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Human proteins can exist as multiple proteoforms with potential diagnostic or 
prognostic significance. MS top-down approaches are ideally suited for proteoforms 
identification because there is no prerequisite for a priori knowledge of the specific 
proteoform. One such top-down approach, termed mass spectrometric immunoassay 
utilizes antibody-derivatized microcolumns for rapid and contained proteoforms 
isolation and detection via MALDI-TOF MS. The mass spectrometric immunoassay can 
also provide quantitative measurement of the proteoforms through inclusion of an 
internal reference standard into the analytical sample, serving as normalizer for all 
sample processing and data acquisition steps. Reviewed here are recent developments 
and results from the application of mass spectrometric immunoassays for discovery 
of clinical correlations of specific proteoforms for the protein biomarkers RANTES, 
retinol binding protein, serum amyloid A and apolipoprotein C-III.
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Background
MS in the form of ESI or MALDI TOF has 
played an important role in the past 30+ years 
in studying protein structure and function. A 
whole new field of ‘proteomics’ was coined to 
describe advances in technology and appli-
cations that were enabled by MS. That was 
followed-up by a significant undertaking to 
discover new protein biomarkers, producing 
hundreds of biomarker candidates. However, 
the pace of protein biomarker discovery has 
slowed down in recent years, partly attrib-
uted to the lack of robust MS methods and 
platforms for downstream biomarker valida-
tion. In another sign of weakness, MS has yet 
to make a significant inroad into clinical lab-
oratories and find use in protein diagnostics 
applications.

While the MS detection itself in principle 
is quite simple, sample preparation and pro-
cessing prior to MS detection is quite complex 
and time consuming. Various approaches 

and techniques have been used as front-end 
separations of proteins in preparation for MS 
analysis, including 2D gel electrophoresis, 
HPLC, capillary electrophoresis, immunoaf-
finity chromatography, etc. However, none 
of these were designed with MS detection in 
mind – they were simply existing technolo-
gies bolted in front of mass spectrometers, 
with the hope of creating multiplexed all-
in-one approaches. The resulting complex-
ity of these multiplexed approaches is what 
is hindering their widespread application in 
biomarker validation studies and preventing 
their adoption and translation into clinical 
laboratories.

On the other end of the clinical assays 
spectrum are protein enzymatic immunoas-
says (EIAs), which have been a mainstay in 
clinical laboratories for the past 30+ years. 
These cost-effective and high-throughput 
quantitative protein tests have a simple modus 
operandi: a protein from human sample is 
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Figure 1.  Limitation of enzymatic immunoassays for 
proteoforms quantification. A protein may exist as 
several proteoforms, but enzymatic immunoassays 
cannot detect and quantify individual proteoforms.

future science group

Review    Trenchevska, Nelson & Nedelkov 

bound to an immobilized antibody and then detected 
with another antibody labeled with a fluorophore, 
radioisotope, or reporter enzyme through genera-
tion of a measurable signal. While it is expected that 
EIAs will continue to dominate the clinical assays 
arena for the foreseeable future, they do have a certain 
limitation: EIAs are blind to the existence of protein 
variants (or proteoforms  [1]). Proteoforms may exist 
in  vivo for many proteins, as a result of alternative 
splicing  [2], nonsynonymous single nucleotide poly-
morphisms (SNPs) [3] and post-translational modifica-
tions (PTMs) [4]. (Note: the term proteoform includes 
both SNP-derived forms of the proteins traditionally 
referred to as ‘isoforms’, and other PTM-derived pro-
tein species normally referred to as ‘variants’). In EIAs, 
the secondary (labeled) reporter antibody cannot dis-
criminate between structural protein modifications, 
so the resulting quantitative signal is the sum of sig-
nals from all (or few) proteoforms for a given protein 
captured by the primary antibody (Figure 1). Because 
proteoforms may have potential diagnostic or prognos-
tic significance, it is important to develop analytical 
methods for their detection and quantification.

Proteoforms were initially exposed in the early eight-
ies with one-dimensional gel electrophoresis, starting 
with the identification of hemoglobin, α-antitrypsin, 
amylase and transthyretin proteoforms. With protein 
MS advances, proteoforms were detected via 2D gel 
electrophoresis coupled with mass spectrometric pro-
tein identification from excised and digested protein 
gel spots [5]. 2D difference gel electrophoresis (DIGE) 
was also used to examine proteoforms distributions 
across populations [6–8]. More recently, several bottom-
up and top-down MS approaches have been used for 

decoding protein modifications [9–11]. The most popu-
lar bottom-up approach involves initial protein diges-
tion with trypsin, followed by selected reaction moni-
toring (SRM) or multiple reaction monitoring (MRM) 
MS detection of the resulting peptides that contain 
the protein modifications (straight from the human 
plasma for higher-abundance proteins, or immunoen-
riched for lower abundance proteins). This approach 
has been used for identification of osteopontin splice 
proteoforms [12], novel proteoforms of prostate specific 
antigen  [13] and single amino acid polymorphism of 
complement component C7, complement factor H and 
complement component C5 [14].

Top-down MS approaches are better suited for pro-
teoforms identification because they do not require a 
priori knowledge of the protein modification in order 
to select the appropriate modification-specific peptide 
(as in MRM-MS). MS of intact proteins and their 
proteoforms can be challenging [15], but our group has 
developed a relatively straightforward top-down mass 
spectrometric immunoassay approach for proteoforms 
detection and quantification. The approach, termed 
mass spectrometric immunoassay [16,17] employs affin-
ity microcolumns fitted at the entrance of pipettor 
tips that are derivatized with antibodies for fast and 
contained retrieval of proteins from complex biologi-
cal samples, followed by MALDI-TOF MS detection 
of the eluted proteoforms (Figure 2). This two-step 
approach is similar to that of enzymatic immunoas-
says, but instead of secondary reporter antibody, MS is 
utilized to read out the masses of the captured proteins, 
and thus detect all proteoforms based on their distinct 
molecular mass. Most SNPs and post-translational 
modifications result in relatively small shifts in molec-
ular mass of the proteoforms, producing signals in the 
mass spectra that are near the wild-type protein signal. 
These signals can be assigned to specific proteoforms 
by accurately measuring the observed mass shifts and 
matching them with the known protein sequence, and 
can be further verified via proteolytic digestion and 
detection of the modification-bearing peptides.

The mass spectrometric immunoassay approach can 
also provide quantitative measurement of the proteo-
forms. An internal reference standard (IRS), intro-
duced into the analytical sample, is affinity co-purified 
along with the protein and its proteoforms either by 
a polyclonal antibody with affinities toward the mul-
tiple forms of the protein and the IRS (if the IRS is a 
modified form of the protein), or with another anti-
body co-immobilized alongside the targeted protein 
antibody in the microcolumn. Mass spectrometric 
analysis produces signals from both the targeted intact 
protein and the IRS; the signal for the targeted protein 
is normalized to the signal of the IRS, and, with the 
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Figure 2.  Schematics of the mass spectrometric immunoassay.
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use of a standard curve, the protein concentration is 
then determined [18–24]. It is important to note that the 
internal reference standard (IRS) is added to the sample 
at the beginning of the assay so that it goes through the 
same processing as does the protein target. This way, 
the IRS serves as a normalizer for all sample processing 
and data acquisition steps – from protein extraction 
and processing, to elution and MS response. The ideal 
IRS is a protein analog differing slightly in mass from 
the wild-type protein, for example, proteins from other 
species that differ very little in the amino acid sequence 
but are still recognized by the antibody [22,23].

We have developed assays for several proteins that 
exhibit proteoforms in vivo. Some notable examples 
include: a quantitative mass spectrometric immuno-
assay for detection of endogenous BNP with LOD 
and LOQ of <10 pg/ml, used for simultaneous 

detection of six BNP proteoforms (three newly dis-
covered) in patients with heart failure at concentra-
tions of 7–228  pg/ml  [25]; and semiquantitative full-
length PTH assay used for monitoring ten different 
proteoforms (five newly discovered) in renal failure 
patients  [26]. In this review we summarize the latest 
results from the application of mass spectrometric 
immunoassays for discovery of clinical correlations of 
specific proteoforms for the protein biomarkers RAN-
TES, retinol binding protein, serum amyloid A, and 
apolipoprotein C-III.

RANTES (CCL5) proteoforms
RANTES is a member of the CC chemokine subfam-
ily (it is also called CCL5). RANTES is released from 
activated macrophages and T-lymphocytes, endothelial 
and epithelia cells, dermal fibroblast and renal tubular 
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Figure 3.  Mass spectrum of RANTES from human 
plasma sample obtained with the mass spectrometric 
immunoassay. Signals are labeled according to the 
sequence of RANTES. Met-RANTES is the internal 
reference standard spiked into the sample.*A 
nonspecifically bound protein.
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epithelium [27,28]. RANTES has been indicated in many 
diseases such as autoimmune [29], diabetes [30], obesity 
and metabolic syndrome  [31], and cardiovascular dis-
ease [32–35]. RANTES is composed of 68 amino acids, 
with two intact disulfide bonds (MW = 7847)  [36]. 
Its biological activity is modulated by two proteolysis 
pathways: the first pathway is mediated by DPP IV – 
a regulatory enzyme present on surface of many cell 
types, including activated T cells – which removes the 
two N-terminal amino acids, producing cleaved RAN-
TES (Pro3–68) proteoform  [37]; the second pathway 
is mediated by cathepsin G, producing an additional 
truncated proteoform (Tyr4–68)  [38]. Because prote-
olysis modulates the RANTES activity, the study of 
the RANTES structure-function relationship is very 
important.

We have recently developed a mass spectrometric 
immunoassay for analysis of the RANTES proteo-
forms  [39]. Representative mass spectrum resulting 
from the application of the assay to a human plasma 
sample is shown in Figure 3. Signals form several 
RANTES proteoforms are identified: full-length 
(wild-type) RANTES (residues 1–68, MW = 7847.9), 
RANTES missing a Ser-Pro N-terminal dipeptide as 
a result of DPP IV enzymatic cleavage (labeled 3–68, 
MW = 7663.7), RANTES missing three N-terminal 
residues (4–68, MW = 7500.6), and RANTES miss-
ing three N-terminal and two C-terminal residues 
(4–66, MW = 7282.3). In order to determine the indi-
vidual concentration of each proteoform, the assay was 
made quantitative by inclusion of an internal reference 
standard (IRS). Consistent with our prior work using 
protein analogs [22,23], methionine-RANTES was cho-
sen as an IRS. The met-RANTES differs from native 

RANTES in one additional N-terminus methionine, 
and it has a mass shift of + 131.2 Da from human 
RANTES in the mass spectrum (Figure 3). As required, 
met-RANTES is recognized (affinity-captured) by the 
antihuman RANTES antibody that binds the wild-
type RANTES and its proteoforms. Most importantly, 
met-RANTES is not subject to cleavage and/or inter-
actions with the enzymes present in human plasma (as 
previously determined [38], which was also confirmed in 
our laboratory through spike and recovery experiments 
of met-RANTES in human plasma).

The quantitative RANTES mass spectromet-
ric immunoassay was applied to analysis of plasma 
samples obtained from 297 individuals with Type 2 
diabetes (not treated with DPP IV inhibitor medica-
tion) [39]. The assays were performed on an automated 
high-throughput platform, 96 samples at a time. From 
the resulting mass spectra, individual proteoform/
IRS peak heights ratios were determined, ratios were 
summed up for all proteoforms, total RANTES con-
centration was determined using the corresponding 
standard curve, and then the concentration of each 
proteoform was calculated based on its percentage of 
the total protein concentration. This approach worked 
especially well for the proteoform/IRS peak ratios that 
were below those of the standard curve. The mean con-
centration of all RANTES proteoforms in the cohort 
was 44.9 ng/ml (2.15–163 ng/ml range). The mean 
and the range were slightly higher than the reference 
levels for RANTES in normal plasma samples  [40], 
which could be attributed to changes in inflammatory 
responses that are common in patients with abnormal 
glucose metabolism  [41]. In majority of samples, the 
most abundant proteoforms were the full-length (wild-
type) RANTES (mean = 37.4 ng/ml) and the DPP IV-
cleaved RANTES 3–68 (6.64 ng/ml). These two pro-
teoforms were detected in every plasma sample. The 
truncated proteoforms 4–68 and 4–66 were present less 
frequently (in 206 and 87 samples, respectively), and 
at much lower mean concentrations (0.94 ng/ml and 
0.95 ng/ml, respectively). They, nevertheless, deserve 
full attention because extensive proteolytic cleavage 
can be indicator of a specific enzymatic activity associ-
ated with disease states. Studies will continue in this 
direction, with closer examination of the relationship 
of some of these proteoforms and the cohort’s clinical 
and biochemical characteristics.

Retinol binding protein proteoforms in 
insulin resistance & coronary heart disease 
risk
RBP is a member of the lipocalin family synthesized 
in liver and adipose tissues  [42]. RBP is secreted into 
circulation where it serves as a major transport protein 
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Figure 4.  Mass spectrum of RBP from human plasma 
sample obtained with the mass spectrometric 
immunoassay. 
des-L RBP: Missing one C-terminal leucine residue (MW 
= 20,952); des-LL RBP: Missing two C-terminal leucines 
(MW = 20,839); RBP: Wild-type protein (MW = 21,065).
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for retinol (vitamin A). RBP also forms a complex with 
transthyretin, avoiding the glomerular filtration pro-
cess and excretion through the kidneys. Circulating 
RBP concentrations are influenced by several factors, 
most notably renal function [43,44]. However, elevated 
RBP plasma levels have also been positively associ-
ated with insulin resistance and Type 2 diabetes  [45]. 
Moreover, RBP has been implicated as an emerging 
cardiometabolic risk factor [46,47].

Wild-type (full-length) RBP is comprised of 123 
amino acids (MW = 21,065). Using SDS-PAGE sepa-
ration along with MS, Jaconi et al. were the first to iden-
tify two post-translationally modified proteoforms of 
RBP – one missing a single C-terminal leucine residue 
(des-L RBP, MW = 20,952), and the other missing two 
C-terminal leucines (des-LL RBP, MW = 20,839) [48]. 
The levels of these truncated forms were found to be 
increased in patients with chronic renal failure, sug-
gesting impaired clearance of these proteoforms by the 
kidneys in those patients. Our group developed tar-
geted RBP mass spectrometric immunoassay that also 
detected these two proteoforms  [49]. Representative 
mass spectrum resulting from the application of the 
assay to a human plasma sample is shown in Figure 4. 
When the RBP mass spectrometric immunoassay was 
applied to two large cohorts of healthy subjects, addi-
tional truncated proteoforms were detected, including 
des-NLL, des-RNLL and des-SERNLL RBP proteo-
forms  [50,51]. A fully quantitative RBP mass spectro-
metric immunoassay was subsequently developed  [18] 
and first applied to determine the concentration of all 
RBP proteoforms in a population of 500 healthy indi-
viduals [52]. Wild-type (full-length) RBP was present at 
the highest concentration; des-L was less abundant but 
still present in all 500 samples, whereas des-LL RBP 
was detected and quantified in half of the cohort. The 
des-RNLL and des-RNLL proteoforms were present 
in only few of the samples.

The most recent applications of the quantitative RBP 
mass spectrometric immunoassay revealed some very 
interesting clinical implications for the truncated RBP 
proteoforms in specific medical conditions. In the first 
study, full-length, des-L and des-LL RBP proteoforms 
were measured in serum samples obtained from indi-
viduals with normal glucose tolerance (NGT), insulin-
resistant with impaired glucose tolerance (IGT) and 
individuals that had Type 2 diabetes (T2D) [53]. It was 
found that RBP des-L correlated highly with insulin 
resistance – its levels were as much as fourfold higher 
in IGT and T2D patients than in NGT patients. In a 
second study, the RBP proteoforms were evaluated in 
relation to the development of a coronary heart dis-
ease among women in the Nurses’ Health Study  [54]. 
The nested case–control study design consisted of 

468 women who developed coronary heart disease 
and 472 matched controls, during 16 years of follow-
up. The examination of the relationship between the 
RBP proteoforms levels and other cardiovascular dis-
ease factors in the control group revealed a positive 
correlation between the des-L RBP proteoform and 
total cholesterol and fasting triacylglycerol, and nega-
tive correlation between the des-L RBP proteoform 
and the estimated glomerular filtration rate (eGFR). 
The key finding of the study was that only full-length 
RBP levels (and not the des-L and des-LL RBP pro-
teoforms) were associated with higher coronary heart 
disease risk, suggesting that the full-length RBP may 
be the most biologically active proteoform. It is impor-
tant to note that the C-terminus of RBP is nestled in 
a hydrophobic patch at the RBP-transthyretin protein 
complex interface [55], so it is quite possible that trun-
cation of RBP diminishes its binding to transthyretin. 
These results illustrate the importance of measuring 
individual proteoforms, and more importantly – the 
biologically active proteoforms. Such measurement 
cannot be done with other approaches, such as quanti-
tative Western blotting or ELISAs in the case of RBP. 
It should be mentioned that in order to mimic the 
experimental conditions used for the existing quanti-
tative Western blotting RBP assay, we have modified 
the RBP mass spectrometric immunoassay protocol 
to include a denaturing agent (SDS), thus eliminating 
any remote possibility of RBP epitope masking by the 
RBP-TTR complex. When compared, the total serum 
levels of RBP measured with the mass spectrometric 
immunoassay (sum of all proteoforms concentrations) 
correlated highly with those measured by quantitative 
Western blotting  [53]; however, quantitative western 
blotting cannot distinguish among the individual RBP 

m/z

R
el

at
iv

e 
in

te
n

si
ty

des-L RBP

RBP
des-LL RBP

20,000 20,400 20,800 21,200 21,600 22,000



1628 Bioanalysis (2016) 8(15)

Figure 5.  Mass spectrum of apo C-III from human 
plasma sample obtained with the mass spectrometric 
immunoassay. 
apoC-III0a: wild-type apoC-III (no glycan); apoC-III0b: 
apoC-III-Gal-GalNac; apoC- III1: apoC-III-Gal-GalNac-Sia; 
des-A apoC- III1: C-terminally truncated alanine from 
apoC-III1; apoC- III2: apoC-III-Gal-GalNac-Sia-Sia; des-A 
apoC- III2: C-terminally truncated alanine from apoC-III2.
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proteoforms and is thus unfit for studies where their 
clinical correlations and significance are evaluated.

Apolipoprotein C-III proteoforms’ 
association with plasma triglycerides
ApoC-III is a component of the triglyceride-rich very 
low density lipoproteins (VLDL) and high density 
lipoproteins (HDL) in plasma [56]. ApoC-III plays an 
important role in triglyceride metabolism by inhib-
iting the lipolysis of triglyceride-rich lipoproteins. 
Recent studies revealed that a loss-of-function muta-
tion in the apoC-III gene is associated with reduced 
triglyceride levels and cardiovascular risk  [57–59]. This 
has spurred drug development programs for lower-
ing the apoC-III levels, and consequently the levels 
of the triglycerides  [60,61]. The sequence of apoC-III 
contains 79 amino acids, with a single glycosylation 
site at Threonine 74. The glycosylation produces three 
major proteoforms of apoC-III. All three share a core 
glycan comprised of an O-linked disaccharide galac-
tose linked to N-acetylgalactosamine (Gal-GalNAc). 
This core is further modified with one or two sialic 
residues (Sia), giving rise to what’s commonly known 
as apoC-III

1
 and apoC-III

2
, respectively (the proteo-

form containing just the core, without the sialic acid 
residues, is known as apoC-III

0b
; the wild-type protein 

(without the core glycan chain) is usually referred to 
as apoC-III

0a
). These three major proteoforms were 

first delineated in the early 80s, using isoelectric focus-
ing techniques. When mass spectrometric methods 
of detection were applied in the late 90s, numerous 
other truncated apoC-III proteoforms were detected 
in dilapidated fractions obtained from very low den-

sity lipoprotein (VLDL), including C-terminally trun-
cated forms missing one or two alanine residues  [62]. 
Several other groups have applied MS-based methods 
for studying the apoCs proteoforms  [63–65], discover-
ing additional low-abundance proteoforms containing 
fucose in the glycan chain [66,67].

Our group developed an apoC-III mass spectro-
metric immunoassay for direct and high-throughput 
analysis of these proteoforms from plasma or serum 
samples. Representative mass spectrum resulting from 
the application of the assay to a human plasma sample 
is shown in Figure 5. The assay was initially applied to 
a cohort of healthy patients, detecting all three major 
apoC-III glycoproteoforms in all of the samples  [50]. 
Recently our group has advanced the assay to a fully 
quantitative mode in order to determine the individual 
proteoforms concentrations, and applied it to a cohort 
of 82 individuals  [24]. A total of 12 apoC-III proteo-
forms were quantified in the cohort. The main gly-
cosylated proteoforms (apoC-III

0b
, C-III

1
 and C-III

2
) 

accounted for 90% of the total apoC-III concentra-
tion; alanine-cleaved proteoforms were also present 
in majority of the samples, at 1–5% of the total con-
centration. Least abundant were the fucosylated pro-
teoforms, detected in approximately 20% of the sam-
ples; their different distribution among samples with 
similar total apoC-III concentrations implies different 
pathways for the fucosylation process.

Because apoC-III regulates triglycerides, we decided 
to examine the role of the apoC-III sialylation in tri-
glycerides metabolism using several different cohorts. 
In the first study, plasma samples from a cohort of 204 
adolescent Hispanic nondiabetic children were ana-
lyzed with the apoC-III mass spectrometric immuno-
assay  [68]. It was found that the ratios of apoC-III

0a
, 

apoC-III
0b

 and apoC-III
1
 to apoC-III

2
 were signifi-

cantly greater in overweight and obese participants 
versus the control group. Total apoC-III correlated 
strongly with plasma triglycerides concentrations, but 
this association was driven primarily by apoC-III

0a
, 

apoC-III
0b

 and apoC-III
1
, and not by apoC-III

2
. 

ApoC-III
2
 was also not correlated to the other apoC-III 

proteoforms, suggesting different mechanism for the 
addition of the second sialic acid residue. These results 
indicate that apoC-III

0
 and C-III

1
 are under metabolic 

control.
In the second study, cross-sectional and longitudinal 

associations between apoC-III proteoforms and plasma 
lipids were examined in two randomized clinical trials 
in subjects with impaired glucose tolerance (n = 531) 
and Type 2 diabetes (n = 296). At baseline, higher rela-
tive apoC-III

2
 abundance was associated with lower 

triglycerides and total cholesterol, and higher HDL 
cholesterol concentrations in both cohorts [69]. Relative 
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Figure 6.  Mass spectrum of SAA from human plasma 
sample obtained with the mass spectrometric 
immunoassay. The numbers designate allelic genes; 
des-R and des-RS designate N-terminally cleaved 
arginine and serine.
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abundances of the other apoC-III proteoforms showed 
positive associations with the triglycerides. Further-
more, longitudinal changes in apoC-III

2
/apoC-III

1
 

ratios were inversely associated with changes in triglyc-
erides in both cohorts. The association between rela-
tive apoC-III

2
 abundance and triglycerides remained 

present after adjustments for demographic factors and 
lipid lowering medications, suggesting that apoC-III

2
 

abundance may be an independent determinant of 
plasma triglyceride levels. These strong cross-sectional 
and longitudinal inverse relationships between the rela-
tive abundance of apoC-III

2
 proteoform and plasma tri-

glyceride concentrations were very similar to the results 
from the adolescent cohort study described above, 
despite differences in the cohorts’ demographic and 
clinical characteristics. These results imply that differ-
ent apoC-III proteoforms may have different effects on 
lipid metabolism.

Serum amyloid A proteoforms in Type 2 
diabetes
SAA is an acute phase protein with an important role 
in inflammatory processes  [70,71]. SAA encompasses 
a group of closely related proteins produced by four 
genes, three of which are expressed in humans (SAA1, 
SAA2 and SAA4)  [72]. The SAA1 and SAA2 genes 
express five (designated 1.1, 1.2, 1.3, 1.4 and 1.5) and 
two (2.1 and 2.2) acute phase allelic variants, resulting 
in multiple SAA proteoforms with highly homologous 
protein sequences [73]. The N-terminal amino-acids of 
SAA are subject to post-translational truncation  [71]. 
Commercially available ELISAs cannot detect these 
truncations, and neither can genotyping and allele fre-
quency analyses which are commonly used to investi-
gate SAA polymorphism. Hence, MS is ideally suited 
for the analysis of these truncated SAA proteoforms. 
Several MS-based methods for SAA have been devel-
oped, including 2D-gel electrophoresis coupled with 
liquid chromatography/ESI MS  [74], protein chip 
immunoaffinity capture with SELDI MS  [75] and 
in-gel trypsin digestion followed by ESI-MS of SAA 
peptides  [76]. Our group developed mass spectromet-
ric immunoassay for analysis of the SAA proteoforms 
from plasma or serum samples  [77]. Representative 
mass spectrum resulting from the application of the 
assay to a human plasma sample is shown in Figure 6. 
The assay was initially applied to a cohort of healthy 
patients (n = 96), revealing several allelic variants (1.1, 
1.3, and 2.1) and N-terminally truncated (des-R and 
des-RS) proteoforms  [50]. Recently, the abundance 
of the SAA truncations relative to the wild-type pro-
teins was examined in plasma samples obtained from a 
cohort of 91 patients with Type 2 diabetes and chronic 
kidney disease and 69 healthy controls [78]. Four allelic 

variants were detected in the cohort – SAA 1.1, 1.3, 2.1, 
and 2.2 – expressed either as single or multiple proteo-
forms. The 1.1 proteoform was detected in all but one 
individual, with the other three being expressed less 
frequently (59% for SAA 2.1, 13% SAA 2.2 and 12% 
SAA 1.3). The des-R and des-RS N-terminal trunca-
tions were detected for all allelic variants. The relative 
abundances of each truncated proteoform (calculated 
as a percent of the wild-type) were compared between 
subjects with and without diabetes. After adjusting for 
age and body mass index, the des-R SAA 1.1 proteo-
form was found to be lower in subjects with Type 2 
diabetes. Also, the relative abundance of the same pro-
teoform was found to be lower in males compared with 
females in the entire cohort. Measuring these SAA 
proteoforms is important because the SAA truncations 
may modify SAA function and clearance. Further-
more, because the N-terminus of SAA determines SAA 
amyloid fibril formation [79], the truncations may alter 
the susceptibility to reactive amyloidosis in chronic 
conditions such as Type 2 diabetes.

Conclusion
Presented here were several examples of mass spec-
trometric immunoassays for clinically relevant pro-
teoforms. These studies were made possible by the 
relatively simple and high-throughput method of mass 
spectrometric immunoassay. The method relies on the 
use of antibodies for retrieval of multiple proteoforms, 
which is followed by their mass spectrometric detec-
tion. In its current iteration the method is ideally suited 
for high-throughput analysis of proteins and their pro-
teoforms from human plasma and serum. When put 
together with well-characterized clinical cohorts, these 
methods can provide rapid assessment of proteoforms 
and their roles in specific diseases.
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Future perspective
Proteoforms are formed in vivo and may have clini-
cal significance. The two most prominent examples 
of clinically relevant proteoforms are carbohydrate-
deficient transferrin which is monitored to detect con-
genital disorders of glycosylation and chronic alcohol 
abuse [80], and glycated hemoglobin A1c which is used 
to monitor long-term glycemic control  [81]. Devel-
opment of methods for proteoforms detection and 
quantification is thus of great significance. Certain 
proteoforms can be detected at the gene level (alter-
native splicing- and SNP-products), but for all oth-
ers detection at the protein level is needed. MS-based 
methods are ideally suited for this task, especially top-
down methods that provide direct readout of the intact 
molecular mass – an intrinsic property of each proteo-
form. The discovery of proteoforms with such methods 
will have to be followed by extensive validation stud-
ies, using large and well-defined clinical cohorts. Our 
group has recently made progress in associating certain 
proteoforms of serum amyloid A and apolipoprotein 
CIII with glycemic control and triglyceride metabo-
lism [68,69,78]. More proteoforms discoveries and valida-
tions are certain to occur in the near term, but there is 
still a significant technological bottleneck facing these 
studies. Most proteomics work today is executed with 
LC–MS workflows that are geared toward detection 
of proteolytic peptides. Such peptides do not provide a 
whole view of the wild-type parent protein and its pro-
teoforms. Furthermore, high cost and complexity hin-
ders the application of these methods in proteoforms 
discovery and validation. On the other hand, MALDI-
TOF MS is ideally suited for intact protein analysis, 
and with its robustness, ease-of-use, and low mainte-

nance cost, could become the platform of choice for 
large-scale proteoforms detection [52] and future clini-
cal protein tests  [82]. MALDI platforms (FDA 510(k) 
approved) are already in microbiology hospital labo-
ratories where they are used for microbial identifica-
tion [83]. But regardless of the MS platform, the central 
bottleneck for protein (and proteoforms) MS analysis 
is the sample preparation – the fastest and cheapest 
way to bring a protein from solution to the inlet of the 
mass spectrometer. This is especially important in bio-
marker validation studies where the number of samples 
and assays is much higher than in the discovery phase, 
and where cost can play a significant role in go/no-go 
decisions. Until this sample preparation bottleneck is 
removed, mass spectrometric studies of proteoforms 
and their utility as the next generation biomarkers will 
remain a random pursuit
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Executive summary

•	 Proteoforms may exist in vivo for many proteins, as a result of alternative splicing, nonsynonymous single 
nucleotide polymorphisms and post-translational modifications.

•	 Important clinically relevant proteoforms include carbohydrate-deficient transferrin and glycated hemoglobin 
A1c.

•	 Enzymatic immunoassay cannot detect and quantify individual proteoforms.
•	 MS plays an important role in proteoforms detection as it provides direct readout of the molecular mass – an 

intrinsic property of each proteoform/modification.
•	 Top-down mass spectrometric approaches are ideally suited for accurate and complete proteforms 

identification, without a priori knowledge of the protein modification.
•	 One such top-down approach, termed mass spectrometric immunoassay, employs tip-fitted microcolumns 

derivatized with antibodies for fast and contained protein binding and elution for subsequent MALDI-TOF MS 
proteoforms detection.

•	 The mass spectrometric immunoassay can also quantify individual proteoforms, through incorporation of an 
internal reference standard (IRS) introduced into the analytical sample, serving as a normalizer for all sample 
processing and data acquisition steps.

•	 Screening of proteoforms can reveal their clinical association with specific disease states.
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