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Abstract

Selected reaction monitoring mass spectrometry (SRM-MS) is a sensitive and accurate method for 

quantification of targeted proteins in biological specimens. However, the sample throughput and 

reliability of this technique is limited by the complexity of sample preparation, as well as 

instrumentation and data processing. Modern robotic equipment allows for rapid and accurate 

processing of large number of samples and makes SRM-MS assay applicable in epidemiological 

studies. Herein, we describe an automated sample processing platform developed in the context of 

an SRM-MS protocol for the assay of complement factor H protein and its variants in human 

plasma. We report detailed performance data on plasma digestion, sample cleanup and optimized 

robotic handling implemented on a Biomek® NXp Workstation. Method validation was assessed 

with isotopically labeled peptide standards and had high reproducibility of intra-day assay (CVs 

from 2.7 to 17.5% with median CV of 5.3%) and inter-day assay (CVs from 4.8 to 17.6 with 

median CV of 7.2%) for all peptides.
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Selected reaction monitoring (SRM), also known as multiple reaction monitoring (MRM), is 

a targeted mass spectrometry method for the accurate quantification of peptides and proteins 

[1]. SRM has advantages over antibody- or aptamer-based assays that rely upon the 

recognition of large epitopes because it can distinguish variants and isoforms of proteins that 

cannot be recognized by antibodies or aptamers. In addition, many proteins can be 

multiplexed into a single SRM assay with most peptides detected at attomole levels of 

quantification and in most cases with <20% coefficient of variation [2, 3].
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High-quality SRM data requires a highly reproducible sample preparation strategy and the 

development of a carefully designed and optimized SRM assay. Attempts to improve SRM 

measurement precision have largely focused on variability of instrumental stability and SRM 

assay performance [3–5]. However, more recently it has been widely recognized that the 

length and complexity of sample preparation are important limits to throughput and 

reproducibility of this technique. This is especially true when hundreds or even thousands of 

samples have to be processed rapidly and accurately across multiple plates over a period of 

months such as in large-scale longitudinal studies. Many steps in the SRM workflow can be 

a source of variation. Often little attention is paid to the variability determined by the sample 

preparation workflow although these parameters are of utmost importance to determine an 

experimental design with sufficient statistical power to distinguish disease–specific protein 

concentrations [6].

Handling samples with robotic technology can substantially reduce variability that is 

introduced in the different steps of sample preparation [7, 8]. Current platforms can perform 

automated sample dilution, denaturation, reduction, alkylation, trypsin digestion, and semi-

automated solid-phase extraction of samples for proteomic analyses. In the context of a 

study exploring the relationship between complement factor H (CFH) protein and its 

variants in human plasma and the risk of macular degeneration, we developed an automated 

robotic protocol aimed at minimizing sample handling variability in a workflow for SRM. In 

this paper, we present the robotic sample handling protocol implemented on the Biomek® 

NXp station (Beckman Coulter) and provide data on performance in terms of reliability and 

repeatability.

Fig. 1 illustrates the details of robotic sample digestion workflow. In the layout of the 

Biomek® NXp station deck is shown in Fig. 1A. 250 µl tips were placed at stations P1, P2 

and P3; P50 µl tips were placed at P5, P6 and P9. Reagents were stored in reservoirs located 

in P7 and P10. A 96-well polypropylene deep reaction plate was placed at Spelt96DW for 

sample reaction. Each reaction plate consisted of 8 replicates of the Quality Control (QC) 

plasma and 88 plasma samples. The QC plasma was the matrix-matched pooled plasma 

from 200 real study samples [9] which was used for monitoring the entire workflow 

variability and plate-to-plate quality of assay results. Acceptance of data depended on the 

QC samples being successfully quantified within predefined limits. Using Biomek software, 

adjustments for parameters, such as incubation time, temperature, vortexing and spinning, 

were scheduled using the flexible definition of specific-prescriptive software packages. At 

the start-up point of the programming procedure, input was required for several check 

variables that were involved in tip techniques and calculation of reagent volumes transferred 

from the reagent reservoir to the reaction plate. In addition, specialized steps were also 

scheduled by different software functions, e.g. integrated pump purging air from the lines, 

alerts to desired temperatures, and placing/removing plate cover sheet prior to the next step. 

The workflow of automated sample digestion is shown in Fig. 1B. Briefly, plasma sample 

were thawed directly on the day of analysis and were centrifuged at 14,000 × g for 15 min at 

4°C. Cleared fractions were manually transferred with a loading tip into a fresh 1.5 ml 

polypropylene tube, discarding insoluble aggregates and the upper layer of floating lipids. 

This procedure was sufficient to eliminate the confounding influence of lipids in 

downstream protein separation procedures [10]. After delipidation, 5 µl of delipidated 
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plasma was manually added into the reaction plate at station Spelt96DW using reverse 

pipetting technique to improve accuracy in the absolute quantification of plasma data [11], 

and then 95 µl of 0.1% (w/v) RapiGest (Waters Corp., Milford, MA) containing 100 mM 

Tris-HCl, pH=8.0, and 100 mM dithiothreitol (Sigma-Aldrich, Oakville, ON) were added 

and incubated at 55°C for 1 h for denaturation and reduction. The reduced samples were 

then alkylated for 30 min at room temperature in dark with 100 mM iodoacetamide (Sigma-

Aldrich) to a final concentration of 50 mM. After alkylation, 60 µl of 50 mM ammonium 

bicarbonate was added to the sample to achieve a 460 μl of digestion volume and, 

subsequently, trypsin/LysC mix (Promega, Madison, WI) was added at an enzyme-to-

substrate ratio of 1:50. Digestion was carried out for 18 h at 37 °C, and terminated with 10% 

trifluoroacetic acid (Fisher Scientific, Hampton, NH), to a final concentration of 1%. All 

procedures were programmed and automatically performed unless otherwise mentioned. To 

achieve the best accuracy and precision, all the reagents were aspirated 5.5 mm from below 

the liquid surface of the reagent reservoir and dispensed 1.0 mm from below the liquid 

surface of the reaction well using override-tip technique (Fig. 1C). Acidified tryptic digests 

were cleaned up with 96-well SPE plate (Phenomenex, Torrance, CA) according to 

manufacturer’s instruction. A 96-well plate vacuum manifold (Waters) was used for all 

desalting procedures to provide uniform peptide wash, retention and elution. Loading 

acidified sample onto prepared SPE plate was a manual process (repeating 4 times). The 

elution reagents were evaporated to dryness and the residues were manually reconstituted 

with 100 µl of 0.1% formic acid containing a concentration-balanced mixture of synthesized 

heavy isotope-labeled peptides (SISs) as an internal standard. HPLC and mass spectrometry 

condition were shown in Supporting Information.

A successful SRM-based analysis depends on the accurate execution of a number of diverse 

technical steps in the process. To assess the contribution of the automated sample 

preparation to overall variability generated by a typical SRM workflow, we chose to break 

the SRM-based protocol pipeline into two critical technical components that are commonly 

believed to contribute to variability in the assay: technical component I (sample dilution, 

denaturation and reduction, alkylation, trypsin digestion and solid-phase extraction) and 

technical component II (LC system, spiking amount of SISs, column carryover, autosampler 

stability, interference and binary solvents). Sources of technical variation in a typical SRM 

workflow are illustrated in Supporting Fig. S1. The independent evaluation of these 

variations has major implications for the experimental design of a SRM study because these 

variations could reduce statistical power [6].

Fig. 2 shows signal abundance of corresponding peptides and difference in absolute signals 

between two technical components (Fig. 2A). Measurement of the absolute peak areas in 15 

individual SRM assay analysis resulted in >10% CVs for 5 out of 9 peptides, and CVs >20% 

for 3 out of 9 peptides (Fig. 2C). As expected, when the natural peptide peak areas were 

normalized against SIS peptide peak areas for comparison, the signal differences between 

two technical components were effectively reduced (Fig. 2A vs. Fig.2B) and analytical 

precisions were dramatically improved (Fig. 2C vs. Fig. 2D). This finding suggests that 

reproducibility improvement could be obtained by incorporating an internal SIS strategy. An 

optimal concentration of SIS to add to digested plasma can reduce the SRM analytical 

variation by maximizing the linear range of the SRM assay and generating high-quality 
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signal [4]. The spiking of the heavy standards is expected to remove most of the variability 

induced by the mass spectrometric measurements from run to run. Our optimal 

concentration of SIS spiked to tryptic digests has shown that analytical variations were 

decreased with increased SIS spiking concentration (Supporting Information Fig. S2A). For 

instance, when SIS concentration was increased from 20 to100 fmol/µl, CVs, as percent of 

the standard deviation to the mean, were reduced by 3.1–10.7% (Supporting Information 

Fig. S2B). All peptides, except for human serum albumin (HSA), were able to match the 

peak areas from the natural peptides by giving a peak area ratio below 1.0 (Fig. 2B). This 

suggests that 100 fmol/µl as SIS spiking concentration to add to digests was sufficient to 

permit reproducible SRM measurement. Note that we did not make an additional increase in 

the spiking amount of HSA standard peptides, still maintaining at 20 fmol/µl, because HSA 

was used here just as the control peptides for monitoring digestion processing and column 

carryover, not for quantitation purpose. Comparison between two technical component 

variations revealed a median CV of 5.3% for overall variation and 4.5% for technical 

component II variation that excluded variation due to sample preparation, indicating that in 

the current study the majority of variations in the SRM-MS assay was from the SRM assay 

rather than the automated sample processing. Further analysis indicated that the variation 

derived from the automated sample preparation contributed only 15.1% of the overall 

variation, whereas a substantial part of overall variation (84.9%) comes from the SRM assay 

variability.

The analytical variability was further tested by measuring the variation observed when a QC 

sample was prepared independently across 4 different plates (7–8 QC digests per plate), thus 

determining the inter-day (between-run, plate-to-plate) variability. Fig. 3 demonstrates that 

inter-day CVs of retention time (RT) ranged from 0 to 0.032%, with a median CV of 0.03% 

for all 9 peptides. This suggests that retention time within 3 months was very accurate across 

all SRM runs (Fig. 3A). The inter-day CVs of the absolute response (peak area) is shown in 

Fig. 3B. The relative response (peak area/SIS ratio) is shown in Fig. 3C, in which CVs 

ranged from 4.8 to 17.6%, with a median CV of 7.2% for all 9 peptides. Result suggests that 

all peptides have acceptable levels of inter-day precision (CV<20%) after normalizing peak 

area against peak area of corresponding SIS.

An absolute quantitative SRM assay requires a comparison with a reference, external 

concentration response curve. Three approaches have been reported to address calibration of 

peptide concentration in complex matrices [12]. In the approach we used, we had increased 

quantities of light-SIS peptide mixture with a certified purity > 95%, resulting in 

concentration ranges from 0.244 to 500 fmol/µl by two-fold dilution series which were 

added to the QC plasma digests prior to SPE. After SPE, the SIS peptide mixture was added 

to the digests and a blank digest (without light-SISs) at a final concentration of 100 fmol/µl 

for 7 SIS peptides. This calibration standard provided the ideal assay condition because the 

calibration samples and the study samples have similar overall composition. All the 

calibration graphs with line fitting correlation coefficient R are shown in Supporting 

Information Fig. S3. Ideally, the expected results is that the lowest concentration point yields 

the desired acceptable level of both precision (<20% CV) and accuracy (100±20%) [13]. We 

observed that the calibration standards had excellent linearity within the measured range 

from15.62 to 500 fmol/µl and R2 > 0.99 for all targeted transitions. The accuracy of 
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calibration curves ranged from 93.7 to 118.4% (average of 100.9 with Std. Dev 5.9%) at the 

peptide level. The list of SRM transitions, peptides sequences and optimized parameters 

determined on 5500 Qtrap system in Supplementary Table S1. The concentrations of CFH 

peptides and its variant peptides in the pooled QC plasma are shown in Supporting 

Information Fig. S4. In contrast to the results from manually prepared QC digests (n=16), 

automated sample preparation exhibited smaller intra-assay variation in CFH protein (the 

average of 3 CFH peptides), e.g. 1.34 µM with 2.3% CV in plate 1 vs. 1.51µM with 4.2% 

CV (S4B, right) and CFH variant (the average of 4 CFH variants), e.g. 0.91 µM with 4.7% 

CV in plate 1 vs. 0.85 µM with 6.9% CV (S4B, left).

In conclusion, this automation of sample preparation workflow is a major advance in 

absolute quantitative proteomics not only by increasing sample throughput, but also more 

importantly minimizing the variability introduced by person-by-person or lab-to-lab manual 

handling during the assay.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Workflow of automated sample preparation with Biomek® NXp Laboratory 
Automation Workstation

Zhu et al. Page 7

Proteomics. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Sources of variation in SRM-based quantitation analysis
Freshly thawed aliquots of pooled QC samples were digested with Biomek NXP workstation 

(n=15). After desalting, a mixture of concentration balanced SIS peptides was added. For 

overall variation (technical component I), LC-SRM/MS analysis was performed for 

individual digests in triplicate injections to evaluate intra-day (plate-specific) overall 

variation. For the variation associated with LC-SRM/MS replicates (technical component 

II), 15 individual digests were pooled and then LC-SRM/MS analysis was performed in 20 

consecutive injections with a blank between injections. The study design evaluated each 
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peptide with three different transitions. A. absolute signal response (peak area); B. relative 

signal response (endogenous/SIS ratio); C. %CV of absolute response; D. %CV of relative 

response (endogenous/SIS ratio). Variation associated with the automated sample 

preparation was defined as [(1 – component II variation/ component I variation)*100].
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Figure 3. Analytical inter-day reproducibility
The CV frequencies of 9 peptides assays analyzed independently across 4 different reaction 

plates (7–8 individual digests per plate) over a course of 3 months are shown with A. 

retention time; B. absolute signal (peak area); and C. relative response normalized against 

the concentration-balanced SIS mixture (endogenous/SIS ratio).
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