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Introduction

The Clinical Proteomic Tumor Analysis Consortium (1) (CPTAC) of the National Cancer 

Institute (NCI) is a comprehensive and coordinated effort to accelerate the understanding of 

the molecular basis of cancer through the application of robust technologies and workflows 

for the quantitative measurements of proteins. The Assay Development Working Group of 

the CPTAC Program aims to foster broad uptake of targeted mass spectrometry-based assays 

employing isotopically labeled peptides for confident assignment and quantification, 

including multiple reaction monitoring (MRM; also referred to as Selected Reaction 

Monitoring), parallel reaction monitoring (PRM), and other targeted methods.

Guidelines for reagents and methods will ensure that targeted measurements of peptides are 

of high quality, distributable, and fit-for-purpose to quantify analytes in the intended matrix 

(plasma, serum, cells, and tissues). Towards these goals, we have: (i) coordinated a 

consensus approach to outline recommendations for the development of different classes of 

targeted mass spectrometry (MS)-based assays using a fit-for-purpose approach (2), (ii) 

launched the CPTAC Antibody Portal (3) (antibodies.cancer.gov) to facilitate the production, 

characterization and distribution of renewable affinity reagents to the community in order to 

support protein/peptide measurement and analysis, and (iii) launched and begun to populate 

the CPTAC Assay portal (4) (https://assays.cancer.gov/) to disseminate highly characterized 

targeted MS-based assays to the community, via access to standard operating protocols 

(SOP), reagents, and assay characterization data.

Within workflows designed to quantify protein-derived biomarkers by proteolytic digestion 

and LC-MS/MS, synthetic peptides are often used in three ways: (1) stable isotope-labeled 

internal standard peptides with the same sequence as the analyte of interest are spiked into 

the digest and help ensure that the correct peptide is being identified and quantified (i.e., 

they have the same retention time, same secondary structure, and similar fragmentation 

pattern as the endogenous analyte), (2) stable isotope-labeled internal standard peptides help 
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normalize sample-specific ion suppression and are used in the calculation of a peak area 

ratio (i.e., the ratio of the endogenous analyte chromatographic peak area to that of the 

internal standard), and (3) unlabeled or labeled peptides can be used to generate calibration 

materials for the quantification of peptide in proteolytic digests of complex protein mixtures 

(i.e., determining the peak area ratio at known concentrations of analyte in a relevant 

matrix). Well-characterized peptides, along with detailed standard operating procedures for 

proteolysis and sample preparation, are necessary to harmonize peptide-based assays (4). In 

the clinical laboratory, calibration materials are more commonly based on intact proteins in a 

relevant matrix, which may be useful in further harmonizing the quantification of proteins 

between laboratories (5-7). Of note, in addition to isotope-labeled internal standard peptides, 

isotope-labeled extended peptides (also called “winged” peptides, which include a 

proteolytic digestion site) and recombinant proteins can be used to compensate for the 

additional variability due to digestion (5, 6). The latter will be increasingly important, 

particularly in clinical applications, as properly folded recombinant isotope-labeled proteins 

become more widely commercially available.

Once proteolytically digested, the quantification of peptides in the sample can be easily 

facilitated by using stable isotope-labeled peptides as internal standards and traditional LC-

MS/MS methods. Most commonly trypsin is used for proteolysis, resulting in arginine or 

lysine at the C-terminus. As a result of the variability amongst peptides in their recovery and 

stability following proteolytic digestion, especially between samples and sample types, as 

well as the isoform complexity of human proteins, the peak area ratio or measured 

concentration of any peptide may not accurately reflect the concentration of any given intact 

protein or isoform. Importantly, the same potential limitation also applies when using 

isotopically-labeled proteins as internal standards. While potentially providing improved 

precision and less bias than labeled peptides in quantitative MS-based assays (8, 10), 

differences in the repertoire of modifications (e.g., phosphate, carbohydrate, ubiquitin, etc.) 

on amino acid residues near enzymatic cleavage sites, for example, can alter digestion and 

recovery of desired analyte peptides from internal standard proteins. Regardless of the 

internal standard chosen, with a detailed, reproducible, and robust standard operating 

procedure for sample preparation and digestion in place, it is possible that the peak area ratio 

of a liberated peptide could be precise enough to be a biomarker without calibration to a 

protein concentration.

Therefore, the goal of establishing recommendations for peptide-based, targeted MS 

measurements is to achieve precise, relative quantification that can be harmonized across 
laboratories, increasing the replicability of research and enabling the aggregation of data 

across experiments and laboratories, as well as enabling the robust quantification of peptides 

and proteins in clinical laboratories. In addition to the need for transparency in digestion 

methods and sample preparation (i.e., freely available standard operating procedures) (4, 

11), the major challenges to achieving this analytical bar are: (i) selection of peptides that 

can be measured with high precision and repeatability in the matrix of interest, (ii) 

generating well-characterized, pure synthetic peptide internal standards and calibrators, (iii) 

determining the accurate concentration of pure synthetic peptide internal standards and 

calibrators, (iv) assurance of the quality (e.g. concentration, stability) of the peptide internal 

standards and calibrators in lyophilized form and in solution over time, during both storage 
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and handling, and (v) proper interpretation of peptide-based measurements. The purpose of 

this manuscript is to address these key components by aggregating recommendations, based 

on published studies and/or the consensus experiences of the authors. The use of “crude” 

peptides (that have limited or no purification or quantification but are far less expensive than 

purified peptides) is also discussed, and the limitations of their use for quantitative 

measurements are presented. The manuscript provides a thorough framework for proteomics 

researchers and an introduction towards clinical applications. Ideally, the recommendations 

included here provide a starting reference point for the production of formal guidelines and 

best practices in the future (e.g., from the Clinical Laboratory Standards Institute).

Criteria and process for selecting peptide analytes for targeted MS assays

Assays to measure protein concentration by proteolysis and LC-MS/MS (e.g. MRM) 

selectively quantify “proteotypic” (12) (typically tryptic) peptides that are unique to a single 

gene product or proteoforms (13) and that are observable by mass spectrometry. Because 

peptides vary greatly in their performance across many aspects (e.g. ease of synthesis, 

stability, solubility, recovery, responsiveness in the mass spectrometer) of targeted MS 

analysis, careful selection of peptide analytes is critical to developing the highest quality 

assays.

Peptide analytes can be selected using MS-based proteomic data or prediction algorithms 

(14-22). Selecting peptides from empirical MS data greatly increases the likelihood for 

success in developing a targeted MS-based assay, as the peptide analytes have been 

demonstrated to release from the protein of interest upon digestion and are detectable by 

MS. Candidate peptide analytes from proteins can be selected from either in-house or public 

empirical data. For the latter, numerous open source proteomic databases and data 

repositories exist [e.g. GPM (23), PRIDE (24), Peptide Atlas (25-27), PhosphoSitePlus 

(28)]. The use of spectral libraries, either generated with one's own MS/MS data or obtained 

from one of the online spectral library repositories, can greatly facilitate selection of the 

peptides (and the most intense ions) to target for quantification. Bioinformatic approaches 

can also be used to identify peptide sequences that can be theoretically formed upon 

proteolytic digestion and that may be useful for MS-based assay development. However, 

such tools are not as reliable as empirical MS/MS data, which remain the gold standard. In 

practice, a combination of the two approaches in an iterative manner is often used to hone 

the choice of the best peptide(s) as rapidly as possible.

A summary of criteria for peptide selection is presented in Table 1. Despite the above-

mentioned considerations, peptide selection is an empirical exercise that balances ideal 

characteristics with practical limitations. In some cases, due to the sequence of the protein of 

interest, it may be unavoidable to include peptides that do not meet all of these 

recommended criteria. Therefore these criteria are simply meant to be guidelines for peptide 

selection, and some relaxation of the inclusion criteria may be necessary to develop the 

MRM assay. For example, it may be impossible to exclude all cysteine and methionine 

residues. In such cases, the precursor and product mass-to-charge ratio (m/z) values should 

account for any potential oxidation and carbamidomethylation modifications (+16 and +57 
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Da, respectively). Additionally, selection of peptides to develop assays for phosphosite 

quantification is very constrained by the position and potential clustering of phosphosites.

Specifications for production and quality assurance of peptides

Once proteotypic peptides have been selected for assay development, the synthetic peptide is 

generated as unlabeled and stable isotope-labeled versions and characterized to assess the 

performance of the peptide assay in the digested matrix of interest and to enable 

quantification of the endogenous analyte via isotope dilution. Thus, the quality of peptides is 

a major determinant of reliable quantification. The specifications presented here are intended 

as a guide for procuring unlabeled and stable isotope-labeled peptides suitable for evaluation 

and analytical validation of targeted MS assays and to quantify peptides derived from 

proteins in proteolyzed biological fluids (e.g. serum/plasma, CSF, urine) and cell or tissue 

lysates. Specifications are provided for purified peptides and for “crude” or unpurified 

peptides.

Purified peptides are chromatographically purified after synthesis to remove most of the 

residual salts, synthesis reagents (e.g. deblocking and scavenger), partially deblocked 

peptides, and truncated peptides (29, 30). In addition, the amount of peptide and its purity 

need to be specified in advance to ensure that material of sufficient quantity and quality is 

available for assay development (see https://assays.cancer.gov/about/faq/ for guideline 

document for assay development and characterization). Purified peptides are typically 

analyzed by amino acid analysis (AAA) (31) to determine the net peptide content. Net 

peptide content is a measurement, usually in the form of a percentage that represents the 

amount of actual peptide within a gravimetrically measured sample. The measurement 

excludes the weight of water and counter ions that exist in all peptides. Crude peptides, on 

the other hand, may or may not be subjected to additional purification steps after synthesis 

(e.g., batch solid phase extraction) to remove synthesis by-products, and neither accurate 

quantity nor purity are possible. The identities of crude peptides must be confirmed by mass 

spectrometry, and since crude peptides vary greatly in purity it is recommended that further 

evaluation of purity (e.g., by reversed phase-HPLC-UV) or estimated quantity be performed 

by the end-user. While crude peptides can help confirm the identity of endogenous peptides 

and improve the precision of relative quantification within a research laboratory using a 

single batch of peptides, well characterized, purified peptide calibrators and detailed 

standard operating procedures are required to distribute assays to the community and 

harmonize results across laboratories. Importantly, methods intended for use in clinical 

laboratories use only the highest purity (isotopic and chemical) peptides available.

Unfortunately, the quality and consistency of peptides obtained from commercial sources 

vary widely. A large number of companies that advertise custom peptides for sale do not 

manufacture the peptides they sell, but are simply resellers of product made elsewhere. Not 

only will this have an effect on the batch-to-batch consistency of peptides over time (given 

the inability to trace production to specific laboratories), the instruments, resins, and amino 

acid building blocks, as well as the methods utilized to synthesize, purify, freeze dry and 

package peptides will vary widely dependent upon the manufacturer. It is recommended to 

use vendors that manufacture their own peptides, and that provide detailed specification and 
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characterization data for their synthesized products. For purified peptides, this must include 

MS data (preferably MS/MS data as well) and HPLC-UV chromatogram profiles, preferably 

using shallow gradients of no more than 2% change in organic concentration/min, otherwise 

the presence of impurities can be masked by co-elution of contaminant synthesis byproducts. 

More details on characterization are provided below. Regardless of whether the quality of 

the peptides is assessed by the vendor, a vendor sub-contractor, or in-house, the standard 

operating procedures used for quality control should be made available and linked to the 

corresponding quality control data.

High purity, well characterized peptides

To ensure that the quality of targeted MS data meets the specifications of the assay (e.g. 

specificity, precision, bias, lower limits of quantification), it is necessary to communicate 

with the peptide vendor and supply a comprehensive list of detailed specifications (e.g. 

chemical and isotopic purity, amount, formulation, aliquot size, packaging, etc.), as 

summarized in Table 2. Critical to the long-term success of assays that rely upon peptide 

calibrators and internal standards is working with a vendor(s) whose methods are well-

documented and whose personnel operate under SOPs to ensure consistency of production 

over time, and who are willing to customize their methods to meet the end-user's needs. 

Peptides can be ordered in any amount, from microgram to gram quantities. Peptide 

synthesis using current automated peptide synthesizers is typically performed at micromole 

scale (0.1 to 1 mmol) (32-34), which produces yields much higher than those required for 

targeted MS-based assays (∼ 10 fmol/peptide/sample or 100 picograms/peptide/sample for a 

peptide of MW = 1000 Da). Synthesizing peptides at larger scales results in higher yields, 

but increases the costs when stable isotope-labeled ‘heavy’ amino acids are used. We have 

found that a synthesis scale of 1 – 5 mg of purified peptide provides a reasonable balance 

between cost and yield. As shown in Table 2, one milligram is formulated for amino acid 

analysis (AAA; see below) and used in assay development. Additional quantities of 1 mg 

(up to 5 mg total), if ordered, can be delivered as dry powder and stably stored at -20 °C or 

below until needed.

Stable isotope-labeled amino acids used to produce stable isotope-labeled standard peptides 

can be synthesized with various elemental compositions (e.g., single position carbon, 

uniformly 13C labeling at all carbon atom positions, or combinations of 13C and 15N); see 

Table 2. While it is often less costly to use deuterium as the isotopic label, its use is not 

recommended because the presence of several deuterium atoms in a peptide can alter the 

peptide's retention time and prevent the desired co-elution with the unlabeled peptide 

(35-37). Further, deuterium atoms in reactive functional groups exchange with hydrogen 

atoms in aqueous solutions, which after time leads to the presence of unlabeled peptide in 

the internal standard. The difference in mass relative to the unlabeled peptide should be 

selected to be large enough to avoid interference of the natural peptide's isotopic envelope 

with that of the isotope-labeled internal standard, otherwise, inaccuracies in quantification 

can result (38). Peptide precursor m/z and charge state should be taken into consideration 

when selecting a mass difference for the heavy amino acid: the smaller the peptide and 

higher the charge-state, the larger the mass difference needs to be. For doubly charged 

precursors, a minimum separation of 6 Da is recommended, while 8-10 Da is recommended 
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for triply charged precursors. Lysine is available in isotope-labeled forms that are +6 and +8 

Da heavier than the unlabeled form, while arginine is available in +6, +8 and +10 Da 

versions. When additional internal standard peptides are going to be included to provide 

quality control for enrichment or other steps of sample preparation, additional labeled amino 

acids can be added to increase the mass difference.

The isotopic enrichment of the “heavy” amino acids used in synthesis should be greater than 

99% (Table 2). These percentages refer to the chance of finding the heavy isotope of an atom 

at each potential label site in the amino acid. Because more than one site in the amino acid is 

labeled (often 6-10 sites), the probability of finding a labeled atom at every labeled site is 

lower than the stated enrichment percentage (for a means to visualize this effect, see http://

www.chemcalc.org/main). Under-labeled peptide “isotopologues” will introduce 

inaccuracies in the quantification and can interfere with the measurement of the endogenous 

unlabeled peptide. For these reasons, it is advised to only use the highest possible isotopic 

purity labeled amino acids available (>99% enrichment per isotope) when having labeled 

peptides synthesized. It is also recommended that the relative ratio of heavy-to-light peptide 

be kept in a reasonable range < 1:25, and preferably <1:10. In clinical laboratories, the final 

concentration of internal standard peptide is most commonly set near a medically relevant 

concentration of the endogenous analyte. Other stable isotope-labeled amino acids can be 

used for incorporating in the sequence when K or R is not present in the peptide (protein C-

terminus).

During sample preparation, disulfide bonds in proteins are typically reduced, and cysteine 

residues are alkylated to prevent reformation of disulfide bonds with the aim of producing 

stable, denatured proteins with trypsin cleavage sites more accessible to the enzyme. When 

stable isotope-labeled internal standards are added post-digestion, cysteine residues in 

synthetic peptides need to be present in the identical alkylated form (e.g., 

carbamidomethylated, delta 57 amu). Synthesis of peptides containing chemical 

modifications such as phosphorylation or acetylation is now routine. However, it is worth 

noting that synthesis of multiply phosphorylated peptides have a higher failure rate than 

singly phosphorylated peptides. It should be noted that the production of recombinant 

proteins and peptides does not guarantee proper disulfide bond formation and this can 

impact digestion efficiency thereby causing the internal standard to behave differently from 

the native analyte in the assay.

The characterization of synthetic peptides during the course of synthesis and purification 

was described in the “Six Year Study of Peptide Synthesis” by the Association of 

Biomolecular Resource Facilities from 1991 -1996 (31). Reversed-phase HPLC (C18 

column) with UV monitoring is the best method to assess the complexity of peptide 

products, although examples of co-elution with truncated peptides have been observed (39). 

Mass spectrometry using either electrospray ionization (ESI) or matrix-assisted laser 

desorption ionization (MALDI) is essential for the identification of desired products and 

mass impurities. The coupling of RP-HPLC to ES tandem MS (LC-MS/MS) enables the 

confirmation of amino acid sequence and residue location of modifications (40). MALDI-

MS provides a means for identifying the molecular ion of the desired product and presence 

Hoofnagle et al. Page 6

Clin Chem. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.chemcalc.org/main
http://www.chemcalc.org/main


of byproducts, although the relative ion intensities will not accurately measure the molar 

content of contaminants (41).

The purity and identity of purified peptides are typically evaluated using analytical reversed-

phase (RP) chromatography with UV detection (HPLC-UV; monitoring at wavelengths 214 

or 220 nm and 280 nm) and by mass spectrometry. The presence of multiple significant 

peaks in the HPLC-UV trace suggests the presence of synthesis side products; however, a 

single major peak may or may not correspond to the desired product. MS of the peaks in the 

UV trace (either by analysis of collected fractions using MALDI or, preferably, using on-line 

HPLC-MS) defines which peak is the desired peptide and which ones are impurities. 

MS/MS data are necessary to confirm the sequence of the desired product and to determine 

the chemical nature of impurities that may be present (e.g., incomplete deblocking, 

premature termination, etc.).

For characterization by HPLC-UV, MALDI, and especially amino acid analysis (AAA; see 

below) the peptide must be completely dissolved in solution. Importantly, the formulation 

and composition of the peptide used for quality control should be identical to that used for 

assay development and validation. The formulation range recommended in Table 2 was 

chosen based on our experience handling 1000's of tryptic peptides with a wide range of 

sequences, lengths and hydropathy profiles. We recommend formulating peptides in 5 – 

30 % acetonitrile with 0.1 % formic acid to a target concentration of 0.5-1 mg/mL 

(500-1000 μM) for AAA (see below) and evaluation by MS. The higher percentages of 

acetonitrile (up to 30%) are recommended for more hydrophobic peptides. Formulation and 

storage in neat DMSO is also possible, but oxidation of methionines may occur. Peptide 

solutions in DMSO need to be diluted prior to LC-MS analysis to avoid poor 

chromatography. It is also important to note that peptides stored in neat DMSO may 

precipitate when added to an aqueous solution, so use caution during dilution.

Crude (i.e., lower purity) peptides

Purification by preparative HPLC and quantification by AAA adds significantly to the cost 

of synthetic peptides. Eliminating these steps and generating “crude” peptides significantly 

reduces the cost for both natural abundance and stable isotope-labeled peptides. Due to this 

economy, a larger set of peptides can be selected and tested for development of a protein 

assay. Crude peptides (also referred to as partially purified peptides) are defined as the 

deblocked peptides that have been released from the solid phase resin and precipitated with 

an organic solvent (e.g. ether). Some vendors will perform an additional purification step. 

However, even after additional purification, preparations of lower purity “crude” peptides 

may still contain a wide range of impurities, such as residual salts, deblocking and scavenger 

reagents, and truncated and partially deblocked peptides.

The use of highly purified stable isotope-labeled internal standard peptides is recommended 

for the development of distributable assays and to improve between-laboratory agreement of 

assays that rely solely on peak area ratio for peptide concentration assignment. In addition, 

highly purified internal standards are vital for the successful development and deployment of 

clinical assays in a CLIA-regulated environment. However, crude peptides can be used for 

relative quantification of peptide analytes in Tier 2 assays (2), provided that the performance 
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of the resulting assay is carefully assessed. Crude stable isotope-labeled peptides can also be 

useful for identifying endogenous analyte, particularly in complex matrices such as cell and 

tumor digests. Figures of merit (e.g., LLOQ) of Tier 2 assays are often characterized by 

using various concentrations of unlabeled peptide calibrators in spike-in experiments. It is 

therefore important to remember that the use of lower purity peptides prevents accurate 

determination of assay LLOQ, hinders assay transferability, and complicates the 

comprehensive analysis of data and subsequent assay performance across research 

laboratories. Crude peptide preparations must still be analyzed by LC-MS/MS, and/or 

MALDI-TOF-MS to demonstrate that the correct sequence has been synthesized and that the 

desired product is the predominant species. Since purity varies considerably among different 

suppliers, crude peptides should also be analyzed by the laboratory developing peptide 

assays to ensure sufficient quality.

Table 3 summarizes the specifications and analyses to consider in qualifying crude peptides 

for assays that use a heavy-labeled peptide for each endogenous analyte (Tier 2) (2), or 

assays that use synthetic peptides that are not paired with each analyte (Tier 3) (2). The 

specifications differ from those of high purity peptides (Table 2) in the level of chemical 

purity and effort made to determine the exact quantity of peptide delivered. However, similar 

to high purity peptides, the isotopic purity should be specified to be > 99 % to obtain the 

highest sensitivity possible for measuring endogenous unlabeled peptide in the presence of 

the isotopically-labeled counterpart, as discussed above for high purity peptides. This can be 

assessed by using MALDI-TOF or LC-MS/MS of individual peptides or mixtures of 

peptides, respectively.

Figure 1 shows the MALDI-MS spectra of a high and lower purity peptide of the same 

amino acid sequence. These high purity and lower purity peptides were synthesized and 

provided from independent syntheses by the vendor using the specifications given in Tables 

2 and 3, respectively. A major signal that corresponded to the [M+1H]1+ ion (m/z = 

1854.94) for the FYGAEIVSALEYLHSR peptide was observed in both the lower purity 

(Panel A) and high purity (Panel B) peptide sample. The signal at m/z = 1570.68 is from a 

spiked internal mass calibration standard. In the case of the spectrum from the lower purity 

peptide preparation, there are multiple lower intensity peaks, likely byproducts of the 

peptide synthesis. For example, a peak consistent with the desired peptide minus the N-

terminal Phe residue (m/z = 1707.85) was observed (Fig. 1, Panel A).

Amino acid analysis of the high purity and lower purity peptide was performed to compare 

the amino acid content. Unlike the case for high purity peptides, the concentration of the 

desired peptide cannot be accurately quantified due to the presence of incompletely 

deblocked and truncated peptide species. Furthermore, in previous reports using AAA of 

crude peptide preparations to assess content without a desalting step were compromised by 

residual scavenger reagents (42). Table 4 compares the AAA of the high and lower purity 

peptides shown in Fig. 1. The molar content for the high purity peptide was in good 

agreement (within 10 %) with the expected molar content, particularly for the residues that 

are known to be most stable during acid hydrolysis conditions and those completely released 

during 24 h hydrolysis (Ala, Leu, and Phe). The presence of peptide species without the N-

terminal residue is consistent with the lower content of Phe in the lower purity preparation. 
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Some amino acids were not detected well in either the high or lower purity samples. 

Assuming complete residue deblocking and no interferences in the AAA from residual 

synthesis reagents, 274 nmol of peptide was measured using the averaged quantity from the 

fiducial residues, Ala and Leu. This value was lower than the amount of peptide quantity 

quoted for this lot of partially purified peptides by the vendor (i.e., 400 – 700 nmols/vial). 

Therefore, it is not possible to determine the lower limit of quantification of LC-MS/MS 

assays when crude peptides are used as standards. If employed in inter-laboratory studies, 

the same lot of the synthetic unpurified peptide dissolved into solution would need to be 

used.

Quantifying Pure Peptides by Amino Acid Analysis

Reliable quantification of purified peptides across synthesis batches and amongst vendors is 

critical to harmonizing concentrations of peptides determined solely from the endogenous 

peak area ratio with internal standard or determined with external peptide calibration 

materials across the community and over time. For biomolecule quantification, calibrators 

with accurate concentrations are frequently prepared by gravimetric methods [if analyte 

standards are available in sufficient quantity and of known purity (43)]. However, for 

peptides, preparation of calibrators with accurate concentrations using gravimetric 

preparation alone is often not feasible because of the limited available quantities and/or 

uncertain purity. In these cases, the concentrations of peptide calibration solutions can be 

determined through quantitative analysis of their constituent amino acids after hydrolysis of 

the peptide's amide bonds (44) (i.e., amino acid analysis; AAA). As mentioned above, AAA 

of pure peptide internal standards and calibrators is vital to the transferability of assays and 

aggregation of results amongst research laboratories. However, to improve the similarity of 

peptide concentration measurements, AAA of different batches of peptides must be accurate 

and precise, which fundamentally depends on the reliability of the methods, accurate 

calibration, and quality control of the AAA assays used to quantify amino acids in peptides. 

Clinical laboratories are much more likely to use purified proteins as internal standards and 

in external calibration materials. Proper quality control of the AAA assays used to assign the 

concentration of those proteins is equally important.

Vendors and service laboratories providing AAA analyses vary greatly in their processes and 

quality controls (QC). Further, peptide vendors offer different levels of assay quality (e.g., 

± 5-10 % CV, ± 10-25 % CV), therefore the accuracy of their AAA assays needs to be 

specified. Given the critical importance of AAA to the harmonization of peptide and protein 

concentrations over time within a laboratory and across laboratories, it is imperative to 

ensure that AAA determinations of assay internal standards and calibrators are performed 

with a high level of rigor. Before selecting an AAA service provider, it is strongly 

recommended to understand the workflow, standardization, and quality control measures 

that are in place. This critical information is summarized in Table 5 and discussed in more 

detail below.

Accurate peptide quantification by AAA does not require the measurement of all constituent 

amino acids; for most peptides, quantification can be achieved through measurement of one 

or more stable amino acids (see Figure 2 for a summary of amino acid characteristics). For 
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example, the most stable amino acids under the conditions of hydrolysis are Ala, Arg, Gly, 

His, Ile, Leu, Lys, Phe, Pro, and Val, whose side chains are not acid labile. These amino 

acids are arguably the best targets for quantification. Serendipitously, these amino acids are 

among the highest frequencies found in nature, and will be present in most peptides. There 

are some caveats to this list: (1) hydrophobic amino acids such as Ile, Leu and Val can be 

problematic due to their slow hydrolysis rate, (2) in the presence of phenol (e.g., 0.2%), Tyr 

is stable during acid hydrolysis and plays an important role in peptide quantification by UV 

spectroscopy, and (3) the basic amino acids Arg, His, and Lys have longer retention times on 

reversed phase-ion exchange HPLC columns compared with other amino acids. Under 

typical acid hydrolysis conditions, Trp is readily destroyed by oxidation. If the measurement 

of Trp is important, this hydrophobic amino acid can be instead hydrolyzed using 4 mol/L 

methanesulfonic acid containing 0.2 % (v/v) 3-(2-aminoethyl)indole for AAA quantification 

(45). Using only stable amino acids for quantitative AAA allows for the use of hydrolysis 

conditions which are optimized primarily for completeness of hydrolysis.

Prior to quantification of a peptide by AAA, there are preliminary considerations and 

experimental optimizations that should be addressed to achieve accuracy. First, the purity of 

the peptide should be evaluated (46). Specifically, it should be determined whether the 

peptide contains any impurities that could contribute to amino acids, biasing the quantitative 

AAA. Errors during peptide synthesis and degradation products of the peptide are potential 

impurities. An LC-MS/MS analysis of the peptide should be performed to determine if 

peptide impurities are present and to provide a rough estimate of their amounts relative to 

the analyte peptide. If relative content of peptide impurities are high, a purification of the 

analyte peptide should be performed prior to AAA.

It is important to verify that peptides are completely dissolved prior to AAA to ensure that 

the measured concentrations of peptide in solution are relevant to the lyophilized peptide 

stock. Further, it is important that the protocol for solubilization of peptides prior to AAA is 

identical to the protocol used to solubilize the peptide internal standards and calibrators prior 

to use in the quantitative assay. Best practice would use UV-spectroscopy to confirm 

calibrator solution concentration prior to use.

AAA assays should be considered as three key steps (discussed below) with an optional 

derivatization stage commonly employed either pre- or post-column for increased signal 

response. In general, AAA assays include: 1) peptide hydrolysis, 2) separation of amino 

acids, and 3) detection with quantitative analysis.

Peptides are commonly hydrolyzed at elevated temperatures (110° C, but can range from 90 

to 130° C) in a low pH environment using concentrated acids (6 mol/L HCl, 4 mol/L 

CH3SO3H, 2 mol/L TFA, etc.). Alkaline hydrolyses are also possible using concentrated 

KOH or NaOH, although this approach is not as commonplace. Acid hydrolysis can be 

performed in two ways: in concentrated acid solution or with acid in the gas-phase. Elevated 

temperatures used for hydrolysis are obtained using a conventional oven, heating block 

approach, or in a specifically designed microwave oven to control energy and temperature.
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Separation of amino acids prior to detection can be achieved by several formats, including 

HPLC [ion-exchange (IEX) and reversed phase (RP)], gas chromatography, or 

electrophoresis. RP-HPLC and GC typically require chemical derivatization prior to 

detection, although newer HPLC column chemistries are facilitating improved retention 

characteristics and enable baseline separations of non-derivatized amino acids, limiting 

biases and imprecision associated with a derivatization step (47). High resolution amino acid 

separations are also possible using capillary electrophoresis (48).

Detection of amino acids is most commonly performed using one of several types of 

detectors: 1) a spectroscopic detector as used for Vis/UV or fluorescence, 2) measurement of 

electric current from redox reactions using amperometric electrochemical detection, or 3) 

mass spectrometry. Spectroscopic and electrochemical detections offer higher sensitivity, 

while mass spectrometry offers better selectivity in complex matrices and the capability of 

isotope-dilution quantification techniques. Non-chromatographic MS-based methods for 

amino acid analysis have also been developed (49).

The National Institute of Standards and Technology (NIST) has developed a AAA method 

based on isotope dilution (ID) LC-MS/MS analysis, which uses a stable isotope-labeled 

analog of each amino acid measurand that is spiked both into samples and calibrants in an 

equivalent manner. This “double isotope dilution” technique is beyond what routine 

laboratories would normally use, but is routinely used at NIST to certify concentrations for a 

wide variety of analytes (50). Amino acid calibration solutions are prepared gravimetrically 

from reference materials spiked with 13C- and 15N-labeled amino acids. The amino acids 

used in the calibration solutions are rigorously characterized for purity using elemental 

analysis, Karl Fischer analysis (for water content), NMR, and HPLC-UV. Calibration curves 

are generated from experimental peak area ratios and gravimetric mass ratios for unlabeled/

labeled amino acid pairs. Internal standards used for quantification are spiked into the 

samples prior to hydrolysis to limit biases associated with the sample preparation. For 

accurate quantification, exact-matched internal standards are individually diluted and added 

at concentrations that more closely match the concentrations of each amino acid in the 

sample, and the quantification is repeated. This AAA method has been used to measure total 

(purified) protein concentrations or concentrations of free, unbound amino acids (51) in 

several NIST Standard Reference Materials (SRM®) (http://www.nist.gov/srm). Peptide or 

protein concentration is determined independently for each target amino acid and then the 

concentrations from each amino acid are compared to assess measurement quality. 

Measurement uncertainties of peptide or protein concentrations are calculated based on this 

propagated error and expanded uncertainties are determined through advanced statistical 

analysis. Typical coefficients of variation for AAA measurements using the NIST method 

are within 3 %.

The NIST double isotope dilution LC-MS/MS method for AAA is intended to value-assign 

peptide and protein reference materials(51) with high accuracy and low uncertainty. For 

routine AAA, this approach may be unnecessarily labor-intensive and time-consuming, and 

the added cost could factor into the cost of the production of large numbers of peptides. As 

an example of the way routine AAA assays are simplified, norleucine is often used as the 

internal standard at a single concentration because it is relatively inexpensive and easier to 
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use than multiple exact-matched, isotopically-labeled amino acids, it is chromatographically 

resolved from other measurands, and it is stable under acid hydrolysis. Although less 

complicated measurements are possible, adequate quality control steps, such as those 

described below, are needed to achieve the required measurement goals.

The peptide hydrolysis and amino acid quantification steps are most challenging during 

AAA, and, therefore, the most prone to bias. As such, quality control efforts in routine AAA 

should focus on these steps. The completeness of hydrolysis can be impacted by the amino 

acid sequence of the peptide, as neighboring effects of adjacent amino acid side chains alter 

the efficiency of the hydrolysis reaction. Therefore, both the time and temperature needed to 

achieve complete hydrolysis could be peptide-specific. To achieve the highest accuracy in 

peptide quantification, the AAA hydrolysis time and temperature should be optimized for 

each peptide (amino acid) using a timecourse assessment of amino acid stability and 

completeness of hydrolysis. A comparison of the peptide concentrations derived from each 

amino acid monitored can be a useful way to identify problems with hydrolysis 

completeness. If statistically equivalent peptide concentrations are not observed for all the 

stable amino acids measured, it is likely that either peptide hydrolysis was not complete, 

there are unknown, significant impurities remaining, or there is a problem with the 

quantitative amino acid measurement.

For the hydrolysis step, a peptide solution with a known concentration should be used as a 

trueness control. In the absence of an appropriate peptide solution reference material, labs 

performing AAA should consider preparing an in-house peptide standard. An appropriate in-

house peptide solution standard can be prepared from a high-purity peptide and be value-

assigned using a double isotope dilution LC-MS/MS method. Sufficient aliquots of the in-

house peptide standard should be prepared and stored frozen so that an aliquot will be 

measured as a trueness control with every routine AAA measurement. A discrepancy from 

the expected peptide concentration of the in-house standard during routine AAA analysis 

could indicate either a problem with peptide hydrolysis or with accuracy of amino acids 

measurement, or both. It would be possible to rule out problems with amino acid 

measurement by using an amino acid solution reference material of known concentration, 

such as NIST SRM 2389a (52). Through the combined use of a peptide and amino acid 

standards, sufficient accuracy in routine AAA can be achieved.

Amino acid calibrants and peptide/protein QC materials should be selected carefully to 

ensure accuracy of the measurements. Calibrants should mimic the measurand(s) as 

identically as possible in both concentration and structure/form. Calibrants should be 

characterized for purity, both organic and inorganic contaminants, as well as for water 

content. Both calibrants and QC materials should be measured in a buffer that most closely 

resembles that of the target measurand. Similarly, QC materials should ideally consist of 

pure proteins or peptides with known, accurate, and stable concentrations; the calibrators 

and QC material should be well characterized with respect to purity, storage stability and 

accuracy of the aliquot. Because AAA of peptides is limited by which amino acids are 

available for targeted quantification, it is necessary to ensure that the QC material contains 

the same set of amino acids in roughly (if not identically) the same molar ratio. For isotope-

dilution measurements, stable isotope-labeled internal standards must consist of matrix- and 
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exact-matched analogs of the target measurand. They should be added to the samples and 

calibrants at the beginning of the sample preparation; accuracy of the amount of the sample 

taken for the analysis must be assured, and replicate analysis of the measurand is preferred. 

To ensure coelution of the targets with the corresponding internal standards during 

chromatographic separation, deuterated internal standards should be avoided (53). Finally, 

labeled amino acid internal standards should contain a number of isotopic atoms which 

would provide sufficient mass difference from the isotopic envelope of their “light” analogs 

in order to be detectable without bias contingent on the resolution of the chosen mass 

spectrometer.

Need for reference materials for harmonization of AAA measurements

To help facilitate accurate and precise AAA measurements by service providers, the field 

would greatly benefit from a new set of reference materials for harmonization. Ideally, the 

new standard peptide(s) would lack specific amino acids that are degraded during hydrolysis 

(Trp, Met, Cys, Ser, and Thr), lack amino acids that have limited stability during long-term 

storage (Trp, Met, Cys, Asn, and Gln), and lack amino acid pairs that often don't hydrolyze 

completely (e.g., Ile-Val, Ile-Ile, and Val-Val). Including a tyrosine in the peptide would 

allow UV-absorption to be used to quantify the peptide using alternative methodology (UV-

absorption) and including at least one of the most reliable amino acids (sometimes called 

fiducial residues) ensures greater confidence in the final results [i.e., Tyr (with phenol 

present), Ala, Arg, Gly, His, Ile, Leu, Lys, Phe, Pro, and Val]. The optimal peptide length to 

minimize secondary structure and ensure complete hydrolysis is 12-18 residues.

Whether standard peptides are provided in solution or as lyophilized peptides, the peptides 

would ideally be stable in solution for at least 30 days at 4 °C and for 3 years at -20 °C. 

Peptides in solution should also be stable to multiple freeze-thaw cycles and to at least one 

lyophilization-resolubilization step (in aqueous/organic/acid solvent) without significant loss 

of peptide (i.e., < 3 %) or modification of residues. While it is not possible to know how 

soluble and stable a peptide will be prior to synthesis, an example peptide that might be a 

useful standard peptide for AAA is DAKAGIHPLELRVARYR. This artificial, non-tryptic 

peptide that is not present in any gene sequence is 17 residues in length, 15 of its residues 

are taken from the list of most reliable amino acids, it contains at least half of the natural 

amino acids including Tyr, it lacks unstable side chains and amino acid pairs that hydrolyze 

irreproducibly, and it is relatively charge balanced (2 acidic and 5 basic residues) making it 

readily soluble for use in other assays.

Although it is not possible to produce reference materials suitable for every potential peptide 

application, availability of general reference materials will have a large impact on quality of 

the measurements. Due to the issues associated with using weighed amounts of peptide (e.g., 

salt and water content of lyophilized peptides), it is very desirable for the field to have 

available one or more standard peptides already in solution, ready for use in amino acid 

analysis. For example, the NIST peptide standards SRM® 8327, which were provided as a 

reference material without a certified concentration measurement, were aliquotted 

gravimetrically (target of 1 mg of peptide per vial) and then distributed as lyophilized 

peptides. The data in Table 6 demonstrate that the actual amount of peptide added to the vial 
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was much lower than 1 mg for each peptide (determined using amino acid analysis), due to 

salts and water associated with the lyophilized peptide.

In summary, the field of proteomics would greatly benefit from new reference materials 

developed and carefully characterized using a double isotope dilution technique. The new 

reference materials would include 1 to 3 peptides in solution that are soluble, stable, contain 

the most reliable amino acids for AAA, and be representative of the proteotypic peptides 

that are used in targeted proteomics experiments. Service providers would use these 

reference materials to ensure the accuracy of their assay during the methods development 

and in routine use of the methods.

Peptide storage and handling

Quantitative mass spectrometry-based assays are negatively impacted by a lack of proper 

procedures for storing and handling peptides. The following section highlights several of the 

most common considerations and makes recommendations for storing and handling peptide 

internal standards and calibrators (for a summary of the general recommendations see Table 

7).

Peptide Storage

The primary detriments of extended storage of peptides are the loss of solubility and/or 

change in concentration due to evaporation, adsorption, microbial degradation, secondary 

structure formation, and chemical modification. Storage in buffers can render peptides 

susceptible to microbial growth and degradation. Specific amino acids are associated with 

several common chemical modifications. For example, cysteine, methionine, and tryptophan 

are prone to reversible and irreversible oxidation, and this conversion is accelerated during 

freeze-thaw cycles and at high pH (54). Glutamine and asparagine are prone to deamidation 

(55), frequently when drying solutions under acidic conditions. Certain positions are more 

susceptible to deamidation, including the N-terminus and N-terminal to glycine (i.e. Asn-

Gly, Gln-Gly). Aspartic acid is sensitive to hydrolysis, and amino acids containing aromatic 

rings are susceptible to photochemical degradation (e.g., phenylalanine and tryptophan).

To minimize detrimental effects, the long-term storage of peptides (> 6 months) is most 

effective when peptides are lyophilized and stored at temperatures -20 to -80 °C (33, 56). 

Upon reconstitution, the primary concern is variability in the dissolution of peptides. 

Generally, AAA constitutes the best practice for concentration determination; however, for 

peptides with well-characterized solubility, UV absorbance using pre-defined extinction 

coefficients may be a suitable alternative. Once re-solubilized, the peptide calibrator 

solutions (0.5-2 nmol/μL) are best stored frozen at temperatures ≤ -70 °C in sealed tubes. 

Although stability in solution is peptide-dependent, generally working solutions are prepared 

from the stocks at concentrations 1-100 pmol/μL and are used for short term storage of 

peptide calibrators (≤ 3 months). To minimize peptide degradation, multiple freeze-thaw 

cycles should be avoided. Using good laboratory practice (preferably using gravimetric 

addition), calibrators should be made from the stock solution diluted as close to the time of 

use as possible. Peptides in solution should also be limited in their exposure to air. For 

particularly sensitive sequences, inert gases (e.g. argon, nitrogen) are recommended as a 
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blanket gas in storage tubes, and amber or dark storage tubes should be used for 

photochemically sensitive sequences.

Reconstituting Peptides

As mentioned above, solubility can be a significant factor affecting the accuracy of peptide 

quantification. Peptide solubility in a given solvent depends greatly on the specific amino 

acids in the peptide. The diversity of peptide sequences makes it difficult to apply broad 

recommendations to optimize solubility; however, general guidelines can be followed. 

Acidic peptides that contain more Asp and Glu residues than His, Lys and Arg residues are 

most soluble in basic solutions. Basic peptides containing more His, Lys and Arg residues 

than Asp and Glu residues are most soluble in acidic solutions. Peptides with neutral or < 

25 % charged residues are most soluble in solutions to which an organic solvent has been 

added. Solutions with strong organic solvents such as acetonitrile or DMF 

(dimethylformamide) can be used to efficiently solubilize peptides with a high percentage of 

hydrophobic residues (> 50% Ala, Val, Leu, Ile, Met, Phe, Trp, Pro) and < 25 % charged 

residues.

Prior to reconstituting peptides, lyophilized powder should be brought to room temperature 

in a desiccator to avoid water absorption in the unused peptide, thus minimizing variations in 

concentration of lyophilized aliquots. If reconstituting a peptide for the first time, and 

whenever possible, a small amount of the peptide should be reconstituted before committing 

the entire lot by weighing out a small aliquot. As discussed above, the pH is an important 

parameter for peptide solubilization. Initial reconstitution is best performed in water by 

adjusting the pH based upon the primary amino acid sequence with a small amount of 

organic solvent added to aid solubilization. Buffers such as PBS should not be used for 

reconstitution because salts hinder solubility. If salt solutions are desired for the final 

formulation, they are best added once the peptides are fully solubilized.

Peptides should initially be reconstituted at a concentration that is higher than the desired 

final working concentration (typically between 10-1000 times more concentrated; see Table 

7 for specific recommendations). Solutions of completely solubilized peptides are 

completely clear and are devoid of any “flecks” or cloudiness. Solubilization can be 

confirmed by light scattering analysis or by comparing absorbance in a series of dilutions 

with and without centrifugation to pellet undissolved material. A general recommended 

starting point for a reconstitution solution is 5 % acetonitrile with 0.1-1 % formic acid. The 

inclusion of organic solvent and acid in the reconstitution solution not only aids solubility, 

but also serves to retard microbial growth (biologically active buffers should contain 0.1 % 

sodium azide to prevent microbial growth). If this reconstitution solution is not successful in 

completely solubilizing the peptide, the amount of organic solvent can be increased or the 

organic solvent can be altered (e.g., try methanol instead of acetonitrile). If increasing 

organic solvent is not effective in solubilizing the peptide, the pH can be adjusted by adding 

acid (up to 1 % formic acid or TFA), or by using 1 % ammonium bicarbonate, 1% DIPEA 

(N,N-diisopropylethylamine), or ammonium hydroxide. Another option is to re-dry the 

peptide and re-dissolve it in DMSO.
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Non-specific Adsorption of Peptides

Variable recovery due to non-specific adsorption is one of the major consequences of 

improper handling of peptides and can lead to imprecision and bias (i.e., loss of peptide to 

surfaces or contamination/carryover). The extent of non-specific peptide adsorption to the 

walls of peptide storage vessels, pipette tips, autosampler vials, and HPLC components 

varies based on the primary sequence, the materials used, and the concentration of the 

peptide solution. Complete characterization of peptide stability includes the evaluation of 

losses due to adsorption in all steps of the analytical method. This can be accomplished by 

several experimental designs, including measuring peptide amounts in serial dilutions by UV 

absorbance (e.g. to evaluate potential loss in tubes and/or pipet tips) or repeated injections 

by LC-MS (e.g. to evaluate potential loss or carryover in vials and the HPLC system). The 

use of carrier or chaperone molecules can minimize adsorption effects for particularly 

difficult peptides (57); however, choice of a suitable carrier is highly dependent on the 

peptide sequence, the analytical method, and the desired matrix for analysis. Thus, there is 

currently no consensus related to the best carrier molecules or the optimum concentration for 

use with peptide internal standard and calibrators. When evaluating carrier molecules, 

caution should be taken to choose components that do not interfere with detection of the 

target peptide or excessively contribute to sample complexity or instrument contamination.

The relative loss of peptides by non-specific adsorption in low concentration solutions is 

greater than in more concentrated solutions because of the limited binding capacity of the 

wetted solid surface area (58). To demonstrate the loss of peptides in solution and the effect 

of storage concentration, two peptide mixtures (200 and 1000 fmol/μL) were prepared in 

non-deactivated glass vials and analyzed by injecting 1 μL of each sample each h for 15 h. 

Of the 50 peptide targets in each mixture, 48 and 50 peptides were detected in the 200 and 

1000 fmol/μL samples, respectively. Nine and zero peptides, respectively, showed noticeable 

signal decay over time under the above two conditions. This effect is seen by plotting total 

peak areas of two representative peptide sequences: YLGYLEQLLR (SSRC Relative 

Hydrophobicity 41.55) and IYEGSILEVDCDILIPAASEK (SSRC Relative Hydrophobicity 

43.98), both of which are quite hydrophobic (Figure 3). In contrast to the 200 fmol/μL 

sample, all peptides in the 1000 fmol/μL mixture showed constant signals over the time 

period analyzed, consistent with improved stability and reduced adsorption at higher 

concentration.

Non-specific adsorption contributes to carryover, which increases variability and bias due to 

residual signal in sample runs (59). Carryover in sample preparation can originate from re-

using pipette tips to transfer peptide solutions between vials or in dispensing aliquots. 

Carryover in sample preparation or analysis can negatively impact results through ion 

suppression of low abundance peptides (when co-elution occurs with high abundance 

carryover from the previous run or sample) or by producing a ‘false positive’ in sample 

analysis by the detection of contaminating analyte peptide. One can determine the extent of 

non-specific adsorption by transferring a solution of the analyte sequentially from one vial to 

another and analyzing a small aliquot after each transfer step to assess for losses (60). 

Despite the diverse physicochemical properties of peptides, various strategies can be 

generically applied to reduce adsorption and cross-contamination phenomena (57, 61) 
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leading to carryover. When preparing dilution series, one should never re-use pipette tips to 

avoid cross-contamination. Pipette tips should be pre-rinsed several times with the peptide 

solution prior to aspirating the final volume. To minimize non-specific adsorption to the 

walls of storage vessels, standards of peptides should be added directly to the diluent fluid 

instead of the sides of the tubes or vials. Finally, peptide adsorption also contributes to 

carryover in chromatographic systems through incomplete removal of analyte from the 

analytical system from the previous injection (e.g. insufficient wash of the injection valve or 

syringe of the autosampler). Chromatographic carryover can be evaluated by injecting a 

blank sample following a sample or calibrator. Complete system wash runs (e.g. rinsing all 

HPLC components, including autosampler, delay volumes, and columns) can be used to 

reduce or eliminate carryover using a series of different elution buffers/solvents. It should be 

noted that some peptides, especially those containing hydrophobic residues, can be retained 

on HPLC columns despite the use of high concentrations of organic solvents when washing. 

Most HPLC column manufacturers have published methods for washing/cleaning the HPLC 

flow-path and columns.

Different types of vials can introduce significant variability in LC-MS analyses (62). The 

interaction of peptides with various surfaces is greatly influenced by the specific side chains 

of the amino acids of the peptide. Glass and polypropylene are the materials that are most 

commonly used to manufacture vials, inserts, and plates. Although a single type of vial 

might not be optimal in terms of minimizing the non-specific interaction of all of the 

peptides in an analytical mixture, it should be noted that basic amino acids can form 

electrostatic interactions with the residual silanol groups on glass vials, and nonpolar amino 

acids can interact with the hydrophobic surface of polypropylene vials (63). To minimize 

these adverse interactions, several manufacturers of chromatography consumables offer 

silanized glass vials in which the silanol groups have been chemically inactivated. Similarly, 

polypropylene vials with modified plastic surfaces are commercially available.

To demonstrate the variability that can arise from various container materials, we 

investigated the signal from repeated injections of a digested protein sample stored in three 

types of autosampler sample vials: non-deactivated glass, deactivated glass, and 

polypropylene vials. Peptide stability was tested by performing 15 repeated LC-MS/MS 

analyses of the 50 fmol/μL sample each h for 15 h. We manually assessed the signal 

intensities of the replicate runs for each peptide to determine the amount of signal 

enhancement or decay. The results are summarized in Figure 4. Peptides were categorized as 

Stable, Slow decay, or Fast decay by using a cut-off of < 5%, 5-50%, or > 50% peptide loss 

based on signal intensity over the 15 h. We found that all three vial types enable the recovery 

of 43 peptides, which accounts for 86% of the monitored peptides. Twenty-nine of the 

detected peptides were very stable across all analyses for all vials. In this study, the 

polypropylene vial outperformed the two glass vials, as only 1 “unstable” peptide with 

significantly lower recovery was detected, while 13 and 14 “unstable” peptides were 

detected in non-deactivated and deactivated glass vials, respectively.
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Effects of Freeze-thaw on Peptide Stability

To demonstrate the effects of freeze-thaw on peptide stability, we compared the signal 

intensity observed when injecting a peptide mixture stored at 4 °C, a sample undergoing a 

single freeze-thaw, and a sample undergoing multiple (n=10) freeze-thaw cycles. Twelve 1 

pmol/μL sample aliquots prepared in solution (3% acetonitrile, 0.1% formic acid, in H2O) 

were stored in polypropylene tubes at -80 °C. One sample was thawed and kept at 4 °C over 

10 days, and one sample was subjected to 10 freeze-thaw cycles. The remaining ten samples 

underwent a single freeze/thaw. Each sample was analyzed in triplicate by LC-MS/MS by 

injecting 50 fmol on column (diluted from the stock solution immediately prior to the 

analysis) from each sample over ten consecutive days. The results are summarized in Figure 

5. Figure 5A shows the mean total peak areas of all detected peptides over 10 days. Because 

there is a wide distribution of the peptide MRM intensities, three plots were made to show 

peptides with low signal abundance (peptides with poor ionization), medium signal 

abundance (middle box), and high signal abundance, respectively. Regardless of how the 

samples were handled, comparable peak areas of the peptide were observed (Figure 5A), and 

there was no significant difference (paired t-test, p<0.05) among the average peak areas for 

the freeze-thaw experimental conditions.

We next assessed the reproducibility under the three conditions by comparing imprecision of 

the replicate analyses (Figure 5B) and found a number of important observations: 1) the 

variability of peptide peak area (%CV) is sequence-dependent and closely related to the 

peptides' hydrophobicity, 2) no obvious correlation was observed between peptide peak area 

and variability (within the limits tested), 3) for most peptides, variability of peptide peak 

area (%CV) was lower for freezer storage (∼1.5-3.5 fold) than for other storage conditions, 

and 4) the variability of peptide peak area (%CV) was highest after ten freeze-thaw cycles. 

These results clearly suggest that frequent freeze-thaw cycles should be minimized, and best 

results are obtained from analysis of samples that are stored frozen and defrosted 

immediately prior to the analysis.

Peptide Storage in the Autosampler

After peptide calibrators have been properly prepared and added to the most appropriate 

type of vial, the amount of time that the peptide calibrators are stored in the autosampler 

must be carefully controlled. Ideally, stability studies should be conducted to determine 

whether peptide calibrators can be prepared and left in an autosampler with thermostatic 

temperature control for the duration of the analysis without decreased mass spectrometer 

signal. Peptides should be conditioned to the autosampler tray temperature prior to injection. 

Temperature-related differences in peak area have been observed when peptides were not 

equilibrated to the autosampler tray temperature before injection (64). Further detailed 

guidelines for conducting a study to determine the stability of peptides are provided in the 

Assay Development Guidelines document that is available on the CPTAC Assay Portal (4) 

(https://assays.cancer.gov/) and published recommendations (11). Briefly, the guidelines 

recommend the analysis of peptide peak area variability for six temperature- and time-

related conditions (6 h at 4 °C, 24 h at 4 °C, 4 weeks at -70 °C, one freeze-thaw, and two 

freeze-thaws) compared to the time zero condition wherein the peptides are injected directly 

without being left on the autosampler tray for a prolonged period of time.
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In summary, the best storage and handling conditions will depend on peptide sequence. 

However, despite the individuality of peptide sequences, some general recommendations for 

peptide handling can be made (summarized in Table 7).

Assuring specificity and reliability of quantitative data based on peptide 

internal standards and calibrators

When analyzing the data from LC-MS/MS assays of peptides and proteins, it is critical to 

confirm the specificity of the assay for the intended analyte, as well as to ensure reliable 

quantification of the analyte. The use of the stable isotope-labeled internal standard peptides 

facilitates both of these goals, as described below.

Well developed and validated targeted LC-MS/MS assays are able to provide highly specific 

measurements, since the actual peptide analyte (i.e. not an indirect measurement of the 

analyte, such as a chromogenic or chemiluminescent substrate used with most 

immunoassays) is directly detected by the mass spectrometer, and every peptide has 

characteristic physiochemical properties (e.g., HPLC elution time, precursor and product ion 

masses, and product ion ratios). Nonetheless, interferences are common in highly complex 

biological matrices, and they must be recognized and avoided to ensure assay specificity. For 

example, in complex matrices (e.g., plasma, serum, cell or tissue lysates) combinations of 

several precursor/product ion pairs (i.e., “transitions”) are often insufficient to accurately 

pinpoint the location of a given target peptide (especially for low-abundance analytes). This 

is because multiple “peak groups” (i.e., “clusters” of co-eluting or closely eluting 

chromatographic peaks in the retention time window of each measured transition) are likely 

to be present. However, with the use of internal standards, the endogenous peptide signals 

can be easily located in the HPLC elution profile, because the stable isotope-labeled peptides 

and their endogenous counterparts have very similar fragmentation patterns and HPLC 

retention times. The LC-MS peak characteristics of the light and stable isotope-labeled 

peptides can be manually inspected using Skyline (15) or analyzed using automated data 

processing (e.g., peak picking, quantification and false discovery rate calculation) with 

software tools such as mProphet (65). Observing the same fragmentation patterns [i.e., the 

same transition and the same relative peak intensity ratios across multiple transitions(66)] 

between the endogenous and stable isotope-labeled peptide signal patterns is used to 

qualitatively confirm confident detection of the endogenous peptide, as well as to determine 

potential interferences in specific transition(s) either by manual inspection or using the 

software tool AuDIT (67). In general, if ≥ 3 transition ion pairs (heavy and light) for a given 

peptide show identical LC elution time profiles and the relative intensity of the product ions 

is within the tolerance established during the assay validation, the assay can be considered to 

be specific.

To achieve reliable relative quantification of peptides in complex matrices, the targeted 

proteomic assay must be analytically characterized with respect to its specificity, LLOQ, 

linear range, precision, and repeatability. Guidelines for targeted proteomic assay 

characterization have been proposed (2, 11) and a summary document can be downloaded 

from the CPTAC assay portal (https://assays.cancer.gov/)(4). Open source software tools 

(15, 68) are available to facilitate analyses and data sharing. Validation of quantitative assays 
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of proteins in complex mixtures requires additional experiments (11) and analytical 

validation in a clinical laboratory should adhere to appropriate guidelines (i.e., Clinical 

Laboratory Standards Institute and CLIA).

It is generally recommended that the most intense ion that is free of interference be used to 

quantify the peptide, and that the next two most abundant fragment ions are monitored to 

evaluate specificity of the assay. It is also acceptable to sum transitions for quantification if 

there is a signal-to-noise benefit (and if all these transitions are demonstrated to be free of 

interference in each sample tested). If the target peptide contains a specific post-translational 

modification, then there must be at least one fragment containing the modified residue (69). 

In PRM experiments, all product ions are detected and could be quantified simultaneously, 

with a subset of those product ions used to evaluate selectivity. A summary of the 

recommended steps for analyzing targeted quantification results using isotopically-labeled 

peptide internal standards is presented below:

1. Check the extracted peaks for both heavy standard and endogenous light peptides 

using software tools such as Skyline (15), making sure that both peaks co-elute.

2. Confirm the transition pattern (rank and relative intensity, typically requiring at 

least 3 transitions) is consistent between the isotope-labeled internal standard and 

endogenous peptide. The confidence of detection of endogenous peptide is assured 

by comparison of the acquired transitions between the isotope-labeled internal 

standard and endogenous peptide.

3. Eliminate transitions with potential interference. The problematic transition could 

be determined either by visual inspection or software tools such as AuDIT (67).

4. Select the appropriate peak boundary for the labeled and endogenous peptides, and 

then calculate their peak areas. Either all transitions or the best transition (i.e., 

highest intensity, lowest limit of quantification, or best signal-to-noise) without 

evidence of interference can be used for quantification.

5. Calculate the peak area ratio of endogenous peptide over stable isotope-labeled 

peptide. Based on the peak area ratio and the known concentration of the spiked 

stable isotope-labeled peptide, the concentration of endogenous peptide in the 

unknown sample can be determined.

6. Ensure that the detected concentration of the peptide is above the LOQ of the assay 

and within the linear range of the assay.

As mentioned above, there are several reasons why this approach may not accurately reflect 

the amount of endogenous peptide or protein present in the undigested sample: (1) liberated 

peptides are lost or non-specifically degraded during digestion, especially with high 

concentrations of trypsin and long digestion times (70), (2) proteins in complex mixtures are 

often not digested to completion when trypsin is added in lower concentrations, (3) proteins 

are most often heterogeneous mixtures of related macromolecules that differ in primary 

sequence and post-translational modifications, which can affect digestion efficiency, (4) 

proteins in macromolecular complexes that are not completely denatured will digest less 

efficiently, and (5) there is substantial variability in digestion from day-to-day. Even if 
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inaccurate, the quantification of peptides in LC-MS/MS experiments can be relatively 

precise from day-to-day when the peak area ratio is calibrated using external calibration 

materials. These materials can include unlabeled or labeled peptides spiked into a relevant 

digest (e.g., pooled cell lysates or human serum) at various concentrations, which are 

prepared in parallel with other samples (i.e., internal standard is added at the same 

concentration). This minimizes bias due to variable amounts of internal standard added each 

day. Alternatively, purified protein spiked into a relevant matrix or native protein present in 

an unadulterated sample can be used. This approach can normalize between-day and 

between-laboratory variability in digestion (5-7, 71), but it must be realized that the 

measurement may still not accurately reflect the amount of intact protein in the sample.

Reference materials: Improving the harmonization of protein measurements

To avoid pitfalls in interpreting targeted LC-MS/MS peptide and protein measurements, it is 

critical to properly identify the measurand (i.e., the quantity intending to be measured). For 

the most part, this document has focused mainly on the approaches and techniques needed to 

effectively utilize stable isotope-labeled internal standard peptides in the quantification of an 

endogenous peptide in a proteolytic digest of a complex sample. In most instances, the goal 

of MRM assays is to measure the concentration of a target protein in a complex mixture. As 

discussed above, the concentration of a proteotypic peptide liberated in a protein digest may 

not fully reflect the concentration of an intact protein, particularly due to the heterogeneity 

of protein isoforms in biology. However, if the measurand is defined as the concentration of 

protein isoforms that contain the peptide(s) analyzed in the experiment, then with proper 

calibration and quality control, LC-MS/MS may be capable of providing this concentration.

Reference materials can be used to harmonize and standardize measurements of protein 

measurands. For quantitative methods in clinical laboratories, the accurate measurement of 

proteins is important for patient care, particularly when accurate diagnosis, treatment 

guidelines, or prognosis are based on the numeric results of laboratory tests. Relative 

accuracy in these assays is established using reference materials whenever possible (72, 73). 

The reference materials are used as calibrators in the assay or to assign the concentration of 

a protein in the assay calibrators, regardless of whether the assays are immunoassays or 

mass spectrometric assays. Assays that demonstrate good agreement on a population of 

samples are said to be harmonized. Reference materials can be used to harmonize assays. 

When an assay reports concentrations on a population of samples that have very little bias 

when compared with a reference measurement procedure (i.e., a robust assay with rigorous 

process controls that uses certified or standard reference materials in its calibration), the 

assay is said to be standardized. It is possible to harmonize and standardize immunoassays 

or mass spectrometric assays (74).

Standard or certified reference materials have had their concentration assigned by consensus 

or reference measurement procedure. Consensus-defined concentrations use as many 

different assay platforms as possible (typically immunoassays) to assign the concentration. 

Consensus-defined reference materials are useful for the harmonization of protein 

measurements. Reference materials that use a reference measurement procedure to define 

their concentration are rare. For purified protein reference materials, the measurement 
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procedure of choice is currently amino acid analysis. For proteins in a relevant matrix, there 

are no reference measurement procedures that use tandem mass spectrometry to assign 

protein concentration. The most commonly used methodology is immunoassays using 

polyclonal antibodies, which have well-known issues in analysis of human biological fluids 

(75). In these cases the measurand is difficult to define with any specificity.

Guidelines have been developed by the International Organization for Standardization (ISO 

15194), which ensure the quality of manufactured reference materials. The World Health 

Organization (WHO) has developed complimentary guidelines for the development and 

value assignment of their international standards. Table 9 lists possible sources and 

distributors of protein reference materials that may be useful to investigators and clinical 

laboratories.

In the future, it is expected that amino acid analysis will be used to certify the concentration 

of purified protein reference materials and that trypsin digestion-isotope dilution-mass 

spectrometry with well-characterized isotope-labeled protein or peptide internal standards 

(as described in this document) will become the reference method procedures used to 

establish the concentration of proteins in matrix-matched reference materials. Once the field 

establishes assays using enzymatic digestion-isotope dilution-mass spectrometry as 

reference method procedures, and once basic researchers, clinical researchers, and clinical 

laboratories more universally adopt quantitative targeted molecular assays such as validated 

MRM methods for general protein quantification, the field will have taken an important step 

toward the more rapid translation of replicable experiments to the care of patients.

Disclaimer

Certain commercial equipment, instruments, and materials are identified in this paper to 

adequately specify the experimental procedures. Such identification does not imply 

recommendation or endorsement nor does it imply that the equipment, instruments, or 

materials are necessarily the best available for the purpose.
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Refer to Web version on PubMed Central for supplementary material.

Authors 

Andrew N. Hoofnagle1, Jeffrey R. Whiteaker2, Steven A. Carr3, Eric Kuhn3, Tao 
Liu4, Sam A. Massoni5, Stefani N. Thomas6, R. Reid Townsend7, Lisa J. 
Zimmerman8, Emily Boja9, Jing Chen6, Daniel L. Crimmins7, Sherri R. Davies7, 
Yuqian Gao4, Tara R. Hiltke9, Karen A. Ketchum10, Christopher R. Kinsinger9, 
Mehdi Mesri9, Matthew R. Meyer7, Wei-Jun Qian4, Regine M. Schoenherr2, Mitchell 
G. Scott7, Tujin Shi4, Gordon R. Whiteley11, John A. Wrobel12, Chaochao Wu4, 
Brad L. Ackermann13, Ruedi Aebersold14, David R. Barnidge15, David M. Bunk16, 
Nigel Clarke17, Jordan B. Fishman18, Russ P. Grant19, Ulrike Kusebauch20, Mark M. 
Kushnir21, Mark S. Lowenthal16, Robert L. Moritz20, Hendrik Neubert22, Scott D. 
Patterson23, Alan L. Rockwood21, John Rogers24, Ravinder J. Singh15, Jenny Van 

Hoofnagle et al. Page 22

Clin Chem. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Eyk25, Steven Wong26, Shucha Zhang27, Daniel W. Chan6, Xian Chen12, Matthew 
J. Ellis28, Daniel C. Liebler8, Karin D. Rodland4, Henry Rodriguez9, Richard D. 
Smith4, Zhen Zhang6, Hui Zhang6, and Amanda G. Paulovich2

Affiliations
1University of Washington, Seattle, WA 2Fred Hutchinson Cancer Research Center, 
Seattle, WA 3Broad Institute, Cambridge, MA 4Pacific Northwest National 
Laboratory, Richland, WA 5New England Peptide, Inc., Gardner, MA 6Johns Hopkins 
University, Baltimore, MD 7Washington University, St Louis, MO 8Vanderbilt 
University, Nashville, TN 9National Cancer Institute, Bethesda, MD 10ESAC, Inc., 
Rockville, MD 11Frederick National Lab for Cancer Research, Frederick, MD 
12University of North Carolina School of Medicine, Chapel Hill, NC 13Eli Lilly and 
Company, Indianapolis, IN 14Institute of Molecular Systems Biology, ETH Zurich, 
Zurich, Switzerland 15Mayo Clinic College of Medicine, Rochester, MN 16National 
Institute of Standards and Technology, Gaithersburg, MD 17Quest Diagnostics, San 
Juan Capistrano, CA 1821st Century Biochemicals, Inc., Marlborough, MA 
19Laboratory Corporation of America Holdings, Inc., Burlington, NC 20Institute for 
Systems Biology, Seattle, WA 21University of Utah and ARUP Laboratories, Salt 
Lake City, UT 22Pfizer, Inc., Andover, MA 23Gilead Sciences, Inc., Foster City, CA 
24Thermo Fisher Scientific, Rockford, IL 25Cedars Sinai Medical Center, Los 
Angeles, CA 26Wake Forest School of Medicine, Winston-Salem, NC 27Enanta 
Pharmaceutical, Watertown, MA 28Baylor College of Medicine, Houston, TX

References

1. Ellis MJ, Gillette M, Carr SA, Paulovich AG, Smith RD, Rodland KK, et al. Connecting genomic 
alterations to cancer biology with proteomics: The nci clinical proteomic tumor analysis 
consortium. Cancer Discov. 2013; 3:1108–12. [PubMed: 24124232] 

2. Carr SA, Abbatiello SE, Ackermann BL, Borchers C, Domon B, Deutsch EW, et al. Targeted 
peptide measurements in biology and medicine: Best practices for mass spectrometry-based assay 
development using a fit-for-purpose approach. Mol Cell Proteomics. 2014; 13:907–17. [PubMed: 
24443746] 

3. Schoenherr RM, Saul RG, Whiteaker JR, Yan P, Whiteley GR, Paulovich AG. Anti-peptide 
monoclonal antibodies generated for immuno-multiple reaction monitoring-mass spectrometry 
assays have a high probability of supporting western blot and elisa. Mol Cell Proteomics. 2015; 
14:382–98. [PubMed: 25512614] 

4. Whiteaker JR, Halusa GN, Hoofnagle AN, Sharma V, MacLean B, Yan P, et al. Cptac assay portal: 
A repository of targeted proteomic assays. Nat Methods. 2014; 11:703–4. [PubMed: 24972168] 

5. Cox HD, Lopes F, Woldemariam GA, Becker JO, Parkin MC, Thomas A, et al. Interlaboratory 
agreement of insulin-like growth factor 1 concentrations measured by mass spectrometry. Clin 
Chem. 2014; 60:541–8. [PubMed: 24323979] 

6. Kushnir MM, Rockwood AL, Roberts WL, Abraham D, Hoofnagle AN, Meikle AW. Measurement 
of thyroglobulin by liquid chromatography-tandem mass spectrometry in serum and plasma in the 
presence of antithyroglobulin autoantibodies. Clin Chem. 2013; 59:982–90. [PubMed: 23396140] 

7. Netzel BC, G R, Hoofnagle AN, Rockwood AL, Shuford CM, Grebe SKG. First steps towards 
harmonization of lc-ms/ms thyroglobulin assays. Clin Chem. 2016 In Press. 

8. Scott KB, Turko IV, Phinney KW. Quantitative performance of internal standard platforms for 
absolute protein quantification using multiple reaction monitoring-mass spectrometry. Anal Chem. 
2015; 87:4429–35. [PubMed: 25812027] 

Hoofnagle et al. Page 23

Clin Chem. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



9. Abbatiello SE, Mani DR, Schilling B, Maclean B, Zimmerman LJ, Feng X, et al. Design, 
implementation and multisite evaluation of a system suitability protocol for the quantitative 
assessment of instrument performance in liquid chromatography-multiple reaction monitoring-ms 
(lc-mrm-ms). Mol Cell Proteomics. 2013; 12:2623–39. [PubMed: 23689285] 

10. Abbatiello SE, Schilling B, Mani DR, Zimmerman LJ, Hall SC, MacLean B, et al. Large-scale 
interlaboratory study to develop, analytically validate and apply highly multiplexed, quantitative 
peptide assays to measure cancer-relevant proteins in plasma. Mol Cell Proteomics. 2015; 
14:2357–74. [PubMed: 25693799] 

11. Grant RP, Hoofnagle AN. From lost in translation to paradise found: Enabling protein biomarker 
method transfer by mass spectrometry. Clin Chem. 2014; 60:941–4. [PubMed: 24812416] 

12. Kuster B, Schirle M, Mallick P, Aebersold R. Scoring proteomes with proteotypic peptide probes. 
Nat Rev Mol Cell Biol. 2005; 6:577–83. [PubMed: 15957003] 

13. Smith LM, Kelleher NL, Consortium for Top Down P. Proteoform: A single term describing 
protein complexity. Nat Methods. 2013; 10:186–7. [PubMed: 23443629] 

14. Fusaro VA, Mani DR, Mesirov JP, Carr SA. Prediction of high-responding peptides for targeted 
protein assays by mass spectrometry. Nat Biotechnol. 2009; 27:190–8. [PubMed: 19169245] 

15. MacLean B, Tomazela DM, Shulman N, Chambers M, Finney GL, Frewen B, et al. Skyline: An 
open source document editor for creating and analyzing targeted proteomics experiments. 
Bioinformatics. 2010; 26:966–8. [PubMed: 20147306] 

16. Krokhin OV, Craig R, Spicer V, Ens W, Standing KG, Beavis RC, Wilkins JA. An improved model 
for prediction of retention times of tryptic peptides in ion pair reversed-phase hplc: Its application 
to protein peptide mapping by off-line hplc-maldi ms. Mol Cell Proteomics. 2004; 3:908–19. 
[PubMed: 15238601] 

17. Webb-Robertson BJ, Cannon WR, Oehmen CS, Shah AR, Gurumoorthi V, Lipton MS, Waters KM. 
A support vector machine model for the prediction of proteotypic peptides for accurate mass and 
time proteomics. Bioinformatics. 2008; 24:1503–9. [PubMed: 18453551] 

18. Sanders WS, Bridges SM, McCarthy FM, Nanduri B, Burgess SC. Prediction of peptides 
observable by mass spectrometry applied at the experimental set level. BMC Bioinformatics. 2007; 
8(Suppl 7):S23. [PubMed: 18047723] 

19. Mallick P, Schirle M, Chen SS, Flory MR, Lee H, Martin D, et al. Computational prediction of 
proteotypic peptides for quantitative proteomics. Nat Biotechnol. 2007; 25:125–31. [PubMed: 
17195840] 

20. Eyers CE, Lawless C, Wedge DC, Lau KW, Gaskell SJ, Hubbard SJ. Consequence: Prediction of 
reference peptides for absolute quantitative proteomics using consensus machine learning 
approaches. Mol Cell Proteomics. 2011; 10 M110 003384. 

21. Muntel J, Boswell SA, Tang S, Ahmed S, Wapinski I, Foley G, et al. Abundance-based classifier 
for the prediction of mass spectrometric peptide detectability upon enrichment (ppa). Mol Cell 
Proteomics. 2015; 14:430–40. [PubMed: 25473088] 

22. Tang H, Arnold RJ, Alves P, Xun Z, Clemmer DE, Novotny MV, et al. A computational approach 
toward label-free protein quantification using predicted peptide detectability. Bioinformatics. 
2006; 22:e481–8. [PubMed: 16873510] 

23. Craig R, Cortens JP, Beavis RC. Open source system for analyzing, validating, and storing protein 
identification data. J Proteome Res. 2004; 3:1234–42. [PubMed: 15595733] 

24. Jones P, Cote RG, Cho SY, Klie S, Martens L, Quinn AF, et al. Pride: New developments and new 
datasets. Nucleic Acids Res. 2008; 36:D878–83. [PubMed: 18033805] 

25. Deutsch EW, Lam H, Aebersold R. Peptideatlas: A resource for target selection for emerging 
targeted proteomics workflows. EMBO Rep. 2008; 9:429–34. [PubMed: 18451766] 

26. Farrah T, Deutsch EW, Hoopmann MR, Hallows JL, Sun Z, Huang CY, Moritz RL. The state of the 
human proteome in 2012 as viewed through peptideatlas. J Proteome Res. 2013; 12:162–71. 
[PubMed: 23215161] 

27. Deutsch EW, Sun Z, Campbell D, Kusebauch U, Chu CS, Mendoza L, et al. State of the human 
proteome in 2014/2015 as viewed through peptideatlas: Enhancing accuracy and coverage through 
the atlasprophet. J Proteome Res. 2015

Hoofnagle et al. Page 24

Clin Chem. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



28. Hornbeck PV, Zhang B, Murray B, Kornhauser JM, Latham V, Skrzypek E. Phosphositeplus, 2014: 
Mutations, ptms and recalibrations. Nucleic Acids Res. 2015; 43:D512–20. [PubMed: 25514926] 

29. Stawikowski M, Fields GB. Introduction to peptide synthesis. Curr Protoc Protein Sci. 2012; 
18(18):1. [PubMed: 22851497] 

30. Fields GB. Introduction to peptide synthesis. Curr Protoc Protein Sci. 2002; 18(18):1. [PubMed: 
18429226] 

31. Angeletti RH, Bonewald LF, Fields GB. Six-year study of peptide synthesis. Methods Enzymol. 
1997; 289:697–717. [PubMed: 9353745] 

32. Chan, WC.; White, PD. Fmoc solid phase peptide synthesis : A practical approach. New York: 
Oxford University Press; 2000. p. xxiv-346.

33. Grant, GA. Synthetic peptides : A user's guide. New York: W.H. Freeman; 1992. p. xii-382.

34. Bodanszky, M. Principles of peptide synthesis. 2nd. Berlin ; New York: Springer-Verlag; 1993. p. 
xii-329.

35. Gygi SP, Rist B, Gerber SA, Turecek F, Gelb MH, Aebersold R. Quantitative analysis of complex 
protein mixtures using isotope-coded affinity tags. Nat Biotechnol. 1999; 17:994–9. [PubMed: 
10504701] 

36. Ong SE, Blagoev B, Kratchmarova I, Kristensen DB, Steen H, Pandey A, Mann M. Stable isotope 
labeling by amino acids in cell culture, silac, as a simple and accurate approach to expression 
proteomics. Mol Cell Proteomics. 2002; 1:376–86. [PubMed: 12118079] 

37. Boutilier JM, Warden H, Doucette AA, Wentzell PD. Chromatographic behaviour of peptides 
following dimethylation with h2/d2-formaldehyde: Implications for comparative proteomics. J 
Chromatogr B Analyt Technol Biomed Life Sci. 2012; 908:59–66.

38. Rule GS, Clark ZD, Yue B, Rockwood AL. Correction for isotopic interferences between analyte 
and internal standard in quantitative mass spectrometry by a nonlinear calibration function. Anal 
Chem. 2013; 85:3879–85. [PubMed: 23480307] 

39. Mant CT, Kondejewski LH, Cachia PJ, Monera OD, Hodges RS. Analysis of synthetic peptides by 
high-performance liquid chromatography. Methods Enzymol. 1997; 289:426–69. [PubMed: 
9353732] 

40. Burdick DJ, Stults JT. Analysis of peptide synthesis products by electrospray ionization mass 
spectrometry. Methods Enzymol. 1997; 289:499–519. [PubMed: 9353735] 

41. Moore WT. Laser desorption mass spectrometry. Methods Enzymol. 1997; 289:520–42. [PubMed: 
9353736] 

42. Ozols J. Amino acid analysis. Methods Enzymol. 1990; 182:587–601. [PubMed: 2314259] 

43. Brun V, Masselon C, Garin J, Dupuis A. Isotope dilution strategies for absolute quantitative 
proteomics. J Proteomics. 2009; 72:740–9. [PubMed: 19341828] 

44. Burkitt WI, Pritchard C, Arsene C, Henrion A, Bunk D, O'Connor G. Toward systeme international 
d'unite-traceable protein quantification: From amino acids to proteins. Anal Biochem. 2008; 
376:242–51. [PubMed: 18336784] 

45. Simpson RJ, Neuberger MR, Liu TY. Complete amino acid analysis of proteins from a single 
hydrolysate. J Biol Chem. 1976; 251:1936–40. [PubMed: 178649] 

46. Bunk DM. Reference materials and reference measurement procedures: An overview from a 
national metrology institute. Clin Biochem Rev. 2007; 28:131–7. [PubMed: 18392127] 

47. Krumpochova P, Bruyneel B, Molenaar D, Koukou A, Wuhrer M, Niessen WM, Giera M. Amino 
acid analysis using chromatography-mass spectrometry: An inter platform comparison study. J 
Pharm Biomed Anal. 2015; 114:398–407. [PubMed: 26115383] 

48. Poinsot V, Ong-Meang V, Gavard P, Couderc F. Recent advances in amino acid analysis by 
capillary electromigration methods, 2011-2013. Electrophoresis. 2014; 35:50–68. [PubMed: 
24174162] 

49. Louwagie M, Kieffer-Jaquinod S, Dupierris V, Coute Y, Bruley C, Garin J, et al. Introducing aaa-
ms, a rapid and sensitive method for amino acid analysis using isotope dilution and high-resolution 
mass spectrometry. J Proteome Res. 2012; 11:3929–36. [PubMed: 22681258] 

50. Bunk DM, Lowenthal MS. Isotope dilution liquid chromatography-tandem mass spectrometry for 
quantitative amino acid analysis. Methods Mol Biol. 2012; 828:29–38. [PubMed: 22125133] 

Hoofnagle et al. Page 25

Clin Chem. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



51. McGaw EA, Phinney KW, Lowenthal MS. Comparison of orthogonal liquid and gas 
chromatography-mass spectrometry platforms for the determination of amino acid concentrations 
in human plasma. J Chromatogr A. 2010; 1217:5822–31. [PubMed: 20696434] 

52. Lowenthal MS, Yen J, Bunk DM, Phinney KW. Certification of nist standard reference material 
2389a, amino acids in 0. 1 mol/l hcl--quantification by id lc-ms/ms Anal Bioanal Chem. 2010; 
397:511–9. [PubMed: 20238103] 

53. Stokvis E, Rosing H, Beijnen JH. Stable isotopically labeled internal standards in quantitative 
bioanalysis using liquid chromatography/mass spectrometry: Necessity or not? Rapid Commun 
Mass Spectrom. 2005; 19:401–7. [PubMed: 15645520] 

54. Clamp JR, Hough L. The periodate oxidation of amino acids with reference to studies on 
glycoproteins. Biochem J. 1965; 94:17–24. [PubMed: 14342227] 

55. Meister A, Sober HA, Tice SV, Fraser PE. Transamination and associated deamidation of 
asparagine and glutamine. J Biol Chem. 1952; 197:319–30. [PubMed: 12981062] 

56. Kraut A, Marcellin M, Adrait A, Kuhn L, Louwagie M, Kieffer-Jaquinod S, et al. Peptide storage: 
Are you getting the best return on your investment? Defining optimal storage conditions for 
proteomics samples J Proteome Res. 2009; 8:3778–85. [PubMed: 19397304] 

57. Maes K, Smolders I, Michotte Y, Van Eeckhaut A. Strategies to reduce aspecific adsorption of 
peptides and proteins in liquid chromatography-mass spectrometry based bioanalyses: An 
overview. J Chromatogr A. 2014; 1358:1–13. [PubMed: 25022477] 

58. John H, Walden M, Schafer S, Genz S, Forssmann WG. Analytical procedures for quantification of 
peptides in pharmaceutical research by liquid chromatography-mass spectrometry. Anal Bioanal 
Chem. 2004; 378:883–97. [PubMed: 14647953] 

59. Dolman S, Eeltink S, Vaast A, Pelzing M. Investigation of carryover of peptides in nano-liquid 
chromatography/mass spectrometry using packed and monolithic capillary columns. J Chromatogr 
B Analyt Technol Biomed Life Sci. 2013; 912:56–63.

60. Ewles M, Goodwin L. Bioanalytical approaches to analyzing peptides and proteins by lc--ms/ms. 
Bioanalysis. 2011; 3:1379–97. [PubMed: 21679032] 

61. Hyenstrand P, Metcalf JS, Beattie KA, Codd GA. Effects of adsorption to plastics and solvent 
conditions in the analysis of the cyanobacterial toxin microcystin-lr by high performance liquid 
chromatography. Water Res. 2001; 35:3508–11. [PubMed: 11547876] 

62. Bark SJ, Hook V. Differential recovery of peptides from sample tubes and the reproducibility of 
quantitative proteomic data. J Proteome Res. 2007; 6:4511–6. [PubMed: 17850064] 

63. van den Broek I, Sparidans RW, Schellens JH, Beijnen JH. Quantitative bioanalysis of peptides by 
liquid chromatography coupled to (tandem) mass spectrometry. J Chromatogr B Analyt Technol 
Biomed Life Sci. 2008; 872:1–22.

64. Maes K, Van Liefferinge J, Viaene J, Van Schoors J, Van Wanseele Y, Bechade G, et al. Improved 
sensitivity of the nano ultra-high performance liquid chromatography-tandem mass spectrometric 
analysis of low-concentrated neuropeptides by reducing aspecific adsorption and optimizing the 
injection solvent. J Chromatogr A. 2014; 1360:217–28. [PubMed: 25145562] 

65. Reiter L, Rinner O, Picotti P, Huttenhain R, Beck M, Brusniak MY, et al. Mprophet: Automated 
data processing and statistical validation for large-scale srm experiments. Nat Methods. 2011; 
8:430–5. [PubMed: 21423193] 

66. Kushnir MM, Rockwood AL, Nelson GJ, Yue B, Urry FM. Assessing analytical specificity in 
quantitative analysis using tandem mass spectrometry. Clin Biochem. 2005; 38:319–27. [PubMed: 
15766733] 

67. Abbatiello SE, Mani DR, Keshishian H, Carr SA. Automated detection of inaccurate and imprecise 
transitions in peptide quantification by multiple reaction monitoring mass spectrometry. Clin 
Chem. 2010; 56:291–305. [PubMed: 20022980] 

68. Sharma V, Eckels J, Taylor GK, Shulman NJ, Stergachis AB, Joyner SA, et al. Panorama: A 
targeted proteomics knowledge base. J Proteome Res. 2014; 13:4205–10. [PubMed: 25102069] 

69. Liu X, Jin Z, O'Brien R, Bathon J, Dietz HC, Grote E, Van Eyk JE. Constrained selected reaction 
monitoring: Quantification of selected post-translational modifications and protein isoforms. 
Methods. 2013; 61:304–12. [PubMed: 23523700] 

Hoofnagle et al. Page 26

Clin Chem. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



70. Shuford CM, Sederoff RR, Chiang VL, Muddiman DC. Peptide production and decay rates affect 
the quantitative accuracy of protein cleavage isotope dilution mass spectrometry (pc-idms). Mol 
Cell Proteomics. 2012; 11:814–23. [PubMed: 22595788] 

71. Agger SA, Marney LC, Hoofnagle AN. Simultaneous quantification of apolipoprotein a-i and 
apolipoprotein b by liquid-chromatography-multiple- reaction-monitoring mass spectrometry. Clin 
Chem. 2010; 56:1804–13. [PubMed: 20923952] 

72. Braga F, Panteghini M. Verification of in vitro medical diagnostics (ivd) metrological traceability: 
Responsibilities and strategies. Clin Chim Acta. 2014; 432:55–61. [PubMed: 24291059] 

73. Armbruster D, Miller RR. The joint committee for traceability in laboratory medicine (jctlm): A 
global approach to promote the standardisation of clinical laboratory test results. Clin Biochem 
Rev. 2007; 28:105–13. [PubMed: 17909615] 

74. Chen Z, Caulfield MP, McPhaul MJ, Reitz RE, Taylor SW, Clarke NJ. Quantitative insulin analysis 
using liquid chromatography-tandem mass spectrometry in a high-throughput clinical laboratory. 
Clin Chem. 2013; 59:1349–56. [PubMed: 23709677] 

75. Hoofnagle AN, Wener MH. The fundamental flaws of immunoassays and potential solutions using 
tandem mass spectrometry. J Immunol Methods. 2009; 347:3–11. [PubMed: 19538965] 

Hoofnagle et al. Page 27

Clin Chem. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Example of a Recommended Assessment of Peptides
MALDI-MS spectra of lower purity (A) and high-purity (B) peptides. The internal standard 

was a synthetic peptide (Glu-Fib).
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Figure 2. Summary of the stability and efficiency of hydrolysis of the natural amino acids
Each amino acid is characterized with respect to stability in acid, stability during storage, 

and efficient hydrolysis. Green indicates that the amino acid is favorably stable or 

hydrolysable. Red indicates instability. Yellow is used to highlight three hydrophobic amino 

acids that can affect hydrolysis.
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Figure 3. Evaluation of peptide concentration on stability of signal over time
The peak areas (normalized to time zero) from two representative peptides were plotted 

versus autosampler storage time (hours) to show that storing the peptides at higher 

concentration can minimize the loss of peptide signals, presumably attributed to adsorption 

of the peptides to vials. See Supplemental Materials and Methods for details.
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Figure 4. Effect of autosampler vial material on stability of peptides in a protein digest: plastic, 
non-deactivated glass, deactivated glass
The plastic vial outperforms the two glass vials, as it is associated with only one “unstable” 

peptide. The peptide sequences are sorted by relative hydrophobicity. See Supplemental 

Materials and Methods for details.
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Figure 5. Evaluation of freeze-thaw effect
Mean values of total peak area from triplicate injections are plotted for all detected peptides. 

Error bars show standard deviation. (A) Low abundance, medium abundance, and high 

abundance peptide signals are plotted in separate boxes; similar peak areas of the peptide 

were observed after storage under three conditions: refrigerator storage (‘control’), freezer 

storage with one freeze-thaw cycle, and ten freeze-thaw cycles. (B) Coefficient of variation 

(CV) is plotted as a function of peptide sequence. Peptides are plotted on the x-axis in order 

of increasing retention time. See Supplemental Materials and Methods for details.
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Table 1
Guidelines for peptide selection for MRM targeted assays

Filtering Criteria Description

Uniqueness (analyte specificity) Peptides must be unique in sequence to the gene product or proteoform1 of interest to enable 
specificity of the assay.

Peptide Length Typically 7-20 AA

Observability by MS
Ideally, peptides should be empirically identified in MS experiments using the instrument on which the 
method is expected to be developed. Frequency of observation, selectivity, and MS signal intensity can 
be used to rank order in cases where multiple peptides meet the in silico selection criteria.

Hydropathy
Extremely hydrophobic peptides can be problematic due to solubility issues, and extremely hydrophilic 
peptides can be problematic due to LC retention time instability. As a general rule, it is best to select 
peptides within an SSRCalc score range of 10-45, see http://hs2.proteome.ca/SSRCalc/SSRCalcX.html.

Reactive Residues (amino acid 
residues that may be susceptible to 
modifications during sample 
preparation)

Avoid these residues if possible, listed in decreasing priority (potential post-translational/preanalytical 
processing issues listed in brackets):

• Cysteine (carbamidomethylation, oxidation, cyclization if N-terminal)

• Methionine (oxidation)

• N-terminal glutamine (pyroglutamic acid formation)

• Asparagine or glutamine when followed by glycine (deamidation)

• Aspartic acid followed by glycine (dehydration) or proline (peptide chain cleavage).

• Tryptophan (oxidation)

• Histidine (additional charge states)

Digestion Parameters

Tryptic peptides generally have an optimal length for analysis and usually form doubly or triply 
charged positive ions (depending on the sequence), which provide useful sequence information through 
MS/MS fragmentation. Peptide sequences containing inhibitory motifs for trypsin that commonly result 
in missed cleavages (e.g., Lys-Lys and Arg-Arg) may display variable digestion yields and should be 

avoided if possible2. Avoid ragged ends (i.e. KK, KR, RR, RK) and possible miss-cleavage sites (i.e. 
KP and RP).

Modification Motifs

Unless the goal is to quantify the posttranslationally modified isoform, peptides near or containing 
potential posttranslational modification sites [e.g. phosphorylation, N-glycosylation (NXS/T)] should 
be avoided where possible, since they may affect assay results by altering the recoverability and/or 
detection of the analyte peptide.

1
Smith, L.M. et al. 2013. Proteoform: a single term describing protein complexity. Nat Methods. 10(3):186-7.

2
Riviere, L. R. and Tempst, P. 2001. Enzymatic Digestion of Proteins in Solution. Current Protocols in Protein Science. 00:11.1:11.1.1–11.1.19.
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Table 2
Pure Peptide Specifications and Methods for Qualification

Description Specification

Amount ≥ 1 mg ordered; up to 5 mg net peptide content confirmed by AAA

Chemical purity > 95%

Isotope
13C, 15N; for doubly charged precursors, use minimum of 6 Da mass delta to unlabeled amino 
acid; for triply charged precursors a minimum of 8-10 Da is recommended

Isotopic purity (atom percent) > 99%

Heavy AA Lys, Arg are recommended in the case of tryptic peptides; other AA may be labeled e.g. Leu, 
Phe)

Number of heavy AA 0 - 2, depending on sequence and label

Mass difference (relative to unlabeled 
peptide) 6 - 20 Da depending on AA sequence

Location of heavy AA C-terminal Lys or Arg (unless noted otherwise)

AA's to be chemically modified as part of 
peptide synthesis

All Cys as carbamidomethylated Cys; incorporate posttranslational modifications if the goal is 
to quantify the modified peptide (e.g., phosphorylation at Ser, Thr, and/or Tyr; acetylation; 
epigenetic modifications on Lys/Arg)

Delivery time 4 – 6 weeks

Formulation – up to first 1mg of peptide 5 – 30 % acetonitrile/0.1-1% formic acid at approximate concentration of 0.5 - 2 nmol/μL 
(500-2000 μM). Aliquots of this solution are used for AAA.

Formulation - remaining mg of peptide dry powder (preferably in 0.1 - 1 mg aliquots) stored under argon/nitrogen or in a desiccator, at 
-20C or lower for longer term storage (> 6 mos)

Purification method preparative RP HPLC

QC – 1 (LC-UV) analytical RP HPLC chromatogram (determine % purity)

QC – 2 (MS or LC-MS/MS) MALDI, ESI spectrum (mass ID confirmation)orMS/MS (label + sequence verification)

QC – 3 (Amino acid analysis, AAA) Concentration (pmol/μL or μM)Percent variation or percent relative error from expected AA 
composition (% )
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Table 3
Lower Purity Peptide Specifications and Methods for Qualification

Description Specification

Amount ≥ 100 μg, by weight or maximum possible quantity by AAA

Chemical purity > 50%, the peptide should be the highest peak in the HPLC chromatogram

Isotopic atoms
13C, 15N; for doubly charged precursors, use minimum of 6 Da mass delta to unlabeled 
amino acid; for triply charged precursors a minimum of 8-10 Da is recommended

Isotopic purity (atom percent) > 99%

Heavy AA Lys, Arg are recommended in the case of tryptic peptides; other AA may be labeled e.g. 
Leu, Phe)

Number of heavy AA 0 - 2, depending on sequence and label

Mass difference (relative to unlabeled peptide) 7 - 20 Da depending on AA sequence

Location of heavy AA C-terminal Lys or Arg (unless noted otherwise)

AA's to be chemically modified as part of 
peptide synthesis

All Cys alkylated (e.g., carbamidomethylated Cys); phosphorylation of specific Ser, Thr, 
and/or Tyr

Delivery time 2 – 4 weeks

Formulation – up to first 1mg of peptide 5 – 30 % acetonitrile/0.1-1% formic acid at estimated (by dry wt.) concentration of 1 
mg/mL.

Formulation - remaining mg of peptide none

Purification method none, or SPE only

QC – 1 (LC-UV) LC-UV chromatogram (% purity)Performed and assessed by submitting laboratory.

QC – 2 (MS or LC-MS/MS) MALDI, ESI spectrum (mass ID confirmation)orMS/MS (label + sequence verification)

QC – 3 (AAA) None until identification of desired peptide as major species by MS
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Table 4
Amino acid composition of high and lower purity preparations of a peptide 
(FYGAEIVSALEYLHSR)

Amino Acid Expected High Purity1 Lower Purity1

Ala 2 2.0 2.0

Arg 1 1.0 1.3

Asx 0 n.d. n.d.

Glx 2 2.0 2.1

Gly 1 1.0 0.9

His 1 1.1 1.3

Ile 1 0.9 0.9

Leu 2 2.1 2.5

Lys 0 n.d. n.d.

Phe 1 1.0 0.7

Pro 0 n.d. n.d.

Ser 2 1.9 2.2

Thr 0 n.d. n.d.

Tyr 2 2.0 2.0

Val 1 1.0 1.1

1
The average of four AAA determinations with coefficient of variation = 7.6% and 4.8% for the high and lower purity peptides, respectively.
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Table 5
Important information to be obtained from commercial labs regarding their AAA 
methods

Assay characteristic Questions to ask

Hydrolysis How do you hydrolyze your peptides? What hydrolysis reagents do you use? At what temperature do you 
incubate the reactions and for how long?

Internal standards

What standards do you use for:

1 Hydrolysis

2 Instrument validation

3 Amino Acid Calibration

When do you add your internal standards? How many isotope labeled analog compounds are included in the 
internal standards?

Method of amino acid 
separation Do you use chromatography or electrophoresis to separate the amino acids?

Method of detection How do you detect resolved amino acids (e.g., UV using a fluorophore or MS)?

Calibration materials How do you calibrate your assay? How often the calibration is performed? How many calibration standards 
are used for the calibration?

Quality controls How do you assess the quality of the sample hydrolysis? What quality control materials are used in your 
assay?

Precision What is the precision of your assay? How did you determine the precision of your assay? How do you 
continue to monitor the precision of your assay?

Accuracy and traceability
How did you establish the accuracy of your method? Is your assay traceable to NIST or another reference 
material? How do you ensure continued traceability? Is the laboratory participating in external quality 
control program?
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Table 7
Recommended guidelines for peptide storage and handling

Description Specification

Artifacts due to chemical 
modification or 
degradation

• Limit air exposure of peptides in solution

• Use an inert blanket gas in storage tubes

• Use amber or dark storage tubes for photochemically active sequences

• Avoid multiple freeze-thaws

Duration of storage

• Short-term (≤ 3 months): High concentration (1 – 100 pmol/μL) liquid solution at 4 °C or frozen 
solution at -20 to -80 °C

• Medium-term (3 months – 1 year; peptide-dependent): Frozen solution at high concentration

• Long-term (> 1 year): Lyophilized at -20 to -80 °C

• Concentrated stock solution (0.5-2 nmol/μL): Storage duration depends on peptide

• Short-term: Working solutions (1-100 pmol/μL)

Reconstitution

• General reconstitution solution: 5 % acetonitrile/0.1-1 % formic acid

• Troubleshooting: Increase organic solvent and adjust pH

• Obtain AAA concentration and UV absorbance data

Minimization of non-
specific adsorption

• Add peptides directly to diluent fluid instead of tube walls

• Rinse pipette tip several times with peptide solution prior to aspirating final volume

• Use new pipette tip for each dilution

• Maintain relatively high concentrations (0.5-2 nmol/μL)

Storage vessels

• Silanized glass vials

• Polypropylene vials or plates with modified plastic surfaces

• Wash vials and tubes with same solution being used for peptides, and examine plastics for residual 
plasticizers

Evaluation of peptide 
stability

• Condition peptides to autosampler tray temperature prior to injection (consider temperatures above 4° 
C, which can improve stability)

• Quantify reconstituted peptides by AAA and benchmark the concentration using UV absorbance

• Characterize solubility and adsorption behavior through UV absorbance of a series of dilutions or 
replicates and repeated injection on the LC-MS system

• Evaluate peptide stability for six temperature- and time-related conditions as outlined in Assay 
Development Guidelines available on CPTAC Assay Portal (https://assays.cancer.gov/)
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Table 8
Sources and distributors of reference materials

Institution URL

National Institutes of Standards and Technology www.nist.gov/srm/index.cfm

Institute for Materials and Measurements ec.europa.eu/jrc/en/reference-materials

Joint Committee for Traceability in Laboratory Medicine www.bipm.org/jctlm

World Health Organization www.who.int/bloodproducts/catalogue

LGC Standards www.lgcstandards.com/Catalogues

National Institute for Biological Standards and Control www.nibsc.org/products/brm_product_catalogue.aspx

Sigma-Aldrich www.sigmaaldrich.com
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