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    Abstract     Mass spectrometry (MS) is the core for advanced methods in proteomic 
experiments. When effectively used, proteomics may provide extensive information 
about proteins and their post-translational modifi cations, as well as their interaction 
partners. However, there are also many problems that one can encounter during a 
proteomic experiment, including, but not limited to sample preparation, sample 
fractionation, sample analysis, data analysis & interpretation, and biological signifi -
cance. Here we discuss some of the problems that researchers should be aware of 
when performing a proteomic experiment.  

29.1         Introduction 

 Mass spectrometry (MS) is the core for advanced methods in proteomic experi-
ments. Integration of MS with a variety of other analytical methods has made it 
possible to examine virtually all types of samples derived from tissues, organs, and 
organisms and has led to the identifi cation and quantifi cation of thousands of pro-
teins and peptides from complex biological samples. Unfortunately, due to expense 
and time requirements, MS-based proteomics remain prohibitive for many labs that 
could greatly benefi t from this technology. 
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 Proteomics is the study of proteome which is the whole protein complement in a 
cell or organism at any given time [ 1 – 8 ]. The proteome of an organism or even a 
single type of cell is much more complex than its corresponding genome. This is 
mostly due to alternation that can be introduced via alternate splicing and post- 
translational modifi cations (PTMs) which affect virtually all proteins. A proteome 
differs from cell to cell and from time to time with composition depending on the 
physiological or pathological state of cells or organisms. Understanding that pro-
teins are the actual effectors of biological function has been an essential part of 
biochemistry for over a 100 years [ 9 ]. Due to complexity, the analysis of a proteome 
is extremely challenging. Therefore, modern biochemical technologies with 
improved separation and identifi cation methods need to be introduced. 

 The workfl ow in a proteomic experiment involves sample fractionation by a bio-
chemical approach, followed by enzymatic digestion (usually trypsin), peptide 
extraction, and MS analysis (Fig.  29.1a ) [ 10 – 17 ]. When the peptide mixture is ana-
lyzed by MALDI-MS, the proteins of interest are identifi ed using a procedure 
named peptide mass fi ngerprinting. Alternatively, the peptide mixture is further 
fractionated by HPLC on different columns (usually reverse-phase-HPLC or -LC), 
followed by ESI-MS analysis. The combination of LC and ESI-MS is usually named 
LC-MS/MS, and analysis of a protein using this approach provides not only the 
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  Fig. 29.1    ( a ) Common steps of a proteomic experiment. In many experiments, the samples are 
fractionated by electrophoresis and then digested in gel. When the biological materials are fl uids 
(e.g., blood, saliva, etc), the electrophoresis-based fractionation step may be bypassed. ( b ) The 
types of protein samples and the types of electrophoresis that could benefi t from a degradable gel       
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protein identity, but also sequence information for that particular protein. In addi-
tion to qualitative information provided by MALDI-MS or LC-MS/MS analysis, 
MS may also provide quantitative information about a particular protein. Methods 
such as differential gel electrophoresis (DIGE) [ 18 ], isotope-coded affi nity tag 
(ICAT) [ 19 ], stable isotope labeling by amino acids in cell culture (SILAC) [ 20 ], 
absolute quantitation (AQUA) [ 21 ], multiple reaction monitoring (MRM) [ 22 ], or 
spectral counting [ 23 ] allow detection, identifi cation, and quantifi cation of proteins 
or peptides. These methods are currently known as functional proteomics and are 
widely used in basic research.

   Another dimension to identifi cation and characterization of proteins is added due 
to the intensive PTMs of proteins. It is a great challenge to fully identify a PTM 
pattern at any given time in cells, tissues, and organisms and MS-based proteomics 
became the method of choice for their detection and characterization [ 24 ]. PTMs 
are important to virtually all biological processes. For example, glycosylation 
enhances many biological processes such as cell–cell recognition and infl uences the 
protein’s biological activity [ 25 ,  26 ], while phosphorylation is a reversible and com-
mon PTM that plays a role in controlling and modifying the majority of cellular 
processes [ 27 ]. Another important modifi cation of proteins is the formation of disul-
fi de bridges, which plays a signifi cant role in maintaining correct protein function 
[ 28 ,  29 ]. Additional stable or transient modifi cations in proteins include acetylation, 
ubiquitination, and methylation, which when combined with stable or transient pro-
tein–protein interactions (PPIs) [ 30 ], add an additional level of complexity to pro-
teomic approaches [ 31 ].  

29.2     Bottleneck # 1: Sample Preparation and Separation 

 Purifi cation and fractionation steps are to be carefully selected to avoid loss of sam-
ples and introduction of errors, which would be refl ected later in the MS analysis. 
Usually, the fi rst step in proteomic workfl ows is the extraction of proteins from tis-
sues, cells, or biological fl uids. At this stage of sample preparation, a loss of mate-
rial is usually encountered as the homogenization or alternative extraction procedures 
(e.g., centrifugation) are not very effective. Coevally, one should attempt to reduce 
sample complexity and matrix effects by isolating and enriching for the fractions of 
interest (subproteomes, organelle proteomes). To this end, subcellular fractionation 
is sometimes undertaken. However, any additional sample preparation steps that are 
performed increase the risk of introducing technical variability and contamination 
in the analysis. Also, the physiological state/time point of protein extraction from 
the source plays an important role in the outcome of the study and the biological 
signifi cance that can be inferred from it. Therefore, the design of proteomic studies 
should be thoroughly thought through in order to draw meaningful conclusions 
from the experiments. Further, it should be noted that most sample preparation and 
purifi cation techniques discriminate against “extreme” proteins (very hydrophobic/
hydrophilic proteins, too low/high pI, low abundant, membrane proteins).  
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29.3     Bottleneck # 2: Gel Fractionation 

 Key parameters of MS-based proteomic experiments are sensitivity, resolution, 
dynamic range, and mass accuracy. Therefore, various elements need to be taken into 
consideration during a typical MS-based proteomic experiment (Fig.  29.1 ). One of 
the most important bottlenecks in these experiments is always the sample fraction-
ation and processing, which happens prior to MS analysis. Sample fractionation is 
primarily performed by some kind of electrophoresis. Sample processing involves 
in-gel protein digestion, followed by peptide extraction and concentration, and MS 
analysis. This is a very time-consuming procedure. An alternative to electrophoresis 
and in-gel digestion steps is the in-solution digestion of proteins. The difference 
between the two methods is time and labor, as well as the scientifi c outcome. For 
example, protein fractionation by electrophoresis and in-gel digestion of proteins, up 
to the MS analysis step can take up to 3 days, while the in-solution digestion of pro-
teins up to the MS analysis can take only about 5 h. The labor required when the 
electrophoresis step and in-gel digestion is used can be as much as 24 h of labor, 
while the in-solution digestion step typically requires a maximum of 3 h. The in-
solution digestion step is advantageous over the electrophoresis and in-gel digestion 
step because of the time and labor savings. The reason for which many scientists do 
not use in-solution digestion is because of the scientifi c outcome. For example, with-
out the SDS-PAGE electrophoretic fractionation step, one cannot create molecular 
mass constraints to monitor particular proteins (i.e., the focus is only on low abundant 
50 kDa protein), simply because the samples without fractionation are analyzed as a 
whole and the low abundant proteins may not be identifi ed by MS analysis. In addi-
tion, when the proteins are investigated for identifi cation of their amino acid sequence 
information or for identifi cation of their PTMs such as phosphorylation, acetylation, 
or glycosylation, and the proteins that bear these PTMs are not abundant, the SDS-
PAGE step is almost mandatory. Furthermore, when the stable and transient PPIs are 
investigated, native gel electrophoresis step is a must for biochemical fractionation. 

 Native gel electrophoresis (Blue Native-PAGE or BN-PAGE and Colorless 
Native-PAGE or CN-PAGE) allows protein complexes from various sources to be 
separated according to their molecular weight (MW) and external charge (BN-PAGE) 
or based on the internal charge of subunits in protein complexes (CN-PAGE) [ 32 , 
 33 ]. Therefore, to solve one of the most critical bottlenecks in proteomics, it would 
be ideal to combine the power of protein fractionation (electrophoresis) with the 
speed (low time and labor) of in-solution digestion, and to obtain the optimal scien-
tifi c outcome, similar to the electrophoresis and in-gel digestion procedure. In other 
words, to use electrophoresis step for protein fractionation but not use the in-gel 
digestion; but to rather dissolve the gel followed by the low-time, low-labor in- 
solution digestion step and MS analysis. 

 One solution to this could be to use degradable gels, thus addressing the bottle-
neck issue and bypassing the in-gel protein digestion and peptide fragmentation by 
simply replacing the current electrophoresis gel crosslinker ( N , N ′-
methylenebisacrylamide (MBA)) with a cleavable one. There are various types of 
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gel monomers used to build electrophoresis gels. The most frequently used are an 
acrylamide-MBA mixture, with MBA used as a crosslinker. Alternatives to MBA as 
a crosslinker are cleavable crosslinkers, which can be used to generate reversible 
polyacrylamide gels. They can be divided into those cleavable by oxidation (e.g., 
 N , N ′-1,2-dihydroxyethylenebisacrylamide or  N , N ′-diallyl-tartar-diamide) [ 34 ,  35 ] 
and those which undergo reductive cleavage (e.g.,  N , N ′-bisacryloyl- cystamine) 
[ 36 ]. Recently, a modifi ed gel system based on co-polymerization of acrylamide 
with MBA and ethylene-glycol-diacrylate to offer controllable pore size was also 
communicated [ 37 ]. However, there are numerous problems with these crosslinkers, 
which are far from being optimal for proteomic studies. For example, one of these 
crosslinkers ( N , N ′-bis(acryloyl)cystamine) is a disulfi de-linked (commercially 
available) crosslinker. This crosslinker can be reduced by incubating the gel or gel 
piece in a reducing agent such as dithiothreitol or beta-mercaptoethanol. The end-
effect is disintegration of the gel piece and release of the protein. However, experi-
ments in our lab identifi ed several problems with this crosslinker: (1) since this is a 
disulfi de linker, the gel has to be run under non-reducing conditions, thus preventing 
one to investigate the cysteine-containing proteins, (2) the protein recovery effi -
ciency is very low (we recovered about 10–20 % of the initially loaded protein), (3) 
the proteins that are extracted from the gel are over-alkylated, thus complicating the 
protein identifi cation due to artifi cial alkylation, (4) the method is environmentally 
unfriendly, since it creates a large amount of reducing agent (e.g., beta-mercapto-
ethanol), (5) the protein is very diluted and requires concentration (the protein 
within the gel piece is usually incubated in 100 mM beta- mercaptoethanol). 
Therefore, designing new crosslinkers that are compatible with proteomic experi-
ments, does not artifi cially modify proteins, allows the protein to be recovered with 
a high effi ciency, and is both time- and labor effi cient is important and would solve 
one of the most critical bottlenecks in proteomics.  

29.4     Bottleneck # 3: Ionization 

 Another important bottleneck in MS-based proteomics is related to the ionization 
method. It is imperative to choose the appropriate matrices (MALDI), solvents, and 
salt for a specifi c analysis under consideration (ESI). Of the two mostly used soft 
ionization techniques (MALDI and ESI), it has been shown that ESI is the more 
appropriate for fragile and/or labile biomacromolecules. With ESI, in-source frag-
mentation is limited and PTMs as well as non-covalent attachments are preserved, 
whereas MALDI is more prone to loss of information. Another issue with MALDI 
is the high background generated by matrix ions that increases the noise and could 
hamper identifi cation of low-abundant biomolecules. It has been suggested that the 
organic matrix could be replaced with an inorganic nanomaterial surface to increase 
the signal-to-noise ratio [ 38 ].  
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29.5     Bottleneck # 4: Data Analysis and Interpretation 

 Post-MS analysis, a huge amount of data generated has to be processed and con-
verted into biological meaning. This requires understanding of the fragmentation 
pattern of the biomacromolecules at hand so that useful structural information can 
be obtained from the data. This task can be undertaken manually (this is time- 
consuming and requires a lot of expertise and skills) or can be done with the help of 
a multitude of available software. The goal here will be to extract biological infor-
mation from mass spectrometric data through a completely simple automated 
approach that requests little time and effort from the user. One particular issue 
encountered during data analysis is the different outcome resulting from the analysis 
of MS data using different software which makes the interpretation of results some-
how uncertain. Though these software programs are mostly very sophisticated, they 
are not always easy to use and to understand [ 10 ,  39 ]. In the case of MS/MS, the 
availability of reference spectra is of critical importance. Identifi cation of novel pro-
teins or copolymers is rendered diffi cult or could even be missed if corresponding 
reference spectra are absent. In this case, one must manually investigate the data in 
order to identify these novel entities. This is, for example, observable during Mascot 
searches, where peptides with very good scores are not assigned by the software for 
reasons mentioned above or some other unknown factors (organism with incomplete 
or unavailable genome sequence, novel isoforms of a protein). Therefore, research-
ers have to perform at least two searches (e.g., Mascot and Sequest) for confi dent 
identifi cation [ 40 ,  41 ]. This holds true also for software used for visualization/pre-
sentation or quantitation of MS raw data such as Scaffold or DTAselect [ 42 ,  43 ]. 

 As for the analysis of synthetic or derivatives of biomacromolecules, tandem MS 
libraries should be created and made accessible to the whole scientifi c community. 
Moreover, an effort should be undertaken to gather and organize all the published 
MS-based proteomic data in an openly accessible database so that researchers can 
gain access to them for analysis, evaluation, reproducibility, interpretation, and 
extraction of information. The idea is to store proteomic data obtained with different 
MS instruments in a single global database in a format that is compatible with a free 
online tool. An example of such a format is “mzXML,” an open, generic XML 
(extensible markup language) for MS, MS/MS, and MS  n   data output. We believe 
that this should be a requirement for all manuscript submissions to proteomic jour-
nals. The idea of a centralized, organized, structured, and openly accessible MS-data 
storage center will advance proteomic research tremendously [ 44 – 46 ].  

29.6     Bottleneck # 5: False Positives, False Negatives, 
and Unassigned Spectra 

 Although this is really part of data analysis, this topic deserves special consider-
ation. It is a great challenge to do a database search (i.e., using Mascot database 
search engine) and to realize that many, sometimes too many MS/MS spectra are 
unassigned to any peptide. In addition, some MS/MS spectra that correspond to a 
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peptide are not in the Mascot database search, due to the search parameters, i.e., an 
oxidized peptide will not be identifi ed if we do not choose to search for it, or a pep-
tide with two missed tryptic cleavage sites will not be identifi ed if we use only one 
missed cleavage site during the search. Furthermore, searching in Mascot database 
with or without the decoy function eliminates some true positive spectra and only 
inspection of the raw data elucidates whether a MS/MS spectrum indeed corre-
sponds to a peptide with a particular amino acid sequence or not. While all these 
“little bottlenecks” are not a problem and for most of them there is already a solu-
tion such as using the variable modifi cation option for methionine oxidation or 
using two missed cleavage sites for trypsin, or submitting the MS/MS spectra as 
supplementary data for a manuscript submitted for publication, the largest problem 
for which there is still no solution is the natural and artifi cial modifi cation of the 
peptides, which leads to two major problems: (1) a perfectly fi ne MS/MS has no 
peptide assigned because the peptide contains an artifi cial modifi cation such as 
iodoacetamide modifi cation of the N-terminal amino acids within peptides, leading 
to an unassigned MS/MS spectrum and an unidentifi able peptide and (2) artifi cial 
alteration of the peptides by experiment-induced peptide modifi cation, which leads 
to errors in data quantitation. Again, in this case, the same example is given: when 
a peptide is alkylated at the non-cysteine amino acids, the amount of the precursor 
that corresponds to the unmodifi ed peptide is sometimes very low. Such an example 
of artifi cial peptide modifi cation was published by our lab with one example given 
in Fig.  29.2 .

29.7        Bottleneck # 6: Instrumentation 

 MS instruments are very costly, delicate, and require a lot of maintenance and trou-
bleshooting. This is one of the main reason MS is usually compared to NMR, which 
is thought to have the upper hand with regard to high-throughput, robustness, and 
the relative simplicity of the sample preparation steps. However, NMR cannot 
match the sensitivity and structural ability of MS [ 47 ,  48 ]. Additionally, one needs 
to possess a diverse range of instrument types in order to cover all possible applica-
tions, as one specifi c instrument cannot perform all kinds of experiments. 
Furthermore, there is still a need for mass spectrometers with better sensitivity, 
accuracy, and resolution. For example, dynamic ranges obtained by current MS 
instruments oscillates between 10 4  and 10 5 , while the concentration range of pro-
teins in human blood plasma is about 10 12  [ 49 ,  50 ]. The aforementioned limitation 
is also related to another challenge in proteomics, which is the bias towards high- 
abundant and soluble proteins leading to the non-detection of disease-relevant low- 
abundant proteins [ 51 ]. This is also true for low-abundant PTMs or PPIs in complex 
samples. To partly remedy this situation, it is often recommended to operate one or 
more fractionation steps (usually chromatography) or enrichment of selected spe-
cies (antibody-based, IMAC, chemical methods) prior to MS as a means of reducing 
sample complexity.  
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  Fig. 29.2    NanoLC-MS/MS analysis of an SDS-PAGE gel band that was reduced by dithiothreitol 
(DTT), alkylated by iodoacetamide (IAA) and digested by trypsin. ( a ) MS/MS of the doubly- charged 
precursor ion with  m / z  of 877.33 produced a series of b and y product ions that led to the identifi ca-
tion of the peptide with sequence NTDGSTDYGILQINSR that was part of the lysozyme protein. 
This peptide was identifi ed during the Mascot database search. ( b ) MS/MS of the doubly- charged 
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29.8     Bottleneck # 7: Biological Signifi cance 

 Perhaps one of the biggest bottlenecks in proteomics is the assignment of a biologi-
cal role and of a biological, physiological, pathological, or clinical signifi cance to a 
proteomic experiment. For example, when one performs a proteomics experiment, 
the outcome is a list of identifi ed proteins or a list of ratios for a number of proteins. 
However, these proteins are not deeply investigated; having a list of proteins in a 
proteomic experiment is far from refl ecting the physiological phenomenon that hap-
pens in an organelle, cell, tissue, organ, or organism. Information about the PTMs 
or interaction partners of these proteins is often not investigated. Instead, research-
ers focus on the investigation of several proteins (usually 3–5) by one (relative 
quantitation using the precursor ions or Western blotting) or more (Western blotting 
and immunofl uorescence) methods, sometimes associated with functional experi-
ments such as down-/up-regulation of these proteins, mutation of a protein, or 
transient/stable transfection of the DNA that encodes that protein. In addition, 
researchers rarely investigate more than 4–5 proteins in one proteomic experiment; 
in the proteomic world, these proteins are called the “validated proteins.” While it is 
good to focus on a few proteins that are identifi ed as crucial in a proteomic experi-
ment, the other proteins are almost never investigated. The outcome of a proteomic 
dataset is published and almost never re-investigated for other proteins. Therefore, 
the biological signifi cance in a dataset is explored only with regard to a few pro-
teins; the rest of the information, even if it is deposited in a proteomic database (i.e., 
PRIDE), is lost or is almost never investigated. As such, a large amount of pro-
teomic data is produced, but a very little amount is truly investigated. 

 Although not a bottleneck, another problem with assignment of a biological sig-
nifi cance is the enzymatic activity of a protein and the position of a modifi cation 
such as phosphorylation, acetylation, or methylation within the three-dimensional 
structure of that protein. One of these modifi cations, phosphorylation, is not only an 
important functional part of proteomics, but also an established proteomic subfi eld 
(phosphoproteomics). Phosphoproteomics is an important functional part of pro-
teomics, and a method that quantitatively compares the phosphorylation of proteins 
from two different conditions, e.g., unstimulated and stimulated in vitro-grown 
cells. However, it is now clear that phosphorylation of a protein does not have 

Fig. 29.2 (continued) precursor ion with  m / z  of 905.83 produced a series of b and y product ions that 
led to the identifi cation of the mono-alkylated peptide with sequence N*TDGSTDYGILQINSR. 
This modifi cation led to a 57 Da increase in the  m / z  of the precursor ion, compared with the precursor 
ion shown in ( a ). ( c ) The low mass range of the MS/MS spectrum shown in ( a ). ( d ) The low mass 
range of the MS/MS spectrum shown in ( b ). The  star  on the amino acids such as 
N*TDGSTDYGILQINSR indicates that the marked amino acid is alkylated. ( e ) MS spectrum show-
ing the doubly-charged precursor ions with  m / z  of 877.33,  m / z  of 905.83, and  m / z  of 934.35 that 
corresponds to the unmodifi ed peptide NTDGSTDYGILQINSR, mono-alkylated peptide 
N*TDGSTDYGILQINSR, and di-alkylated peptide N*TDGSTDYGILQIN*SR. Reproduced with 
permission from [ 52 ]       
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biological signifi cance in itself, but rather the amino acid residues that are phos-
phorylated, the number of amino acids phosphorylated in one protein at a particular 
physiological condition, and the role in inserting a negative charge within a particu-
lar region(s) of the protein, as well as the biological effect that is observed or moni-
tored. This information is almost never taken into account by any proteomic 
researcher. Yet, the role of protein phosphorylation and the number of phosphoryla-
tions in a protein, as well as the position of the phosphate group in a three dimen-
sional structure of a protein seriously affects its enzymatic activity, as refl ected in 
the biochemistry textbooks for glycogen synthase. Additional information associ-
ated with protein phosphorylation is also not considered. For example, protein trun-
cation is almost never investigated in a regular proteomic experiment. Similarly, 
association of the protein phosphorylation with PPIs (particularly transient ones), is 
also not taken into account. As such, protein phosphorylation may also be consid-
ered a bottleneck in proteomics with regard to the interpretation of the biological 
signifi cance of a phosphorylation of a specifi c protein, at a specifi c amino acid resi-
due within a protein, at a particular time.  

29.9     Conclusions 

 MS-based techniques have been employed for the comprehensive analysis of pro-
teins. These methods have enabled multiple discoveries and signifi cant advances in 
the biomedical fi eld. However, it is only in combination with other omics disci-
plines (lipidomics, glycomics, transcriptomics, metabonomics) that proteomics will 
be able to provide complete answers to pressing biomedical questions of our time. 
We even envision that MS-based techniques could be expanded to the analysis of 
synthetic biomolecules, polymers, and other chemical entities. This has been mainly 
possible due to the recent development of better performing instrumentation. 
Nonetheless, there is still plenty of room for improvements in terms of instrumenta-
tion. An example is the fact that currently available instruments can only sequence 
precursor ions up to 5,000  m / z . Instruments that could go beyond this present limit 
are highly desirable for better identifi cations and sequence coverage. Further, there 
are not globally acceptable standards for the submission of proteomics data. For 
instance, the number of required technical and biological replicates varies from 
journal to journal. In some cases, two is enough and in other cases three is the mini-
mum requested. One thing that has been shown in numerous studies is the much 
larger biological variability compared to the rather less signifi cant technical vari-
ability. Another controversial point is the mention of false discovery rates (FDR) 
and where the threshold for this parameter should lie. Moreover, MS results should 
always be validated, preferentially with a different method such as immunoblotting 
or ELISA. However, MS methods like single/multiple reaction monitoring (SRM/
MRM) are becoming more and more employed for validation purposes. 

 Though not mentioned as a bottleneck, the lack of adequate training for graduate 
students in this fi eld is an important aspect hampering the large-scale use and 
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understanding of MS data analysis. Many students that work with mass spectrom-
etry are good users, but do not understand in depth the complexities and challenges 
associated with mass spectrometry. There should be a transfer of knowledge from 
established MS experts towards interested graduate students.     
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