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Abstract

Purpose of Review—A “proteoform” is defined as one specific protein structural form 

that results from the combination of allelic variation, alternative RNA splicing, and/or 

post-translational modifications (PTMs) in specific locations on the amino acid backbone. 

Apolipoproteins A1 and A2 are highly abundant apolipoproteins that mediate HDL structure and 

function. ApoA1 and A2 are known to undergo PTMs, which results in multiple proteoforms. 

However, the catalogue of apoA1 and A2 proteoforms as well as their associations with 

cardiometabolic health characteristics has not until recently been described. In this brief review, 

we discuss recent efforts to catalogue the spectrum of apoA1 and A2 proteoforms, to understand 

the relationships between the relative abundance of these proteoforms with cardiometabolic 

phenotypic characteristics, and we will discuss the implications of these findings to future 

research.

Recent Findings: A broad spectrum of apoA1 and A2 proteoforms has been characterized. 

Although, the types of apoA1 and A2 proteoforms are consistent across individuals, the 

relative abundances of proteoforms can vary substantially between individuals. Proteoform-

specific associations with cardiometabolic characteristics in humans, independent of absolute 

apolipoprotein abundance, have been described. These recent findings suggest multiple levels 

of protein structural variation that arise from known and unknown metabolic pathways may be 

important markers or mediators of cardiometabolic health.

Summary: Understanding the associations between apolipoprotein proteoforms and phenotype 

may lead to enhanced understanding of how apolipoproteins mediate lipid metabolism and affect 

ASCVD risk, which may lead to discovery of novel markers of risk and/or key mechanistic 

insights that may drive further druggable targets for modifying lipid metabolism and reducing 

ASCVD risk.
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Introduction

Apolipoproteins are a structurally diverse family of serum proteins involved human lipid 

transport and metabolism and several are mediators of atherosclerosis and down-stream 

ASCVD events (among other clinical endpoints)1. Apolipoprotein A1 (apoA1) is a highly 

abundant apolipoprotein in blood that is the primary structural protein of High-Density 

Lipoprotein (HDL) particles2, 3. ApoA1 mediates several of HDL particles’ atheroprotective 

functions, like cholesterol efflux capacity, and triglyceride/cholesterol exchange4–6. ApoA2 

is the second most abundant HDL-associated protein, with a less well described role in HDL 

constitutive function, lipid homeostasis, and ASCVD pathogeneses7–10.

Structural variation in apolipoproteins A1 and A2 is well described. In addition to rare 

missense mutations that lead to differences in the amino acid backbone, more commonly 

observed post-translational modifications (PTMs) have been described and several studies 

suggest that PTMs alter protein function and observed phenotype10–15. However, the 

complete spectrum of PTMs, the combinations of PTMs, as well as their effects upon 

observed phenotype have not, until recently, been well systematically characterized. 

Understanding the potential mediating effects of different PTMs (and all their combinations) 

may lead to enhanced understanding of how apolipoproteins (apolipoproteins A1, A2, and 

others) mediate lipid metabolism and affect ASCVD risk, which may lead to discovery 

of novel markers of risk and/or key mechanistic insights that may drive further druggable 

targets for modifying lipid metabolism and reducing ASCVD risk.

In this brief review, we discuss recent efforts to catalogue the spectrum of structural 

variation in apoA1, A2, to understand the relationships between the relative abundance 

of these variants with cardiometabolic phenotypic characteristics, and we will discuss the 

implications of these findings to future research.

Proteoform Definition and Significance

Variation in protein primary structure is the result of allelic variation in the protein coding 

gene, alternative mRNA splicing, and PTMs. Any one protein-coding gene can yield many 

different structural forms that ultimately determine phenotype. A “proteoform” is defined 

as one specific protein structural form that results from the combination of allelic variation, 

alternative RNA splicing, and/or PTMs in specific locations on the amino acid backbone16. 

For example, an individual who is heterozygous for a missense mutation in the APOA1 

gene would create two mRNA strands that are translated into two amino acid backbones that 

vary by one amino acid. Each of these amino acid strands represents a distinct proteoform 

of apoA1. Some of these amino acid strands then undergo PTMs, which furthers their 

variation and structural complexity. In the case of apoA1, about 1 to 2% of apoA1 undergoes 

acylation at the lysine 88 residue (K88AcylA1), 3–20% has the terminal glutamine residue 

truncated, 4–25% is oxidized, 0.2–2% is glycated, among other PTMs that occur at discrete 
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amino acid residue and in different combinations14. Each one of these resultant distinct 

structural variants of apoA1 represents an apoA1 proteoform. Thus far, we have identified 

15 different combinations of PTMs on the amino acid backbones, and one participant was an 

allelic heterozygote with a missense mutation with the identical compliment of PTMs that 

were observed on wild type apoA1, resulting in a total of 30 proteoforms of apoA114.

Post-translational modification occurs because of non-enzymatic or enzymatically mediated 

addition (or subtraction) of ligands to the protein that are related to the exposome, 

metabolome, proteome, and genome. These additions often alter protein function17, which 

may ultimately affect HDL function, lipid metabolism, and potentially ASCVD risk. For 

example, glycation (a spontaneous addition of glucose to an amino acid residue) of 

apolipoprotein A1 (apoA1) has been shown to reduce apoA1’s anti-inflammatory properties 

as well as its phospholipid affinity, which may increase ASCVD risk18, 19.

Broadly speaking, resolution of proteoform-level structure (and thus understanding of the 

PTM’s along an amino acid backbone) can be important for several reasons: 1) Since 

PTMs can affect protein localization, function, and overall phenotype, characterizing diverse 

proteoform profiles can reveal associations that cannot be observed through measures of 

total protein concentration alone; 2) proteoform-level resolution may reveal novel biologic 

and potentially mechanistic insights into the determinants of phenotype; and 3) measurement 

of proteoforms provides direct evidence of interactions between the proteome and the 

metabolome, exposome, and other aspects of the proteome (and by extension the genome) 

enhancing our understanding of how genetic, the environmental factors, and metabolism 

directly affects protein structure and function.

Proteoform-level characterization can also be used be used in clinical practice. For example, 

one of the most well-known (and commonly measured) proteoforms is hemoglobin A1C 

(HgbA1c), a proteoform of hemoglobin characterized by the relative amount (expressed 

as a percentage) of the hemoglobin protein beta chain that has undergone glycation 

(non-enzymatic addition of glucose)20. The relative abundance of this proteoform is an 

accurate and precise marker of longitudinal serum glucose levels and it provides clear 

evidence of a direct interaction between the metabolome and the proteome, given the 

concentration-dependent nature of glycation in this instance21. In contrast, measurement 

of total hemoglobin concentration alone (without proteoform-level resolution) provides 

information about the oxygen carrying capacity of blood, but no information about mean 

glucose serum level nor its interaction with serum proteins. This example suggests that 

proteoform level characterization of the proteome may provide novel biological insights and 

new clinical diagnostics and/or prognostic markers.

Techniques Use to Characterize and Quantify Apolipoprotein Proteoforms

Commercially available affinity-based proteomic technologies (e.g., aptamers and proximity 

extension assays) do not allow for proteoform-level characterization. Similarly, traditional 

bottom-up proteomic approaches (protein digest followed by mass spectrometric analysis) 

are excellent at profiling the spectrum of proteins present in a sample and to some extent 

they can identify post-translational modification on peptide fragments, but they cannot 

provide proteoform-level resolution22. However, top-down proteomic techniques allow 
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for the full characterization and quantification of proteoforms. In contrast to bottom-up 

techniques, top-down initially keeps proteins intact, fragments them in the gas phase, and 

utilizes tandem mass spectroscopy that allows for precise measurement of protein mass-

shifts, which equal the mass of all chemical groups added to the amino acid backbone23. 

These diverse mass-shifted protein variants are then isolated and fragmented, which 

produces protein fragments that have individual masses and mass-shifts. The mass shifts 

of different protein fragments allow for the determination of the location of different PTMs. 

Then, through bioinformatic interrogation of these spectra the full secondary structure and 

quantities of all proteoforms present in the sample can be resolved24, 25.

Although top-down approaches provide greatly enhanced insight into protein structural 

variation compared to bottom up for affinity-based platforms, this improved resolution 

using current, though rapidly evolving, technology comes at the expense of limited breadth 

of protein assessment and throughput. However, when specific protein targets that serve 

as either a marker or mediator of phenotypes of interest are known, as is the case for 

apolipoproteins, top-down approaches can provide novel insights into protein structure and 

biology.

Due to the central roles of apolipoproteins A1 and A2 in HDL metabolism, their well-known 

associations with ASCVD risk, as well as their high abundance in human serum we 

have focused on characterizing their proteoforms and quantifying their associations with 

cholesterol fractions, HDL function, markers of insulin resistance, and other cardiovascular 

health traits.

Apolipoprotein A1 and A2 Proteoform Characterization and Clinical Correlates

ApoA1 is the primary structural and functional protein of high-density lipoprotein (HDL) 

particles2. ApoA1 is synthesized in hepatocytes and small intestinal cells as a 30.7KD proto 

protein that undergoes terminal truncation into a mature canonical variant. ApoA1 serves 

as a binding ligand and cofactor for many HDL functions including cholesterol efflux and 

triglyceride/cholesterol exchange with VLDL particles. HDL particles also have a role in 

vasodilatory, anti-inflammatory, and anti-thrombotic pathways as well. These functions may 

explain the strong associations observed between apoA1 total protein concentration and 

ASCVD risk26. However, to date randomized controlled trials of HDL-C-raising therapies 

(which also raise apoA1) as well as Mendelian randomization studies do not support a direct 

causal association between apoA1 and ASCVD risk27, 28. Nonetheless, HDL’s central role 

in lipid metabolism strongly supports its role in cardiovascular risk factor development. 

Further, independent of its causality for ASCVD, HDL-C and apoA1 are well validated, 

robust, and useful biomarkers used in ASCVD risk estimation29–31. Therefore, more detailed 

understandings of its role in mediation of lipid metabolism may enhance our understandings 

of high cardiometabolic risk.

Post-translational modification of the apoA1 canonical proteoform is a well described, 

though incompletely characterized, event. In vivo and in vitro studies suggest that apoA1’s 

biological effects are at least partially mediated by PTM. For example, an apoA1 proteoform 

(W72-Oxidized A1) was isolated in abundance from human atheroma but was found in 

very low abundance in human serum11. Higher quantities of this proteoform were associated 

Wilkins and Rohatgi Page 4

Curr Opin Lipidol. Author manuscript; available in PMC 2024 February 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with lower HDL functionality characterized by HDL efflux capacity. Similarly, glycation 

of apoA1 has also been shown to reduce anti-inflammatory properties and other athero-

protective characteristics18, 19.

Until the advent of top-down proteomic approaches, resolution of apoA1 proteoforms – the 

catalogue of detectable forms in serum, their relative abundance, as well as their associations 

with phenotypic characteristics of interest was not known. However, in separate recent 

studies, using human serum samples from Chicago Healthy Aging Study and the Coronary 

Artery Risk Development of Young Adults Cohort study, Wilkins, Seckler and colleagues 

characterized the spectrum of apoA1 proteoforms and quantified their associations with 

cardiometabolic characteristics of interest14, 15. Up to 30 distinct proteoforms of apoA1 

were identified, and PTMs included a canonical or unmodified variant and combinations 

of truncation, oxidation, glycation, and/or acylation on the amino acid backbone14. The 

most abundant form identified was the canonical, or unmodified, apoA1 proteoform. Other 

variations of the amino acid backbone included a truncated variant (missing the c-terminal 

glutamine), and the pro-peptide that contained the 6-resideue-longer propeptide of apoA1. 

Post-translational modifications observed included glycation, methionine sulphoxidations, as 

well as 7 different acylated variants at the K88 residue, which occurred on both canonical 

and truncated amino acid backbones (K88AcylA1). Interestingly, these protoform profiles 

were preserved across all 150 individuals, though their relative abundance varied. The 

intra-individual relative abundances were also relatively stable over 5 years of follow-up14.

When their associations with participant characteristics were assessed, the apoA1 

proteoforms clustered into 5 motifs: canonical, glycation, truncations, oxidations, and 

K88acylA1. Glycation had the expected positive association with serum glucose level and 

prevalent DM. Interestingly, the relative abundance of K88acylA1 was directly associated 

with HDL-C, HDL efflux capacity and inversely associated with elevated triglyceride level, 

waist circumference, and BMI. Whereas the relative abundance of the canonical variant 

had the opposite pattern of association (canonical was inversely associated with HDL-C 

and positively associated with waist circumference). This finding suggests that the patterns 

of association between total apoA1 and cardiometabolic characteristics (generally inverse 

associations with markers of insulin resistance) may be driven by the relative abundance 

of the K88acylA1 and not the canonical proteoform. Interestingly, the fatty acids that were 

bound to the lysine 88 residue are the most abundant fatty acids in HDL particles and apoA1 

is known to exist in bound and unbound forms. Thus, K88acylA1 may be a marker of 

apoA1’s association with the HDL particle, and the overall metabolic activity of the HDL 

subfraction.

ApoA2 is the second most abundant protein on HDL particles. It serves a role in HDL 

particle stabilization. It is also a competitive antagonist to apoA1 and mediates functions 

of lecithin-cholesterol acyltransferase and hepatic lipase that use apoA1 as a cofactor7, 9. 

ApoA2 is an approximately 11KD protein synthesized in the liver and intestine. It is known 

to exist in various truncated forms as both monomers and disulfide linked dimeric forms. 

In the CARDIA study, ApoA2 proteoforms that were characterized by terminal truncation 

and dimerization were differentially associated with cardiometabolic characteristics14. Based 

on these observations Seckler and Wilkins posited that terminal glutamine truncation and 
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dimerization may be involved with activating apoA2’s role in lipid metabolism. Therefore, 

cysteinylation of monomeric chains (which is needed for dimerization of this molecule) 

may regulate dimerization and thus affect its HDL-associated function. Importantly, none 

of the side chain PTM’s that were seen on apoA1 were present on apoA2, suggesting that 

the PTMs observed are not an occurrence for all HDL-associated proteins, furthering the 

inference that apolipoprotein PTM is a specific, regulated, non-random process.

Implications

Proteoform level characterization of apolipopoproteins A1 and A2 provides proof of concept 

that proteoform level resolution may provide novel insights into apolipoprotein metabolism 

that could not be derived by measures of total protein abundance alone. ApoA1 and A2 

proteoform characterization suggests a potential role of glycation, oxidation, truncation, and 

acylation in the mediation of apolipoprotein function.

Studies of apolipoprotein proteoforms conducted thus far consistently suggest that 

proteoforms vary by apolipoprotein as there is minimal overlap (other than terminal 

glutamine truncation) in the types of PTM on apoA1 and apoA2, despite both being 

associated with the HDL fraction. Furthermore, the interindividual proteoform abundance 

can vary substantially and this variation is associated with markers of insulin resistance 

and ASCVD risk. Thus, apolipoprotein proteoform profile appears to be a non-random, 

specific, dynamic, and likely regulated process. Furthermore, proteoform resolution of 

apoA1 and apoA2 provide direct evidence of specific interactions between the proteome 

and metabolome. For example, the specific and reproducible acylation of apoA1 at the lysine 

88 residue suggests a regulated biochemical interaction between fatty acids and apoA1, 

potentially mediated by a previously uncharacterized acyl transferase enzyme. Likewise, 

although the drivers of oxidation were not well understood, it could be due to environmental 

and behavioral characteristics that were not well characterized in the CARDIA or CHAS 

studies.

In this era of high-throughput genomic, epigenomic, proteomic, and metabolomic profiling 

on thousands of research participants integrating these datasets and understanding their 

interactions to weave together a cohesive understanding of the biology of health and 

disease is a major challenge. The findings discussed above support the notion that obtaining 

proteoform resolution, when possible, will enhance our understanding of human biology and 

may provide novel marker of risk and targets for therapy.

Future Directions

Post-translational modification is not limited to apoA1 and apoA2, as several studies – 

utilizing different methods to identify PTM – have described a broad range of PTMs of 

apoC332–34, apoB35, and apoE36 suggesting that PTM occurs, at least to some extent, on 

all human apolipoproteins. A catalogue of these proteoforms and an understanding of their 

associations with characteristics in humans is needed to begin this investigation into the role 

of post-translational modification in the regulation of apolipoprotein function.

The association studies discussed above do not allow for causal inference; apoA1 and 

apoA2 proteoforms may be the cause or consequence of cardiometabolic characteristics. 
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Clarifying the precise mechanistic roles of apolipoprotein protoeforms will require detailed 

studies that manipulate apolipoprotein proteoform abundance and assess the effect upon 

outcomes. Such studies will require the development of techniques that allow for synthesis, 

isolation, and manipulation of apolipoprotein proteoform levels. Furthermore, investigation 

into apolipoprotein proteoform profile across different tissue types (vascular endothelium, 

valve tissue, hepatic tissue etc.) may also provide mechanistic insights and targets for 

intervention.

Although the associations between cardiometabolic characteristics and apoA1 and A2 

proteoform relative abundances were striking, further work will need to be completed to 

assess their associations with different clinical endpoints including ASCVD. However, direct 

associations with ASCVD events are not a prerequisite to demonstrate a significant role of 

apolipoprotein proteoforms in the regulation of lipid metabolism and cardiometabolic health. 

For example, associations with other incident or prevalent disease states like diabetes, 

kidney disease, and heart failure, may yield insights into the causes of these central and 

highly prevalent determinants of cardiovascular risk.

In summary, variation in protein structure and abundance that results from allelic variation 

in a protein coding gene is just one of many sources of variation within the proteome. PTMs 

are ubiquitous, specific, and regulated processes that modify protein structure and function. 

This level of protein regulation must be understood if we are to understand the role of the 

proteome in mediating phenotype. Top-down proteomic techniques can provide proteoform 

resolution (and knowledge of PTMs along the protein backbone) of specific protein targets, 

which may enhance our understanding of the biology of human proteins. Work thus far 

on apolipoproteins A1 and A2, suggest multiple levels of protein structural variation 

that arise from known and unknown metabolic pathways may be important mediators of 

cardiometabolic health. However, continued research is needed to further unlock this level 

of proteomic structure and its complex interactions with other genomic, metabolomic, and 

environmental causes of health and disease.
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Key Points:

• A “proteoform” is defined as one specific protein structural form that results 

from the combination of allelic variation at a protein-coding gene, alternative 

RNA splicing, and/or post-translational modifications (PTMs) in specific 

locations on the amino acid backbone of a protein.

• Variation in apolipoprotein structure due to missense mutations as well as 

post-translational modification are known to occur, but the catalogue of 

apolipoprotein proteoforms and their associations with phenotype have not 

been well dscribed.

• The catalogue of apoA1 and apoA2 proteoforms in humans have recently 

been described, and the relative abundance of apoA1 and apoA2 proteoforms 

have differential associations with indices of cardiovascular risk.

• Proteoform level characterization of apolipoproteins A1 and A2, and 

their proteoform-specific associations with phenotype provides proof of 

concept that proteoform level resolution may provide novel insights into 

apolipoprotein metabolism that could not be derived by measures of total 

protein abundance alone.
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