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Spectrum of Apolipoprotein AI and 
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BACKGROUND: ApoAI (apolipoproteins AI) and apoAII (apolipoprotein AII) are structural and functional proteins of high- density 
lipoproteins (HDL) which undergo post- translational modifications at specific residues, creating distinct proteoforms. While 
specific post- translational modifications have been reported to alter apolipoprotein function, the full spectrum of apoAI and 
apoAII proteoforms and their associations with cardiometabolic phenotype remains unknown. Herein, we comprehensively 
characterize apoAI and apoAII proteoforms detectable in serum and their post- translational modifications and quantify their 
associations with cardiometabolic health indices.

METHODS AND RESULTS: Using top- down proteomics (mass- spectrometric analysis of intact proteins), we analyzed paired 
serum samples from 150 CARDIA (Coronary Artery Risk Development in Young Adults) study participants from year 20 and 
25 exams. Measuring 15 apoAI and 9 apoAII proteoforms, 6 of which carried novel post- translational modifications, we quan-
tified associations between percent proteoform abundance and key cardiometabolic indices. Canonical (unmodified) apoAI 
had inverse associations with HDL cholesterol and HDL- cholesterol efflux, and positive associations with obesity indices 
(body mass index, waist circumference), and triglycerides, whereas glycated apoAI showed positive associations with serum 
glucose and diabetes mellitus. Fatty- acid‒ modified ApoAI proteoforms had positive associations with HDL cholesterol and 
efflux, and inverse associations with obesity indices and triglycerides. Truncated and dimerized proteoforms of apoAII were 
associated with HDL cholesterol (positively) and obesity indices (inversely). Several proteoforms had no significant associa-
tions with phenotype.

CONCLUSIONS: Associations between apoAI and AII and cardiometabolic indices are proteoform- specific. These results pro-
vide “proof- of- concept” that precise chemical characterization of human apolipoproteins will yield improved insights into the 
complex pathways through which proteins signify and mediate health and disease.
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ApoA1 (apolipoprotein AI) is the 11th most abun-
dant protein in human serum.1 ApoAI serves as 
a major structural scaffold and binding ligand for 

high- density lipoprotein (HDL) particles.2,3 Thus, apoAI 

has a central role in lipid metabolism, mediating cho-
lesterol transport and inflammatory, immunologic, and 
vasodilatory pathways.4 Like HDL- cholesterol concen-
tration (HDL- C), apoAI has strong associations with 
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markers of cardiometabolic health and risk of coronary 
heart disease (CHD).5 Although it is unclear whether the 
relationship between apoAI and CHD risk is causal,6,7 
strong associations between apoAI concentration and 
metabolic characteristics that are causally related to 
CHD risk, such as apoB (apolipoprotein B) and insulin 
resistance, support the hypothesis that ApoAI may be 
a mechanistically important mediator of cardiometa-
bolic health.8,9

The precise molecular form of a protein arising 
from a gene, including allelic and splice variants, cod-
ing polymorphisms, and the nature and location(s) of 
any post- translational modifications (PTMs), is called 

a proteoform (Figure 1A).10 Previous reports have de-
scribed a limited number of apolipoprotein PTMs,11 
and several of those modifications are associated with 
differences in HDL functional properties.12– 16 However, 
these reports are sparse, and have traditionally relied 
on protein digestion and subsequent PTM detection 
on small peptides (ie, bottom- up proteomics), which 
forbids characterization of the precise proteoforms 
present in a sample.10 Consequently, data on apoli-
poproteins proteoforms and on their associations with 
differences in phenotypes are limited

Recently, we have reported on a top- down pro-
teomic methodology to quantify whole proteoforms of 
apoAI in human serum, designed to capture a more 
comprehensive picture of apolipoprotein molecular 
variation. From a pilot group of 8 samples obtained 
from CHAS (Chicago Healthy Aging Study), we ob-
served that proteoforms characterized by acylation 
(covalent fatty- acid addition) at lysine residue 88 (K88) 
of ApoAI (K88acylApoAI) were positively associated 
with HDL efflux capacity.12 An association between 
an apoAI proteoform and higher efflux capacity had 
not been described previously, as other reports of 
apoAI proteoforms and/or PTMs showed associations 
with lower HDL efflux.15 In the CHAS study, however, 
we were unable to assess the associations between 
ApoAI proteoforms and other cardiometabolic charac-
teristics because of the small sample size.

Thus, the objectives of the current study were 
to: characterize and quantify apoA- I proteoforms in 
serum samples obtained from 150 well characterized 
adults from the Coronary Artery Risk Development 
in Young Adults (CARDIA) cohort collected at 2 dif-
ferent exam cycles 5  years apart; and to quantify 
the associations between apoAI proteoforms and 
cardiometabolic health indices including HDL efflux 
capacity (Figure 1B). We hypothesized that specific 
apoAI proteoforms would exhibit differences in as-
sociation with cardiometabolic characteristics, and, 
specifically, that K88acylApoAI proteoforms would 
be positively associated with HDL- C and HDL efflux 
and inversely associated with markers of poor car-
diometabolic health.

Moreover, we set out to characterize the specificity 
of PTMs and overall proteoform chemistry and varia-
tion among apolipoproteins. We thus applied a sim-
ilar proteoform characterization approach to apoAII 
(apolipoprotein A- II), the second most abundant HDL- 
associated protein. While some reports suggest apoAII 
is a mediator of HDL function17,18 and that modifications 
of apoAII are associated differences in metabolism,19 
no comprehensive characterization of apoAII proteo-
forms and their associations with cardiometabolic 
characteristics had yet been performed. Therefore, the 
present study also reports on associations between 
CARDIA characteristics and proteoforms of apoAII.

CLINICAL PERSPECTIVE

What Is New?
• A proteoform is the precise molecular form of a 

protein, including allelic and splice variants, cod-
ing polymorphisms, and the nature, location(s) 
of any post- translational modifications.

• In this study, apolipoprotein AI (apoAI) and apoli-
poprotein AII (apoAII) present in human serum 
had 15 and 9 different proteoforms, respectively.

• The magnitude and direction of association 
of proteoform abundance to cardiometabolic 
characteristics of 150 individuals varied sub-
stantially across proteoforms and between pro-
teoforms and total protein abundance.

What Are the Clinical Implications?
• Proteoform composition may vary significantly 

across biological states despite a smaller or unde-
tectable difference in total protein concentration.

• Thus, proteoform- level characterization and 
quantification of apolipoproteins may enhance 
clinical and biological inference obtained from the 
measurement of total protein concentration alone.

Nonstandard Abbreviations and Acronyms

ApoAI apolipoprotein AI
ApoAII apolipoprotein AII
ApoB apolipoprotein B
CARDIA Coronary Artery Risk 

Development in Young Adults 
study

K88acylApoAI proteoforms characterized by 
acylation at lysine residue 88 
(K88) of ApoAI

LC- MS liquid chromatography/mass 
spectrometry

PTM post- translational modification
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METHODS
Study Cohort
Samples were obtained from the CARDIA study. Details 
of the CARDIA cohort and methods for risk factor meas-
urement have been described elsewhere.20 Briefly, 
CARDIA is a community- based cohort, designed to 
study the development of cardiovascular disease risk 
factors and their clinical sequelae in Black and White 
young adults in the United States. Between 1985 and 
1986, 5115 participants between ages 18 to 30 years, 
51.5% Black, 54.5% women were enrolled. At baseline 
and at each subsequent examination, participants un-
derwent extensive in- person measurement of CHD risk 
factors. Participants returned for examination at years 2, 
5, 7, 10, 15, 20, 25, and 30, with 70% of the surviving co-
hort examined at year 30. In addition, health status and 

hospitalizations for cardiovascular endpoints are col-
lected annually outside of clinic visits. Risk factors were 
measured, and samples were stored for all follow- up ex-
aminations. At year 20, participants underwent coronary 
artery calcium (CAC) assessment. A total of 3547 par-
ticipants returned for examination at year 20 and 3499 
participants returned for examination at year 25. To date, 
the cohort has been followed through year 34.

Details of phenotypic characterization method-
ology, including CAC, HDL efflux, demographic and 
other serologic assessments are outlined in Data S1.

Sample Selection
CARDIA participants were eligible if they presented to 
the years 20 and 25 examinations, had serum sam-
ples available from both examinations, and had tradi-
tional risk factor measurement data, as well as CAC 

Figure 1. Apolipoprotein proteoform analysis.
A, The proteoform profile of a gene product. The translation of different backbones from a single gene, be it because of allelic variation 
(shown here with apoAI [apolipoprotein AI] ) or splicing variation, combined with post- translational modifications to these backbones 
contribute to the creation of a panel of different chemical species, all products of the same gene. These species— and not necessarily 
the unmodified coding product of the gene— are the actual molecules circulating and carrying out biological function in an organism. 
Each of these chemical variants of a gene product is called a proteoform. B, Study design. To search for associations between 
proteoform profiles and cardiometabolic phenotype, we used serum samples from 150 previously phenotyped CARDIA participants. 
Two samples were analyzed for each participant, corresponding to years 20 and 25 of the CARDIA study. Targeted top- down mass 
spectrometry was used to discover, chemically characterize and quantify proteoforms of apoAI and apoAII. The percent contribution 
of each proteoform to the total amount of each apolipoprotein (ie, the quantitative proteoform profile) was compared with indices of 
cardiometabolic health for each individual studied. ApoAI indicates apolipoprotein AI; apoAII, apolipoprotein AII; apoB, apolipoprotein 
B; BMI indicates body mass index; CARDIA, Coronary Artery Risk Development in Young Adults; HDL- C, high- density lipoprotein 
cholesterol; and LDL- C, low- density lipoprotein cholesterol; PFR1‒ 3, proteoform 1‒ 3.
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at the year 20 examination. Our sampling approach 
(described in detail below) was designed to: (1) allow 
for detection of the maximal number of apoAI proteo-
forms, (2) allow for analysis of apoAI proteoform inten-
sity across a range of HDL- C and efflux values, and 
(3) assess associations between proteoforms and sub-
clinical atherosclerosis. We chose a sample size of 150 
participants at years 20 and 25 (total number of sam-
ples: 300). Since this was discovery- mode analysis, we 
did not perform a power calculation.

Since throughput is limited using current top- down 
proteomics technology, we over- sampled outliers to 
maximize the probability that we would detect low fre-
quency proteoforms and detect associations with phe-
notype. We chose a 2×3 sampling approach based on 
prevalent CAC at year 20 and HDL- C values at year 20 
as outlined in Table  1. The cohort was stratified into 
each of the 6 categories, then we selected a random 
sample of 25 participants, who had sample available 
at years 20 and 25, from each CAC/HDL- C subgroup.

This study was approved by Northwestern 
Medicine’s Institutional Review Board.

Incubation of ApoAI With Palmitic Acid
For detection of a potential non- enzymatic reaction 
between apoAI and free fatty acids, in- house- purified 
non- acylated apoAI was incubated with palmitic acid 
(Sigma- Aldrich, Saint Louis, MO) at serum- like condi-
tions: (ApoAI)=1.5 g/L, (palmitate)=1.6 mmol/L, pH 7.4, 
37°C. A 100  mmol/L ammonium bicarbonate buffer 
was used, for MS compatibility. Aliquots were collected 
at times: 2, 5, 24, and 48 hours, until apoAI oxidation/
degradation prevented the potential detection of the 
acylated proteoform.

Proteoform Characterization and 
Quantification
Proteoforms were analyzed by liquid chromatogra-
phy/mass spectrometry (LC- MS) of participant apoB- 
depleted serum samples. All peaks of similar charge, 
mass and retention time as apoAI or - aII were char-
acterized by a classic top- down proteomic approach. 
Serum samples of all individuals were run in randomized 
order in 6 LC- MS analysis blocks (2 collection years of 
25 individuals per block). Proteoform intensities were 

normalized by total ion current across runs and stand-
ardized across blocks. Standards of known apoAI con-
centration were analyzed along with samples in each 
block. Individuals’ average percent abundance of each 
proteoform was compared with their characteristics in 
both CARDIA years 20 and 25. Associations between 
proteoforms and characteristics were assessed by ei-
ther linear regression (for continuous characteristics) or 
t tests (for binary data). Then, either Pearson r and beta 
coefficients or fold differences were calculated, along 
with a p- score. A Benjamini- Hochberg multiple- test 
correction was done, and significance was asserted 
at a 5% false discovery rate (2- tailed type 1 error rate). 
Detailed descriptions of each of these analyses are 
present in the supplemental material.

RESULTS
Participant Characteristics
Characteristics of participants grouped by HDL- C lev-
els are presented in Table 2. By sampling design, there 
were 50 in each HDL- C group, half of whom had CAC 
>0 AU. The mean HDL- C was 79, 49, and 34 mg/dL in 
the high, medium, and low HDL- C groups with CAC; 
and 73, 50, and 35 mg/dL in the same groups without 
CAC, respectively. When compared with the middle 
and low HDL- C groups, individuals in both high HDL- C 
groups were more likely to be women, and individu-
als with high HDL- C and CAC >0 were more likely to 
smoke. The high HDL- C group had lower BMI, waist 
circumference, LDL- C, triglycerides, and glucose lev-
els. Individuals in higher HDL- C groups had higher HDL 
efflux capacity. There was no difference in ABCA- 1- 
dependent efflux across groups.

Proteoform Spectrum of Serum ApoAI
We set out to quantitate the full spectrum of pro-
teoforms of apoAI detectable by top- down LC- MS in 
participant sera. Figure S1 shows raw mass spectro-
metric data for species that were identified as apoA- I. 
LC- MS data revealed a total of 15 apoAI species of 
distinguishable mass which were commonly detected 
across the individuals analyzed. Supporting fragmen-
tation data can be found on the MassIVE database for 
this project, along with confidence metrics for proteo-
form identification (massive.ucsd.edu, dataset identi-
fier: MSV000085676). Figure 2 outlines these species 
and depicts their differing chemical characteristics and 
abundance ranges in serum.
Among common proteoforms, 3 apoAI backbone 
sequences were observed with different lengths: 
1 containing the 6- residue propeptide of apoAI 
(“ProApoA- I”); the “canonical” backbone (residues 
D1- Q243); and a “truncated” backbone, missing the 
C- terminal Q243 residue. Furthermore, glycation of 

Table 1. The 2×3 Sampling Used to Select Participant 
Samples for Proteoform Analysis

CAC=0 CAC >0

HDL- C >60 mg/dL 25 25

HDL- C 40– 60 mg/dL 25 25

HDL- C <40 mg/dL 25 25

CAC indicates coronary artery calcium; and HDL- C, high- density 
lipoprotein cholesterol.

https://urldefense.proofpoint.com/v2/url?u=http-3A__massive.ucsd.edu&d=DwMFaQ&c=yHlS04HhBraes5BQ9ueu5zKhE7rtNXt_d012z2PA6ws&r=RKhpevdsddtCZIsKzNKmSo18YW-8RZF9srnLLELCq-g&m=tWqiXVP6wyvMQRcYI6tGpYbTqjtXSQinGKtcqr-DwH0&s=7SIJ5B31uiLhxwC1ECdMvk6GtbFsmpcPtk6vyaSg4FU&e=
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residue K133 by a hexose was observed, along with 
3 levels of methionine sulphoxidation (1, 2 and 3 oxi-
dized methionine residues), all on the canonical apoAI 
backbone. Lastly, 7 of the 15 apoAI species observed 
were covalent additions of fatty acids (acylations) 
to the lysine 88 residue (K88acylApoAI) happening 
both on the canonical and the truncated backbone 
sequences. Consistently, these species eluted from 
reversed- phase liquid chromatography at a later re-
tention time than the canonical proteoform because of 
their greater hydrophobicity (Figure S1). Further, while 
mass shifts of those proteoforms were consistent with 
modifications by fatty acids of 16, 18, 20, and 22 car-
bons, the combination of different unsaturated chains 
was not directly inferable from intact mass data, be-
cause of m/z overlap of apoAI ions differing by 2 hy-
drogens (1 unsaturation), as depicted in Figure  S2. 

These species were therefore treated as “proteoform 
groups” based on the number of carbons of the fatty- 
acid modification for purposes of proteoform quantifi-
cation (vide infra).

In- depth characterization of these acylated forms 
by ion fragmentation during tandem mass spectrom-
etry allowed for further insight on the nature of apoAI 
acylation (Figure S2). Notably, fragmentation patterns 
were consistent with acylations at K88 by 16:0, 18:0, 
18:1, 18:2, 18:3, 20:4, 20:5, and 22:6 fatty acids. Of 
these, only palmitoylation (16:0) of apoAI had been 
described before our group’s targeted top- down anal-
yses of AapoAI.12,13 Interestingly, these chain lengths 
and unsaturation states are consistent with the com-
mon types of fatty acids found in HDL particles.21 
Furthermore, the relative MS intensity of each acylated 
proteoform group (16C, 18C, 20C, and 22C) is also in 

Table 2. Characteristics of the CARDIA Participant Sample at the Year 20 Exam Stratified by HDL- C/CAC Groups

Group
CAC >0,  
HDL- C >60

CAC >0,  
40 ≤ HDL- C ≤60

CAC >0,  
HDL- C <40

CAC=0,  
HDL- C >60

CAC=0,  
40 ≤ HDL- C ≤60

CAC=0,  
HDL- C <40

n 25 25 25 25 25 25

Women, % 72 36 12 80 52 24

Age, y 47 (3) 46 (4) 47 (3) 47 (3) 44 (4) 44 (4)

Education, y 15 (3) 15 (3) 16 (2) 15 (2) 14 (3) 15 (2)

BMI, kg/m2 29 (6) 31 (7) 33 (5) 27 (5) 29 (8) 31 (4)

Height, cm 171 (11) 171 (9) 178 (9) 168 (9) 171 (10) 173 (10)

Weight, lbs 184 (40) 201 (43) 228 (38) 168 (34) 185 (42) 205 (33)

Waist circumference, cm 89 (13) 97 (13) 108 (13) 85 (12) 91 (14) 99 (11)

Physical activity 261 (198) 331 (253) 337 (222) 337 (273) 365 (311) 390 (273)

Alcohol, mL/dL 17 (18) 12 (12) 6 (14) 16 (22) 22 (68) 6 (15)

Current smoking, % 32 16 8 16 12 24

SBP, mm Hg 120 (16) 119 (17) 117 (12) 108 (11) 117 (11) 115 (12)

DBP, mm Hg 74 (11) 73 (13) 73 (8) 68 (8) 71 (8) 71 (9)

Blood pressure- lowering 
medication, %

20 24 36 24 24 16

Total cholesterol, mg/dL 197 (41) 191 (37) 178 (36) 194 (29) 186 (54) 181 (32)

HDL- C, mg/dL 79 (23) 49 (6) 34 (4) 73 (10) 50 (5) 35 (3)

LDL- C, mg/dL 102 (34) 119 (37) 107 (31) 103 (30) 115 (50) 110 (29)

Triglycerides, mg/dL 82 (33) 114 (48) 194 (142) 92 (43) 107 (51) 177 (60)

Cholesterol- lowering 
medication, %

16 28 36 0 12 8

Diabetes mellitus 
medication, %

4 4 16 4 12 12

Fasting glucose, mg/dL 96 (32) 99 (20) 120 (54) 92 (11) 97 (14) 102 (14)

Diabetes mellitus, % 4 4 20 4 4 8

Total CAC, AU 116 (241) 70 (107) 156 (330) 0 (0) 0 (0) 0 (0)

HDL efflux 1.3 (0.2) 1.1 (0.2) 1 (0.2) 1.2 (0.2) 1.1 (0.2) 1.1 (0.2)

ABCA1- DEP. efflux 0.4 (0.2) 0.4 (0.2) 0.4 (0.2) 0.4 (0.2) 0.4 (0.2) 0.4 (0.2)

CRP 1.1 (1.7) 3.4 (4.8) 2.0 (2.3) 2.2 (2.3) 1.9 (2.6) 2.8 (3.1

Numbers represent either percent, for binary characteristics, or mean (SD), for continuous phenotype. ABCA1- DEP. efflux indicates ABCA1- dependent high- 
density lipoprotein cholesterol efflux; BP, blood pressure; CAC, coronary artery calcium; CARDIA, Coronary Artery Risk Development in Young Adults; CRP, 
C- reactive protein; DBP, diastolic blood pressure; LDL- C, low- density lipoprotein cholesterol; HDL, high- density lipoprotein; HDL- C, high- density lipoprotein 
cholesterol; Rx, “under medication for”; and SBP, systolic blood pressure.
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Figure 2. The proteoforms of apoAI [apolipoprotein AI].
Top: The 15 species targeted for characterization and quantification. Three protein backbones were observed, characterized here by 
their first and last amino- acid residues in the canonical apoAI sequence (eg, R(- 6)- Q243). Each single- proteoform species was given 
a unique proteoform identifier. Upon characterization, several species were found to be mixtures of different proteoforms, either of 
the same or very similar mass. These included di- oxidations; 16- , 18- , and 20- carbon acylations on a canonical backbone and on a 
truncated backbone. Each of these similar- mass sets was called a “proteoform group” and quantified as a single species. Proteoform 
abundance ranges were calculated based on total proteoform intensity divided by the summed intensity of all proteoforms of apoAI. 
Bottom: allelic backbones. An F71Y substituted backbone was observed, also presenting a set of 15 proteoforms and groups, 
created by the same modifications as the wildtype. The abundance range refers to the ratio of the summed intensity of proteoforms 
containing the allelic backbone to the sum of all ApoAI proteoform intensities in the heterozygotic individual observed. ApoAI indicates 
apolipoprotein AI; and PTM, post- translational modifications.
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close agreement with the relative quantity of each fatty 
acid in HDL,21 as shown in A of Figure S2.

To inquire on the mechanism of acylation in vivo, 
we incubated canonical apoAI with palmitic acid at 
average serum concentrations and serum pH (7.4) 
for 48 hours (Figure S3). Notably, while signal of the 
canonical proteoform remained similar to the one ob-
served in serum samples, where palmitoylated proteo-
forms could be detected, no signal for these forms was 
observed above 0.1% relative abundance (the detec-
tion limit for this study). Therefore, for these incubation 
conditions, apoAI acylation did not happen sponta-
neously at detectable levels.

Characterization of Allelic Variants of 
ApoAI
In the 2 serum samples of 1 of the individuals studied 
(in years 20 and 25 of the CARDIA study), an allelic vari-
ant of apoAI was observed (Figure S4). For this partici-
pant, 2 apoAI isoforms of roughly equal abundance (one 
of which was roughly 16 Da higher in mass) were ob-
served and characterized by fragmentation. Intact mass 
and fragment mapping patterns were consistent with a 
F71Y polymorphism,22 indicating the individual was likely 
a heterozygote for APOAI. Interestingly, all the combina-
tions of PTMs that were observed on the wildtype iso-
form of apoAI were also observed for this isoform.

Truncation and Dimerization of ApoAII
We also characterized the spectrum of apoAII chemi-
cal variation in the serum samples studied. Figure S5 
shows raw LC- MS data for apoAII. Nine proteoforms 
of apoAII could be observed and characterized, as 
outlined in Figure 3. The most abundant conformation 
of ApoAII observed was dimeric, with 2 chains linked 
by a disulfide bridge at C6. The 6 dimeric proteoforms 
observed were results of different levels of C- terminal 
truncation of the 2 chains, as characterized by frag-
mentation and consistent with previous observations 
of apoAII dimers.19 Moreover, we observed 3 mono-
meric proteoforms of apoAII, also differing by their de-
gree of backbone truncation. Notably, all monomeric 
forms were modified by cysteinylation at C6. On aver-
age, around 7% of the backbones of apoAII observed 
were cysteinylated, and thus monomeric.

Apolipoprotein Proteoform Profile of 150 
Individuals
We analyzed the proteoform profile of 150 individu-
als, sampled at years 20 and 25 of the CARDIA study. 
Figure  S6 depicts parameters of quality assurance 
for this proteoform quantification. Notably, total MS 
intensity was strongly correlated (R2=0.97) with con-
centration of apoAI standards analyzed during LC- MS 

quantification blocks. Moreover, the total MS intensity 
of apoAI was significantly correlated to participant 
HDL- C values, at R=0.62, a coefficient consistent with 
previous results, acquired with different apoAI quanti-
fication tools.23,24

Variation in the percent abundance of apoAI and - AII 
proteoforms across the 150 individuals is displayed in 
Figure 4. Canonical was the most abundant apoAI pro-
teoform observed, while truncation and different levels of 
oxidation were the most common modified forms within 
individuals (Figure 4A). Furthermore, although acylated 
proteoforms were among the least abundant, ranging 
from 0.5% to 2% of the total MS intensity observed, this 
proteoform family was the one that accounted for most 
of the relative abundance variation across individuals 
(Figure S7). In contrast to apoAI, apoAII proteoform pro-
files varied more widely across individuals (Figure 4B). 
Notably, while dimeric proteoforms were consistently 
more abundant than monomeric ApoAII, no single pro-
teoform was the most abundant overall.

Covariance analysis of quantitative proteoform data 
(Figure S8) allowed for the characterization of proteo-
form “families,” which vary similarly across individu-
als. An unbiased factor analysis highlighted 3 strongly 
correlated clusters of proteoforms in ApoAI and also 3 
in ApoAII. The 3 correlation factors corresponding to 
these groups explained, in both cases, >80% of proteo-
form variation in the individuals analyzed. Interestingly, 
the proteoforms pertaining to each covarying group 
contained similar types of PTMs, namely: acylations, 
oxidations, and truncation (for ApoAI), and single trun-
cation, double truncation, and dimerization (for ApoAII). 
This suggests that proteoform covariation in these sys-
tems is mostly attributable to a small number of com-
mon underlying mechanisms involving certain PTMs. 
Moreover, truncated forms of ApoAI and ApoAII also 
significantly covaried, further suggesting that some 
PTM mechanisms might be shared across proteins.

Cross- Sectional Associations of 
Proteoforms to Cardiometabolic 
Phenotype
We compared proteoform levels to individual cardio-
metabolic characteristics. In order to make this analysis 
independent of the association of total protein concen-
tration to phenotype, we used the percent contribu-
tion of each proteoform to the total MS intensity of the 
apolipoprotein (Figure S8). Figure 5 shows heatmaps 
of the correlation coefficients relative to the associa-
tion of each proteoform percent abundance to each 
continuous phenotype.
Notably, ApoAI proteoform heatmaps showed similar 
associations within covarying proteoform families and 
distinct associations between families. Moreover, these 
associations were similar between the 2 years studied. 
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For instance, in both years 20 and 25 of CARDIA, hier-
archical analysis clustered K88acylApoAI proteoforms 
together, and these forms showed the highest positive 
associations with HDL- C and HDL efflux. These acy-
lated forms also showed negative associations with 
BMI and waist circumference. Furthermore, a similar 
pattern, albeit with overall weaker associations and 
effect size, was observed with the non- acylated trun-
cated proteoform, which clustered with other trun-
cated forms. These proteoforms also were negatively 
associated with common carotid thickness in both 
years. Conversely, the canonical proteoform showed 

an overall opposite association pattern, with significant 
negative association to HDL- C and HDL efflux and pos-
itive associations to waist circumference, weight, and 
common carotid thickness. Mono- oxidized ApoAI, as 
well as the dioxidized form in year 25, showed a sig-
nificant positive association with HDL- C, and, for year 
20, mono- oxidation showed a positive association with 
C- reactive protein. Finally, as expected, we also ob-
served a consistent and significant positive association 
between glycated ApoAI and serum glucose.

ApoAII proteoform heatmaps also showed distinct 
associations across the different proteoforms. In both 

Figure 3. Proteoforms of ApoAII [apolipoprotein II].
Top: Three monomers of apoAII. All monomeric forms observed were cystenylated (modified by disulfide bridge with a free cysteine) 
at C6. As depicted on the left, 3 backbones were observed, either intact, doubly, or singly truncated. These are characterized here by 
their first and last amino- acid residues in the canonical ApoAII sequence (eg, Q1- A75). Monomers of apoAII were each given a unique 
proteoform identifier. Bottom: 6 dimers of ApoAII. Dimers were 2- way combinations of the backbones observed in the monomers, linked 
by disulfide bridge at C6. Proteoforms are named based on the last residues of their backbone and either cystenylation for monomers, 
or the last residues of the second backbone, for dimers (eg, AT/ATQ). Proteoform abundance ranges were calculated based on total 
proteoform intensity divided by the summed intensity of all proteoforms of ApoAII. PTM indicates post- translational modifications.
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years 20 and 25 of CARDIA, the dimer of singly trun-
cated chains (AT/AT) of ApoAII had the strongest positive 
association to HDL- C and HDL efflux. Concurrently, the 
fully non- truncated monomer (ATQ/Cys) and dimer (ATQ/
ATQ) were clustered together, showing significant pos-
itive associations with markers of obesity (BMI, weight 
or waist circumference), the dimer also showed a nega-
tive association with HDL- C and HDL efflux. Finally, while 
most other forms showed no significant associations 
with phenotype, the overall clustering pattern suggests 
that proteoform- to- phenotype association is dependent 
both on number of truncations (singly truncated proteo-
forms were more strongly associated with higher HDL- C 
and lower obesity indices) and the number of chains 
present in the molecule (only dimers were associated 
with higher HDL- C and lower obesity indices).

For binary characteristics, a separate analysis 
was made (Figure S9). Notably, only one association 
was significant and consistent between both years of 
study: a higher level of glycated ApoAI was associated 
with diabetes mellitus.

Select proteoform- to- characteristic association 
data (R2, beta coefficients and confidence parame-
ters), including motif- based aggregates of proteoform 
intensity, are shown in Table S1. Most noteworthy, ca-
nonical abundance variation explained (based on R2 
values) 20% and 10% of the variation in HDL- C and 
HDL efflux in this dataset, while aggregate acylations 
explained 31% and 12%, respectively. However, asso-
ciations with cardiometabolic indices varied in direc-
tionality: one positive standard deviation in canonical 
abundance was associated with −9.1 mg/dL of HDL- C 
and +3.9 cm of waist circumference, while beta coeffi-
cients were +11.4 mg/dL and −5.9 cm, respectively for 
the same characteristics and K88acylApoAI.

Longitudinal Analysis of Change in 
Proteoform Abundance to Change in 
Phenotype
We analyzed intra- individual changes in proteoform pro-
file between years 20 and 25 of the CARDIA study and 

Figure 4. Proteoform profile of 150 individuals.
Colors depict the average contribution of each proteoform to the total intensity of ApoAI (apolipoprotein AI) in each individual, as 
rank- ordered by their high- density lipoprotein cholesterol. Values are shown for CARDIA year 20 samples only. A, ApoAI proteoforms. 
“Acyl.” indicates acylations. B, ApoAII proteoforms. ApoAI indicates apolipoprotein AI; ApoAII, apolipoprotein II; and HDL- C, high- 
density lipoprotein cholesterol.
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compared them to change in participant characteristics 
over time. Figure 6 shows a heatmap of the correlation 
coefficients observed in this analysis. Notably, several 
associations observed in the cross- sectional analysis 
were also observed longitudinally. For instance, changes 
in truncated proteoforms were positively associated with 
changes in HDL- C, while change in canonical abundance 

was inversely associated with change in HDL- C. Change 
in acylated forms were negatively associated with 
changes in BMI and waist circumference, and glyca-
tion was positively associated with changes in serum 
glucose. No significant associations were observed be-
tween change in ApoAII proteoform abundance over-
time and change in cardiometabolic characteristics.

Figure 5. Correlation coefficient and significance of association of proteoforms percent abundance to continuous 
phenotype.
A, ApoAI proteoform associations. B, ApoAII proteoform associations. Left: CARDIA year 20. Right: CARDIA year 25. Abundances 
of each proteoform were compared with continuous phenotype in the 150 individuals studied. Clustering of both proteoforms and 
characteristics was unbiased. A Pearson r was generated for each correlation observed as well as a correlation P value. Colors show 
the strength and sign of each association. Statistical significance, symbolized by an asterisk, was asserted at 5% false discovery rate. 
ABCA1- Dep. efflux indicates ABCA1- dependent high- density lipoprotein cholesterol efflux; Acyl, acylations; BMI, body mass index; 
CAC, coronary artery calcium; CRP, C- reactive protein; DBP, diastolic blood pressure; HDL- C, high- density lipoprotein cholesterol; 
IMT, intima- media thickness; LDL- C, low- density lipoprotein cholesterol; Phys Act, physical activity; and SBP, systolic blood pressure.



J Am Heart Assoc. 2021;10:e019890. DOI: 10.1161/JAHA.120.019890 11

Wilkins et al ApoAI, AII Proteoforms, and Cardiometabolic Indices

DISCUSSION
Summary of Results
In this analysis, we identified and quantified 15 distinct 
ApoAI proteoforms in 150 CARDIA participants for 
both CARDIA exam years 20 and 25, representing the 
largest cohort for proteoform measurement to date. 
Interestingly, top- down proteomics was able to identify 

gene- level variation as well. We observed, in one par-
ticipant, a well- described and prevalent22 allelic vari-
ant of ApoAI (F71Y), which also contained 15 distinct 
proteoforms, suggesting that there are no significant 
differences in ApoAI PTM physiology for this allele.

Moreover, associations with cardiometabolic traits 
appear to cluster ApoAI proteoforms in 4 motifs: canon-
ical plus 3 proteoform families (truncations, oxidations, 

Figure 6. Correlation coefficient and significance of association of intra- individual changes in 
ApoAI proteoform profile to changes in continuous phenotype.
Changes in abundances of each proteoform were compared with changes in continuous phenotype within 
each of the 150 individuals studied. Clustering of both proteoforms and characteristics was unbiased. A 
Pearson r was generated for each correlation observed as well as a correlation P value. Colors show the 
strength and sign of each association. Statistical significance, symbolized by an asterisk, was asserted 
at 5% false discovery rate. ABCA1- Dep. efflux indicates ABCA1- dependent high- density lipoprotein 
cholesterol efflux; Acyl, acylations; BMI, body mass index; CAC, coronary artery calcium; CRP, C- reactive 
protein; DBP, diastolic blood pressure; HDL- C, high- density lipoprotein cholesterol; IMT, intima- media 
thickness; LDL- C, low- density lipoprotein cholesterol; Phys Act, physical activity; and SBP, systolic blood 
pressure.
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and K88acylApoAI). We observed motif- specific as-
sociations between proteoform percent abundance 
and participant characteristics. For instance, percent 
canonical and K88acylApoAI proteoforms had signifi-
cant associations with HDL- C, HDL efflux and markers 
of obesity, but the direction of association between 
these 2 proteoform motifs and indices of cardiometa-
bolic health were opposite from each other (canonical 
was inversely associated with HDL- C and positively 
associated with waist circumference; vice- versa for 
K88acylApoAI).

Similarly, we observed motifs of proteoform covari-
ation and associations with cardiometabolic pheno-
type in the 9 proteoforms of ApoAII. Importantly, while 
truncations of ApoAI and single truncations of ApoAII 
(both characterized by the loss of the C- terminal glu-
tamine residue) covaried across individuals, common 
side- chain PTMs of ApoAI, such as acylations, had 
no analogous product in ApoAII. Furthermore, similar 
to ApoAI, the patterns of association of ApoAII pro-
teoforms to cardiometabolic phenotype were largely 
proteoform- specific.

The proteoform- specific associations between ApoAI 
and AII and cardiometabolic health indices suggest that 
many proteoforms may be the cause or consequence of 
distinct (and possibly antagonistic) biological pathways 
involved in cardiometabolic health. The nature of this 
association to phenotype likely varies by proteoform. 
Figure  7A shows examples of hypothetical pathways 
through which metabolic, genetic and other biological 
factors may mediate the proteoform profile of ApoAI and 
AII. We posit that because specific proteoforms are the 
consequence of distinct biochemical pathways, which 
may be mediators or markers of phenotype, to the ex-
tent true, proteoform variation is more directly related to 
the biology underlying differences in phenotypic states 
than the observed variation in the aggregated concen-
tration of proteins (Figure 7D through 7G).

Glycated ApoAI and Serum Glucose
Some proteoforms may result from enzymatic and 
non- enzymatic interactions with metabolites and thus 

they may serve as indices of metabolic dysregula-
tion, which may not be detectable by measurement of 
total protein concentration. For example, analogous to 
hemoglobin A1c,25 higher levels of glycated ApoAI are 
most likely the consequence of a well- described Schiff 
base reaction between serum glucose and serum 
proteins. Thus, similar to the hemoglobin A1c assay, 
glycated ApoAI appears to be a candidate marker of 
the aggregate exposure to serum glucose (Figure 7B). 
Interestingly the association between higher blood glu-
cose levels and higher glycated ApoAI appears to be 
driven by participants with diabetes mellitus, suggest-
ing, as for hemoglobin A1c, that glycation of ApoAI oc-
curs in the setting of prolonged exposure to elevated 
blood glucose levels.25 It follows then that the total 
intensity of glycated ApoAI is more strongly associ-
ated with serum glucose and diabetic status than total 
ApoAI (Figure 7E).

Acylation of ApoAI at Lysine 88 and 
HDL- C/HDL Efflux
We suspect acylation at K88 is an enzymatically medi-
ated process because incubation of canonical ApoAI 
with palmitic acid did not spontaneously produce 
acylated proteoforms. Furthermore, acylated proteo-
forms of ApoAII were not observed, which argues that 
acylation is not a random occurrence on abundant 
HDL- associated proteins.

We also hypothesize that the abundance of 
K88acylApoAI may be a marker of the overall meta-
bolic activity of ApoAI on HDL. ApoAI is known to exist 
in unbound and HDL- bound forms.26– 28 Interestingly, 
the fatty acids that are present on the acylated forms of 
ApoAI are the most prevalent fatty acids on HDL par-
ticles,21 implying that the fatty acids added to ApoAI 
are derived from fatty acids imbedded in HDL particles 
(Figure 7C). We hypothesize that ApoAI acylation may 
be a consequence of promiscuous activity of HDL- 
maturation enzymes that use fatty acids as substrates 
(such as LCAT or PLTP, involved in cholesterol esterifi-
cation and phospholipid formation, respectively). Thus, 
individuals with a larger percentage of K88acylApoAI 

Figure 7. The differential association of proteoforms to phenotype.
A, Proteoform characterization integrates the effects of genetic variation and elements of the metabolome and possibly the exposome 
on the proteome. For example, ApoAI (apolipoprotein AI) proteoforms are the result of allelic variations of the APOAI gene, which 
is likely modified by enzymes coded for by other gene loci. B, Further, glycation likely occurs because of a well- described non- 
enzymatic Schiff- base reaction between serum glucose and proteins. C, Similarly, we hypothesize that acylation occurs on the high- 
density lipoptotein particle, suggesting that K88Acyl AI may be a marker of increased metabolic activity of ApoAI in high- density 
lipoptotein, which may explain the inverse associations between canonical ApoAI, acylated A- I, and markers of cardiometabolic health. 
D, Proteoform composition may vary significantly across biological states despite a smaller, or undetectable difference in total protein. 
Thus, measurement of total protein concentrations, for instance using standard ELISA assays, may fail to detect significant differences 
in proteoform abundance, which could modify the associations detected (as we demonstrate with ApoAI) and give insight into the 
biology that mediates phenotype. E through G, Examples of proteoform- specific associations with phenotype observed in this study. 
Crosses in (E) indicate participants with diabetes mellitus. For these panels absolute proteoform intensity was used, to compare with 
total apolipoprotein intensity. ApoAI indicates apolipoprotein AI; ApoAII, apolipoprotein II; HDL, high- density lipoprotein; and HDL- C, 
high- density lipoprotein cholesterol.
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may not only have more HDL- active ApoAI, but also 
better HDL maturation (higher lecithin- cholesterol ac-
yltransferase or phospholipid transfer protein activity) 
and consequently more reverse cholesterol transport 
and TG exchange with apoB particles, and potentially 

lower risk for developing advanced or unstable athero-
sclerosis. Conversely, a higher percentage of canonical 
ApoAI may represent a larger relative amount of free, 
non- metabolically active ApoAI, which may explain its 
inverse association with HDL- C.
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Dimerization, Truncation of ApoAII and 
HDL- C
ApoAII is the second most prevalent protein on HDL 
particles. It is known to exist in monomeric, dimeric, 
singly-  and doubly- truncated forms as we report in 
this study.19,29,30 The role of ApoAII in HDL structure 
and function is less well defined than ApoAI. ApoAII 
is thought to serve as a competitive antagonist to 
ApoAI and thus modulate the functions of enzymes like 
lecithin- cholesterol acyltransferase and hepatic lipase 
that use ApoAI as a cofactor.17,18 Further, limited data 
suggest that some allelic variants of ApoAII are associ-
ated with visceral adiposity and CHD.30 This study is 
the first that provides a comprehensive assessment of 
ApoAII proteoform relative distributions and their asso-
ciations with cardiometabolic phenotypes in humans. 
Given the prevalence of ApoAII in HDL particles, its 
previously described role in HDL structure and func-
tion, and the associations we report in this paper, it is 
possible that truncation of the terminal glutamine and 
dimerization of ApoAII may be involved with the acti-
vation of ApoAII’s role in lipid metabolism. Moreover, 
cysteinylation of monomeric chains might regulate 
ApoAII dimerization and thus negatively affect its HDL- 
associated function. Therefore PTM- regulated differ-
ences in activity might underpin the stark difference 
in association to cardiometabolic indices observed 
between intensity of specific proteoforms and total 
ApoAII intensity (Figure 7G).

Implications for Lipid Biology
Our results add to a rapidly growing understanding of 
the HDL- associated proteome. Over 120 proteins are 
associated with HDL particles and the proteome varies 
significantly by HDL particle composition, size, num-
ber, and function.16,31,32 The contribution of PTMs to the 
phenotypic and functional diversity of HDL particles in 
serum has not been well described and proteoform- 
level analyses can help fill this knowledge gap.

We believe these data have broader implications for 
both proteomics technology and lipid biology. For the 
latter, it is noteworthy that other apolipoproteins un-
dergo post- translational modification, and these mod-
ifications likely have functional significance.33– 36 The 
findings we report in this analysis suggest that iden-
tification of apolipoprotein proteoforms may be a very 
useful way to gain novel insight into the complex biol-
ogy of lipoprotein metabolism and its associations with 
states of health and disease. Furthermore, describing 
the differences in proteoform profiles across differ-
ent tissues and disease states will provide important 
insights into the pathobiology of health and disease. 
Although we report ApoAI proteoforms in the serum 
compartment, there have been reports of a W72- 
oxidized proteoform of ApoAI in human atheroma,15 

which was not identified in this sample of human 
serum, suggesting that proteoform composition and 
the relative abundance of their PTMs may vary sub-
stantially by tissue compartment.

Strengths and Limitations
Using a methodology that we had previously employed 
in a small pilot sample from the Chicago Healthy Aging 
Study study,12 we identified similar ApoAI proteoform 
motifs, characterized new ApoAII motifs, and we greatly 
expanded up on our understanding of their associa-
tions with cardiometabolic phenotypes. CARDIA allows 
for linkage of proteoform data to high- quality assess-
ment of asymptomatic free- living individuals. Thus, we 
are able to examine the spectrum of proteoform diver-
sity in the context of extensive participant phenotyping.

However, this analysis should be interpreted in the 
context of its limitations, as well. First, the dynamic range 
of current top- down proteomic technology does not 
allow for the identification of ApoAI proteoforms pres-
ent in <0.1% relative abundance. Second, top- down 
proteomics requires label- free quantification, which pro-
vides relative quantification of proteoforms. However, 
MS intensity was highly correlated with absolute ApoAI 
concentration standards and total ApoAI MS intensity 
correlated with HDL- C at correlation coefficients pre-
viously reported in the literature using standard, high- 
fidelity assays. This suggests that the rank- order and 
scale of ApoAI proteoform quantification by top- down 
mass spectrometry is accurate. Third, the effect sizes 
reported are modest, but given the random error intrin-
sic to proteoform quantification the true biological asso-
ciations are likely much stronger than what we report. 
Fourth, some of the proteoforms could be byproducts of 
sample preparation or electrospray ionization. In fact, we 
suspect this is the case of at least some of the oxidized 
proteoforms that we identified. However, the significant 
differences in the abundance of oxidized forms between 
individuals despite the same preparation technique and 
randomized injection, and a significant intra- individual 
correlation of oxidation abundance between the 2 years 
analyzed suggest that a biological pathway mediates 
these differences, not electrospray ionization or sample 
preparation.

CONCLUSIONS
We report the correlation of 21 total proteoforms of 
ApoAI and ApoAII across 150 people and show their 
quantitative analysis down to <1% relative abundance. 
It is noteworthy that, while each proteoform is an in-
dependent mass spectrometric measurement, co-
variance of proteoforms was consistent within types 
of PTMs (motifs), the associations between these pro-
teoforms and indices of cardiometabolic health were 
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specific to and consistent within proteoform motifs 
and these associations portrayed externally consistent 
metabolic profiles. The most interesting example were 
acylations of ApoAI, which strongly covaried and were 
significantly and positively associated with indices of 
cardiometabolic health, such as a low waist circum-
ference and high HDL- C, whereas the canonical form 
of ApoAI had opposite directions of association with 
the same cardiometabolic characteristics. Moreover, 
the discordance in associations between total pro-
tein concentration and specific proteoform intensities 
with cardiometabolic characteristic(s) highlights the 
importance of being precise about the biochemistry 
of proteins for biomarker research. Our data provide 
the largest- scale identification and associations be-
tween apolipoprotein proteoforms and human phe-
notypes. As such, the work serves as an example of 
using proteoform- resolved measurements to improve 
efficiency in gaining insight into the complex pathways 
through which proteins mediate health and disease.
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Supplemental Methods 

Phenotypic Assessment 

 Race, sex, medication use, tobacco use, alcohol use and prevalent CHD status 

were assessed via self-report. Blood pressure was measured three times using an 

automatic oscillometer (OmROn) with the participant seated; the average of the second 

and third measurements was used. Height, weight, and waist circumference were 

measured using standard techniques. Blood was obtained via venipuncture of the 

antecubital vein from participants in the fasting state, and serum was sent for lipid sub-

fraction analysis as well as fasting glucose. Samples were frozen at -80oC indefinitely.  

 

CAC Measurement: 

 At year 20, 2 scans were obtained per participant. Using either a GE Lightspeed 

QX/I, Imatron C-150, or Siemens S4+ Volume Zoom axial 2.5-3 mm slices along the long 

axis of the heart were obtained. Images were transmitted electronically to the reading 

center for analysis37.  

HDL Efflux Measurement: 

  Cholesterol efflux experiments were carried out as described previously38,39. 

Briefly, J774 cells (murine macrophages) were plated into 24-well culture plates at a 



 
 

density of 1.5x105 cells/ well. Following plating, cells were loaded with 2 μCi/ mL 3H-

cholesterol for 24 hours, with the small molecule inhibitor Sandoz 58-035 (2 μg/ mL) 

added to prevent cholesterol esterification. Post labeling, cells were treated with or 

without cyclic AMP (cAMP, 0.3 mM) overnight in order to upregulate ABCA1 expression. 

During this incubation, CARDIA serum samples were processed for use in the efflux 

assay.  A total of 60 μL of serum was added to 24 μL of PEG-8000 (20% w/v dissolved in 

200 mM glycine, pH = 7.4), incubated at room temperature for 20 minutes, then 

centrifuged at 10,000 rpm for 30 minutes at 4o C, in order to remove the LDL and VLDL 

components. Following centrifugation, 50.4 μL of supernatant (HDL containing fraction) 

was added to 1.7496 mL of MEM, containing 20 mM HEPES and 1% Penicillin-

Streptomycin (MEM/HEPES/PS), as well as 2 μg/ mL Sandoz 58-035 and, for the cAMP 

efflux group, 0.03 mM cAMP. After overnight incubation with or without cAMP, cells were 

washed twice with MEM/HEPES/PS and 500 μL of media + serum samples were added 

to each well.  Cells were incubated with the serum samples for 4 hours in a 37oC, 5% 

CO2 humidified incubator.  After incubation, the culture media was filtered, added to 3 mL 

of Ultima Gold liquid scintillation fluid in 6 mL glass pony vials, and counted using a Perkin 

Elmer Tri-Carb 3100TR liquid scintillation counter. The resultant counts were 

standardized to the total cellular cholesterol levels prior to the addition of serum samples, 

and then against a pooled control sample.   

 

Serum Preparation for Top-down Proteomics: 



 
 

Frozen aliquots from banked serum were gently thawed and subjected to ApoB-

depletion. To control for pre-analytical variation, all samples used for proteoform 

quantification were stored under the same conditions and preparation was performed with 

the same lot for each reagent, under controlled temperature and at the same time. For 

ApoB-depletion, four 10 μL aliquots of each serum sample were added each to 10 μL of 

LipoSep anti-ApoB immunoprecipitation resin (Sun Diagnostics, New Gloucester, ME). 

The ensuing centrifugation (performed as described in the manufacturer’s protocol) 

depleted the serum of ApoB-bound particles such as LDL and VLDL. The then HDL-

enriched supernatant was collected and a 1 μL aliquot was diluted in 120 μL of solvent A 

(5% acetonitrile and 0.2% formic acid in water), which was frozen until mass 

spectrometric analysis. 

 

Liquid Chromatography/Mass Spectrometry (LC-MS): 

Protein samples were subjected to reversed-phase liquid chromatography (RPLC) 

using an Ultimate 3000 LC system (Thermo Scientific, San Jose, CA). A 1 μL aliquot of 

each sample was loaded onto a trap column (20 mm, 150 μm inner diameter, i.d.) packed 

with PLRP-S resin (Agilent, Santa Clara, CA) for an initial wash. For separation of 

proteoforms, an in-house packed capillary PLRP-S column (200 mm, 75 μm i.d.) was 

used. Both columns were heated at 35° C. For proteoform quantification, the gradient 

consisted of a ramp of solvent B from 30 to 50% in 20 min., with a total run time of 35 

min., including column wash (at 90% solvent B) and re-equilibration. For proteoform 

characterization, a longer, 1-hour gradient was used. Solvent A consisted of 5% 



 
 

acetonitrile and 0.2% formic acid in water, while solvent B was composed of 5% water 

and 0.2% formic acid in acetonitrile. The outlet of the column was on-line coupled to a 

nanoelectrospray ionization source, to which a ~2 kV potential was applied for ionizing 

proteoforms for mass spectrometry (MS) analysis. 

Quantitative mass spectrometry measurements were performed using an Orbitrap 

Elite (Thermo Scientific, Bremen, Germany), operating in “intact protein mode” (N2 

pressure in the HCD cell was set to 0.8 mTorr, and HCD trapping was turned on). The 

instrument operated in MS1-mode only (i.e., no fragmentation was applied). The 

instrument was cycling between a full scan (over a 500-2000 m/z window) and three 

selected-ion-monitoring (SIM) scans (over a 826.46 - 851.89 m/z window, to target the 

34+, 33+ and 35+ charged states of ApoA-I proteoforms; a 878.09 - 906.57 m/z window, 

for the 32+, 31+ and 33+ charged states; and a 1178.27-1346.23 m/z window, to target 

ApoA-II monomers at the 7+ charged state). The applied resolving power was 120,000 

(at 200 m/z), while the automatic gain control (AGC) target was set at 2.0E5 and 1.0E6 

for broadband MS1 and SIM, respectively. All full MS and SIM scans were obtained by 

averaging 4 microscans. 

Qualitative mass spectrometry (for proteoform characterization) was performed on 

an Orbitrap Fusion Lumos Tribrid (Thermo Scientific, San Jose, CA), operating in protein 

mode, with an HCD pressure setting of 0.2 mTorr. The instrument cycled between full MS 

and tandem MS scans. Ions were selected by 1 Da-wide quadrupolar isolation for 

fragmentation by either electron transfer dissociation (ETD), collision-assisted ETD 

(ETciD) or high-energy collision induced dissociation (HCD). The applied resolving power 



 
 

was either 120,000 (for full MS) or 60,000 (for tandem MS), at 200 m/z. The automatic 

gain control (AGC) target was set at 2.0E5 (2x105) for full MS and varied by proteoform 

for tandem MS, ranging between 2.0E4-1.0E6 depending on proteoform abundance. 

Maximum injection times for tandem MS were changed accordingly, to allow reaching the 

AGC target. All full MS and tandem MS scans were obtained by averaging 4 microscans. 

 

Proteoform Characterization from Top-down MS Data: 

For ApoA-I proteoform characterization and PTM mapping, SIM scans of an initial 

qualitative LC-MS run were manually analyzed to search for MS peaks of similar charge 

distribution, mass and retention time of ApoA-I. All peaks that fit these parameters were 

further analyzed by top-down fragmentation. Intact mass spectra were recorded and top-

down fragmentation data were acquired for each species. Then, ion masses 

deconvoluted from the fragmentation and intact mass spectra were analyzed with the 

freeware ProSight Lite (http://prosightlite.northwestern.edu/)40 against the ApoA-I 

sequence and modification variants found in the UniProt database (UniProt Accession 

#P02647) and the biochemical and clinical literature on ApoA-I. All MS peaks that were 

identified as species containing an ApoA-I backbone but for which the mass did not match 

any previously known proteoforms were characterized with a classical top-down 

proteomics approach for proteoform discovery. Briefly, the highly resolved intact mass 

difference (Δm) of a proteoform to the canonical form was used to narrow the list of 

possible chemical modifications or genetic variations to the proteoform and the presence 

and location of each modification was tested by fragmentation coverage of the 

http://prosightlite.northwestern.edu/)18


 
 

modification site. The generated fragmentation maps were assigned P-scores for 

proteoform identification confidence. This same approach was then applied to ApoA-II. 

Fragmentation data for every proteoform identified in this study, along with all 

graphical fragmentation maps used in this analysis containing identification confidence 

parameters (such as proteoform P-score) were uploaded to the MassIVE database 

(https//:massive.ucsd.edu), dataset identifier: MSV000085676. All proteoforms of ApoA-I 

detectable in this study were either matched to previously characterized proteoforms or 

de novo chemically characterized. Proteoforms were also given a permanent proteoform 

identifier number (PFR ID, or PFR#) and uploaded to the proteoform repository, 

maintained by the Consortium for Top Down proteomics 

(http://repository.topdownproteomics.org/). 

  

Quantitative Comparison of Proteoforms 

For quantification of the characterized proteoforms, six data acquisition blocks 

were set up, each a 10-day block in which 200 samples (four preparation replicates for 

each of 25 individuals for each of two years studied) were analyzed. Participants were 

randomly assigned to each block. All preparation replicates from years 20 and 25 exam 

cycles from the same individuals were analyzed in the same block, in order to reduce 

error in longitudinal analysis. In each block, data acquisition was set up as previously 

described for a quantitative top-down proteomics workflow12. Briefly, in order to mitigate 

the effects of measurement errors arising from sample preparation and instrumental 

https://urldefense.proofpoint.com/v2/url?u=http-3A__massive.ucsd.edu&d=DwMFaQ&c=yHlS04HhBraes5BQ9ueu5zKhE7rtNXt_d012z2PA6ws&r=RKhpevdsddtCZIsKzNKmSo18YW-8RZF9srnLLELCq-g&m=tWqiXVP6wyvMQRcYI6tGpYbTqjtXSQinGKtcqr-DwH0&s=7SIJ5B31uiLhxwC1ECdMvk6GtbFsmpcPtk6vyaSg4FU&e=
https://urldefense.proofpoint.com/v2/url?u=http-3A__repository.topdownproteomics.org_&d=DwMFaQ&c=yHlS04HhBraes5BQ9ueu5zKhE7rtNXt_d012z2PA6ws&r=RKhpevdsddtCZIsKzNKmSo18YW-8RZF9srnLLELCq-g&m=tWqiXVP6wyvMQRcYI6tGpYbTqjtXSQinGKtcqr-DwH0&s=WGLaVuso_eDI4GPEoZsuQRbooPqn-kbE1PLthiFQeZc&e=


 
 

performance drift, samples were injected in a randomized fashion while avoiding clusters 

of samples from the same participant.  

For proteoform abundance comparison, the generated SIM scans were searched 

for isotopic patterns of target proteoforms by a previously described fitter algorithm41. 

Briefly, a list of chemical formulas for the well-characterized ApoA-I proteoforms was used 

to calculate isotopic patterns for specific charge states of each form. Then, the centroided 

peaks of the observed spectrum above a minimum intensity (NL=100) were searched 

against the expected m/z of the two most abundant isotopomers calculated for the given 

chemical formulas. A window of 10 ppm was allowed for matches in order to account for 

mass accuracy drift. The full isotopic distribution for matching formulas was then adapted 

to the observed mass error and the spectra was searched for the remaining isotopomers 

with a 2 ppm allowance, to account for charge-space effects such as coalescence42. The 

relative intensities of the matched isotopic peaks were compared to the expected 

distribution in order to generate a fitting score. Fitting scores ranged from 0-1 and were 

calculated by a least squares model weighed positively towards higher intensities. 

Proteoform intensities were quantified for each SIM scan in which the relative chemical 

formula passed a fitting score threshold of 0.3. For each scan, background noise intensity 

was sampled and decreased from the signal of each proteoform, in order to reduce 

chemical noise effects in proteoform quantification. The final total intensity per LC-MS run 

was calculated for each proteoform using the area under the curve of the ensuing 

background-subtracted extracted-ion chromatogram. 



 
 

To validate the association between ApoA-I MS intensity (as calculated by the 

aforementioned method) and ApoA-I abundance in the initial sample, 6 samples of known 

ApoA-I concentration (0.72, 1.44, 2.16, 2.88, 4.32 and 5.76 μg/μL) were prepared from a 

pure ApoA-I standard (MyBioSource, San Diego, CA, USA) and run with the same LC-

MS method, in random order during each the 6 blocks of LC-MS runs. The proteoforms 

present in the standards were analyzed similarly to all quantitative samples in this study 

and the correlation between MS intensity and injected mass was described. 

  

Data Analysis and Statistical Treatment 

Quantitative MS intensities were normalized by total ion current of each LC-MS 

run to account for instrument drift. Normalized intensity values were then standardized 

between collection blocks to account for block-to-block variation: per-run and per-

proteoform values were standardized so that the mean and standard deviations of each 

block were the overall mean and standard deviation values of the entire experiment, by 

the following method: standardized intensity = normalized intensity z-score (per block) x 

overall standard deviation + overall mean. Percent proteoform data (for the relative 

analysis) were then calculated for each run by dividing each proteoform intensity to the 

sum of the standardized intensities of all proteoforms. Either percent data or standardized 

intensity were then averaged per individual serum sample and compared to their 

characteristics by either linear regression for continuous data (accompanied with 

Pearson’s r, beta coefficients and a Pearson's product-moment correlation p-score) or by 

t-test for binary data (accompanied with fold difference and p-scores). For sensitivity 



 
 

analysis, linear models for microarray analysis (LIMMA) was also used for binary data 

comparisons, producing overall similar results (data not shown). Percent of total 

proteoform intensity was used in the primary analyses to normalize for differences in 

absolute ApoA-I and ApoA-II concentrations across individuals, allowing for greater 

insight into proteoform-specific effects. A Benjamini-Hochberg correction was used to 

multiple-test correct these scores and significance was asserted at a 5% false discovery 

rate (2-tailed type 1 error rate).  

There were 2.2% missing values for proteoform abundance in the ApoA-I dataset 

and 17.4% for ApoA-II. These missing values arose from proteoforms there were not 

detected above the 0.3 threshold for the isotopic matching script. The monomer A/Cys of 

ApoA-II, commonly the lowest abundant proteoform, was responsible for 7.33% of ApoA-

II missing values and was removed from the quantitative analysis. Missing values were 

removed from all quantitative analyses. 

Results from linear regression (Pearson’s R) or binary characteristic comparisons 

(fold difference between groups) were plotted onto a heatmap which clustered groups of 

proteoforms and characteristics with similar results, using the “heatmap.2” function 

contained in the “gplots” package for R. Briefly, “heatmap.2” relies on the “dist” function 

from package “stats” to calculate the Euclidian distance between the values input to the 

heatmap analysis and “hclust” (also from package “stats”), which performs the 

hierarchical clustering based on those distances. The method used for hierarchical 

clustering was the default for that function: complete-linkage clustering. The same 



methodology was also used to plot a heatmap of correlation coefficients between relative 

abundances of proteoforms of ApoA-I and proteoforms of ApoA-II. 

A factor analysis was also applied to proteoform abundance values, in order to 

identify groups of proteoforms that co-varied across individuals. To that end, the function 

“factanal” from R package “stats” was used, which performed maximum-likelihood factor 

analyses to a matrix of standardized proteoform abundances by participant. The rotation 

method “promax” was chosen for this analysis.  



Year 20 Year 25 

ApoA-I β S.E. (β) P-score R2 β S.E. (β) P-score R2 

Truncation BMI (kg/m2) -1.6 0.5 1.5E-03 0.07 -1.4 0.5 9.7E-03 0.04 

C. CARO. IMT (mm) -0.032 0.010 2.7E-03 0.06 -0.038 0.010 3.5E-04 0.09 

HDL EFFLUX 0.046 0.016 4.4E-03 0.05 0.050 0.015 1.3E-03 0.07 

HDL-C (mg/dl) 5.4 1.6 9.7E-04 0.07 6.1 1.5 7.8E-05 0.10 

WEIGHT (lbs) -11.5 3.4 8.9E-04 0.07 -11.0 3.5 2.2E-03 0.06 

WAIST CIRC. (cm) -3.1 1.2 8.0E-03 0.05 -3.9 1.3 2.2E-03 0.06 

Canonical HDL EFFLUX -0.063 0.015 7.6E-05 0.10 -0.058 0.015 1.3E-04 0.09 

HDL-C (mg/dl) -9.1 1.5 7.6E-09 0.20 -10.0 1.3 5.3E-12 0.28 

WEIGHT (lbs) 10.6 3.4 2.1E-03 0.06 11.5 3.5 1.3E-03 0.07 

WAIST CIRC. (cm) 3.9 1.2 8.1E-04 0.07 4.6 1.2 2.7E-04 0.09 

Glycation FA. GLUC. (mg/dl) 13.1 2.2 9.8E-09 0.20 9.4 2.0 4.6E-06 0.13 

Acylation 
Truncations 

BMI (kg/m2) -2.0 0.5 7.2E-05 0.10 -1.6 0.5 3.2E-03 0.06 

C. CARO. IMT (mm) -0.032 0.010 2.5E-03 0.06 -0.040 0.010 1.2E-04 0.10 

HDL Efflux 0.066 0.015 3.2E-05 0.11 0.060 0.015 7.7E-05 0.10 

HDL-C 9.6 1.5 1.1E-09 0.22 9.9 1.3 1.1E-11 0.27 

WEIGHT (lbs) -13.6 3.3 7.3E-05 0.10 -10.5 3.5 3.5E-03 0.06 

WAIST CIRC. (cm) -4.6 1.1 7.0E-05 0.10 -5.1 1.2 6.4E-05 0.10 

Acylations BMI (kg/m2) -1.9 0.5 2.1E-04 0.09 -2.2 0.5 5.3E-05 0.11 

HDL EFFLUX 0.069 0.02 1.2E-05 0.12 0.051 0.015 1.0E-03 0.07 

HDL-C (mg/dl) 11.4 1.4 8.6E-14 0.31 9.9 1.3 1.1E-11 0.27 

TG (mg/dl) -29.0 6.4 1.2E-05 0.12 -31.2 6.6 5.5E-06 0.13 

WEIGHT (lbs) -13.0 3.3 1.5E-04 0.09 -14.5 3.4 4.4E-05 0.11 

WAIST CIRC. (cm) -5.9 1.1 2.2E-07 0.17 -7.2 1.2 4.2E-09 0.21 

ApoA-II 

ATQ/Cys BMI (kg/m2) 2.0 0.7 3.0E-03 0.09 2.2 0.6 6.7E-04 0.11 

AT/AT HDL EFFLUX 0.046 0.015 2.8E-03 0.06 0.058 0.016 3.1E-04 0.08 

HDL-C (mg/dl) 4.7 1.5 2.3E-03 0.06 6.7 1.6 3.9E-05 0.11 

ATQ/ATQ BMI (kg/m2) 1.6 0.5 2.8E-03 0.06 1.5 0.5 3.5E-03 0.06 

Table S1. Linear regression metrics for proteoforms and aggregated proteoform motifs. 



HDL EFFLUX -0.046 0.015 2.9E-03 0.06 -0.050 0.016 2.1E-03 0.06 

HDL-C (mg/dl) -4.6 1.5 2.8E-03 0.06 -5.7 1.6 5.3E-04 0.08 

WEIGHT (lbs) 11.7 3.5 1.1E-03 0.07 10.4 3.4 2.7E-03 0.06 

Longitudinal 

Truncation HDL-C (mg/dl) 3.8 0.9 5.3E-05 0.11 

Canonical HDL-C (mg/dl) -2.8 0.9 2.6E-03 0.06 

Glycation FA. GLUC. (mg/dl) 8.7 2.0 2.1E-05 0.12 

Acyl. Trunc. HDL-C (mg/dl) 4.4 0.9 2.4E-06 0.14 

Acylations BMI (kg/m2) -0.8 0.2 3.1E-04 0.08 

WEIGHT (lbs) -5.2 1.3 1.4E-04 0.09 

WAIST CIRC. (cm) -2.2 0.4 9.5E-06 0.13 

Beta coefficients were standardized to the proteoform variation only, so each value represents the variation in metabolic characteristic associated with one 
standard deviation in proteoform percent abundance. Standard error of beta coefficients (S.E. (β)) are shown. All p-scores displayed were significant at a 5% 
Benjimani-Hochberg false discovery rate. 



 
 

Figure S1. Mass spectra of the proteoforms of ApoA-I.  

 



 
 

A: Example of a chromatogram of the 3 types of scans scheduled in the LC-MS method. 

In black, the full MS chromatogram of the run, a more encompassing m/z window (500-

2000) was used in these scans, and multiple peaks, roughly corresponding to different 

proteins, can be observed. ApoA-I and its proteoforms were observable from retention 

time 11-19 min. In red and green, narrow, ApoA-I-specific SIM scans targeting the 32+ 

and 34+ charge states are shown, respectively. Different proteoforms were observed at 

3 retention time windows (RT1, RT2 and RT3). B: Full MS scan at RT2. In this type of 

scan, multiple charged states of a mass corresponding to canonical ApoA-I were 

observed. The truncated proteoform was also observable in full MS. Insets show a 

comparison of the observed isotopic distribution, in black, of one charge state of either 

Canonical or Truncation and, in red, its theoretical expected distribution. C: A 

fragmentation map of canonical ApoA-I. The peak corresponding to Canonical was 

isolated and fragmented by ETD, for proteoform characterization and confirmation of 

ApoA-I identity. The masses of fragment ions observed (fragmentation MS not shown) 

were then assigned to specific positions where backbone bonds were cleaved. These 

assignments were then mapped graphically onto the canonical sequence to display 

fragmentation coverage. A P-score, calculated for this specific map, shows confidence in 

ApoA-I identification. Moreover, the observed mass of this proteoform corresponded 

closely to the expected mass for the unmodified canonical ApoA-I backbone. A similar 

procedure was performed for every proteoform, in order to chemically characterize each 

species and assign confidence to its characterization. D-G: Different proteoforms of 

ApoA-I observed at the different retention times and SIM scans. Insets show the observed 



 
 

isotopic distribution of each proteoform in black, compared to the expected distribution, 

in red. 



 
 

Figure S2. Targeted analysis of acylations of ApoA-I.  

A: mass spectrum of acylated proteoforms on a canonical backbone. In black, an 

example of an observed spectrum for ApoA-I acylations. On the top panel, different colors 

denote the isotopic distribution expected for ApoA-I modified by 9 different fatty acids, all 



 
 

known to be present in HDL. It is noteworthy that, for fatty acids of the same number of 

carbons, the isotopic distributions of the respective acylated proteoforms largely overlap, 

making it impossible to separately quantify the proteoforms respective to acids of different 

unsaturation states (different number of hydrogens) based on intact mass alone. On the 

bottom panel, the blue trace shows a calculated expected isotopic distribution of these 

acylations created based on the relative ratios of the different fatty acids in HDL, as 

described by Noori et al, 2009 21. Notably, the relative ratios of these forms are largely 

consistent with the relative ratios of their respective fatty acids in HDL. B and C: typical 

fragmentation spectrum and map for acylated forms of ApoA-I. For this spectrum, 18-

carbon acylations were isolated and submitted to 10ms of ETD. Shown in blue are several 

common fragments generated by ETD of ApoA-I, and in red, C90, generally a high-

abundant ETD fragment of ApoA-I and one that contains the acylation site of ApoA-I, K88, 

highlighted in dark blue on the fragmentation map. This characterization spectrum 

contained several fragments – in both directions – which included mass-shifts 

corresponding to a mass of a 18C acylation and confidently characterized this proteoform. 

D: Chromatogram of intact 18C Acylations on a characterization run. When submitted to 

a shallow gradient, 18C acylations could be separated based on their number of 

unsaturations. Three chromatographic peaks were observable for the intact form. When 

analyzing the fragment C90 across these peaks (inset; black: observed, red: expected), 

we observed two 2Da shifts (corresponding to one less unsaturation each) overtime, 

suggesting the chromatographic peaks corresponded to acylations by 18:2, 18:1 and 18:0 

fatty acids, respectively. E and F: Fragment C90 analysis of 16C and 20C acylations. 

Multiple unsaturation forms of both 20C and 16C fatty acids are reported to exist in HDL. 



 
 

We applied the same shallow gradient and characterization by ETD to these species, 

however, no chromatographic separation of different unsaturated forms was observed. 

For 20C acylations, the observed C90 fragment was a poorer match for both the 20:4 

acylation isotopic distribution (in yellow) and the 20:5 one (in blue) than for a combination 

of both in the relative ratios described in Noori et al, 200921 (in red). This suggests that 

while we could not chromatographically separate the different unsaturated forms of 20C 

acylations, both 20:4 and 20:5 species are present in the sample. For the 16C acylations 

both the 16:0 (blue) and the combined isotopic distribution (red) matched better the 

observed fragment C90 spectrum than a 16:1 acylation. This is possibly due to the low 

abundance of 16:1 fatty acids in HDL, at 4% of that of 16:0 fatty acids 21. It is possible 

that both species are present in the samples, however, the isotopic distribution is 

dominated by 16:0 acylations.  

  



 
 

Figure S3.Incubation of canonical ApoA-I with palmitate (16:0) and search for 

acylated proteoforms. 

  



 
 

Aliquots from a 2-day incubation of unmodified ApoA-I with palmitic acid were submitted 

for proteoform search by LCMS. Serum, which contained the palmitoylated proteoform, 

was run in the same analysis, as a positive control. In red, chromatograms extracted 

specifically for the canonical proteoform, used as loading control, and in blue 

chromatograms for palmitoylated ApoA-I. With this search, no significant signal of 

palmitoylated ApoA-I was observed in incubated fractions. Insets on the right show the 

spectra observed in each sample at the specific retention times (adjusted for overtime 

retention-time variation) expected for canonical (top) and palmitoylated ApoA-I (bottom). 

In red, expected isotopic distributions for these proteoforms are shown in comparison. 

While a good match with canonical was observed in all samples, only in serum was the 

isotopic distribution of palmitoylated ApoA-I observed.  

  



 
 

Figure S4. Observation and characterization of an allelic form of ApoA-I by LCMS. 

 

A: a full mass spectrum of ApoA-from a serum sample of the possible heterozygote. Two 

high-abundant unmodified forms are observed with roughly similar intensities, one 16 Da 

higher in mass. B: HCD-based fragmentation map of the +16 Da form. Fragment ions 

shifted by 16 Da determine the location of a mas shift at F71. These data are consistent 

with a F71Y mutation, a common allelic variant of the APOAI gene, with roughly 0.1% 

prevalence in the population, as described in Haase et al, 201222. Mass error and a P-

score are shown for confidence in the characterization. 

  



 
 

Figure S5. Mass spectra of the proteoforms of ApoA-II. 

 



 
 

A: Full MS and ApoA-II-specific chromatograms of a typical LCMS run of ApoB-depleted 

serum. In red, the extracted intensity of all ApoA-II monomers (top) and all dimers 

(bottom). B: Monomers of ApoA-II. Three monomeric forms were observed, containing 

either a full backbone (ATQ, standing for the last 3 amino-acid residues), one missing the 

C-terminal glutamine (AT) and one missing two C-terminal residues, glutamine and 

threonine (A). These backbones were all modified by the mass of a cysteinyl (Cys). Insets 

show matching of the expected isotopic distributions (red) to the observed data (black). 

C: Fragmentation map of a monomer. The AT/Cys proteoform was isolated and 

fragmented by ETD. Mapping of fragments to the backbone allowed for the localization 

of the cystenylation to C6 and of a pyroglutamic acid to the N-terminus (a common 

modification of N-terminal glutamines). D: Dimers of ApoA-II. Left: full MS of all charge 

states of dimers. Right: zoom on charge state 15. The dimers observed had masses 

consistent with 2-way combinations of the same 3 backbones as the monomers. Dimers 

were not cysteinylated, and these proteoforms were labelled based on the truncation 

stage of their backbones (e.g. A/AT). Insets show matching of the expected isotopic 

distributions (red) to the observed data (black). E: Fragmentation of a dimer. The ATQ/AT 

proteoform was isolated and submitted to ETD. Fragment mapping showed the mass of 

a singly truncated backbone (AT) modifying C6 via disulfide bridge. 

  



 
 

Figure S6. Parameters of quality control in LCMS-based quantification. 

 

A: Known-concentration commercial ApoA-I standards were injected in random order, at 

regular intervals within the quantification blocks. The MS intensities of total ApoA-I in 

these standard samples, standardized within each block are shown in black. Bars show 

standard deviation. B: Individual total ApoA-I MS intensity vs HDL-C. Each point 

represents one individuals average MS intensity for total ApoA-I and the dashed blue line 

and shaded area represent a linear regression and confidence interval, respectively. 

Pearson’s r and P-Value are reported. 

  



 
 

Figure S7. Co-variance of proteoforms within 150 individuals. 

 



 
 

A: Scree plot resulting from a factor analysis of ApoA-I proteoform abundance within 150 

individuals. Bars: percent variance per factor, points: Eigenvalue. Statistical factors 1, 2 

and 3 correspond together to more than 80% of the variation observed, suggesting data 

on ApoA-I proteoform variation are roughly tri-dimensional. B: Loading of each ApoA-I 

proteoform to each of factors 1, 2 and 3. Highlighted proteoforms are shown circled by 

the same color in factor vs factor plots on the right. Acylations of ApoA-I, especially the 

ones carrying a canonical backbone, loaded strongly on factor 1, suggesting that they 

strongly co-vary within this dataset and that the variation is proportional to statistical factor 

1, the one which explains most of the proteoform variation. All forms carrying a truncated 

backbone loaded positive- and strongly on factor 2 and all oxidized forms loaded positive- 

and strongly on factor 3. The canonical proteoform was strong- and negatively associated 

with both factors 2 and 3. These data suggest that statistical factors 1, 2 and 3 may 

represent the similar mechanistic pathways for the creation of similar proteoforms and 

that the overall three-dimensionality of the data can be explained by the mechanistic 

factors behind the co-variation of 3 proteoform families (acylations, truncations and 

oxidations). Canonical is also associated with two of those dimensions, negatively, 

suggesting, expectably, that a higher abundance of truncations and oxidations of ApoA-I 

is associated with a large deficit of the unmodified form. C: Scree plot resulting from a 

factor analysis of ApoA-II proteoform abundance within 150 individuals. Bars: percent 

variance per factor, points: Eigenvalue. The A/Cys proteoform was removed from this 

analysis due to the low number of samples in which it was detected. Similar to ApoA-I, 

the three first factors corresponded together to more than 80% of the variation. D: Loading 

of each ApoA-II proteoform to each of factors 1, 2 and 3. Highlighted proteoforms are 



 
 

shown circled by the same color in factor vs factor plots on the right. Proteoforms 

containing an “AT” (singly truncated) backbone all loaded positively on factor 1, with 

AT/AT loading the strongest, while proteoforms containing only intact backbones 

(ATQ/ATQ and ATQ/Cys) loaded negatively. On factor 2, proteoforms containing a fully 

truncated backbone (“A”) loaded positively, with A/A loading the strongest, while 

proteoforms containing an “AT” backbone but not an “A” loaded negatively. On factor 3, 

only cysteinylated proteoforms (monomers) loaded strongly and positively. These data 

suggest that most of the variation in ApoA-II can be explained by 3 factors: the first 

truncation, the second truncation and cysteinylation/dimerization of the backbones. E: 

Heatmap of ApoA-I proteoform variation to ApoA-II proteoform variation correlation 

factors. Abundances of each proteoform of ApoA-I were compared to abundances of each 

proteoform of ApoA-II in the 150 individuals studied. A Pearson’s r was generated for 

each correlation observed as well as a correlation P-value. Colors show the strength and 

sign of each association. Statistical significance, symbolized by an asterisk, was asserted 

at 5% false discovery rate. Notably, co-varying proteoforms were largely clustered 

together in this analysis. Moreover, while most proteoforms had no association between 

the two proteins, truncations of ApoA-I were largely associated with truncations of ApoA-

II (both characterized by the loss of a C-terminal glutamine), while canonical ApoA-I was 

strongly negatively associated with all truncations, as expected from the factor analysis. 

  



 
 

Figure S8. Differences in association to phenotype from absolute proteoform 

intensity to percent proteoform abundance. 

 



 
 

A: Correlative analysis of absolute ApoA-I proteoform intensity to phenotype. In blue, a 

scatterplot, regression line and Pearson’s r of proteoform intensity vs BMI in 150 

individuals and in red, the same values, as plotted against HDL-C. Asterisks indicate 

significance at a 5% false discovery rate. Notably, albeit with different strengths and 

confidences, all proteoforms of ApoA-I were associated positively with HDL-C and 

negatively with BMI, expected associations of the total ApoA-I protein concentration to 

phenotype. B: Correlative analysis between the percent contribution of each proteoform 

to total ApoA-I and phenotype. Percent (or relative) abundances were calculated by 

dividing each proteoform’s intensity to total ApoA-I intensity. Importantly, patterns of 

association change greatly in this analysis in comparison to absolute intensity, due to the 

statistical adjusting for the associations of total ApoA-I. The percent abundance of ApoA-

I that is unmodified (canonical), for instance, was significantly associated with a lower 

HDL-C. Moreover, the percent abundance of proteoforms such as the (likely LCMS-

generated) phosphate adduct, which is expected not to be endogenous, had no significant 

association to HDL-C or BMI, suggesting the association observed at absolute intensity 

was dependent on the association of total proteoform intensity to total ApoA-I. This is not 

the case for other proteoforms, such as truncated ApoA-I, and acylations of ApoA-I. For 

these, associations to HDL-C (and in the case of truncations, to BMI as well) were largely 

independent of the total ApoA-I concentration in individual’s sera. C and D: Absolute 

proteoform intensity and percent proteoform abundance, respectively, in the three HDL 

groups analyzed. Notably, the intensity of all proteoforms is higher in higher HDL-C 

groups, however, the distribution of proteoform abundances (the proteoform profile) is 

significantly different across groups: canonical was relatively less prevalent the higher the 

HDL group and proteoforms such as truncation and acylations were more prevalent in 

higher HDL individuals. 

  



 
 

Figure S9. Correlation coefficient and significance of association of proteoforms 

percent abundance to binary phenotype. 

 

A: ApoA-I proteoform associations. B: ApoA-II proteoform associations. Left: CARDIA 

year 20. Right: CARDIA year 25. Abundances of each proteoform were compared to 

binary phenotype in the 150 individuals studied. Clustering of both proteoforms and 

characteristics was unbiased. A P-value was generated from a t-test of the two means. 

Colors show the Log2 of the fold difference of the means. Statistical significance, 

symbolized by an asterisk, was asserted at 5% false discovery rate.  




