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Abstract

Objective—Proteins can exist as multiple proteoforms in vivo that can have important roles in 

physiological and pathological states.

Methods—We present the development and characterization of mass spectrometric immunoassay 

(MSIA) for quantitative determination of serum amyloid A (SAA) proteoforms.

Results—Intra- and inter-day precision revealed CVs<10%. Against existing SAA ELISA, the 

developed MSIA showed good correlation according to the Altman-Bland plot. Individual 

concentrations of the SAA proteoforms across a cohort of 170 samples, revealed 7 diverse SAA 

polymorphic types and 12 different proteoforms.

Conclusion—The new SAA MSIA enables parallel analysis of SAA polymorphisms and 

quantification of all expressed SAA proteoforms, in a high-throughput and time-efficient manner.
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Introduction

Serum amyloid A (SAA, apo-SAA) represents a group of proteins recognized as 

inflammatory factors and biomarkers for multiple clinical conditions (Malle et al., 1993). 

Structurally, SAA proteins are products of four genes (SAA1, SAA2, SAA3 and SAA4) on 

the 11th chromosome, three of which are expressed in humans (SAA1, SAA2 and SAA4) 

(Sellar et al., 1994b). SAA1 and SAA2 genes express five (1.1, 1.2, 1.3, 1.4 and 1.5) and two 

(2.1 and 2.2) allelic variants, resulting in synthesis of multiple SAA protein products, while 
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SAA4 gene product (SAA 4.1) is only constitutively expressed (Sellar et al., 1994a, Farwig 

et al., 2005) (SAA proteins are named according to the revised SAA nomenclature (Sipe, 

1999)). When analyzed at the molecular level, SAA1 and SAA2 proteins differ only slightly 

in their amino acid sequences. Therefore, they present with molecular masses in a narrow 

range between 11.6 – 11.7 kDa.

Prior studies demonstrate that not all of the polymorphic SAA variants are expressed in 

individuals (Uhlar and Whitehead, 1999, Yamada et al., 1999, Bakkaloglu et al., 2004, 

MacGregor et al., 2004). Some of the SAA proteoforms expression is race dependent and 

can represent an individual SAA fingerprint (Baba et al., 1995). Therefore, regulatory 

mechanisms dictate the SAA expression in circulation in such a way that individuals possess 

unique SAA profiles represented by one, two or multiple SAA proteins, coded by SAA1 
and/or SAA2 genes (Uhlar and Whitehead, 1999, Kluve-Beckerman et al., 1988).

SAA proteins have a variety of roles in vivo. After being synthetized in the liver, SAA 

proteins act as apolipoproteins (hence the acronym apo-SAA) and are an important 

component of high-density lipoprotein (HDL) particles (Artl et al., 2000, Liang and Sipe, 

1995, Banka et al., 1995). In an onset of acute inflammatory conditions, cytokine signaling 

system can induce SAA release from the liver in the circulation at a high rate (increasing in 

concentration up to 1000-fold) (Malle et al., 1993). Excess SAA has the ability to 

incorporate into HDL particles, replacing apolipoprotein A-I (apoA-I), hence changing the 

lipid particles morphology (Marsche et al., 2007). In turn, this causes changes in the lipid 

metabolism, causing decreases in apoA-I, paraoxonase 1 (PON1), cholesteryl ester transfer 

protein (CETP) and lecithin—cholesterol acyltransferase (LCAT), and increases in free fatty 

acids, triglycerides (TGs) and free cholesterol in circulation (Andersson, 1997, Kisilevsky 

and Subrahmanyan, 1992, Manley et al., 2006, Steinmetz et al., 1989). SAA association with 

lipid metabolism has been confirmed in multiple studies that investigate the role of SAA in 

coronary artery disease (CAD) and production of atherosclerotic plaques in blood vessels 

(Xie et al., 2010, Fyfe et al., 1997, Johnson et al., 2004). The systematic effects of the 

increased SAA concentration in circulation are also induced by several chronic 

inflammatory conditions, such as rheumatoid arthritis, multiple sclerosis, type-2 diabetes 

and some types of cancer (Cunnane, 2001, Artl et al., 2000, Zhao et al., 2010, Ristori et al., 

1998). In addition, immune-related and anti-inflammatory roles of SAA have been reported 

(Badolato et al., 1994, Aldo-Benson and Benson, 1982, Eklund et al., 2012).

SAA protein structure has been highly conserved through evolution, however, in humans, the 

terminal amino-acids are subjected to posttranslational processing (Uhlar and Whitehead, 

1999). Detecting posttranslationally modified SAA proteins has significant implications, as 

the terminally cleaved SAA 1.1 protein (missing 28 amino acids from the C-terminus) is 

known to form amyloid fibrils and cause AA amyloidosis (Husby et al., 1994). In addition, 

accumulation of SAA fibrils can occur as a result of benign catabolic processes in cells 

(associated with serine proteases), as well as due to chronic inflammation (Bakkaloglu et al., 

2004, Skogen and Natvig, 1981). Published evidence support the strong structure – function 

relation between SAA polymorphism, SAA proteins and susceptibility to amyloidosis 

(Takase et al., 2014, Booth et al., 1998).
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Current methodologies for analysis of SAA proteoforms provide information about the total 

concentration, and do not distinguish between the polymorphic SAA profile and the 

posttranslational modifications. Commercially available, as well as in-house enzyme-linked 

immunoassays (ELISAs) and immunonephelometry methods are widely used to assess the 

SAA concentrations in clinical settings (Wu et al., 2007, Yamada et al., 1993). Genetic 

analyses, primarily genotyping and allele frequency analyses are used to investigate the SAA 

polymorphism and amyloidosis (Betts et al., 1991). These methodologies, however, lack the 

capability to distinguish between SAA proteins and detect posttranslational modifications. 

Mass-spectrometry-based assays are efficient in overcoming this issue. In the past decade 

several methods that use mass spectrometry detection for SAA proteins analyses, such as 

2D-gel electrophoresis coupled with liquid chromatography/ESI mass spectrometry (Ducret 

et al., 1996), protein chip immunoaffinity capture with SELDI mass spectrometry (SELDI-

MS) (Tolson et al., 2004), as well as in-gel trypsin digestion, followed by ESI-MS of SAA 

peptides (Loo et al., 2011) have been proposed.

Mass spectrometric immunoassay (MSIA) offers the advantage of combining the selectivity 

of immunoassays with the specificity of mass spectrometry detection (Nelson et al., 1995, 

Nelson and Borges, 2011). MSIA has been used for both qualitative and quantitative 

analyses of multiple protein entities (Kiernan et al., 2006, Trenchevska et al., 2014). In 

previous work, we reported several truncated SAA proteoforms originating from SAA 1.1 

and SAA 2.1, lacking one or more amino acids from the N- and/or C-terminus by qualitative 

MSIA (Kiernan et al., 2003). In addition, in recent work, we addressed the importance of the 

SAA posttranslational modifications, by indicating an association between the relative ratio 

of SAA 1.1R (truncated SAA 1.1 lacking one N-terminal arginine (R) residue) to the non-

truncated SAA 1.1, and plasma glucose levels (Yassine et al., 2015).

In this work we go a step further and present the development, validation and application of 

a fully quantitative MSIA for analysis of SAA proteins in human plasma samples. The 

developed assay enables determination of SAA polymorphic profiles, and quantification of 

all present SAA proteoforms in a single run.

Methods

Reagents

Monoclonal mouse anti-human antibody to serum amyloid A (SAA; Cat. No. MO-

C40028A) was obtained from ANOGEN (Mississauga, ON, Canada,). Polyclonal affinity 

purified rabbit anti-bovine beta lactoglobulin antibody (Cat. No. GTX77272) was obtained 

from GeneTex, Inc (Irvine, CA). Recombinant human APO-serum amyloid A (Cat. No. 

CRS300B) was purchased from Cell Sciences (Canton, MA). Protein calibration standard I 

(Cat. No. 206355) was purchased from Bruker (Billerica, MA). Phosphate buffered saline 

(PBS) buffer (Cat. No. 28372), MES buffered saline (28390), 1,1′ Carbonyldiimidazole 

(97%) (CDI; 530-62-1), acetonitrile (ACN; A955-4), hydrochloric acid (HCl; A144-212), N-

methylpyrrolidinone (NMP; BP1172-4) and affinity pipettes fitted with porous 

microcolumns (991CUS01) were obtained from Thermo Scientific (Waltham, MA). β-

Lactoglobulin from bovine milk (Cat. No. L8005), tween20 (P7949), trifluoracetic acid 

(TFA; 299537-100G), sinapic acid (85429), sodium chloride (S7653), HEPES (H3375), 
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ethanolamine (ETA; 398136), albumin from bovine serum (BSA; A7906), ammonium 

acetate (A7330) and octyl β-D glucopyranoside (NOG; 08001), polyethylene glycol 

(P3015), calcium chloride (C1016), and glycine buffer (G8898) were obtained from Sigma 

Aldrich (St. Louis, MO). Acetone (Cat. No. 0000017150) was obtained from Avantor 

Performance Materials (Center Valley, PA).

Study subjects

For the method development and validation, normal human EDTA plasma samples were 

used, obtained from ProMed DX (Norton, MA). For the method comparison and application 

total of 170 human EDTA plasma samples were obtained from University of Arizona 

(Phoenix, AZ, USA). The study was approved by the University of Arizona IRB and all 

participants provided written informed consent. To ensure proper privacy protection, the 

samples were labeled only with a specific code and supplied with accompanying information 

about the age, gender, ethnicity and existing medical condition (if any). Prior to analysis, 

samples were centrifuged (5 min at 14.5×1000 rpm), aliquoted in low-profile 96-well trays 

and stored at −80°C.

Standards and Samples preparation

Recombinant human apo-SAA standard was used to generate an eight-point standard curve. 

Serial dilutions were done using PBS, 3 g/L BSA buffer, preparing standards with 

concentrations of 2 mg/L (standard #1), 1 mg/L (standard #2), 0.5 mg/L (standard #3), 

0.25mg/L (standard 4), 0.125 mg/L (standard #5), 0.0625 mg/L (standard #6), 0.0313 mg/L 

(standard #7) and 0.0156 mg/L (standard #8). For the standard curve, 50 μL of each standard 

were added to the wells of a microplate containing 50 μL assay buffer (PBS, 0.1%Tween) 

and 50 μL 10 mg/L beta-lactoglobulin (BL was used as an IRS). For the analytical samples, 

the standard solutions were substituted with human plasma (diluted 5-fold into PBS,

0.1%Tween buffer). A control standard sample with known total SAA concentration was 

analyzed in triplicate with each run.

Affinity pipettes derivatization

Using a Multimek 96 pipettor (Beckman Coulter, Brea, CA ) affinity pipettes were initially 

activated as previously described (Trenchevska et al., 2010). Following activation, the 

affinity pipettes were immersed into the well of a microplate containing SAA and BL 

antibodies solution (anti-SAA: anti-BL = 3:1 (w/w; 100 μL, 5 μg anti-SAA/well). The 

derivatization process consisted of 750 cycles of aspirations and dispenses of 100 μL 

volumes in order to bind the antibodies to the activated surfaces. One rinse with ETA 

followed (50 cycles each, 100 μL), ending with two final rinses with PBS w/0.1% TWEEN 

(50 cycles each, 100 μL). Antibody-derivatized pipettes were stored at +4°C until used.

Mass spectrometric immunoassay

The quantitative SAA MSIA was applied to all plasma samples. Initially, the derivatized 

affinity pipettes were pre-rinsed with PBS, 0.1%Tween (50 aspiration/dispense cycles, 100 

μL each), followed by two 60 mM HCL rinses and another buffer rinse. Next, the pipettes 

were immersed into a microplate containing the samples and 250 aspirations and dispense 
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cycles were performed (100 μL volumes each) allowing for affinity capture of SAA and BL 

from the samples. The pipettes were then rinsed with assay buffer (100 cycles), and twice 

with water (10 cycles and 20 cycles respectively, 100 μL aspiration/dispense each). SAA-

loaded tips were then exposed to six-microliter aliquots of MALDI matrix solution (25 g/L 

sinapic acid in aqueous solution containing 33% (v/v) acetonitrile, and 0.4 % (v/v) 

trifluoroacetic acid). After a 10 second delay (to allow for the dissociation of the proteins 

from the capturing antibodies), the eluates were dispensed directly onto a 96-well formatted 

MALDI target.

Following drying, linear-mode mass spectra were acquired from each sample spot, each 

consisting of five thousand laser shots using an Autoflex III MALDI-TOF mass 

spectrometer (Bruker, Billerica, MA), operating in positive-ion, delayed extraction linear 

mode, with ion source 1 at 20.00 kV, ion source 2 at 18.45 kV, lens at 6.00 kV, 90 ns delay, 

and signal suppression up to 3000 Da. Prior to acquisition of the mass spectra, the target 

mass range (m/z = 5,000 – 30,000) was externally calibrated using a mixture of calibrants 

(protein calibration standard I, Cat. No. 8206355) obtained from Bruker Daltonics (Billerica, 

MA). The calibrant mix was diluted 15-fold in sinapic acid matrix and spotted onto the 

MALDI target. Additionally, before processing, all mass spectra were subjected to internal 

calibration using the BL+1 and BL+2 signals, with mass accuracy up to 0.001 Da.

Data analysis

All obtained mass spectra were imported into FlexAnalysis software (Bruker Daltonics, 

MA), smoothed (Savitzky-Golay algorithm) and baseline subtracted (Tophat algorithm). All 

peaks representing SAA proteoforms and BL were identified and peak intensities were used 

to analyze the data. A standard curve was constructed using the intensity ratio between SAA 

standard peak and BL peak, against SAA standard concentration. In all samples, first, SAA – 

to – BL+1 signal intensity ratios were calculated for each proteoform. Next, ratios of all 

proteoforms were summed. Generated standard curve equation was applied to calculate the 

total SAA protein concentration. Finally, the concentration of each individual proteoform 

was calculated based on its percentage of the total SAA.

To assess SAA polymorphism among the human plasma samples, obtained MW of the 

proteoforms were compared to the theoretical MW of the SAA gene products using SAA 

protein amino acid sequences and the program PAWS (Genomic Solutions, Waltham, MA, 

USA).

Results and Discussion

Development and validation of a quantitative MSIA for serum amyloid A (SAA)

Quantification of SAA proteoforms was achieved through generation of standard curves, 

utilizing recombinant SAA protein standard and BL as an internal reference standard (IRS) 

for quantification. SAA standard curves consisted of eight standard concentrations, ranging 

from 0.0156 mg/L to 2 mg/L prepared as described in the previous section. Signals from 

each standard were normalized towards the BL signal. The choice of IRS was critical step in 

the quantitative SAA MSIA method development, because it had to satisfy all the 
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requirements in accordance to the recently established “fit-for-purpose” approach (Carr et 

al., 2014). Beta lactoglobulin is a non-human protein, therefore, does not cross-react with the 

anti-human SAA antibody or the analyzed protein. Also, its signal in the mass spectrum (at 

m/z = 18,281 Da) is in close proximity to the signals from the SAA (in range between 

11,500 – 11,750 Da), thus ensuring similar MS instrument settings use. The IRS was added 

in constant concentration in all analytical samples (standards and plasma), optimized to 

achieve saturation of the anti-BL antibody and produce a constant signal in the mass spectra 

throughout the analyses.

For the standard curve generation, first peak intensities for the SAA standards and the BL 

internal standard were tabulated. Separate standard curve was generated in each analysis 

from the peak intensity ratio between the SAA protein standard and the BL (SAA std/BL 

[peak intensity ratio], y-axis), versus the SAA standard concentration (c(SAA std) [mg/L], 

x-axis). Standard curve equation was generated using a linear fit curve in Sigma Plot v.11.0 

(Systat Software, Inc., San Jose, CA), and was further used to calculate SAA proteoforms 

concentration in the plasma samples.

The physiological concentrations of SAA vary depending on the gene polymorphic variants 

that are expressed, as well as the presence of inflammatory condition. According to 

published data, physiological concentrations are in the low mg/L range, but can significantly 

increase in the presence of acute or chronic inflammation (Pizzini et al., 2000). To account 

for SAA concentration variations, the generated standard curve was prepared in a wide 

concentration range that was sufficient for quantification of all the proteoforms from the 

analytical samples. An example of a SAA/BL standard curve, along with the corresponding 

mass spectra are presented in Fig. 1. The response is linear across the entire range (r2 = 

0.9902), with a standard error of estimate, SEE = 0.8019, and an average percent of relative 

standard deviation (%RSD) of 16.4.

The lower limit of detection (LOD) was calculated from the limit of blank (LoB) as a sum 

from the mean of blank and 1.645 standard deviations from blank samples, and was found to 

be 0.007 mg/L. The lower limit of quantification (LLOQ), as determined from the LOD 

(Armbruster and Pry, 2008) and the standard curve was 0.016 mg/L.

To validate the reproducibility of the developed MSIA, a single sample was analyzed on five 

different days with five standard curves. Inter- and intra-day variability was assessed by 

analyzing the standard control sample with known SAA concentration (0.4 mg/L) in 

triplicate on the five different days, each time with a different standard curve. SAA 

concentration of the control sample was calculated from the corresponding standard curve 

equations and used to assess within and between-run CVs. For the intra- day precision, CVs 

between 1.6 % and 8.6 % were observed. Inter-day variability was calculated to be 4.7 % 

(observed average SAA concentration = 0.387 mg/L) (Table I).

There are different approaches which can be used to evaluate the accuracy of an assay (Carr 

et al., 2014, Chau et al., 2008, FDA, 2001). In this work we have adapted the protocol used 

in commercially available ELISAs for SAA that we have also used for our method 

comparison (http://www.hoelzelbiotech.com/media/import/pdf_manual/Anogen//
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EL10015.Manual.pdf ). In short, SAA standard was spiked in control EDTA human plasma 

sample in three different concentrations (low = 0.02 mg/L; medium = 0.2 mg/L and high = 

1.5 mg/L) throughout the range of the assay, and retrieving it from the plasma sample. All 

spiked controls were run in triplicate, on a single day with a standard curve. Retrieved 

(observed) concentrations from the samples were compared to the expected values.

Results from the accuracy experiment are presented in Table II and show SAA standard 

percent recovery in the MSIA between 89 – 111 % for all concentrations.

In a final experiment, SAA MSIA was benchmarked against existing ELISA for SAA 

analysis. To do a direct method comparison study, 30 human plasma samples were analyzed 

both with the developed MSIA and with a commercially available ELISA (Human SAA 

ELISA Kit, Cat. No. EL10015, Anogen, Mississauga, Ontario, Canada). Serum amyloid A 

ELISA was performed according to the instructions provided by the manufacturer. The 

human plasma samples were analyzed by quantitative SAA MSIA in parallel with an 

accompanying standard curve, as described in the previous section.

A good correlation was observed between ELISA SAA and MSIA total SAA concentrations. 

Passing Bablok (Passing and Bablok, 1983) correlation was obtained with regression 

equation of y=2.48+0.953x, and a Cusum linearity p value of 1.00 indicating no significant 

deviation from linearity. In addition, a slight positive bias, was revealed by the Altman-

Bland (Bland and Altman, 1999) scatter plot (Fig. 2a), and the difference plot (Fig. 2b). The 

appearance of bias in method comparison analyses is not unusual (Niederkofler et al., 2013, 

Dossus et al., 2009), and it can be linked to several causes. One may be the possibility that 

the secondary (labeled) antibody used in the ELISA does not recognize the truncated SAA 

proteoforms (there was no information available for the secondary antibody in the ELISA). 

Such discrepancy will result in lower total SAA concentrations in ELISA (such as in 

presented results).

SAA profiling in human plasma samples

The combination of the selectivity of the immunoaffinity separation, with the specificity of 

the mass spectrometric detection and accurately-determined m/z values, were sufficient for 

accurate identification of the different SAA proteoforms. The proteoforms were, thus 

identified due to the following: 1) knowledge of the amino acid sequence of the SAA and 2) 

knowledge/estimation of the PTMs for SAA. We have done such assignments in numerous 

previously published studies (Trenchevska et al., 2011, Trenchevska et al., 2015a, 

Trenchevska et al., 2015b). Using this approach we determined the SAA protein profile and 

concentrations of several SAA proteoforms in 170 human plasma samples. Presented in Fig. 

3 is an example of mass spectra obtained from a plasma sample using the developed SAA 

mass spectrometric immunoassay. Several signals originating from SAA proteoforms were 

identified in the m/z range between 11,000 – 11,800, as well as signal from the IRS – the 

beta lactoglobulin at m/z = 18,281. The inlets in Fig.3 represent examples of SAA profiles 

from three different human plasma samples. Presented mass spectra show qualitative 

differences regarding the expressed SAA proteoforms. This is a result of the SAA 

polymorphic types that is associated with each individual. It can be noted that the first 

sample (top inset) expresses only SAA 1.1 protein, the second expresses SAA 1.1 and SAA 
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2.1, whereas the third sample expresses three SAA proteins (SAA 1.1, SAA 1.3 and SAA 

2.1) in parallel. Note that, in addition to the native SAA protein signals, additional peaks are 

presented in the mass spectra. The importance and assignment of these peaks is further 

explained.

Depending on their molecular weight, as well as the mass-to-charge ratio, among the 

analyzed human plasma samples we were able to differentiate and analyze four of the full 

length SAA proteins – SAA 1.1 (MW = 11,682.7 Da), SAA 1.3 (MW = 11,654.6 Da), SAA 

2.1 (MW = 11,628.0 Da) and SAA 2.2 (MW = 11,647.7 Da). In all samples, the resolution 

of the SAA signals (even though not baselined) was sufficient to determine each individual 

m/z peak maximum – i.e., the intensity which was used for the quantification. In addition to 

the native SAA proteoforms (that account for the full-length protein), we identified 

posttranslationally modified proteoforms representing N-terminal truncations, missing one, 

two or more amino acids in the SAA sequences. A total of eleven additional truncated SAA 

proteoforms were identified originating from SAA 1.1, SAA 1.3, SAA 2.1 and SAA 2.2 

(Table III).

The concentration of SAA proteins was determined by calculating the protein/BL peak 

intensity ratios for each proteoform, summing up the ratios of all proteoforms, determining 

each SAA protein concentration using the standard curve, and then calculating the 

concentration of individual proteoforms based on their percentage of the originating SAA. 

This approach worked especially well for those proteoforms whose proteoform/BL peak 

ratios were below those of the standard curve. The total SAA concentration was calculated 

as a sum of the individual SAA proteins and was in the range between 1.56 – 56.3 mg/L 

(average c(SAA) = 8.71 mg/L).

Significant differences between the SAA proteoforms depending on the polymorphic 

variants expressed were noticed between the samples.

Table III shows detailed description of the identified SAA proteoforms as well as their 

observed and theoretical MW and concentration ranges for the individual SAA proteoforms 

identified in the 170 human plasma samples.

From the native SAA proteins, SAA 1.1 was the most abundant, present in 169 out of the 

170 samples (99.4 %), followed by SAA 2.1 (present in 98 samples). SAA 1.3 and SAA 2.2 

proteins were observed less frequently and identified in 19 and 20 samples respectively. 

There were two most-abundant SAA proteoforms in the majority of samples - the full-length 

native SAA protein, and SAA lacking N-terminal arginine (des-R proteoform). SAA lacking 

arginine-serine dipeptide (des-RS) was identified in all samples as well, but was 

significantly lower in abundance. The truncated SAA proteoforms which represent N-

terminal truncations lacking four (des-RSFF) and five (des-RSFFS) residues from the amino 

acid sequence of the native SAA protein were present in less than 11% of samples and in 

low concentration.

We further analyzed SAA concentration distribution depending on the SAA gene that coded 

for the proteoforms synthesized. After calculating SAA concentrations for SAA1 coded 

proteins and SAA2 coded proteins, we analyzed the average total concentration of SAA 1.1 
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and SAA 1.3 proteoforms vs SAA 2.1 and SAA 2.2 proteoforms. Results show an average 

total concentration of 5.23 mg/L (1.14 – 35.9 mg/L) for SAA1 products (SAA1.1 and 

SAA1.3 proteoforms) and 2.67 mg/L (0.505 – 12.0 mg/L) for SAA2 (SAA2.1 and SAA2.2 

proteoforms). These findings are in accordance with literature data that point out a 

relationship between SAA polymorphism and SAA basal concentration (Yamada et al., 

1999, MacGregor et al., 2004). Among the native SAA proteins, SAA 1.1 has the highest 

physiological concentration at baseline (6.66 mg/L), followed by SAA 1.3 (3.79 mg/L). 

SAA2 protein products exhibit slightly lower average SAA concentrations. These findings 

are important for accurate assignment of SAA reference concentration range – and have a 

potential to distinguish between normal concentration and onset of inflammatory condition 

on individual basis.

Analyzing serum amyloid A profile – an insight into SAA polymorphism and 
posttranslational modifications

MSIA enables for unambiguous detection of SAA proteoforms in a single run. SAA profile 

differs among individuals in association with genetic predisposition (Booth et al., 1998). In 

the analyzed sample cohort we were able to distinguish seven different SAA profiles (Fig. 

4). Only SAA1 gene products (SAA 1.1 and SAA 1.3) were present as a single SAA 

proteoform, whereas SAA2 gene products were present as accompaniments to SAA1 

proteins. The most abundant protein profile was SAA 1.1/2.1, representing expression of two 

SAA proteins (SAA 1.1 and SAA 2.1, coded by SAA1 and SAA2 genes respectably), 

followed by single SAA 1.1 protein. It is notable that 16.5 % of the analyzed samples (28 

out of 170 samples) express three SAA proteins simultaneously and exhibit higher average 

total SAA concentration. Lowest total SAA concentration was observed in the single sample 

that expressed SAA 1.3 protein (Fig.4).

Beside the total concentration and polymorphism, SAA MSIA enables for detection of 

posttranslational modifications, primarily N-truncated proteoforms. Posttranslationally 

modified proteoforms are significant due to their potential to be utilized as biomarkers for 

certain conditions (Trenchevska et al., 2010). Due to the confines of current methodologies, 

only limited number of SAA PTMs (primarily associated with C-truncations in amyloidosis, 

and not detected in this study) have been addressed, leaving out the additional N-truncated 

proteoforms. As a result, their role in inflammation and other clinical conditions is not well 

studied. Using SAA MSIA we were able to quantify 8 SAA PTMs originating from the 4 

native SAA proteins (Table III). SAA lacking N-terminal arginine and N-terminal arginine-

serine dipeptide residues were identified in all samples, while less abundant proteoforms 

lacking N-terminal tetra peptide (des-RSFF) was identified for SAA 1.1, SAA 1.3 and SAA 

2.1 proteins. An interesting distribution was observed for the abundance of the des-R 

truncated SAA proteoforms (Fig. 5/a-d): SAA des-R proteoforms were present at high 

concentrations, regardless of the concentration of native SAA.

This high percentage of des-R – to – native SAA is important because it suggests existence 

of mechanisms that favor this N-terminal truncation in vivo. Although this PTM accounts for 

more than 50 % of the total SAA, a little is known regarding its role in inflammation and 

disease. We have previously addressed the importance of des-R SAA 1.1 and reported that 
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the distribution of SAA 1.1R proteoform is gender related and inversely associated with 

plasma glucose levels in type 2 diabetes patients (Yassine et al., 2015). In this work, we 

show that a similar distribution ratio between native SAA and des-R SAA occurs for the 

other SAA proteins (SAA 1.3, SAA 2.1 and SAA 2.2). In addition, using the developed 

MSIA, we provide fully quantitative data and confirm that des-R truncated SAA 

proteoforms are highly abundant proteoforms in all SAA entities.

To the best of our knowledge, this is the first assay that provides in-depth analysis of both 

SAA profile and concentration of all SAA proteoforms in human plasma samples. Further 

analyses in clinical samples are necessary in order to investigate the potential relation 

between truncated SAA proteoforms in inflammation and specific clinical conditions.

Conclusion

Serum amyloid A is a highly heterogeneous protein that is subjected to posttranslational 

processing in vivo. Its role as an inflammation marker is related to the total concentration in 

plasma and/or serum. However, limited numbers of studies have exploited the importance of 

the polymorphism and posttranslationally modified SAA proteoforms in assessing the 

structure-function relation.

The new SAA MSIA enables parallel analysis of SAA polymorphisms and simultaneously 

identifies and quantifies all expressed SAA proteoforms. The assay was validated and 

demonstrated good correlation with a commercially available ELISA, but it provided a 

unique information about the concentration of each of the expressed SAA proteins and their 

PTMs, all in a single analysis. The developed MSIA is high-throughput – a total of 85 

samples can be analyzed in a single run on an automated platform, and is time-efficient – 

results for SAA profile and concentration can be obtained in less than 2 hours.
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Fig. 1. 
a) Example SAA standard curve with BL as an IRS; b) Representative mass spectra from 

generated standard curve, showing peaks for SAA and BL in different SAA concentrations.
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Fig. 2. 
SAA method validation MSIA vs ELISA a) scatter plot (dashed line represents the obtained 

regression; dotted line represents identity (x=y); b) Bland-Altman difference plot (solid line 

represents the mean of concentration difference, 2 mg/L; dashed lines represent limits of 

agreement ±1.96 SD).
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Fig. 3. 
Example mass spectra of serum amyloid A and beta lactoglobulin extracted from human 

plasma samples using MSIA. *The inlets in the mass spectra represent close-ups of three 

different SAA protein profiles from three human plasma samples. **Signals labeled with an 

asterisks (*) represent MALDI matrix adducts.
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Fig. 4. 
Total SAA concentration distribution among different SAA polymorphic profiles identified 

in the sample cohort; * The inlets present the percentage distribution of the SAA 

polymorphic profiles (left) and the total average SAA concentration in each sample subset 

(right).
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Fig. 5. 
Concentration distribution of posttranslationally modified SAA proteoforms: a) average total 

concentrations of SAA 1.1 proteins; b) average total concentrations of SAA 1.3 proteins; c) 

average total concentrations of SAA 2.1 proteins; d) average total concentrations of SAA 2.2 

proteins.
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Table I

Inter and intra-day variability CVs

Intra-assay CVs Inter-assay CV

Sample 1 2 3 4 5

STDEVS: 0.011 0.036 0.006 0.013 0.024 STDEVS: 0.018

MEAN
[mg/L]:

0.372 0.420 0.383 0.407 0.355 MEAN
[mg/L]:

0.3874

CV [%]: 2.96 8.57 1.57 3.19 6.76 CV [%]: 4.65
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Table II

MSIA accuracy experiment – obtained percent recovery

Expected Observed Recovery

mg/L mg/L E/O [%]

HC 1 1.50 1.67 90.1

HC 2 1.50 1.62 92.7

HC 3 1.50 1.58 95.2

MC 1 0.200 0.215 93.1

MC 2 0.200 0.224 89.3

MC 3 0.200 0.184 108

LC 1 0.020 0.022 92.5

LC 2 0.020 0.018 111

LC 3 0.020 0.021 93.1

HC – High concentration spike; MC – medium concentration spike; LC – low concentration spike
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Table III

SAA proteoforms identified using targeted mass spectrometric immunoassay

SAA proteoform Theoretical
[M+H]+

Observed
[M+H]+

Frequency
[%]

c(SAA)
[mg/L]

Native SAA proteoforms

SAA 1.1 native SAA 1.1 11,682.7 11,683.7 99.4 3.15 (0.398 – 22.3)

SAA 1.3 native SAA 1.3 11,654.6 11,655.2 11.2 1.60 (0.673 – 4.25)

SAA 2.1 native SAA 2.1 11,628.7 11,629.1 57.6 0.969 (0.259 – 5.01)

SAA 2.2 native SAA 2.2 11,647.7 11,648.6 11.8 1.69 (0.382 – 7.38)

Truncated SAA proteoforms

SAA 1.1 R 1.1 lacking 1 N-terminal
(R-) amino acid

11,526.5 11,526.8 99.4 2.61 (0.396 – 13.4)

SAA 1.1 RS 1.1 lacking N-terminal
dipeptide (RS-)

11,439.4 11,439.4 99.4 0.907 (0.344 – 6.67)

SAA 1.1 RSFF 1.1 lacking N-terminal
tetra peptide (RSFF-)

11,147.1 11,146.4 11.8 0.269 (0.0851 – 0.812)

SAA 1.1 RSFFS 1.1 lacking N-terminal
penta peptide (RSFFS-)

11,058.9 11,058.7 7.06 0.157 (0.101 – 0.395)

SAA 1.3 R 1.3 lacking 1 N-terminal
(R-) amino acid

11,498.4 11,498.5 11.2 1.53 (0.711 – 3.79)

SAA 1.3 RS 1.3 lacking N-terminal
dipeptide (RS-)

11,411.4 11,411.2 10.6 0.696 (0.253 – 1.69)

SAA 1.3 RSFF 1.3 lacking N-terminal
tetra peptide (RSFF-)

11,117.0 11,116.9 1.18 0.231 (0.219 – 0.244)

SAA 2.1 R 2.1 lacking 1 N-terminal
(R-) amino acid

11,472.5 11,472.6 57.6 0.894 (0.219 – 3.16)

SAA 2.1 RS 2.1 lacking N-terminal
dipeptide (RS-)

11,385.4 11,384.9 42.9 0.456 (0.219 – 1.35)

SAA 2.1 RSFF 2.1 lacking N-terminal
tetra peptide (RSFF-)

11,091.1 11,092.8 2.35 0.139 (0.103 – 0.160)

SAA 2.2 R 2.2 lacking 1 terminal (R-)
amino acid

11,491.5 11,492.0 12.4 1.23 (0.344 – 4.44)

SAA 2.2 RS 2.2 lacking N-terminal
dipeptide (RS-)

11,404.5 11,403.2 8.23 0.481 (0.219 – 1.35)
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