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A B S T R A C T

Vascular endothelial cells (ECs) play a key role in physiology by controlling arterial contraction and relaxation, 
and molecular transport. EC dysfunction is associated with multiple pathologies. Here, we characterize the 
cellular and extracellular matrix (ECM) proteomes of primary human coronary artery ECs, from multiple donors, 
and oxidation/nitration products formed on these during cell culture, using liquid chromatography-mass spec
trometry. In total ~9900 proteins were identified in cells from 3 donors, with ~7000 proteins per donor. Of these 
~5300 were consistently identified, indicating some heterogeneity across the donors, with age a possible cause. 
Multiple endogenous oxidation products were detected on both ECM and cellular proteins (and particularly 
endoplasmic reticulum species). In contrast, nitration was mostly detected on cell proteins and particularly 
cytoskeletal proteins, consistent with intracellular generation of nitrating agents, possibly from endothelial nitric 
oxide synthase (eNOS) or peroxidase enzymes. The modifications are ascribed to both physiological enzymatic 
activity (hydroxylation at proline/lysine; predominantly on ECM proteins and especially collagens) and the 
formation of reactive species (oxidation at tryptophan/tyrosine/histidine; nitration at tryptophan/tyrosine). The 
identified sites are present on a limited number of peptides (104 oxidized; 23 nitrated) from a modest number of 
proteins. A small number of proteins were detected with multiple modifications, consistent with these being 
selective and specific targets. Several nitrated peptides were consistently detected across all donors, and also in 
human smooth muscle cells suggesting that these are major targets in the vascular proteome. These data provide 
a ‘background’ proteome dataset for studies of endothelial dysfunction in disease.

1. Introduction

Endothelial cells (ECs) form a monolayer that lines the lumen of 

blood vessels, with this commonly referred to as the vascular endothe
lium [1,2]. ECs are polarized, with their luminal plasma membrane 
being decorated with extracellular matrix (ECM) molecules (the 
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glycocalyx), while their basolateral surface is separated from sur
rounding tissues by a basement membrane of ECM molecules encoded 
by the ECs [3]. The endothelial barrier arising from this EC monolayer 
and associated ECM, has a high selectivity and regulates the movement 
of molecules, cells (e.g. platelets and white blood cells) and fluids into 
and out of the artery wall from the bloodstream, with this being 
dependent on the microenvironment and arterial type [4,5]. ECs play a 
key role in modulating vascular relaxation, particularly via the pro
duction of nitric oxide (NO•) generated by endothelial nitric oxide 
synthase (eNOS), and constriction, blood fluidity, platelet adhesion and 
aggregation, leukocyte activation, adhesion and transmigration [4]. The 
ECs maintain a delicate balance between coagulation and fibrinolysis, 
and are involved in regulating immune responses, inflammation, and 
angiogenesis [6], with their luminal surface having antithrombotic and 
anticoagulant activities, achieved (in part) by the glycocalyx, and the 
regulated secretion of antiplatelet agents including prostacyclin and NO•

[6].
Lifestyle factors and disease, including smoking and physical inac

tivity, and hypertension and diabetes, can lead to EC dysfunction and a 
loss of integrity and properties of the monolayer and associated ECM 
[7], with this resulting in a shift from homeostasis towards a 
pro-inflammatory response. This is accompanied by diminished vaso
dilation and increased proliferative and pro-thrombotic properties [8]. 
Endothelial dysfunction has been associated with angiogenesis in can
cer, vascular leakage, stroke and atherosclerosis (reviewed [9]).

The critical role of ECs in the pathogenesis of atherosclerosis, the 
major underlying cause of most cardiovascular disease, is well- 
established [10], with endothelial dysfunction being a hallmark of the 
disease [11]. Atherosclerosis is characterized by impaired vasodilation, 
increased permeability of the endothelial barrier, and pro-inflammatory 
activation of ECs induced by various risk factors including hyperlipid
emia, hypertension, diabetes and smoking [12]. These risk factors are 
associated with oxidative stress and inflammation, which promote the 
recruitment of neutrophils, monocytes and lymphocytes to the 
sub-endothelial space, where the monocytes differentiate into macro
phages, which take up modified (aggregated, oxidized, glycated or 
otherwise modified) low-density lipoproteins in an unregulated manner 
to form lipid-laden (foam) cells [12]. Accumulation of lipids, foam cells, 
and subsequent cell death results in plaque formation and disease pro
gression. ECs also contribute to plaque development by regulating the 
recruitment, adhesion and migration of immune cells, and by secreting 
cytokines and growth factors that promote the proliferation, migration 
and de-differentiation of smooth muscle cells (SMCs). These events are 
believed to be associated with, and perhaps driven by, alterations to the 
protein complement (proteome) of ECs [13–16].

Remodeling of the arterial ECM occurs during the course of athero
sclerosis, and alterations to the ECM impact on the progression of 
atherosclerosis [17–22]. Thus, the arterial ECM not only serves as a vital 
structural component of plaques, but also influences the behavior of 
both ECs and SMCs. Understanding the pathogenesis of atherosclerosis 
therefore requires knowledge of the proteome of each of the major cell 
types present in the artery wall, their surrounding ECM and how these 
alter during disease development. We have recently reported on the 
proteome of human coronary artery smooth muscle cells (HCASMC), 
and post-translational modifications (PTMs) detected on both the cell 
and ECM proteome [23]. The current study provides comparable data 
for human coronary artery ECs (HCAEC) isolated from multiple donors. 
Together these data provide a foundation for unraveling the vascular 
proteome dynamics that may occur during the development of athero
sclerosis, and provide avenues for exploring innovative therapeutic in
terventions, as many drug targets are proteins.

2. Materials and methods

2.1. Materials

Chemicals were obtained from Sigma-Aldrich-Merck (Søborg, 
Denmark) unless stated otherwise. Mass spectrometry-grade water, 
acetonitrile (ACN), DMSO and formic acid (FA) were obtained from 
VWR (Søborg, Denmark). Trypsin (sequencing grade, modified) was 
purchased from Promega (Finnboda, Sweden). Primary HCAEC were 
obtained from 3 donors (#2366, 60 year old Caucasian male; #3003, 38 
year old Caucasian male; #3118, 31 year old Caucasian male), together 
with corresponding growth media, from Cell Applications (San Diego, 
CA). No further data are available on these donors.

2.2. Cell culture

Cells were cultured up to passage 5 in a humidified incubator at 37 ◦C 
with 5 % CO2 and 20 % O2 using commercial HCAEC growth media (Cell 
Applications). The initial seeding density was 106 cells in 25 mL of 
medium in 175 cm2 flasks. The growth medium was replaced three times 
per week, and the cells were maintained for 7 days to allow the cells to 
generate a native ECM. Three biological replicates were established for 
each cell donor.

2.3. Protein extraction

After 7 days in culture, the cells and associated ECM were solubilized 
by overnight incubation at 4 ◦C with gentle rocking, using 8 M urea in 
Tris-HCl (0.1 M, pH 8.0), supplemented with a protease inhibitor 
cocktail (Sigma-Aldrich) at a dilution of 1:100. This cocktail includes 
EDTA, which will inhibit adventitious metal ion mediated reactions. The 
samples were then collected in 15 mL tubes and centrifuged (20 min, 
220 g) to precipitate insoluble material. The resulting supernatants were 
then transferred and concentrated using Vivaspin® 6 centrifugal filtra
tion units, using a 10 kDa cutoff filter (12,000 g, 4 ◦C), and washed three 
times with phosphate-buffered saline (PBS). The protein concentration 
in the samples was determined using the bicinchoninic acid (BCA) assay.

2.4. Size exclusion chromatography (SEC)

For some cell samples, SEC was performed prior to liquid 
chromatography-mass spectrometry (LC-MS/MS) analysis with the 
protein preparations subjected to gel filtration at 21 ◦C using a using a 
Superose 6 Increase 10/300 GL column (GE Healthcare) on an Äkta 
FPLC system (GE Healthcare) equilibrated with 100 mM phosphate 
buffer (pH 7.4, PB), containing 0.1 % v/v SDS, at a flow of 0.5 mL min− 1. 
The absorbance of the eluent was monitored at 280 nm, with 1 mL 
fractions collected for subsequent analysis.

2.5. Filter-aided sample preparation (FASP) for LC-MS/MS

A volume of 145 μL of sample (~15 μg protein) was combined with 
200 μL of 8 M urea in 0.1 M Tris-HCl, pH 8.5, and centrifuged (14,000 g, 
20 min, 21 ◦C) in spin filters (Vivacon®500, 10 kDa molecular mass cut 
off). Subsequently, 360 μL of 8 M urea in 0.1 M Tris-HCl, pH 8.5, and 40 
μL of 500 mM dithiothreitol (DTT) to reduce disulfide bonds, were 
added to the concentrate and incubated for 30 min, followed by further 
centrifugation (as above). The resulting concentrate was diluted using 
360 μL of 8 M urea in 0.1 M Tris-HCl, pH 8.5, and treated with 40 μL of 
500 mM iodoacetamide to alkylate free thiols, with the samples incu
bated in the dark for 30 min. The samples were then subsequently re- 
centrifuged as described above, with the concentrate diluted with 400 
μL of 8 M urea in 0.1 M Tris-HCl, pH 8.0, and concentrated again 
through centrifugation, with this step repeated twice. Subsequently, 
400 μL of 1.6 M urea in 0.1 M Tris-HCl, pH 8.0, was added and the 
samples subjected to centrifugation, with this repeated twice. The 
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reduced and alkylated proteins in the concentrated samples were then 
digested using sequencing grade trypsin (0.2 μg trypsin in 1.6 M urea in 
0.1 M Tris-HCl, pH 8.0) at 21 ◦C overnight. The peptides in the digests 
were then collected by centrifugation of the samples through a 10 kDa 
filter with the filter subsequently rinsed with 50 μL of 0.5 M NaCl and re- 
centrifuged to recover any residual peptides. The combined flow- 
through was then used for subsequent steps.

2.6. Sample pre-treatment by stop-and-go-extraction tips (StageTips)

In-house generated StageTips were constructed by placing two C18 
filter discs within a 200 μL pipette tip, and used to concentrate and 
purify the tryptic peptides [24]. The discs were activated by sequential 
addition, and centrifugation at 1200 g and 21 ◦C, of 50 μL methanol, 50 
μL 80 % acetonitrile (ACN)/0.1 % trifluoroacetic acid (TFA) in water, 
and finally 50 μL 0.1 % TFA in water. Tryptic peptides, acidified with 10 
μL TFA (from a 10 % stock v/v solution), were subsequently loaded onto 
the tip. Following two washes with 50 μL 0.1 % TFA in water, the 
peptides were eluted with 50 μL 80 % ACN/0.1 % TFA in water. The 
eluent was then collected and vacuum-dried at 21 ◦C.

2.7. Mass spectrometric (MS) analyses

Samples were reconstituted in 50 μL 0.1 % FA in water and analyzed 
on a Bruker Tims-ToF PRO mass spectrometer (Bruker Daltonics, Bre
men, Germany) in the positive ion mode with an online Captivespray ion 
source connected to a Dionex Ultimate 3000RS nano chromatography 
system (Thermo Fisher Scientific). Peptides were separated on an Aurora 
column (C18, 1.6 μm, 25 cm, 75 μm ID; IonOpticks, Fitzroy, Australia) at 
60 ◦C with a solvent gradient using 0.1 % FA in water (Solvent A) and 
99.9 % ACN/0.1 % FA in water (Solvent B), at a flow rate of 400 nL 
min− 1. The amount of Solvent B was increased linearly from 2 % to 5 % 
over 4 min, 5–25 % over 90 min, 25–35 % over 10 min, and 35–85 % 
over 10 min, before re-equilibration with the starting composition and 
injection of the next sample. The spectrometer was operated in either a 
data-dependent acquisition with parallel acquisition-serial fragmenta
tion (DDA-PASEF [25]) mode, or a data-independent acquisition PASEF 
mode (DIA-PASEF [26]), with 1.1 s cycle time, and a TIMS ramp time of 
100 ms. The precursor and fragment scan ranges were set to 350–1700 
and 100–1800 m/z, respectively.

For protein identification and quantification using DDA-PASEF, the 
data were searched against the human UniProt reference proteome 
(UP000005640, downloaded on 2021-11-11), including common con
taminants, using Fragpipe version 19.0 with MSFragger version 3.7, 
IonQuant 1.8.10 and Philosopher version 4.8.1 [27]. The following 
settings were used: trypsin with 2 missed cleavages; precursor mass 
tolerance (20 ppm); fragment ion mass tolerance (20 ppm). The modi
fications employed were: carbamidomethylation of Cys (+57.0215 Da; 
fixed), N-terminal acetylation (+42.0106 Da; variable) and oxidation of 
Met (+15.9949 Da; variable). The precursor and peptide-level false 
discovery rate (FDR) was set to 1 % with label-free quantification (LFQ) 
without match-between runs. PTM specific searches of DDA-PASEF data 
were performed as described above, but with Fragpipe 20.0 (including 
MSFragger version 3.8, IonQuant 1.9.8 and Philosopher version 5.0.0) 
and oxidation of Met/Tyr/Trp/His/Lys/Pro (+15.9949 Da) and nitra
tion of Tyr/Trp (+44.9851 Da) as additional variable modifications.

The DIA-PASEF database searches were performed using DIA-NN 
(version 1.8) [27] with a spectral library generated in silico from the 
human UniProt reference proteome (UP000005640) using the following 
parameters: trypsin with 1 missed cleavage; cysteine carbamidomethy
lation (fixed modification), methionine oxidation and N-terminal acet
ylation (variable modifications); peptide charge: 2–4; peptide length: 
7–25); precursor FDR: 1 %. The mass spectrometry proteomics data have 
been deposited to the ProteomeXchange Consortium via the PRIDE 
partner repository with the dataset identifier PXD056929.

Data from PXD037861 [28] was analyzed using Fragpipe as 

described above. Data from PXD006675 [29] was analyzed using Max
Quant 2.0.2.0 (FDR: 1 %; 20 ppm precursor and fragment ion mass 
tolerance; maximum 2 missed cleavage, with trypsin as enzyme). The 
modifications employed were: carbamidomethylation of Cys (+57.0215 
Da; fixed), N-terminal acetylation (+42.0106 Da; variable), oxidation of 
Met (+15.9949 Da; variable) nitration of Tyr/Trp (+44.9851 Da; 
variable).

2.8. Data analysis, visualization, statistical analyses and errors

For protein identification and quantification, only proteins identified 
in all 3 independent experiments for each condition, were used for 
analysis. Volcano plots were generated using the R package limma 
(version 3.40.6) to identify differentially expressed proteins between 
two groups. The protein profile dataset was first log2-transformed, then 
the lmFit function was applied to perform multiple linear regression. 
Subsequently, the eBayes function was employed to compute moderated 
t-statistics, moderated F-statistics, and log-odds of differential expres
sion by empirical Bayes moderation of the standard errors towards a 
common value. This process resulted in the determination of the sta
tistical significance of differential proteins. The following thresholds 
were set for significance: P-value <0.05, FDR <0.05, and a fold change 
greater than 2.

In the PTM analyses, only modified peptides identified in at least 2 
out of 3 biological replicates from at least one experimental group 
(unfractionated, CF1, CF2, CF3) were subjected to detailed analysis 
including evaluation of chromatographic retention times, spectral 
quality and correct isotopic assignments. Transcriptome data for endo
thelial cells were downloaded from The Human Protein Atlas 
(https://www.proteinatlas.org/) using the command string: cell_type_
category_rna:Endothelial cells; Detected in all, Detected in many, 
Detected in some, Detected in single. The Matrisome dataset used for 
reference classification was sourced from MatrisomeDB 2.0 (Matriso
meDB: 2023 updates of the ECM protein knowledge database [30]). 
Data plots were generated using Hiplot (https://hiplot.org).

3. Results

3.1. Workflow

Fig. 1 provides an overview of the experimental workflow employed 
to examine the proteome of primary human coronary artery endothelial 
cells (HCAEC) and their associated ECM. The HCAEC were examined at 
an early and consistent passage number (five), to minimize potential 
differences arising from different cell ages and de-differentiation. Ma
terial from three donors (3 biological replicates from each donor; all 
male but of different ages, see Materials and methods) were analyzed to 
allow the consistency and reproducibility of identifications across the 
different donors to be examined. Both cellular and ECM proteins were 
assessed using two different data acquisition methods (DDA-PASEF and 
DIA-PASEF [25,26]).

3.2. Comparison of fractionation versus unfractionated analysis

Analyses were carried out on both unfractionated and SEC- 
fractionated samples to determine whether the latter enhanced the 
number (breadth) and quality of the data, with these samples examined 
using both data acquisition methods. Fig. 2A displays representative SEC 
chromatograms (optical absorption at λ 280 nm) of samples from each of 
the donors, with three independent biological replicates for each. These 
indicate a high consistency between the three chromatograms of the 
biological replicates obtained from each donor, confirming the reli
ability of the protein extraction method. However, it is also clear that 
there are differences between the 3 donors in the elution profiles of the 
proteins eluted from the SEC, with the profiles for EC3003 and EC3118 
exhibiting a greater degree of similarity when compared to EC2366. As 
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the number of fractions collected was large, which would make LC-MS/ 
MS analyses unrealistic (due to the large amounts of machine time 
required), some of the fractions were merged, as indicated in Fig. 2B. 
Thus, fractions A8 - A12 were combined to form CF1 (Combined Frac
tion 1), while A13, A14, A15, B15, and B14 were merged to form CF2, 
and B10 – B13 were combined to give CF3. These combined fractions 
were concentrated, and subsequently analyzed in the same manner as 
the unfractionated samples.

3.3. Comparison of data-dependent (DDA) and data-independent 
acquisition (DIA) methods

Fig. 2C1 presents a comparative analysis of the number of proteins 
detected and quantified, using these different methods, for each of the 3 
donors (complete lists of identified proteins are presented in Supple
mentary Data File 1). In general, DIA gave higher numbers of total 
identifications than DDA. Within the DIA samples, the fractionated 
materials allowed the identification of more proteins when compared to 
unfractionated samples. However, in the DDA series, the opposite trend 
was observed, though this was less pronounced, with unfractionated 
samples allowing the identification of slightly more proteins than frac
tionated ones.

Fig. 2C1 and Fig. 2C2 provide data on the number of individual 
identifications and the extent of overlap between the different data 
analysis methods, and the unfractionated/fractionated samples, across 
each of the donors. In each case, large numbers of common proteins 
were detected across the methods. For the DDA approach, the number of 
common identifications between fractionated and unfractionated sam
ples was in the range ~2600–3400.

The situation with the DIA data was somewhat different, with the 
number of common identifications being considerably higher than for 
the DDA approach (e.g. 4619 versus 2674 for EC2366) and in the range 
of 1.52–1.72-fold (Fig. 2C2). In this case, fractionation gave higher 
numbers of identifications than the unfractionated samples (e.g. 6940 vs 

4257 for EC3003), though there was variation across the donors in the 
extent of this increase. When similar samples were compared directly 
using DIA versus DDA analysis methods, it was clear that DIA provided 
significant advantages over DDA in terms of total numbers of identifi
cations, with more unique identifications detected with DIA than with 
DDA. Overall, these data indicate that DIA provides much higher 
numbers of identifications than DDA, and that fractionation did not 
provide major advantages with DDA analysis, but did with DIA, though 
the extent of this increase was donor dependent.

3.4. Total proteome of ECs

The total proteome for each HCAEC donor was assessed by 
combining the data obtained for the fractionated and unfractionated 
methods with that from both the DDA and DIA approaches. Only pro
teins present in all biological replicates from cells for a particular donor 
were considered, with these then considered across all 3 donors. The 
resulting data are presented in Fig. 2D. The protein identifications have 
been grouped using the gene ontology (GO) term ‘Cellular Component’ 
in Supplementary Data File 2 to facilitate searching for data from 
particular organelles and cellular components. In total, 7102 proteins 
were identified in EC2366, 7174 in EC3003, and 7815 in EC3118. When 
data from all three donors were assessed, 5306 proteins were consis
tently identified of the 9903 detected in total (sum of all the identifi
cations; Fig. 2D), but significant numbers were also detected in only two 
donors (320–647 proteins) or a single subject (867–1253 proteins). 
These data indicated that there is a high degree of heterogeneity across 
the 3 donors examined, with only 68–75 % of the total proteins detected 
as common species for any particular donor, and ~54 % of all the 
identifications (5306 of 9903 total). Some of this variation is likely to 
arise from the challenges in detecting low abundance proteins, and 
limitations in the dynamic range of the mass spectrometer.

Fig. 1. Schematic representation of the experimental workflow in this study. Endothelial cells from three different donors (EC2366, EC3003, EC3118) were cultured 
for 7 days in flasks at passage 5 (see Materials and methods). Subsequently, the culture media was removed, and the cultures washed with PBS, before solubilization 
of the cellular proteins and surrounding ECM using 8 M urea at pH 8.0. The samples were then concentrated by ultrafiltration, followed by filter-assisted sample 
preparation (FASP) with trypsin digestion. A portion of the samples was directly analyzed by LC-MS/MS, while another portion was subjected to size exclusion 
chromatography (SEC) using an ÄKTA system, with the collected fractions then analyzed by LC-MS/MS.
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3.5. Comparison of proteome and transcriptome data

The common identifications detected by all methods and all donors, 
as well as the total identifications were compared to previously reported 
EC transcriptome data to determine what percentage of the predicted 
protein complement was detected (Fig. 3). The vascular endothelial cells 
were identified based on single-cell sequencing and derived from tissues 
including breast, endometrium, esophagus, fallopian tube, heart muscle, 
liver, lung, ovary, pancreas, placenta, prostate, salivary gland, skeletal 
muscle, skin, testis, thymus, tongue, and vascular tissues. Of the 5306 
common proteins, 4720 show commonality with the transcriptome data, 
with 586 proteins detected that were not present in the transcriptome. 
Conversely, 8787 transcripts were not detected at the protein level. For 
the total (9903) identifications, 7734 were also detected in the 
transcriptome.

3.6. Comparison of protein identification data between HCAEC donors

Principal component analysis (PCA) was performed on the pro
teomes detected in the biological replicates from the different donors 
(Fig. 4A). The first two principal components explained a cumulative 
variance of 88.4 %, indicating that these two dimensions effectively 
capture the majority of the data characteristics. The three biological 
replicates from each individual donor are tightly clustered, but the 
different donors are separated from each other. Heatmap analysis of the 
3750 proteins identified across all three HCAEC donors yielded similar 
results (Fig. 4B). Notably, EC3003 and EC3118 exhibited a much greater 
degree of similarity than either of these donors when compared to 
EC2366, consistent with the elution profiles observed in SEC (Fig. 2A). 
Cluster analysis of the heat map revealed 6 groups of proteins with 
different abundance patterns among the three donors (Fig. 4C, with 
detailed analysis provided in Supplementary Data File 3). Differential 
expression analysis of the proteins detected from each cell donor was 
conducted (Fig. 4D and Supplementary Data File 4).

3.7. Identification and quantification of matrix proteins from the HCAEC 
donors

The majority of both the common, and total protein identifications 
detected across the 3 donors are of cellular origin (Fig. 5A and B; 

Supplementary Data File 2). This is consistent with previous studies that 
have reported larger numbers of cellular compared to ECM proteins, 
though the latter are often more abundant in terms of quantity in tissues 
(e.g. Ref. [21]). Of the common identifications (5306 proteins) detected 
across all donors, 5100 are described as cellular using the classifications 
reported in MatrisomeDB 2.0 [30], with 206 listed as ECM and 
ECM-associated. Of the latter, 78 categorized are core matrix (matri
some) and 128 matrisome-associated, with these accounting for ~4 % 
(in terms of identifications) of the total detected proteome. Of the total 
number of identified proteins (9903 across all 3 donors), 9501 were 
classified as cellular proteins and 402 as ECM and ECM-associated, with 
the latter comprising 145 core matrisome components, and 257 
matrisome-associated. Of these 402 ECM species, 206 were common to 
all three donors (Fig. 5C). As representative of major ECM proteins, we 
analyzed the different isoforms of collagens and laminins in greater 
detail. Most collagen isoforms were detected across all three EC donors, 
except for COL6A2, which was only identified in EC3003. Similarly, 
COL11A2, COL12A1, and COL13A1 were detected in only one donor 
each (EC3118, EC3003 and EC3118 respectively). COL10A1 was iden
tified in both EC2366 and EC3003, but not in EC3118 (Fig. 5D). Of the 
laminin isoforms detected, LAMA4, LAMA5, LAMB1, LAMB2, and 
LAMC1 were identified in all three donors, while LAMA2 was only 
detected in EC3118, and not in the other two donors (Fig. 5E).

3.8. Detection of oxidative post-translational modifications

The feasibility of detecting post-translational protein modifications 
on HCAEC proteins (both cellular and ECM) using the proteomics ap
proaches discussed above was evaluated with a focus on the detection of 
oxidized and nitrated species. Such modifications can arise from both 
enzymatic and non-enzymatic reactions (reviewed [31]) and can both be 
intended site-specific enzymatic processes (e.g. hydroxylation of lysine, 
Lys, and proline, Pro, residues during ECM protein processing [32]), or 
from (presumed) unintended oxidative insults (e.g. Refs. [31,33]). 
Whilst many studies have focused on one or other of these events, and at 
specific residues (e.g. methionine, Met, or cysteine, Cys, residues), 
modifications can occur on a range of other residues. In the current 
study, database searches were performed to identify oxidation/hy
droxylation at Tyr, Trp, His, Lys, Pro and Met. This resulted in detection 
of 4456–5019 putatively modified peptides derived from proteins from 

Fig. 2. Data on the proteins detected and quantified using different experimental approaches. (A) Elution profile of protein preparations (with 3 biological replicates 
of each) from EC2366, EC3003 and EC3118. (B) Schematic representation of the combination of fractions for the subsequent LC-MS/MS analyses. (C1) Number of 
protein IDs detected in different HCAEC donors using different analytical methods. DDA_NonFrac: samples processed without fractionation and analyzed by DDA- 
PASEF. DDA_Frac: samples processed with fractionation and analyzed by DDA-PASEF. DIA_NonFrac: samples processed without fractionation and analyzed by DIA- 
PASEF. DIA_Frac: samples processed with fractionation and analyzed by DIA-PASEF. (C2) The number of shared proteins identified under specified sample pre
processing methods (with or without fractionation) and MS acquisition modes (DDA or DIA). (C3) Venn diagram analysis of the proteins identified in different 
HCAEC donors under various sample preprocessing methods (with or without fractionation) and MS acquisition modes (DDA or DIA). (D) Venn diagram comparison 
of proteins detected in different HCAEC donors. The sets of each cell donor include all proteins identified through DDA-PASEF- and DIA-PASEF LC-MS/MS analyses, 
with and without fractionation.

Fig. 3. Comparison of EC proteomics (this study) and reported transcriptomic data. The Venn diagrams showing overlap between the vascular endothelial tran
scriptome and proteins common to all three cell donors (A) or proteins detected in any cell donor (B).
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each of the individual cell donors (Supplementary Table 1). Of these, 
1604–2148 were reproducibly detected in at least two of three biological 
replicates from one of the experimental conditions (e.g. unfractionated, 
CF1, CF2 or CF3). These searches were refined by excluding 
Met-containing peptides as these might be artifactually-modified during 
sample processing. This yielded 398–553 peptides from the cells of in
dividual donors. Of these, 255 were identified in the samples from at 
least two different cell donors, indicating either sites of deliberate 
enzymatic oxidation, or sites particularly sensitive to unintended 
modification. These peptides were subjected to more detailed analysis, 

including evaluation of chromatographic retention times, spectral 
quality and correct isotopic assignments. A total of 104 peptides, 
covering 162 putative oxidation sites passed this evaluation, with 89, 
85, and 97 of these peptides detected in EC2366, EC3003 and EC3118, 
respectively (Fig. 6). Among these, the most frequently assigned 
oxidized residue was Pro, followed by Trp, Lys, His and Tyr (Fig. 6). In a 
limited number of cases, the assignment of the specific oxidation site is 
ambiguous, due to the presence of several potential oxidation sites in 
close vicinity. In addition, some peptides were detected with two added 
oxygen atoms that might arise from di-oxidation at a single residue, or 

Fig. 4. Comparison of the proteome profiles of each cell donor based on samples processed without fractionation and analyzed by DIA-PASEF mass spectrometry. (A) 
Principal component analysis (PCA) and (B) heat map analysis plot of log2 transformed label-free quantification (LFQ) intensities of the proteins identified from 
EC2366, EC3003 and EC3118. Rep1, Rep2 and Rep3 represent the three biological replicates from each donor. (C) Cluster profile plot showing patterns of protein 
abundance changes across different cell donors. (D) Volcano plot indicating differential protein expression between pairs of the three different donors.
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mono-oxidation of two different residues (Supplementary Table 2). A 
number of the peptides with oxidized Pro have been assigned to colla
gens types I, II, IV and V. Oxidation was also detected on a number of 
other ECM proteins, including laminin, fibronectin and vimentin 
(Table 1). Other proteins detected with significant levels of modifica
tions include those derived from the endoplasmic reticulum (ER), with 
10 peptides from protein disulfide-isomerases detected with oxidation 
primarily at Pro (Supplementary Table 2). Other ER proteins detected 
with oxidized residues include calnexin, calreticulin and peptidyl-prolyl 
cis-trans isomerase (Supplementary Table 2).

The proteomes were also searched for nitration at Tyr and Trp resi
dues, the major sites of such modifications [34]. Nitration was detected 
on 233–345 peptides in proteins from each cell donor (Supplementary 
Table 3), with 47–79 of these detected in at least 2 out of 3 biological 
replicates from any single experimental condition (i.e. unfractionated, 
CF1, CF2 or CF3). Of these, 23 peptides covering 25 putative nitration 
sites were reproducibly detected and validated in at least 2 cell donors 
(Table 2, Fig. 6), indicating that these are major sites of nitration, with 
these being present at 17 Tyr and 8 Trp residues (Fig. 6). Tyr nitration 
sites were detected on 16 different proteins with 8 of these being 
included in a previous Tyr nitration database [35], including elongation 
factor 1-alpha, endoplasmic reticulum lectin 1, eukaryotic translation 
initiation factor 5A-2, heat shock protein HSP 90, moesin, profilin, 
T-complex protein 1 and tubulin. For proteins such as A-kinase anchor 
protein 9, beta-actin, dihydropyrimidinase and guanine 

nucleotide-binding protein G(I)/G(S)/G(T), similar but non-identical 
matches were found in this database [35]. Proteins not included in the 
database include armadillo repeat-containing protein 6, interleukin-1 
receptor-associated kinase and protein FAM171A1. Two proteins, 
moesin and tubulin alpha-1C chain feature on both the list of proteins 
with oxidations and nitrations. Searches for Tyr and Trp nitration were 
also carried out against a public endothelial cell proteomic dataset 
(PXD037861 [28]); these searches identified 5 common nitrated pep
tides between the two datasets (Table 2). Evidence for tyrosine nitration 
in the peptide 149TTGIVMDSGDGVTHIVPIYEGYALPHAILR178 from 
beta-actin-like protein 2 was also obtained when we interrogated a 
dataset (PXD006675) containing proteomics MS data for endothelial 
cells isolated from the atrium of patients undergoing cardiac surgery 
[29].

4. Discussion

In this study, quantitative LC-MS/MS proteomics was performed on 
HCAEC isolated from three donors. Robust and in-depth data were ob
tained from three biological replicates from each of the three cell do
nors, providing high quality proteome data. Each sample was analyzed 
both with, and without, SEC fractionation. The SEC pre-fractionation 
resulted in an increase in the number of proteins identified when 
using DIA data acquisition. This increase in number of identifications 
has to be balanced against the more complex and time-consuming 

Fig. 5. Cell, ECM and ECM-associated proteins detected and quantified from the different HCAEC donors. Stack bar plot showing the number of cellular proteins, 
core matrisome, and matrisome-associated proteins identified in all three EC donors (A; 5306 proteins in total) or in any of the three EC donors (B; 9903 proteins in 
total). (C) Venn diagram comparison of ECM (core matrisome and matrisome-associated) species detected in different HCAEC donors. The data presented for each cell 
donor includes all proteins identified by either DDA-PASEF or DIA-PASEF LC-MS/MS from both directly assessed and fractionated samples. Isotypes of (D) collagens 
and (E) laminins identified and quantified across the three different HCAEC donors, based on samples processed without fractionation and analyzed by DIA-PASEF.
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sample processing, and the increased machine time needed for the 
analysis (3-fold, even when combined fractions are used as employed 
here, but potentially much more). These data also indicate the signifi
cant advantages of DIA analysis, as a greater depth and breadth of 
proteome coverage (i.e. total number of proteins) were observed when 
compared to the DDA approach. However, the latter (currently) offers 
significant advantages in terms of the analysis of protein modifications 
(PTM, see also below), where analysis of DIA data is problematic. 
However, this drawback of DIA may decrease or disappear with recent 
software developments (e.g. new versions of DIA-NN).

The SEC chromatograms, PCA, and heat map analyses all demon
strated significant clustering within the biological replicates from 
HCAEC isolated from a single donor, indicating good reproducibility of 
the methods employed, but greater differences between cells isolated 
from different donors (c.f. principal component analysis plot in Fig. 4A 
and heat map, Fig. 4B). The proteomes from HCAEC from two donors 
(EC3003 and EC3118) were closely aligned, whereas that from the third 
donor (EC2366) showed greater differences (Fig. 4B). Comparison of the 
proteomes revealed that the composition of ECM proteins were a sig
nificant factor in the overall proteome differences between the cells. The 
underlying reasons for these differences cannot be determined from the 
current data. It is interesting to note that the donor (EC2366), which 
showed the greatest divergence, was significantly older (60 years) than 
the other donors (31 and 38 years), suggesting that age may be a sig
nificant factor. However contributions from other factors (e.g. smoking, 
diabetes, BMI, hypertension, other diseases) may also play a role, and 
cannot be assessed, as no additional data are available on these (com
mercial) cell donors. These factors are clearly worthy of further inves
tigation, though there are potential logistic problems in obtaining 
sufficient donor cells simultaneously.

Detailed analysis of two representative ECM proteins, collagens and 
laminins, revealed differences in the isoforms of these proteins between 
the HCAEC from different donors. Donor EC2366 again showed diver
gence when compared to the other donors, both with regards to the total 
number of ECM species detected (264 for EC2366, versus 314 and 316 
for EC3003 and EC3118, respectively) and the relative amounts of 
different core ECM species, and particularly collagens 1A1/A2, collagen 
2A1, collagen 4A1, and laminins A2 and A5. Differences were also 
detected in collagen 6A2, though this was less marked. These changes 
may be associated with known age-dependent decreases in ECM syn
thesis capacity [36,37], though it may also result from increased ECM 
degradation with age, or a combination of these two factors [37].

In the current study, multiple PTMs were detected in the proteome 
datasets. In general, similar modification sites in the different target 
proteins were mapped, although some variation between the HCAEC 
from each donor were detected. A large number of the modifications 
identified are hydroxylations at Pro residues on ECM proteins, with 
these being consistent with deliberate enzymatic oxidation. These were 
detected particularly on collagen chains, which would be expected from 
the key role of these PTMs in stabilizing collagen triple helical structures 
(Table 1) and the high abundance of this modification in these proteins 
([38]; see also [39]). Pro hydroxylation was also detected on other ECM 
proteins, together with Lys hydroxylation [40,41], which was less 
abundant. The lower abundance of the latter type of modification was 
expected as it is often transient, with this species known to be involved 
in subsequent cross-links to other proteins and as a site of glycosylation 
[38,40,41]. These further modifications on the hydroxylated Lys resi
dues would not be detected using the approach used in the current study.

Oxidation of Trp, Tyr and His was also observed on ECM proteins. In 
some cases, the site of oxidation could not be unambiguously identified, 

Fig. 6. (A) Venn diagram showing validated modified peptides identified in at least two out of the three HCAEC donors, with Met-containing peptides excluded. (B) 
Site-specific residue assignment of validated oxidized peptides expressed as the number of peptides detected with modification at the indicated residue. (C) Cell 
compartment annotation of validated oxidized peptides. (D) Venn diagram showing validated nitrated peptides. (E) Site-specific residue assignment of validated 
nitrated peptides. (F) Cell compartment annotation of validated nitrated peptides.
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including on peptides from EGF-containing fibulin-like extracellular 
matrix protein 1, endoplasmin, fibrillin-1, plasminogen activator 
inhibitor-1, procollagen-lysine and 2-oxoglutarate 5-dioxygenase 1. In 
many of these examples, oxidation appears to occur at two neighboring 
(or nearby) residues, often involving at least one Trp residue, and these 
may potentially be di-oxygenations at Trp (e.g. to give N-for
mylkynurenine or hydroperoxides) rather than two mono-oxygenations. 
Of particular note are the multiple modifications detected on plasmin
ogen activator inhibitor-1, where modifications were detected at 3 
different sites. Oxidation was also detected on fibronectin, and laminin 
subunit alpha-4, which are both abundant and established targets of 
oxidants [42–46]. Reaction with adventitious oxidants rather than 
deliberate enzyme-mediated reactions is the likely source of these 
modifications. Interestingly, both the fibronectin sites detected as 
oxidized in the current study (Trp1742 and Trp1923), were also detec
ted as modified on exposure of fibronectin to reagent hypochlorous acid 
(HOCl) [42]. Both modified residues lie within the Heparin II binding 
domain, suggesting that oxidation at these sites may be of functional 
importance.

Oxidation of cellular proteins was also detected, which may be 
related to their abundance, intracellular location or function. There was 
evidence for hydroxylation of Pro, and oxidation of Lys, His, Trp and Tyr 
residues (Supplementary Table 2). As with some of the ECM proteins, 
the exact location of the modifications could not be determined for some 
species (as above). A limited number of proteins, including the key 
metabolic and signaling enzyme glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), metallothionein-2, moesin, protein disulfide- 
isomerase (P4HB), protein disulfide isomerase A3, thioredoxin 
domain-containing protein 5, and transgelin-2, were modified at mul
tiple sites, as shown by the detection of several tryptic peptides con
taining PTMs from each of these proteins. Protein disulfide-isomerase 
isoforms appear to be important targets, with evidence for the modifi
cation of 10 peptides across 3 isoforms. Whilst some of these modifi
cations have been assigned as Pro hydroxylations, it is possible that 
modification of (common) neighboring Trp residues could account for 
the mass change. This uncertainty cannot be resolved from the current 
data due to the limited fragments detected from these peptide se
quences. Several of the oxidized residues identified in the protein 
disulfide-isomerases and thioredoxin, are located close to the active site 
CXXC motif involved in thiol-disulfide exchange reactions. Conse
quently, these modifications may impact on protein activity, though this 
has not been examined. However it has previously been demonstrated 
that the conserved Trp31 residue in thioredoxin [47], identified here as 
being oxidized, plays a critical role in disulfide bond reduction.

Nitration was also detected on a limited number of proteins at Tyr 
and Trp residues with the former being more numerous. This is consis
tent with previous data and appears to occur irrespective of the Tyr:Trp 
ratio, indicating that Tyr nitration is more favorable [34,48]. This has 
been ascribed to a decreased extent of competition from other reactions 
(e.g. less rapid addition of O2 to the Tyr phenoxyl radical compared to 
Trp indolyl species [48]). With moesin and tubulin alpha-1C chain, there 
was evidence for both oxidation and nitration but on different peptides, 

Table 1 
Summary of oxidized ECM proteins and corresponding peptides detected in at least two cell donors. The modified residue(s) are indicated in red and bold 
text. Key: Ox – hydroxylation or oxidation (m/z +15.9949); IAM – addition of acetamide at Cys (m/z +57.0215) from thiol group alkylation using 
iodoacetamide.

aPossibly Trp dioxidation instead of two monooxidations.
bSite assignment ambiguous.
cPeptide also detected with single oxidation.
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and sites. Interestingly, a number of proteins that have been previously 
reported as being sensitive to nitration, including prostaglandin I2 
(prostacyclin) synthase [49,50] and mitochondrial superoxide dismut
ase (SOD2) [51,52], were either not detected in the proteome datasets in 
either their native or any modified forms (prostaglandin I2 synthase), or 
not detected in their nitrated form (SOD2). In the latter case, all three 
isoforms were detected as unmodified species.

As with the oxidations observed, a small number of proteins were 
nitrated at multiple sites, including beta actin-like protein 2, elongation 
factor 1-alpha 1, and heat shock proteins HSP 90-alpha and -beta 
(Table 2). These data indicate that some proteins are more prone to 
nitration than others, and that some specific sites are very sensitive to 
nitration. As with the oxidations, this may be due to their abundance, or 
subcellular location. Of particular interest, is the observation that 10 of 
these nitrated proteins were also detected in a previous study on human 
coronary smooth muscle cells (HCASMC) exposed to ONOOH/ONOO−

[23], suggesting that there are common nitration targets in the vascular 
proteome. Five of the peptides (those from beta-actin-like protein 2, 
elongation factor 1-alpha 1, profilin-1, T-complex protein 1 subunit 
alpha, tubulin alpha-1C chain) detected for all three HCAEC donors were 
also detected in a corresponding HCASMC dataset [23], suggesting that 
these are common targets across different vascular cells. This consistent 
modification strongly suggests that these proteins are major nitration 
targets even under basal (no added oxidant) conditions. This conclusion 
is reinforced by a search of an existing public endothelial cell protein 
dataset [28], where 5 common nitrated peptides (from armadillo 
repeat-containing protein 6, beta-actin-like protein 2, probable 
phospholipid-transporting ATPase VA, profilin-1 and tubulin alpha-1C 
chain) were detected across these datasets (Table 2). Thus, 3 nitrated 
peptides (from beta-actin-like protein 2, profilin-1 and tubulin alpha-1C 
chain) have been detected as common across all three datasets. The 

identification of nitrated beta-actin-like protein 2 in endothelial cells 
derived from human cardiac tissue underpins the physiological rele
vance of these findings [29].

Several of the nitrated proteins identified from the HCAEC are 
known to play an important role in regulation of cytoskeletal dynamics 
and vascular tone. For example, nitration can block polymerization of 
β-actin and has been observed following TNFα-mediated exposure to 
ONOOH in vascular endothelial cells [53]. Nitration of beta-actin and 
HSP90 may be influenced by the close association of these proteins with 
eNOS, a significant source of NO., and hence probably peroxynitrous 
acid [54]. Furthermore, several of the other identified nitrated proteins 
are known to interact with actin, including moesin, profilin, T-complex 
protein 1, and translationally-controlled tumor protein. Nitration of the 
cytoskeletal protein tubulin can regulate dynein dynamics and micro
tubule formation, with Tyr449 in the alpha chain being an established 
target [55]. Here we identified nitration of Trp388 in tubulin alpha-1C 
chain in all three HCAEC donors (as well as in HCASMC exposed to 
ONOOH [23]) and this modification may show similar functional con
sequences. Nitration at Tyr354 was also detected on interleukin-1 
receptor-associated kinase 4 (IRAK-4), a key regulatory molecule 
which modulates nuclear factor-κB (NFκB) signaling [56]. Consistent 
with this detection, a previous study has reported that eNOS-mediated 
nitration of IRAK-4 modulates this pathway [56].

Multiple different processes are likely to contribute to the modifi
cations detected in the current study. The oxidation of Pro and Lys is 
likely to arise from the enzymatic activity of multiple enzymes and is an 
intentional PTM required for biological function (e.g. at Pro to stabilize 
collagen triple helices, or at Lys for protein cross-linking and sugar 
attachment [38,40,41]). In contrast, the oxidative modifications at Trp, 
Tyr and His, and the nitration of Trp and Tyr, probably arise from un
intended processes. Whilst multiple processes are known to generate 

Table 2 
Summary of modified peptides and parent proteins detected across the three HCAEC donors and comparison with those detected previously for corre
sponding smooth muscle cells (SMC) reported in previous studies. The modified residue(s) are indicated in red bold text. Key: Nit – nitration (m/z 
+44.9851); IAM – addition of acetamide at Cys (m/z +57.0215) from thiol group alkylation using iodoacetamide; Ox - oxidation.

aIdentified in smooth muscle cells without ONOOH exposure in Ref. [23].
bIdentified in smooth muscle cells exposed to ONOOH in Ref. [23].
cListed as a Tyr nitrated protein in Ref. [35].
dIdentified in PXD037861 [28].
eIdentified in PXD006675 [29].
fAnnotated as nitrated residue in some spectra.
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oxidative modifications (reviewed [31,33]), the nitration is likely to 
arise from nitrating species (e.g. peroxynitrous acid/peroxynitrite, NO2

. , 
N2O3 [34,57]) arising from the enzymatic activity of eNOS, a constitu
tive enzyme of HCAEC, and critical for the biological vasorelaxation 
activity of these cells. Peroxynitrous acid/peroxynitrite is also a 
well-established oxidant, and may contribute to the oxidations detected 
at Trp, Tyr and His [34,57]. NO2

. can also be formed from the reaction of 
nitrite (NO2

− ) with activated peroxidase enzymes (e.g. myeloperoxidase 
(MPO) and peroxidasin (PXDN) [58–60]), and this radical can generate 
nitrated products from Tyr and Trp residues [34,57]. However, there are 
few data supporting the presence of MPO in primary endothelial cells ex 
vivo, although MPO can be detected in arterial wall ECs in vivo at sites of 
inflammation [61]. Thus, MPO is unlikely to be a significant source of 
nitration in the current study. In contrast, PXDN is expressed in ECs, and 
has been reported to be essential for EC survival [62]. This enzyme is 
therefore a potential candidate for the source of the observed nitration, 
in addition to peroxynitrous acid/peroxynitrite or N2O3. Further studies 
are required to examine these possibilities.

This study has several strengths and limitations. The use of 3 bio
logical replicates from three different HCAEC donors has allowed both a 
broad and in-depth analysis of the cellular and ECM proteomes of these 
primary cells, whose dysfunction is of major importance in multiple 
human pathologies. Analysis of the data using the gene ontology (GO) 
term ‘Cellular Component’ shows that good coverage of both intra- and 
extra-cellular proteins, and also species from different cellular com
partments has been achieved (Supplementary Data File 2). Thus proteins 
have been detected from all major organelles (e.g. nuclear, mitochon
drial, cytosol, lysosomal, endoplasmic reticulum, Golgi apparatus, per
oxisomes, vesicles, membrane species, etc), as well as many enzyme 
complexes (e.g. respiratory and electron-transport chains) and the 
extracellular matrix that surrounds and supports cells. The current 
datasets therefore provide an important basis for studying changes that 
occur during the development of disease (e.g. atherosclerosis and aortic 
aneurysms). The data on ECM changes – a topic commonly neglected in 
proteomic studies (though see Ref. [21]) – may also be of major 
importance given the growing realization that ECM changes are of 
critical importance in both the above diseases, and also the many pa
thologies involving fibrosis [63,64]. This study also provides an in-depth 
analysis of the occurrence, sites and protein targets of endogenous 
oxidation and nitration in this cell type, and revealed a number of spe
cific and sensitive targets of these processes, with some of these vali
dated using other available datasets, and against data for related 
primary coronary artery smooth muscle cells [23].

It would clearly be advantageous to examine larger numbers of 
HCAEC samples from additional cell donors, but this would be associ
ated with significant technical and cost limitations associated with the 
processing and running of large numbers of samples. The lack of addi
tional (clinical and lifestyle) data on the donors is a significant limita
tion, and there would be obvious benefits in examining donors of 
different ages in the light of the observed clustering of the data from the 
two younger donors compared to the single older donor, to determine 
whether subject age is a major factor. In addition, larger number of 
donors would allow potential differences arising from biological sex, 
ethnicity and lifestyle factors to be discerned.

It should also be noted that there are a significant number of limi
tations arising from the experimental set-ups employed. These include 
the use of cultures generated under 21 % O2, which does not reflect 
biological reality (endothelial cells in major blood vessels are typically 
exposed to ~ 13 % O2), the use of static cultures (i.e. absence of flow) 
and the absence of other cell types which may modulate cell behavior. 
Furthermore, the post-translational modifications searched for exclude 
modifications at Cys residues. This is a (partial) consequence of the 
elimination of unstable modifications at Cys as a result of the reduction 
and alkylation steps carried out during sample processing that were 
required to obtain high sequence coverage. Furthermore, the large 
number of products that can be generated from this residue massively 

increases the computational time and power required to carry out 
comprehensive searches. However, this would be a critical avenue to 
follow up on, in future studies.
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