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Trends in ultrasensitive proteomics
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Here we review recent developments and trends in sample

preparation, pre-fractionation, chromatography and mass

spectrometry contributing towards the ultra-sensitive global

analysis of proteins. Highly sensitive MS-based proteomics is

not only beneficiary for the proteome analysis of single cells, an

aim which is getting into reach, but also clearly relevant for the

analysis of (a) subcellular organelles, (b) specific low-abundant

cell-types such as adult stem cells, and (c) smaller but more

homogeneous cell populations sorted or dissected from

(diseased) tissue.
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Introduction
Mass spectrometry (MS) is now the method of choice for

identifying proteins [1,2], elucidating their posttransla-

tional modifications [3,4], and reading out their functional

interactions [5,6]. Therefore, MS has become an essential

tool for biologists and biochemists in their efforts to

understand the molecular mechanisms regulating cellular

systems. On a more critical note covering the proteome in

‘comprehensive’ detail requires still rather large amounts

of starting material, being cells, body fluid or tissue,

hampering the analysis of smaller organelles or cellular

subtypes. Thus, notwithstanding the major recent

advances, innovations in MS based proteomics are still

urgently needed [1]. These include improved dynamic

range (>106) to access low abundance components within

the vicinity of high-abundance components, and sensi-

tivity, to allow for the analysis of smaller sample sizes.

Improving these two critical MS parameters will allow us

to take full advantage of the ever increasing analysis

speed of MS platforms and will enable even deeper

analysis of complex samples to become routine.
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One of the major goals of proteomic research is to be able

to monitor all proteins in a particular biological system,

such as a cell type or cellular subfraction/organelle. There

are several different reasons why MS based proteomics

needs to become more sensitive and comprehensive.

First, targeting specific subcomponents of the cell or

the proteome can both enhance the sensitivity of the

analysis and contribute to the functional analysis of these

proteins. Second, an increasing amount of data indicates

that the behavior of cells in a population (in a culture, in

an organ) cannot always be reliably approximated by the

population average that results when cells are analyzed as

a pool. Stochastic fluctuations in gene or protein expres-

sion, between cells of an otherwise identical group, can

induce differences in their behavior having profound

consequences for cell differentiation and responses to

stimuli [7–9]. Therefore, upon external stimulus, neigh-

boring cells or populations of cells may behave very

differently and for example become activated, show no

response at all or go into apoptosis. Averaging cellular

responses, as generally done in current proteomics exper-

iments, may thus dilute the sought responses or markers.

Targeting only cells of interest has as additional benefit

that the background signal may be reduced, enhancing

the dynamic range achieved.

To achieve such targeted strategies at an ultrasensitive

level, optimized methods are required in all sections of

the MS based proteomics pipe-line (see Figure 1). It

includes efficient subfractionation and purification of the

cells and cellular components of interest, efficient

methods to lyse the cells and digest the proteins without

major sample losses, and finally fast and sensitive

methods for separation, detection and identification of

all possible peptides/proteins. Clearly, a combination of

maximizing both the specificity of the sample prep-

aration method and the protein detection is essential.

Here we review some current trends in ultra-sensitive

proteomics, highlighting different complementary

approaches, in particular in cellular/organellar pre-frac-

tionation and trends in chromatography and mass spec-

trometry targeted at improving sensitivity as summarized

in Table 1.

Cellular pre-fractionation
Antibody-based purification methods for cellular popu-

lations are well established and have proven particularly

useful for instance for the isolation of blood cell or

immune cell populations. Two powerful cell purification

methods that incorporate antibodies for specificity are

fluorescence activated cell sorting (FACS) [10,11�,12] and

immune magnetic separation [13]. FACS is a specialized
s, Curr Opin Chem Biol (2012), doi:10.1016/j.cbpa.2011.12.011
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Figure 1
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Towards ultrasensitive proteomics workflows. Samples containing inherently low amounts of material, such as cellular subpopulations within tissues or

subcellular organelles require extensive (pre)fractionation. Subpopulations of cells can be enriched by techniques such as fluorescence activated cell

sorting (FACS) or dissected from tissue using laser capture micro-dissection (LCM). To reduce complexity, sensitive nanoscale fractionation and

separation at very high resolution (UPLC) are interfaced with advanced MS platforms, exhibiting high speed, sensitivity and resolution.
type of flow cytometry providing a method for sorting a

heterogeneous mixture of biological cells into two or more

containers, one cell at a time, based upon the specific light

scattering and fluorescent characteristics of each cell. It

involves passing cells through flow chambers at high rates

(>20 000 cells/s) and using lasers to excite fluorescent

tags (‘fluorochromes’) that are usually attached to anti-

bodies; different antibodies are tagged with different

colors, enabling researchers to quantify molecules that

define cell subtypes or reflect activation of specific path-

ways. With magnetic separation, the cells or subcompo-

nents of interest must be labeled with a specific antibody.

Both methods are capable of yielding hundreds up to

millions of purified cells of a specific subtype. FACS-

based cell purification methods have been already

coupled to downstream MS based proteomics analysis
Please cite this article in press as: Altelaar AFM, Heck AJR. Trends in ultrasensitive proteomic

Table 1

Overview of the different techniques discussed and their identificatio

Technique Material 

FACS – SDS Dendritic cells 

FACS – SDS V-ATPase-rich cells 

FACS – HILIC Stem cells 

LCM Breast carcinoma tissue 

LCM Kidney gromeruli 

LCM – SAX Breast and colon cancer tissue 

Replay Single pancreatic islet 

Single LC–MS 8 h gradient HeLa cells 

Single LC–MS 5 h gradient HeLa cells 

Single LC–MS 8 h gradient HEK293 cells 

Single LC–MS 4 h gradient Yeast strain W303 MATa 

Rare cell proteomic reactor hESCs cells 

Centrifugal proteomic reactor ER and Golgi microsomal membranes

AutoProteome system Suprachiasmatic nucleus neurons 
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for instance on purified human leukocyte populations,

murine liver-cell populations, and mitochondria. Da Silva

et al. [10] combined FACS sorting with proteomics

analysis harvesting V-ATP-rich cells isolated from mice

kidney and epidermis, generating and breeding EGFP-V-

ATPase tagged mice. These V-ATP-rich cells are present

in different tissues and have a dedicated function in

proton transport acidifying the extracellular environment.

Following collection of GFP-positive cells they were able

to detect about 1500 proteins from about 200 000 FACS

sorted cells. Luber et al. [14] used FACS sorting to purify

dendritic cell (DC) subsets from mouse spleens using the

expression of CD8a and CD4 surface molecules

(Figure 2). Subsequently, they analyzed by mass spec-

trometry using label-free quantification more than 5000

proteins from a few micrograms of material. Therefore,
s, Curr Opin Chem Biol (2012), doi:10.1016/j.cbpa.2011.12.011

n depth

Quantity Maximum # proteins

identified

Reference

20 mg 6664 [14]

– 2297 [10]

5000 cells 3775 [11�]

300 ng/3000 cells 1003 [17]

�10 000 cells �2400 [19�]

5–7 mg/�20 000 cells 3600–4400 [20]

2000–4000 cells 2013 [19�]

1 mg 2516 [33]

1 mg 2587 [29]

2 mg 4622 [34]

4 mg 4084 [35]

50 000 cells 2281 [42]

 20 mg 955 [43]

200 mg 1958 [44]
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Figure 2
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Flow cytometry MS-based proteomics approach (adapted from Ref. [14]). (a) Dendritic cells are sorted into subsets by flow cytometry, according to

the expression or absence (DN) of CD8a and CD4 surface molecules. Sorted CD4+, CD8a+, and DN conventional (c)DCs, resulting in 15–20 mg total

protein each, were separated by SDS-PAGE and, after tryptic in-gel digestion, analyzed by online LC–MS. (b) Analysis of the entire cDC data set

identified 5359, 5642, and 4830 proteins, respectively and revealed that differences exist in viral recognition upon subsets of dendritic cells, whereby

the CD8a+ DCs largely lacked the receptor RIG-I required to sense certain viruses. Upon activation CD4+ and DN cDCs secrete type I interferons (IFN),

and therefore play an important role in response to viral infections.
conventional DC (cDC) preparations from pooled spleens

of 32 mice were used yielding more than 2.5 � 106 cDCs

per subset. A major finding in this study was that differ-

ences exist in viral recognition upon subsets of dendritic

cells, whereby the CD8a+ DCs largely lacked the recep-

tors required to sense certain viruses. Following similar

strategies Di Palma et al. collected and analyzed adult

colon stem cells from a mouse strain in which green

fluorescent protein (GFP) has been knocked into the

Lgr5 locus. Lgr5 is a gene that is uniquely expressed

in the stem cells of several adult tissues such as intestine,

hair follicles and stomach [15]. Following, very high

enrichment (>95%) of these GFP positive cells from

mouse intestines, albeit in rather small quantities of

around 5000 colon stem cells, they were still able to

detect about 4000 proteins combining hydrophilic inter-

action liquid chromatography (HILIC) with regular

reversed phase (RP) LC. Liu et al. [16] addressed the

issue of different cell populations being present in organs

such as the liver. Although liver is often seen as a relative

homogenous organ, it contains multiple different cell

types, which have been enriched for by a combination

of collagenase-based density gradient centrifugation and
Please cite this article in press as: Altelaar AFM, Heck AJR. Trends in ultrasensitive proteomic
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magnetic activated cell sorting. This approach led to the

isolation of four distinct types of liver cells, hepatocytes,

hepatic stellate cells, Kupffer cells and liver sinusoidal

endothelial cells, enabling cell type specific proteome

profiling and preventing population averaging.

Laser capture micro-dissection
Proteomics methods still need to be further improved to

become amendable for the analysis of (clinical) tissue

samples, a task considerably hampered by tissue hetero-

geneity. Laser capture micro-dissection (LCM) can be

used to selectively isolate target cells from their native

tissue environment. However, so far the small number of

cells that is typically procured by LCM severely limits

proteome coverage. Umar et al. [17] combined LCM with

nanoflow LC-FT-ICR MS analyzing protein digests of

3000 tumor cells from breast carcinoma tissue. A total of

around 1000 proteins could be identified by matching

LC–MS data to accurate mass and time (AMT) tag

databases that were previously established for human

breast cell lines. In a similar approach, Dos Santos

et al. [18] found tumor specific expression changes for

39 proteins in Human intrahepatic cholangiocarcinoma,
s, Curr Opin Chem Biol (2012), doi:10.1016/j.cbpa.2011.12.011
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of which several could be linked to tumorigenic pathways.

Waanders et al. [19�] characterized kidney glomeruli iso-

lated by laser capture micro-dissection to a depth of more

than 2400 proteins. Moreover, they were able to identify

over 2000 proteins from single pancreatic islets of Lan-

gerhans, containing 2000–4000 cells and could quantitat-

ively compare the proteome of such single islets, treated

with high or low glucose levels. Such results clearly

indicate that direct proteomic analysis of functionally

distinct cellular structures opens up new perspectives

in physiology and pathology. Wisniewski et al. [20] com-

bined filter-aided sample preparation (FASP) workflow

with strong anion exchange (SAX) fractionation and LCM

providing a very powerful method that even could be

applied to the analysis of formalin fixed and paraffin

embedded human tissues. They reached a depth of

3600–4400 proteins per single LC MS/MS run comparing

archival neoplastic and matched normal colonic mucosa

cancer specimens for three patients observing the differ-

ential expression of 30 known colon cancer markers.

A severe challenge that remains to be addressed by

clinical proteomics is intratumor heterogeneity. During

tumor development individual cells compete for space

and resources and at the same time cooperate to evade the

immune system and progress into new areas. This evol-

ution causes the appearance of distinct cell populations

within the tumor, containing their own genetic and epi-

genetic identity and responding differently to treatment

[21]. As these cell populations may look very similar in the

tissue environment, targeting them specifically is diffi-

cult. One emerging technology to deal with this challenge

in MS imaging, which, although struggling with sensi-

tivity and identification power, is able to create distinct

biomolecular profiles from such heterogeneous tumor

regions [22,23�].

Mass spectrometry
Significant advances have been in mass spectrometric

instrumentation, from which proteomics research is ben-

efitting immensely [2,24,25]. Hybrid instruments have

been designed to combine the capabilities of the indi-

vidual instruments, with a focus on faster and more

sensitive analysis primarily of peptides by LC MS/MS.

Several recently introduced MS platforms have improved

ion inlets and transfer optics improving sensitivity, such

as the S-lens in the Thermo Q Exactive, the Qjet in the

AB Sciex TripleTof 5600 and the StepWave ion transfer

in the Waters Synapt 2G-S. Furthermore, all these plat-

forms have increased their sequencing speeds to such an

extent that, with current dynamic range limits, virtually

all observed eluting peaks can be targeted. The Q Exac-

tive reaches an MS/MS speed of 12 Hz at a resolution of

12 500 at m/z 400, which comes down to approximately 1 s

analysis time for a top 10 method, including the MS scan

at 50 000 resolution [26�]. This increased sequencing

speed results in the identification of >2500 proteins from
Please cite this article in press as: Altelaar AFM, Heck AJR. Trends in ultrasensitive proteomic
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an undefined sample amount utilizing a single 90 min

gradient. The 5600 platform of AB Sciex can even reach

higher sequencing speeds as it can operate at 100 Hz.

However, maximum identifications have been obtained

at 20 Hz sequencing speed, with 25 000 resolution at m/z
186, identifying >1100 proteins from 200 ng of yeast in a

single 85 min gradient [27�]. Next, when dealing with

limited sample amounts maximum information can be

obtained when the majority of peptides can be efficiently

fragmented. Besides improved identification rates

through high resolution and mass accuracy of the frag-

ment data, access to complementary techniques in a

single analysis has increased sampling depth. Electron

transfer dissociation (ETD) is complementary to collision

induced dissociation (CID) in that it produces richer

fragment spectra from highly charged peptides (>3+)

and leaves PTMs intact on the peptide backbone. Swa-

ney et al. [28] showed that, when both fragmentation

methods are available on a single platform, the comple-

mentarity can be exploited to increase sequencing suc-

cess rate by choosing either CID or ETD in a data

dependent decision tree approach, based on precursor

charge and m/z observed in the MS scan. Using this

decision tree logic they identified 53 055 peptides in

total, which was greater than using CID (38 293) or

ETD (39 507) alone. Frese et al. [29] modified this

decision tree logic to accommodate for fragment spectra

readout in the Orbitrap analyzer for both ETD and CID

(HCD) and Zhou et al. [30] showed that this approach aids

in the identification depth of phosphopeptides.

An alternative approach to tackle the dynamic range issue

and increase sensitivity is represented by single reaction

monitoring (SRM) based approaches. As such approaches

have been reviewed extensively recently, and do not

provide an unbiased proteome coverage approach; we

refer the interested reader to these reviews [31,32].

Chromatography
There are many ways to tackle the dynamic range issues in

MS-based proteomics. These include the coupling of sev-

eral stages/phases of chromatography to enhance peptide

separation, which evidently goes at the expense of longer

analysis time [25,33,34]. Moreover, care has to be taken that

such an approach does not go hand-in-hand with cumulative

sample loss, favoring somewhat online approaches.

Additionally, new chromatographic approaches are evalu-

ated that either use longer-columns, smaller inner

diameters and/or alternative phase materials (e.g. SCX,

HILIC, WAX, ERLIC) [33], all implemented to enhance

the separation power and/or sensitivity. Illustrative of the

state-of-the art in sensitivity in RP chromatography Kocher

et al. [35] identified over 2500 proteins in a tryptic digest of

1 mg of lysate using a single 8 h gradient on a

50 cm � 75 mm column packed with 2 mm particles. Frese

et al. [29] showed a similar depth of analysis (>2500

proteins) from 1 mg of material using single 5 h gradients
s, Curr Opin Chem Biol (2012), doi:10.1016/j.cbpa.2011.12.011
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on a 35 cm � 50 mm column packed with 3 mm particles, in

combination with decision tree guided peptide CID/HCD/

ETD fragmentation, as described above. The Mann group

reported the identification of almost 3000 proteins from

yeast obtained using a 50 cm � 75 mm column, 1.8 mm

particle sizes and a column heater to restrain the operating

pressure, with an 8 h gradient ran in triplicate [36]. Next

they further increased the performance by transferring their

LC setup to an EASY nLC 1000 UPLC system coupled to

the new Q Exactive MS, combining increased separation

power with increased sequencing speed [37��]. This setup

identified over 4000 proteins in 4 h gradients ran in sixplex

starting with 4 mg of material. This number of identified

proteins comes close to the total number expressed and thus

allowed system-wide yeast proteome analysis upon heat

shock. Di Palma et al. showed that using a zwitterionic

hydrophilic interaction liquid chromatography approach

high resolution in separation could be achieved allowing

the reasonable comprehensive proteome analysis of about

5000 FACS sorted adult stem cells [11�,38]. Masuda et al.
[39�] reported on a miniaturized LC–MS system with a

high-recovery phosphopeptide enrichment protocol based

on hydroxy acid-modified metal oxide chromatography

(HAMMOC) that enabled them to detect over 1000 phos-

phorylation sites starting with only 104 cells (1 mg starting

material). Their miniaturized analytical column of 25 mm

diameter provided a 3.6-fold improvement in sensitivity

over the conventional 100 mm diameter column.

To go from several thousands of cells towards single cell

proteomics, several of these developments will have to be

combined and preferentially constructed into an online

system to minimize sample losses. Individual steps in
Please cite this article in press as: Altelaar AFM, Heck AJR. Trends in ultrasensitive proteomic
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online sample preparation, fractionation and separation

have already been reported. Waanders et al. introduced an

on-line ‘replay’ system whereby the LC flow is initially

split, and one portion is analyzed directly, while the other

is diverted to a capture capillary, only analyzing under-

sampled features in the replay run [19�,40]. An automated

online pressurized digestion system has been developed

allowing the simultaneous introduction of the sample and

the enzyme, circumventing sample handling steps [41].

The authors then combined this system with a modified

form of replay, splitting the flow to have one portion

digested with pepsin and the other portion analyzed as

intact proteins, combining top-down and bottom-up pro-

teomics in a single online setup [42]. Online chemical

stable isotope labeling for quantification has been

reported by Raijmakers et al. [43], where each sample

was loaded onto a trap column followed by the loading of

chemical reagents to accomplish full labeling, after which

the next sample was loaded and treated. With this

approach 3 samples can be compared quantitatively using

dimethyl stable isotope labeling, while circumventing

elaborate offline sample handling, minimizing sample

losses, and thus making it very well suited for small

sample volumes. The group of Figeys has developed

online proteomics platforms fully integrating pre-concen-

tration, buffer exchange, reduction, alkylation, digestion

and on-line 2D LC–MS/MS for the analysis of small

sample amounts. With this system they targeted bio-

logical systems where sample availability is inherently

low, such as ER and Golgi microsomal membranes in rat

hepatic cells [44] and suprachiasmatic nucleus neurons

from a single mouse [45], identifying 955 and 2131

proteins, respectively.
s, Curr Opin Chem Biol (2012), doi:10.1016/j.cbpa.2011.12.011
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cific antibodies conjugated to rare transition element isotope reporters,

 an elemental mass spectrum is acquired for each by ICP-MS, providing

Current Opinion in Chemical Biology 2011, 16:1–8
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Conclusions and outlook
Genuine single cell analysis with MS so far only results in

the detection of high abundant peptides, metabolites and

lipids [46]. For the analysis of the protein content directly

from single cells the complexity and huge dynamic range

are still large hurdles to take. An encouraging piece of

work in this respect was recently reported by Salehi-

Reyhani et al. [47�] describing a microfluidic antibody

capture chip to determine protein copy numbers in single

cells. They employed optical methods to isolate, trap and

lyse a single cell, after which the protein of interest is

captured by its antibody and measured by total internal

reflection microscopy.

An exciting new development combining FACS and mass

spectrometry is mass cytometry (Figure 3). In mass cyto-

metry [48��,49] transition element isotopes not normally

found in biological systems (e.g. lanthanides) are chelated

to antibodies. Cells, with bound antibody isotope conju-

gates, are sprayed as single-cell droplets into an inductively

coupled plasma mass spectrometer (ICP-MS) creating a

quantifiable response profile. The ICP-MS based detec-

tion eliminates overlap between tags (as occurring in

fluorescence detection), and allows a great variety and

number of detectable markers, as sufficient isotopically

different rare earth metals are available, certainly more

than in traditional fluorescent based flow cytometry [50]. In

an early application mass cytometry was used to unravel

with high-resolution hematopoietic cellular subpopu-

lations. Unfortunately, cells vaporized in mass cytometry

cannot be recovered for further analysis, as with conven-

tional flow cytometry. Moreover, both traditional as well as

mass cytometry are dependent on the availability of good

antibodies, which are in particular for posttranslational

modified forms of proteins still in short supply.

In summary, ultrasensitive MS-based proteomics is making

significant progress, made possible through improvements

at different stages of the proteomics workflow. These

advancements open up way to explore by proteomics

important new biological questions such as the protein

signatures of adult stem cells, tumor heterogeneity and

ultimately stochastic fluctuations in protein expression.

Acknowledgements
This work was partly supported by PRIME-XS, grant agreement number
262067, funded by the European Union 7th Framework Programme; the
Netherlands Proteomics Centre, embedded in the Netherlands Genomics
Initiative and the Centre for Biomedical Genetics. We apologize for leaving
out further important contributions.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest
�� of outstanding interest

1. Chait BT: Mass spectrometry in the postgenomic era. Annu Rev
Biochem 2011, 80:239-246.
Please cite this article in press as: Altelaar AFM, Heck AJR. Trends in ultrasensitive proteomic

Current Opinion in Chemical Biology 2011, 16:1–8 
2. Cox J, Mann M: Quantitative, high-resolution proteomics for
data-driven systems biology. Annu Rev Biochem 2011,
80:273-299.

3. Huttlin EL, Jedrychowski MP, Elias JE, Goswami T, Rad R,
Beausoleil SA, Villen J, Haas W, Sowa ME, Gygi SP: A tissue-
specific atlas of mouse protein phosphorylation and
expression. Cell 2010, 143:1174-1189.

4. Lemeer S, Heck AJ: The phosphoproteomics data explosion.
Curr Opin Chem Biol 2009, 13:414-420.

5. Gavin AC, Aloy P, Grandi P, Krause R, Boesche M, Marzioch M,
Rau C, Jensen LJ, Bastuck S, Dumpelfeld B et al.: Proteome
survey reveals modularity of the yeast cell machinery. Nature
2006, 440:631-636.

6. Ewing RM, Chu P, Elisma F, Li H, Taylor P, Climie S, McBroom-
Cerajewski L, Robinson MD, O’Connor L, Li M et al.: Large-scale
mapping of human protein-protein interactions by mass
spectrometry. Mol Syst Biol 2007, 3:89.

7. Pedraza JM, van Oudenaarden A: Noise propagation in gene
networks. Science 2005, 307:1965-1969.

8. Saez-Rodriguez J, Alexopoulos LG, Zhang M, Morris MK,
Lauffenburger DA, Sorger PK: Comparing signaling networks
between normal and transformed hepatocytes using discrete
logical models. Cancer Res 2011, 71:5400-5411.

9. Spencer SL, Sorger PK: Measuring and modeling apoptosis in
single cells. Cell 2011, 144:926-939.

10. Da Silva N, Pisitkun T, Belleannee C, Miller LR, Nelson R,
Knepper MA, Brown D, Breton S: Proteomic analysis of v-
atpase-rich cells harvested from the kidney and epididymis by
fluorescence-activated cell sorting. Am J Physiol Cell Physiol
2010, 298:C1326-C1342.

11.
�

Di Palma S, Stange D, van de Wetering M, Clevers H, Heck AJ,
Mohammed S: Highly sensitive proteome analysis of facs-
sorted adult colon stem cells. J Proteome Res 2011,
10:3814-3819.

Implementation of HILIC-RP as a 2D-LC alternative in a proteomics
workflow, showing excellent sensitivity, multidimensional separation
power and minimal sample losses. This approach enabled the in-depth
global proteome analysis of 5000 colon stem cells, directly after the
extraction from the mouse intestine.

12. Khan SM, Franke-Fayard B, Mair GR, Lasonder E, Janse CJ,
Mann M, Waters AP: Proteome analysis of separated male and
female gametocytes reveals novel sex-specific plasmodium
biology. Cell 2005, 121:675-687.

13. Chakraborty R, Hazen TC, Joyner DC, Kusel K, Singer ME, Sitte J,
Torok T: Use of immunomagnetic separation for the detection
of desulfovibrio vulgaris from environmental samples. J
Microbiol Methods 2011, 86:204-209.

14. Luber CA, Cox J, Lauterbach H, Fancke B, Selbach M, Tschopp J,
Akira S, Wiegand M, Hochrein H, O’Keeffe M, Mann M:
Quantitative proteomics reveals subset-specific viral
recognition in dendritic cells. Immunity 2010, 32:279-289.

15. de Lau W, Barker N, Low TY, Koo BK, Li VS, Teunissen H, Kujala P,
Haegebarth A, Peters PJ, van de Wetering M et al.: Lgr5
homologues associate with wnt receptors and mediate r-
spondin signalling. Nature 2011, 476:293-297.

16. Liu W, Hou Y, Chen H, Wei H, Lin W, Li J, Zhang M, He F, Jiang Y:
Sample preparation method for isolation of single-cell types
from mouse liver for proteomic studies. Proteomics 2011,
11:3556-3564.

17. Umar A, Luider TM, Foekens JA, Pasa-Tolic L: Nanolc-ft-icr ms
improves proteome coverage attainable for approximately
3000 laser-microdissected breast carcinoma cells. Proteomics
2007, 7:323-329.

18. Dos Santos A, Court M, Thiers V, Sar S, Guettier C, Samuel D,
Brechot C, Garin J, Demaugre F, Masselon CD: Identification
of cellular targets in human intrahepatic
cholangiocarcinoma using laser microdissection and
accurate mass and time tag proteomics. Mol Cell Proteomics
2010, 9:1991-2004.
s, Curr Opin Chem Biol (2012), doi:10.1016/j.cbpa.2011.12.011

www.sciencedirect.com

http://dx.doi.org/10.1016/j.cbpa.2011.12.011


Ultrasensitive proteomics Altelaar and Heck 7

COCHBI-922; NO. OF PAGES 8
19.
�

Waanders LF, Chwalek K, Monetti M, Kumar C, Lammert E,
Mann M: Quantitative proteomic analysis of single pancreatic
islets. Proc Natl Acad Sci USA 2009, 106:18902-18907.

Highly sensitive utilization of the replay system in the analysis of single
pancreatic islets revealing impressive sampling depth beyond 2000
proteins from only approximately 2000–4000 cells.

20. Wisniewski JR, Ostasiewicz P, Mann M: High recovery fasp
applied to the proteomic analysis of microdissected formalin
fixed paraffin embedded cancer tissues retrieves known colon
cancer markers. J Proteome Res 2011, 10:3040-3049.

21. Merlo LM, Pepper JW, Reid BJ, Maley CC: Cancer as an
evolutionary and ecological process. Nat Rev Cancer 2006,
6:924-935.

22. Deininger SO, Ebert MP, Futterer A, Gerhard M, Rocken C: Maldi
imaging combined with hierarchical clustering as a new tool
for the interpretation of complex human cancers. J Proteome
Res 2008, 7:5230-5236.

23.
�

Willems SM, van Remoortere A, van Zeijl R, Deelder AM,
McDonnell LA, Hogendoorn PC: Imaging mass spectrometry of
myxoid sarcomas identifies proteins and lipids specific to
tumour type and grade, and reveals biochemical intratumour
heterogeneity. J Pathol 2010, 222:400-409.

Shows the applicability of MS imaging on tumor tissue, revealing intra-
tumor heterogeneity and single tissue sections containing high-grade and
low-grade tumors, supporting a concept of tumor progression through
clonal selection.

24. Han X, Aslanian A, Yates JR 3rd: Mass spectrometry for
proteomics. Curr Opin Chem Biol 2008, 12:483-490.

25. Yates JR, Ruse CI, Nakorchevsky A: Proteomics by mass
spectrometry: approaches, advances, and applications. Annu
Rev Biomed Eng 2009, 11:49-79.

26.
�

Michalski A, Damoc E, Hauschild JP, Lange O, Wieghaus A,
Makarov A, Nagaraj N, Cox J, Mann M, Horning S: Mass
spectrometry-based proteomics using q exactive, a high-
performance benchtop quadrupole orbitrap mass
spectrometer. Mol Cell Proteomics 2011, 10: M111 011015.

Reports the first use of the Q Exactive MS platform, showing increased
duty cylce and performance.

27.
�

Andrews GL, Simons BL, Young JB, Hawkridge AM,
Muddiman DC: Performance characteristics of a new hybrid
quadrupole time-of-flight tandem mass spectrometer (triplet
of 5600). Anal Chem 2011, 83:5442-5446.

Reports the first use of the TripleTof 5600 MS platform, showing
increased duty cylce and performance.

28. Swaney DL, McAlister GC, Coon JJ: Decision tree-driven
tandem mass spectrometry for shotgun proteomics. Nat
Methods 2008, 5:959-964.

29. Frese CK, Altelaar AF, Hennrich ML, Nolting D, Zeller M, Griep-
Raming J, Heck AJ, Mohammed S: Improved peptide
identification by targeted fragmentation using cid, hcd and etd
on an ltq-orbitrap velos. J Proteome Res 2011, 10:2377-2388.

30. Zhou H, Low TY, Hennrich ML, van der Toorn H, Schwend T,
Zou H, Mohammed S, Heck AJ: Enhancing the identification of
phosphopeptides from putative basophilic kinase substrates
using ti (iv) based imac enrichment. Mol Cell Proteomics 2011,
10: M110 006452.

31. Picotti P, Rinner O, Stallmach R, Dautel F, Farrah T, Domon B,
Wenschuh H, Aebersold R: High-throughput generation of
selected reaction-monitoring assays for proteins and
proteomes. Nat Methods 2010, 7:43-46.

32. Gallien S, Duriez E, Domon B: Selected reaction monitoring
applied to proteomics. J Mass Spectrom 2011, 46:298-312.

33. Horvatovich P, Hoekman B, Govorukhina N, Bischoff R:
Multidimensional chromatography coupled to mass
spectrometry in analysing complex proteomics samples. J
Sep Sci 2010, 33:1421-1437.

34. Mohammed S, Heck A Jr: Strong cation exchange (scx) based
analytical methods for the targeted analysis of protein
post-translational modifications. Curr Opin Biotechnol 2011,
22:9-16.
Please cite this article in press as: Altelaar AFM, Heck AJR. Trends in ultrasensitive proteomic

www.sciencedirect.com 
35. Kocher T, Swart R, Mechtler K: Ultra-high-pressure rplc
hyphenated to an ltq-orbitrap velos reveals a linear relation
between peak capacity and number of identified peptides.
Anal Chem 2011, 83:2699-2704.

36. Thakur SS, Geiger T, Chatterjee B, Bandilla P, Frohlich F, Cox J,
Mann M: Deep and highly sensitive proteome coverage by LC–
MS/MS without prefractionation. Mol Cell Proteomics 2011, 10:
M110 003699.

37.
��

Nagaraj N, Kulak NA, Cox J, Neuhaus N, Mayr K, Hoerning O, Vorm
O, Mann M: Systems-wide perturbation analysis with near
complete coverage of the yeast proteome by single-shot
uhplc runs on a bench-top orbitrap. Mol Cell Proteomics 2011, in
press.

System wide pertubations in yeast are examined by single LC–MS
analysis, combining high resolution LC separation with high resolution
and accuracy MS detection.

38. Di Palma S, Boersema PJ, Heck AJ, Mohammed S: Zwitterionic
hydrophilic interaction liquid chromatography (zic-hilic and
zic-chilic) provide high resolution separation and increase
sensitivity in proteome analysis. Anal Chem 2011,
83:3440-3447.

39.
�

Masuda T, Sugiyama N, Tomita M, Ishihama Y: Microscale
phosphoproteome analysis of 10 000 cells from human cancer
cell lines. Anal Chem 2011, 83:7698-7703.

Analysis of a significant amount of phosphopeptides (1011) from as little
as 1 mg of protein starting material, which is significantly lower than
conventionally shown.

40. Waanders LF, Almeida R, Prosser S, Cox J, Eikel D, Allen MH,
Schultz GA, Mann M: A novel chromatographic method allows
on-line reanalysis of the proteome. Mol Cell Proteomics 2008,
7:1452-1459.

41. Lopez-Ferrer D, Petritis K, Lourette NM, Clowers B, Hixson KK,
Heibeck T, Prior DC, Pasa-Tolic L, Camp DG 2nd, Belov ME,
Smith RD: On-line digestion system for protein
characterization and proteome analysis. Anal Chem 2008,
80:8930-8936.

42. Lopez-Ferrer D, Petritis K, Robinson EW, Hixson KK, Tian Z,
Lee JH, Lee SW, Tolic N, Weitz KK, Belov ME et al.: Pressurized
pepsin digestion in proteomics: an automatable alternative to
trypsin for integrated top-down bottom-up proteomics. Mol
Cell Proteomics 2011, 10: M110 001479.

43. Raijmakers R, Berkers CR, de Jong A, Ovaa H, Heck AJ,
Mohammed S: Automated online sequential isotope labeling
for protein quantitation applied to proteasome tissue-specific
diversity. Mol Cell Proteomics 2008, 7:1755-1762.

44. Zhou H, Wang F, Wang Y, Ning Z, Hou W, Wright TG, Sundaram M,
Zhong S, Yao Z, Figeys D: Improved recovery and identification
of membrane proteins from rat hepatic cells using a
centrifugal proteomic reactor. Mol Cell Proteomics 2011, 10:
O111 008425.

45. Tian R, Cheng HY, Figeys D: Uncovering the proteome response
of the master circadian clock to light using an autoproteome
system. Mol Cell Proteomics 2011, 10: M110 007252.

46. Rubakhin SS, Romanova EV, Nemes P, Sweedler JV: Profiling
metabolites and peptides in single cells. Nat Methods 2011, 8(4
Suppl.):S20-S29.

47.
�

Salehi-Reyhani A, Kaplinsky J, Burgin E, Novakova M, deMello AJ,
Templer RH, Parker P, Neil MA, Ces O, French P et al.: A first step
towards practical single cell proteomics: a microfluidic
antibody capture chip with tirf detection. Lab Chip 2011,
11:1256-1261.

This paper reveals the potential of on-chip sample handling using optical
methods to isolate, capture and lyse a single cell and determine the copy-
number of selected proteins within this cell.

48.
��

Bandura DR, Baranov VI, Ornatsky OI, Antonov A, Kinach R, Lou X,
Pavlov S, Vorobiev S, Dick JE, Tanner SD: Mass cytometry:
technique for real time single cell multitarget immunoassay
based on inductively coupled plasma time-of-flight mass
spectrometry. Anal Chem 2009, 81:6813-6822.

Shows the applicabilty of mass cytometry to unravel with high resolution
cellular subpopulations, providing system-wide views of immune
signaling.
s, Curr Opin Chem Biol (2012), doi:10.1016/j.cbpa.2011.12.011

Current Opinion in Chemical Biology 2011, 16:1–8

http://dx.doi.org/10.1016/j.cbpa.2011.12.011


8 Omics

COCHBI-922; NO. OF PAGES 8
49. Bendall SC, Simonds EF, Qiu P, Amir el AD, Krutzik PO, Finck R,
Bruggner RV, Melamed R, Trejo A, Ornatsky OI et al.: Single-cell
mass cytometry of differential immune and drug responses
across a human hematopoietic continuum. Science 2011,
332:687-696.
Please cite this article in press as: Altelaar AFM, Heck AJR. Trends in ultrasensitive proteomic

Current Opinion in Chemical Biology 2011, 16:1–8 
50. Snippert HJ, van der Flier LG, Sato T, van Es JH, van den Born M,
Kroon-Veenboer C, Barker N, Klein AM, van Rheenen J,
Simons BD, Clevers H: Intestinal crypt homeostasis results
from neutral competition between symmetrically dividing lgr5
stem cells. Cell 2011, 143:134-144.
s, Curr Opin Chem Biol (2012), doi:10.1016/j.cbpa.2011.12.011

www.sciencedirect.com

http://dx.doi.org/10.1016/j.cbpa.2011.12.011

	Trends in ultrasensitive proteomics
	Introduction
	Cellular pre-fractionation
	Laser capture micro-dissection
	Mass spectrometry
	Chromatography
	Conclusions and outlook
	Acknowledgements
	References and recommended reading


