matrix region, the comparison is somehow unfair using this

peptide group. Nevertheless, small and hydrophobic pep-

tides are generally better detectable using ESI. On the

contrary, MALDI is the preferred method for basic pep-

tides. Acidic peptides show no performance differences.

Due to the above, MALDI and ESI are considered com-

plementarities as noted by several studies (Yang et al.

2007; Irungu et al. 2008; Zhang et al. 2008; Molle et al.

2009). In the study of Rietschel et al. (2009a), the authors

were able to identified more peptides using ESI, not only as

a result of more efficient detection of small peptides, but

also because of the more precise precursor mass (5 ppm

ESI; 50 ppm MALDI) of the acquired MS/MS spectra and

the considerably better established LC–ESI approach

compared to the relatively new LC–MALDI-Workflow.

Following studies demonstrated the enormous positive

influence of a precise precursor mass between 3 to 5 ppm

for the significant identification of MALDI-MS/MS spectra

(Rietschel et al. 2009c). These spectra were generally of

higher quality compared to ESI-MS/MS spectra, i.e. more

extended sequence ladders, but were ambiguous in conse-

quence of the insufficient precursor mass accuracy. Due to

the broad specificity of elastase, since it cuts with a

frequency of 80% at the C-terminal of the amino acids Ala,

Val, Leu, Ile, Ser, Thr, database search was carried out

without a defined enzyme specificity. Thus, a high mass

accuracy was extremely important. A further problem in

significance issues may be the general abundant presence

of internal fragments in MALDI-MS/MS spectra. This,

however, has only been investigated for tryptic digests

(Khatun et al. 2007). In general, a directed fragmentation,

as provided by the previously discussed Lys-N digests,

would be desirable. Various modification strategies also try

to achieve this aim such as N-terminal sulfating, guani-

dination, dimethylation, imidazolinylation, nicotinylation

or itraq (Hennrich et al. 2009; Ross et al. 2004). Except for

sulfating reagents, all others have a positive effect on the

detection of peptides. A study from Ernoult et al. (2008)

using itraq labeled tryptic sample and a proteomic work-

flow based on nicotinylation combined with proteinase K

and pepsin digests (Jansson et al. 2008), are selected as

representative examples.

Good detectability of an analyte in MALDI usually

depends on the used matrix. Phosphorylated peptides, for

instance, can be optimally analyzed by using 2,5-dihy-

droxybenzoic acid (DHB)/1% phosphoric acid (Kjellström

and Jensen 2004). A current research paper concerning the

rational design of MALDI matrices, however, has shown

that, even though alpha-cyano-4-hydroxycinnamic acid

(CHCA) is the most widely used matrix for MALDI

analysis of peptides, there is still room for improvement by

the development of new matrices (Jaskolla et al. 2008). A

newly designed matrix, 4-chloro-alpha-cyanocinnamic acid

(Cl-CCA), not only enhances the ionization efficiency of

acidic and neutral peptides, but also provides the same

excellent performance for basic peptides as CHCA

(Jaskolla et al. 2009). In addition, a higher number of

phosphorylated peptides is detected. Therefore, sensitivity,

number of detected peptides and sequence coverage is

already improved for tryptic in-solution and in-gel digests

which could be proven with the standard protein bovine

serum albumin BSA (Jaskolla et al. 2008). Using the three

proteases trypsin, chymotrypsin and pepsin, a following

study investigated the advantages of Cl-CCA for in-solu-

tion digestions of diverse proteins (Jaskolla et al. 2009).

The efficiency of Cl-CCA is especially obvious in the case

of more complex peptide mixtures of the less specific

enzyme chymotrypsin and the relatively unspecific enzyme

pepsin. Figure 3 displays sequence coverage recovery from

trypsin and pepsin digestions of beta-casein using CHCA

and Cl-CCA. Independent of the enzyme, the number of

assigned peptides and sequence coverage is always higher

for the Cl-CCA preparation. The higher complexity of

a pepsin digest, i.e. the number of possible cleavage

positions, peptide hydrophobicity and pI distribution of

peptides, can simply be more efficiently detected using
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Cl-CCA. Indeed, some gaps remain in the sequence using a

final on-target peptide amount of 10 fmol. Nevertheless,

the dilution effect of unspecific or less specific enzymes

due to the various cleavage possibilities compared to

trypsin is less apparent when using Cl-CCA as matrix. As a

result, nearly doubled sequence coverage and an enhanced

Fig. 3 Sequence coverage of 10 fmol beta-casein (P02666) after in-

solution digestions using the following enzymes and MALDI matrices

for measurement: a using trypsin as enzyme and CHCA as matrix,

b using trypsin as enzyme and Cl-CCA as matrix, c using pepsin as

enzyme and CHCA as matrix, and d using pepsin as enzyme and Cl-

CCA as matrix. Gray boxes represent the position of identified

peptides in the protein sequence. Several gray boxes at the same

position indicate the detection of the corresponding methionine

oxidations. Black colored arrow reveals the serine phosphorylation

detected only in the case of trypsin as enzyme and Cl-CCA as matrix

(data source Jaskolla et al. 2009)
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detection of clustered peptides are achieved. In addition,

detection of phosphorylation sites in the tryptic digest was

only possible in the case of Cl-CCA. This outlines once

again the importance to apply different enzymes.

Top-down

In an actual publication, one of the top-down pioneers

N. L. Kelleher sums up the newly established protocol in the

following way: ‘‘this is sufficient for top-down experi-

mentation across a wide range of masses and should extend

the number of laboratories able to perform top-down pro-

teomics in a routine fashion’’ (Vellaichamy et al. 2010).

Nevertheless, certain cautiousness is generally advisable,

especially in the case of the complicated analysis of intact

proteins. Positive aspects for the fast development of top-

down in the future include the impressive progress of

fourier transform ion cyclotron resonance (FT-ICR)

instruments in the last years (Schaub et al. 2008), the

Orbitrap (Makarov 2000; Macek et al. 2006; Bondarenko

et al. 2009), the fragmentation techniques ECD (Zubarev

et al. 1998) and ETD (Syka et al. 2004) and the consider-

ably improved strategies for data analysis (Garcia 2010;

Zamdborg et al. 2007). Both above-mentioned fragmenta-

tion techniques are advantageous over others as only the

backbone bonds of a protein are cleaved. Labile PTMs such

as phosphorylations or glycosylations are preserved

(Breuker et al. 2008). Particularly, however, the increasing

knowledge concerning the handling of tertiary protein

structures in the gas phase has in the past and will in the

future extend the mass range for the detection and frag-

mentation in top-down proteomics (Breuker et al. 2008).

ECD, for instance, only reduces stepwise the charge state of

a protein larger than 20 kDa. On the contrary, ‘‘activated

ion’’ (AI) ECD can generate sequence information in

the range of 20–50 kDa, but the efficiency drops with

increasing protein mass (Horn et al. 2000). ‘‘Prefolding

dissociation’’ (PFD) makes top-down MS of proteins larger

than 200 kDa possible (Han et al. 2006; Karabacak et al.

2009).

Nevertheless, there are still some difficult hurdles to

overcome, some of which are exemplarily cited below out

of a review from Garcia (2010). First, there is the charge

distribution of a protein in ESI which dilutes the protein

amount to different charge states. This reduces the sensi-

tivity, especially for large proteins. Furthermore, different

charge states of the same protein can result in different MS/

MS spectra, which complicate the interpretation via a

software algorithm. Due to the fact that high charge states

are advantageous for ECD and ETD, every reduction of the

charge distribution and shift to higher charge states would

improve the sensitivity of the protein detection and the

fragmentation performance in top-down approaches. Sec-

ondly, instrumental developments are needed to extend the

dynamic range, accelerate the duty cycle and gain sensi-

tivity. Particulary, the 30 kDa limit should be negotiated

(Garcia 2010). Up to this limit, top-down analyses of

diverse protein types, even of hard candidates such as

integral membrane proteins, yield high or 100% sequence

coverage if a sufficient protein amount is available and a

proper time-scale for the measurement is given (Kelleher

et al. 1999; Horn et al. 2000; Sze et al. 2002; Whitelegge

et al. 2006; Zabrouskov and Whitelegge 2007; Breuker

et al. 2008; Ayaz-Guner et al. 2009; Ryan et al. 2010).

Nevertheless, the most striking gap between top-down

and high-throughput bottom-up approaches is the perfor-

mance difference in the separation of intact proteins

compared to peptides (Garcia 2010; Vellaichamy et al.

2010). Indeed, the 2-DE is not a high-throughput technique

but it provides an excellent resolving power on the protein

level (Görg et al. 2009). Surely, there are well-known

limitations, such as extremely basic, membrane and very

large proteins, which are all difficult, if not impossible, to

separate (Görg et al. 2009). Owing to the challenging

extraction of intact proteins from gels, 2-DE is not used as

a separation strategy in top-down approaches. Different

strategies, such as electroblotting, direct analysis of thin gel

slices via MALDI, extraction using passive diffusion or a

variety of electroelution approaches, have been tested

(Razunguzwa et al. 2009). Low protein recovery, low

sensitivity and time consumption, however, constitute

disadvantages found in all the aforementioned techniques.

A similar situation is summarized by an actual publication

which introduces a microfluidics-based electroelution

strategy (Razunguzwa et al. 2009). The new system per-

haps performs better in terms of the previously mentioned

critical points. The future, however, will reveal if the new

technique is sufficient to solve real problems. Nevertheless,

a top-down strategy based on the pre-fractionation per-

forming solely SDS-PAGE or IEF followed by SDS-PAGE

has already been evaluated with real samples (yeast and

human cell lines; Vellaichamy et al. 2010). The advantage

of the established pre-fractionation approach is the fact that

commercial systems are available, such as the off-gel

electrophoresis for IEF and the GELFrEE system (gel-

eluted liquid fraction entrapment electrophoresis) for

PAGE (Ros et al. 2002; Tran and Doucette 2008). In the

study by Vellaichamy et al. (2010), all collected fractions

were subsequently separated by liquid chromatography

using a polymeric stationary phase. In terms of sensitivity,

the instrumentation setup performed better than C4 mate-

rial for proteins up to 80 kDa. Finally, 10–60 proteins per

fraction could be identified by an online coupled FT-ICR

mass spectrometer (MS) using nonselective nozzle skim-

mer dissociation (NSD; Loo et al. 1988), whereas the
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number of identified proteins decreased from the low-mass

to the high mass fractions. Nonselective means that a

precursor selection is not possible. This reveals one exist-

ing problem in top-down experiments. A charge state

selection of a large protein is very difficult when the mass

spectrometer is coupled online to a LC. The second prob-

lem is the low sequence coverage for high mass proteins.

The evaluation of the top-down method using three stan-

dard proteins, resulted in sequence coverages of 40–50%

for cytochrome c (12 kDa) and carbonic anhydrase

(29 kDa), but only approximately 6% in the case of BSA

(66 kDa). However, this result is not considered remark-

able if the increase in complexity of the tertiary gas phase

structure from a small to a large protein is taken into

consideration (Breuker et al. 2008). When compared with

NSD, ECD would certainly perform better and preserve

labile PTMs, but until now it is incompatible with online

LC–MS/MS experiments (Garcia 2010). On the contrary,

ETD can be used in online experiments. The group of

Burlingame obtained sequence coverages ranging from 30

to 70% after analyzing histones (10–15 kDa) from

embryonic murine stem cells and even characterized a

number of PTMs (Eliuk et al. 2010). However, it was also

indicated that the identification of larger proteins is still

possible but an analysis of PTMs is then limited to the

protein termini. For the protein separation in this study, a

classical reversed-phase LC (C18) was used online coupled

to a LIT-Orbitrap.

Apart from the few given examples, several other pre-

fractionation and separation strategies based, for example,

on ion exchange- (IEX), reversed-phase- (RP) and hydro-

philic interaction chromatography (HILIC) or free-flow

electrophoresis (FFE), are frequently used. A more detailed

overview about protein pre-fractionation and separation is

provided by the reviews of Garcia (2010) and Righetti et al.

(2005b). In summary, however, it must be pointed out once

more that competitive separation techniques of intact pro-

teins as opposed to peptides are still missing. In conclusion,

it should be apparent that without an effective protein

separation, high sequence coverage for a protein is quite

unrealistic.

Middle-down

Due to the discussed difficulties in protein separation and

fragmentation, an old concept has recently been reani-

mated, and termed middle molecule MS or middle-down

(Yergey et al. 1984; Forbes et al. 2001; Wu et al. 2005;

Garcia 2010). In 2001, Kelleher’s group introduced one of

the first elaborated concepts based on the FT-ICR-MS

analysis of peptide fragments between 10 and 40 kDa

produced by limited proteolysis (Forbes et al. 2001). First

of all, a purified 159 kDa protein was digested using

Lys-C. Large peptide fragments in the mass range of

5–48 kDa were then assigned to the protein sequence with

a mass accuracy of 50 ppm. Finally, these assigned pep-

tides covered 100% of the protein sequence. Another

model protein with a mass of 199 kDa, however, attained

only 15% sequence coverage due to failure of limited

proteolysis using Lys-C, as too many small peptides were

generated. MS/MS experiments were not conducted during

this study. Based on the preliminary data, the following

theoretical concept was developed: pre-fractionation of the

proteome followed by limited proteolysis, identification of

proteins by MS/MS experiments of peptides in the mass

range of 10–40 kDa using high-resolution MS, e.g. FT-ICR

MS, and, finally, closing of sequence gaps with targeted

MS/MS experiments. In the summary of the study, how-

ever, it was pointed out that more robust cleavage methods

are necessary, which mainly generate fragments in the

mass range of 10–40 kDa, as Lys-C was unsuitable for one

chosen model protein. The chemical cleavage reagent

CNBr was suggested as an alternative (Kelleher et al.

1999). Furthermore, it was stated that instrumentation

development is not sufficient enough for their suggested

concept, particularly the fast acquisition of MS/MS spectra

in the required mass range.

The group of Karger revived the concept of Kelleher and

termed it with the abbreviation extended range proteomic

analysis (ERPA). ERPA analyses peptides in the mass

range 0.5–10 kDa (Wu et al. 2005, 2007; Zhang et al.

2007). The group refined ERPA to such an extent that the

sample throughput, sensitivity and performance of the

chromatography are nearly comparable to bottom-up

approaches, whereas the sequence coverage and detection

of PTMs, such as phosphorylations and glycosylations, is

significantly improved. It should be mentioned, however,

that the method was only evaluated with single proteins.

The potential of middle down is obvious. The possibility to

sequence larger peptides facilitates the detection of PTM

patterns and small changes in the primary sequence, which

are not detected in the bottom-up approach (Garcia 2010).

The identification of 170 histone species via middle-down,

which was already given as a straightforward example for

the identification of protein species in the prologue, proves

this (Garcia et al. 2007). Garcia et al. fractionated the

purified N-terminus of histone 3.2 (5–6 kDa) using HILIC.

The protein species of every fraction were then detected

offline via FT-ICR and sequenced by ECD. Due to the

strict focus on the N-terminus, the study provides an insight

into the variability of the posttranslational modification

pattern, but much information remains hidden, as the his-

tone has not completely been characterized after all. In the

same way, the above-mentioned top-down study of

Burlingame’s group used not only strictly this approach,
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but also a middle-down strategy to analyze the highly

N-terminal modified region of histone 4 from embryonic

murine stem cells (Eliuk et al. 2010). A digest with

endoproteinase Asp-N generated an N-terminal 23-mer of

Histone 4 which could be detected in several variants.

Recently, the pioneers of middle down demonstrated for a

subproteome (human nuclei) that some information of

unexpected or multiple modifications are provided and the

middle-down approach can compete with the classical

bottom-up approach in terms of identified proteins (Boyne

et al. 2009). Nevertheless, the middle-down approach is

still suboptimal because the direct link between peptides

and their original source, the protein, is lacking. The

probability, however, to assign larger fragments correctly

to a protein species is certainly higher.

Top-down and bottom-up

The main advantage of classical 2D-PAGE is certainly the

link between the original protein and the enzymatically or

chemically generated peptides which is not lost. Owing to

the separation by protein pI and size, protein species, such

as phosphorylated or glycosylated variants can be mapped

(Görg et al. 2009). The critical factors hindering 100%

sequence coverage as well as the improvement possibilities

have already been discussed in the bottom-up chapter. The

same is true for the extraction of intact proteins and

the subsequent top-down analysis which was referred to in

the top-down chapter. Therefore 2D-PAGE could be termed

as the oldest combination of top-down and bottom-up even

though the protein mass is only determined quite inaccu-

rately by marker proteins of known molecular weight.

Therefore, Lubman’s group developed an alternative

technique to 2D-SDS-PAGE which has been further refined

over the years and tested on different samples such as

‘‘breast cancer cells’’ (Wall et al. 2000, 2001; Kachman

et al. 2002; Yan et al. 2003; Zhu et al. 2003). Initially,

proteins were pre-fractionated according to their pI value

and then separated via RP-LC coupled to a fraction col-

lector. Finally, all collected RP-LC fractions were tryp-

tically digested and analyzed by MALDI-TOF in the

workflow prototype. A mass determination of the proteins

from all collected RP-LC fractions was subsequently per-

formed using MALDI-TOF MS. To acquire more accurate

protein masses of the different RP-LC fractions, the frac-

tions of the IEF pre-fractionation were separated using the

same RP-LC setup coupled online to an ESI-TOF. Owing

to the reproducible elution of the proteins in the used RP-

LC setup, the MALDI-PMF data could be easily correlated

to the protein masses of the ESI-TOF data. Knowledge

of the pI and mass of every detected protein allowed for

the calculation of a virtual 2D-gel which additionally

contained the organic solvent content of every detected

protein at the elution time point, i.e. a value for the

hydrophobicity. The assignment of the protein mass of the

ESI-TOF to the MALDI-PMF-data is finally based on this

value. Besides a MALDI-TOF analysis, in later studies, the

peptide mixtures of every RP-LC fraction were also ana-

lyzed by ESI-TOF or sequenced after further separation via

capillary electrophoresis using an ESI-quadrupol ion-trap

(QIT)-TOF. Because the link between protein mass and

tryptic peptides is never lost during the analysis, this

coupling of bottom-up with top-down is certainly suited for

the analysis of protein species. This is confirmed for all

analyzed samples by the excellent sequence coverage

gained for proteins up to 70 kDa and the identification of

various modifications based on the accurate protein mass

and the bottom-up data.

Indeed, there are various combinations of bottom-up and

top-down approaches which independently analyze the

peptide and protein level of less complex protein mixtures

but also complex proteomes after a pre-fractionation on the

protein level (VerBerkmoes et al. 2002; Strader et al. 2004;

Simpson et al. 2006; Sharma et al. 2007). Owing to the

missing direct link between protein and its corresponding

peptides, these strategies are unusable for protein species

analysis and are therefore neglected. Contrary, Millea et al.

(2006) introduced a platform which preserves this link. The

cytosol of E. coli was fractionated on the protein level via

strong anion exchange (SAX) and subsequently separated

using RP-LC. The flow was split; 10% were used for the

online coupling to an ESI-TOF for the protein mass

determination and 90% were collected into fractions. The

single fractions were then analyzed after a tryptic digestion

using a MALDI-QIT-TOF. Using a more improved

instrumentation for protein mass determination, such as a

12 T FT-ICR mass spectrometer, a similar concept was

recently evaluated using standard proteins (phosphorylated/

unphosphorylated) and the yeast proteasome or a complex

mixture of purified yeast phosphoproteins (Wu et al. 2009a,

b). Owing to the lower complexity of the samples, only a

1D-LC separation was performed with a flow rate of 5.5 ll/

min. For the analysis of phosphorylated proteins, a special

metal-free LC platform was developed to ensure the best

possible recovery of phosphorylated proteins. From the

flow of 5.5 ll/min, 300 nl were online acquired with the

FT-ICR using a nanoESI chip for ionization (Advion

BioSciences, Inc., Ithaca, NY). The remaining 5.2 ll were

fractionated into 96-well plates. One part of every fraction

was digested with trypsin and analyzed using a LIT after

LC separation. The other part was used for offline top-

down experiments using the FT-ICR MS. Another exam-

ple, using once more an ESI-TOF for the protein mass

determination, is the analysis of ribosomal proteins of

Bacillus subtilis, which were two-dimensionally separated
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by SCX and RP-LC (Lauber et al. 2009). In this case, the

analysis of the digested fractions was conducted by an ESI-

LIT-FT-ICR MS online coupled to an LC. This study is

significant, as two different enzymes, trypsin and Glu-C,

were applied resulting in high sequence coverage for all

identified proteins.

Corresponding MALDI platforms for protein separation,

tryptic digest and MALDI TOF/TOF analysis have also been

established (Yoo et al. 2006; Zheng et al. 2006). Pre-frac-

tionated protein mixtures, such as from tumor tissue, were

separated using capillary LC and spotted onto MALDI plates,

which had been pre-coated with trypsin (Harris and Reilly

2002). The digest was finished in approx. 10 min on the target.

Thereafter, the samples were co-crystallized with matrix fol-

lowed by an MALDI-TOF/TOF analysis of every spot.

Although a protein mass could not be determined, the link

between protein and corresponding peptides is preserved

during the workflow, wherefore protein species are identifi-

able when the sequence coverage is high enough. A slightly

modified variant of such a LC–MALDI approach was evalu-

ated by Getie-Kebtie et al. (2008). In addition, in a recent

study, highly charged MALDI-spectra of standard proteins

have been fragmented using ETD (Trimpin et al. 2010a, b).

Therefore, one could start to speculate about the numerous

interesting possibilities for LC–MALDI platforms on the

protein level, provided that the technique is evaluated for

realistic samples and biological problems in the future.

Summary

All reviewed approaches, which combine bottom-up and

top-down, should have the potential to provide 100%

sequence coverage along with protein species identification

and characterization. The know-how of established proce-

dures in bottom-up proteomics should be more widely used

by these approaches, such as the various possibilities of

enzymatic and chemical cleavage strategies or the appli-

cation of superior matrices in MALDI such as Cl-CCA.

This could significantly improve the sequence coverage,

but it should be obvious that the obstacles are vast. In

addition, two other main challenges still remain unsolved.

Protein separation must obtain the performance of peptide

separation and a general strategy is needed that partitions

the extremely complex proteome conglomerate into ana-

lyzable sub-problems.

Epilogue

Certainly, we were not able to provide a patent remedy for

100% sequence coverage. Therefore, a pessimist would

assess the situation as hopeless. An optimist, however,

would see the prospects available from the discussed

approaches. A critic, nevertheless, could object to the fact

that a number of approaches were neglected. For reasons of

precaution, two wise men are cited; Quintus Horatius

Flaccus and Marcus Valerius Martialis. The first stated:

‘‘nes scire fas est omnia (It is impossible to know every-

thing)’’, while the latter ‘‘bonus vir semper tiro (A good

man is always learning)’’. In other words, anyone who is

interested in 100% sequence coverage is open for new and

overlooked ideas of the past to approach the goal.

Nevertheless, after studying the scientific literature, we

decided to undertake a quest for ‘‘100% sequence coverage’’,

comparable to the protagonist in Miguel de Cervantes’

famous novel ‘‘El ingenioso hidalgo Don Quixote de la

Mancha’’ (The Ingenious Hidalgo Don Quixote of La Man-

cha). After reading numerous knight tales, Don Quixote dons

a rusty suit of armour and a paper hat to go out as a knight-

errant in search of adventure. Indeed, it has been obvious

from the beginning that 100% sequence coverage for every

protein, having in mind the enormous complexity of a pro-

teome, might be far away from reality. Regardless of the

consequences, we have tried to tilt at windmills in memory of

Don Quixote. As it is in most of Don Quixote’s adventures,

he suffered damages. Some less famous adventures of him,

however, had a happy ending. Such rays of hope in Don

Quixote’s adventures could be compared with the progress

concerning the 100% sequence coverage problem. Never-

theless, our knowledge and techniques appear to be ‘‘the rusty

suit of armour and paper hat of Don Quixote’’ wherewith we

face this enormous challenge. Without any doubt, however,

persistence, time and money improve the rusty suite of

armour. Therefore, the answer to the following question

should be easy to give: is someone, who is interested to solve

the 100% sequence coverage problem, more ‘‘a fool’’ or ‘‘an

idealistic realist’’? We won’t provide an answer even though

both could be true for Don Quixote.
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Brandt U (2008) Identification of the mitochondrial ND3 subunit

as a structural component involved in the active/deactive enzyme

transition of respiratory complex I. J Biol Chem

283:20907–20913

Garcia BA (2010) What does the future hold for top down mass

spectrometry? J Am Soc Mass Spectrom 21:193–202

Garcia BA, Pesavento JJ, Mizzen CA, Kelleher NL (2007) Pervasive

combinatorial modification of histone H3 in human cells. Nat

Methods 4:487–489

Gauci S, Helbig AO, Slijper M, Krijgsveld J, Heck AJ, Mohammed S

(2009) Lys-N and trypsin cover complementary parts of the

phosphoproteome in a refined SCX-based approach. Anal Chem

81:4493–4501

Getie-Kebtie M, Franke P, Aksamit R, Alterman MA (2008)

Experimental evaluation of protein identification by an

LC/MALDI/on-target digestion approach. J Proteome Res

7:3697–3707

Godovac-Zimmermann J, Kleiner O, Brown LR, Drukier AK (2005)

Perspectives in spicing up proteomics with splicing. Proteomics

5:699–709

306 B. Meyer et al.

123



Görg A, Drews O, Lück C, Weiland F, Weiss W (2009) 2-DE with

IPGs. Electrophoresis 30:S122–S132

Han J, Schey KL (2004) Proteolysis and mass spectrometric analysis

of an integral membrane: aquaporin 0. J Proteome Res

3:807–812

Han KK, Richard C, Biserte G (1982) Current developments of

chemical cleavage of proteins. Int J Biochem 15:875–884

Han X, Jin M, Breuker K, McLafferty FW (2006) Extending Top-

Down Mass Spectrometry to Proteins with Masses Greater than

200 Kilodaltons. Science 314:109–112

Harris WA, Reilly JP (2002) On-probe digestion of bacterial proteins

for MALDI-MS. Anal Chem 74:4410–4416

Hauser NJ, Basile F (2008) Online microwave D-cleavage LC–ESI-

MS/MS of intact proteins: site-specific cleavages at aspartic acid

residues and disulfide bonds. J Proteome Res 7:1012–1026

Hauser NJ, Han H, McLuckey SA, Basile F (2008) Electron transfer

dissociation of peptides generated by microwave D-cleavage

digestion of proteins. J Proteome Res 7:1867–1872

Hell SW (2007) Far-field optical nanoscopy. Science 316:1153–1158

Hellman U, Wernstedt C, Gonez J, Heldin CH (1995) Improvement of

an ‘‘In-Gel’’ digestion procedure for the micropreparation of

internal protein fragments for amino acid sequencing. Anal

Biochem 224:451–455

Hennrich ML, Boersema PJ, van den Toorn H, Mischerikow N, Heck

AJ, Mohammed S (2009) Effect of chemical modifications on

peptide fragmentation behavior upon electron transfer induced

dissociation. Anal Chem 81:7814–7822

Hoehenwarter W, Ackermann R, Zimny-Arndt U, Kumar NM,

Jungblut PR (2006) The necessity of functional proteomics:

protein species and molecular function elucidation exemplified

by in vivo alpha A crystallin N-terminal truncation. Amino

Acids 31:317–323

Horn DM, Ge Y, McLafferty FW (2000) Activated ion electron

capture dissociation for mass spectral sequencing of larger

(42 kDa) proteins. Anal Chem 72:4778–4784

Inglis AS (1983) Cleavage at aspartic acid. Methods Enzymol

91:324–332

Irungu J, Go EP, Zhang Y, Dalpathado DS, Liao HX, Haynes BF,

Desaire H (2008) Comparison of HPLC/ESI-FTICR MS versus

MALDI-TOF/TOF MS for glycopeptide analysis of a highly

glycosylated HIV envelope glycoprotein. J Am Soc Mass

Spectrom 19:1209–1220

Iwasaki M, Masuda T, Tomita M, Ishihama Y (2009) Chemical

cleavage-assisted tryptic digestion for membrane proteome

analysis. J Proteome Res 8:3169–3175

Jansson M, Warell K, Levander F, James P (2008) Membrane protein

identification: N-terminal labeling of nontryptic membrane

protein peptides facilitates database searching. J Proteome Res

7:659–665

Jaskolla TW, Lehmann WD, Karas M (2008) 4-Chloro-alpha-

cyanocinnamic acid is an advanced, rationally designed MALDI

matrix. Proc Natl Acad Sci USA 105:12200–12205

Jaskolla TW, Papasotiriou DG, Karas M (2009) Comparison between

the matrices alpha-cyano-4-hydroxycinnamic acid and 4-chloro-

alpha-cyanocinnamic acid for trypsin, chymotrypsin, and pepsin

digestions by MALDI-TOF mass spectrometry. J Proteome Res

8:3588–3597

John JP, Anrather D, Pollak A, Lubec G (2006) Mass spectrometrical

verification of stomatin-like protein 2 (SLP-2) primary structure.

Proteins 64:543–551

Jungblut PR, Thiede B, Zimny-Arndt U, Muller EC, Scheler C,

Wittmann-Liebold B, Otto A (1996) Resolution power of two-

dimensional electrophoresis and identification of proteins from

gels. Electrophoresis 17:839–847

Jungblut PR, Holzhütter HG, Apweiler R, Schlüter H (2008) The
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