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Short Abstract: Absolute quantification of protein abundance by mass spectrometry is often based on counting peptide sequencing events, thereby neglecting peak intensities as a possible source of information. Here, we introduce intensity-based absolute quantification (iBAQ) as a simple and accurate method to determine protein copy numbers by mass spectrometry.
Long Abstract: Knowledge of the absolute cellular copy number of proteins is of great importance for biomedical research and systems biology. Existing mass spectrometry-based methods for this purpose generally require specific experimental designs. Here, we describe intensity-based absolute quantification (iBAQ) as a simple and accurate method to estimate protein copy numbers by mass spectrometry. Quantification is based on intensities of all peptide peaks identifying each protein resulting in improved accuracy and precision. iBAQ then employs defined amounts of universal spiked-in protein standards to calculate absolute protein amounts.  The workflow is implemented in the MaxQuant software package, which allows for completely automated data processing.
Protocol Text: 
1. Sample preparation (TIMING 1-2h)

1.1 Determine the cell number of the sample (e.g. with haemocytometers). Add lysis buffer to sample and incubate on ice for 10 min. Ensure complete lysis of the sample. Sonification can be applied, if necessary. Lysis can also be improved by filter aided sample preparation (FASP) which allows for SDS-containing lysis buffers1.

1.2 Prepare an accurately quantified protein standard solution. For the Universal Proteomics Standard (UPS2) we suggest to dissolve the entire lyophilized content (10.6 µg total) in 21.2 µl lysis buffer (0.5µg/µl final concentration). Add a defined amount of protein standard to the sample. A recommended ratio for UPS2 is roughly 1:3 standard : sample (µg/µg). A rough estimate of protein content in the sample is sufficient. Store remaining protein standard solution at -70 °C. Keeping track of the exact amount of protein standard added to the sample as this is absolutely crucial for subsequent iBAQ quantification.
2. In-solution digest (TIMING 12h)

2.1 Here, a typical tryptic in-solution digest is described. When using other proteases or FASP1 , the protocol should be modified as required.

2.2 Add DTT (10mM final concentration) to the protein sample and shake for 30 min at room temperature

2.3 Add IAA (5.5 mM final concentration) to the protein sample and shake for 20 min in the dark. CRITICAL Keep in the dark from here on

2.4 Add endopeptidase LysC (protein:enzyme ratio of 50:1) and shake for 4h at room temperature.

2.5 Dilute the sample with four times ABC buffer and add trypsin (protein:enzyme ratio of 50:1). Shake overnight at room temperature

2.6 Stop the digest reaction by adding 10 µl trifluoroacetic acid. pH should be < 2

2.7 Centrifuge at 10,000 g for 20 min at 4°C and transfer the supernatant (peptides) to StageTips for desalting2. After washing, peptides can be stored on StageTips for several months. 

3. HPLC and mass spectrometry (TIMING 18h for triplicate analysis of one sample (3 x 6h))
3.1 Elute peptides from StageTips with buffer B.
3.2 Remove ACN by vacuum concentrator to reach 1/10 of starting volume (appr. 3 µl), and dilute with buffer A* to a volume of 5 to 15 µl. Make sure to have enough volume for the injections for all MS runs planned.
3.3 Inject 5 µl of peptide solution onto the column for nano-LC-MS/MS analysis and elute peptides with a flow rate of 200 nl/min using a 10 to 60 % acetonitrile gradient in 0.5% acetic acid. We recommend a gradient length of 4-6 h.

3.4 We recommend the following settings for a LTQ-Orbitrap mass spectrometer: operation in data dependent mode with a full scan in the Orbitrap followed by five (classic, XL) or 20 (Velos) consecutive MS/MS scans in the LTQ part. Precursor ion spectra acquisition in the Orbitrap part of the instruments with m/z range: 300–1700, resolution R = 60,000 and a target value of 1 x 106. Ion fragmentation in the LTQ part by collision induced dissociation (CID; normalized collision energy 35-40 %; wideband activation enabled) with a target value of 5,000. Alternatively, precursor ions can be fragmented in HCD mode, to obtain high resolution fragmentation spectra and in this case a target value of 40,000 is recommended. Set monoisotopic precursor selection as enabled and rejection of ions with an unassigned charge state or singly charged. Use dynamic exclusion feature (60 s) of former target ions selected for MS/MS.

4. iBAQ analysis using MaxQuant (TIMING 1h to 1d, depending on the sample)
The MaxQuant software package has been described previously3. Details about the usage of the program can be found in a Nature protocol paper16 4 and in the FAQ section of the MaxQuant website (www.maxquant.org). The protocol below gives a short outline of the general usage and describes the details specific for iBAQ. Starting the data analysis with MaxQuant:

4.1 Create a project folder on your local drive containing all Xcalibur.raw files from a particular experiment, the MaxQuant software as well as the relevant protein database(s). 

4.2 Go to the conf-folder located in the MaxQuant directory and open the iBAQ.txt file. This file contains all proteins of the internal reference. As default, the file lists all UPS2 proteins with their total amount in the standard (10.6 µg). Thus, you have to adapt the applied amounts of your standard. For instance, if you applied only one third of the standard, you have to divide all UPS2 concentrations by three. Save the file afterwards as a tab-delimited text file.

4.3 Start MaxQuant.exe by double-clicking on it. On the first tab named “Raw files” click on the “Select files” button and select the Xcalibur.raw files you want to analyze. The raw files will appear in the main table. By pressing the “Exp. design” button a “combined” folder will be created in the project folder which contains the “experimentalDesignTemplate.txt”. You can use this file to fit the analysis to your experiment (for more details please see ref.4)

4.4 Go to the “Modifications & labels” tab. Define the enzyme that was used for digestion and the number of missed cleavages you allow. As default, MaxQuant assumes you have SILAC samples. If not, select “1” in the “Multiplicity” menu. Note that iBAQ will also work for SILAC data. Also, specify common or experiment-specific variable (Oxidation (M); Acetyl (Protein N-term)) modifications.

4.5 Move on to “MS/MS & sequences”. Here, click on the “Add files” button below to load the protein databases in fasta format of your species of interest and of your (UPS2) protein reference. By default the UPS2 sequence database is already configured in MaxQuant via the AdromedaConfig.exe. However, if you wish to use a different protein standard you will have to configure the corresponding database first. To do so, open the program AndromedaConfig.exe in the MaxQuant folder and move to ‘Sequences’. With the ‘+’ button on the upper left you can add a new entry to the table of configured fasta files. It will appear on the bottom of the table. To specify the database, select the fasta file with the file browser button at the top right. Next, select an appropriate parsing rule for the fasta file. Finally, select File ‐> Save ‐> databases in the main menu. On the same tab, activate “Include contaminates” and specify fixed modifications (Carbamidomethyl (C)). 

4.6 Go to the “Identification & quantification” tab and check the box “iBAQ” as well as ”Log fit” (optional but recommended) boxes. The ”Log fit” function is fitting “iBAQ intensities” to absolute amounts of the spiked in standard on a log-log scale. In addition, specify the “experimentalDesignTemplate.txt” file (located in “combined” folder of the project folder).

4.7 Now return to the “Raw files” tab and press the “Start” button. MaxQuant will indicate when it has finished data processing by a popup window and displaying “Done” in the status bar.

5. Analysis of the MaxQuant output

The MaxQuant output consists of several tables as tab-delimited.txt files which can be found in the “txt” folder of the “combined” directory. This folder is automatically created in the course of data analysis.

5.1 Open the proteinGroups.txt file (e.g. with Excel) which comprehensively lists all identified proteins from the analysis as described elsewhere4. The last column in the table termed “iBAQ” is new and denotes the corresponding absolute protein amounts. The unit is the same as the unit used to define the absolute amounts of spiked-in standards in the file “iBAQ.txt” located in the conf folder (fmol by default). The table also contains the computed number of theoretically observable peptides used for normalization. As already mentioned above, if no protein reference has been used the resulting “iBAQ” column in the output will then list iBAQ intensities instead of absolute protein levels. This allows for an estimation of protein abundance even in the absence of any protein standard. To calculate absolute protein copy numbers per cell, fmole values in the iBAQ column have to be converted to moles (divide by 1015). Then, multiply with the Avogadro constant (6.022 * 1023 mol-1) to arrive at molecule numbers and divide by the number of cells used.

Representative Results: Accuracy of quantification strongly depends on a robust linear regression. The proteinGroups.txt file contains absolute levels of all proteins identified in the sample, including the spiked-in standards. As a quality check, at least 20 different standard proteins over three orders of magnitude should be identified. Plotting known concentrations of identified standard proteins against the corresponding iBAQ intensities reveals the overall quality of quantification (Fig. 1 a). 

As an example, we quantified protein copy numbers in S. cerevisiae using iBAQ. We mixed 6.4 x 106 yeast cells (~ 13µg protein) with 4.24 µg of the UPS2 standard and analyzed it with our mass spectrometry pipeline. In total, we identified 1,464 proteins with copy numbers ranging from less than 100 to more than 106 copies per cell (Fig. 1 b). The most abundant proteins were glycolytic enzymes, translation elongation factor and ribosomal proteins, consistent with a proteome optimized for fermentation and rapid growth. The data further allows comparing cellular levels of different proteins that can assemble into the same multiprotein complex. For example, the eukaryotic nucleosome core particle consists of ~150 base pairs of DNA wrapped around a histone octamer containing two copies each of the core histones H2A, H2B, H3, and H420. Cellular abundance of all four core histones (but not the linker histone H1) was closely centered around 200,000 copies/cell indicating that exponentially growing yeast cells contain up to ~100,000 nucleosomes on average. This value is consistent with the expected number of 80,000 nucleosomes per haploid yeast genome (12 Mb genome size / 150 b per nucleosome). Similarly, a maximum number of ~500,000 ribosomes and ~5,000 proteasomes per yeast cell could be estimated. Closer inspection of ribosomal proteins lead to another interesting observation: In yeast, 59 of the 78 cytoplasmic ribosomal proteins are encoded by two genes due to an ancient genome duplication event
 ADDIN EN.CITE 
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. Intriguingly, while ribosomal proteins derived from single copy genes had similar expression levels, the abundance of proteins encoded by two genes varied over several orders of magnitude. Hence, in addition to their functional divergence, duplicated genes can also have vastly different protein copy numbers.
Discussion: Here we describe intensity based absolute quantification (iBAQ) as a simple yet accurate method to estimate absolute protein concentrations by mass spectrometry. In principle, iBAQ is applicable to all proteomic samples (cultured cells, tissue samples, animal models etc). The result of the analysis is a list of proteins and their absolute abundance in the sample. Naturally, cellular copy numbers can only be derived from this data when the number of cells in the sample is also known. Protein extracts are obtained by lysing the samples of interest in MS-compatible buffers such as Urea/Thiourea, mixed with an appropriate amount of the internal protein standard and subjected to in-solution digestion (Fig. 2). iBAQ has already been used in large-scale projects and in particular we recently used iBAQ to quantify protein copy numbers in mouse fibroblasts6. The method has several distinguishing features. First, it uses intensities of all peptide observations rather than only the spectral counts or only a subset of peptide intensities. Second, iBAQ employs an independently known measurement of total protein or a subset of proteins such as a commercially available internal protein standard that is spiked into the unprocessed sample, minimizing variation introduced by sample handling and processing. Third, due to a combination of these two factors, quantification by iBAQ has a higher precision and accuracy than previous methods. Last, and perhaps most importantly, iBAQ is extremely simple. The universal internal standard obviates the need for custom-made and project-specific isotope-labeled peptides or proteins
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. The procedure simply consists of adding the standard, digesting the sample and performing LC-MS/MS runs. We have integrated the iBAQ algorithm into the freely available MaxQuant software package
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. This allows users to quickly and accurately quantify absolute protein levels without knowledge in computational data analysis. These features and the growing need for absolute quantitative information render iBAQ a very attractive method in a wide range of biological questions.

The internal standard should consist of a sufficient number of different proteins (ten, as a minimum) that have been precisely quantified by accurate methods like amino acid analysis. Moreover, proteins in the standard should span a representative range of concentrations. We use the Universal Proteomics Standard 2 (UPS2, Sigma-Aldrich), which consists of 48 precisely quantified human proteins formulated into a dynamic range of concentrations spanning six orders of magnitude. Currently, UPS2 is the most convenient standard for iBAQ that is commercially available. However, the method is generic and can easily be adapted to other standards. After digestion, peptides are analyzed by LC-MS/MS on a high performance mass spectrometer, such as an LTQ-Orbitrap. Raw data are processed with the MaxQuant software package which fully automated controls false-positive identifications and takes advantage of high-resolution data to achieve very high peptide identification rates. However, iBAQ based algorithms can of course be implemented into any computational workflow. 

iBAQ works most reliably with unfractionated protein samples. Fractionation at the protein level (for example by SDS-PAGE) will separate protein standards into different fractions. If pre-fractionation at the protein level is required, we suggest scaling the iBAQ values from fractionated samples to copy numbers obtained in a simultaneously performed iBAQ in-solution digest. Alternatively, pre-fractionation at the peptide level such as strong cation exchange (SCX) may be used. 

A potential complication arises when spiked-in protein standards have sequence similarities with proteins in the sample. For example, UPS2 consists of human proteins of different origin, many derived from bodily fluids. Application to human samples, especially bodily fluids, should therefore be checked carefully to minimize errors in quantification. In the future, we expect that protein standards derived from different species (E.coli, yeast) or entirely artificial protein sequences will become available. Protein quantification can also become complicated when proteins are heavily modified by posttranslational modifications. Unless these modifications are considered during the database search, corresponding peptides will escape identification and lead to underestimation of protein amounts. Finally, in common with other absolute quantification schemes, care should be taken when iBAQ is used to quantify different variants of a protein. A critical step in shotgun proteomics is to assign the identified peptides to proteins9. Since some peptides can be mapped to more than one protein, this protein inference problem can affect quantification. MaxQuant assigns all peptides to the shortest list of proteins sufficient to explain all peptide observations. If other proteins match to a subset of peptides of another protein, these proteins are collapsed into a single so-called proteinGroup. In the example in Fig. 3, all peptides of protein B are a subset of protein A, and both proteins are therefore collapsed to proteinGroup1. The first protein of a group always matches to all peptides and is generally considered as the identified protein. Some peptides are unique to a single group (green) while others match to more than one group (orange). MaxQuant allows users to specify which peptides are used for proteinGroup quantification. In the ‘Use all peptides’ mode, quantification is done on all peptides, that is, shared peptides are allocated to each group (double counting). If ‘Use unique peptides’ is selected, only peptides that are unique for a single proteinGroup are considered. The first or second option may lead to a systematic over- or under-estimation of protein abundance, respectively. As a compromise, we generally recommend the ‘Use unique and razor peptides’ option that quantifies proteins based on unique peptides and non-unique peptides that are assigned to the group with the highest number of other peptide identifications. The reasoning is that these ‘razor peptides’ are most likely derived from the most abundant protein in the sample (Occam’s razor principle). Protein isoforms, however, are a special case since they naturally have very few unique and many shared peptides. In this case, quantification based on razor and unique peptides can lead to huge differences in iBAQ values since razor and unique peptides will exclusively be assigned to the protein with most other peptides. In such cases, absolute quantification based on stable isotope-labeled reference peptides or proteins designed for a single isoform is preferable 
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Figure Legends

Fig. 1: Analysis of the MaxQuant output. (a) As a quality check for the linear regression used to compute absolute protein levels “iBAQ intensities” are plotted against absolute amounts of the internal standard. (b) Cellular copies of all yeast proteins and those occurring in multiprotein complexes as quantified by iBAQ. Ribosomal proteins derived from single-copy genes have similar abundances whereas proteins derived from duplicated genes display a striking spread in copy numbers.

Fig. 2: iBAQ workflow. The protein sample of interest is mixed with an appropriate amount of the internal standard and subjected to mass spectrometry analysis. Processing of raw data for protein identification and absolute quantification is done fully automated using MaxQuant. The easy interpretable MaxQuant output tables can be used for comprehensive data analysis.

Fig. 3: Peptides used for quantification. MaxQuant allows specifying which peptides are used for proteinGroup quantification. As choosing ‘Use all peptides’ or ‘Use unique peptides’ may result in a systematic over- or under-estimation of protein abundance, respectively, we generally recommend the ‘Use unique and razor peptides’ option. 
Table of specific reagents and equipment:
	Name of the reagent
	Company
	Catalogue number
	Comments (optional)

	Reagents
	
	
	 

	UPS2 protein standard 
	Sigma
	UPS2-1SET
	You can also use an equivalent protein standard.

	Bradford protein assay (or equivalent reagent)
	
	
	

	Dithiothreitol (DTT)
	
	
	Make a 100 mM stock solution in ABC buffer and store at -20 °C

	Iodoacetamide (IAA) 
	
	
	Make a 55 mM stock solution in ABC buffer. Caution IAA is highly toxic

	Ammonium bicarbonate (ABC)
	
	
	Prepare ABC buffer (50 mM)



	Urea and Thiourea
	
	
	

	Acetic acid
	
	
	It is harmful and corrosive. Acetic acid should be HPLC grade or higher.

	Proteomics grade modified trypsin
	Promega
	V5113
	Various other proteases can be applied, as desired.

	Endopeptidase LysC 
	Wako Chemicals
	129-02541
	Various other proteases can be applied, as desired.

	Trifluoroacetic acid (TFA)
	
	
	It is an irritant and harmful when inhaled. TFA should be HPLC grade or higher.

	Acetonitrile 
	Merck
	1.00029.2500
	It is harmful and an irritant and may cause serious damage to the eyes. It is also a possible teratogen.

	Methanol
	
	
	It is an irritant and harmful when inhaled. Methanol should be HPLC grade or higher.

	Milli-Q ultrapurified water
	Millipore
	
	

	6M urea/2M thiourea in Hepes, pH 8.0
	
	
	

	Buffer A: 0.5% (vol/vol) acetic acid in water
	
	
	

	Buffer B: 80% (vol/vol) ACN with 0.5% (vol/vol) acetic acid in water; buffer A*: 2% (vol/vol) ACN with 0.1% (vol/vol) trifluoroacetic acid in water
	
	
	

	Equipment
	
	
	

	Mass spectrometer (high resolution and high mass accuracy; e.g. LTQ-Orbitrap or Q-Exactive from Thermo Fisher Scientific)
	
	
	

	Nanoflow HPLC system (e.g. Eksigent NanoLC – 1D Plus system from Eksigent, Dublin, CA, USA)
	
	
	

	Capillary columns (75 µm inner diameter) packed with Reprosil C18-AQ 3 μm beads
	
	
	

	Empore C18 disks for Stage Tips (3M)
	
	
	

	Bench-top microcentrifuge
	
	
	

	Sonicator
	
	
	

	Vacuum concentrator 
	
	
	

	Thermomixer
	
	
	

	Cell counter device
	
	
	

	Hardware requirements: PC (at least 2GB and dual-core processor) 
	
	
	

	Software requirements: 32 bit version of Windows XP, Vista or 7 operating system (Regional and language options have to be set to English); NET Framework 2.0; MS filereader (Thermo Fisher Scientific), Microsoft Excel
	
	
	

	Protein sequence databases (fasta format) for species of interest and UPS2 protein standard (ups1_ups2_sequences.fasta, available online by Sigma-Aldrich)
	
	
	

	MaxQuant software version 1.2.0.11
	
	
	

	“ibaq.txt” file (located in the MaxQuant conf folder): This table contains the absolute amount values in fmols for the UPS2 standard
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