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Protein carbamylation and
proteomics: from artifacts to
elucidation of biological functions
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Biological Sciences Division, Pacific Northwest National Laboratory, Richland, WA, United States

Lysine carbamylation is a non-enzymatic protein post-translational modification
(PTM) that plays important roles in regulating enzymatic activity and the
pathogenesis of diseases such as atherosclerosis, rheumatoid arthritis, and
uremia. The progress of understanding the roles of carbamylation in biological
systems has been delayed due to lack of systematic assays to study its functions.
To aggravate this scenario, carbamylation is a major artifact in proteomics analysis
given that urea, which is used during sample preparation, induces carbamylation.
In addition, anti-acetyllysine antibodies co-purify carbamylated and acetylated
peptides. In a recent paper, we leveraged co-purification with anti-acetyllysine
antibodies to develop a method for analyzing carbamylated proteomes. In this
perspective article, we discuss how this method may be applied to characterize
the physiological functions of carbamylation in humans and other biological
models, as well as the utility of establishing novel disease biomarkers.

carbamylation, post-translational modification, proteomics, function, disease

1 Introduction

Post-translational modifications (PTMs) of proteins expand the repertoire properties of
the 21 genetically coded amino acids. These modifications are critical for regulating protein
function, activity, localization, interaction, and turnover. To date, there are over 400 known
PTMs (Li et al, 2022), but most of the knowledge is concentrated around a few
modifications, such as phosphorylation, glycosylation, acetylation, and ubiquitination.
Carbamylation is a PTM that occurs via nonenzymatic modification of the amine
groups of protein N-terminus or lysine side chains. Lysine carbamylation has been
identified as an important regulator of disease development and thus serves as a
biomarker. Mechanistically, carbamylation regulates protein/enzyme activity, gene
expression, cell signaling and metabolism (Figure 1A). Mass spectrometry-based
proteomic analysis provides an instrumental resource for discovering novel roles of
protein PTMs, including carbamylation in biological systems. However, protein
carbamylation is a major artifact in proteomics sample preparation, representing a
major challenge. In this perspective article, we describe recent developments in
proteomics analysis of protein carbamylation as well as opportunities and needs to
advance the field.
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FIGURE 1

Lysine carbamylation. (A) Biological functions of protein carbamylation. (B) Mechanism of protein carbamylation and decarbamylation. MPO;
Myeloperoxidase. (C) A role of carbamylation on ornithine transcarbamylase in the urea cycle. Kcx-307; carbamylated lysine-307 (D) Structure of
carbamyl-lysine and related molecules. The structural differences are highlighted by the colors
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2 Mechanism of protein carbamylation
and de-carbamylation

The current mechanisms for known to induce lysine
carbamylation are non-enzymatic reaction of cyanate, isocyanate
or carbamoyl-phosphate that adds a carbamoyl moiety (-CONH,)
forming N¢-carbamyl-lysine (also known as carbamoyl-lysine or
homocitrulline) (Figure 1B). Cyanate and isocyanate are formed by
upstream degradation of urea or by oxidation of thiocyanate by
myeloperoxidase (MPO) (Figure 1B) (Verbrugge et al., 2015). In the
case of carbamoyl-phosphate, this is a natural metabolite of the
organism, being an intermediate of the urea cycle and the de novo
pyrimidine biosynthesis pathway (Joshi et al., 2015; Matsumoto
et al,, 2019; Chen et al., 2023). Carbamylation activates ornithine
transcarbamylase (Hu et al., 2023), the first step of the urea cycle, by
transferring the carbamyl moiety from carbamoyl phosphate to
1C).
converted to arginine by argininosuccinate lyase, which is

ornithine to produce citrulline (Figure Citrulline is
consequently cleaved by arginase to release urea and recycle
ornithine (Figure 1C) (Matsumoto et al., 2019). The released urea
is excreted into urine to detoxify the body from nitrogen
(Matsumoto et al, 2019). This mechanism is regulated by
sirtuins, specifically, SIRT4 (Hu et al, 2023). SIRT4 removes
carbamylation from ornithine transcarbamylase, reducing its
activity (Figure 1C) (Hu et al, 2023). However, in amino acid
body),
SIRT4 expression is downregulated to increase urea production

excess (the main source of nitrogen in the
and excretion (Hu et al, 2023). In humans, the sirtuin family
comprises of 7 enzymes that cleave multiple acyl groups from
lysine  residues, including acetylation, lactylation, and
malonylation (Bheda et al, 2016). Therefore, it is possible that
other members of this family also have decarbamylase activity.
Sirtuins are part of a much larger group of proteins named
histone deacetylases (HDACs) (Park and Kim, 2020); yet the
HDACs has not

investigated. Therefore, the current literature suggests that lysine

decarbamylase activity of other been
carbamylation occurs through non-enzymatic mechanisms, while its
removal being catalyzed by enzymes, such as SIRT4. However, it is
possible that other enzymes, particularly within HDAC families,

may also exhibit decarbamylase activity.

3 From in vitro artifact to opportunities
to study functions of carbamylation

The use of various buffers, detergents, and salts for efficient cell
lysis and protein extraction is fundamental in proteomics. Urea, a
common denaturing agent, was first used in protein denaturation in
the early 20" century (Mirsky and Pauling, 1936) and has been used
for proteomics since the 1990s (Henzel et al., 1993; Shevchenko
et al., 1996). Urea effectively denatures and solubilizes proteins;
however, it also induces carbamylation, an artifact that can mislead
protein analysis results. Carbamylation occurs when urea
decomposes into cyanate in aqueous solutions, which then reacts
with N-terminal amino groups and the side chains of lysines
(Figure 1B) (Marier and Rose, 1964; Kollipara and Zahedi, 2013).
This artifact not only alters carbamylation levels in target proteins

but also disrupts quantitative chemical labeling (e.g., tandem mass
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tags), blocks trypsin digestion, and modifies peptide charge, mass,
and retention time (Stanfill et al, 2018). Moreover, artifactual
carbamylated peptides negatively affect the enrichment of lysine-
acetylated peptides during immuno-purification by competing for
binding with anti-acetylated lysine antibodies. This cross-reaction is
due to the structural similarities between carbamyl- and acetyl-
lysines (Figure 1D) (Martinez-Val et al., 2017). Several strategies can
mitigate artifact carbamylation, such as adjusting temperature, pH,
urea concentration, and incubation time. Freshly prepared urea and
room temperature sample preparation significantly reduces
carbamylation since urea decomposes faster into cyanate at
higher temperatures (Wisniewski et al., 2009). Detergents like
sodium deoxycholate (SDC) can be used as an alternative to urea
to avoid protein carbamylation. SDC improves protein denaturation
and solubilization, increasing the number of detected proteins and
enhancing spectra quality (Lau and Othman, 2019; Lin et al., 2008;
Masuda et al., 2008; Leon et al., 2013; Shahinuzzaman et al., 2020).
Using SDC limits carbamylation to endogenous levels, with studies
showing over a 67% reduction in carbamylated lysine residues
compared to urea-based buffers (Martinez-Val et al., 2017; Lau and
Othman, 2019). Recently, we used SDC to avoid artifactual
carbamylation and leveraged the copurification of carbamylated
peptides using anti-acetylated lysine antibodies (You et al., 2023).
We tested the approach to study the role of carbamylation in
inflammation using a macrophage cell line treated with bacterial
(LPS).
2,378 endogenously carbamylated peptides, 360 of which

lipopolysaccharide Quantitative  analysis revealed
were regulated by LPS. Functional-enrichment analysis indicates
that these proteins are involved in diverse cellular processes
from metabolism to signaling pathways. We also found that
carbamylation regulates ubiquitination machinery (You et al,
2023). Overall, the use of non-carbamylating denaturing
agents, such as SDC, prevents the formation of artifactual
carbamylation and the use of anti-acetyl-lysine antibodies
enables a comprehensive analysis of the carbamylated proteome.
This opens opportunities to discover new roles for protein
carbamylation, evidenced by our discovery of carbamylation

regulation of ubiquitination machinery.

4 Role of protein carbamylation in
regulating enzymatic activity

As mentioned above for ornithine transcarbamylase, lysine
carbamylation is a regulator of enzymatic activity. Carbamylation
is also a component of enzyme catalytic sites. For instance, ureases
bear a carbamylated lysine along with multiple histidines, and
an aspartate in their catalytic site, which coordinate two metal
ions (Proshlyakov et al., 2021). Most of the known ureases have
two nickel ions but others have two iron ions, which induce the
cleave and release of ammonia from urea (Figure 2A) (Proshlyakov
et al, 2021). Similarly, most of the members of the cyclic
amidohydrolase family have a carbamylated lysine in their
catalytic site that coordinates metal ion binding (Guan et al,
2021; Huang, 2020; Huang et al., 2023). This family includes
allantoinase, dihydroorotase, dihydropyrimidinase, hydantoinase,
and imidase (Figure 2B) (Guan et al, 2021; Huang, 2020; Huang
et al., 2023). For instance, in the case of Escherichia coli allantoinase,
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Carbamylated lysine in enzyme catalytic sites. (A) The catalytic site of urease from K. aerogenes (PDB 1FWJ). Nikel ions are presented by cyan
spheres. (B) Substrates and products of urease and the cyclic amidohydrolase family, which have carbamylated lysine in their catalytic sites. (C) The
catalytic site of E. coli allantoinase (PDB 8HFD). Zinc ions are presented by green spheres. Carbamyl-lysine is colored by magenta.

the catalytic site is composed of four histidines, one aspartate and one
carbamylated lysine that coordinate two zinc ions (Figure 2C) (Huang
et al, 2023). Therefore, lysine carbamylation is an important
structural component of the catalytic
amidohydrolase family, helping in their activity of opening or
closing the rings of their substrates (Guan et al, 2021; Huang,
2020; Huang et al,, 2023). It might not be a coincidence that the
cyclic aminohydrolases have similar mechanism than urease, their

site of the cyclic

substrates are all ureides (Figure 2B). It is possible that elevated urea
concentrations induce carbamylation, leading to the activation of
these enzymes.

Another mechanism by which carbamylation regulates
enzymatic activity is by modifying substrates and preventing
them to be used or recognized by the enzymes. For example,
carbamylation of ubiquitin blocks the formation of polyubiquitin
chains (Pawloski et al., 2022). This can have detrimental effects on
cells, as polyubiquitination regulates a variety of cellular processes,
including targeting proteins for degradation in the proteasome.
Indeed, degraded in the
proteasome and accumulate in cells (Desmons et al, 2019).
Carbamylation also affects the de-polymerization of polyubiquitin
2023). We have recently shown that
carbamylation of MIl-linked diubiquitin blocks it from being

carbamylated proteins are not

chains (You et al,
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cleaved by the deubiquitinase OTULIN (You et al,, 2023). In
summary, carbamylation has important roles in regulating
enzymatic activity. The advances in carbamylated proteomics
analysis will enable to further study the role of carbamylation in
other enzymes and proteins with other functions.

5 Protein carbamylation as biomarker
and mechanistic transducer of diseases

In vivo carbamylation can be mediated by myeloperoxidase, a
critical inducer of neutrophile extracellular trap (NET) formation,
and by urea-derived cyanate (Figure 1B). MPO-mediated protein
carbamylation is implicated in the pathogenesis of numerous
diseases such as atherosclerosis, rheumatoid arthritis,
periodontitis, and chronic kidney disease (Wang et al., 2007; Shi
et al,, 2011; Gorisse et al., 2016). MPO-induced carbamylation of
lipoproteins is implicated in the pathogenesis of atherosclerosis
(Wang et al, 2007). MPO is enriched in atherosclerotic lesions
(Hazen, 2004) and has been shown to carbamylate low-density
lipoprotein (LDL) and cardioprotective high density lipoprotein
(HDL), resulting in proatherosclerotic conversion of HDL
(Denimal, 2023). Carbamylated HDL is elevated in both type 1
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(T1D) and type 2 diabetes (T2D), where it correlates to patient
cardiovascular risk in T2D and glycemic control in T1D (Denimal,
2023). Carbamylated LDL is also elevated in T2D prior to kidney
dysfunction, where it has been shown to directly induce epithelial
cell death, suggestive of a central role of carbamylation in the
concurrent pathogenesis of T2D, atherosclerosis, and chronic
kidney disease (Shiu et al., 2014; Ok et al., 2005). Carbamylated
LDL promotes
endothelial nitric oxide synthase uncoupling (Denimal, 2023).

thrombus formation, oxidative stress, and
Smoking promotes MPO-mediated carbamylation and is thought
to be a critical mediator of smoking-induced atherosclerosis (Wang
et al., 2007). Given de-carbamylation is dependent on enzyme
availability and often modifies proteins with long half-lives,
including extracellular matrix proteins, carbamylation has been
proposed as a biomarker of aging as its tissue accumulation is
inversely associated with lifespan (Gorisse et al, 2016). Such
associations of this PTM with the pathogenesis of numerous
of methods to

carbamylation critical. While we have outlined several lines of

diseases make the development study

evidence, suggesting the overall

carbamylation, further developments enabling high throughput

biological significance of
analysis of global protein carbamylation is needed to characterize
its biological significance, regulation, and function.

Given anti-citrullinated protein antibodies (ACPAs) are well-
established biomarkers of rheumatoid arthritis (RA), antibodies to
other PTMs, such as carbamylated proteins have also been explored
as disease biomarkers. Citrullination and carbamylation result in the
PTMs citrulline and
1D). While less
carbamylated protein (anti-CarP) antibodies are detected in
nearly half of patients with RA and may serve as useful

structurally  similar carbamyl-lysine,

respectively  (Figure well-explored, anti-

biomarkers to predict both preclinical disease and disease
progression to bone erosion (Shi et al., 2011; O’Neil et al., 2020).
Such PTMs accumulate over time and are especially long-lived in the
joint given the slow turnover of extracellular matrix proteins in the
articular cartilage of synovial joints. In transgenic mice
overexpressing the humanized RA MHC II HLADRBI1* 04:01,
NETs
carbamylated antibody responses (O'Neil et al., 2020). However,

externalize carbamylated peptides and induce anti-
protein carbamylation in the inflamed human joint has not been
thoroughly investigated (McHugh, 2023). Several other studies have
suggested a role of carbamylated proteins in autoimmunity. Ex vivo
cell culture models have shown that carbamylation of vimentin
induces T-cell reactivity as indicated by IFNy production
(Choudhury et al., 2023). Carbamylated aldolase and cytokeratin
display increased MHC I binding affinity compared to non-modified
proteins (Shah et al., 2023). It appears that not all individuals with
RA that are ACPA-positive display anti-CarP antibodies. In
(SLE), anti-CarP
correlate with markers of systemic inflammation and arthralgia

systemic lupus erythematosus antibodies
(Li et al, 2020). A consequence of many autoimmune diseases
includes progressive aging phenotypes, such as early-onset of
age-related muscle wasting (sarcopenia) and cardiometabolic
disease, both of which target striated muscle. However, the
mechanisms leading to such phenotypes are mainly described as
chronic inflammation-related and lack well-defined targets aside
from anti-inflammatory therapeutics primarily targeting direct

disease activity (Casanova-Vallve et al., 2020; Mehta et al., 2023).
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Tissue-specific neutrophil activation and NET formation are
implicated in cardiovascular and sarcopenic phenotypes that are
increased in autoimmune diseases (Ma, 2021; Nie et al., 2024). For
example, skeletal muscle IL-8 abundance, an activator of neutrophil
NET formation, correlates to disease activity in RA patients
(Huffman et al, 2017). In patients with heart failure with dilated
cardiomyopathy, cardiac NET abundance correlates with cardiac
dysfunction and clinical outcomes (Ichimura et al., 2024). Together,
these data suggest a potential role of carbamylation in mediating the
pathogenesis and severity of both cardiometabolic and autoimmune
disease phenotypes and highlight the vast clinical utility of studying
protein carbamylation as a molecular regulator and target in
human diseases.

6 Future directions
6.1 Technical needs

Co-purification of acetylated and carbamylated peptides with
anti-acetyl-lysine antibodies facilitated our method development
for analyzing carbamylated proteomes (You et al, 2023).
This method also provides a future opportunity to integrate
multiple PTMs in proteomic analyses as carbamylation and
acetylation data can be obtained simultaneously. However, the
similar masses of lysine acetylation (+42.0103 Da) and
carbamylation (+43.00543 Da) represents a challenge for
reliable peptide identification. This is especially relevant when
comparing carbamylation to the "C isotope of acetylation
+43.0137 Da, only an 8 mDa difference. Isotopic correction,
mass recalibration, and narrow mass error tolerances during
peptide identification can reduce misidentification (You et al,
2023). To improve identification reliability, peptides can be
validated by the presence of characteristic fragments in the
tandem mass spectrum. For instance, the fragmentation of
acetyl-lysines generates a fragment at m/z 126.1 (Nakayasu
et al., 2014). This fragment is present in 98% of the acetylated
peptide tandem mass spectra (Trelle and Jensen, 2008), but absent
in tandem mass spectra of carbamylated peptides (Guo et al,
2018). A diagnostic fragment for carbamylation has not been
described yet, but as more data becomes available, it opens
the opportunity of performing systematic studies on the
fragmentation patterns (Geiszler et al., 2023). This can improve
the annotation of spectra from carbamylated peptides.

The development of specific affinity purification methods for
carbamylated peptides provides the opportunity to reduce
misidentification and may even improve proteome coverage as
the sample complexity would be reduced. This is a challenging
issue because the antibodies should have a broad specificity to enrich
carbamylated peptides, but at the same time should distinguish
carbamylation from acetylation and citrullination. We have
previously tested one anti-carbamylation antibody conjugated to
agarose beads (Cayman), but it was not ideal for proteomics analysis
and only yielded identification of 128 carbamylated peptides
(unpublished observations). Another point to consider is that
carbamylated antibodies display significant cross-reactivity with
citrullinated peptides. For instance, Sahlstrom et al. tested
12 anti-citrullination monoclonal antibodies and observed half
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(6) to display significant cross-reactivity to protein carbamylation
(Sahlstrom et al., 2020). Therefore, there is a need to systematically
test anti-carbamylation antibody specificity and performance to
develop proteomics assays.

As mentioned above, the method developed for analyzing
carbamylation has already enabled the discovery of new functions
for this PTM. However, there are remaining technical needs for the
development of reliable carbamylated peptide identification and
enrichment methods.

6.2 Metabolic regulation and cell signaling

Increasing carbamylated proteome coverage will open
opportunities to study the role of this PTM in metabolic
regulation and cell signaling. The current literature demonstrates
that carbamylation regulates nitrogen metabolism, including the
urea cycle and metabolism of ureides. The fact that carbamylation is
non-enzymatic, makes us believe that it may result in lysine
modifications in catalytic or co-factor-binding sites of enzymes.
Such modifications could then activate the enzymes, such as ureases
and cyclic amidohydrolases, or inhibit enzymes that require the free
primary amine groups of the lysine residues. We have identified
similar mechanism in which acetylation modifies and subsequently
inhibits enzymes involved in the central carbon metabolism in
bacteria (Nakayasu et al., 2017).

Similar to acetylation, carbamylation is implicated in many cell-
signaling processes as well. For instance, recognition of
carbamylated TLR5 by anti-carbamylated protein autoantibodies
induces receptor activation and pro-inflammatory signaling.
Another example is the suppression of mTOR signaling by
carbamylation (Wang et al, 2019). In chronic kidney disease,
high urea levels are associated with depression by inducing the
carbamylation of mTOR, which leads to loss of neuronal synapses
(Wang et al,, 2019). In-depth carbamylated proteome analysis
integrated with other PTMs will be instrumental for determining
new roles for carbamylation in cell signaling. A multi-PTM
approach facilitates comprehensive characterization of differential
pathway regulation by different PTMs. Our current method
analyzes carbamylation and acetylation simultaneously, and
additional PTMs can be easily obtained by sequential purification
on the same sample, spurring additional mechanistic insight.
In our previous work, we combined carbamylation, acetylation,
and phosphorylation to identify a function of carbamylation in
regulating ubiquitination machinery (You et al., 2023). In addition
to multi-omics integration, structural analysis is instrumental
for identifying important carbamylated modification sites.
Modifications on catalytic or cofactor-binding sites, as well in
interacting regions and activation loops on proteins can provide
key functional information for PTMs. We have used such approach
to study the role of PTMs in bacteria and to discover how
carbamylation on ubiquitin regulates the activity of the
deubiquitinase OTULIN (You et al., 2023; Nakayasu et al., 2017;
Feid et al., 2022; Walukiewicz et al., 2024). In summary, we believe
that analysis of carbamylated proteomes integrated with other omics
and structural analyses will have major impact in discovery new
roles for carbamylation in regulating the cell metabolism
and signaling.

Frontiers in Analytical Science

10.3389/frans.2024.1512573

6.3 Gene expression regulation

Histones are among the most carbamylated proteins. In
neutrophils, MPO produces cyanate that
carbamylation (O’Neil et al., 2020). Histone carbamylation is also

induces histone
induced by carbamoyl-phosphate produced by carbamoyl-
phosphate synthase located in the nucleus of the cell (Joshi et al.,
2015). Similar to acetylation, carbamylation also promotes
transcriptional activation (Joshi et al., 2015). However, it is not
known whether acetylation and carbamylation share the same
transcription regulators or how the dynamics between these two
modifications regulate transcription. Similar to how mass
spectrometry contributes to understanding the role of acetylation
and other PTMs on histones, it will likely provide insight into the
functional role of carbamylation on gene regulation. Mass
spectrometry analysis of carbamylated histone proteins can
provide a detailed view of the functional role of PTMs in disease
pathogenesis and treatment. The combination of these PTM
signatures with chromatin immunoprecipitation with sequencing
(ChIP-seq), assay for transposase-accessible chromatin with
sequencing (ATAC-seq), and RNA sequencing should illustrate
transcriptional network regulation by carbamylation. In addition,
affinity purification-mass spectrometry (AP-MS) can be used to
discover factors that bind to carbamylated proteins, facilitating the
identification of transcription factors that are regulated by
carbamylation. Furthermore, mass spectrometry can be used to
discover decarbamylases, which may play a role in
downregulating gene expression. Overall, mass spectrometry will
be instrumental in determining the roles of carbamylation in the

regulation of gene expression.

6.4 Biomarkers

Current and future advances in protein carbamylation analysis
mass spectrometry will also have an impact on biomarker discovery
and validation. As discussed above, carbamylation is involved in a
variety of conditions, making carbamylated proteins promising
biomarkers. In biomarker studies, it is often crucial to prepare
and analyze hundreds to thousands of samples. A recently
developed automated platform to enrich for acetylated peptides
can be applied to carbamylation analysis in the future (Gritsenko
etal, 2024). This automated enrichment platform with the increased
speed of the new generations of LC-MS, allows for the analysis of
dozens to hundreds of samples a day. Therefore, the current
technology is ready for carrying out large scale biomarker studies
of protein carbamylation.

7 Conclusion

Lysine carbamylation has a variety of roles in human physiology
and disease pathogenesis. However, progress in comprehensively
understanding the role and mechanisms of protein carbamylation in
health and disease has been slow given it is a major artifact in
proteomic analyses. Development of workflows to perform
carbamylation/acetylation proteomics opens many opportunities
to study the roles of carbamylation in health and in disease.
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Further optimization of proteomic analyses along with multi-PTM
integration will further advance our understanding of the functional
role of protein carbamylation.
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