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Editorial on the Research Topic

Waken the Silent Majority: Principles and Pathogenic Significance of Non-Acetyl Acylation and
Other Understudied Post-Translational Modifications

Arginylation, the ribosome-independent transfer of arginine to protein/peptide, was discovered
nearly six decades ago (Kaji et al., 1963; Kaji, 1968). Despite the long history, this posttranslational
modification (PTM) remains underexplored. This is hindered by the fact that the study of
arginylation is currently only conducted by a few dozen of research groups with a limited
number of relevant publications each year.

In a certain sense, the lack of understanding of arginylation even leads to a false impression that
this phenomenon may be unimportant. However, arginylation is an exceptionally widespread
process that has been found in all eukaryotes examined (Graciet et al., 2006; Graciet et al., 2009;
Licausi et al., 2011; Van and Smith, 2020). Such a conservation would be unimaginable if this PTM
did does not play some important physiological role.

In this Research Topic “Waken the Silent Majority: Principles and Pathogenic Significance of Non-
Acetyl Acylation and other Understudied Post-Translational Modifications,” several papers directly
relevant to the intriguing phenomenon of arginylation are included to showcase the diverse functions
of this PTM and the evolutionary root of arginyltransferasel (ATE1) (Balzi et al., 1990), the main
enzyme catalyzing arginylation in most eukaryotes (Kato and Nozawa, 1984).

In the review paper “Post-translational Modifications of the Protein Termini” by Chen and
Kashina, a concise and balanced summary of many different types of PTMs on both the N- and
C-termini of proteins are presented for their biochemical mechanisms and potential physiological
roles. These include arginylation, which is mostly an N-terminal modification. In the original
research paper “Arginylation regulates G-protein signaling present in the retina” by Fina et al,, the
researchers found that several components in the G-protein signaling complexes in retina are
subjected to arginylation, which may in turn affect the retinal function. In another research paper
“Protein Posttranslational Signatures Identified in COVID-19 Patient Plasma” by Vedula et al,
researchers used comprehensive proteomic approaches and identified significant alterations of
arginylation (and several other PTM) signatures in the plasma of COVID-19 patients. While the
exact physiological meaning of these changes still awaits further clarification, this finding
nevertheless highlights the potential involvement of arginylation in virus-induced pathological
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Zhang

conditions. Finally, new clues for interpreting the role of the
arginylation enzyme ATE1 was provided in the original research
“Regulation of Mitochondrial Respiratory Chain Complex Levels,
Organization, and Function by Arginyltransferase 17 by Jiang
et al. (contributed by my own research group). In this study, a
small fraction of ATE1 was found located inside mitochondria
and is essential for the proper function of mitochondria in
respiration. Intriguingly, homologues of eukaryotic ATEl
can be traced back to alpha-proteobacteria, relatives of the
ancient ancestor of mitochondria. This connection between
ATEl and mitochondria may constitute a new angle for
understanding the diverse functions of ATEl in cellular
metabolism (Brower and Varshavsky, 2009; Zhang et al., 2015),
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stress response (Wiley et al., 2020; Kumar et al., 2016; Deka et al.,
2016), and oxygen sensing (Moorthy et al., 2022).

Overall, while arginylation is still a poorly understood process,
the papers presented in this Research Topic will help to shorten
the gap. Hopefully with more research and further advancements
of techniques including proteomic study tools, a more
comprehensive picture of arginylation will soon be on the
horizon.
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of Biochemistry & Molecular Biology, University of Miami Leonard M. Miller School of Medicine, Miami, FL, United States

Arginyltransferase 1 (ATE1) is an evolutionary-conserved eukaryotic protein that localizes
to the cytosol and nucleus. It is the only known enzyme in metazoans and fungi
that catalyzes posttranslational arginylation. Lack of arginylation has been linked to an
array of human disorders, including cancer, by altering the response to stress and the
regulation of metabolism and apoptosis. Although mitochondria play relevant roles in
these processes in health and disease, a causal relationship between ATE1 activity
and mitochondrial biology has yet to be established. Here, we report a phylogenetic
analysis that traces the roots of ATE1 to alpha-proteobacteria, the mitochondrion
microbial ancestor. We then demonstrate that a small fraction of ATE1 localizes within
mitochondria. Furthermore, the absence of ATE1 influences the levels, organization, and
function of respiratory chain complexes in mouse cells. Specifically, ATET-KO mouse
embryonic fibroblasts have increased levels of respiratory supercomplexes |+lllo+1Vp,.
However, they have decreased mitochondrial respiration owing to severely lowered
complex Il levels, which leads to accumulation of succinate and downstream metabolic
effects. Taken together, our findings establish a novel pathway for mitochondrial function
regulation that might explain ATE1-dependent effects in various disease conditions,
including cancer and aging, in which metabolic shifts are part of the pathogenic or
deleterious underlying mechanism.

Keywords: arginylation, arginyltransferase, mitochondria, biogenesis, respiration, respiratory chain complexes
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Jiang et al.

ATE1 Regulates Mitochondria

INTRODUCTION

Mitochondria are the eukaryotic organelles responsible for
oxidative phosphorylation (OXPHOS). They originated from
an endosymbiotic event between a respiratory-competent
alpha-proteobacteria and an ancient archaea host cell (Bock,
2017). Through evolution, regulatory mechanisms coordinating
mitochondrial catabolism have been adjusted to meet the energy
and biomass requirements of the eukaryotic cell. At the same
time, most of the original bacterial genes have been transferred
to the nucleus of the host cell. Currently, the mitochondrial
genome (mtDNA) only encodes for a handful of protein-coding
genes (8 in yeast, 13 in mammals). The remaining mitochondrial
proteome is encoded by the nuclear genome, synthesized in
the cytoplasm, and then imported into mitochondria. Therefore,
mitochondrial functions are under nuclear control, which
involves regulatory processes that are not fully understood.

Arginyltransferase 1 (ATEL) is an evolutionarily conserved
enzyme existing in nearly all eukaryotes, with the exception of
a few protists (Balzi et al., 1990; Rai and Kashina, 2005; Hu
et al., 2006; Rai et al., 2006). Sequence homologs of ATE1 are
also found in prokaryotes, although their biological significance
is unknown (Graciet et al., 2006). In eukaryotes, ATE1 mediates
posttranslational arginylation, the addition of one extra arginine
to the target protein. In many cases, arginylation leads to hyper-
ubiquitination and rapid degradation of the modified protein,
as summarized by the N-end rule theory (Varshavsky, 2011).
Mounting evidence suggests that arginylation may act as a
response to oxidative stress (Decca et al., 2007; Carpio et al., 2010,
2013; Deka et al., 2016; Kumar et al., 2016). For example, global
arginylation activity in cells or tissues is activated by stress caused
by reactive oxygen species (ROS), as evidenced by the preferential
arginylation of oxidized or misfolded proteins (Ingoglia et al.,
2000; Hu et al., 2005). Since mitochondria are a major source of
ROS in eukaryotic cells, ATE1 could be an important regulator of
mitochondrial redox functions. However, this possibility has yet
to be explored.

Several lines of evidence support the idea that the effects
of ATEL1 activity may be linked to ROS. Cellular phenotypes
induced by ATE1 dysregulation often resemble those caused
by mitochondrial abnormalities (Saha and Kashina, 2011).
Additionally, systematic knockout (KO) of the only gene coding
for ATE1 (ATEI) leads to embryonic lethality in mouse (Kwon
et al., 2002), and postnatal deletion causes rapid weight loss,
neurological perturbation, early lethality, and infertility (Brower
and Varshavsky, 2009; Kurosaka et al., 2010). Furthermore,
tissue-specific knockout (KO) of ATEI in mice heart, testis, and
central neural system (CNS) leads to cardiomyopathy, infertility,
or neural development retardation, respectively (Leu et al., 2009;
Kurosaka et al., 2010, 2012; Saha and Kashina, 2011; Wang et al.,
2017). Many of these pathological outcomes are consistent with
those derived from mitochondrial and metabolic dysregulation
and might be explained at the molecular/cellular level by Atel

Abbreviations: ATE1, arginyltransferase 1; GFP, green-fluorescence protein;
HFE human foreskin fibroblasts; KD, knockdown; KO, knock-out; MEF, mouse
embryonic fibroblasts; WT, wild-type.

activities. For example, ATEI-KO leads to multiple metabolic
defects, including increased demand for purine supplies and
elevated synthesis rate of glycine and alanine, which are often
signs of perturbed balance between glycolysis and mitochondrial
respiration (Zhang et al, 2015). This hypothesis is further
supported by the observation that ATEI downregulation is
commonly seen in many types of cancer associated with
mitochondrial dysfunction (Zhong et al., 2005; Rai et al., 2015).

Recently, we began exploring the genetic interactions between
ATE1 and thousands of other genes in the fission yeast model
system (Schizosaccharomyces pombe) (Wiley et al., 2020). In this
study, we observed that ATE1 interacts with only 5% of other
yeast genes in a screening library covering 75% of the predicted
open reading frames (ORF). Remarkably, more than 10% of those
ATEl-interacting genes were related to mitochondria.

This observation motivated us to directly examine
the relationship between ATE1 activity, localization, and
mitochondrial function. Here, we first analyzed ATEI sequences
from multiple organisms and determined that eukaryotic ATEI
may have arisen by gene transfer from alpha-proteobacteria and
co-evolved with the function of mitochondria in respiration.
Moreover, we show that a small fraction of ATE1 localizes
within mitochondria and that ATE1 is required for optimal
mitochondrial respiration in both mammalian and budding
yeast (Saccharomyces cerevisiae) cells. Lastly, we demonstrate
that lack of ATEl in murine cells differentially affects the
levels, organization, and function of mitochondrial respiratory
complexes. Overall, our finding suggests a hitherto unknown
role of ATE1 in the regulation of mitochondrial and cellular
energy metabolism.

RESULTS

The Alpha-Proteobacterial Origin of ATE1

Links the Protein to Mitochondria

While a nuclear gene encoded ATEI in eukaryotes, our search
of ATE1 homologs in archaea, where most of the nuclear
genome originated (Williams et al., 2013), returned no matches
(Figure 1). However, sequence homologs of ATE1 are present
in a large population of bacteria, including modern alpha-
proteobacteria (Buffet et al., 2020), a close relative to the ancient
alpha-proteobacteria that became mitochondria (Figures 1A-C).
As such, it is likely that the ATEI gene, like many mitochondria-
associated genes, was transferred to the nuclear genome during
mitochondrial domestication (Janeway and Medzhitov, 2002;
Buffet et al., 2020). To gain further insight into the relationship
between ATEl and mitochondria from the perspective of
molecular evolution, we examined the status of mitochondrial
development and the presence of the ATEI gene in several
branches of eukaryotes. While almost all eukaryotes contain
the ATEI gene, two exceptions exist. One is the family of
giardia, and the other is the superfamily of dinoflagellates and
apicomplexan. Intriguingly, both families lack respiratory-active
mitochondria. Instead, they possess mitosomes, a reduced form
of mitochondria with minimal functions that cannot perform
oxidative phosphorylation (Figure 1D). Since these two families
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are distally related and separated by many other families that
possess ATEL, their loss of ATE1 is unlikely to derive from the
same ancestor. For the same reason, their lack of respiratory-
competent mitochondria is likely the result of convergent
evolution. These data suggest that the presence of ATE1 may be
essential for maintaining fully functional mitochondria.

A Subpopulation of ATE1 Localizes to

Mitochondria

Several studies have used fluorescent protein fusions to show the
localization of ATEI in the nucleus or the cytoplasm (Rai and
Kashina, 2005; Hu et al., 2006; Rai et al., 2006; Wang et al., 2011).
However, the potential localization of ATEI to mitochondria
was not examined directly. To investigate this question, we first
utilized a budding yeast (Saccharomyces cerevisiae) strain with
a genomically-integrated green fluorescent protein (GFP) fused
to the C-terminus of the endogenous Atel (Atel-GFP), which
showed that a subfraction of the GFP-fused Atel colocalizes with
Mitotracker red-stained mitochondria (Figure 2A). Next, to test
if the mitochondrial localization of ATE1 was organism-specific,
we fused a C-terminal GFP to the mouse ATEl, transcript
variant 1, a ubiquitously-expressed isoform (Rai and Kashina,
2005; Wang et al, 2011). To avoid the competition of the
endogenous protein, this recombinant ATE1 was expressed in
ATEI-knockout (KO) mouse embryonic fibroblasts (MEF). We
detected a fraction of the fluorescent ATE1 colocalizing with
the Mitotracker red-stained branched mitochondrial network
surrounding the nucleus (Figure 2B). In mice, there are six ATE]
transcript variants, four of which (transcript variants 1, 2, 3, and
4) are known to be translated into protein isoforms that are
>90% identical in sequences (Rai and Kashina, 2005; Hu et al.,
2006). We found that the mitochondrial localization of ATE1
is not isoform-specific, because the other three known protein
isoforms also appear to localize to mitochondria (Figure 2B; see
also Supplementary Figure 1A for the expression level of the
tested isoforms).

To further assess the mitochondrial localization of
endogenous ATE1, we purified mitochondria from MEF by
differential centrifugation and probed for endogenous ATE1
by immunoblotting. We were able to detect a fraction of ATE1
associated with purified mitochondria from wildtype (WT) MEF,
while the specificity of the anti-ATE1 antibody was validated
by the absence of signals in mitochondria from ATEI-KO cells
(Figure 2C; see also the purity of the mitochondrial fraction
in Figure 2D). Furthermore, a proteinase K protection assay
in purified mitochondria showed that the mitochondrion-
associated ATEL is resistant to proteinase K digestion, except
when the mitochondrial membranes are disrupted by sonication
(Figure 2E). These data indicated that a fraction of ATEl
localizes within mitochondria. To estimate the percentage of
ATEI that is associated with mitochondria, we used a dilution
assay of the whole cell and isolated mitochondria to compare the
ratios of ATE1 over Voltage-dependent anion channel (VDAC),
an established mitochondrial marker. We found that only about
0.5% of total endogenous ATEI in the cell is associated with
mitochondria (Supplemental Figure 1B).

ATE1 Is Essential for Maintenance of
Mitochondrial Morphology and Respiratory

Function

We next examined in whole cells the steady-state levels of
VDAC and TOM20, two mitochondrial markers, and did
not find a significant difference between WT and ATEI-KO
MEF (Figure 3A). This suggested that the ATE1 does not
directly affect cellular mitochondrial mass. However, when we
examined mitochondrial morphology by electron microscopy,
we found significant differences between WT and ATEI-KO
cells (Figure 3B). Remarkably, mitochondrial filaments in ATEI-
KO cells were significantly shorter and wider (Figure 3C),
reminiscent of the swollen mitochondria often observed in
respiratory-deficient cells, as well as typical cancer cells with a
glycolytic metabolic profile (Alirol and Martinou, 2006).

To assess whether any mitochondrial functional difference
accompanies the observed morphological changes, we measured
cellular respiration in ATEI-KO and WT MEF. Our data showed
that ATEI-KO cells had a ~30% reduction in endogenous
oxygen consumption rate compared to WT MEF (Figure 3D).
As an essential control, we reconstituted ATEI-KO MEF with
a recombinant ATEI (transcript variant 3, which was shown
to have the most potent anti-tumor growth effect) at a level
comparable to the endogenous protein. Recombinant ATEI
rescued the ATE1-KO respiratory defects (Figure 3E). Consistent
with the observations in mammalian cells, we found that the
deletion of atel in budding yeast also lead to slower growth
in respiratory media (Figure 3F), reduced endogenous cell
respiration by nearly 30%, and attenuated the mitochondrial
membrane potential by more than 50% (Figures 3G,H).

ATE1 Is Essential for the Proper Assembly,
Organization, and Function of

Mitochondrial Respiratory Complexes

The mitochondrial respiratory chain (MRC) is formed by
four multimeric complexes (complex I to IV, CI-CIV) and
two mobile electron carriers (coenzyme Q and cytochrome c).
Electrons from the reducing equivalents NADH and FADH,
enter the MRC at the level of CI and CII, respectively,
and are sequentially transferred until CIV, where the final
electron acceptor, molecular oxygen, is reduced to water.
Additionally, MRC CI, CIII, and CIV dynamically associate
in supramolecular structures known as supercomplexes. To
further dissect the respiratory defect observed in the ATEI-KO
cells, we first measured oxygen consumption rates in digitonin-
permeabilized cells following the addition of substrates specific
for CI (glutamate-malate) or CII (succinate). When we examined
the overall impact of ATEl on mitochondrial respiration, we
found that the combined rate of CI- and CII substrate-driven
respiration, and the maximum respiratory capacity measured in
the presence of the uncloupler FCCP, are both reduced in KO
cells (Figure 4A). CI does not contribute to the deleterious effect
on cellular respiration since the glutamate-malate oxidation
rate is slightly but significantly higher in ATE1-KO cells than
in control. In contrast, the oxygen consumption rate in the
presence of succinate was lowered by nearly 50% in ATEI-KO
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that are reduced to a minimized form known as mitosomes.

FIGURE 1 | The alpha-proteobacterial origin of ATE1 links the protein to mitochondria. (A) Cluster analysis of ATE1 proteins in evolutionary diverse organisms, using
the Clustal Omega program on the Uniprot website. The phylogenetic tree is presented as a Notug 2.6 graph. It highlights the clustering of ATE1 from alpha-, beta-,
and gamma-proteobacteria, as well as eukaryota. (B) Sunburst graph showing the distribution of the catalytic core ATE1-C domain (Pfam ID: PF04377), among 1,796
different species currently known to contain such a sequence encoded in their genomes. The graph was generated with tools from pfam.xfam.org hosted by
EMBL-EBI. Yellow-green colors represent different types of bacteria, and purple color represent eukaryotes. No entry from archaea was found in this database. In
addition, manual searches for ATE1 homologs on the genome of a representative archaea (Haloferax volcanii) using the BlastP function from the NCBI database and
the ATE1 amino acid sequence from yeast, mouse, or alpha-proteobacteria as inquiries returned no significant homologous hits. (C) Comparison of the amino acid
sequences of the core domain of ATE1 (ATE-C domain; Pfam ID: PFO4377) between a eukaryote (Tetrahymena thermophila, strain SB210) and a
alpha-proteobacterium (Phaeospirillum molischianum DSM). The sequence alignment was performed with NCBI BLASTp. (D) lllustration of the eukarya evolution tree,
showing the relationship between the presence of an ATET gene and the mitochondrial development state in several eukaryotic species. The red circles highlight
several families (giardia, dinoflagellate, and apicomplexan) in which the absence of ATE1 is accompanied by a loss of respiratory function in mitochondria, organelles
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cells (Figures 4A,B and Supplementary Figure 2), indicating a
specific CII activity defect.

To determine the cause of the respiratory alteration, we
examined the levels of individual mitochondrial respiratory
complexes and supercomplexes by Blue Native-PAGE followed
by immunoblotting. Consistent with the respiratory data, the
steady-state levels of mitochondrial CII in ATEI-KO cells were
found to be ~50% than in WT MEFs (Figure 4C). However,
we also observed a decrease in dimeric complex III (CIII)
accumulation, while CIV was unaffected (Figure 4C). Moreover,
an evident remodeling of the MRC organization was detected.
In ATEI-KO cells, the levels of CI-containing supercomplexes
(I4+-111, and I+III,+IV;_,) were increased, whereas the amount
of CIII that accumulated in CIII, and the III,+IV supercomplex

was attenuated (Figures 4D,E). This remodeling facilitates an
increase in CI stability, presumably in an attempt to compensate
for the lower levels of CII.

MRC CII or succinate dehydrogenase (SDH) is also an enzyme
of the TCA cycle, in which it catalyzes the conversion of succinate
to fumarate. Succinate, when in excess, promotes glycolysis and
therefore acts as a critical signaling component connecting the
TCA cycle to glycolysis. When we measured the enzymatic
activity of SDH, we found it significantly reduced in ATEI-
KO cells (Figure 5A). Correspondingly, the level of succinate in
ATE1-KO MEF was nearly 2-fold higher than in WT (Figure 5B).
To test if this would change the balance between mitochondrial
OXPHOS and glycolysis, we measured the viability of ATEI-
KO MEF under glucose starvation and found that they are
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FIGURE 2 | ATE1 locates inside mitochondria. (A) The location of yeast Ate1 is traced by a GFP fused to the C-terminus of the endogenous Ate1 on the chromosome
of S. cerevisiae. The location of Ate1 (shown in green) is then compared to the mitochondria-specific dye, Mitotracker-Red (shown in red). White arrows point to
locations where colocalization of Ate1 and mitochondrial structure can be seen. Scale bar indicates 5 micrometers. (B) A recombinant mouse ATE1 is fused a
(Continued)

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 December 2020 | Volume 8 | Article 603688


https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

Jiang et al.

ATE1 Regulates Mitochondria

FIGURE 2 | C-terminal GFP and stably expressed in mouse embryonic fibroblasts (MEF) with ATET-knockout (referred as “KO” in figure labeling hereon). All four
known protein isoforms from splice variants (1, 2, 3, and 4) of the ATE1 gene were examined. The location of GFP-fused ATE1 (shown in green) is compared to
mitochondria stained with Mitotracker-Red (shown in red). White arrows point to locations where discrete mitochondrial structures are seen. See also
Supplementary Figure 1A for the expression levels of the different ATE1 isoforms. Scale bar indicates 10 micrometers. (C) Representative Western blot using a
monoclonal antibody that recognizes all four ATE1 isoforms showing a detectable band of endogenous ATE1 in mitochondria from WT MEF, but not from ATE7-KO
(KO) cells. Antibody for VDAC was used as a loading control on the same blot for mitochondria mass. The experiment was repeated 3 times (n = 3). On the right side
is the quantification showing the specific signal of ATE1 associated with mitochondria in WT cells. The signal in ATE1-KO cells is used as background control for
normalization. The error bar represents standard error of mean (SEM) and the statistical significance was calculated by the t-test. See also

Supplementary Figure 1B for the estimate of the percentage of mitochondria-associated ATE1 in relation to the total cellular ATE1. (D) The purity of mitochondria
isolated from WT and ATET7-KO cells were examined by Western bot with antibodies against beta-tubulin, VDAC, and histone 3, which are markers for cytosol,
mitochondria), and nucleus, respectively. The whole cell lysate was used as control. On the right side shows the chart of quantification of mitochondrial enrichment,
which was calculated from three independent repetitions (n = 3) by the ratio of VDAC over tubulin in the mitochondrial fraction vs. the whole lysate. The bar graph
represents the mean + SEM. (E) Representative Western blot showing the mitochondrial proteinase K protection assay. The signs of “=,” “+,” “++" for proteinase K
indicate increasing concentrations (0, 0.32, or 0.64 .g/ml) of proteinase K. An arrow indicates the expected size of ATE1. On the lower side is the Western blot of the
digestions of different mitochondria-associated proteins as controls for localizations. These include COX3, which is located inside the mitochondrial matrix, and
TOM20, a transmembrane protein anchored on the outer membrane of mitochondria.

significantly more sensitive to the lack of glucose supply than WT
cells (Figures 5C,D).

SDH is comprised of four subunits known as SDHA, B, C,
and D, all of which are encoded in the nuclear genome and then
imported into mitochondria (Van Vranken et al., 2015). When
we examined the levels of these subunits in the mitochondrial
fraction, we found that the levels of SDHB and SDHC, as
well as the palmitoylation level of SDHD, are decreased in
mitochondria in ATEI-KO MEEF, in agreement with the lower
levels of CII (Figure 6A). However, the total protein levels of
these subunits in whole ATEI-KO cells were either unchanged
or even slightly increased compared to WT cells (Figure 6B)
while the transcription of SDH subunits is drastically increased
in ATE1-KO MEEF cells (Figure 6C), likely as a compensation for
the functional SDH deficiency. These data indicate that ATE1
may affect the mitochondrial import and/or assembly of SDH
subunits, ultimately leading to CII deficiency.

DISCUSSION

This study describes the discovery of uncharacterized physical
and functional connections of ATE1 with the mitochondrion.

The ATEI gene is conserved in eukaryotes and bacteria. In
eukaryotes, ATEI is a nuclear gene whose roles in regulating
the functions and/or half-lives of cytosolic or nuclear proteins
have been well-documented (Varshavsky, 2011). Here, we found
several lines of evidence connecting ATE1 to mitochondria. First,
phylogenetic studies pointed toward an alpha-protobacterial
origin for ATEL. Second, fluorescence microscopy examinations
of recombinant ATE1 expressed in MEFs and biochemical assays
of endogenous ATEI determined that a fraction of the protein
resides within mitochondria. Third, the absence of ATEI in
ATEI-KO MEFs results in decreased MRC complex II levels
and a major reorganization of the MRC into free complexes
and supercomplexes. And fourth, decreased respiratory capacity
and increased succinate levels in ATEI-KO MEFs correlate with
elevated dependency on glucose.

The marked decrease in MRC CII and the concomitant
rearrangement of the MRC complexes I, III, and IV into CI-
containing supercomplexes, as observed in ATEI-KO cells, agree
with the plasticity model of MRC organization. According to

this model, MRC complexes exist as free entities or in SC
associations in a dynamic manner to optimize electron flux from
different substrates, adapting the efficiency of the respiratory
chain to changes in cellular metabolism (Acin-Perez et al., 2008).
Therefore, if electron-transfer from succinate-linked FADH, to
coenzyme Q-CIII is compromised, NADH-driven respiration
would be enhanced by reorganizing the CIII and CIV complexes
into I+III,+IV, supercomplexes. In other words, we interpret
the MRC complex re-organization as a consequence of the
metabolic remodeling induced by the CII or SDH deficiency.
However, at this stage, our studies did not disclose whether the
mitochondrial fraction of ATE] is directly responsible for the CII
assembly/stability defect or whether this is also influenced by the
cytoplasmic pool of the ATE1 protein that, for example, could
act to regulate the import of MRC subunits into mitochondria.
Nevertheless, the data in our study appear to suggest that the
proposed role of ATE1 in protein degradation in the cytosol
(Bachmair et al., 1986; Tasaki et al., 2012) is not very likely to play
a significant role in the regulation of mitochondrial respiratory
complexes. For example, we found that the transcription of all
four SDH subunits is up-regulated by 4-10-folds in the ATEI-KO
MEEF. If the absence of ATE1 attenuates the degradation of SDH
subunits as predicted by the N-end rule theory, one would expect
a drastic increase of SDH subunit protein levels accumulating in
the cytosol. However, this is not the case since the SDH subunit
protein levels measured in whole cells are either unchanged or
only slightly elevated. On the other hand, the increased SDH
subunits transcription that we have observed in ATEI-KO cells
is more likely a compensatory cellular response to the functional
SDH deficiency.

Given that mitochondria are a major source of ROS and a
central regulator of apoptosis, the role of ATEL1 in this organelle
may provide an explanation for its observed involvement in the
stress response (Bongiovanni et al., 1999; Decca et al., 2007;
Carpio et al., 2010, 2013; Lopez Sambrooks et al., 2012; Deka
et al,, 2016; Kumar et al., 2016; Birnbaum et al., 2019; Kim et al.,
2020). Future studies will be devoted to understanding whether
the translocation of ATEI into mitochondria (or other cellular
compartments such as the nucleus) is influenced by stress.
Independently, our observations have profound implications in
physiological processes such as embryo/tissue development and
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FIGURE 3 | ATE1 is essential for the morphology and function of mitochondria. (A) The steady state protein levels of mitochondrial mass markers, VDAC and TOMZ20,
in WT and ATE7-KO MEF were examined by Western blot as shown by representative images (left panel) and quantification (right panel) (n = 4 for VDAC; n = 3 for
TOM20). Beta-actin was used as a loading control. (B) Morphologies and sizes of mitochondria in WT and ATE7-KO MEF shown by negative staining at different
magnifications under electron microscopy (5,800x in the upper row and 46,000x in the lower row, as labeled). The scale bars in upper row represent 2 micrometers,
while the ones in lower row is 200 nanometers. The white arrows and black arrows indicate a few discrete mitochondria. (C) Graph showing box-whisker plots for the
lengths of mitochondria in WT and ATE7-KO MEF. The quantification of WT cells were based on 115 discrete mitochondrial filaments (n = 115) in 6
electron-microscopy (EM) images containing 6 different cells, while for ATE7-KO was based on 122 discrete mitochondrial filaments in 4 EM images containing 4
different cells. (D) Oxygen consumption rates of the whole cell in WT and ATE7-KO MEF. The values in ATE7-KO cells were normalized to those in WT cells in each
measurement. The bar graph represents the mean + SEM of four independent measurements (n = 4). The p-value was calculated by t-test. See also
Supplementary Figure 2 for representative images of the oxygen consumption curve. (E) Similar to (D), except that ATET-KO MEF stably expressing GFP-fused
recombinant ATE1, transcript variant 3 was measured. The expression of GFP alone was used as a control. The bar graph represents the mean + SEM of four
independent measurements (n = 4). The p-value was calculated by t-test. (F) The growth of yeast of BY4741 or W303 strain, with or without the deletion of the ATET
gene, was examined by serial dilution on agar plates for either a fermenting condition with the glucose-containing rich media (YPD), or a respiring condition with the
glycerol and ethanol-based media (YPEG). (G) The cellular oxygen consumption rates of yeast of BY4741 or W303 strain, with or without the deletion of the ATET
gene. The bar graph represents the mean + SEM of three independent measurements (n = 3). The p-value was calculated by t-test. (H) The level of membrane
potential in BY4741 yeast, with or without the deletion of the ATET gene, in the increasing level of CCCP, quantified using TMRM staining and flow cytometry. The bar
graph represents the mean + SD of three independent measurements (n = 3). The p-value was calculated by t-test.
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aging, and in disease conditions such as cancer and inflammation,
in which the involvement of ATEL1 is poorly understood.

ATE] is downregulated in multiple types of cancer, including
those observed in the kidney, prostate, and colorectum (Rai et al.,
2015; Birnbaum et al., 2019). Therefore, our findings offer a novel
explanation for the commonly seen mitochondrial dysregulation
in these cancers (Zhong et al., 2005; Rai et al., 2015). Notably,
in most normal cells, the balance between glycolysis and
mitochondrial respiration is essentially maintained by reciprocal
feedback pathways, including the allosteric inhibitory effect of

mitochondrion-generated ATP on AMP-activated protein kinase
or citrate on phosphofructose kinase (Gogvadze et al., 2008).
However, the downregulation of mitochondria function in cancer
is not necessarily a consequence of the increase in glycolysis
known as the Warburg effect (Alirol and Martinou, 2006; Viale
et al., 2015). It has been proposed that the existence of mutations
in genes coding for mitochondrial proteins and/or metabolic
enzymes may contribute to tumorigenesis. These include the
genes encoding SDH subunits, which are often considered as
tumor suppressors (Buffet et al., 2020). SDH mutations result
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FIGURE 4 | ATE1 differentially affects the composition and function of mitochondrial respiration complexes. (A) Oxygen consumption rates in intact whole cell
(endogenous respiration) before permeabilization and Cl and ClI substrate-driven coupled respiration in digitonin-permeabilized WT and ATE7-KO (referred as KO)
MEF. Glutamate plus malate were used as Cl substrates, followed by succinate as a Cll substrate. Maximal respiratory rates were measured upon addition of the
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FIGURE 4 | FCCP. The values in ATE7-KO cells were normalized to those in WT cells in each measurement. The bar graph represents the mean + SEM of four
independent measurements (n = 4). The p-value was calculated by t-test. See also Supplementary Figure 2 for representative images of the oxygen consumption
curve. (B) Oxygen consumption rate in permeabilized cells in presence of only complex Il substrate succinate in WT and ATE7-KO MEF. The bar graph represents the
mean =+ SD of four independent measurements (n = 4). The p-value was calculated by t-test. (C) Individual respiratory complexes of isolated and laury!
maltoside-extracted mitochondria were separated by blue-native polyacrylamide gel (BN-PAGE) and then examined in Western blot. SDHA, CORE2, and COX1 are
established markers for complex II, Ill, and IV (referred as to ClI, Clll, CIV in figure labeling), respectively. The Clll;-CIV supercomplex is also indicated. In the bottom
panel, VDAC levels assessed by SDS-PAGE and immunoblotting are shown as loading control. (D) Similar to (A), except that digitonin was used to extract
mitochondrial proteins to preserve supercomplex association. NDUFA9 and CORE2 are established markers for complex | and IIl (Cl and ClIl), respectively. SCs
indicates Cl-containing supercomplexes (Cl+Clllo+CIVn). (E) Quantitative assessment of the assembly and organization of different respiratory complexes and
Cl-containing supercomplexes (SCs) in mitochondria from WT and ATE1-KO MEF, extracted with lauryl maltoside or digitonin and separated by BN-PAGE. The bar
graph represents the mean + SEM of three independent repetitions (n = 3). The p-value was calculated by t-test.
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FIGURE 5 | ATE1 affects the level of succinate and the cellular dependency of glucose. (A) The specific activity of succinate dehydrogenase (SDH) in WT and ATET-KO
MEF normalized by cell number. The bar graph represents the mean + SEM of four independent measurements (n = 4). The p-value was calculated by t-test.

(B) Comparison of the cellular concentrations of succinate in WT and ATET-KO MEF (n = 3), normalized by the concentration in WT cells. The bar graph represents
the mean + SEM of three independent measurements (n = 3). The p-value was calculated by t-test. (C) The growth curves of WT and ATE7-KO MEF in the presence
or absence of glucose. Each point represents the mean + SEM of six independent measurements (n = 6). The p-value was calculated by t-test. (D) The sensitivities of
WT and ATE7-KO MEF to glucose-starvation, represented by the ratio of cell number in glucose-free condition compared to that in high-glucose condition in the same
time point as shown in (C). Each point represents the mean + SEM of six independent measurements (n = 6). The p-value was calculated by t-test.

in the accumulation of succinate and subsequent stabilization  (Tran et al., 2016). According to our results, the downregulation
of HIF-1la (Majmundar et al., 2010), an essential regulator of = of ATE1 in multiple cancers may provide another pathway to
glycolysis and stress response, and relevant to tumor growth  affect the function of SDH without involving mutations on SDH
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FIGURE 6 | ATE1 is requited for the biogenesis of succinate dehydrogenase (mitochondrial complex Il). (A) The protein levels of SDHA, SDHB, SDHC, SDHD in

purified mitochondria from WT and ATET-KO MEF. TOM20 or VDAC was used as a loading control. The bar graphs represent the mean + SEM of three independent

measurements (n = 3) for SDHA, SDHB, and SDHC, or five independent measurements (n = 5) for SDHD. The p-value was calculated by t-test. (B) Similar to (A),
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mean £ SD. The p-value was calculated by t-test.

FIGURE 6 | except that whole cell lysates were used for analysis. Beta-actin was used as a loading control. The quantified results in the charts are shown on the
lower panels. The bar graphs represent the mean + SD of three independent measurements (n = 3). The p-value was calculate by t-test. (C) The mRNA level of
SDHA, SDHB, SDHC, and SDHD in WT and ATE7-KO MEF measured by quantitative PCR. The B-ACTIN (ACTB) mRNA levels were used as loading control. In each
testing group containing 4 replicates (n = 4), one sample from the WT cells was defined as 1.0 for the normalization of other samples. The bar graphs represent the

genes, which may be an important regulatory mechanism in
carcinogenesis. The potential effects of ATE1 on HIFla and
glycolysis also warrant future investigations.

The role of ATE1 in metabolic regulation may be also relevant
in injury response and inflammation since increased arginylation
is often observed in these scenarios (Shyne-Athwal et al., 1988;
Luo et al, 1990; Jack et al, 1992; Xu et al., 1993; Wang and
Ingoglia, 1997). Cells of the innate immune system recognize
pathogen-associated molecular patterns via receptors such as
Toll-like receptors (TLRs), present on their cell surface and in
the cytosol (Janeway and Medzhitov, 2002). In resting conditions,
these cells are relatively inactive; however, they respond rapidly
upon recognition of foreign material, by adapting to the
significant metabolic demands (Pearce and Pearce, 2013).
For example, stimulation of dendritic cells and macrophages
often result in decreased OXPHOS, which is normally used
under resting conditions, and an increase in glycolysis and
the pentose-phosphate pathway (Tannahill et al., 2013). There
are interesting parallels between tumors and, for example,
lipopolysaccharide-activated macrophages concerning succinate
metabolism. Succinate levels also increase in macrophages, where
a similar process of HIF-la stabilization by succinate occurs
(Mills and O’Neill, 2014). Whether ATE1 could be involved in
these processes deserves further investigations.

In summary, our findings open a new paradigm for studies
of metabolism and associated diseases. ATEl may play an
instrumental role in contributing to the metabolic shift from
OXPHOS to glycolysis seen in cancer and inflammation,
and the adaptation to oxidative, hypoxic, or thermal stresses.
Future efforts will be devoted to understanding whether ATE1
translocates to mitochondria upon stress and identify the ATE1
substrates within mitochondria to disclose the precise role/s
ATE1 performs in the organelle.

MATERIALS AND METHODS
Mammalian Cells and Media

Immortalized mouse embryonic fibroblasts (MEFs) that are
either wild-type or genomic knockout for ATEI (ATEI1-KO)
were a gift from Dr. Anna Kashina (University of Pennsylvania),
prepared as described elsewhere (Zhang et al., 2012). The human
embryonic kidney cell line (HEK 293T; clone T7) was obtained
from ATCC.

For routine growth and maintenance, unless otherwise
indicated, mammalian cells were cultured in media containing
high-glucose DMEM supplemented with 1 mM pyruvate and
glutamine (Gibco, Cat# 10569) with 10% FBS (HyClone, Cat#
SH30910.03). No antibiotics were used for the cell culture to
minimize interference with cellular metabolism, and the cultured
cells were periodically checked for bacterial or mycoplasma

contamination. The cells were cultured in a 5% CO, incubator
at 37°C, unless otherwise indicated. To minimize any effects of
contact inhibition, only actively growing cells in culture density
of <50% confluency were used for any test in this study, unless
otherwise indicated.

Yeast Strains
The Saccharomyces cerevisiae strains used in this study include
BY4741 (MATa his3A1 leu2 A0 metl5A0 ura3A0) and W303-
1A (MATa leu2-3,112 trpl-1 canl-100 ura3-1 ade2-1 his3-11,15
ybp1-1). They are both obtained from Open Biosystems. A strain
carrying a null ate] A:KanMX cassette in the BY4741 background
was obtained from Open Biosystems. To create atel-deletion in
the W303-1A yeast, we applied the knockout cassette amplified
from the atel A:KanMX in BY4741-strain yeast with two primers
as described before (Kumar et al., 2016):

ATE1300UP: ATGGTGCTGTGCTTGTAATTGCC

ATE1300DOWN: GCTCATCAAAAACTAAGAATAAGAG

The strain with a GFP fused to the C-terminal end of
endogenous Atel in the native chromosome locus in BY4741
genetic background was obtained from Open Biosystems. The
identity of each knockout strain listed above was confirmed with
PCR genotyping.

Culture of Yeast
Yeast culture media were prepared as described below:
YPD: 2% glucose, 1% yeast extract, 2% peptone,

SD  (Synthetic Defined) Medium (per 1,000 ml):
Yeast Nitrogen Base, 1.7g, Ammonium sulfate, 5g,
Dextrose/galactose/raffinose, 20g, required amino acids,

50 mg, uracil (if required), 50 mg.

YPEG: 1% yeast extract, 2% peptone, 3% (v/v) glycerol, and
2% ethanol.

For solid media plates, 2% agar was added to the liquid media.

Strains grown in liquid and solid media were incubated at
30°C unless otherwise indicated.

For most serial dilution growth assays, a single colony of yeast
was inoculated in liquid medium and allowed to grow to the
log phase before spot platting of serial dilutions as described
elsewhere (Kumar et al., 2012).

Antibodies

Primary antibodies used in this study are (unless otherwise
indicated): rat anti ATE1 (EMD-Millipore, Billerica, MA, Cat#
MABS436, clone 6F11), mouse anti-GFP (Roche Diagnostics,
Indianapolis, IN, Cat# 11814460001), mouse anti porin/VDAC1
(Abcam, Cambridge, MA, Cat# ab14734), anti TOM20 (Santa
Cruz Biotechnology, Dallas, TX, Cat# SC11415), anti-beta-actin
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(Sigma-Aldrich, St. Louis, MO, Cat# A1978), mouse anti-beta-
tubulin (Sigma-Aldrich, St. Louis, MO, Cat# T5201), anti-
histone H3 (Abcam, Cambridge, MA, Cat# ab1971), rabbit anti-
SDHA (One World Lab, San Diego, Ca, Cat# 53800), mouse
anti-SDHB (Abcam, Cambridge, MA, Cat# abl4714), rabbit
anti-SDHC (Abcam, Cambridge, MA, Cat# ab155999), rabbit
anti-SDHD (EMD-Millipore, Billerica, MA, Cat# ABCS835),
rabbit anti-Hexokinase2 (One World Lab, San Diego, Ca,
Cat#55911), mouse anti-PHD2 (Santa Cruz Biotechnology,
Dallas, TX, Cat# SC271835).

Secondary antibodies used in this study are (unless otherwise
indicated): Anti-mouse-HRP (Pierce, now thermos Scientific, Cat
# 31430), Anti-rabbit-HRP (Thermo Fisher Cat # 65-6120), Anti-
Rat-HRP (BioLegand, Cat # 405405), Anti-mouse-Alexa 488
(Molecular Probe /Invitrogen, Cat # A21202), Anti-rabbit-Alexa
488 (Molecular Probes/ Invitrogen, Cat # 21206), Anti-Rat-Alexa
594 (Molecular Probe/Invitrogen, Cat # A21209).

SDS-PAGE and Western Blot

Cell lysate or protein samples were generally prepared in
SDS-loading buffer and boiled for 10min for denaturing.
For analysis of membrane-associated proteins, samples were
first dissolved in 8M urea/PBS and then added SDS-loading
buffer and denatured at 55°C for 10 min. The proteins were
separated by electrophoresis in 4-20 or 10% SDS-PAGE
(unless otherwise indicated) as needed. The proteins were
then transferred to nitrocellulose or PVDF membranes for
Western Blot analysis. The protein bands were examined with
Chemifluorescence visualization utilizing the HRP conjugated
on secondary antibodies and reagents provided in the BM
Chemifluorescence Western Blotting Kit Mouse/Rabbit (Roche)
or the SuperSignal West Femto Chemiluminescence Kit (Pierce).
The chemiluminescent signals were either documented on film
(Denville) or by GE Amersham Imager model 600. The films were
scanned by an Epson Perfection 2400 photo/film scanner with at
least 1,200 dpi resolution to convert into digital forms and then
analyzed with Image J (NIH). For images documented by the GE
imager, an ImageQuant TL software pack (v8.1) and its 1D gel
analysis module were used to examine the intensity of signals
by densitometry.

Analysis of Mitochondrial Complex on Blue
Native PAGE (BN-PAGE)

Cells were permeabilized in PBS with 2 mg/ml digitonin
(Sigma-Aldrich, Cat# D141) at 4°C for 10min. Cells were
centrifuged at 10,000 x g for 5min at 4°C and washed twice
with PBS. Cell pellets were resuspended in 1.5M aminocaproic
acid, 50 mM Bis-Tris pH 7.0, and total protein concentration
was determined by the Folin method (Lowry et al, 1951).
Proteins were extracted either with 1% lauryl maltoside (for
monomeric complex analysis) or 1% digitonin (for supercomplex
analysis). After centrifugation at 22,000 x g for 30 min at 4°C,
a buffer containing 750 mM aminocaproic acid, 50 mM Bis-
Tris pH 7.0, 0.5 mM, EDTA, and 5% Serva blue G was added
to the clarified extracts. Samples were loaded on a linear 3-
12% polyacrylamide blue native gel (Invitrogen), transferred
to PVDF membrane, and analyzed by immunoblotting with

the following antibodies: anti-COX1 (Abcam, Cat#Abl14705),
anti-COX3 (Abcam, Cat# Ab110259), anti-NDUFA9 (Abcam,
Cat# Ab14713), anti-CORE2 (Abcam, Cat# Ab 14745), anti-
SDHA (Abcam, Cat# Ab14715), anti-porin/VDAC (Abcam, Cat#
Ab14734), anti-TOM20 (Santa Cruz Biotechnology, Cat# sc-
11415), second antibodies anti-mouse HRP (Rockland, Cat# 610-
4302), anti-rabbit HRP (Rockland, Cat# 611-1302).

Preparation of Cells Stably Expressing

Recombinant ATE1 Proteins

ATE]1 KO MEF stably transfected with ATE1-1-GFP, ATE1-2-
GFP, ATE1-3-GFP, and ATE1-4-GFP was generated as described
previously (Zhang et al, 2015) except cells were enriched
with FACS without puromycin selection. Briefly, retroviruses
carrying different C-terminal GFP tagged isoform of Ate-1
were constructed by transfecting HEK293T cells with the low-
expression pBabe-Puro vectors carrying coding sequence for the
desired isoform and the vectors of GAG-Pol and VSV-G vector.
The viruses were then allowed to infect ATEI KO MEF in the
presence of 10 mg/mL polybrene. Successfully transfected MEF
were enriched by fluorescence sorting.

Cell Counting and Cell Size Measurement
The numbers of resuspended cells in solution were counted
with an automated Biorad TC20 cell counter, and dead cells
were excluded with trypan blue unless otherwise indicated. The
diameters of the resuspended cells were also measured by the
built-in feature of the cell counter. All peaks of size distributions
and the associated cell numbers displayed by the counters were
used to calculate the average diameter of the cell.

Measurements of Whole-Cell and
Mitochondrial Respiration Activity in

Mammalian Cells
For the tests described below, we used actively growing cell
cultures at a confluency lower than 50%. The measurements
of whole-cell and mitochondrial respiration rates were done
according to a protocol published elsewhere (Barrientos et al.,
2009). In brief, cells were collected by trypsinization, neutralized
in FBS-containing medium, and washed with DPBS. To measure
whole-cell respiration, the cells were resuspended in RPMI 1640
medium with L-Glutamine and 25 mM HEPES (Sigma-Aldrich,
Cat# SLM-140) at 37°C. The numbers of live cells were counted
using Trypan blue on a TC-20 automated cell counter (Bio-
Rad). The concentration of all cell lines used in the same test
were adjusted to 4 x 10° cells/ml and then transferred to the
chamber of a polarographic apparatus with a Clark-type O2
electrode (Hansatech, Oxygraph plus system) for measurement
of cell respiration at 37°C. At the end of the measurement, KCN
(Sigma-Aldrich, Cat# 60178) was added to the cell suspension to
a final concentration of 2mM to inhibit cell respiration. KCN-
sensitive cellular respiratory rates were obtained by subtracting
oxygen consumption rates before and after KCN addition.

To measure substrate-driven mitochondrial respiration, the
cells were resuspended in warm (37°C) permeablized-cell
respiration buffer (PRB) containing 0.3 M mannitol, 10 mM
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KCl, 5mM MgCl,, 0.5mM EDTA, 0.5mM EGTA, 1 mg/ml
BSA and 10 mM KH3;PO4 (pH 7.4). The numbers of live cells
were counted using Trypan blue on a TC-20 automated cell
counter (Bio-Rad). The concentrations of each cell type in the
same test were adjusted to 4 x 10° cells/ml. An aliquot of
the cell suspension was supplemented with freshly prepared
hexokinase (Sigma-Aldrich, Cat# H-5500) to 10 U/mL, and ADP
to 2mM and 1mL of the cell suspension was transferred to
the polarographic chamber/oxygraph containing a Clark-type O,
electrode (Hansatech, Oxygraph plus system) with a temperature
setting of 37°C. The whole-cell respiration was measured before
digitonin was added.

To measure substrate-driven respiration, the cell membrane
was permeabilized by adding freshly prepared digitonin in
optimized ratios of 20jLg per 10° cells for WT MEE or
10 g per 10° cells for ATEI-KO MEF. The substrate-driven
oxygen consumption rate was then examined by adding
specific MRC substrates using a Hamilton microsyringe. To
measure complex I-driven respiration, we added 5mM each
of glutamate (Sigma-Aldrich, Cat# G8415) and malate (Sigma-
Aldrich, Cat# M1124). To measure complex II, we used
10 mM succinate (ICN Biomedicals, Cat# 102972). To measure
uncoupled respiration, we added 3 wM carbonilcyanide p-
triflouromethoxyphenylhydrazone (FCCP) (Sigma-Aldrich, Cat#
C2920), and to assess the specificity of the measurements, we
inhibited respiration with 2mM of the CIV inhibitor potassium
cyanide (KCN) (Sigma-Aldrich, Cat# 60178).

Isolation of High-Purity Mitochondria From

Cultured Cells for Protein Analysis

Mitochondria were purified from exponentially growing cultured
cells based on the Gaines method, updated by Enriquez’s group
(Fernandez-Vizarra et al., 2010). In brief, cells were harvested
by trypsinization and washed twice with cold DPBS before being
resuspended in swelling buffer (10 mM Tris-HCI, pH 7.4, 10 mM
KCI, 0.5 mM MgCl,) and incubation on ice for 5min. The cells
were then homogenized with Teflon-glass douncer until at least
75% of the cells were broken. The homogenized lysate was then
mixed with sucrose solution to reach a final concentration of
0.25M of sucrose and then centrifuged at 600 x g for 5min
at 4°C twice to remove cell debris. The resulting supernatant
was centrifuged at 7,000 x g for 10 min at 4°C to pellet the
mitochondrial fraction. The pellet was washed with the STE
buffer (0.32 M sucrose, ] mM EDTA, and 10 mM Tris-HCI, pH
7.4) and centrifuged again at 7,000 x g for 10min at 4°C.
The pellet was gently resuspended in freshly prepared, ice-cold
mitochondria resuspending buffer (MRB) (250 mM mannitol,
5-mM HEPES (pH 7.4), and 0.5-mM EGTA. The mixture was
layered on top of Percoll medium (225-mM mannitol, 25-
mM HEPES (pH 7.4), 1-mM EGTA, and 30% Percoll (vol/vol).
Additional MRB buffer was added to fill the volume of the
centrifuge tube before being centrifuged in a swing-bucket rotor
at 95,000 x g for 30 min at 4°C. A Beckman Coulter Optima L-
100 XP ultracentrifuge with an SW40 rotor (Beckman, Fullerton,
CA, USA) was used in this study. The purified mitochondria,

which was present in a semi-transparent layer directly above the
pellet on the bottom, was then recovered.

Measurement of Endogenous Cell

Respiration in Yeast Cells

The cell respiration of yeasts was assayed polarographically
using a Clark-type oxygen electrode (Hansatech Instruments,
Norfolk, UK) at 30°C as described elsewhere (Barrientos et al.,
2002). The specific activities reported were corrected for KCN-
insensitive respiration.

Measurement of Membrane Potential in
Yeast Cells

The measurement of mitochondrial membrane potential (¥y,)
in yeast was performed as described elsewhere (Ocampo et al.,
2012). In brief, yeast cells were incubated with 5pM TMRM
of Tetramethyl Rhodamine Methyl Ester (TMRM), a cell-
permeant, cationic, fluorescent dye that is readily sequestered by
viable mitochondria, at 30°C for 30 min, as reported (Nicholls
and Ward, 2000). The cells were then washed twice in PBS
and were analyzed with flow cytometry analysis on a Becton
Dickinson (BD) FACSAria™ 1I Flow Cytometer. Excitation was
performed at 532nm; emission was detected using a 25nm
bandpass filter centered at 575 nm (Becton Dickinson, NJ, USA).
Dissipation of W, causes TMRM to leak out of mitochondria into
the cytosol, where TMRM became unquenched, producing an
increase in fluorescence (Nicholls and Ward, 2000). To confirm
the mitochondrial specificity of the signal of TMRM, ionophore
carbonyl cyanide m-chlorophenyl hydrazone (CCCP), which
dissipates the membrane potential, was applied to treat the cells
as controls.

Measurement of Cellular Succinate Levels

Actively growing cells below 50% confluency were used. Cells
were harvested by trypsin and then immediately washed three
times with ice-cold DPBS. The numbers, viability, and diameters
of the resuspended cells were measured on the Biorad TC20
automated cell counter. The same number of cells (40 million
cells in this test) were used for each cell type. The cells were
collected by centrifugation at 2,500 x g at 4°C for 3 min. The
pellets were weighted and 20 volumes of ice-cold H,O was
added. The cells were then lysed by brief sonication, and the
cell debris was removed by centrifugation at 20,000 x g at 4°C
for 10 min. The supernatant was further centrifuged at 100,000
x g at 4°C for 1h to remove large cellular complexes. The
subsequent supernatant was then filtered through a 10K MWCO
membrane (Thermo Scientific, Rockford, IL, Cat#PI88513) by
centrifugation at 4°C to remove large proteins. The filtrate
protein concentration was quantified by the Bradford assay using
reagents from Bio-Rad (Cat# 500 0205). The cell lysate filtrate
was then extracted by acetonitrile. The resulting supernatant
was dried under N, and then derivatized by HCI n-butanol.
Upon being dried under N, the derivative precipitation was
reconstituted with 80% methanol and loaded in LC-MS/MS. The
level of succinic acid in the filtrate was quantified by Agilent triple
quant LC-MS/MS. The final cellular concentration of succinic

Frontiers in Cell and Developmental Biology | www.frontiersin.org

18

December 2020 | Volume 8 | Article 603688


https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

Jiang et al.

ATE1 Regulates Mitochondria

acid was normalized by cell number, cell volumes, dilution factor,
and the protein concentration in the filtered lysate.

Mitochondrial Proteinase K Protection
Assay

The experiment was performed according to the previously
published method (Clemente et al, 2013). In brief, purified
mitochondria were resuspended in a buffer containing 10 mM
Tris-HCI, pH 7, 10mM KCI, 0.15mM MgSOy4, and 0.25M
sucrose. As control, one sample was subjected to brief sonication
to break the membranes. All samples were then incubated in ice
for 45 min in the presence of proteinase K at a final concentration
of 0, 0.32, or 0.64ug/ml. Mitochondria were recovered by
centrifugation at 8,000 x g for 15min at 4°C and analyzed by
Western blotting.

Glucose Starvation Assay

MEF cells (WT or ATEI-KO) were cultured in high-glucose
DMEM containing 25 mM glucose and 1 mM pyruvate (Gibco
Cat#10569) supplemented with 5% FBS (Hyclone, Cat#
SH30910.03) for several generations. Immediately before the
experiment, the cells were split and cultured for one generation
(24 h) in the same high-glucose DMEM except with 5% dialyzed
FBS (Life Technologies Cat# 26400-044). At the time of the
experiment, the cells were trypsinized, washed with DPBS, and
then resuspended in either starving media with glucose-free,
pyruvate-free DMEM (Gibco, Cat# 11966) and 5% dialyzed
FBS, or non-starving media with high-glucose, 1 mM pyruvate
DMEM (Gibco Cat#10569) and 5% dialyzed FBS. The cells
were then inoculated into 6-cm culture dishes with 50,000 cells
per dish so that the cells would stay at a non-confluent culture
density through the duration of tests. Live cells that remained
attached to the plate were then counted at given time points,
using trypan blue to exclude dead cells.

Microscopy

Optical and fluorescent images of cells were captured on a Zeiss
Observer equipped with a series of objectives and Zen Pro
software. Analysis of the images were performed with the Zen
Pro software.

Image Processing

The images were processed in Adobe Photoshop by adjusting the
display levels while preserving the linearity of the signals. The
figures were assembled in Adobe Illustrator.

Bioinformatic Analysis

The phylogenetic tree of the ATE1 protein was calculated based
on amino acid sequences with Clustal Omega program on the
Uniprot website. The detailed alignment of amino acid sequences
in ATE-C domain (Pfam ID: PF04377) between two species was
performed with NCBI BLASTp. The sunburst graph showing
the distribution of ATE-C domain (Pfam ID: PF04377) was
generated with corresponding tools from pfam.xfam.org hosted
by EMBL-EBL

RNA Isolation and Quantitative PCR
RNA was extracted using Quick-RNA MiniPrep Kit (Genesee
Scientific, Cat #: 11-328). The corresponding cDNA was prepared
by using Superscript First-strand RT-PCR kit (Invitrogen, Cat#:
11904-018). Quantitative real-time PCR was performed by using
SsoAdvanced™ Universal SYBR® Green Supermix (Biorad,
Cat#: 1725271) on a CFX Connect Real-Time PCR machine
(Biorad). The samples were run in multiple replicates on Hard-
Shell PCR 96 well plates from Biorad (Cat#: HSP9601). PCR
conditions: initial denaturation for 30s at 95°C, followed by 40
cycles with 95°C for 15s and 58°C for 1 min. After each run,
a melting curve was measured to confirm the specificity of the
amplification. The relative expression of the SDH subunits were
calculated by delta Ct method. The mRNA of $-actin (ACTB) was
used as housekeeping gene/reference gene for loading controls.
The primers targeting different subunits of Succinate
dehydrogenase and B-actin are listed below.
SDHA_qPCR_F—GCTCCTGCCTCTGTGGTTGA
SDHA_qPCR_R—AGCAACACCGATGAGCCTG
SDHB_qPCR_F—TGCGGACCTATGGTGTTGGATG
SDHB_qPCR_R—CCAGAGTATTGCCTCCGTTGATG
SDHC_qPCR_F—TGCTCCTTTGGGAACCACAGCT
SDHC_qPCR_R—GCAAACGGACAGTGCCATAGGA
SDHD_qPCR_F—GGTTGTCAGTGTTCTGCTCTTGG
SDHD_qPCR_R—GTCGGTAACCACTTGTCCAAGG
B-actin_qPCR_F—CAGCTGAGAGGGAAATCGTG
B-actin_qPCR_R—CGTTGCCAATAGTGATGACC

Statistical Analysis

The statistical significance for comparison of quantitative
assessments performed in WT and ATEI-KO MEF or yeast
cells was estimated by the Student t-test. The data distribution
was considered one-side or two-side based on the presence
of the error bars in the displayed data for comparison. Error
bars represent standard error of the mean (SEM) or standard
deviation (SD), as indicated in the figure legends. A minimum
p-value of 0.05 was considered significant.
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Redox stress is a common feature of gut disorders such as colonic inflammation
(inflammatory bowel disease or IBD) and colorectal cancer (CRC). This leads to increased
colonic formation of lipid-derived electrophiles (LDEs) such as 4-hydroxynonenal (4-HNE),
malondialdehyde (MDA), trans, trans-2,4-decadienal (tt-DDE), and epoxyketooctadecenoic
acid (EKODE). Recent research by us and others support that treatment with LDEs
increases the severity of colitis and exacerbates the development of colon tumorigenesis
in vitro and in vivo, supporting a critical role of these compounds in the pathogenesis of
IBD and CRC. In this review, we will discuss the effects and mechanisms of LDEs on
development of IBD and CRC and lifestyle factors, which could potentially affect tissue
levels of LDEs to regulate IBD and CRC development.

Keywords: inflammatory bowel disease, colonic inflammation, colorectal cancer, oxidative stress, lipid
peroxidation

INTRODUCTION

Colonic inflammation (inflammatory bowel disease or IBD, including Crohn’s disease and
ulcerative colitis) and colorectal cancer (CRC) are serious health problems in many countries.
The incidence and prevalence of IBD have dramatically increased in the United States and
other countries (Molodecky et al., 2012). The symptoms of IBD include abdominal pain,
diarrhea, and rectal bleeding; as a result, IBD can severely impact the life quality of the
patients. To date, there is no cure of IBD, and the current anti-IBD treatments can lead to
serious side effects, such as increased infection risk, bone marrow dysfunction, organ dysfunction,
and increased risk of malignancy, making it difficult to manage IBD. In addition, IBD patients
have increased risks of developing CRC (Terzi¢ et al., 2010). CRC is the third most common
cancer and the second leading cause of cancer-related death worldwide (Bray et al., 2018).
There are ~147,950 new cases of CRC in the United States in 2020. Although the majority
of these cases occurred in individuals at an age of 50 years and older, ~12% new cases of
CRC were diagnosed in individuals aged younger than 50 years (Siegel et al., 2020). It is of
critical importance to better understand the pathological components involved in the development
of IBD and CRC, in order to develop novel strategies for prevention and/or treatment.
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A common feature of IBD and CRC is that the oxidative
stress is increased in the colon tissues. Previous studies showed
that a variety of reactive oxygen species (ROS), including
superoxide (O,—), hydroxyl (OH), peroxyl (RO,), and alkoxyl
(RO) radicals, are increased in the rodent models and human
patients of IBD and CRC (Biasi et al., 2013). These ROS
species can attack polyunsaturated fatty acids (PUFAs), notably
linoleic acid (LA, the most abundant PUFA in humans diet
and tissues), that are incorporated in the membrane
phospholipids of colon tissues, leading to formation of
endogenous lipid-derived electrophiles (LDEs), such as
4-hydroxynonenal (4-HNE), malondialdehyde (MDA), trans,
trans-2,4-decadienal (tt-DDE), and epoxyketooctadecenoic acid
(EKODE; Van Kuijk et al.,, 1990; Lin et al., 2007; Blair, 2008;
Ayala et al,, 2014). Substantial studies have shown that the
levels of LDEs are increased in animal models and human
patients with IBD or CRC (Skrzydlewska et al., 2005; Rezaie
et al., 2007; Lee et al, 2010). In addition, previous studies
have shown that the LDEs have potent effects on inflammation
and tumorigenesis (Esterbauer et al., 1991). Therefore, some
of the LDE compounds are implicated in the pathogenesis
of IBD and CRC (Colgan and Taylor, 2010; Iborra et al,
2011; Bhattacharyya et al., 2014). However, most of the previous
studies were performed using in vitro cell culture models
(Esterbauer et al., 1991), which have several limitations: (1)
the cell culture models have many limitations to study the
complicated pathogenesis of IBD and CRC, (2) the LDEs are
chemically reactive toward biomolecules and are metabolically
unstable in vivo, the extent to, which these compounds can
directly interact with intestinal epithelial cells (IECs) or immune
cells in vivo remain unknown, and (3) some studies treated
cultured cells with the LDE at high-uM concentrations, which
may not be biologically or pathologically relevant.

To address these concerns, recently we performed a series
of animal studies to investigate the effects and mechanisms
of LDEs, including 4-HNE, tt-DDE, and EKODE, on
development of IBD and CRC in mouse models (Wang et al,,
2019a, 2020; Lei et al., 2021). Our results showed that systematic,
short-time, treatment with low doses of these compounds
increased the severity of dextran sodium sulfate (DSS)-induced
colitis and exacerbated the development of azoxymethane
(AOM)/DSS-induced colon tumorigenesis in mice, supporting
a critical role of these compounds in the development of
IBD and CRC in vivo (Wang et al., 2019a, 2020; Lei et al,,
2021). In this review, we will discuss the roles of the LDEs
in the pathogenesis of IBD and CRC, and the implications
of LDEs in designing strategies to reduce the risks of IBD
and CRC (Figure 1).

LEVELS OF LDEs IN ANIMAL MODELS
AND HUMAN PATIENTS OF IBD AND
CRC

Previous studies have shown that the concentrations of LDEs
are increased in animal models of IBD (Table 1). In both
DSS-and  2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced

colitic models, the concentration of 4-HNE is significantly
increased in the colon tissues of colitic mice (Lee et al., 2010).
Indeed, the colonic concentrations of free-form 4-HNE in
normal C3H/HeN mice (not stimulated with DSS) wvs.
DSS-exposed C3H/HeN mice were 0.86 + 0.85 ng/ml vs.
11.92 + 7.01 ng/ml, demonstrating a dramatic increase of
colonic 4-HNE in colitis (Lee et al., 2010). The concentration
of MDA, another LDE compound, was also increased in the
colon tissues of TNBS-induced colitic rats (Liu and Wang,
2011). These effects seemed to be mouse strain-dependent:
DSS exposure significantly increased colonic concentration of
4-HNE in both C3H/HeN and C3H/He] mice, but the effect
was much more dramatic in C3H/HeN mice compared with
C3H/HeJ mice (Lee et al., 2010). Overall, these results support
that the colonic concentrations of LDEs are increased in animal
models of IBD.

Previous studies also showed that the concentrations of
LDEs are increased in animal models of CRC (Table 1). Our
recent research showed that EKODE, an aldehyde compound
derived from oxidative degradation of ®-6 PUFAs (Lin et al., 2007),
was increased in the colon tissues of AOM/DSS-induced CRC
mice (Lei et al, 2021). In our research, we used a liquid
chromatography-tandem mass spectrometry (LC-MS/MS)-based
metabolomics, which can measure >100 fatty acid metabolites
derived from both enzymatic metabolism and non-enzymatic
oxidation of PUFAs (Wang et al., 2019b), to systematically
profile how fatty acid metabolites are deregulated in the colon
of AOM/DSS-induced CRC mice. We found that EKODE was
significantly increased in the colon of the AOM/DSS-induced
C57BL/6 mice compared with that of the healthy control
mice. In addition, EKODE was also among the most dramatically
increased fatty acid metabolites in the colon of the mice (Lei
et al,, 2021). The concentration of EKODE was not significantly
increased in the plasma of AOM/DSS-induced CRC mice
compared with the healthy control mice (Wang et al., 2019b),
and this could be due to the low chemical and/or metabolic
stability of EKODE in circulation. Besides the chemically
induced CRC models, the levels of LDEs are also increased
in the CRC model of the II-107~ mice. Compared with
II-107"~ mice colonized with a superoxide-deficient strain
WY84SS or administered sham, the II-10~'~ mice colonized
with a superoxide-producing Enterococcus faecalis strain
OGI1RFSS developed more severe colon tumorigenesis.
Immunohistochemical analyses showed that the levels of
4-HNE-protein adducts are increased in the colonic macrophages
and myofibroblasts of II-107~ mice colonized with OG1RFSS
(Wang et al,, 2012). These results are consistent with other
studies, which showed that LDE compounds, such as 4-HNE
and MDA, are increased in animal models of CRC
(Amerizadeh et al.,, 2018; Cid-Gallegos et al., 2020).

Human studies also showed that the concentrations of LDEs
are increased in IBD and CRC patients (Table 2). Previous
studies showed that the circulating concentration of MDA was
increased in Crohns disease patients compared with control
subjects (Alzoghaibi et al., 2007; Boehm et al., 2012; Achitei
et al., 2013). The concentrations of 4-HNE and MDA are increased
in human primary CRC tissues (Skrzydlewska et al, 2005).
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FIGURE 1 | Roles of ROS-produced lipid-derived electrophiles (LDE) compounds in pathogenesis of inflammatory bowel disease (IBD) and colorectal cancer

Lipid-derived electrophiles (LDEs)

4-hydroxynonenal (4-HNE)
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malondialdehyde (MDA)
trans, trans-2,4-decadienal (tt-DDE)
epoxyketooctadecenoic acid (EKODE)
IBD I
CRC

TABLE 1 | Concentrations of LDE compounds in animal models of IBD and CRC.

Model Species Tissue Results References
DSS/TNBS-induced colitis C3H/HeN or C3H/Hed mouse Colon 1 MDA, 1 4-HNE in colon Lee et al., 2010
TNBS-induced colitis Sprague-Dawley rat Colon 1 MDA in colon Liu and Wang, 2011
Colitis-CRC model Il-10~- mouse colonized with Enterococcus faecalis ~ Colon 1 4-HNE-protein adducts in ~ Wang et al., 2012
OG1RFSS colon
AOM/DSS-induced CRC model C57BL/6 mouse Colon 1 EKODE in colon Lei et al., 2021
AOM/DSS-induced CRC model C57BL/6 mouse Colon 1 MDA in colon Amerizadeh et al., 2018
AOM/DSS-induced CRC model BALB/c mouse Colon 1 MDA, 1 4-HNE protein in Cid-Gallegos et al., 2020
colon

AOM, azoxymethane; DSS, dextran sodium sulfate; TNBS, 2,4,6-trinitrobenzenesulfonic acid.

In addition, previous studies showed that CRC patients, as
well as patients with unresectable colorectal liver metastasis,
have higher concentrations of MDA in the urine and/or plasma
(Saygili et al., 2003; Leung et al., 2008; Chandramathi et al., 2009).
After surgical treatments, the serum concentration of MDA
was reduced in CRC patients compared to presurgical status
(Surinénaité et al., 2009). Clinical studies also showed a strong
association between LDEs and transforming growth factor f1
(TGF-P1) levels, related to the tumor malignancy (Tiiziin et al., 2012).
4-HNE may make an important contribution toward upregulating
TGEF-p1 expression (Leonarduzzi et al., 1997). Overall, these results
support the clinical importance of LDEs in IBD and CRC.
The increased colonic concentration of LDEs in IBD and
CRC could be due to the more severe redox stress in these
diseases. Substantial studies have shown that a series of oxidative
markers, such as ROS species, nitric oxide, 8-oxo-2'-
deoxyguanosine (8-oxodG), and antioxidant or pro-oxidative
proteins (e.g., catalase and myeloperoxidase), are altered in
IBD and CRC, demonstrating a more severe oxidative
microenvironment in IBD and CRC (Perse, 2013; Sies et al., 2017).

In agreement with these studies, we showed that compared
with control healthy mice, the AOM/DSS-induced CRC mice
had a lower colonic expression of a series of anti-oxidative
genes, such as Sodl (encoding superoxide dismutase 1), Cat
(encoding catalase), Gsr (encoding glutathione-disulfide
reductase), Gstal (encoding glutathione S-transferase A1), Gstm1
(encoding glutathione S-transferase M1), and Hmox1 (encoding
heme oxygenase-1), and had higher colonic expression of a
pro-oxidative gene Mpo (encoding myeloperoxidase),
demonstrating more severe redox stress in the colon tissues
of AOM/DSS-induced CRC mice. Consistent with these findings
in animal models, we found that, in the Cancer Genome Atlas
(TCGA) database, the expressions of the anti-oxidant genes
(CAT, GSR, GSTA1, GSTM1, and HMOXI) are reduced, while
the expression of pro-oxidant gene MPO is increased, in the
tumor samples of human CRC patients (Lei et al., 2021).
The more severe redox stress in the colon tissues of IBD
and CRC could contribute to the high concentrations of
LDEs through several mechanisms. First, the colon tissues
of IBD and CRC usually have higher levels of ROS species,
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TABLE 2 | Concentrations of LDE compounds in human patients of IBD and CRC.

Disease Human subjects Tissue Results References

IBD IBD patients (n = 42) and normal adults (n = 32) Plasma 1 MDA in plasma Alzoghaibi et al., 2007

IBD IBD patients (n = 41) and normal adults (n = 18) Serum 1 MDA in serum Achitei et al., 2013

IBD (CD)  CD patients (n = 52) and healthy adults (n = 99) Plasma 1 MDA in plasma Boehm et al., 2012

CRC CRC patients (n = 81) and most distant location as control Colon mucosae 1 MDA, 1 4-HNE in colon mucosae Skrzydlewska et al., 2005
(n=81)

CRC CRC patients (n = 49) and healthy individuals control (n = 95) Urine 1 MDA in urine Chandramathi et al., 2009

CRC CRC patients (n = 20) and healthy individuals control (n = 20) Plasma 1 MDA in plasma Saygili et al., 2003

CRC Primary operable patients (n = 53) and advanced inoperable Plasma 1 MDA in plasma Leung et al., 2008
patients (n = 53)

CRC CRC patients (n = 65; comparing the change between Serum 1 MDA in serum compared to presurgical ~ Surinénaité et al., 2009

presurgical and postsurgical periods)

CD, Crohn'’s disease; TBARS, thiobarbituric acid-reactive substances, UC, ulcerative colitis.

which can directly attack membrane phospholipids and lead
to increased production of LDEs such as 4-HNE and EKODE
(Lin et al., 2007). Second, the colon tumors or inflamed colons
usually have lower expression of glutathione S-transferases
(GST), as well as glutathione, and this could lead to decreased
metabolism of LDEs and thus contribute to their high abundance
in colon tissues. Indeed, previous studies showed that the
colonic concentration of glutathione, as well as the colonic
activity of GST enzymes, was reduced in DSS-induced colitic
model (Oz et al, 2005; Arafa et al, 2009). The GST activity
in the distal colon was significantly lower in the carcinoma
patients compared with the adenoma patients and healthy
controls (Grubben et al., 2006). The GST enzymes are the
major enzymes involved in metabolism of lipid peroxidation-
derived o,p-unsaturated carbonyl compounds, such as 4-HNE
and acrolein, catalyzing the conjugation reaction of these
compounds with glutathione to form the corresponding
glutathione conjugates (Allocati et al., 2018). Therefore, reduced
expression of GST and lower levels of intracellular glutathione
in IBD and CRC could lead to attenuated metabolic degradation
of the LDEs. Overall, due to the oxidative stress in the colon
tissues of IBD and CRC, there could be enhanced production
and/or reduced degradation of LDEs in the colon, leading to
higher colonic levels of LDEs.

EFFECTS OF LDEs ON DEVELOPMENT
OF IBD AND CRC

In vitro Studies of LDEs on Inflammation
and Tumorigenesis

Previous studies by us and others showed that treatment with
low-concentration LDE increases inflammatory responses. In our
recent study, we treated human CRC (HCT-116) and mouse
macrophage (RAW 264.7) cells with EKODE, at a concentration
of 300 nM (a dose determined from LC-MS/MS analysis of
the concentration of endogenous EKODE in the colon tissues
of AOM/DSS-induced CRC mice, see our publication Lei et al.,
2021). We found that EKODE treatment induces the expression
of pro-inflammatory genes and activates JNK and NF-kB pathways
in both CRC and macrophage cells, illustrating a potent
pro-inflammatory effect of EKODE in vitro (Lei et al., 2021).

Besides EKODE, previous studies by us and others also showed
that other LDE compound, such as tt-DDE, induces inflammatory
responses in vitro (Chang et al., 2005; Wang et al., 2020).

Previous studies also support that LDEs can cause detrimental
effects on tumorigenesis in vitro. Many LDE compounds, such
as 4-HNE, MDA, and acrolein, are chemically reactive and
can form covalently-linked conjugates with biomolecules such
as DNA, leading to mutagenesis and tumorigenesis. Acrolein,
a major component in cigarette smoke, has been shown to
be able to directly react guanine residues in DNA to produce
DNA adducts (Comes and Eggleton, 2002). It could be a major
etiological agent for cigarette smoke-related lung cancer and
contributes to lung carcinogenesis through the induction of
DNA damage and the inhibition of DNA repair (Feng et al,
2006a). MDA has also been shown to react with nucleosides,
such as deoxyguanosine and deoxyadenosine, to form adducts
such as pyrimido[1,2-a]purin-10(3H)-one (M1G; Niedernhofer
etal,, 2003). M1G has been demonstrated to be highly mutagenic
in human cells and has been detected in tissues under oxidative
stress (Marnett, 1999a,b). MDA treatment inhibits nucleotide
excision repair for both UV light-and BPDE-induced DNA
damage in CRC cells (Feng et al., 2006b). These results suggest
that MDA could play a critical role in oxidative stress-induced
mutagenesis and carcinogenesis through two detrimental
mechanisms: the induction of DNA damage and the inhibition
of DNA repair. Besides MDA, other LDE compound, such as
4-HNE, has been shown to a potential mutagen and could
contribute to oxidative stress-induced carcinogenesis (Hu et al.,
2002; Nair et al,, 2006; Wang et al., 2012, 2015). The effects
of LDEs on inflammation and tumorigenesis have been
summarized and discussed in several reviews (Poli et al., 2008;
Ayala et al., 2014; Zhong and Yin, 2015) and will not be discussed
in detail here.

Previous studies showed that LDEs can cause different, or
even opposite, effects at different concentrations in vitro. For
example, EKODE at a concentration of 10 pM can activate
nuclear factor erythroid 2-related factor 2 (Nrf2) signaling (Wang
et al,, 2009), which is an important pathway involved in cellular
defense against oxidative stress (Guina et al., 2015). While at
lower concentrations, EKODE did not have such an effect and
instead induced inflammatory responses (Wang et al., 2009;
Lei et al,, 2021). This could be, at least in part, due to the
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mode of actions of these compounds. LDEs are chemically
reactive and can covalently modify cellular proteins, it is feasible
that at different concentrations, the LDE compound can interact
with different cellular proteins: at low concentrations, the LDE
compound could selectively interact with the cellular proteins,
which have the most reactive amino acid residues; while at
high concentrations, the LDE compound could interact with
more proteins in a less selective manner, resulting in varied
or even opposite biological responses. This notion is supported
by previous studies of click chemistry-based imaging of LDE
compounds such as 4-HNE and tt-DDE (Vila et al, 2008;
Wang et al., 2020). To better understand the biological effect
of LDE compound, it is important to perform cell culture
studies using a dose that is biologically or pathologically relevant.
As we discussed in “Levels of LDEs in Animal Models and
Human Patients of IBD and CRC” section above, substantial
studies have reported the concentrations of endogenous LDEs
in animal models and human patients of IBD and CRC: for
example, previous studies showed that the colonic concentrations
of 4-HNE are ~11.9 ng/ml (~76 nM) in DSS-exposed C3H/
HeN mice and ~15.9 ng/ml (~102 nM) in TNBS-exposed C3H/
HeN mice (Lee et al, 2010). These reported concentrations
can help us to perform in vitro studies to study the actions
of these compounds under biologically relevant conditions.

In vivo Studies of LDEs on IBD and CRC
Our recent research showed that systematic, short-time, treatment
with low doses of the LDEs, such as 4-HNE, tt-DDE, or
EKODE, increased the severity of DSS-induced colitis and
exacerbated the development of AOM/DSS-induced CRC in
mouse models, supporting critical roles of these compounds
in the development of IBD and CRC (Wang et al., 2019a,
2020; Lei et al., 2021). In our experiment, we treated C57BL/6
mice with 2% DSS in drinking water, with or without
administration of 4-HNE, tt-DDE, or EKODE (via intraperitoneal
injection, dose = 1-5 mg/kg/day), for 6-7 days, then sacrificed
the mice for analysis. We found that LDE treatment increased
the severity of DSS-induced colitis in mice, with increased
infiltration of immune cells, expression of pro-inflammatory
genes, and enhanced crypt damage, in the colon tissues.
Furthermore, we showed that LDE treatment exacerbated
intestinal barrier dysfunction, leading to enhanced translocation
of bacteria or toxic bacterial products from the gut into the
systemic circulation and distant organs. Overall, these results
support that LDEs have a pro-colitic activity in vivo (Wang
et al., 2019a, 2020; Lei et al.,, 2021). In addition, we also found
that LDE treatment exacerbated the development of AOM/
DSS-induced colon tumorigenesis in mice. In this experiment,
we stimulated AOM and DSS to initiate colon tumorigenesis,
then treated the mice with an intraperitoneal injection of
EKODE (dose = 1 mg/kg/day). EKODE treatment increased
tumor number and tumor size, and increased expression of
pro-inflammatory and pro-tumorigenic markers in the colon,
demonstrating its CRC-enhancing effects in vivo (Lei et al., 2021).
TLR4 plays a critical role in gut bacteria-host interactions
by recognizing LPS, which is expressed by Gram-negative

bacteria and certain Gram-positive bacteria (Abreu, 2010).
Activation of TLR4 contributes to the development and
maintenance of inflammatory responses (O’Shea and Murray,
2008), and the expression of TLR4 is significantly upregulated
in the colon of DSS-induced colitic mice (Hou et al., 2013).
TLR4 is generally expressed at the basolateral surface of intestinal
epithelial cells; as a result, TLR4 signaling will only be activated
when the gut bacteria penetrate the intestinal epithelium layer
(Kubinak and Round, 2012). We found that in the DSS-induced
colitic model, treatment with 4-HNE suppressed expression of
tight-junction proteins in colon tissues, leading to increased
translocation of bacteria or bacterial product (e.g., LPS) from
the gut into the systemic circulation, resulting in increased
activation of TLR4 signaling in vivo (Wang et al., 2019a).
Furthermore, we showed that 4-HNE failed to promote
DSS-induced colitis in TIr4”~ mice, supporting that TLR4
signaling is required for the pro-colitic activity of 4-HNE (Wang
et al., 2019a). Our finding is consistent with previous studies,
which showed that 4-HNE induces the production of
pro-inflammatory cytokines (IL-8, IL-1p, and TNFa) and
upregulates matrix metalloproteinase-9 by TLR4/NF-xB-
dependent mechanisms in vitro (Gargiulo et al., 2015). Besides
4-HNE, we also found that EKODE treatment impaired intestinal
barrier function and enhanced bacterial translocation in vivo,
which could lead to activation of TLR4 signaling and contribute
to its pro-colitic activity (Lei et al., 2021).

The potential roles of TLR4 in mediating the pro-colitic
actions of LDEs suggest that gut microbiota could be involved
in the actions of LDEs. The LDE compounds, which are
increased in the colon tissues under IBD or CRC status, could
directly interact with bacterial cells that reside in the colon,
leading to alteration of gut microbiota and contributing to
increased development of IBD or CRC (Sekirov et al., 2010).
A healthy gut is a mostly oxygen-free environment and is
mainly inhabited by obligate anaerobes (Sekirov et al., 2010).
Previous studies have supported the notion that many beneficial
gut bacteria are sensitive to oxygen or redox stress, while the
pathologic bacteria are more resistant to redox stress (Sekirov
et al., 2010). Therefore, increased formation of LDEs, which
are chemically and redox-active, could perturb gut microbiota
through suppressing the growth of beneficial anaerobic bacteria
and enhancing the growth of redox-resistant pathological bacteria,
resulting in microbiota dysbiosis. To date, few studies have
characterized the roles of LDEs on gut microbiota, and the
functional roles of the altered microbiota in promoting IBD
or CRC. Further studies are needed to better understand how
IBD or CRC-associated redox microenvironment interacts with
the gut microbiota to affect the development of gut diseases.

Overall, our results support a model that during the
development of colitis and CRC, there is enhanced production
of ROS species in the colon, leading to increased production
of LDEs such as 4-HNE and EKODE in the colon tissues.
These compounds could interact with the cells that reside in
the gut, such as IECs, inflammatory cells, or even gut bacteria
cells, leading to increased inflammatory responses and
tumorigenesis, and resulting in increased development of IBD
and CRC. In support of this notion, the results by us and
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others showed that treatment with LDEs, at pathologically
relevant concentrations, induced inflammatory responses in
IECs and macrophages (Wang et al., 2019a, 2020; Lei et al,
2021). Therefore, these compounds could be important
pathological components in the development of IBD and CRC.
Future studies are needed to determine whether we could
develop strategies to selectively target LDEs to reduce the risks
of IBD and CRC.

We want to point out that our animal studies have limitations.
The purpose of our research is to study the extent to, which
LDE compounds modulate the development of colitis and CRC
in mouse models. Since, the LDEs are produced by non-enzymatic
oxidation of tissue PUFAs, it is difficult for us to use genetically
engineered mouse models to alter colonic concentrations of
LDEs and study their biological actions. In our experiments,
we treated mice with these compounds, such as 4-HNE and
EKODE (dose = 1-5 mg/kg/day), via intraperitoneal injection
(Wang et al., 2019a, 2020; Lei et al., 2021). We used this dose
range, since a previous study has shown to intraperitoneal
injection of 5 mg/kg/day 4-HNE caused no toxic effects in
mice (Nishikawa et al., 2000). However, intraperitoneal injection
of LDEs leads to systematic delivery of LDEs and could also
increase the concentrations of LDEs in other tissues. In addition,
it remains to determine whether the colonic concentrations
of LDEs in the LDEs-treated mice are relevant with those in
IBD and CRC patients.

FACTORS THAT AFFECT THE
FORMATION OF LDEs IN TISSUES

Since, LDEs are produced from tissue PUFAs (notably LA)
by the actions of ROS, factors that can affect the formation
of LDE:s in tissues, such as dietary intake of LA, heme irons,
and antioxidants, could modulate the risks of IBD and CRC.
The details are discussed below.

Dietary Intake of LA

LA is abundant in vegetable oils, such as corn, soybean, and
canola oils, as well as fried food, salad dressing, and mayonnaise
(Blasbalg et al,, 2011). Since the last century, there has been a
dramatic increase of dietary consumption of LA in the United States
and other countries: the consumption of soybean oil, which is
a major vegetable oil on the market, has risen more than 47%
since 1980 and more than 1,000-fold since 1909 (Blasbalg et al.,
2011). It is feasible that a high intake of dietary LA would increase
the abundance of LA in membrane phospholipids and leads to
increased formation of LDEs under redox stress, which could
result in increased development of IBD and CRC. In consistent
with this notion, animal experiments showed that a high intake
of LA increased both AOM-and Apc mutation-induced CRC,
suggesting its potential adverse effect on CRC (Reddy et al., 1985;
Wu et al,, 2004; Fujise et al., 2007; Enos et al., 2016; Liu et al,,
2020). Human studies also support that a high intake of LA
increases the risks of CRC (Pot et al., 2008; Daniel et al., 2009)
and colitis (Shoda et al, 1996; Tjonneland et al, 2009;
Strassburg et al., 2014; Rashvand et al., 2015). Notably, the European

Prospective Investigation into Cancer and Nutrition (EPIC) study
showed that high intake of LA more than doubled the risks of
IBD and could be responsible for ~30% of ulcerative colitis cases
(Tjonneland et al., 2009), though we need to point out there are
also inconsistent studies, which showed that a high dietary intake
of LA did not increase risks of CRC in human populations (Zock
and Katan, 1998; Bartsch et al., 1999; Azrad et al., 2013). Further
studies are needed to better characterize the molecular mechanisms
for the potential CRC-enhancing effects of dietary LA, in order
to clarify its health effects and make dietary recommendations
or guidelines for the optimal intake of LA.

Dietary Intake of Heme Iron

Overall meat consumption has continued to rise in the
United States and the rest of the developed world. Red
meat represents the largest proportion of meat consumed
in the United States (58%; Daniel et al., 2011). Heme has
been proposed as the key molecule contributing to
tumorigenesis upon red and processed meat intake (Fiorito
et al., 2020). Heme iron plays important role in lipid
peroxidation. Previous studies support that a high dietary
intake of heme iron increases tissue levels of LDEs, leading
to increased risks of CRC. Heme iron can increase lipid
peroxidation in food products: Gasc et al. (2007) showed
that heme iron can interact with dietary LA, leading to
increased levels of 4-HNE in food products. In addition,
Pierre et al. showed that administration of a diet rich in
heme iron increased the wurinal concentration of
1,4-dihydroxynonane mercapturic acid (DHN-MA), which
is a major urinary metabolite of 4-HNE, in both animal
models and human subjects, suggesting that dietary intake
of heme iron increases lipid peroxidation in vivo (Pierre
et al., 2006). Animal and human studies also support that
heme iron increases risks of CRC. Feeding of a diet rich
in heme iron increased the number of preneoplastic lesions
in an AOM-induced CRC model in rats and increased tumor
load in a spontaneous CRC model in Apc™™ mice (Bastide
et al., 2015). A meta-analysis of cohort studies showed that
high heme iron intake was associated with increased risks
of CRC, supporting that heme iron increases risks of CRC
in humans (Bastide et al., 2011).

Dietary Intake of Antioxidants

Radical scavenging antioxidants, which counteract the
detrimental actions of ROS species and are used to inhibit
lipid peroxidation in food products, are widely regarded to
be beneficial. Previous studies support that some naturally
occurring antioxidants, such as lycopene, flavonoids, phenolic,
and polyphenolic compounds, have anti-tumor effects (Khurana
et al., 2018) and could attenuate the risks of IBD and CRC
(Murtaugh et al., 2004; Moura et al., 2015). Administration
of antioxidant has been shown to reduce tissue levels of LDE
compounds, such as MDA or its DHA adduct M1G, supporting
a link of antioxidant intake with LDE compounds (Sharma
et al., 2001; Vezza et al.,, 2016). However, there are recent
studies that suggest that antioxidants can increase the risks
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of cancers in animal models and human subjects. Gallic acid,
which is a phenolic acid widely found in plants, has been
shown to increase the risks of CRC in ApcM™*p53%72H mice
(ApcM™* mice with p53 mutation), while it had no effects
on Apc™™* mice that express wild-type p53 (Kadosh et al.,
2020). In other types of cancers, Sayin et al. showed that
dietary administration with the antioxidants, N-acetylcysteine
(NAC) and vitamin E, markedly increased tumor progression
and reduced survival in mouse models of B-RAF- and
K-RAS-induced lung cancer (Sayin et al, 2014). Tumor
metastasis, which is a process of the cancer cells to migrate
from primary tumors to other distant organs, is the cause
for ~90% of human cancer death (Chaffer and Weinberg,
2011). Piskounova et al. showed that metastasizing melanoma
cells experience severe oxidative stress in the blood and
visceral organs, resulting in poor metastases, while
supplementations with antioxidants increase tumor metastasis
(Piskounova et al., 2015). Le Gal et al. (2015) also showed
that the dietary administration of antioxidant NAC increases
lymph node metastases in an endogenous mouse model of
malignant melanoma. Some human studies also support that
intake of antioxidants may cause detrimental effects on cancer
development in human subjects (Albanes et al., 1996). Overall,
these results support a potential detrimental effect of the
antioxidant supplement on tumorigenesis.

There could be many reasons for the inconsistent results:
e.g., different antioxidants could have different biological actions
and varied effects on IBD and CRC. In addition, some
antioxidants can reduce transition metals to a more active
state, which can then decompose hydroperoxides into high-
energy free radicals. Since, phenolics can act as both antioxidants
and prooxidants, it can be difficult to predict their net effects
in biological systems (Decker, 1997). Further studies are urgently
needed in this area, since many dietary antioxidants are widely
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Posttranslational modification of proteins with lipid moieties is known as protein
lipidation. The attachment of a lipid molecule to proteins endows distinct properties,
which affect their hydrophobicity, structural stability, localization, trafficking between
membrane compartments, and influences its interaction with effectors. Lipids or lipid
metabolites can serve as substrates for lipidation, and the availability of these lipid
substrates are tightly regulated by cellular metabolism. Palmitoylation and myristoylation
represent the two most common protein lipid modifications, and dysregulation of protein
lipidation is strongly linked to various diseases such as metabolic syndromes and
cancers. In this review, we present recent developments in our understanding on the
roles of palmitoylation and myristoylation, and their significance in modulating cancer
metabolism toward cancer initiation and progression.

Keywords: protein lipidation, palmitoylation, myristoylation, depalmitoylation, metabolism, cancer

INTRODUCTION

The hallmarks of cancer are characterized by biological properties, which include continuous
proliferation, resistance to apoptosis, metastasis and epithelial mesenchymal transition, sustained
angiogenesis, and metabolic reprogramming (Hanahan and Weinberg, 2011). Cancer phenotypes
are attributed by the function of oncoproteins affected by posttranslational modifications (PTM:s)
in tumor cells (Lothrop et al., 2013). PTMs alter subcellular localization, stability, and activity of
protein molecules. Multiple classes of PTMs have been identified in mammalian cells including
phosphorylation, acetylation, sumoylation, and lipidation (Lothrop et al, 2013; Blanc et al,
2015). Protein lipidation, one of the most important and diverse classes of PTMs, can reversibly
or irreversibly attach up to six different lipid types including fatty acids, isoprenoids, sterols,
phospholipids, glycosylphosphatidylinositol (GPI) anchors, and lipid-derived electrophiles (LDEs)
to proteins. Protein lipidation is hypothesized to be tightly regulated and may partially contribute to
the pathogenesis of cancer with dysregulated lipid metabolism. Palmitoylation, myristoylation, and
farnesylation are the three major lipidation processes. It is, therefore, important to understand the
mechanisms, functions and pathological relevance of protein lipidation, which can ultimately lead
to identification of novel therapeutic targets. In this review, we will cover the two most common
protein lipidation, palmitoylation and myristoylation, and discuss their roles on cancer initiation
and pathogenesis.

PALMITOYLATION

Palmitoylation is a dynamic process where it influences protein distribution, localization,
accumulation, secretion, stability, and function by altering the protein’s membrane affinity.
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Through specific methods such as radioactive isotope-labeled
lipids or acyl-biotin exchange, early studies have identified
hundreds of cancer-related protein palmitoylation (Kang et al.,
2008; Yang et al., 2010; Ivaldi et al, 2012; Chen et al.,, 2018).
These proteins can either be mono-palmitoylated or poly-
palmitoylated, and the presence of palmitoylated proteins in
tumor cells indicate a functional role in cancer. Palmitoylation is
categorized into S-palmitoylation or the less frequently occurring
O-palmitoylation and N-palmitoylation. O-palmitoylation is
the addition of fatty acyl group to serine residues, while
N-palmitoylation is the addition of fatty acyl group to the
N-terminus. To date, a few oncoproteins are identified to
be O- or N-palmitoylated where two well-known examples
of O-palmitoylated proteins are Wnt and Histone H4 (Zou
et al., 2011; Miranda et al., 2014), while Hedgehog proteins are
N-palmitoylated (Pepinsky et al., 1998).

S-Palmitoylation

S-palmitoylation is the major form of palmitoylation and involves
the addition of fatty acyl group, usually palmitic acid, to cysteine
residues of protein. In certain circumstances, other fatty acids
with varied carbon lengths are utilized (Senyilmaz et al., 2015).
Due to the labile nature of thioester bonds, S-palmitoylation
is reversible and dynamic, and S-palmitoylated proteins can
undergo cycles of palmitoylation and de-palmitoylation within
seconds to hours in response to upstream signals. Some
proteins are exclusively S-palmitoylated, while others undergo a
combination of S-palmitoylation and an additional modification
of protein lipidation such as myristoylation or farnesylation.
Examples of such proteins include the Src family of kinase,
p59fyn, and H-Ras (Cadwallader et al., 1994). Although
S-palmitoylation was discovered several decades ago, little is
known on the mechanisms and participating players involved in
both palmitoylation and de-palmitoylation processes and, more
importantly, the recognition of protein sequences on substrate
proteins for palmitoylation. S-palmitoylation is catalyzed by
a specific class of enzymes called palmitoyl S-acyltransferases
(PATs). PATs family comprises 23 distinct members in mammals.
Active sites of PATs contain zinc finger Asp-His-His-Cys
(DHHC) domain required for palmitic acid transferring activity
to substrate protein (Putilina et al., 1999). Most DHHC proteins
are localized primarily to the endoplasmic reticulum (ER) and
Golgi apparatus. Figure 1 provides a simplified mechanism of
action of PAT. Briefly, the Asp-His-His-Cys (DHHC) domain
is critical for PAT enzymatic activity where palmitoyl-CoA reacts
with the cysteine residue within the DHHC motif, forming
an acyl intermediate and subsequent release of coenzyme A
(CoA-SH). The fatty acid chain is then transferred directly
to a substrate protein. Cysteine residues, which are located
close to the DHHC domain, is essential as it anchors two
zinc atoms for proper enzyme folding and function; however,
it does not play any catalytic role in palmitate transfer
(Gonzalez Montoro et al., 2013).

Despite the high similarity in amino acid sequences between
all DHHC enzymes, each individual DHHC member exhibits
distinctive differences in catalytic efficiency and fatty acyl
preferences. Structural and functional studies have shown

a region in each DHHC enzyme that promotes substrate
interaction and palmitoylation, thus, suggesting unique
substrate-binding preferences guiding palmitoylation of certain
proteins. However, the exact consensus palmitoylation sequence
remains unknown, and the mechanism(s) as to how each
individual DHHC enzyme selects a specific substrate for
palmitoylation remains entirely unclear. S-palmitoylation is a
highly specific modification process on a given protein, and it
occurs on a particular internal cysteine residue. The success of
palmitoylation on peripheral proteins though is dependent on
DHHC-substrate binding conformation. One such example
is the DHHC7-mediated scribble planar cell polarity protein
(SCRIB) palmitoylation. DHHC7 palmitoylates SCRIB to
promote tumorigenesis where DHHC7 is shown to interact
with N-terminal leucine-rich repeat (LRR) domain of SCRIB.
Site-directed mutagenesis at amino acid residue 305 from
proline to leucine (P305L) at the LRR domain affects its local
structure where increased binding is observed between DHHC7
and SCRIB P305L mutant. Furthermore, DHHC? is unable to
transfer palmitate acid to CRIB P305L mutant due to its altered
binding conformation (Chen et al.,, 2016). These observations
highlight the importance of correct DHHC-substrate binding
conformation for palmitoylation to occur.

Asp-His-His-Cys enzymes exhibit redundancy in substrate
binding. However, each DHHC also exhibits stronger binding
affinity and palmitoylation efficiency toward specific protein
substrates. DHHC enzymes’ substrate selection and binding are
affected by three main factors. Subcellular localization is the
first factor for palmitoylation to occur, a substrate protein has
to be bound to the membrane and interacts with a DHHC
enzyme. For certain proteins, this can be accomplished by
undergoing an initial lipidation event such as prenylation and
myristoylation prior to the palmitoylation process. The initial
lipidation event must occur at the amino acid residue positioned
in close proximity to the Cys residue(s) to be palmitoylated,
thus, rendering help to the protein, which is bound weakly to
the membrane and facilitating their anchoring to the DHHC
enzyme. Two protein examples on the requirement of pre-
lipidation event are RAS C-terminal farnesylation and Src-family
N-terminal myristoylation (Willumsen et al, 1984; Hancock
et al., 1991; Patwardhan and Resh, 2010). Another factor that
regulates DHHC activity and expression is the presence of specific
accessory or cofactor proteins. DHHC9 is shown to form a stable
complex with GCP16, which helps stabilize DHCC9 in HEK293
cells. In the absence of GCP16, DHHCY partially undergoes
proteolysis. Furthermore, DHHCD fails to S-acylate H-Ras in the
absence of GCP16 suggesting that GCP16 does not only stabilizes
DHHC9 but also contributes to DHHC9 S-acylation reaction
(Swarthout et al., 2005).

Depalmitoylation

S-palmitoylation is a dynamic and reversible modification
process, and depalmitoylation is carried out by the enzyme
cysteine deacylase. This “eraser” enzyme belongs to the family
of serine hydrolases. Acyl-protein thioesterase (APT) is the
first depalmitoylation enzyme identified. There are two APT
paralogs — APT1 and APT2. Both isoforms are ~64% identical
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FIGURE 1 | Mechanism of action of palmitoyl S-acyltransferase (PAT). Briefly, Asp-His-His—Cys (DHHC) binds to palmitoyl-coenzyme A (CoA) located at the
membrane and transfers a fatty acyl chain to the targeted substrate protein releasing CoA.
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and share a similar structure (Toyoda et al., 1999). However,
they exhibit a different localization pattern within the cell.
APT?2 is a cytosolic protein, whereas APT1 is found in both
cytosol and mitochondria (Kathayat et al., 2018). Different
cellular distributions may contribute to the functional differences
between APT1 and APT2 functions. As cytosolic proteins, APT1
and APT2 do share some common targeted proteins such as
H-Ras, growth-associated protein-43 (GAP-43) (Kong et al,
2013), and NMNAT?2 (Milde and Coleman, 2014). Until now,
the consensus sequences flanking the thioacyl group, which is
recognized by APT1/2, has not been reported. APTs do not
depalmitoylate substrate proteins indiscriminately, and this is
shown by failure to remove the acyl group from acylated caveolin
by recombinant APT1, whereas endothelial nitric oxide synthase
(eNOS) diacylation is readily noticed (Dietzen et al., 1995;
Yeh et al., 1999).

Palmitoyl protein thioesterase 1 (PPT1) exhibits capability
to depalmitoylate [*H]-palmitate-labeled H-Ras, Ga subunits,
and acyl-CoA in vitro, with preference to 14-18 carbon lengths
(Camp and Hofmann, 1993; Camp et al., 1994). PPTI is a
lysosomal protein and unlikely to play any role in deacylating
cytoplasmic proteins (Verkruyse and Hofmann, 1996). PPT2,
a lysosomal protein as well, possesses a substrate specificity
for palmitoyl-CoA and not palmitoylated proteins. In recent
years, a family of mammalians o/p hydrolase domain containing
proteins (ABHD), comprising at least 19 members, has been
proposed to be depalmitoylation enzymes. Within the ABHD
family, ABHD17 hydrolase is the most well-studied protein,
and it is divided into three subspecies: ABHD17A, ABHD17B,
and ABHD17C, which are broadly expressed in all vertebrates
and harbor multiple conserved cysteine residues near their
N-termini. ABHD17 has been reported to regulate palmitate
turnover on postsynaptic density protein 95 (PSD95) and N-Ras
(Lin and Conibear, 2015).

Functional Interactions Between
Palmitoylation and Depalmitoylation

Enzymes

Due to the continuous cycles of protein palmitoylation and
depalmitoylation to maintain optimal cellular functions, PPTs,
APTs, and DHHCs have to work cooperatively and coexist in

highly complex networks. Palmitoylation of APT1/2 and ABHD-
family of thioesterases is critical for their proper localization
and function. Palmitoylation of APT1 and APT2, at cysteine-2
residues, facilitates their cytosol-membrane shuttling and cellular
membrane anchoring to execute depalmitoylation of Ras and
GAP-43 proteins. Adding further complexity to the network,
APT1 also regulates APT2 palmitoylation levels but not vice
versa (Kong et al, 2013). Figure 2 illustrates a simplified
mechanism of APTs ability to deacylate substrate proteins.
ABHDI17A-C harbors multiple conserved cysteine residues at
the N-termini, which are essential for S-palmitoylation and
membrane anchoring (Martin and Cravatt, 2009). Deletion of
N-terminal cysteine-rich domain has no effect on ABHDI17
activity suggesting that palmitoylation is essential for its
membrane localization but not enzymatic activity. Palmitoylation
is shown to affect PPT1 activity, but not its localization, as
demonstrated by its palmitoylation by DHHC3 and DHHC?
enzymes. Palmitoylation of mutated PPT1 at C6S did not alter
its intracellular location; however, the non-palmitoylated form
of PPT1 exhibited a higher depalmitoylation activity (Segal-Salto
et al, 2016). Under certain conditions, a single palmitoylation
process involves multiple DHHC enzymes and APTs as observed
in the complex network surrounding DHHC6. To exert its
function, DHHCS6 requires palmitoylation by DHHC16 at three
cysteine residues in its SH3_2 domain. This acylation is required
for the subsequent acylation of its substrates, calnexin and
transferrin receptor, at the ER. Although palmitoylated DHHC6
possesses high acylation activity, it also contributes DHHCS6 to
undergo ER-regulated degradation thus providing a reason as to
why DHHC6 needs to be depalmitoylated rapidly by APT2 to
maintain its cellular level (Abrami et al., 2017).

N-MYRISTOYLATION

N-myristoylation is a process involving the covalent
attachment of myristate, a 14-carbon saturated fatty
acid, to the N-terminal glycine residue of protein (Farazi
et al., 2001). The N-myristoylation process is catalyzed by
N-myristoyltransferase (NMT), which is a member of the
Gen5-related  N-acetyltransferase  (GNAT) superfamily. In
contrast to palmitoylation, myristoylation is irreversible and can
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FIGURE 2 | Mechanism of action of acyl-protein thioesterase (APT). APT binds to a specific acylated substrate and cleaves off the fatty acyl chain located on the

sulfur atom on the cysteine residue linked via thioester bond.
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occur co- and posttranslationally. Cotranslational myristoylation
occurs when an initiator methionine residue is removed by
methionine aminopeptidase, followed by the attachment of
NMT-regulated myristate. The entire process occurs more
efficiently when a glycine residue is located right after the
initiator methionine as shown in Figure 3A (Frottin et al., 2006).
Posttranslational myristoylation takes place when the internal
glycine residue, within a cryptic myristoylation consensus
sequence, is exposed by the action of caspase in apoptotic
cells as shown by Figure 3B (Zha et al, 2000). Similar to
S-palmitoylation, N-myristoylation is critical for subcellular
targeting, protein—protein and protein-membrane interactions,
and is required for the activities of certain oncoproteins
including Src and ADP-ribosylation factor 1 (ARF1) (Liu
2009; Patwardhan and Resh, 2010). Although protein
myristoylation is necessary for membrane binding, it must
be augmented with additional downstream modification for
enhanced membrane anchoring (Peitzsch and McLaughlin, 1993;
Shahinian and Silvius, 1995). A well-known example would be
the Src family of kinases, in which Src protein requires both
myristoylation and palmitoylation to accurately position itself at
the cellular membrane, and myristoylation is shown to be a pre-
requisite for palmitoylation to occur (Alland et al., 1994; Koegl
et al., 1994). While myristoylation modification is irreversible,
acylated proteins can bind reversibly to membrane owing to
its weak hydrophobic nature. The half-life of a myristoylated
protein bound to membrane is in the order of minutes, in
contrast to hours for palmitoylated or double (myristoylated
and palmitoylated) modified protein (Martin et al, 2011). It
is postulated that the orientation of myristoyl moiety within
the protein is highly dynamic. N-myristoylated protein can
exist in two conformations where the myristoyl moiety is either
sequestered in a hydrophobic pocket within the protein or
flipped out and exposed to participate in membrane binding.
The transition between these two conformations is regulated by
a “myristoyl switch.” “Myristoyl switch” is categorized into three

et al,

classes: ligand binding, electrostatic, and proteolysis. Recoverin
is a calcium-binding protein in retina that regulates the
phosphorylation of photoexcited rhodopsin through rhodopsin
kinase inhibition. In a calcium-free environment, the myristoyl
group is sequestered in a hydrophobic pocket where calcium-
binding induces a conformational change within recoverin and
releases myristate for membrane binding (Tanaka et al., 1995).
Another factor that influences myristol group-membrane
binding is electrostatic charge. Myristoylated alanine-rich
c-kinase substrate (MARCKS) protein is a substrate of protein
kinase C (PKC) where myristoylated MARCKS is displaced
from the membrane upon phosphorylation by PKC. MARCKS
phosphorylation, occurring within the basic domain, introduces
negative charge to the positively charged region. This reduces
interaction between the positively charge myristoylated region
of protein and negatively charged acidic phospholipids thus
leading to its removal from the membrane (Thelen et al., 1991).
The significance of electrostatic charge on membrane-binding
Src is demonstrated where myristoylation of Src contributes to
its strong affinity binding to plasma membrane. The strength
of this interaction is ~2,500-fold higher when binding occurs
on vesicles with membranes containing a physiological ratio of
2:1 phosphatidylcholine (PC)/phosphatidylserine (PS) than the
neutral PC bilayer. Src mutants, with basic residues at the amino
terminus replaced by neutral asparagine, exhibit a significant
reduction in interaction strength (Sigal et al., 1994). The final
factor affecting myristoylated protein-membrane interaction is
the myristoyl-proteolytic switch. An example to illustrate this
modification is the human immunodeficiency virus type I gene
(HIV-1) Pr558%. Pr558 is directed to the plasma membrane by
a myristate with basic motif (Zhou et al., 1994). Myristoylation
at the N-terminal, together with the highly basic region, is
critical to acid phospholipid membrane binding. Pr558% is
cleaved by HIV-1 protease to yield N-terminal cleavage product,
P17MA. This cleavage process triggers myristoyl switch where
the myristate group is found sequestered in P17MA, thus,
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FIGURE 3 | Types of myristoylation. (A) Schematic illustration of steps involved in cotranslational myristoylation. During cotranslational myristoylation, the myristoyl
group is added to the N-terminal glycine residue following cleavage of the N-terminal methionine residue on the growing polypeptide chain. (B) Posttranslational
myristoylation normally occurs following caspase cleavage event, resulting in the exposure of internal glycine residue, which allows myristic acid addition.
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rendering low binding affinity to the membrane (Hermida-
Matsumoto and Resh, 1999). This feature is highly critical for the
infectivity of HIV virus.

N-Myristoyltransferase

N-myristoylation ~ is  catalyzed by  the  enzyme
N-myristoyltransferase (NMT). The mechanism of action
by NMT, in Saccharomyces cerevisiae, shows that this enzyme
performs its catalyst activity via an ordered Bi-bi reaction.
Myristoyl-CoA first binds to NMT followed by a peptide
substrate and subsequent transfer of myristyl-CoA to N-terminal
glycine residue of substrate. CoA molecule and myristoylated
protein are then released from NMT at the end of the process
(Rudnick et al., 1991). Two human NMT isoforms have been
identified, namely, NMT1 and NMT?2, and they share ~77%
amino acid sequence similarity (Giang and Cravatt, 1998).
Similar to DHHC, both NMTs exhibit distinctive differences
in function and demonstrate a certain degree of functional
redundancy. This is clearly shown by NMT1 knock-out
(NMT~/~) mice suggesting that NMT1 is critical for early
embryonic development. Intercross of NMT heterozygous mice
did not produce any NMT~/~ offspring as NMT~/~ embryos
died between embryonic days 3.5 and 7.5, and heterozygotes
offspring were born at a lesser frequency. Furthermore, NMT~/~
embryonic stem (ES) cells revealed that, although NMT2 isoform
was detected in ES cells, total NMT activity was greatly reduced
by ~95%. These data suggest that NMT2 expression does not
compensate for loss of NMT1 during embryogenesis (Yang et al.,
2005). NMT1 and NMT2 share redundant and specific effects
on protein processing, apoptosis, and cellular proliferation.
Specific small interfering RNAs (siRNAs) against each individual
NMT isoform can reduce the expressions of both NMT isoforms
by at least 90%, respectively. Ablation of NMTI, but not

NMT2 expression, can suppress cellular proliferation through
reduced Src activation and signaling in vitro and in vivo models.
However, suppression of both NMT1 and NMT2 can induce
apoptotic effect on ovarian cancer cell line, SK-OV-3, with
NMT?2 inhibition showing greater apoptotic effect compared
with NMT1 (Ducker et al., 2005).

N-myristoyltransferases possess preferential fatty acyl
substrate specificities where 14-carbon chain myristoyl-CoA
is the preferred substrate. It is noteworthy to mention that
palmitoyl-CoA can also bind to NMT with approximately the
same Michaelis constant (Ky,) value as myristoyl-CoA; however,
palmitoyl-CoA is not transferred to proteins by NMT. It is
intriguing how NMT selects myristoyl-CoA over palmitoyl-CoA,
which exhibits similar binding affinity and higher intracellular
concentrations (palmitoyl-CoA is ~5- to 20-fold higher).
Structural analyses of various fatty acyl-CoA analogs show that
the geometry of enzyme’s acyl-CoA binding site requires the acyl
chain of active substrate to acquire a bend confirmation within
the C5 vicinity. Furthermore, the distance between C1 and
bend is critical for optimal positioning of acyl-CoA for peptide
substrate binding through ordered Bi-bi reaction mechanism
(Rudnick et al., 1992). Additionally, carbon chain length of fatty
acyl-CoA rather than hydrophobicity plays a determinant role
in NMT substrate selection (Heuckeroth et al., 1988). Together,
these data demonstrate that myristoyl-CoA is the preferred
substrate for NMT instead of palmitoyl-CoA.

Lysine Acylation and Deacylation

Lysine residue was first discovered to be myristoylated on the
membrane-bound precursors of cytokine interleukin 1-o (IL-
1) and tumor necrosis factor-a (TNF-a) about 30 years ago
(Stevenson et al., 1992, 1993). Apart from myristoylation, recent
findings revealed that lysine residues can be palmitoylated, and
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lysine fatty acylation has garnered much attention over the years
due to the diverse functions of lysine fatty acylation (Wilson et al.,
2011). Until now, protein candidates, which are responsible for
lysine fatty acylation or de-acylation are still unknown. There
are numerous ongoing studies to identify the players involved
in the lysine acylation process. Recently, an unexpected function
of NMT1 and NMT2 was reported where they were found to
efficiently myristoylate lysine 3 residue on ARF6. This step is
essential for ARF6 attachment to the membrane during GTPase
cycle. More importantly, this study shows that Sirtuin (Sirt) 2
can remove the myristoyl group from lysine residue on ARF6
suggesting a complex network of NMT/Sirt2-ARF6 regulatory
network in GTPase cycle (Kosciuk et al., 2020). Sirtuin belongs to
the family of seven NAD-dependent deacetylases that remove the
acetyl group from acetylated histone. However, it was reported
in in vitro assays that deacetylase activity in certain members
of the Sirt family is weak, and they are more catalytically
efficient toward long-chain peptide substrate (myristoylated)
compared with acetylated peptide substrate (Jiang et al., 2013;
Feldman et al., 2015).

The physiology significance of Sirt deacylase activity started
after the discovery of its involvement in demyristoylating a lysine
residue in TNF-a maturation and extracellular secretion. Sirt 6 is
shown to hydrolyze the myristoyl group of both lysine 19 (K19)
and 20 (K20), which helps in matured TNF-a secretion (Jiang
et al., 2013). Replacement of K19 and K20 with arginine affects
TNEF-a secretion, which is promoted by Sirt 6 deacylation activity.
Progressively, the candidates for Sirt deacylase activity are shown
to include K-Ras 4a (Jing et al., 2017) and RalB (Spiegelman et al.,
2019); the diacylation of these proteins play essential roles in
cancer progression.

Interestingly, findings in vitro demonstrates reciprocal
regulation of deacetylation, and diacylation showed that
the addition of long-chain fatty acid such as palmitic and
myristoylic acid can stimulate Sirt 6 deacetylated activity on
H3K9Ac. A detailed steady-state inhibition analysis revealed
that myristoylic acid competes with the myristoylated peptide
for the same binding pocket on Sirt 6, which eventually led to a
lower dempyristoylation activity. Binding of myristoylic acid to

Sirt 6 also contributes to conformational changes, thus, allowing
efficient deacetylation (Feldman et al., 2013).

PALMITOYLATION AND
N-MYRISTOYLATION IN CANCER

Palmitoylation and myristoylation are shown to play crucial
roles in cancer progression as demonstrated by past studies
investigating the roles of DHHCs, APTs, and NMTs in aberrant
activation of oncogenic signaling networks such as Src and
Ras, among others. The aberrant oncogene signaling confers
a more aggressive, and imparts a higher proliferative, capacity
of cancer cells. However, the impact of palmitoylation or
myristoylation on cancer metabolism such as mitochondrial
respiration, glycolysis, and fatty acid oxidation (FAO) are not well
documented. Cancer metabolism has now garnered attention
since its inclusion as a hallmark of cancer (Hanahan and
Weinberg, 2011). Cancer metabolism is highly dynamic and
complex, and disruption of an arm of a metabolic process can
shift the entire cellular metabolism in an attempt to maintain
a new equilibrium for survival. Cancer lipid metabolism is also
found to play an essential link between lipid synthesis and
lipid consumption by providing the building blocks required
for membrane synthesis as well as lipid moieties for protein
lipidation. Hence, we will discuss the impact of protein lipidation
on cancer metabolism in this review.

Palmitoylation/Depalmitoylation and

Cancer Metabolism

Due to technological advances in research, the list of identified
palmitoylated proteins is growing (Table 1). Proteins that can
be palmitoylated are shown to span across various categories
including proteins involved in cellular metabolic regulation
particularly mitochondrial proteins. Hence, factors that can
influence metabolic protein palmitoylation are postulated to
affect cancer cell respiration as well. Cellular metabolism
is tightly dependent on various variables such as nutrient
uptake, morphology of mitochondria, and metabolic enzyme

TABLE 1 | Summary of palmitoylation and depalmitoylation involvement in cancer metabolism.

Target protein Modification Enzymes Consequences References
CD36 Palmitoylation DHHC4 and Increased fatty acid uptake and fatty acid oxidation Zhao et al., 2018;
DHHC5 Wang et al., 2019
Era Palmitoylation DHHC7 and Increased glucose uptake Pedram et al., 2012;
DHHC21 Garrido et al., 2013
GLUT4 Palmitoylation DHHC7 Increased glucose uptake Ren et al., 2015
KRAS4A Depalmitoylation Unknown Increased glycolytic flux Amendola et al., 2019
TMX-1 Palmitoylation Unknown Increased mitochondrial respiration and ATP production — Raturi et al., 2016
CKAP4 Palmitoylation DHHC2 Increased basal mitochondrial respiration and maximal Zhang et al., 2008;
respiratory activity Harada et al., 2020
DRP-1 Palmitoylation DHHC13 Increased oxidative phosphorylation Napoli et al., 2017
Mitochondrial EGFR Palmitoylation Unknown Increased mitochondrial fusion Bollu et al., 2014
PRDX5 Depalmitoylation ABHD10 Increased mitochondrial redox buffering capacity Cao et al., 2019
Malonyl CoA-acyl carrier protein Palmitoylation DHHC13 Decreased mitochondrial function and increased Shen et al., 2017

transacylase and Catenin delta-a

oxidative stress

Frontiers in Cell and Developmental Biology | www.frontiersin.org

37

May 2021 | Volume 9 | Article 673647


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Fhu and Ali

Protein Lipidation in Cancer

activities. Hepatic cell plays an important role in metabolizing
lipids in the body. Palmitoyltransferases DHHC4 and DHHC5
regulate fatty acid uptake by palmitoylating and targeting
CD36 to the plasma membrane. DHHC4 is shown localized
at the Golgi apparatus, while DHHC5 can be found at the
plasma membrane. Depletion of either DHH4 or 5 disrupts
fatty acid uptake capability of adipose tissues. Furthermore,
both DHHC4 knock-out or adipose-specific DHHC5 knock-
out mice exhibit reduced fatty acid uptake. DHHC4 and
DHHCS5 isoforms are not functionally redundant and do not
share a similar localization pattern within the cell (Wang
et al.,, 2019). Prior progressing into liver cancer, non-alcoholic
steatohepatitis (NASH) features abnormal lipid metabolism with
palmitoylated CD36 upregulation. CD36 functions as a fatty
acid transporter, and its expression is significantly enhanced
at cellular plasma membrane in NASH samples. In the NASH
mouse model, enhanced expression of membranous CD36
is linked to increased palmitoylation on CD36, which, in
turn, helps CD36 trafficking and anchoring to the cellular
membrane. Further validation utilizing a liver cancer cell line,
HepG2, cultured under conditions with exogenous palmitic
acid, shows upregulation of both CD36 mRNA expression and
protein palmitoylation. CD36 palmitoylation inhibition protects
mice from developing NASH. Palmitoylated CD36 enhances
long-chain fatty acid binding and uptake but lowers FAO
through AMPK pathway resulting in lipid accumulation in
liver cancer cells. The data clearly shows that palmitoylated
CD36 plays an important role in the development of NASH
(Zhao et al., 2018).

Apart from fatty acid uptake and oxidation, palmitoylation
influences glucose uptake as demonstrated in estrogen
receptor (ER)-positive breast cancer. Both DHHC7 and 21
can palmitoylate ERa at cysteine 451 (Pedram et al, 2012).
Using an ER-positive breast cancer cell line, MCE-7, the
activation of ERa receptors enhance glucose uptake through
GLUT4 membrane translocation to fulfill the energy demand
of highly proliferative tumor cells. Stimulation of ERa by
17B-estradiol promotes ERa membrane translocation and
its concomitant depalmitoylation, and allows its dissociation
from the plasma membrane to interact with proximal kinases,
PI3K/Akt. Activated ERa interacts with p85a, a key member
of the insulin-signaling cascade, and forms a complex capable
of inducing Akt activation through Ser473 phosphorylation.
This eventually leads to GLUT4 membrane translocation and
enhances cellular glucose uptake that can be inhibited using
PI3K/Akt-specific inhibitor, LY294002 (Garrido et al., 2013).
Interestingly, direct GLUT4 palmitoylation, at Cys223, induces
GLUT4 membrane translocation and improves glucose uptake
in 3T3 cell line (Ren et al., 2015). DHHC?7 has been subsequently
identified to be the PAT responsible for GLUT4 palmitoylation
(Du et al, 2017). Palmitoylation also regulates hexokinase 1
(HK1) activity in glycolysis. Depalmitoylation of KRAS4A, at
cysteine 180 residue, is crucial for HK1 association at the outer
mitochondria membrane (OMM). Palmitoylation-deficient
KRAS4A mutant and 2-BP treatment reduce KRAS4A-HK1
association at the OMM. KRAS4A-HK1 association ameliorates
the inhibitory effect of 2-deoxyglucose (2-DG) on HK-1

suggesting a functional role of KRAS4A-HK1 association.
Binding of KRAS4A to HK1 is shown to boost HKI1 activity,
induces higher glycolytic flux with both glucose consumption,
and basal extracellular acidification rates are elevated significantly
(Amendola et al., 2019).

Cancer metabolism is highly dependent on the physiological
state of the mitochondria. The mitochondrion and endoplasmic
reticulum (ER) are connected through sites called mitochondrial-
associated membrane (MAM). MAM is important for the
regulation of Ca’t flux between ER and mitochondrion to
achieve optimal cellular function and mitochondrial ATP
production. ER-localized thioredoxin-related transmembrane
protein (TMX) is shown to localize at MAM sites in a
palmitoylation-dependent manner. Comparisons between wild
type and mutated TMX, with altered putative palmitoylated
sites, revealed that altered dual palmitoylation sequence reduces
mutant TMX level in the MAM from >50% to <20%.
Furthermore, inhibition of TMX palmitoylation using 2-
bromopalmitate (2-BP) diminishes TMX levels at MAM sites
(Lynes et al, 2012). These observations are supported in a
separate study where palmitoylated TMX-1 is observed to
interact with SERCA2b in a calnexin-dependent manner to
regulate Ca’>* flux between the ER and the mitochondria.
Modification of palmitoylated sites from cysteine to alanine on
TMX-1 impairs its MAM localization and ability to interact
with SERCA2b. Furthermore, suppression of TMX-1 expression
induces high retention of Ca?" in the ER and low Ca?* flux
to the mitochondria, which indirectly affects its metabolism
through ER. Respiratory capacity of TMX-1-knocked down
Hela cells is lowered by 50% when compared with scrambled.
Furthermore, mitochondria capacity of the melanoma cell
line, A375, is shown to be elevated by 20% when TMX-
1 levels are overexpressed in these cells. TMX-1 knockdown
in Hela and A375 cells is shown to significantly reduce
ATP production when compared with the respective controls
(Raturi et al., 2016).

Cytoskeleton-associated protein 4 (CKAP4), which is localized
at MAM sites, is reported to exert its role in cellular respiration
and requires palmitoylation to achieve optimal function. CKAP4
is a known substrate of DHHC2 (Zhang et al., 2008). Structural
analyses of mitochondria in CKAP4 KO cells revealed significant
fragmentation and attenuated mitochondrial network when
compared with tubular mitochondrial reticulum in control cells.
CKAP4 KO cells also exhibit increased mitochondrial number
but smaller in mitochondrial sizes compared with the control.
Furthermore, CKAP4 KO cells possess lower basal oxygen
consumption and maximal respiration capacity, and the levels of
oxidative phosphorylation-related proteins remained unchanged.
CKAP4 has been proposed to regulate mitochondrial function
by forming a functional complex with voltage-dependent anion-
selective channel protein 2 (VDAC2). Formation of this complex,
however, requires palmitoylation of CKAP4. A palmitoylation-
deficient variant of CKAP4 and CKAP4“1%% is shown to be
incapable of binding to VDAC2 and disrupts mitochondrial
function. Expression of CKAP4WT or CKAP®!%% in CKAP4
KO cells, which show abnormal mitochondrial structure and
oxidative phosphorylation, can be rescued by CKAP4YT but
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not CKAP“1%%, These evidence highlight the importance of
palmitoylation for proper CKAP4 function. Furthermore, SCID
mice carrying a tumor with CKAP KO and CKAP®1%% showed
a significantly smaller tumor volume and mass due to reduced
mitochondria size and function (Harada et al., 2020).

Palmitoylation can directly affect mitochondria protein
function. 2-BP treatment is shown to shift the balance of
mitochondrial fusion and fission by influencing dynamin-
related protein 1 (Drp-1) and optic atrophy 1 (OPAl)
levels. 2-BP relieves bone cancer pain through disruption of
mitochondrial dynamics together with reduced production of
proapoptotic factors and proinflammatory cytokines. In a bone
cancer pain rat model (BCP) inoculated with MRMT-1 rat
mammary gland carcinoma cells, proteins from spinal cord
extracts showed significant upregulation of Drp-1 expression
in BCP rats compared with sham, and 2-BP treatment
attenuated Drp-1 levels. Conversely, OPA-1 expression is
downregulated extensively in the BCP group compared with
sham, and 2-BP treatment restores OPA-1 expression (Meng
et al, 2019). The impact of 2-BP on Drp-1 is further
shown where DHHC13 palmitoylates Drp-1 and affects its
mitochondrial localization and activity (Napoli et al., 2017).
De novo synthesis of palmitate by fatty acid synthase (FASN)
is reported to contribute to mitochondrial epidermal growth
factor receptor (mtEGFR) palmitoylation in mtEGFR-positive
prostate and breast cancer cell lines. EGF induces de novo
palmitate synthesis, and excessive palmitate is shown to
assist mtEGFR palmitoylation, which improves its activity
by enhancing phosphorylation. Activated mtEGFR promotes
mitochondrial fusion by upregulating OPA-1 and prohibitin-
2 (PHB-2) expressions where PHB-2 is required to protect
OPA-1 from proteolysis. Palmitoylated sites on the mtEGFR
have been identified to be cysteines 781, 797, 1,058, and
1,146, and through site-directed mutagenesis, C797 is found
critical for both palmitoylation and phosphorylation of mtEGFR
(Bollu et al., 2014).

Additionally, a new role of alpha/beta hydrolase domain-
containing 10 (ABHD10) in the mitochondria has been
proposed. Mitochondrial-specific pan-APT inhibitor is shown
to specifically inhibit ABHDI10 and affects mitochondrial
redox buffering capacity. Subsequent interrogation showed that
ABHDI10 is a novel mitochondrial APT candidate and possesses
mitochondrial S-deacylase activity in vitro. Perturbation of
ABHDI0 expression, in the form of ABHD10 overexpression,
upregulates mitochondrial buffering capacity, or hydrogen
peroxide lowers this capacity. Peroxiredoxin-5 (PRDX5) is
shown to be the downstream target of ABDH10 where cysteine
residues at position 100 of PRDX5 are identified to be sites
of depalmitoylation and plays a crucial part for its activity
(Caoetal, 2019).

Myristoylation and Cancer Metabolism

Compared with palmitoylation, the available information on
myristoylation and cancer respiration is scarce (Table 2).
A direct relationship between myristoylation and mitochondrial
respiration has yet to be established. However, a possible

TABLE 2 | Summary of myristoylation involvement in cancer metabolism.

Protein Modification Consequences References
agent
AMPK NMTH Increased mitophagy Liang et al., 2015
AMPK Unknown Increased fatty acid ~ Zhang et al., 2021
oxidation
SAMMS50, MIC19, Unknown  Maintain mitochondrial Utsumi et al., 2018

TOMMA40, and MIC25 structure
Akt Unknown Increased aerobic  Elstrom et al.,
glycolysis and reduced 2004; Buzzai et al.,
fatty acid oxidation ~ 2005; Deberardinis
et al., 2006
LAMTOR1 NMTH Reduced lysosomal  Chen et al., 2020

degradation

functional link between myristoylation and mitochondria has
been reported where myristoylation is shown to affect AMP-
activated protein kinase (AMPK) signaling and participates
in mitochondrial surveillance in lung and breast cancer
cell lines. When mitochondria are damaged under stress
or induced by mitochondrial depolarizing agent, carbonyl
cyanide 3-chlorophenylhydrazone (CCCP), an autophagy-
related event termed mitophagy is initiated to recycle damaged
mitochondria. AMPK is required in both autophagy and
mitophagy processes. AMPK is physically shown to associate
with damaged mitochondria where upon CCCP treatment,
the total and T172-phosphorylated AMPK are upregulated
in mitochondrial fractions. Concomitantly, recruited AMPK
initiates mitophagy process through interaction with ATG16
complexes. AMPK kinase activity is required to accelerate
the recruitment of ATG complex following CCCP-induced
mitochondria damage. Localization of AMPK is found to be
entirely dependent on myristoylation of the B-subunit of AMPK
by NMT1. Following CCCP treatment, AMPK is completely
abrogated from the mitochondria after the introduction
of N-myristoylated-deficient mutant, AMPKB1G2A-GFP,
into cells. The importance of N-myristoylation on AMPK
mitochondria localization is confirmed when treatment of cells
with myristoylation inhibitor, 2-hydroxymyristic acid (2-HA),
suppresses AMPKP myristoylation and affects its localization
at the mitochondria membrane. These observations highlight
an important role of myristoylated AMPKB subunit for proper
mitochondria localization and mitophagy process but not for
non-selective autophagy (Liang et al., 2015).

A link between metabolic reprograming and metastasis
through myristoylated AMPK has been recently reported where
two isogenic cell lines, one highly metastatic (HM) and the
other non-metastatic (NM), were characterized for proteomic
and metabolic profiles. Lipid reprograming were observed in
HM cells, and expression of ACSL-1 was significantly elevated
compared with NM cells. In vitro and in vivo data suggest
that enhanced expression of ACSL-1 contributes to a higher
rate of proliferation and confers more tumorigenic properties.
Furthermore, higher levels of ACSL-1 seen in HM cells induce a
shift in lipidomic profiles through upregulating myristoylic acid
production, which strongly associates with cancer progression
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and metastasis. Excessive amounts of myristoylic acid boost
myristoylation process on AMPK leading to AMPK pathway
activation and concomitantly upregulates expression of FAO-
related ACADM, ACADVL, and HAHDA. To confirm that
AMPK myristoylation by ACSL-1 is critical in FAO process
regulation, an AMPK inhibitor, dorsomorphin, was utilized, and
suppression of AMPK pathway activation failed to promote
FAO protein expression even in ACSL-1-overexpressing cells
(Zhang et al., 2021).

Myristoylation is critical for proper membrane localization.
The same observation also applies to mitochondrial proteins.
Myristoylation is detected on four mitochondrial proteins,
SAMM50, TOMM40, MIC19, and MIC25, through in vitro
and in vivo metabolic labeling experiments. Myristoylation of
these mitochondrial proteins is important for mitochondrial
membrane localization and functions as components within the
mitochondrial intermembrane space-bridging complex playing a
critical role in the maintenance of the mitochondria structure
and function. N-myristoylation is shown to play a crucial role
in mitochondrial membrane targeting for SAMMO50 and MIC19
but not TOMM40 and MIC25. Data from immunoprecipitation
assays suggest that MIC19 is a major N-myristoylated binding
partner of SAMMS50 and that the N-myristoylation of MIC19 is
essential for interaction with SAMMOS50 (Utsumi et al., 2018).

Myristoylation of Akt is critical for its plasma membrane
anchoring and confers a higher basal kinase activity.
Constitutively active Akt is important to stimulate aerobic
glycolysis in cancer cells. Myristoylated Akt is often found
overexpressed in leukemia cell lines, and this overexpression
is driven by doxycycline. Akt myristoylation can also enhance
aerobic glycolysis without affecting oxidative phosphorylation.
Excessive amounts of glycolytic end-products are converted
to lactate and secreted. These observations suggest that Akt
activity contributes to the differences in glucose metabolism
rates and glucose dependency for survival. Furthermore, PI3K
inhibition, which is upstream of Akt, with LY294002, reduces
Akt phosphorylation, glucose consumption rate, and lactate
production (Elstrom et al., 2004). Other than glycolysis, Akt
myristoylation affects fatty acid metabolism in glioblastoma cells.
Glioblastoma cell line, LN18, contains constitutively active Akt
and is highly dependent on glucose for survival, while LN229,
another glioblastoma cell line, lacks active Akt and exhibits low
glucose dependence. Under glucose withdrawal condition, LN18
cell viability is greatly reduced, while LN229 cell survival remains
unaffected. Forced myristoylated Akt expression in LN229
(LN229 + myr Akt) induces a metabolic shift, in which cellular
viability becomes highly dependent on glucose, and glucose
withdrawal greatly reduces LN229 + myr Akt cell viability.
Akt activation can suppress the expression of phosphorylated
AMPK at T172. Expression of phosphorylated AMPK is crucial
to shift the metabolic substrate preference from glucose to fatty
acid, and this allows cells to survive under glucose-deprived
conditions. Furthermore, LN229 control cells exhibit higher
FAO and lower rate of fatty acid synthesis when glucose is
removed. However, LN229 + myr Akt cells demonstrate a
reverse phenotype where treatment with an AMPK activator,
5-aminoimidazole-4-carboxamide-1-f-D-ribofuranoside

(AICAR), improves FAO rate and cell survival rate under a
glucose-depleted condition (Buzzai et al., 2005). The suppression
of FAO by Akt activation has also been suggested to be a result
of carnitine palmitoyltransferase 1A (CPT1A) downregulation
(Deberardinis et al., 2006).

Lysosomes are complex cellular organelles involved in
modulating cancer cell metabolic homeostasis. NMT1 is
necessary for lysosomal degradation and mTORC1 activation
in cancer cells. Knock-down of NMTI1 in H460 (non-
small cell lung carcinoma) and H1792 (lung adenocarcinoma)
cells, without affecting the NMT2 expression, is shown to
significantly reduce the autophagy flux. Furthermore, decreased
NMT1 expression led to reduction in global myristoylation
in tumor cells, and this contributed to weakened lysosomal
degradation, accumulation of late endosomes/lysosomes, and
simultaneous mTORCI dissociation from lysosome surface
leading to attenuated mTORCI activation. Regulation of
lysosomal functions by NMT1 is shown to be mediated
through lysosomal adaptor, LAMTORI1. Upon NMT1 knock-
down, LAMTORI myristoylation is downregulated significantly
and failed to position itself at the lysosomal membrane, thus,
disrupting mTORCI1 activation. All these eventually led to slower
cancer cell proliferation (Chen et al., 2020).

TARGETING PROTEIN LIPIDATION IN
CANCER

Protein lipidation plays an essential role in cancer progression
and initiation, which renders it an attractive cancer therapeutic
target. However, the development of anti-lipidation drugs
(Table 3) face huge hurdles as illustrated by farnesylation
inhibitors, which have shown strong in vitro antitumor activity
but limited clinical success (Berndt et al., 2011). Nevertheless,
several lines of evidence provide strong rationale for targeting
PATs as a potential therapeutic avenue. Presently, there are
no potent and specific inhibitors against DHHC proteins.
2-Bromopalmitate (2-BP), a broad-spectrum palmitoylation
inhibitor, is widely used to validate the anticancer effects of
DHHC preclinically. Although it is also referred to as “specific”
PAT inhibitor, extensive studies have suggested otherwise.
2-BP treatment has been observed to non-selectively inactivate
several types of membrane-bound enzymes including several
lipid metabolism-related enzymes including triacylglycerol
biosynthesis, fatty acid Co-A ligase, and glycerol-3-phosphate
acyltransferase (Coleman et al., 1992) as well as deacylating
enzymes, APT1 and APT2 (Pedro et al, 2013). These
attributes render 2-BP to be an unreliable lead compound
for further development.

The delay in the development of specific DHHC inhibitors
lies on the mechanism of action and high similarity protein
sequences as well as structures shared among members of the
DHHC family. A large number of proteins can be palmitoylated
by more than one member of DHHC enzymes. This functional
redundancy suggests that specific inhibitors of individual DHHC
enzymes may not be clinically useful as they may target multiple
DHHC family members. This is similar to the pharmacology
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TABLE 3 | Summary of PAT, APT, and NMT inhibitors.

Inhibitors Blocking target Structure Developmental stage  References
2-BP General depalmitoylation agent /\/\/\/\/\/\/\;L In vitro study Davda et al., 2013
Br -
Cerulenin General depalmitoylation agent HoN Y& A~ In vitro and in vivo study ~ Jochen et al., 1995; Lawrence et al., 1999
Y\/\/\/\
o o
Compound V Reversible inhibitor of palmitoylation 7 In vitro study Jennings et al., 2009
and myristoylation O Ve O No
Tunicamycin General depalmitoylation agent " o In vitro study Patterson and Skene, 1995; Hurley et al.,
*:ﬁfu \”):gb_ 2000
TPUPSIIN & 5 6
ML211 ABHD11 S - In vitro study Adibekian et al., 2010
- T Gn( /)
( Y
ML348 APT1, IC50 = 0.21 uM 0 In vitro and in vivo study  Adibekian et al., 2012; Vujic et al., 2016;
/@C[o N // Hernandez et al., 2017
o ﬂkNJ 0
ML349 APT2, IG5 = 0.144 uM i In vitro and in vivo study  Vuijic et al., 2016; Hernandez et al., 2017

Palmostatin B

Palmostatin M

Mitochondrial pan-APT
inhibitor, MitoFP

2-Hydroxymyristic acid

D-NMAPDD

Tris-DBA palladium

IMP-366

IMP-1088

PCLX-001

APT1 and APT2, IC5p = 0.67 uM (Ras
depalmitoylation)

APT1 and APT2, ICsg = 2.5 nM for
APT1 and ICs0 = 19.6 nM for APT2

ABHD10

NMT, inhibitory activity observed from
100 pM to 1 mM

NMT1, [Csp = 77.6 pM

NMT1

NMT1 and NMT2

NMT1 and NMT2

NMT1 and NMT2

N an,
e 3
6/\/:\0/\/\/\/\%
0
/\/\/\/\/\/YLW
o
o
1

~f¢ 1T

In vitro study

In vitro study

In vitro study

In vitro study

In vitro and in vivo study

In vitro and in vivo study

In vitro and in vivo study

In vitro study

In vitro, in vivo, and
phase | clinical trial

Coleman et al., 1992; Hedberg et al.,
Pedro et al., 2013; Vuijic et al., 2016

2011,

Hedberg et al., 2011; Rusch et al., 2011

Cao et al., 2019
Paige et al., 1989, 1990

Kim et al., 2017

Bhandarkar et al., 2008

Frearson et al., 2010

Mousnier et al., 2018

Davda et al., 2013; Randeep et al., 2020;

Mackey et al., 2021

of the pan-kinase inhibitor, lapatinib, which inhibits epidermal
growth factor receptor and Her2/neu receptor simultaneously.
A possible solution to this problem would be to develop
pan-DHHC inhibitors that can block the function of several
palmitoylation enzymes of a single target. Another way to
overcome the limitation is to design specific small molecules
targeting specific binding domains of DHHC enzymes. Such an
example is the essential ankyrin repeat domains of DHHC13 and
DHHCI7 for substrate protein to interact and palmitoylate. An
alternative method of targeting DHHC enzymes is to promote
an irreversible covalent modification of individual cysteine

residue with palmitate by targeting protein structure essential
for DHHC binding. An example would be the development
of covalent inhibitors targeting the transcriptional enhanced
associate domain (TEAD) transcription factor. Kojic acid analogs
are shown to covalently target the cysteine residues at the central
pocket of TEAD. This covalent binding prevents interaction
between TEAD with coactivator yes-associated protein (YAP)
and reduces TEAD target gene expression (Karatas et al., 2020).
In certain cases, targeting protein depalmitoylation would be
more efficient than palmitoylation inhibition. APTs are generally
more druggable, and inhibition of APT enzymes can suppress
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tumor formation. An effort to identify novel APT inhibitors has
been based on use of weight loss drug Orlistat, a prototypical
serine hydrolase inhibitor, after the discovery that APTs share
structural homology with gastric lipase. Structural analysis of
Orlistat reveals the presence of an electrophilic p-lactone moiety
that covalently inactivates certain serine hydrolases (Hadvary
et al,, 1991). Modification of B-lactone scaffold has led to the
discovery of palmostatin B, the first compound capable of
preventing Ras depalmitoylation (Dekker et al., 2010). Further
optimization and modification to the chemical structure of
palmostatin B led to the development of a better APT inhibitor,
palmostatin M. Both inhibitors bind covalently to the serine
residue at the active site, thus, blocking the recognition by APTs.
Pharmacological analyses of palmostatin B and palmostatin
M show that these inhibitors are effective against both APT1
and APT?2 without any selective preferences. Palmostatin B and
palmostatin M were used to inhibit depalmitoylation of H-Ras
(Hedberg et al., 2011). A new class of APT1 and APT?2 inhibitors
were identified recently, and these potent and non-toxic APT1/2
inhibitors were derived from boronic acid. These compounds
were discovered through extensive library screening using
chemical arrays, and their effectiveness were later confirmed
on Ras protein depalmitoylation in vitro. These inhibitors act
by competing with APT1/2 at binding sites on the substrate
protein. The advantages of these inhibitors are that they exhibit
APT isoform specificity and possess slower binding-off rates
compared with palmostatin inhibitors (Zimmermann et al,
2013). Depalmitoylation inhibitors could be beneficial for
anticancer treatment as most of the oncogene activity or function
requires palmitoylation modification for proper localization
at the cellular membrane. Furthermore, depalmitoylation
inhibitors may be useful to target palmitoylation-induced
cancer metabolism reprogramming shown by examples
presented utilizing 2-BP. Future studies are required to fully
investigate the beneficial effects of depalmitoylation inhibitors
in targeting cancer progression or more specifically in targeting
cancer metabolism.

N-myristoyltransferase expression and activity are found
upregulated in cancers including colorectal (Magnuson et al,
1995), gallbladder (Rajala et al., 2000), and brain (Lu et al,
2005). These observations suggest that NMT expression can be
used as biomarkers and a possible cancer therapeutic target.
Until now, NMT inhibitors have been used extensively as
antifungal agents; however, NMT as a target in cancer is
still in the infancy stage. Over the years, several compounds
such as 2-hydroxymyristic acid, D-NMAPDD, and Tris-DBA-
palladium (Tris-DBA) complex have been utilized as NMT
inhibitors in numerous studies. However, these inhibitors are
deemed not to be good NMT inhibitors due to several pitfalls.
2-Hydroxymyristic acid, an NMT inhibitor, does not show
inhibitory activity at concentrations below 100 wM. Reduced
N-myristoylation is only observed when 2-hydroxymyristic acid
is applied at concentrations between 100 pM and 1 mM.
However, usage at such high concentrations is not favorable
due to its precipitation in the culture medium and inducing
cell death. Moreover, millimolar concentration is also likely
to cause off-target toxicity effects as demonstrated on porcine

alveolar macrophages (Du et al, 2010). The application of
D-NMAPDD is controversial as it was initially developed as an
inhibitor for lysosomal acid ceramidase (Bielawska et al., 1996).
D-NMAPDD exhibits NMT1 activity inhibition and reduces Src
kinase myristoylation at an ICs5p of 77.6 pM (Kim et al., 2017).
However, this observation was not reproducible in a later study
by Kallemeijn et al. (2019). Moreover, D-NMAPDD at 30 pM
induces a significant cytotoxic effect within 24 h of exposure by
a mechanism unrelated to NMT inhibition as shown by losses
of caspase 3 activation and metabolic activity (Kallemeijn et al.,
2019). The Tris-DBA palladium complex has been proposed
to be an NMT1 inhibitor and inhibits growth of melanoma
in vitro and in vivo. Furthermore, the same complex also
shows promising anticancer activity against multiple myeloma
(de la Puente et al., 2016), leukemia B cells (Kay et al., 2016),
and prostate cancer (Diaz et al., 2016). However, the ICsy of
the Tris-DBA palladium complex is reported to be 4.2 pM
similar to the precipitation concentration in previous findings.
It is suggested that the inhibitory effect imparted by the Tris-
DBA palladium complex is due to precipitation effect rather
than specific interactions. Using similar experimental settings,
Kallemeijn et al. (2019) failed to reproduce the NMT1 inhibitory
effect of the Tris-DBA palladium complex on A375, a melanoma
cell line, as shown by Bhandarkar et al. (2008) in an earlier study.
Downregulation of myristoylated protein can be partly explained
by the overall reduction in protein production identified through
chemical proteomics.

Two small molecule inhibitors, IMP-366 and IMP-1088,
were recently developed NMT inhibitors and shown to possess
superior specificity. The binding mode of these inhibitors is
supported by X-ray co-crystal structural analyses of human
NMT1 and NMT2, which demonstrate high specificity of these
inhibitors on NMTs. Later on, an improved version of IMP-366
was developed, named PCLX-001, which possessed anticancer
activity preclinically. PCLX-001 is reported to possess a greater
inhibitory effect in hematological malignancies but less so in
solid tumor cell lines. The proposed mechanism of PCLX-001
on tumors is apoptotic cell death through the attenuation of
Src myristoylation, basal Src levels, and downstream survival
signaling of B-cell receptor (Beauchamp et al., 2020). Other than
B-cell lymphoma, PCLX-001 has been reported to effectively
kill several breast cancer cell line subtypes ranging from breast
carcinoma, ductal carcinoma, and breast adenocarcinoma in both
in vitro and in vivo models (Mackey et al., 2021). The encouraging
preclinical data has prompted an open label phase I clinical trial
in several Canadian Cancer Centres to establish the antitumor
effect maximum tolerable dose of PCLX-001 in B-cell lymphoma
and advanced solid tumors. Data obtained from these phase I
trials will then be utilized to establish the recommended dose
for phase II trial and to evaluate the safety pharmacokinetics of
PCLX-001 later on (Randeep et al., 2020).

CONCLUSION

In recent years, technological advances have provided better
understanding of protein palmitoylation and myristoylation
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processes. Scientists and researchers are currently exploring the
possibility of targeting protein lipidation as a paradigm for cancer
therapy; however, there are still some unanswered questions that
requires attention. First, apart from DHHC enzymes, it is unclear
if there are other enzymes capable of palmitoylating proteins.
DHHC enzymes are membrane bound and localized in the ER,
Golgi, and plasma membrane. However, there are other non-
membrane-bound palmitoylated proteins roaming freely in cells.
The recent discovery of LPCAT1, as a palmitoylating agent for
histone K4, unveils the possibility of proteins functioning as
non-conventional palmitoylation enzymes. Second, the degree of
protein palmitoylation of a protein substrate is shown to be highly
dependent on the expression and stability of DHHC enzymes
as well as APTs, thus, adding further complexity of DHHC
enzymes and APT network on palmitoylation. An example
would be the DHHC16-DHHC6-APT2 network observed in ER
protein palmitoylation. This highlights that DHHC and APT are
connected to maintain optimal cellular functions. Understanding
the role of each player in this network can help explore and
identify possible APTs as a target when a specific inhibitor against
the corresponding DHHC is unavailable. Myristoylation process,
in general, is less complicated compared with palmitoylation.
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thorough studies on its efficacy and cytotoxic effect are
greatly warranted when exploring the possibility of using
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Lysine glutarylation (Kglu) is a newly discovered post-translational modification (PTM),
which is considered to be reversible, dynamic, and conserved in prokaryotes and
eukaryotes. Recent developments in the identification of Kglu by mass spectrometry
have shown that Kglu is mainly involved in the regulation of metabolism, oxidative
damage, chromatin dynamics and is associated with various diseases. In this review,
we firstly summarize the development history of glutarylation, the biochemical processes
of glutarylation and deglutarylation. Then we focus on the pathophysiological functions
such as glutaric acidemia 1, asthenospermia, etc. Finally, the current computational
tools for predicting glutarylation sites are discussed. These emerging findings point
to new functions for lysine glutarylation and related enzymes, and also highlight the
mechanisms by which glutarylation regulates diverse cellular processes.

Keywords: glutarylation, SIRT5, glutaryl-CoA, PTM, proteomic

INTRODUCTION

Protein post-translational modifications (PTMs), covalent chemical modifications of amino acid
residues (Macek et al., 2019), are a conserved mechanism adopted by organisms to effectively
modulate biological activities, enabling them to make rapid adaptive responses to environmental
changes (Bernal et al., 2014). PTMs have been reported to be involved in various biological processes
(Walsh et al., 2005; Xu et al, 2016). They play crucial roles in the diversification of protein
functions in different biological and physiological interactions (Walsh et al., 2005; Xu et al., 2016).
To date, 676 different PTMs have been identified in the UniProt database', including lysine (Lys)
acylation, phosphorylation, ubiquitination, SUMOylation, and so forth (Venne et al., 2014; Harmel
and Fiedler, 2018). Lysine acylation is a widely occurring PTM of proteins (Diallo et al., 2019).
Besides the well-known acetylation (Kac) (Kim et al., 2006; Choudhary et al., 2009; Zhao et al.,
2010; Lundby et al., 2012), eight types of short-chain Lys acylations have recently been identified on
histones, including Lys propionylation (Kpr) (Chen et al., 2007), butyrylation (Kbu) (Chen et al.,
2007), 2-hydroxyisobutyrylation (Khib) (Dai et al., 2014), succinylation (Ksucc) (Xie et al., 2012),
malonylation (Kma) (Xie et al., 2012), glutarylation (Kglu) (Tan et al., 2014), crotonylation (Kcr)
(Tan et al., 2011), and B-hydroxybutyrylation (Kbhb) (Xie Z. et al., 2016). These modifications are

Uhttp://www.uniprot.org/docs/ptmlist
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similar to the well-studied Kac in their e-amine linkage, but
different in hydrocarbon chain length, hydrophobicity or charge
(Sabari et al., 2017). Such as, compared to the Kac changing
the charge of lysine from +1 to 0 and adding a 2-carbon acyl
group to lysine (Hirschey and Zhao, 2015), Kglu means adding
glutaryl groups to specific lysine residues (Dou et al., 2021). Kglu
changes the charge of lysine from +1 to —1 and adds a 5-carbon
acyl group to lysine (Hirschey and Zhao, 2015). These changes
may lead to structural alterations on proteins, affecting their
physiological functions and disrupting any interactions between
the lysine side chains of glutarylated proteins and negative
charged molecules (Hirschey and Zhao, 2015).

The Kglu was first identified by Tan et al. (2014). They
performed immunoblot analysis with whole-cell lysates
from Escherichia coli, Saccharomyces cerevisiae, Drosophila
melanogaster (S2), mouse (MEFs), and human cells (HeLa).
The results showed that Kglu is a conserved PTM and exists in
both eukaryotic and prokaryotic cells. Afterward, more proteins
including histone and non-histone proteins were identified as
glutarylated proteins, and they were found to play important
roles in mitochondrial functions (Schmiesing et al, 2018),
oxidative damage (Zhou et al., 2016), sperm motility (Cheng
etal., 2019), and glutaric aciduria 1 (GA1) (Dimitrov et al., 2020).

To systematically review the roles of Kglu in prokaryotes and
eukaryotes, we searched PubMed for studies that mentioned
glutarylation. Our specific advanced search terms included:
“Glutaric acylation” OR “glutarylation” OR “Kglu” OR
“glutarylated.” The results provided 186 papers as of January
10, 2021. Two investigators reviewed each initial study to
determine whether it was related with glutarylation. Finally,
23 papers were preserved by exclusion criteria described in
Figure 1. In this review, we mainly summarized recent studies
about Kglu and discussed its implications. The scope mainly
includes mechanism, function, identification and prediction of
glutarylated proteins.

PROTEOMIC PROFILING OF LYSINE
GLUTARYLATION

With the development of proteomic technology, the landscape
of glutarylation is expanding (Figure 2). The proteomic method
combing the sensitive immune-affinity purification and high-
resolution liquid chromatography-tandem mass spectrometry
(LC-MS/MS) has been used to find new glutarylated proteins
and modification sites. Recently, four studies have identified
new glutarylated proteins and glutarylated lysine residues in
Mycobacterium tuberculosis, mouse and human serum. Xie L.
et al. (2016), our group identified a total of 24 glutarylated
proteins and 41 Kglu sites in M. tuberculosis. Schmiesing et al.
(2018) found 37 glutarylated proteins with 73 Kglu sites in the
brain of mice. Bao et al. (2019) revealed that Kglu occurs at
27 lysine residues on human core histones. Zhou et al. (2020)
reported 4 kinds of glutarylated proteins with 10 sites in human
serum. It shows that Kglu occurred in different species, and most
of glutarylated proteins contain at least two Kglu sites in Table 1.

Since the discovery of immonium ion on acetylated lysine,
most of the modifications based on acylation have their
corresponding immonium ion characteristics. Parameter 86 m/z
was set for detecting this PTM after MS/MS searches.

Antibodies are crucial for experimental studies, especially for
the identification of protein PTMs. Therefore, we have reviewed
the experimental studies on antibody for lysine glutarylation, and
found eight related articles (Tan et al., 2014; Xie L. et al., 2016;
Zhou et al., 2016, 2020; Schmiesing et al., 2018; Bao et al., 2019;
Cheng et al., 2019; Wang et al., 2020). The specific Methods
and reagents used in previous studies were summarized in
Supplementary Table 1. Among eight studies, the glutarylation
antibodies used in five studies are from the same company
BioLabs (Tan et al., 2014; Xie L. et al., 2016; Zhou et al., 2016;
Schmiesing et al., 2018; Cheng et al., 2019). Tan et al. (2014) found
that the number of glutarylated peptides is 157, and the number
of unmodified peptides is 297. Meanwhile, they performed Dot-
blot assay using anti-Kglu antibody by incubation of the peptide
libraries bearing a fixed unmodified lysine (K), acetyl-lysine
(Kac), malonyl-lysine (Kmal), succinyl-lysine (Ksucc), glutaryl-
lysine (Kglu), respectively. Each peptide library includes 10
residues CXXXXKXXXX, where X is a mixture of 19 amino
acids (excluding cysteine), C is cysteine, and the 6th residue
is a fixed lysine residue. The results showed that only peptide
bearing a fixed Kglu can be detected, whereas other types of
peptides cannot be detected. This shows the specificity of this
glutarylation antibody (Tan et al., 2014). For the remaining three
studies, Bao et al. (2019) raised a rabbit polyclonal antibody which
is site specific against histones glutarylation and conducted dot-
blot and western blot analysis to verify whether the antibody has
high specificity. Although the origin of the antibodies was not
specified in the remaining two papers, western blot analysis or
mass spectrometer were also performed to verify the specificity
of antibodies (Wang et al., 2020; Zhou et al., 2020).

Anyway, proteomic profiling of Kglu provides a key resource
for finding novel properties and regulatory functions of Kglu.

THE DISCOVERY OF LYSINE
GLUTARYLATION

Tan et al. (2014) first identified and validated Kglu as a PTM
by four independent approaches, which is present in both
prokaryotes and eukaryotes. They not only first discovered the
presence of Kglu in E. coli, but also detected 23 Kglu sites in 13
glutarylated proteins. In addition, they isolated 10 glutarylated
proteins in HeLa cells and detected 10 Kglu sites, and they also
detected 683 sites in 191 glutarylated proteins in mouse liver
cells. They also demonstrated that Kglu could be regulated by
sirtuin 5 (SIRT5) and nutrient and showed that glutaryl-CoA
could directly lead to non-enzymatic Kglu. They further showed
that carbamoyl phosphate synthase (1), as a glutarylated protein,
is associated with glutaric academic type 1 (GA1). Furthermore,
they identified three Kglu sites on core histone H2B (H2BKS,
H2BK116, and H2BK120), which are critical for regulation of
gene expression (Tan et al., 2014). This research is significant, and
it opens the door for further biological studies of Kglu (Figure 2).
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LYSINE GLUTARYLATION AND
DEGLUTARYLATION

Glutaryl coenzyme A (CoA) serves as the main acyl donor
molecule for Kglu reaction (Schmiesing et al., 2018). SIRTS,
which relies on nicotinamide adenine dinucleotide (NAD™), can
catalyze lysine deglutarylation in vivo and in vitro (Schmiesing
et al., 2018). Glutarylation was considered a non-enzymatic
process in the past (Tan et al., 2014), but in recent years, it has
been found that glutarylation can be achieved enzymatically in
histones (Bao et al., 2019; Figure 3).

Lysine Glutarylation

Non-enzymatic reactions: Similar to acetyl coenzyme A and
succinyl coenzyme A, glutaryl-CoA can directly induce the
non-enzymatic Kglu (Tan et al, 2014). Cellular glutaryl-CoA
forms a reactive cyclic anhydride that readily glutarylates
lysine residues (Harmel and Fiedler, 2018). The level of
Kglu is affected by multiple factors: (1) decreasing the
concentration of other CoAs, thus reducing the competition
with glutaryl-CoA; (2) increasing the concentration of glutaryl-
CoA, both means could enhance the level of Kglu in vivo
(Sabari et al., 2017).
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TABLE 1 | Information on glutarylated proteins and sites that have been found.

Time Experimental Position Protein Sites References
(vear) subject (n) (n)
Organ Ultra
structure
2014 E. coli - - 13 23 Tanetal, 2014
2014 Hela cell - - 10 10 Tanetal, 2014
2014 Mouse liver - 191 683 Tanetal., 2014
2014 Mouse liver nucleus 1(H2B) 3 Tanetal, 2014
2016 Mycobacterium - - 24 41  Xiel.etal.,
tuberculosis 2016
2018 Mouse brain - 37 73  Schmiesing
etal., 2018
2018 Mouse liver - 154 425 Schmiesing
etal.,, 2018
2019 Hela cell nucleus 4 27 Baoetal., 2019
2020 Human serum = = 4 13 Zhou et al,,
2020
2020 Rat serum - - 2 4  Zhouetal,
2020
Enzymatic reaction: P300, a member of histone
acetyltransferases (HATs), is a well-studied transcription

co-activator (Sabari et al, 2017). Apart from its initially
described acetyltransferase activity (Bannister and Kouzarides,
1996; Ogryzko et al., 1996), P300 was also found to catalyze
the Ksucc (Sabari et al, 2017) and Kglu (Tan et al.,, 2014)
of histone. Although P300 has enzymatic activity for the
modification of Kglu in vitro, no acyltransferase could catalyze
the transfer of malonyl, succinyl, or glutaryl to proteins
in vivo (Tan et al., 2014). Bao et al. (2019) found that KAT2A
(lysine acetyltransferase 2A) and a-ketoadipate dehydrogenase
(a-KADH) complex were conjugated, which could play the role
of histone glutamyltransferase in cells. This implies that both
P300 and KAT2A may be the glutaryl transferase responsible
for the histone glutarylation. It will be very interesting to
study whether these two glutaryl transferases also can catalyze
the glutarylation of non-histone proteins in the cytoplasm
and mitochondria.

Lysine Deglutarylation
Sirtuins are a class of protein deacylases and/or ADP
ribosyltransferases that depend on NADT (Kumar and
Lombard, 2018). In mammals, the sirtuin family consists of
seven members (sirt1-7) that have conserved NAD" binding
and catalytic domains (Kumar and Lombard, 2017). Zhao et al.
(2010) proved that the previously annotated deacetylase SIRT5
is a lysine depentadiene Chemase (Tan et al., 2014). One recent
research showed that SIRT5 is mainly present in mitochondria,
cytoplasm, and nuclear loci (Park et al, 2013). SIRT5 is
involved in glycolysis, tricarboxylic acid (TCA) cycle, fatty acid
oxidation, and reactive oxygen species (ROS) detoxification
(Kumar and Lombard, 2018).

Kglu is a PTM regulated by SIRT5, which possesses potent
desuccinylase, demalonylase, and deglutarylase activities (Tan

et al., 2014). At physiological pH, succinyl, malonyl and glutaryl
will negatively charge the modified lysine residue (Hirschey
and Zhao, 2015). There are two positively charged amino
acid groups in the active center of SIRT5 (Du et al., 2011;
Peng et al., 2011; Zhou et al., 2012). Therefore, it is not
difficult to understand that SIRT5 displays a unique affinity
for negatively charged acetyllysine modification and catalyzes
protein desuccinylation, demalonylation, and deglutarylation.
The SIRT5-catalyzed deglutarylation reaction requires NAD™
as a cofactor, which is inhibited by nicotinamide, a class
I HDAC inhibitor (Tan et al,, 2014). Expression of SIRT5
can be regulated by peroxisome proliferator-activated receptor
coactivator-la. (PGC-1a) and AMP-activated protein kinase
(AMPK) (Buler et al, 2014). Overexpression of PGC-la
increased SIRT5 mRNA and protein levels, whereas AMPK
overexpression inhibited SIRT5 expression in primary mouse
hepatocytes (Buler et al., 2014). Under normal basal conditions,
the depletion of SIRT5 does not result in an indispensable effect
on cell metabolism (Osborne et al., 2016).

Another study showed that SIRT7 catalyzed the hydrolysis
of glutaryl peptides in the presence of nicotinamide adenine
dinucleotide (NAD) and DNA in vitro and in cells (Bao
et al., 2019). This implies that SIRT7 may be a compensatory
mechanistic pathway. However, whether the SIRT7 possesses
potent deglutarylase activities remains to be verified in vivo.

FUNCTIONAL ROLES OF LYSINE
GLUTARYLATION

Regulation of Metabolism

Glutaryl-CoA, one of the precursors of glutarylation, is a thiol
ester compound of glutaric acid and coenzyme A (Menon and
Stern, 1960; Nishizuka et al., 1960). Glutaric acid, derived from
lysine and tryptophan, is mainly metabolized in mitochondria,
and the metabolism of glutaryl-CoA is also mainly located in the
mitochondria (Besrat et al., 1969; Vamecq et al., 1985). Glutaryl-
CoA dehydrogenase (GCDH) is a key enzyme in the metabolic
process of glutaryl-CoA (Cheng et al., 2019). GCDH catalyzes
the oxidative decarboxylation of glutaryl-CoA to crotonyl-CoA
in the lysine and tryptophan degradation pathways, and the
increase of glutaryl-CoA content in GCDH KO mice elevated the
level of Kglu (Goodman and Frerman, 1995; Koeller et al., 2002;
Tan et al.,, 2014).

It has been discovered that protein glutaryl metabolism
mainly occurs in mitochondria (Schmiesing et al., 2018). For
example, proteomic analysis of mouse liver revealed that there
are 191 glutarylated proteins, of which 148 are mainly or
partly located in mitochondria, accounting for more than three-
quarters of all identified glutarylated proteins (Tan et al., 2014).
There are two reasons why glutaryl metabolism mainly exists
in mitochondria: It may be because glutaryl-CoA is mainly
located in mitochondria (Besrat et al,, 1969; Vamecq et al,
1985); in addition, this may be related to the higher pH
(7.9) of mitochondrial matrix which is associated with the
deprotonation of the e-amino group of lysine, making them
more susceptible to acylation (Carrico et al., 2018). Mitochondria
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FIGURE 3 | Mechanisms and regulation of non-histones lysine glutarylation (Kglu). Glutaryl-CoA forms a reactive cyclic anhydride that readily glutarylates lysine
residues on target proteins. No enzymes were found in this process in vivo. Whether the p300 is involved in the process of Kglu remains to be identified. Kglu is
targeted for removal by the NAD*-dependent SIRTS. Expression of SIRT5 can be inhibited by NAM and be regulated by PGC-1a and AMPK. Whether the SIRT7
possesses potent deglutarylase activities remains to be verified in vivo. Lys, Lysine; Trp, Tryptophan; NAM, Nicotinamide; OG-ADPR, O-Glutaryl ADP-Ribose;
PGC-1a, peroxisome proliferator-activated receptor coactivator-1a; AMPK, AMP-activated protein kinase; Mr, molecular mass.
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FIGURE 4 | Mechanisms and features of Histone H4 Lysine 91 glutarylation (H4K91glu). KAT2A is coupled with a-KADH to catalyze the H4K91glu as the histone
glutaryl transferase. H4K91glu could regulate chromatin structure and enhance active gene expression. SIRT7-catalyzed removal of H4K91glu is related to
chromatin condensation. KAT2A, lysine acetyltransferase 2A; a-KADH, a-ketoadipate dehydrogenase; NAD, nicotinamide adenine dinucleotide.

play a key role in energy production, cell signaling and cell and neurodegeneration (Osborne et al., 2016). Since acyl-
survival, and mitochondrial dysfunction can lead to the aging CoA cannot penetrate the inner mitochondrial membrane,
and aging-related diseases, such as metabolic diseases, cancer, its accumulation in the mitochondrial compartment is easy.
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Accumulation of toxic acyl-CoA will affect mitochondrial energy
metabolism (Dimitrov et al, 2020). Glutaryl-CoA inhibits
the E2 subunit of o-ketoglutarate dehydrogenase complex
(KGDHc), similar to the feedback inhibition of its physiological
product, succinyl-CoA, leading to mitochondrial TCA cycle
dysfunction (Sauer et al, 2005). Notably, the reduction of
a-ketoglutarate dehydrogenase (KGDH) activity has recently
been demonstrated in other neurodegenerative diseases, such
as Alzheimer (Gibson et al., 1988), Parkinson (Mizuno et al.,
1994, 1995), and Huntington diseases (Klivenyi et al., 2004),
sharing neuropathological similarities with GCDH deficiency
(Strauss and Morton, 2003).

In addition, lysine glutarylation can also affect mitochondrial
metabolism and other mitochondrial functions (Ju and He,
2018). CPS1, mainly found in mitochondria (Summar et al,
1995), is the first rate-limiting enzyme in the urea cycle (UC),
which is responsible for directly incorporating ammonia into the
intermediate of UC (Nitzahn and Lipshutz, 2020). It is verified
that CPS1 is a substrate of Kglu, and that Kglu of CPS1 inhibits its
enzymatic activity (Tan et al., 2014). Excessive glutarylation will
reduce the activity of CPS1 enzyme, resulting in increased blood
ammonia levels and damage to nerve cells (Nakagawa et al., 2009;
Tan et al., 2014; Nitzahn and Lipshutz, 2020).

Regulation of Asthenospermia

Unlike somatic cells, mature sperm has a highly concentrated
chromatin structure. Except for a few genes that are expressed
in sperm mitochondria, there is almost no transcription and
translation activities (Gur and Breitbart, 2008). Therefore,
compared with somatic cells, the function regulation of mature
sperm cells is more dependent on PTMs (Cheng et al., 2019).

The most widespread PTM in human sperm studies
is phosphorylation, followed by acetylation, and these
modifications are essential for sperm differentiation, maturation,
and function (Porambo et al., 2012; Yu et al., 2015). Cheng et al.
(2019), for the first time, reported the cofactor and regulatory
protein of human sperm Kglu, and also discussed the correlation
between sperm Kglu and sperm motility, as well as the role
of Kglu in asthenospermia. As the energy metabolism center,
mitochondria are vital to sperm motility (Yu et al., 2015). They
found that Kglu is clearly present in the mitochondria of normal
male sperm, while the content of Kglu is reduced in weak
sperm (Bakos et al., 2011). Therefore, they speculated that Kglu
is involved in the regulation of human sperm mitochondrial
function. The decrease of Kglu in mitochondria may damage
mitochondrial function and ultimately affect sperm motility
(Cheng et al., 2019).

In addition, many studies have proven that obesity can reduce
sperm quality and functions, which cause sperm DNA damage,
and lead to hypogonadism (Jensen et al., 2004; Ghanayem et al,,
2010; MacDonald et al., 2010; Bakos et al., 2011; Dupont et al,,
2013; Samavat et al., 2014; Ramaraju et al., 2018). Wang et al.
(2020) found that obesity in men can increase testicular histone
Kglu levels by 36%. Although they proved that Kglu is related
to male reproductive dysfunction caused by obesity, whether
there is a causal relationship between increased histone Kglu and
decreased sperm motility still needs to be verified.

Regulation of Oxidative Stress

It has been reported that Kglu is closely related to oxidative
metabolism (Tan et al.,, 2014; Zhou et al.,, 2016; Chen et al.,
2020). Tan et al. (2014) through GO enrichment analysis, found
that Kglu was significantly enriched in many cellular metabolic
processes, including redox and aerobic respiration. They also
found the potential impact of Kglu on metabolic pathways
of oxidative metabolism through KEGG and Pfam enrichment
analysis (Tan et al., 2014). Study has showed that reactive oxygen
regulatory proteins such as superoxidase dismutase could be a
substrate of the enzymes involved in the addition of glutarylation
(Xie L. et al., 2016).

The central nervous system has a high metal content,
which can catalyze the formation of oxygen free radicals,
and its antioxidant defense ability is relatively low, so it is
vulnerable to free radical damage (Facheris et al., 2004). It is
known that excessive mitochondrial ROS are the main cause
of cellular oxidative stress (Tojyo et al., 1989; Turrens, 2003;
Orrenius et al., 2007; Park et al., 2011). GSH can remove ROS
and protect cells from oxidative damage (Zhou et al., 2016).
Nicotinamide Adenine Dinucleotide Phosphate (NADPH) is the
main intracellular reducing agent and plays a key role in keeping
glutathione in its reduced form of GSH. Zhou et al. found that
deglutarylation can activate one NADPH-producing enzyme:
glucose-6-phosphate dehydrogenase (G6PD) (Zhou et al., 2016).
In conclusion, Kglu may reduce or inactivate the activity of
the enzyme, and the amount of NADPH will decrease, thus
reducing the antioxidant defense ability of the nervous system
and leading to nervous system damage. However, this still needs
to be further verified.

Chen et al. (2020) found that mitochondrial ROS can cause
endothelial dysfunction and hypertension. Therefore, oxidative
stress is not only related to the nervous system but may also
be an important mechanism of stress-induced cardiovascular
disease (CVD). CVD is the main cause of morbidity and
mortality worldwide, and metabolic dysfunction is the basic core
mechanism of CVDs. Protein acylation plays an important role
in the physiological and pathological processes of the heart and
blood vessels (Chen et al., 2020). For example, malonylation
can damage the activity of mTORCI1 kinase and ultimately
lead to angiogenesis defects, which is an important part of
myocardial infarction (Bruning et al, 2018). Although the
current studies on the relationship between Kglu and myocardial
damage are less than that of malonylation, some important
results have been discovered in recent years. For example, it’s
found that the serum protein Kglu level decreased after acute
myocardial infarction (Zhou et al., 2020). In addition, Zhou et al.
(2016) found that SIRT5 KO mice showed higher sensitivity
to cardiac ischemia-reperfusion injury, which was related to
the increased production of ROS. Relevant experiments have
confirmed that by reducing ROS production and alleviating
mitochondrial swelling, the damage caused by mitochondrial
membrane potential in mice’s cardiovascular system can be
partially saved (Nagao et al., 2016; Yu et al., 2018). The association
between Kglu and CVD is a new research field. In the future, it
may be possible to reduce the oxidative stress after myocardial
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TABLE 2 | Statistics of information on developed site prediction models.

Time (year) Tool 10-fold cross-validation References URL

SN SP ACC Mcc
2018 GlutPred 65% 77% 75% 0.32 Ju and He, 2018 http://dx.doi.org/10.1016/j.ab
2018 iGlu-Lys 50% 95% 88% 0.51 Xuetal., 2018 http://app.aporc.org/iGlu-Lys/
2019 MDDGilutar 68%* 62%* 64%* 0.28* Huang et al., 2019 http://csb.cse.yzu.edu.tw/MDDGlutar/
2019 RF-GlutarySite 81% 68% 75% 0.50 Al-Barakati et al., 2019 -
2020 PUL-GLU 72% 75% 75% 0.35 Ju and Wang, 2020 -
2020 BiPepGlut 70% 93% 82% 0.64 Arafat et al., 2020 www.brl.uiu.ac.bd/bioglutarylation
2021 iGlu_AdaBoost 87% 74% 80% 0.61 Dou et al., 2021 -

SN: sensitivity; SP: specificity; ACC: accuracy; MCC: matthew correlation coefficient.
*5-fold cross-validation.

infarction by regulating the enzymes of Kglu, thereby reducing
the damage to the heart.

Regulation of Glutaric Aciduria Type 1
Glutariduria type 1 (GA1), a type of organic aciduria (Mahoney,
1976), was first reported by Goodman and Kohlhoff (1975).
It is an autosomal recessive genetic disease that causes lysine
and tryptophan metabolism disorders due to insufficient GCDH
activity (Goodman et al., 1977). It is characterized by intermittent
metabolic acidemia, dystonia, asthenia, and mental retardation
(Stokke et al., 1976). The GCDH gene is located on human
chromosome 19p13.2, spans about 7 kb, contains 11 exons and
10 introns (Goodman et al., 1977; Shadmehri et al., 2019), and
it is involved in the degradation of L-lysine and L-tryptophan
(Tan et al., 2014). It is known that GCDH degrades glutaryl-CoA,
thereby reducing the Kglu level of the protein, and the GCDH
deficiency will lead to the increase of glutaryl-CoA and Kglu
(Tan et al., 2014).

Glutaric aciduria 1 is a multi-organ disease, and the organ
most affected during metabolic abnormalities in patients is the
brain (Zhou et al., 2016). GA1 is caused by a mutation in the
gene of the mitochondrial stromal enzyme GCDH, which elevates
the level of glutaric acid (GA) in the brain and blood (Koeller
et al., 2002). GCDH deficiency could impair the degradation of
lysine/tryptophan (Zhou et al., 2016), which may be an important
reason for the increase of glutaric acid, because lysine/tryptophan
is the source of glutaric acid. It is known that glutaric acid
is one of the precursors of glutaryl-CoA, and the augment of
glutaric acid will indirectly lead to the increase of glutarylation
(Tan et al,, 2014; Chen et al., 2020). Schmiesing et al. (2018) also
believed that GCDH deficiency is related to the mitochondrial
protein lysine Kglu in the pathogenesis of GA1 disease, which
leads to the heterogeneity and fragility of glial cell mitochondria
(Zhou et al,, 2016). Is it possible to treat or alleviate the
neurological symptoms of GA1 by regulating the protein Kglu?
This is a challenging subject for researchers.

Regulation of Chromatin Dynamics

Nucleosome is the basic repetitive unit of chromatin. Both
structures are highly dynamic, and one main mechanism for
controlling their dynamics is through PTMs of histone. H4K91
is a residue located at the interface between H3-H4 tetramer and
H2A-H2B dimer (Bao et al., 2019). There are salt bridges between

H4K91 and glutamate residues from histone H2B in nucleosome
(Cosgrove et al., 2004).

It has been reported that a known histone acetyltransferase
KAT2A (Grant et al., 1997; Wang and Dent, 2014) is coupled
with a-ketoadipic dehydrogenase to catalyze the oxidative
decarboxylation of a-ketoadipic acid to glutaryl-CoA as the
histone glutaryl transferase (Bao et al, 2019). Then SIRT7
can catalyze the removal of H4K91glu. H4K91glu disturbs the

TABLE 3 | The number of positive and negative samples in the training and
testing data sets.

Time (year) Tool Testing data set Training data set
Positive Negative Positive Negative

2018 GlutPred 56 428 590 3498
2018 iGlu-Lys - - - -
2019 MDDGlutar 46 92 430 860
2019 RF-GlutarySite 44 203 400 400
2020 PUL-GLU 56 428 590 3498
2020 BiPepGlut 217 192 1952 1731
2021 iGlu_AdaBoost 44 203 400 1703

-, Data are not available.

TABLE 4 | Scientific questions for future studies about Kglu.

No. Classification Questions

1 Mechanism Is there any relationship between the regulation
of Kglu, acetylation and succinylation overlap
sites?

2 Does glutaryl transferase also exist in other
parts such as the glutarylation of proteins in the
cytoplasm and mitochondria?

3 Distribution Why are there so few sites found in eukaryotes?

4 Is Kglu present in prokaryotes other than E. coli
and M. tuberculosis?

5 Is there Kglu of prokaryotic biofilm proteins?

Function Is it possible to treat asthenospermia and GA1
by regulating Kglu of proteins?

7 Is there any connection between Kglu and the
development of cancer?

8 Except for H4K91, what is the function of other

histone glutaric acid sites?
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efficient assembly of H2A/H2B dimer and H3/H4 tetramer
to form octamer (Bao et al, 2019; Figure 4). Therefore,
glutaryl groups of histones affect the stability of nucleosomes
and chromatin. In mammalian cells, H4K91glu is mainly
enriched in the promoter region of highly expressed genes.
The downregulation of H4K91glu is closely associated with
chromatin aggregation during mitosis and the response to DNA
damage (Bao et al., 2019), suggesting that H4K91glu plays a vital
role in modulating gene expression and chromatin damage. In
addition, histone H4K91 was mutated into glutamate (K91E) in
S. cerevisiae to simulate Kglu. The results consistently showed
significant delays during S and G2/M phase in H4K91E mutant
cells, suggesting that the K91E mutations (mimicking K91glu)
may also destroy the assembly of nucleosome and chromatin
during S phase and mitosis (Bao et al., 2019).

PREDICTION OF GLUTARYLATION BY
COMPUTATIONAL TOOLS

To better understand the molecular mechanism of Kglu, it
is important to accurately identify the substrate of Kglu
and its corresponding Kglu sites. The traditional method of
identifying Kglu is based on affinity enrichment proteomics
method (Chen et al., 2012): pan anti-Kglu antibody was used
to enrich the glutarylated peptide, and then the HPLC-mass
spectrometry (MS)/MS was used to analyze it (Chen et al., 2005).
This experimental method is expensive, cumbersome and time-
consuming (Xu et al., 2018). Therefore, some computational tools
for predicting Kglu sites have been developed (Table 2). Based
on known protein interaction data, using feature extraction and
feature selection techniques (Chen et al., 2019), combined with
probability theory and mathematical statistics, using recognized
machine learning algorithms, such as support vector machines
(SVMs) (Huang et al., 2019), random forest (RF) (Al-Barakati
etal., 2019), to discover possible proteins Interaction site.

Ju and He (2018) discovered that kspaced amino acid pair
features play an important role in the prediction of glutarylation
sites. Then they established a predictive model GlutPred based
on comprehensive features composed of amino acid factor
(AAF), binary code (BE), and composition of k-spaced Amino
Acid Pairs (CKSAAP). In the same year, Xu et al. (2018) used
the characteristics of the position-specific propensity matrices
(PSPM) to build a model iGlu-Lys, which improved the
prediction performance. Huang et al. (2019) later developed a
model MDDGlutar based on SVM, which combines six motifs
identified by maximal dependence decomposition (MDD). This
model significantly improves the predictive performance of
Kglu sites recognition and takes into account sensitivity and
specificity. Then Al-Barakati et al. (2019) used Random Forest
(RF) to predict the Kglu sites from the primary amino acid
sequence and established the model RF-GlutarySite. In terms
of performance indicators that are most affected by TP rate
(such as SN, PR, and FI scores), RF-GlutarySite is superior
to the existing glutaric acid site predictors. On the contrary,
for indicators that are more sensitive to the TN rate (such
as SP and ACC), it does not work well. Ju and Wang (2020)

regarded the experimentally verified glutaric acid sites as positive
samples, and the remaining unverified lysine sites as unlabeled
samples. A new type of glutaric acid site predictor PUL-GLU was
developed by using positive unlabeled (PU) learning technology.
Based on the evolutionary characteristics of double peptides,
Arafat et al. (2020) used Extra-Trees (ET) classifier to build
the model BiPepGlut. Recently, Dou et al. (2021) believed that
the physical and chemical properties of charge, polarity, and
van der Waals volume play a key role in the recognition of
protein glutarylation, especially the positively charged R and K
residues around the Kglu sites. They used the ensemble classifier
AdaBoost to identify Kglu sites and built a new computational
predictor called iGlu_AdaBoost. Here is a comparison of these
predictors. iGlu-Lys did not utilize the secondary structure and
tertiary structure characteristics of protein, and not balance
positive and negative data. The SN of iGlu-Lys is the lowest
(Xu et al,, 2018). GlutPred used a biased SVM algorithm to
handle the unbalanced problem in the prediction of glutarylation
sites and showed good performance in specificity (SP) and
accuracy (ACC). However, there was a large gap between the
positive and negative prediction abilities (Ju and He, 2018). The
prediction results of iGlu-Lys and GlutPred were significantly
biased toward the majority of samples (i.e., non-glutarylation
sites), and the prediction efficiency of positive samples was lower
(Dou et al,, 2021). RF-GlutarySite helps discover the relationship
between glutarylation and well-known lysine modifications,
such as acetylation, methylation, and some recently identified
lysine modifications. PUL-GLU could predict more non-glutaryl
lysine sites (Al-Barakati et al., 2019). iGlu_AdaBoost has good
prediction generalization ability, and the prediction results have
high consistency between positive samples and negative samples
(Dou et al., 2021).

From GlutPred to iGlu_AdaBoost, which was recently
developed (not yet online), there are currently seven
computational prediction models (Table 2). Besides, the
number of positive and negative samples in the training and
testing data sets were shown in Table 3. These tools provide
researchers an easy way to discover new Kglu sites and proteins.

CONCLUSION

Although the study of Kglu of biological proteins started late,
the research on Kglu is increasing quickly and has achieved
great results. The development of high-resolution LC-MS/MS
methods has made it possible for the identification of massive
Kglu proteins. Kglu is involved in various pathways that
control diverse cellular functions ranging from mitochondria
to chromosomal histones. Current studies mainly focus on
mitochondrial metabolism and related content (Tan et al., 2014;
Schmiesing et al., 2018). The emergence of Kglu site prediction
tools also accelerates the discovery of new Kglu sites.

However, some limitations in the previous reported studies
still need to be addressed. One important question is the reasons
for the small number of sites found in eukaryotes. We consider
the following four aspects: (1) The antibody specificity. Although
eight studies stated that their antibodies were highly specific
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and verified, the relevant data about the number of glutarylated
peptides vs. unmodified peptides were not easily accessed from
three studies. Hence, it is better to firstly collect these antibodies
to evaluate their specificity in the same species/tissues, and
then use the antibody with highest specificity to identify the
glutarylated protein and sites in the new species/tissues. (2)
The low stoichiometry of this modification (Schmiesing et al.,
2018). It is well known that discovering a new, unknown
PTM with low stoichiometry is a great challenge for analytical
techniques. (3) The sample preparation. Different preparation
methods will influence the purity of the sample, which in turn
affects the specific binding of antibodies. During the sample
preparation, if deglutarylase inhibitors are used in advance to
inhibit deglutarylation, the number of identified glutarylated
protein and sites will be increased. For example, Tan et al. (2014)
identified more glutarylated proteins and sites from Sirt5~/~
mice, which can block deglutarylation with the deletion of SIRTS5,
and maximize the number of sites in tissues. But in other
studies, these did not use inhibitors to block deglutarylation
during sample preparation, which may reduce the number of sites
(Schmiesing et al., 2018; Bao et al., 2019; Zhou et al., 2020). (4)
The lability of this PTM. Kglu sites are characterized by instability
and low abundance in vivo (Huang et al., 2019). If this PTM is
decomposed before detection, it will result in a small number of
sites found in eukaryotes. Hence, it is very important to add the
stabilizer of PTM during sample preparation.

Another important question is the relationship between
Kglu and cancer. As early as Tanaka et al. (1993) glutarylated
the serum proteins of mice with glutaric anhydride, and
found that glutarylation reduced the distribution of carrier
protein in normal tissues, resulting in higher accumulation
of tumor tissues. Therefore, they believed that glutaryl serum
proteins have relative tumor selectivity and can be used as a
macromolecular carrier for anti-tumor drugs, but this requires
further research and verification. It is known that SIRT5 is
responsible for de-glutarylation of Kglu (Tan et al, 2014).
Recently, Osborne et al. (2016); Bringman-Rodenbarger et al.
(2018), and Kumar and Lombard (2018) showed that SIRT5
plays an important role in cancer models, including tumor
suppression and tumor metabolism (Osborne et al., 2016;
Bringman-Rodenbarger et al., 2018; Kumar and Lombard, 2018).
In addition, Carrico et al. (2018) believed that a potential key
role of mitochondrial acylation in tumorigenesis is to initiate the
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Post-translational acylation of lysine side chains is a common mechanism of protein
regulation. Modification by long-chain fatty acyl groups is an understudied form of lysine
acylation that has gained increasing attention recently due to the characterization of
enzymes that catalyze the addition and removal this modification. In this review we
summarize what has been learned about lysine fatty acylation in the approximately
30 years since its initial discovery. We report on what is known about the enzymes that
regulate lysine fatty acylation and their physiological functions, including tumorigenesis
and bacterial pathogenesis. We also cover the effect of lysine fatty acylation on reported
substrates. Generally, lysine fatty acylation increases the affinity of proteins for specific
cellular membranes, but the physiological outcome depends greatly on the molecular
context. Finally, we will go over the experimental tools that have been used to study
lysine fatty acylation. While much has been learned about lysine fatty acylation since its
initial discovery, the full scope of its biological function has yet to be realized.

Keywords: lysine fatty acylation, protein lipidation, sirtuin, HDAC, RTX toxin, NMT, myristoylation, palmitoylation

INTRODUCTION

Post-translational modification of proteins is a key biological regulatory mechanism that impacts
every aspect of life. One class of post-translational modifications is protein lipidation which involves
the attachment of hydrophobic moieties such as fatty acyl groups, isoprenoid lipids, or cholesterol
(Jiang et al., 2018). These hydrophobic species partition into the lipophilic environment of cellular
membranes, bringing the modified protein to the membranes (Resh, 1999). N-terminal glycine
myristoylation and cysteine palmitoylation and prenylation are well studied forms of protein
lipidation known to regulate biological processes from development and cancer to inflammation
and microbial pathogenesis (Resh, 2006; Schlott et al., 2018; Wang et al., 2021). In comparison, fatty
acylation of lysine residues is under-examined. However, recent progress in the understanding of
the enzymes that regulate lysine fatty acylation and the effect of the modification on substrates has
opened the door to exciting new research directions.

Lysine fatty acylation (KFA) is the addition of long-chain fatty acyl groups to lysine side chains
via amide bonds. Myristoylation (C;4) and palmitoylation (Cje) are the most common forms of
KFA, but the identity of the endogenous acyl group is often unknown making fatty acylation a
more inclusive and general description (Figure 1). KFA of mammalian proteins was first discovered
by Bursten et al., 1988 when studying the membrane affinity of IL-1a. Since this initial discovery,
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seven other human proteins and an entire class of bacterial
proteins were identified to be modified by KFA. In addition,
several proteins of both human and bacterial origin were
found to be able to add or remove this modification. These
discoveries, along with the tools that make them possible, will be
covered in this review.

FATTY ACYL LYSINE HYDROLASES

To date, all enzymes known to have KFA hydrolase activity
fall into the lysine deacetylase (KDAC) family of proteins. This
includes both Zn2+—dependent histone deacetylases (HDACs)
and the NAD™-dependent sirtuins (SIRTs). Archaebacterial
sirtuins Sir2Afl and Sir2Af2 from the archaea Archaeoglobus
fulgidus, were also reported to be able to remove KFA, but there
are no known substrates for this activity (Ringel et al., 2014). The
KFA hydrolases discussed below were originally assumed to only
remove acetyl groups so it is possible that some of the bacterial
deacetylases could also have KFA hydrolase activity (Gregoretti
et al, 2004). Sir2A from the malaria parasite Plasmodium
falciparum has also been found to have KFA hydrolase activity,
but again no substrates for this activity have been identified (Zhu
et al, 2012). Human enzymes HDAC8 and HDACI11 along with
SIRT1, 2, 3, 6,and 7 can all remove KFA in vitro (Table 1). We will
highlight the enzymes with known endogenous substrates for this
activity in order of their discovery.

SIRT6

The first mammalian protein identified to hydrolyze KFA
is SIRT6 (Jiang et al, 2013). SIRT6 is involved in several
physiological processes such as regulating immune signaling
and suppressing tumorigenesis (Chang et al., 2020). SIRT6 is
recruited to chromatin by DNA double strand breaks and by
transcription factors such as HIF-1a to remodel chromatin and
regulate gene expression (Zhong et al., 2010; Toiber et al,
2013). SIRTE6 is best characterized as a lysine deacetylase. Targets
of SIRT6 deacetylase activity include histone H3 and GCNS5,
which represses NF-kB levels and regulates glucose production,
respectively (Michishita et al., 2008, 2009; Kawahara et al., 2009;
Zhong et al., 2010; Dominy et al., 2012). However, in vitro SIRT6
deacetylase activity is relatively weak compared to other sirtuin
family members, raising the possibility of additional enzymatic
activities (Pan et al., 2011).

Jiang et al. (2013) explored alternative SIRT6 deacylation
activities using various acyl-lysine peptides. Like previous studies,
SIRT6 had very little deacetylation activity on peptide substrates
in vitro. However, SIRT6 was able to efficiently hydrolyze
octanoyl, myristoyl, and palmitoyl lysine peptides. A SIRT6
structure was obtained by co-crystallization with a myristoyl-
lysine peptide revealing a hydrophobic groove in which bound
the myristoyl group (Figure 2). Interestingly, free fatty acids were
found to activate SIRT6 deacetylase activity but to inhibit deKFA
activity (Feldman et al., 2013). Together, these observations
suggest that binding of fatty acyl groups, whether free or on a
lysine, to the acyl pocket of SIRT6 may activate SIRT6.

Given the reported tumor suppressor activity of SIRTS, it is
attractive to imagine compounds that could selectively activate

SIRT6 through interactions with the hydrophobic groove.
Indeed, multiple studies have identified compounds able to
activate SIRT6 deacetylation activity (You et al., 2017, 2019;
Tenhunen et al, 2021). Crystal structures consistently reveal
SIRT6 activating compounds bound in the hydrophobic groove.
It is therefore unsurprising that when tested in demyristoylation
assays these compounds act as inhibitors (You et al., 2017, 2019).
SIRT6 deacetylation inhibitors have also been developed and have
been shown to have potential efficacy in type II diabetes and
multiple sclerosis models (Parenti et al., 2014; Sociali et al., 2017;
Ferrara et al., 2020). These inhibitors were not tested against
SIRT6 deKFA activity so what role SIRT6 deKFA activity has
in these contexts is unclear. Thiomyristoyl peptides can inhibit
SIRT6 deKFA by taking advantage of SIRT6 activity to generate
a covalent stalled intermediate (He et al., 2014). Future SIRT6
inhibitors could use this as a starting point for more potent
compounds. Such an approach has proven successful for SIRT2
inhibitors as will be discussed below.

SIRT2

SIRT2 was the next enzyme found to have endogenous substrates
for its deKFA activity (Jing et al., 2017; Spiegelman et al., 2019;
Kosciuk et al., 2020). SIRT2 has been extensively studied due to
its diverse physiological roles and its potential as a therapeutic
target for certain cancers and neurological disorders (Liu et al.,
2019; Wang et al., 2019; Chen et al., 2020). In cancer, SIRT2 can
play both a tumor promoting and tumor suppressing role (Chen
et al., 2020). For instance, SIRT2 can promote breast cancer
development by deacetylating Slug and aldehyde dehydrogenase
1A1 (ALDH1A1) (Zhao et al., 2014; Zhou et al., 2016). On the
other hand, SIRT2 can reduce the activity of peroxiredoxin-
1 (Prdx-1) through deacetylation which leads to breast cancer
cells accumulating reactive oxygen species (ROS) and becoming
less viable (Fiskus et al., 2016). Regardless, inhibition of SIRT2
leads to degradation of c-Myc and reduced growth in a broad
variety of cancer cells, demonstrating its efficacy as a drug target
(Jing et al., 2016).

Unlike SIRT6, SIRT2 has strong in vitro deacetylase activity
and has a plethora of reported deacetylase targets (Feldman
et al, 2013; Wang et al, 2019). While SIRT2 is a well-
established deacetylase, it was also found to be able to hydrolyze
lysine myristoylation with comparable efficiency to acetylation
(Feldman et al., 2013; Teng et al, 2015). Similar to SIRTS,
structural analysis of SIRT2 crystalized with a myristoyl-
lysine peptide revealed a hydrophobic pocket that can readily
accommodate a fatty acyl group (Figure 2; Teng et al., 2015).

SIRT2 inhibitors are numerous and diverse. Inhibitors of
SIRT2 can be broadly categorized into two classes: activity-
based and non-activity-based. Activity-based SIRT2 inhibitors
usually have a peptide backbone and contain a thioacyl
moiety that reacts with NAD" in the SIRT2 active site to
form a covalent stalled intermediate. Non-activity-based SIRT2
inhibitors function through a more typical manner by binding
tightly at or near the active site. Direct comparison of SIRT2
inhibitors revealed that non-activity-based inhibitors AGK2,
SirReal2, and Tenovin-6 can inhibit in vitro SIRT2 deacetylase
activity, but not deKFA activity. Activity-based inhibitor TM was
able to inhibit both activities in vitro (Spiegelman et al., 2018),
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outcomes of KFA are diverse.

FIGURE 1 | KFA is the modification of lysine side chains with long fatty acyl groups.

How KFA affects a modified substrate is not always understood but known

TABLE 1 | Enzymes that regulate lysine fatty acylation.

Name Species keat/Ky (s=1/M~1) Known Substrates References
Lysine fatty-acyl transferases RtxC Family ~Many gram negative bacteria NA RtxA toxins Benz, 2020
RID V. cholerae NA RhoA-family GTPases Zhou et al., 2017
lcsB S. flexneri NA Several—see citation. Liu et al., 2018
NMT1, NMT2 Human NMT1: 144 @ NMT2: 133 @ Arfe Dian et al., 2020; Kosciuk et al., 2020
Lysine fatty-acyl hydrolases HDAC8 Human 120° NA Aramsangtienchai et al., 2016
HDAC11 Human 1.54 x 10* P SHMT2 Cao et al., 2019
SIRTT Human 1.44 x 10° P NA Gaietal.,, 2016
SIRT2 Human 7.4 x 104 P K-Ras4a, RalB, A6 Jing et al., 2017; Spiegelman et al., 2019
SIRT3 Human 251 x 10°P NA Gai et al., 2016
SIRT6 Human 1.4 x10%P TNF-a, R-Ras2 Jiang et al., 2013; Zhang et al., 2017
SIRT7 Human > 167 ¢ NA Tong et al., 2017

aMyristoylation of Arf6 G2A peptide. Analysis using HPLC.
bDemyristoylation Myr-H3K9 peptide. Analysis using HPLC.
®Demyristoylation Myr-H3K9 peptide in the presence of rRNA. Analysis using HPLC.

but not much deKFA activity in cells. However, simultaneous
inhibition of SIRT2 deacetylase and deKFA activity can be
achieved with a proteolytic targeting chimera (PROTAC) strategy
to selectively degrade SIRT2 (Schiedel et al., 2018; Hong et al,,
2020). Crystal structures of inhibitors bound SIRT2 have been
solved for several inhibitors (Rumpf et al., 2015; Mellini et al.,
2017; Moniot et al., 2017; Hong et al., 2019). A recurring theme
in these structures is the contribution of residues in the SIRT2
hydrophobic pocket for interaction with the inhibitors. While
SIRT?2 inhibitors have yet to be used in a clinical setting, cellular
and mouse studies have yielded encouraging results for the use of
SIRT?2 inhibitors in treating disease. As mentioned above SIRT2i

reduced growth of numerous different cancer cell lines (Jing
et al., 2016). SIRT2i has also been shown to decrease a-synuclein
toxicity in Parkinson’s disease models (Outeiro et al., 2007). The
exact mechanism of action for this effect is still unclear and there
is some debate about the causative or protective role for SIRT2 in
Parkinson’s disease (Liu et al., 2019).

HDAC11

The most recent enzyme found to hydrolyze KFA is HDAC11
(Kutil et al., 2018; Moreno-Yruela et al., 2018; Cao et al., 2019).
HDACI1 is the newest member of the HDAC family and is the
only class IV HDAC in humans. Since its discovery, HDAC11
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(A

FIGURE 2 | Structure of KFA hydrolases SIRT2 (A,B, PDB 4R8M) and SIRT6 (C,D, PDB 3ZG6) highlighting hydrophobic pockets that accommodate long-chain fatty
acyl groups (B,D). (A) Overall structure of SIRT2 in complex with a thiomyristoyl-lysine peptide. The peptide is shown in green. The blue oval highlights the overall
active site of SIRT2 and the catalytic histidine residue is shown in stick representation. (B) Zoom-in view of the SIRT2 hydrophobic pocket that accommodates the
myristoyl group. The hydrophobic side chains are shown in cyan stick representations. A surface representation showing the hydrophobic pocket in a slightly
different orientation is also shown. (C) Overall structure of SIRT6 in complex with a myristoyl-lysine peptide. The peptide is shown in green. The blue oval highlights
the overall active site of SIRT6 and the catalytic histidine residue is shown in stick representation. (D) Zoom-in view of the SIRT6 hydrophobic pocket that
accommodates the myristoyl group. The hydrophobic side chains are shown in cyan stick representations. A surface representation showing the hydrophobic

pocket in a different orientation is also shown.

has been found to play a role in neuronal function, immune
regulation, and metabolic homeostasis (Bagchi et al., 2018;
Sun et al.,, 2018a,b; Yanginlar and Logie, 2018; Nunez-Alvarez
and Suelves, 2021; Yang et al.,, 2021). In addition, HDACI11 is
overexpressed in several cancers and silencing HDACI1 can
cause cell death in some cancer cell lines (Deubzer et al., 2013;
Thole et al., 2017).

In in vitro studies, HDACI1 lacks detectable deacetylation
activity. Instead, HDAC11 is highly active toward KFA modified
substrates (Kutil et al., 2018; Moreno-Yruela et al., 2018;
Cao et al,, 2019). HDACI1 kinetics are similar to SIRT2 in
hydrolyzing KFA, but HDACI1 is far more selective toward
this unique modification. Unfortunately, no crystal structure
has been obtained for HDAC11. HDAC11 modulation has been
shown to affect acetylation of several proteins, but catalytic dead
HDACI1 mutants were not utilized in any of these studies
so whether or not HDACI1 has any bona-fide deacetylation
substrates remains unclear (Glozak and Seto, 2009; Wang
et al,, 2017; Gong et al,, 2019; Yuan et al,, 2019). HDACI11
is reported to interact with HDACG6 so it is possible that
changes in acetylation following HDAC11 modulation occur
indirectly through HDAC6 or with the help of some unidentified
cofactor or interacting partner that is lost in purification of
HDACI1 for in vitro assays (Gao et al, 2002). Further work
is necessary to determine whether and how HDACI11 regulates
protein acetylation.

Compared to SIRT6 and SIRT2, HDACI11 is understudied.
The number of published inhibitors reflects this. A common
strategy for creating inhibitors for Zn?>*-dependent HDACs is
to design a molecule that can chelate Zn?>* and has isoform
specific interactions with residues surrounding the active site.
This strategy was successfully employed in the design of SIS17,
with a fatty acyl moiety which likely interacts with HDAC11
in a similar manner to a KFA substrate (Son et al., 2019).
Another HDACI11 inhibitor, FT895, has shown promising anti-
cancer activity in lung adenocarcinoma cells by suppressing
Sox2 expression (Martin et al., 2018; Bora-Singhal et al., 2020).
Additionally, a natural product garcinol was shown to inhibit
HDACI1 selectively (Son et al., 2020). Garcinol has several
reported biological activities. Although the relevance of HDAC11
inhibition in garcinol’s various biological activities is unclear,
it is interesting to note that biological effects of garcinol in
mouse models share some commonality with HDAC11 knockout
(Son et al,, 2020). Given HDACI11’s substrate specificity for
KFA hydrolysis, use of HDACI11-specific inhibitors could help
illuminate the role of KFA in a biological context.

LYSINE FATTY ACYL TRANSFERASES

One of the major impediments to studying KFA is the
identification of human KFA transferase enzymes. Knowledge of
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how proteins acquire KFA would be invaluable in understanding
the purpose of this modification. For instance, some bacterial
toxins with known physiological importance take advantage of
this activity during pathogenesis to promote infection (Figure 3).
Although human lysine fatty acyl transferases are known, the
acyl transferases for many of the reported KFA-modified proteins
are still unknown. It is possible that such enzymes do exist but
require more future effort to identify. However, an alternative
explanation for the presence of endogenous KFA is that this
modification simply arises from an S-to-N transfer. In this
model a free lysine acts as a nucleophile to steal a fatty acyl
group from a palmitoylated cysteine or palmitoyl-CoA. An amide
bond is more stable than a thioester bond, making this reaction
thermodynamically favorable. Several KFA transferases have been
characterized and are reviewed below in order of discovery.

RtxC Proteins

Several species of bacterial pathogens employ a class of secreted
toxin proteins known as Repeats in ToXin (RTX) toxins. RTX
toxins function in various ways, but typically act as cytolysins
by forming pores in the plasma membrane of mammalian cells
(Benz, 2016). Structures in the RTX toxin operon vary, but
typically consist of four genes: rtxA-D. rtxA encodes the actual
toxin which is secreted through a type one secretion system
encoded by rtxB, rtxD, and a third gene, tolC, located elsewhere
on the bacterial chromosome. RtxA is synthesized as a protoxin
that is activated by fatty acylation on one or two highly conserved
lysine residues catalyzed by RtxC (Figure 3A; Benz, 2020).

The best characterized RtxC member is HlyC, which catalyzes
KFA on the Escherichia coli hemolysin toxin HlyA. Initial
characterization of the HlyA toxin revealed that HlyC activates
proHIyA in a manner dependent on the acylated acyl carrier
protein (acyl-ACP) (Issartel et al., 1991). Follow-up studies
determined through mass spectrometry that HlyC activates HlyA
by directing fatty acylation of two internal lysines (Stanley
et al, 1994). While the majority of HlyA lysine acylation is
myristoylation (C14), HlyC apparently has some flexibility in
substrate preference as saturated C15 and C17 acylation was
also detected at appreciable amounts (Lim et al., 2000). Similar
findings were made for the Bordetella pertussis CyaA toxin
which is palmitoylated on a single lysine (Hackett et al., 1994).
Interestingly, when recombinantly expressed with its cognate acyl
transferase CyaC in E. coli, CyaA is palmitoylated on a second
lysine (Hackett et al,, 1995). This reveals that the number of
lysines and the nature of the transferred acyl chain vary by each
unique enzyme as well as the species background.

More detailed information of RtxC enzymology was revealed
using HlyC (Trent et al,, 1999; Worsham et al., 2001). HlyC
acylation of proHlyA occurs through a ping-pong mechanism
involving two steps. In the proposed model, the acyl group
from acyl-ACP is first transferred to His23 to form a covalent
acyl-HlyC intermediate. This His is conserved throughout RtxC
proteins. Then, the acyl group is transferred to the lysine residues
on proHIlyA. Ser20 is also important for optimal activity. While
detailed enzymology has not been carried out for many RtxC
proteins, the enzymatic mechanism is likely to be similar due
to the conservation of relevant catalytic residues. Indeed, the

analogous active site His and Ser in CyaC are necessary for its
activity (Basar et al., 2001).

Structural information for RtxC proteins is sparse but
revealing. Despite unidentifiable sequence homology, ApxIC, the
RtxC from Actinobacillus pleuropneumoniae, has conspicuous
structural homology to the Gcen5-like N-acetyl transferase
(GNAT) superfamily (Greene et al., 2015). GNAT proteins are
well established acyl-transferases that use acyl-CoA as an acyl
donor (Salah Ud-Din et al., 2016). The ApxIC structure is
differentiated from other GNAT proteins by the lack of elements
that typically interact with CoA, explaining why characterized
RtxC proteins do not utilize acyl-CoA as the acyl donor. The
conserved active site residues reside within a deep surface
groove. While further structural information is needed, this
study, along with the fact that RtxC proteins are well conserved,
opens the door for further understanding of these unique
enzymes and raises the possibility of designing inhibitors to
block toxin function.

RID

There is a subset of multifunctional RtxA toxins that are much
larger called Multifunctional Autoprocessing Repeats in ToXin
(MARTX) toxins. MARTX toxins contain the trademark non-
apeptide repeats in both the N- and C-terminus, which forms a
pore in the cell membrane that translocates the interior portion
of the toxin encoding a modular array of effector domains into the
cytoplasm (Satchell, 2007). While the number and type of interior
domains varies, a cysteine protease domain (CPD) is universally
conserved in MARTX toxins. Once internalized, the CPD is
activated and proteolytically cleaves the toxin at several points,
releasing additional effector domains into the cell (Satchell, 2011).
One of these effectors present in multiple species was dubbed the
Rho inactivation domain (RID).

RID is present in several known MARTX toxins (Satchell,
2007). The best characterized RID domain is the one in the
Vibrio cholerae toxin, MARTXy,. (Figure 3B). MARTXy, is
known to induce cell rounding through an actin crosslinking
domain (ACD) that covalently links actin monomers, preventing
actin polymerization (Cordero et al., 2006). However, cell
rounding was still observed when this domain was knocked out.
Follow up studies determined that this occurred through RID,
which substantially decreases the amount of GTP-bound Rho
GTPases Rho, Rac, and Cdc42 (Sheahan and Satchell, 2007).
The mechanism by which RID functions was not known until
a structure of the Vibrio vulnificus RID domain was solved
(Zhou et al., 2017). Clues from this structure allowed the authors
to determine that RID catalyzes palmitoylation on lysines in
the polybasic region of RhoA-family GTPases. This activity
was dependent on C-terminal prenylation of the GTPases and
could utilize palmitoyl-CoA as a acyl donor. Small GTPases
are activated by guanine nucleotide exchange factors (GEFs) by
stimulating the release of GDP, to allow the binding of GTP. RID-
catalyzed KFA on Racl inhibits its interaction with GEFs, but how
KFA prevents GEF interaction is unclear.

Both the ACD and RID from MARTXy, lead to an obvious
cell rounding phenotype by preventing actin dynamics. It is
reasonable to wonder why V. cholerae would evolve to have
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FIGURE 3 | Bacterial KFA transferases. (A) The genetic structure for a generic RTX toxin operon includes five genes. The RtxA toxin is modified with KFA by RtxC
and secreted through a transmembrane spanning pore consisting of RtxB, RtxD, and TolC. In the extracellular space, RtxA binds Ca?*t with characteristic
nonapeptide repeats and associates with mammalian cell membranes. Oligomerization of RtxA forms large lytic pores in the membrane. (B) The structure of the
Vibrio cholerae MARTX toxin is illustrated. Interior domains vary from species to species, but the terminal RTX domains in a MARTX toxin allows for translocation
through the cell membrane. Once in the cell the cysteine protease domain (CPD) is activated to cleave the toxin at several points releasing the other domains: the
actin crosslinking domain (ACD), the a/p hydrolase domain (ABH), and the Rho-inactivating domain (RID). RID modifies RhoA-family GTPases with KFA to suppress

multiple cellular processes. (C) During part of the pathogenesis of Shigella flexneri,

autophagy involving CHMP5. IcsB blocks autophagic destruction by catalyzing KFA on CHMP5. Figure created with BioRender.com.

bacteria reside in an intracellular vacuole that can be destroyed through

two domains to carry out the same role. Woida and Satchell
(2020) recently discovered that RID and a third domain in
the MARTXy,, a a/f hydrolase (ABH) domain, function to
suppress proinflammatory signaling. Cytoskeletal collapse caused
by ACD activates mitogen-activated protein kinase (MAPK)
signaling, leading to upregulation and enhanced secretion of
proinflammatory cytokines. RID inactivation of Racl blocks
MAPK signaling and subsequent cytokine secretion (Figure 3B).
RhoA-family GTPases also have other functions in immune
processes, so RID could be playing a broad immunosuppressive
function to prevent V. cholerae clearance by leukocytes (Biro
et al., 2014; Bros et al., 2019; Guo, 2021).

IcsB

The Shigella flexneri toxin IcsB is another enzyme identified
to catalyze KFA (Liu et al., 2018). Shigella are gram negative
bacteria that can colonize the intestinal epithelium through a
complicated mechanism with the aid of toxin effectors secreted by
a type three secretion system (Parsot, 2009). Following ingestion,
Shigella induce endocytosis by M cells in the epithelium of the
colon (Wassef et al., 1989). Endocytosed Shigella are transferred
to resident macrophages where they employ a barrage of secreted
effectors to escape the vacuole and replicate in the cytosol of the
macrophage (Zychlinsky et al., 1992). This leads to lysis of the
macrophage and dissemination of bacterial progeny. One of the
critical effectors that enables this mode of infection is IcsB.

IcsB promotes infection in several ways including preventing
autophagic destruction and promoting cell lysis (Allaoui et al,
1992; Ogawa et al, 2005). How IcsB functions to modulate
multiple cellular processes had been unclear, but it was predicted
to be an enzyme through bioinformatic analysis (Pei and Grishin,
2009). IcsB was found to be a potential homolog of RID

and ectopic expression of IcsB was found to disrupt the actin
cytoskeleton. In line with these observations, IcsB was also found
to catalyze KFA on lysines in the polybasic region of Rho GTPases
(Liu et al., 2018). The eighteen-carbon stearoyl-CoA seems to
be the preferred acyl donor and prenylation of Rho GTPases
is also necessary for IcsB activity. Proteomic analysis identified
numerous IcsB substrates in addition to Rho GTPases. KFA on
one of these substrates, CHMP5, was identified to inhibit the
autophagic destruction of S. flexneri thus providing a mechanism
for sustained intercellular survival (Figure 3C).

While RID and IcsB are both bacterial toxins that catalyze
KFA of host substrates, they differ in a few key aspects. IcsB
transfected cells exhibit cell rounding whereas S. flexneri infected
cells do not. Cells introduced to RID or infected with V. cholerae
both exhibit cell rounding. This discrepancy is in part due
to the presence of the V. cholerae ACD as well as to the
observation that S. felxneri activate actin polymerization for part
of their pathogenesis. Additionally, while no proteomic search
for substrates has been done, RID is only known to modify Rho
GTPases while IcsB can modify many other substrates in addition
to Rho GTPases. What role KFA plays on these other substrates is
an area for future study.

NMT1 and NMT2

N-myristoyltransferases (NMTs) have long been known to
transfer a myristoyl group from myrsitoyl-CoA to the a-amine
of an N-terminal glycine following cleavage of the initiator
methionine (Towler et al., 1987). This modification happens
co-translationally or after proteolytic events that result in a
free N-terminal glycine such as caspase cleavage (Farazi et al.,
2001; Yuan et al., 2020). There are no known enzymes that
can hydrolyze N-terminal myristoylation and as such it is
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FIGURE 4 | Model for NMT KFA transferase activity. Rotation around the
peptide backbone (bold) positions the amine of a lysine side chain similarly to
the amine of an N-terminal glycine. Both are primary amines that can rotate
freely during NMT catalysis. The superimposed myristoyl-lysine (green stick
representation) and myristoyl-glycine (white stick representation) in human
NMT2 (PDB 6PAU) and NMT1 (PDB 509V) structures overlap nicely,
supporting this model.

thought to be irreversible. Like KFA, N-terminal myristoylation
increases a protein’s affinity for membranes. Knocking out NMT
is embryonically lethal in mice and fruit flies (Ntwasa et al.,
2001; Yang et al, 2005). NMT levels are elevated in several
cancers and NMT inhibition has advanced to clinical trials for
the treatment of NMT-deficient blood cancers (Selvakumar et al.,
2007; Berthiaume and Beauchamp, 2018). Additionally, several
viruses utilize host NMTs for their replication and infectivity
raising the possibility of using NMT inhibitors as an antiviral
agent (Mousnier et al., 2018).

Because NMTs catalyze the fatty acylation of a primary amine,
they can do the same chemistry as a potential KFA transferase.
Indeed, two groups found that the human NMT1 and NMT2 can
catalyze KFA on lysines toward the N-terminal of a peptide (Dian
et al., 2020; Kosciuk et al., 2020). The proposed mechanism for
this reaction requires rotation around the peptide bond to present
the lysine e-amine into the active site typically occupied by the
a-amine of glycine (Figure 4). Both amines can freely rotate
during NMT catalysis and myristoyl-glycine and myristoyl-lysine
are similarly positioned in the active site of NMT structures,
supporting the proposed activity (Figure 4). The precise sequence
requirements for this activity are still being clarified, but it is
clear that this activity is strongest when lysine is closer to the
N-terminus. While glycine is the preferred substrate, KFA is
efficiently catalyzed on a lysine that is right after the glycine,
especially when the N-terminal amine is blocked. KFA transferase
activity is decreased when an extra glycine is added before the
modified lysine and is absent when two additional glycines are
inserted. This narrows the scope of potential substrates for NMT
KFA transferase activity. Peptide experiments indicate that a good
KFA transferase substrate for NMTs has a small amino acid at
position two, a lysine at position three, a serine at position six,

and lysine at position seven. This was confirmed when Arf6
was identified to be a substrate of NMT KFA transferase activity
(Kosciuk et al., 2020). The Arf6 N-terminal sequence following
initiator methionine cleavage is GKVLSKIF. Arf6 can be doubly
myristoylated at both G2 and K3. It was proposed that NMTs can
accommodate both myristoyl groups when one is inserted into a
solvent channel in the protein structure. While Arf6 is currently
the only known substrate for NMT KFA transferase activity, it is
feasible that additional proteins with N-termini similar to Arf6
could also be modified (Kosciuk and Lin, 2020).

FUNCTIONS OF LYSINE FATTY
ACYLATION

A diverse set of proteins has been identified to have KFA
(Table 2). How exactly KFA affects the modified protein is often
unclear, but a common theme is a change in membrane affinity
(Figure 5). If a protein is otherwise soluble, KFA can lead to
membrane localization as is the case for IL-1a or SHMT2. For
proteins that already have membrane targeting elements, KFA
can change which cellular membranes they are localized to.
This is the case for several small GTPases which are targeted
to membranes through electrostatic interactions and other lipid
modifications. In this section we review proteins known to have
KFA, how KFA on the protein was found, and what is known
about how KFA affects protein function. Not discussed in this
section are the substrates for RID and IcsB toxins which are
examined above or in other publications (Zhou et al., 2017;
Liu et al.,, 2018).

IL-1x

Interleukins (ILs) are a family of secreted proteins used in
cell-to-cell communication that regulate inflammatory signaling.
The IL-1 family of proteins contains 11 different members
that are synthesized as precursor proteins, requiring proteolytic
processing for optimal biologic activity (Afonina et al., 2015).
IL-1o and IL-1P are closely related pro-inflammatory members
of the IL-1 family. Despite obvious structural similarity between
the two proteins, they differ in some key respects (Priestle et al.,
1989; Ren et al,, 2017). While IL-1p functions exclusively as a
secreted protein, IL-1a has activity both secreted and bound
to the cell membrane (Kim et al, 2013). In examining its
affinity for membranes, it was determined that IL-1a was doubly
myristoylated on the N-terminal portion of the protein (Bursten
et al., 1988; Stevenson et al., 1993). This was determined through
the incorporation of radiolabeled myristic acid. Incubation of
synthetic peptides with monocyte lysates identified lysines 82
and 83 as sites of myristoylation (Stevenson et al, 1993).
Myristoylation was also observed for IL-1f, but to a much less
extent. While the precise role KFA plays on IL-1a function is
unclear, only the uncleaved IL-1a, with modified lysines present,
associates with the cell membrane (Beuscher and Colten, 1988).
It is not known what enzymes could regulate IL-1ae KFA, but
acylation in the presence of lysates raises the possibility of
an unidentified KFA transferase. Membrane associated IL-la
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TABLE 2 | Proteins with lysine fatty acylation.

Name Species KFA transferase KFA hydrolase Effect of KFA References
IL-1a Human NA NA NA Bursten et al., 1988; Stevenson et al.,
1993
Aquaporin-0 Human, Bovine NA NA NA Schey et al., 2010
TNF-a Human NA SIRT6 Decreased TNF-a secretion Stevenson et al., 1992; Jiang et al.,
2016
R-Ras2 Human NA SIRT6 Increased R-Ras2 activity and cell proliferation ~ Zhang et al., 2017
K-Ras4 Human NA SIRT2 Decreased interaction with A-Raf and cell Jing et al., 2017
proliferation
H-Ras Human NA NA NA Jing et al., 2017
RalB Human NA SIRT2 Increased RalB activity and cell migration Spiegelman et al., 2019
Arfé Human NMT1/NMT2 SIRT2 Promotes Arf6 GTPase cycle Kosciuk et al., 2020
SHMT2 Human NA HDAC11 Reduced ubiquitination and enhanced signaling Cao et al., 2019
of INFaR1
RhoA GTPases Human RID NA GTPase inactivation; defect in actin Zhou et al., 2017; Woida and Satchell,
polymerization; reduced inflammatory signaling 2020
CHMP5* Human lcsB NA Defect in S. flexneri autophagic destruction Liuetal., 2018
RTX toxins Many gram RtxC NA Increased binding to Bo-integrins; promotion of ~ Benz, 2020

negative bacteria

oligomerization

*CHMP5 is one of many identified IcsB substrates. For a complete list see Liu et al., 2018.

contributes to arthritis in a mouse model, so modulating IL-1a
KFA could have therapeutic applications (Niki et al., 2004).

Aquaporin-0

Aquaporins are a family of transmembrane channel proteins that
facilitate the transport of water across the plasma membrane.
Aquaporin-0 (AQPO) is highly abundant in the ocular lens where
it plays an important role, not only in circulating water, but as
a cell to cell adhesion protein for maintenance of proper tissue
structure (Mathias et al., 1997; Sindhu Kumari et al., 2015).
There is very little protein turnover in lens proteins due to
the loss of fiber cell organelles during differentiation, making
proteins in this tissue an interesting model for aging. AQPO is
known to accumulate post-translational modifications with age
(Ball et al., 2004). To determine what fatty acylations may be
accumulating on AQPO, Schey et al. (2010) carried out mass
spectrometric analysis of hydrophobic peptides from bovine and
human lens tissue. They identified AQPO as containing two fatty
acylations: one on the N-terminal methionine and one on a
highly conserved lysine. The identity of AQP0 KFA modification
varies from C16 to C20 with up to 4 desaturations at ratios
closely resembling the abundance of phosphoethanolamine lipids
in lens membranes (Ismail et al., 2016). This suggests that
either the modification is accumulating non-enzymatically or
that a potential KFA transferase has limited preference in acyl
group. The effect KFA has on AQPO function is unknown, but
the modified protein partitions to detergent-resistant membrane
fractions. This suggests a role in membrane domain targeting.

TNF-o

Tumor necrosis factor o (TNF-a) is a proinflammatory cytokine
secreted by several immune cells. TNF-a is translated with a
single transmembrane domain that is cleaved at the plasma
membrane to release a soluble form that binds TNF receptors

(TNFRs). TNFR1 is universally expressed on almost every cell
type meaning that TNF-a signaling is both ubiquitous and tightly
regulated (Locksley et al., 2001). In a follow up study to the
IL-1a findings highlighted above, TNF-a was also identified
to have KFA (Stevenson et al., 1992). Modification is present
on two lysines, K19 and K20, at the intracellular end of the
transmembrane helix. SIRT6 was found to hydrolyze KFA on
TNF-a which in turn promotes its secretion (Jiang et al., 2013).
KFA causes TNF-a to accumulate in the lysosome where it is
degraded (Jiang et al., 2016). In this context, KFA thus serves
an anti-inflammatory role by decreasing the amount of secreted
TNF-a (Figure 5A). In addition to TNF-a, a proteomic study
revealed that SIRT6 deKFA activity regulates the secretion of
numerous other proteins (Zhang et al., 2016). Interestingly,
SIRT6 deKFA activity decreases the secretion of ribosomal
proteins via exosomes, but the detailed mechanism for how this
happens is unknown.

R-Ras2

The only other known endogenous substrate for SIRT6 deKFA
activity is R-Ras2, a member of the Ras family of GTPases
(Zhang et al., 2017). Ras GTPases are known to be targeted to
cellular membranes by their C-terminal hypervariable regions
through cysteine lipidation and polybasic regions. R-Ras2 was
identified to have KFA in its polybasic region using mass
spectrometry. Mutating a patch of four lysine residues to
arginine in the polybasic region of R-Ras2 abolished KFA.
Immunofluorescence analysis demonstrated that KFA enhances
R-Ras2 plasma membrane localization. There, R-Ras2 exist more
in the GTP-bound state, interacts with PI3K, activates Akt
signaling, and upregulates cell proliferation. SIRT6 KO MEFs
are more proliferative than WT, an effect which is rescued by
suppressing R-Ras2 level. Together this provides a model where
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FIGURE 5 | Models of KFA regulation. (A) KFA on TNF-a directs it to the lysosome for degradation. SIRT6 hydrolyzes TNF-a KFA leading to higher levels on the
plasma membrane and increased secretion of cleaved, soluble TNF-a. (B) KFA on the polybasic region of R-Ras?2 results in increased plasma membrane
localization, PI3K interaction, AKT signaling, and cell proliferation. SIRT6 hydrolyzes R-Ras2 KFA, releasing it from the membrane and decreasing cell proliferation.
(C) K-Ras4a with KFA preferentially localizes at the plasma membrane. SIRT2 hydrolyzes K-Ras4a KFA and promotes its localization to endomembranes where
K-Ras4a interacts with the signaling kinase A-Raf leading to downstream cellular transformation. (D) KFA on RalB also directs it to the plasma membrane to interact
with Secb and Exo84 and promote cell migration. SIRT2 hydrolyzes RalB KFA, decreasing plasma membrane localization. (E) NMT-catalyzed KFA on K3 of Arfé
increases plasma membrane localization. GTP hydrolysis at the plasma membrane aided by a GTPase activating protein (GAP) causes Arfé N-terminal glycine
myristoylation to be sequestered. Arf6 is then trafficked to the endocytic recycling compartment (ERC) where SIRT2 hydrolyzes KFA and Arf6 is reloaded with GTP.
NMT then starts the cycle again. Thus, a KFA and deKFA cycle promotes Arf6 activation, which in turn promotes ERK signaling. Figure created with BioRender.com.
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SIRT6 acts as a tumor suppressor by inhibiting R-Ras2 and
downregulating proliferative PI3K/Akt signaling (Figure 5B).

K-Ras4a

The first identified SIRT2 deKFA substrate was K-Ras4a (Jing
etal., 2017). After the identification of R-Ras2 as a KFA substrate,
Jing et al. (2017) examined other small GTPases with polybasic
regions similar to R-Ras2 for potential KFA modification. These
included the well-known oncoproteins H-Ras, N-Ras, K-Ras4a,
and K-Ras4b. Using mass spectrometry, they identified both
H-Ras, and K-Ras4a as having KFA in their polybasic region.
Sirtuins with known deKFA activity were screened against both
H-Ras and K-Ras4a and SIRT2 was found to remove K-Ras4a
KFA. Removal of H-Ras KFA was not observed for any of the
screened enzymes. The oncogene KRAS (which is alternatively
spliced into K-Ras4a and K-Ras4b) is the most frequently
mutated gene in cancer, so identifying how modifications regulate
its activity is of great interest (Simanshu et al.,, 2017). KFA on
K-Ras4a was found to inhibit intracellular puncta localization,
interaction with the signaling kinase A-Raf, and downstream
cellular proliferation (Figure 5C). By removing K-Ras4a KFA,
SIRT2 serves a tumor promoting role.

RalB

The identification of R-Ras2 and K-Ras4a as proteins with
KFA motivated Spiegelman et al. (2019) to further expand
the search further into the of Ras subfamily small GTPases.
In so doing they identified RalB having KFA. Like R-Ras2
and K-Ras4a, RalB is modified with KFA in its C-terminal
polybasic region. Mutating all eight lysines in this region to
arginines abolished KFA signal. Screening enzymes with deKFA
activity identified SIRT2 as being able to remove KFA from
RalB. RalB has been identified to promote multiple cancer
phenotypes (Martin et al., 2011; Guin et al., 2013; Tecleab et al.,
2014). Studying the effect of RalB KFA on these phenotypes
revealed that RalB KFA enhanced migration of A549 lung cancer
cells but did not affect cell proliferation. KFA of RalB was also
found to increase GTP loading, plasma membrane localization,
and co-localization with its effector proteins Sec5 and Exo84
(Figure 5D). Contrary to the K-Ras4a mechanism, SIRT2 by
removing RalB KFA, decreases RalB activation and cell migration.
This juxtaposition underscores the diverse, context-dependent
role of KFA and the enzymes that modulate it.

Arf6

Arf6 is a small GTPase in the ADP-ribosylation factor (Arf)
subfamily that has been found to be modified with KFA
(Kosciuk et al., 2020). While members of the Ras subfamily of
GTPases discussed above are anchored to membranes through
lipidation and electrostatic interactions in their C-terminus, the
Arf family is targeted to membranes via N-terminal glycine
myristoylation catalyzed by NMTs (Gillingham and Munro,
2007). Unlike KFA, there are no enzymes that are known to
hydrolyze glycine myristoylation. For Arf proteins, regulating
membrane association occurs through a nucleotide-dependent
conformational shift that flips the myristoyl group back into
the protein to sequester it in a hydrophobic pocket (Goldberg,

1998). Unlike Arfl-5, Arf6 has a lysine in the third position of
its sequence. Interestingly, K3 was found to be modified with
KFA by NMT enzymes and the modification is hydrolyzed by
SIRT2. NMT activity is greatest toward the active, GTP-bound,
form of Arf6 where SIRT2 prefers the inactive, GDP-bound,
form. This enzyme preference links a dynamic KFA cycle to the
GTPase cycle. Indeed, inhibiting either SIRT2 or NMTs decreased
phosphorylation of ERK, a downstream target of Arf6 activation.
A cycle of dynamic KFA modification thus drives the Arf6
GTPase cycle (Figure 5E).

SHMT2

Serine hydroxymethyltransferase 2 (SHMT2) is a key member
of one-carbon metabolism. SHMT2 catalyzes the reversible
conversion of serine and THF to glycine and methylene-THF in
the mitochondria. High levels of SHMT?2 are associated with poor
patient prognosis in several cancers and inhibitors that target
both SHMT2 and SHMT1 (which catalyzes the same reaction in
the cytoplasm) have shown promising results in initial cellular
and mouse studies (Cuthbertson et al, 2021). Additionally,
SHMT2 was found to regulate immune signaling as a component
of the BRISC deubiquitylase complex. The BRISC complex is
known to hydrolyze K63-linked polyubiquitin chains on type I
IFN receptor chain 1 (IFNaR1), a key receptor in the antiviral
response. BRISC prevents degradation of the receptor and
promotes recycling to the plasma membrane (Zheng et al., 2013;
Rabl et al., 2019; Walden et al., 2019; Rabl, 2020). SHMT?2 was
identified to have KFA during a search for substrates of HDAC11
(Cao et al., 2019). KFA on SHMT?2 did not affect its in vitro
activity in converting serine and THF to glycine and methylene-
THEF. Instead, KFA was found to be relevant in SHMT?2’s role in
the BRISC complex. Increasing SHMT2 KFA, through HDAC11
knock out or knock down, increased SHMT?2 localization to the
endosomes/lysosomes where the BRISC complex can hydrolyze
IFNoR1 ubiquitination. Correspondingly, HDAC11 KO cells had
more IFNaR1 on the cell surface following IFNa treatment.
Further, HDACI1 KO cells had stronger downstream signaling
following IFNa stimulation and HDACI1 KO mice also had
a stronger antiviral response when challenged with vesicular
stomatitis virus. In this context, KFA again controls intracellular
localization of the substrate protein, here leading to enhanced
cellular activity of a deubiquitylase complex. Inhibiting HDAC11
may therefor enhance antiviral responses.

RTX Toxins

The RtxA family of proteins are toxins that are secreted by many
pathogenic gram-negative bacteria (Linhartova et al., 2010). As
discussed above, RtxA proteins, hereby referred to as RTX
toxins, are activated via lysine fatty acylation catalyzed by RtxC
proteins. Once secreted, RTX toxins function in a variety of
different ways. The best-known mode of action for RTX toxins
is cytolysis and hemolysis through formation of pores in the cell
membrane (Ostolaza et al., 2019). RTX toxins primarily target
leukocytes and form pores in the cell membrane in a calcium
dependent manner (Knapp et al., 2003). Hydrophobic regions
toward the N-terminus are believed to interact with the target
cell membrane to form cation-selective pores, leading to cell
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lysis (Iwaki et al., 1995; Welch, 2001). KFA is necessary for the
cytotoxicity of all known pore forming RTX toxins, but the
mechanism by which KFA affects RTX toxin function is still
unclear. Unacylated RTX toxins from E. coli and B. pertussis,
HlyA and CyaA, respectively, are both able to form pores in
liposomes and planar lipid bilayers (Ludwig et al., 1996; Masin
etal., 2005). At concentrations insufficient to cause cell lysis, RTX
toxins bind to B,-integrins and activate downstream signaling
pathways that lead to apoptosis (Atapattu and Czuprynski, 2007;
Frey, 2019). KFA was found to increase the affinity to §,-integrin
receptors for CyaC and the A. actinomycetemcomitans toxin
LtxA (El-Azami-El-Idrissi et al., 2003; Balashova et al., 2009). It
was reported that KFA on HlyA is important for the formation
of oligomers in erythrocyte membranes, but the physiological
importance of RTX toxin oligomerization is unclear (Herlax
et al, 2009). It is conceivable that KFA on RTX toxins may
promote localization to appropriate membrane subdomains such
as lipid rafts, somehow increasing toxin function. For instance,
the K. kingae RtxA binds cholesterol, a membrane component
enriched in lipid rafts, for optimal activity and palmitoylation
on cysteines is thought to target transmembrane proteins to
lipid rafts (Levental et al., 2010; Osickova et al., 2018). KFA on
RTX toxins could also potentially play a role in maintaining
an appropriate structural confirmation. Additional studies are
necessary to identify the precise mechanism by which KFA
regulates RTX toxins.

TOOLS FOR STUDYING LYSINE FATTY
ACYLATION

Methods to Detect Endogenous KFA

Research involving KFA is well suited to a chemical biology
approach. The most commonly used approach when assaying
KFA is the use of fatty acyl alkyne probes as discussed below.
However, this approach has inherent limitations. First, one
must add alkyne probes exogenously which is difficult for
applications in mice or other tissue samples. Second, when used
in cell cultures, a working concentration is ~50 wM which
may be sufficient to unintentionally stimulate signaling pathways
involving fatty acids or to increase protein lipidation due to
artificially high amounts of fatty acids. One way to assay levels of
endogenous KFA is to purify a protein of interest and to attempt
to identify KFA with mass spectrometry (Kosciuk et al., 2020).
Mass spectrometry can directly identify the modified residue but
is technically challenging due to the relatively low abundance
of KFA and the hydrophobicity of the modification which
makes processing samples for MS difficult. Endogenous KFA
can be indirectly detected using a [*?P]NAD* TLC assay if the
modification is able to be hydrolyzed by a sirtuin (Jing et al., 2017;
Zhang et al., 2017; Kosciuk et al., 2020). In this assay, a protein
of interest is incubated with a sirtuin that has KFA hydrolase
activity and radiolabeled [*?P]NAD™. Sirtuin-catalyzed lysine
deacylation results in the formation of [*2P]O-acylADPR. Fatty
acyl-ADPr is drastically more hydrophobic than NAD* and can
be easily separated on a TLC plate. Phosphorescence detection
can then be used to analyze the presence of fatty acyl-ADPR

and, by extension, KFA on the protein of interest (Figure 6A).
Additional tools to study endogenous KFA could be inspired
by research of similar post translational modifications. Studies
concerning lysine acetylation commonly employ antibodies
specific to acetyl-lysine. Antibodies that could specifically bind
KFA would allow for purification and analysis of endogenously
modified proteins without any exogenous treatment. Additional
tools for studying KFA are necessary to fully realize the full scope
of biological importance.

Enzyme Activity Assays

Assays measuring in vitro enzyme activity are necessary
for establishing enzyme Kkinetics, substrate preferences, and
for testing inhibitors. Once the proper cofactors and buffer
conditions are determined for an enzyme of interest, measuring
its activity in regulating KFA can be straightforward. Assays for
RtxC enzymes indirectly measure activity by taking advantage
of the hemolytic action of their cognate RtxA proteins (Bellalou
et al., 1990; Linhartova et al., 2010; Osickova et al., 2020). This
is not a broadly applicable technique for KFA enzymes and as
such will not be further elaborated on. Here we briefly introduce
several proven strategies for measuring the activity of KFA
hydrolases or transferases (Figure 6).

A commonly used approach to assaying KFA hydrolase
activity is to incubate the enzyme of interest with a short
peptide containing a KFA-modified lysine. After quenching the
reaction, the products can be analyzed using HPLC or LC/MS
(Figure 6B). For standard HPLC detection, the peptide ideally
should have a strong chromophore which can be something as
simple as a tryptophan residue. While this approach has been
successfully implemented to study sirtuinss, HDACs, and NMTs,
it could theoretically be applied for studying RtxC enzymes
(Feldman et al, 2013; Teng et al, 2015; Aramsangtienchai
et al., 2016; Cao et al., 2019; Kosciuk et al., 2020). One of
the benefits of this assay is that a peptide closely resembling
the physiological protein substrate can be used. It allows for
determination of an enzyme’s substrate specificity by assaying
peptides of various amino acid sequences. Additionally, tandem
MS can be used to confirm the site of modification. Drawbacks for
this approach include the need for HPLC or LC/MS instruments
and relatively low throughput.

Acyl-peptide based assays for KFA hydrolases can also be
analyzed with a fluorescence readout (Figure 6C). In this
approach, peptides containing amino acids of choice with the
acyl lysine at the C-terminal end followed by a fluorescent
moiety such as 7-amino-4-methylcoumarin moiety (AMC) which
will only fluoresce if released from the peptide (Young Hong
et al, 2019). After incubation with enzyme the reaction is
quenched by adding trypsin which cleaves amide bonds after
lysines. Increased KFA hydrolase activity can thus be measured
by increased fluorescence. This assay can be done quickly in
a 96-well plate which allows researchers to test many different
conditions at once and in replicates. This assay is well suited
to screening libraries of compounds for enzyme inhibitors or
activators. IC5p and ECs values can be easily calculated by
relating fluorescence values to the concentration of inhibitor or
activator in the well. The drawback of this assay is the potential
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polarization. Figure created with BioRender.com.

difficulty in synthesizing the appropriate peptide substrates.
Furthermore, there are no amino acids on the C-terminal of the
acyl-lysine, limiting the degree to which sequence specificity of
a given enzyme can be ascertained. A similar technique is to
modify a lysine with a fluorescent acyl group and to incorporate
a fluorescence quenching moiety into the peptide. Hydrolysis
separates the fluorophore from the quenching moiety and results
in increased fluorescence. While this assay is also fast, the acyl
group is necessarily bulky and may not have broad applicability
(Kutil et al., 2019).

A promising novel technique for studying protein lipidation
is acylation-coupled lipophilic induction of polarization (Acyl-
cLIP) (Lanyon-Hogg et al.,, 2019). In this assay, an enzymatic
protein lipidation reaction is carried out on a fluorescein
tagged peptide in the presence of detergent micelles. Changes

in lipidation affect the peptides affinity for the micelles. When
bound to the micelles, the fluorescein has decreased molecular
tumbling and a corresponding increase in polarized fluorescence
emission. The change in polarized fluorescence can be detected
with fluorescence anisotropy measurements and this change can
be attributed to the lipidation status of the peptide (Figure 6D).
Drawbacks of this assay are the same as other peptide-based
assays mentioned above. Benefits of this assay include a high
throughput for kinetics and inhibitor studies, the ability to assay
both lipid transferase and hydrolase enzymes, and a universal
applicability to any type of lipid modification.

Measuring KFA With Fatty Acyl Probes

If a target protein can be readily purified in large quantities,
endogenous KFA levels can be analyzed with mass spectrometry,
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such as for APQO (Schey et al., 2010). However, this approach
is not broadly applicable for reasons outlined above. More
commonly used tools for studying levels of KFA on a target
protein involve the addition of exogenous fatty acid analogs
(Figure 7A). An important caveat for all approaches that
involve the incorporation of fatty acids is that more than just
lysines can be fatty acylated. Cysteine palmitoylation and glycine
myristoylation are both abundant modifications that involve
fatty acyl groups and must be ruled out as the source of
fatty acylation signal. Cysteine palmitoylation can be hydrolyzed
by hydroxylamine while lysine acylations cannot. Treating a
fatty-acylated sample with hydroxylamine can thus eliminate
an experimental signal from cysteine fatty-acylation. Glycine
myristoylation cannot be removed with hydroxylamine but
does requires a glycine at the most N-terminal position so a
cursory examination of the protein’s sequence can reveal if the
modification is possible.

One class of exogenous fatty acyl probes is radioactive-
isotope-labeled fatty acids. Cells treated with radioactive fatty
acids can then form radioactive fatty acyl-CoA for use by KFA
transferases. A protein of interest can then be purified and
monitored for radioactivity to assay for fatty acylation (Bursten
etal., 1988).3H- and '*C-labeled fatty acids are the best choice for
this application as the isotopes can be incorporated into the fatty
acid without modifying the structure. However, these isotopes
have relatively low signal and must be monitored for a long time.

Clickable fatty acid analogs have proven to be a more powerful
tool for studying KFA. After treating cells with these probes,
proteins are modified with fluorophores or biotin via click
chemistry to track levels of fatty acylation using fluorescence
scanning, western blot, or various mass spectrometry approaches
(Figure 7B). While azido fatty acids have been implemented
for the study of cysteine palmitoylation, alkyne fatty acids have
lower background and more closely resemble the structure of

the endogenous fatty acids (Speers and Cravatt, 2004). There
is a suite of fatty acyl alkyne probes that analogize natural
fatty acids (Figure 7A). In addition to analyzing a protein of
interest, clickable fatty acid probes can help identify substrates
of KFA transferases or hydrolases as has been done for IcsB
and HDACI11 (Liu et al., 2018; Cao et al., 2019). In this
SILAC (stable isotope labeling with amino acids in cell culture)
experiment, cells are cultured in media containing normal or
isotopically heavy amino acids. KFA modulating enzymes are
then overexpressed or suppressed and cells are treated with
fatty acid alkyne probes. After probe incubation, cells are lysed
and lysates from heavy and light media are mixed. Alkyne-
labeled proteins are modified with biotin via click chemistry then
treated with hydroxylamine to remove cysteine palmitoylation
signal. The remaining biotinylated proteins are enriched with
streptavidin and analyzed via MS. Further proteomic analysis in
this way is necessary to fully appreciate the scope of KFA during
various biological processes.

SUMMARY AND FUTURE QUESTIONS

Since the initial discovery of KFA on IL-1q, significant progress
has been made in studying KFA. This is especially true of the
last 10 or so years as several enzymes were identified to add or
remove KFA. Additionally, implementation of clickable probes
has allowed for the identification of many new proteins with
KFA and has hastened the pace of discovery. We now know
that KFA can regulate a variety of biological processes such as
protein secretion, tumorigenesis, and immune signaling. The
knowledge gained surrounding KFA can now serve as a basis for
further exploration.

Multiple species of pathogenic bacteria utilize KFA to
enhance their pathogenesis. While mammalian cells are not yet
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known to have KFA transferases that act on a broad range of
substrates, the presence of multiple enzymes with strong KFA
hydrolase activity suggests an evolutionarily beneficial role for
this activity. Is it possible that during certain bacterial infections
KFA hydrolase activity serves a protective role against toxins like
RID and IcsB? Is it possible that KFA hydrolase enzymes could
remove RTX toxin KFA to inactivate the pore-forming toxin?
Additional lines of future study are myriad. In addition
to bacteria, could other pathogens modulate KFA during
infection? In addition to infection, KFA has already been
shown to modulate tumor phenotypes. What other diseases
could be regulated by KFA? Can KFA guide the creation of
therapeutics to counteract these diseases? Addressing these
questions, will require identifying more proteins modified by
KFA and additional enzymes that regulate this modification,
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Protein posttranslational modifications play important roles in cardiovascular diseases.
The authors’ previous report showed that the abundance of succinylated and
glutarylated proteins was significantly lower in the serum of patients with acute
myocardial infarction (AMI) than in that of healthy volunteers, suggesting a potential
relationship between protein acylation and AMI. Sirtuin 5 (SIRT5) facilitates the removal
of malonyl, succinyl, and glutaryl modification; however, its effects on AMI remain
unknown. In this study, the levels of SIRT5 in AMI mouse model was compared.
Results showed elevated hepatic SIRTS after myocardial infarction. Hepatocyte-specific
SIRT5 overexpressing mice (liver SIRTS OE) were generated to address the possible
involvement of hepatic SIRT5 in AMI. The areas of myocardial infarction, myocardial
fibrosis, and cardiac function in a model of experimental myocardial infarction were
compared between liver SIRT5 OE mice and wild-type (WT) mice. The liver SIRT5
OE mice showed a significantly smaller area of myocardial infarction and myocardial
fibrosis than the WT mice. The fibroblast growth factor 21 (FGF21) in the blood and
myocardium of liver SIRT5 OE mice after AMI was markedly elevated compared with
that in WT mice. The results of mass spectrometry showed increased levels of proteins
regulating tricarboxylic acid cycle, oxidative phosphorylation, and fatty acid g-oxidation
pathways in the liver mitochondria of liver SIRT5 OE mice. These findings showed that
SIRT5 may exhibit a cardioprotective effect in response to acute ischemia through a
liver-cardiac crosstalk mechanism, probably by increasing the secretion of FGF21 and
the improvement of energy metabolism.

Keywords: Sirt5, acute myocardial infarction, acylation, liver-cardiac crosstalk, FGF-21

INTRODUCTION

Lysine acylation is a large family of protein posttranslational modifications that use metabolic
intermediates as group donors (Zhao et al, 2010; Lin et al, 2012). Acetylation occurring
on histones facilitates the epigenetic regulation of gene expression, while acetylation on
metabolic enzymes regulates the flux of metabolism (Zhao et al, 2010; Zhou et al, 2011).
However, the physiological and pathophysiological functions of non-acetyl acylation have been
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under-investigated. =~ Malonylation,  succinylation,  and
glutarylation, which were found in histones (Xie et al., 2012) and
metabolic enzymes (Du et al., 2015; Sadhukhan et al., 2016), use
malonyl-CoA, succinyl-CoA, and glutaryl-CoA as substrates in
their reaction, respectively (Hirschey and Zhao, 2015). Several
groups have demonstrated the important roles of non-acetyl
acylation in metabolism regulation in hepatic steatosis, diabetes,
and heart failure (Rardin et al., 2013; Du et al., 2015, 2018;
Sadhukhan et al., 2016), suggesting their potential importance
in homeostasis and pathogenesis of metabolic disease. Recently
we reported that the abundance of serum protein succinylation
and glutarylation was significantly lower in the peripheral
serum of patients with ST-elevation myocardial infarction and
experimental acute myocardial infarction (AMI) rats than in
healthy volunteers or sham surgery rats (Zhou et al., 2020). As the
protein levels of cardiac SIRT5 were comparable before and after
myocardial infarction, other mechanisms may be responsible for
the removal of serum protein acylation during AMI. By profiling
the expression of SIRT5 before and after myocardial infarction
in mice, we found AMI resulted in elevated hepatic SIRT5
protein levels. Then we established a hepatocyte-specific SIRT5-
overexpressing (liver SIRT5 OE) mouse model to investigate
the pathophysiological functions of hepatic SIRT5 in AMI.
Interestingly, the liver SIRT5 OE mice showed significantly
smaller areas of myocardial infarction and myocardial fibrosis
than the wild-type (WT) mice. Overexpression of SIRTS5
increased the levels of blood and cardiac fibroblast growth factor
21 (FGF21) and elevated the expression of enzymes responsible
for fatty acid B-oxidation in AMI mice, suggesting that SIRT5
may exhibit a cardioprotective role through a novel liver-cardiac
crosstalk mechanism.

MATERIALS AND METHODS

Antibodies and Reagents

Antibodies against SIRT5 (15122-1-AP), VDAC (10866-1-
AP), Oxoglutarate Dehydrogenase L (OGDHL) (17110-1-AP),
Hydroxyacyl-CoA Dehydrogenase Trifunctional Multienzyme
Complex Subunit Alpha (HADHA) (1-758-1-AP), B-tubulin
(10068-1-AP), a-tubulin (11224-1-AP), B-actin (66009-1-Ig),
and HRP-conjugated a-tubulin (HRP-66031) were purchased
from ProteinTech (Beijing, China). An antibody against FGF21
(ab171941) was from Abcam. An antibody against ATP synthase,
H+ transporting, mitochondrial Fo complex, subunit d (ATP5H)
(A4425) was from ABclonal. An anti-pan-succinyl-lysine (PTM-
419) antibody was purchased from PTM Biolabs (Hangzhou,
China). FGF21 ELISA kits were from R&D System (MF2100)
and Abcam (ab212160). A list of chemicals used for mass
spectroscopy could be found in the previously published paper
(Du et al., 2015).

Animals

Male C57BL/6] mice (12-16 weeks old, WT) were purchased
from Vital River Co., Ltd. (Beijing, China). Hepatic SIRT5-
overexpressing mice in C57BL/6 background (liver SIRT5 OE)
was established by using the CRISPR/Cas9 gene editing tool

described previously (Du et al., 2018). The males of this strain
at the age of 12-28 weeks were used for the experiments. The
mouse studies were approved by the Ethics Committee of Beijing
Tsinghua Changgung Hospital (19032-0-01) and the National
Health and Medical Research Council of China Guidelines on
Animal Experimentation. All efforts were made to minimize
animal suffering.

Myocardial Infarction Experiments

Ligation of LCA in mice was performed as described previously
(Lindsey et al., 2018). The mice were intubated and anesthetized
with an animal anesthesia machine (Soft Lander; Sin-ei Industry
Co., Ltd., Saitama, Japan). Left thoracotomy was performed to
visualize the left auricle. LCA was ligated using a 7-0 suture
(Ethicon, Inc., Somerville, NJ, United States). The muscle layers
and skin were closed using a 3-0 suture. In sham-surgery mice,
the same surgical procedures were performed without ligation of
LCA. The body temperature of mice was maintained at 37°C with
a heat lamp during the procedures. In total, 12 WT mice received
myocardial infarction surgery (AMI-WT), 12 WT mice received
sham surgery (Sham-WT), 12 liver SIRT5 OE mice received LCA
ligation surgery at the same site as WT mice (AMI- SIRT5 OE),
and 12 liver SIRT5 OE mice received sham surgery (Sham-SIRT5
OE). The peripheral blood was collected in all mice before and
24 h after surgery. Plasma or serum was isolated from whole
blood and kept in —80°C until use. All mice were anesthetized
and sacrificed 5 days after the surgery. Heart, liver, and other
organs were sectioned.

Histopathology

The heart was excised and sliced horizontally into 6-7 slices
from base to apex. The morphological characteristics were
analyzed via hematoxylin/eosin staining. Frozen heart sections
(5 wm thickness) were fixed with acetone for 15 min, followed
by Masson’s trichrome staining. The samples were incubated
for 30 min in 1% 2,3,5-triphenyltetrazolium chloride (TTC)
diluted in PBS (pH 7.4) at 37°C. The stained myocardial
samples were visualized under a bright field microscope (Leica
DM2500, Tokyo, Japan), and pictures of the entire slice were
taken with identical exposure settings for all sections. The
infarct/fibrotic area was compared with the total left ventricular
(LV) area by using Image ] software (NIH, Bethesda, MD,
United States). The percentage of infarct area = infarct
area/(infarct area + non-infarct area) x 100%, while the
percentage of fibrotic area = fibrotic area/(fibrotic area + non-
fibrotic area) x 100%.

Echocardiography

Cardiac function was evaluated in the anesthesia. Ultrasound
examinations were carried out using a high-resolution imaging
system (Vevo 770, VisualSonics, Canada) with high-frequency
ultrasound probe (RMV-707B, VisualSonics). M-mode images
were obtained for measurements of LV wall thickness, LV
end diastolic diameter (LVEDD), and LV end systolic
diameter (LVESD). Ejection fraction (EF)% = LVEDV -
LDESV/LVEDV ~ x 100%, while fractional shortening
(FS)% = (LVEDD - LVESD/LVEDD) x 100%.
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Western Blotting

Tissues were homogenized in 1 mL lysis buffer (50 mM
Tris-Cl pH 7.4, 150 mM NaCl, 0.5 mM EDTA, 1 mM
dithiothreitol, 1% Triton X-100, 0.5% sodium deoxycholate, and
0.1% sodium dodecyl sulfate). The homogenized tissues were
centrifuged at 12,000 rpm, and the supernatant containing the
tissue lysates were collected. The protein concentration was
quantified with Pierce BCA Kit (Thermo Fisher Scientific).
Western blot analysis was performed as described previously
(Du et al., 2018).

Measurements of FGF21

The FGF21 levels in mouse plasma were analyzed via ELISA with
the use of Quantikine mouse FGF21 Immunoassay kit (R&D
Systems) following the protocols provided by the manufacturer.
The FGF21 levels in the culture medium of primary hepatocytes
isolated from WT or SIRT5 OE mice were analyzed using an
ELISA kit (Abcam) in accordance with the protocols provided by
the manufacturer.

Mass Spectrometry

Mitochondria were isolated from the liver of WT or liver SIRT5
OE mice, and proteins were extracted from the mitochondria
following standard protocols (Du et al., 2018). The purified
mitochondrial samples were disrupted by an ultrasonic processor
on ice in lysis buffer (8 M urea/0.1 M Tris-HCI, pH 8.0)
containing 1x Protease Inhibitor Cocktail (Roche). The protein
solution was diluted 1:5 with 50 mM triethylammonium
bicarbonate (TEAB) and digested with trypsin (1:50) at 37°C
overnight. The digestion was desalted on OASIS HLB column,
and peptides eluted with 60% acetonitrile were lyophilized via
vacuum centrifugation. The dried peptides were dissolved with
100 mM TEAB buffer prior to labeling with tandem mass tags
(TMTs). One hundred microgram of protein from each biological
replicate of different experimental conditions was labeled with
TMT 10plex (Thermo Fisher Scientific) in accordance with the
manufacturer’s instructions.

All nano LC-MS/MS experiments were performed on Q
Exactive (Thermo Fisher Scientific) equipped with an Easy n-LC
1000 HPLC system. The labeled peptides were loaded onto a
100 wm id x 2 cm fused silica trap column packed in-house with
reversed phase silica (Reprosil-Pur C18 AQ, 5 wm, Dr. Maisch
GmbH) and then separated on an a 75 pm id x 20 cm Cl18
column packed with reversed phase silica (Reprosil-Pur C18 AQ,
3 pm, Dr. Maisch GmbH). MS analysis was performed with Q
Exactive mass spectrometer (Thermo Fisher Scientific). Under
data-dependent acquisition mode, the MS data were acquired at
a high resolution of 70,000 (m/z 200) across the mass range of
300-1600 m/z. The target value was 3.00E + 06, with a maximum
injection time of 60 ms. The top 20 precursor ions were selected
from each MS full scan with isolation width of 2 m/z for
fragmentation in the HCD collision cell with normalized collision
energy of 32%. Subsequently, MS/MS spectra were acquired at a
resolution of 17,500 (m/z 200). The target value was 5.00E + 04,
with a maximum injection time of 80 ms. The dynamic exclusion
time was 40 s. The nano electrospray ion-source setting was as

follows: spray voltage of 2.0 kV, no sheath gas flow, and heated
capillary temperature of 320°C.

The raw data from Q Exactive were analyzed with Proteome
Discovery version 2.2.0.388 using Sequest HT search engine
for protein identification and Percolator for false discovery rate
(FDR) analysis. FDR < 1% was set for protein identification.
The peptide confidence was set as high for peptide filter. Protein
quantification was also performed on Proteome Discovery
2.2.0.388 using the ratio of the intensity of reporter ions from the
MS/MS spectra. Only the unique and razor peptides of proteins
were selected for protein relative quantification. The co-isolation
threshold was specified as 50%, and the average reporter S/N
value should be above 10. Normalization mode was selected
for the total peptide amount to correct experimental bias. The
abundance values were normalized using Z-score to visualize
the profiles of metabolic proteins in the hepatic mitochondria
between the WT and liver SIRT5 OE mice. The normalized
values were used to generate heat maps by using the pheatmap
R-package in R (version 3.61).

Statistical Analysis

Descriptive data were presented as the mean =+ standard
deviation (SD) for continuous variables. Data were analyzed
using independent f test or one-way analysis of variance for
continuous variables. Significance was assumed at a two-sided p
value < 0.05. Statistical analysis was performed using GraphPad
Prism (version 8.3.1).

RESULTS
Generation of Liver SIRT5 OE Mice

We recently reported decreased serum protein succinylation and
glutarylation in patients and rats with AMI, but the levels of
cardiac SIRT5 were comparable before and after myocardial
infarction. Thus, the protein levels of SIRT5 in WT mice
5 days after AMI or sham surgery were compared. The results
showed significantly elevated hepatic SIRT5 levels after AMI
compared with sham surgery (Figure 1A). A hepatic specific
SIRT5-overexpressing mouse model (liver SIRT5 OE) was
established to further investigate the possible pathophysiological
effects of hepatic SIRT5 in AMI. An alternative SIRT5
coding sequence was inserted into the Hipp 11 locus on
the chromosome 11 of WT C57BL/6 mice via CRISPR/Cas9
method (Figure 1B). Hepatic SIRT5-overexpressing mice (liver
SIRT5 OE) were generated by crossing between the SIRTS5
allele knock-in mice (SIRT5 KF¥/floxy and Alb-cre mice (Alb-
cret), as shown in Figure 1C. Overexpression of SIRTS5
in the liver but not in the kidney, brain, or heart was
confirmed by Western blot (Figure 1D and Supplementary
Figure 1). A marked decrease in total protein succinylation
was found in the liver tissues of liver SIRT5 OE mice
compared with that of WT mice (Figure 1D). Altogether, SIRT5
was specifically overexpressed in the liver of mice, and this
overexpression significantly reduced levels of succinylation on
multiple hepatic proteins.
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FIGURE 1 | SIRT5 is up-regulated in the liver of experimental myocardial infarction mice. (A) Western blot analysis of hepatic SIRTS in C57BL/6J mice 5 days after
sham surgery or experimental myocardial infarction (AMI) (n = 5). Expression levels of SIRT5 were normalized to B-tubulin (n = 5). *p < 0.05 comparing with sham
surgery. (B) Strategy of an alternative SIRT5 allele knock-in by CRISPR/Cas9 method. (C) Schematic diagram for breeding strategy to generate Liver SIRT5 OE
mice. (D) Western blot analysis of SIRT5 and protein succinylation in the liver of WT mice and Liver SIRT5 OE mice (n = 3).

Hepatic Overexpression of SIRT5
Reduced Myocardial Infarction and
Cardiac Fibrosis

To understand the effect of hepatic overexpression of SIRT5 on
myocardial infarction, we first compared the cardiac function by
using echocardiography between liver SIRT5 OE and WT mice
4 days after experimental myocardial infarction. Although no
significant difference was noticed before surgery (Supplementary
Figure 2), we observed a trend toward higher (p = 0.081) LVEF in
liver SIRT5 OE mice (27.55 £ 12.73%) compared with WT mice
(18.97 £ 8.78%) after AMI, and a trend toward higher (p = 0.099)
LVES in liver SIRT5 OE mice (12.72 £ 4.36%) compared with
WT mice (8.78 & 6.29%) after AMI (Figures 2E,F). Second, the
percentage of infarction area between the liver SIRT5 OE and
WT mice 5 days after experimental myocardial infarction was
compared using TTC staining. The results showed a significantly
lower (p = 0.027) percentage of myocardial infarction in liver
SIRT5 OE mice (22.84 4= 7.80%) than in WT mice (30.33 & 7.20%,
Figures 2A,B). Third, the percentage of fibrosis area between
liver SIRT5 OE and WT mice 5 days after experimental
myocardial infarction was compared using Masson staining. The
results revealed a significantly lower (p = 0.019) percentage of
fibrosis in liver SIRT5 OE mice (16.44% =+ 7.71%) than in WT
mice (25.17 &+ 9.51%, Figures 2C,D).

Hepatic Overexpression of SIRT5

Promoted Endocrine FGF21 From Liver

Fibroblast growth factor 21 played an important role in liver-
cardiac crosstalk during myocardial ischemia by regulating
energy expenditure. Therefore, we hypothesized that hepatic

overexpression of SIRT5 may interfere with FGF21. The hepatic
FGF21 protein level between sham surgery and AMI WT mice
5 days after surgery was detected, and the results showed
a significantly elevated hepatic FGF21 protein level in AMI
WT mice (Figure 3A). Surprisingly, a comparable hepatic
FGF21 protein level was found in liver SIRT5 OE mice after
sham surgery or AMI surgery, different from the results of
WT mice (Figure 3A). Then, the blood FGF21 protein level
between WT and liver SIRT5 OE mice before and after AMI
surgery was compared. A significantly elevated blood FGF21
protein level was observed in liver SIRT5 OE mice after AMI
surgery, whereas comparable blood FGF21 protein level was
found in WT mice (Figure 3B). Interestingly, the cardiac but
not muscular FGF21 protein level was significantly elevated
in liver SIRT5 OE mice 5 days after AMI surgery compared
with that in WT mice 5 days after AMI surgery (Figure 3C
and Supplementary Figure 3A). Moreover, comparison of
FGF21 secretion in the culture medium of primary hepatocytes
isolated from liver SIRT5 OE or WT mice revealed significantly
higher FGF21 level in hepatocytes from liver SIRT5 OE mice
(Supplementary Figure 3B). These results suggested that the
hepatic overexpression of SIRT5 promoted the secretion of
FGF21 from the liver. There is also a possibility that hepatic
overexpression of SIRT5 increased the expression or secretion of
FGF21 from heart by potential mechanisms.

Hepatic Overexpression of SIRT5

Improved Cell Metabolism

LC-MS/MS analysis of the hepatic mitochondria was performed
to investigate the potential pathways regulated by the hepatic
overexpression of SIRT5 (n = 8, Supplementary Figure 4).
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FIGURE 2 | Comparation of infarction area between Liver SIRT5 OE and WT mice after AMI. (A) Representative images of triphenyltetrazole chloride (TTC) staining
5 days after AMI between Liver SIRT5 OE and WT mice (n = 6). (B) Comparation of infarction area 5 days after AMI between Liver SIRT5 OE and WT mice (n = 6).
*p < 0.05. (C) Representative images of Masson staining 5 days after AMI between Liver SIRT5 OE and WT mice (n = 6). (D) Comparation of fibrosis area 5 days
after AMI between Liver SIRT5 OE and WT mice (n = 6). *p < 0.05. (E) Representative images of echocardiography 4 days after AMI between Liver SIRT5 OE and
WT mice (n = 6). (F) Comparation of heart function 4 days after AMI between Liver SIRT5 OE and WT mice (n = 6).

Western blot revealed significantly upregulated SIRT5 in the
hepatic mitochondria isolated from liver SIRT5 OE mice
(Figure 4A). Bioinformatic analysis reported 269 upregulated
peptides and 104 downregulated peptides with at least 1.3-fold
change in the hepatic mitochondria of liver SIRT5 OE mice
(Figure 4B). Pathway enrichment analysis showed enrichment
in the pathways regulating fatty acid metabolism, tricarboxylic
acid cycle, and oxidative phosphorylation (Figure 4C). The
heat map of the total hepatic mitochondrial proteins confirmed
the significant upregulation of multiple proteins in fatty
acid B-oxidation, tricarboxylic acid cycle, and oxidative
phosphorylation pathways in liver SIRT5 OE mice compared
with that in WT mice (Figure 4D), indicating the enhancement
of mitochondrial metabolism. These results were verified by
western blot and showed upregulation of OGDHL and ATP5H
in the hepatic mitochondria isolated from liver SIRT5 OE
mice (Figure 4E).

DISCUSSION

Cardiovascular diseases, especially myocardial infarction, have
been the leading cause of death worldwide, even after modern
therapeutic methods became prevalent, with ischemic injury

secondary to energy shortage as the potential pathological basis
(Pedersen et al., 2014). Activated upon caloric restriction, sirtuins
control critical cellular processes in the nucleus, cytoplasm, and
mitochondria to maintain metabolic homeostasis and reduce
cellular damage to protect against ischemic injury (Winnik
et al.,, 2015). SIRT5 has been reported to exhibit a protective
role in the pathological process of AMI, as global knockout
of SIRT5 increased the infarct size in a model of cardiac
ischemia-reperfusion injury (Boylston et al., 2015) and developed
heart failure (Sadhukhan et al., 2016). Surprisingly, the global
knockout of SIRT5 (Hershberger et al, 2017) but not the
cardiac-specific knockout of SIRT5 (Hershberger et al., 2018)
resulted in increased mortality in response to pressure overload,
thus suggesting that the cardioprotective role of SIRT5 is
not dependent on the heart. The SIRT5 in other tissues and
organs may also be responsible for the cardioprotection. In the
present study, SIRTS5 expression was profiled in an AMI mouse
model, and significantly elevated SIRT5 levels were found in
the liver of AMI mice, indicating a possible role of hepatic
SIRT5 in AMI To confirm the relationship between SIRT5 and
AMI, a hepatic-specific SIRT5-overexpressing mouse model was
established by using the CRISPR/Cas9-based transgenic strategy.
The results showed a significantly smaller area of myocardial
infarction and myocardial fibrosis in liver SIRT5 OE mice than
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FIGURE 3 | Expression and secretion of FGF21 in mice after AMI. (A) Western blot analysis of hepatic FGF21 in WT or Liver SIRT5 OE 5 days after sham surgery or
AMI. Expression levels of FGF21 were normalized to B-tubulin (n = 3). *p < 0.05 comparing with sham surgery (n = 3). (B) Comparation of serum FGF21 level in
mice before and after AMI (n = 5). **p < 0.01. (C) Western blot analysis of cardiac FGF21 in WT or Liver SIRT5 OE 5 days after sham surgery or AMI. Expression
levels of FGF21 were normalized to B-tubulin (n = 3). *p < 0.05.

in WT mice, suggesting a novel cardioprotective mechanism of
SIRT5 through a liver-cardiac crosstalk mechanism.

Fibroblast growth factor 21 has been reported to play key roles
via liver-cardiac crosstalk in response to AMI. Of note, Liu et al.
(2013) demonstrated that FGF21 was upregulated and released
from the liver and adipose tissues in myocardial infarction. In the
present study, a significant elevation in the hepatic FGF21 levels
of WT mice in response to AMI operation was also observed.
FGF21 protected the myocardium via attenuation of apoptosis,
prevention of oxidative stress, and inhibition of inflammation
(Tanajak et al., 2015). The signaling pathway involved in the
regulation of FGF21 expression was well-documented. In the
liver, the SIRT1-mediated activation of FGF21 prevented liver
steatosis caused by fasting (Jegere et al., 2014), indicating the
possible relationship between sirtuins and FGF21. By using
hepatocyte-specific SIRT5 overexpressed mice, the effects of
SIRTS5 in hepatic FGF21 were explored in AMI mouse models.
Different from the case of WT mice, in which the hepatic
FGF21 was elevated as a result of AMI operation, no apparent
upregulation of FGF21 was observed in the liver SIRT5 OE mice

after AMI operation. However, the blood and cardiac FGF21
levels in liver SIRT5 OE mice in response to AMI operation
were significantly higher than those in WT mice. These data
suggested that hepatic SIRT5 promoted the secretion of FGF21
from the liver into the circulation system, where it showed
cardioprotective effects in AMI models.

Fibroblast growth factor 21 improved the energy supply
to the heart by modulating the PB-oxidation of fatty acid
(Tanajak et al, 2015). Fatty acid oxidation is the major (50-
70%) source of energy in the heart (Opie and Stubbs, 1976).
During AMI, carbohydrate metabolism is temporarily disturbed.
Instead, circulating free fatty acids are generally increased
(Opie and Stubbs, 1976). LC-MS/MS analysis revealed an
elevated expression of proteins regulating tricarboxylic acid
cycle, oxidative phosphorylation, and fatty acid p-oxidation, the
three essential pathways in the process of fatty acid oxidation,
in liver SIRT5 OE mice. Western blot indicated that three
proteins, OGDHL involved in the TCA cycle, ATP5H involved
in the synthesis of ATP, and HADHA involved in the oxidation
of fatty acids, were up-regulated in SIRT5 OE mice. This
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finding suggested that hepatic SIRT5 may accelerate fatty acid
metabolism, which may promote energy supply to the heart
during AMI. All these results were consistent with the findings
observed in ob/ob mice (Du et al., 2018).

In conclusion, the results provided direct experimental
evidence supporting a possible cardio-protective role of SIRT5
in response to acute ischemia. The increase in FGF21 secretion
and the improvement of fatty acid metabolism may be crucial
for the novel liver-cardiac crosstalk mechanism, which may
shed light on the prevention and treatment of AMI and related
heart diseases.
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Post-translational modifications (PTM) involve enzyme-mediated covalent addition of
functional groups to proteins during or after synthesis. These modifications greatly
increase biological complexity and are responsible for orders of magnitude change
between the variety of proteins encoded in the genome and the variety of their
biological functions. Many of these modifications occur at the protein termini, which
contain reactive amino- and carboxy-groups of the polypeptide chain and often are pre-
primed through the actions of cellular machinery to expose highly reactive residues.
Such modifications have been known for decades, but only a few of them have
been functionally characterized. The vast majority of eukaryotic proteins are N- and
C-terminally modified by acetylation, arginylation, tyrosination, lipidation, and many
others. Post-translational modifications of the protein termini have been linked to
different normal and disease-related processes and constitute a rapidly emerging area
of biological regulation. Here we highlight recent progress in our understanding of
post-translational modifications of the protein termini and outline the role that these
modifications play in vivo.

Keywords: N-terminome, C-terminome, acetylation, lipidation, Met-AP, arginylation, ubiquitination

INTRODUCTION

Post-translational modifications (PTMs) involve enzyme-mediated covalent addition of functional
groups to proteins during or after synthesis. These modifications greatly increase biological
complexity and are responsible for orders of magnitude of change between the variety of proteins
encoded in the genome and the variety of their biological functions. Thus, PTMs dramatically
expand the encoded flexibility of a living system (Marino et al., 2015). As an example, the
human genome encodes 20,379 proteins, which serve as targets for 191,837 PTMs'. Many of these
modifications occur at the protein termini, which contain reactive amino- and carboxy-groups of
the polypeptide chain and often are pre-primed through the actions of cellular machinery to expose
highly reactive residues. Such modifications have been known for decades, but only a few of them
have been functionally characterized.

Proteins with distinct N- and C-termini possess specific biochemical properties and functions,
and are collectively referred to as the protein terminome (Figures 1, 2). Since every translated
protein originally contains an N-terminal Met, specialized machinery in the cell removes this
residue co- or post-translationally (Figure 1). This is the critical step that makes the N-terminus
accessible to many modifications that target the primary amino group of residues other than

Thttps://www.nextprot.org/about/human-proteome
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Met. Similar pre-processing can occur at the C-termini—e.g.,
in the case of tubulin tyrosination-detyrosination cycle, where
the C-terminal Tyr originally encoded in the tubulin gene can
be removed and re-ligated through the action of specialized
enzymes (Murofushi, 1980; Schroder et al., 1985; Aillaud et al,,
2017; Nieuwenhuis et al., 2017; reviewed in Nieuwenhuis and
Brummelkamp, 2019; Figure 2). Some PTMs at the protein
termini can be more abundant than PTMs targeting the internal
sites; for example, N-terminal acetylation can modify 80-
90% of soluble human proteins and 50-70% of yeast proteins
(Arnesen et al., 2009; Van Damme et al., 2011b). Terminal
modifications target over 90% of the mammalian proteome and
are essential for a variety of biological functions and processes
such as protein sorting, membrane integration, cellular signaling,
protein transport, enzyme activity, and formation of protein
complexes. Thus, terminal modifications represent an important
contribution to proteomic diversity and complexity.

In this review we discuss the major types of N- and C-terminal
modifications that have been characterized to date, focusing on
eukaryotic and mammalian systems.

N-TERMINAL POST-TRANSLATIONAL
MODIFICATIONS

N-Terminal Removal of Amino Acid
Residues and Signal Peptides

Since the ribosome recognizes the AUG codon as the translation
initiation site, all naturally synthesized proteins contain an
initiator Met at their N-terminus. This Met in itself is a reactive
residue that can be modified by acetylation (Van Damme et al.,
2012), as well as potentially serve as a target for other PTMs, e.g.,
as oxidation target for reactive oxygen species, though biological
examples of such modifications have yet to be described. In many
eukaryotic proteins the initiator Met is co- or post-translationally
removed by Met-aminopeptidases (Met-APs), to expose the
second residue in the sequence, which can in turn be removed
or targeted by other PTM:s.

Eukaryotic cells contain two of major Met-APs, Met-AP1
and Met-AP2 (Arfin et al, 1995; Li and Chang, 1995). These
enzymes remove the Met preceding small and uncharged amino
acid residues (e.g., Gly, Ala, Ser, Cys, Pro, Thr, and Val) (Boissel
et al,, 1985; Tsunasawa et al., 1985; Flinta et al., 1986; Ben-Bassat
et al., 1987; Xiao et al., 2010; Wingfield, 2017). While the exact
biological functions of these enzymes have not been characterized
in detail, the overall activity of these enzymes is required for
cell viability: their deletion leads to lethality in yeast (Li and
Chang, 1995), and inhibition of their activity causes cell death in
mammalian cell cultures (Towbin et al., 2003).

While no other Met-APs have been described, the repertoire
of proteins found in vivo with removed N-terminal Met
increasingly suggests that other classes of Met-APs must exist
in cells, with specificity for residues in the second position that
goes beyond the limited list of those recognized by Met-AP1
and Met-AP2. For example, cytoplasmic actins are processed
by removal of N-terminal Met preceding negatively charged

residues (Asp or Glu), which occurs after Met acetylation
(Redman and Rubenstein, 1981; Rubenstein and Martin, 1983;
Martin and Rubenstein, 1987; Van Damme et al., 2012).
The enzyme mediating this removal has been biochemically
enriched but never definitively identified (Sheff and Rubenstein,
1992). Emerging mass spectrometry data suggest that initiator
Met removal may occur even outside this residue specificity,
suggesting that other Met-APs with different target sites might
also exist in cells. Identification of these enzymes constitutes an
exciting potential direction of research.

Removal of N-terminal Met exposes the next residue in the
sequence to other, non-Met aminopeptidases, which can catalyze
sequential removal of amino acid residues from the N-terminus
unless it becomes structurally or chemically protected. According
to MEROPS database (Rawlings, 2009), there are currently
269 aminopeptidases of different specificity found across the
kingdoms of life>. While some of these aminopeptidases have
been characterized in different systems, the global contribution
of this processing to the functional N-terminome has not been
systematically addressed.

Another type of N-terminal protein processing involves
removal of signal peptides, e.g., from proteins secreted through
the ER or targeted to other intracellular compartments. This
cleavage exposes reactive residues on the N-termini that are
further targeted by various modifications, both in the intracellular
compartments and in the extracellular space.

Both signal peptide cleavage and the action of endopeptidases
generate neo N-termini that can be subjected to a multitude
of different N-terminal modifications (Gevaert et al., 2003; Auf
dem Keller et al., 2013). For example, an estimated 64 to
77% of identified termini in human erythrocytes and platelets
differ from the genetically encoded termini and originate largely
through proteolytic cleavage (Lange et al., 2014; Prudova et al.,
2014). Collectively, these events increase the complexity of the
N-terminome in vivo and the variety of N-terminal modifications
on the same protein during different physiological processes
in vivo.

Acetylation

N-terminal acetylation is one of the most abundant protein
modifications in eukaryotes. This modification involves the
transfer of an acetyl moiety from acetyl-CoA to the a-amino
group of a nascent polypeptide or the fully synthesized
protein. Even though some acetylation occurs directly on the
initiator Met, most of these events in eukaryotes require Met
removal and target the second or third residue in the protein
sequence (Polevoda and Sherman, 2000). 80-90% of all proteins
in human and 50-70% in yeast are N-terminally acetylated
(Arnesen et al., 2009).

N-terminal acetylation is catalyzed by one of seven N-terminal
acetyltransferases (NATs) (NatA to NatF and NatH). All NATs
are oligomeric complexes composed of at least one catalytic
subunit and one or more auxiliary subunit(s), including a unique
ribosomal anchor, which contribute to substrate specificity and
interactions with nascent polypeptides (Ree et al., 2018). Five

Zhttps://www.ebi.ac.uk/merops/index.shtml
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FIGURE 1 | Schematic representation of structural formulas and enzymatic preferences of N-terminal modifications. The PTMs of N-termini include Met cleavage,
acetylation, methylation, lipidation, arginylation and ubiquitination (yellow boxes indicate the function groups added to the termini). Corresponding recognition sites of
different enzymes are listed. The responsible enzymes and their respective donor molecules are listed. Met-Aps, Met-aminopeptidases; NATs, N-terminal
acetyltransferases; NTMTs, N-terminal methyltransferases; NMT, N-terminal myristoyltransferases; ATE1, arginyl transfer enzyme 1.

of the NATs (NatA to NatE) act co-translationally on nascent
peptides emerging from the ribosome. NatF binds to the Golgi
membrane and acetylates transmembrane proteins (Chen et al.,
2016), most likely in a post-translational manner (Aksnes et al.,
2015). Different NATs exhibit different target site specificity.
Out of the three major NATs responsible for the majority of
acetylations in eukaryotes, the NatA complex, acetylates N-
termini starting with Ala, Cys, Gly, Ser, Thr or Val following
the removal of the preceding initiator Met. Of note, removal
of the auxiliary subunit from this enzyme complex changes its
specificity to target the acidic N-termini (Polevoda et al., 1999;
Arnesen et al., 2009; Van Damme et al., 2011a), though it is
unclear whether this mechanism regulates N-terminal acetylation
in vivo. The NatB complex acetylates the initiator Met preceding
Asn, Asp, Gln, or Glu (Polevoda and Sherman, 2003). NatC
targets the initiator Met that precedes Ile, Leu, Phe, or Trp.
Other NATs also exhibit specific acetylation signatures, and
sometimes show preference toward specific classes of proteins
(e.g., histones in the case of NatD). These specificities are
not absolute, and some overlapping protein targets have been
observed between different NATs.

In addition to these broader specificity NATs, some additional
N-terminal acetyltransferases exist that are uniquely specialized
to target specific proteins in vivo. The recently identified NAASO
uniquely recognizes actin (Drazic et al., 2018). NAA80 acts

post-translationally, recognizing fully synthesized and folded
actin and targeting all six mammalian actin isoforms in unique
processing steps that occur differently in muscle and non-
muscle actins.

Actin N-terminal processing constitutes a striking example
of the complexity of the machinery mediating N-terminal
acetylation and removal of specific residues in a protein. Non-
muscle actins, containing a string of negatively charged residues
following the initiator Met (DDD in beta actin and EEE in
gamma actin), are co-translationally acetylated on the initiator
Met via NatB, followed by removal of the acetylated Met by
an unidentified actin N-acetyl-aminopeptidase (ANAP) (Sheft
and Rubenstein, 1992). Muscle actins, typically containing a
Cys in the second position, are processed by Met-AP1/2 to
remove the N-terminal Met, followed by Cys acetylation, likely
by NatA, and acetylated Cys removal by ANAP, to expose the
acidic residue in the third position. In all cases, this acidic
residue is then recognized by NAA80 in a posttranslational
manner after actin’s emergence from the ribosome and folding.
Notably, NAA80 appears to have uniquely coevolved with
actin to enable this preferential recognition, facilitated by the
negatively charged actin’s N-terminus, as well as the actin-profilin
complex (Rebowski et al., 2020). It appears likely that other
proteins may also have dedicated acetyltransferases that are yet
to be discovered.
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binding protein complex.

While the exact biological role of N-terminal acetylation is
still being investigated, studies of individual proteins, as well
as knockouts of individual N-acetyltransferases, enable some
insights into their functions. Acetylation of fetal hemoglobin
promotes subunit interactions in the hemoglobin tertiary
complex (Manning and Manning, 2001), while tropomyosin
requires acetylation for binding to actin (Urbancikova and
Hitchcock-DeGregori, 1994). NAT knockouts in yeast lead to
systemic growth and mating defects (Polevoda et al., 1999). In the
case of actin, NAA80 knockout results in disrupted cytoskeleton
structure and dynamics, including increased ratio of filamentous
to globular actin, increased filopodia and lamellipodia formation,
and accelerated cell motility (Drazic et al., 2018).

To date, no N-terminal deacetylases that globally remove
N-terminally added acetyl groups have been identified, and thus
N-terminal acetylation of proteins is believed to be irreversible.

Lipidation
N-terminal lipidation refers to the transfer of fatty acids from
acyl-CoA to the N-terminal amino acid residue. The most
extensively studied type of lipidation is called myristoylation,
which involves the addition of myristic acid to the N-terminal
glycine (Gly) of the target protein. This chemical reaction is
catalyzed by N-terminal myristoyltransferases (NMTs), which
modify proteins in a co-translational manner in most of the
cases (Glover et al., 1997; Varland et al., 2015) by targeting the
amino acid residue N-terminally exposed after the removal of
the initiator Met.

Two NMTs exist in mammalian systems, NMT1 and NMT2
(Gordon et al.,, 1991). These enzymes recognize an N-terminal

5-residue consensus sequence, which always starts with a
Gly, followed by a charged residue in the second position,
Ala/Asn/Cys/Gly, or Ser in the fourth position, and a preferred
Cys/Ser, or Thr in the fifth position. There is no preference for
the third position. Aromatic residues and Pro in the second
position and/or Pro in the fifth position are incompatible with
myristoylation (Towler et al., 1987; Martin et al., 2011).

N-terminal myristoylation targets an estimated 0.5% of
cellular proteins (Thinon et al, 2014). Global profiling of
N-terminal post-translational myristoylation found 40 substrates
of NMTs in human cells. These proteins distribute in most
of the organelles and are responsible for a variety of cell
functions including apoptosis, DNA damage and repair, cell
cycle regulation, and others. While our understanding of the
biological role of myristoylation is still far from complete,
studies demonstrate its key involvement in immune response
(Udenwobele et al., 2017), protein turnover (Timms et al., 2019),
G-protein signaling (Linder et al., 1993), and targeting of proteins
to the membranes in different intracellular compartments (Resh,
2006; Baekkeskov and Kanaani, 2009). Huntingtin protein (HT'T)
is post-translationally myristoylated following the cleavage by
caspases, and disruption of this myristoylation process on
HTT fragment might be involved in the pathophysiology of
Huntington disease (Martin et al., 2014).

Pro-apoptotic protein fragments with exposed N-terminal
Gly undergo extensive myristoylation events in apoptotic cells
(Zha et al., 2000; Utsumi et al., 2003). Strictly speaking, such
myristoylation is not exactly N-terminal, since it occurs on
pre-proteolyzed peptides, however, it is mediated by the same
enzymes and thus belongs in this overview of NMT-mediated
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protein regulation. By definition, such myristoylation in
apoptotic cells is always post-translational, targeting fully
synthesized and proteolyzed proteins. A prominent example
is BID, a pro-apoptotic Bcl-2 protein containing only the BH3
domain, which is cleaved by caspase 8, generating a truncated
15-kd fragment (tBID) that translocates to the mitochondria
within 1 hour. Myristoylation of tBID fragment acts as an
activating switch, enhancing BID-induced release of cytochrome
c and cell death (Zha et al., 2000). N-myristoylation of p21-
activated kinase 2 (PAK2) targets its C-terminal fragment
(ctPAK2), facilitating its relocation from the cytosol to the
plasma membrane and membrane ruffles to maintain the normal
apoptosis (Vilas et al., 2006).

Another type of N-terminal lipidation is palmitoylation, the
addition of a palmitoyl group that can occur both N-terminally
and internally in the protein. In the latter case, palmitoylation
targets the side chains of Cys residues. N-terminal palmitoylation
is far less abundant, and only a few examples of protein regulation
by this modification have been identified. A palmitic acid-
modified form of Sonic Hedgehog plays a role in regulating
its intracellular functions (Pepinsky et al., 1998). Palmitoylation
of the alpha subunit of the heterotrimeric G protein on the
N-terminal Gly facilitates G-protein-dependent activation of
adenylyl cyclase (Kleuss and Krause, 2003). Further studies are
needed to uncover additional biological roles of this modification.

Methylation

N-terminal methylation catalyzes the transfer of a methyl group
from S-adenosylmethionine (SAM) to the exposed N-terminal
a-amino group after the initiator Met cleavage. The properties of
methylated proteins differ by the degree of residue methylation.
Monomethylation slightly increases basicity of the a-amino
group, and also introduces minor steric hindrance that may
reduce its reactivity. However, dimethylation and trimethylation
generate a permanent positive charge on the N-terminal amino
group. The reversed electric charge properties cause the loss of
nucleophilicity generated by a-amino nitrogen. Up until now,
no N-terminal demethylase has been found and this process is
believed to be irreversible.

Although this modification was found more than 40 years
ago, its physiological function was not clear until the discovery
of its importance in protein-DNA interactions (Chen et al,
2007). In 2010, two different groups identified N-terminal
methyltransferases (NTMTs) in yeast and human, respectively
(Tooley et al, 2010; Webb et al, 2010). Two NTMTs
are identified to date: NTMT1 is a tri-methyltransferase
responsible for mono-, di-, and trimethylation of its substrates
whereas NTMT?2 is primarily responsible for monomethylation
(Varland et al., 2015).

NTMT1, highly conserved from yeast to humans,
recognizes the substrates with consensus sequence X-Pro-
Lys (X = Ser/Pro/Ala/Gly). However, a recent study found that
NTMT1 has broader recognition of peptides in vitro, where
X can also include Phe, Tyr, Cys, Met, Lys, Arg, Asn, Gln, or
His, suggesting that this enzyme, under different conditions,
can also have broader substrate specificity in vivo (Petkowski
etal., 2012). A crystal structure revealed that NTMT1 contains a

typical methyltransferase Rossmann fold which is composed of a
seven-strand B-sheet and five a-helices. Two a-helices (a6 and
a7) pack on one side of the B-sheet, and the other three a-helices
(a3,04, and a5) pack on the other side of the B-sheet. Besides
its highly conserved Rossmann fold, NTMT1 has two unique
structural elements distinct from other methyltransferases:
a P hairpin inserted between strand p5 and helix a7 and an
N-terminal extension consisting of two a-helices (a1 and a2).
These two unique structures, which are involved in substrate
binding, contribute to substrate specificity (Dong et al., 2015).

Many N-methylated proteins are components of large
multisubunit complexes, suggesting a role of N-methylation
in the regulation of protein-protein interactions (Stock et al.,
1987). N-terminal o-methylation on Ser2 of RCCI1, the only
known guanine nucleotide-exchange factor for the Ran GTPase,
is indispensable for stable chromatin association and normal
mitosis (Chen et al., 2007). During mitosis, CENP-A recruits
the constitutive centromere associated network (CCAN) complex
to govern the centromere function. N-terminal trimethylation
on Gly2, followed by removal of the initiator Met, keeps the
appropriate function of CENP-A, and loss of trimethylation can
lead to lagging chromosomes and spindle pole defects (Sathyan
et al., 2017). Mass spectrometric analysis revealed that the
N-terminal Ala of PARP3 [poly(ADP-ribose) polymerase 3] is
heavily methylated; however, the function of this methylation is
not yet known (Dai et al., 2015).

N-terminal methyltransferases play important roles in
maintaining proper cell function. Loss of the N-terminal
methyltransferase NRMT1 disrupts the DNA damage repair
and promotes mammary oncogenesis (Bonsignore et al., 2015a).
The NRMT1 knockout (Nrmtl—/—) mice show high mortality
after birth, and the surviving minority of these mice exhibit a
variety of defects including decreased body size, female-specific
infertility, kyphosis, decreased mitochondrial function, and
early-onset liver degeneration (Bonsignore et al., 2015b).

Arginylation

Protein arginylation was originally discovered in 1963, when
it was found that ribosome-free extracts from cells and tissues
exhibit prominent incorporation of specific radioactive amino
acids (Kaji et al., 1963a,b). In eukaryotes, this catalytic reaction
transfers Arg from aminoacyl tRNA to the target protein
independently of the ribosome (Kashina, 2015). The enzyme
mediating this reaction was first cloned and characterized
in yeast, and termed arginyl transfer enzyme 1 (ATEIl), or
arginyltransferase (Balzi et al., 1990). To date, no stable binding
partners or cofactors modulating ATEl activity have been
characterized, with the exception of Liatl that was shown to
bind to ATE1 and stimulate its ability to N-terminally arginylate
a model substrate in vitro (Brower et al., 2014). The Atel
gene exists in nearly all eukaryotes [with the exception of two
protozoan species (Jiang et al., 2020)], and plants have an
additional gene, Ate2, which is believed to have arisen through
gene duplication and carries a redundant biological function
(Graciet and Wellmer, 2010; Domitrovic et al., 2017). The Atel
gene in human and mouse encodes four isoforms, generated
by alternative splicing (Rai and Kashina, 2005). Additional two
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isoforms, containing a tandem assembly of normally alternatively
spliced exons, have been reported in one study (Hu et al., 2006),
but the existence of these two isoforms has not been corroborated
in studies by other groups.

ATEI] preferentially targets the unacetylated acidic N-terminal
residues, including Asp and Glu (Wang et al., 2018), and has also
been found to target oxidized Cys (Hu et al., 2008; Sriram et al.,
2011). Targeting of unmodified Cys and other N-terminal amino
acid residues has also been reported (Wong et al., 2007), likely at
far lesser frequency than that of the “canonical” sites, and this
targeting was found to differ between different ATE1 isoforms
(Rai et al., 2006; Wang et al., 2019). While early studies did
not observe any apparent consensus sequence for arginylation,
recent high throughput analysis of arginylation using peptide
arrays and advanced prediction tools suggested the existence
of a consensus motif that may potentially be used to predict
arginylation sites in vivo (Wang et al., 2019). Furthermore, recent
studies uncovered the ability of ATE1 to arginylate the acidic side
chains of Asp and Glu located internally in the protein sequence,
expanding the role of this enzyme beyond the N-terminome
(Wang et al., 2018).

ATEl-mediated arginylation has been initially characterized
as part of the N-degron (N-end rule) pathway that relates
the protein’s half-life to the identity of the N-terminal amino
acid residue (Bachmair et al., 1986; Varshavsky, 2019). In this
pathway, the N-terminally arginylated proteins are recognized
by specific E3 ligases of the ubiquitin—proteasome system
(UPS), which then ubiquitinate a nearby Lys for the follow-up
degradation. However, many arginylated proteins do not contain
an accessible Lys for this targeting and thus remain metabolically
stable after arginylation. Moreover, global analysis of protein
arginylation targets suggest that regulation of protein stability
constitutes only a small subset of ATE1’s in vivo functions (Wong
et al.,, 2007). To date, only a few proteins regulated by ATE1-
dependent degradation have been uncovered, including members
of the RGS family (Lee et al, 2005), and Apetala2/Ethylene
Response Factors in plants (Gibbs et al., 2011; Licausi et al,
2011; Phukan et al,, 2017). At the same time, non-degradatory
targets of ATEI have also been reported, including calreticulin
(Carpio et al,, 2010), phosphoribosyl pyrophosphate synthase
(Zhang et al., 2015), and non-muscle B-actin (Karakozova et al.,
2006). B-actin is N-arginylated at the third residue from the
N-terminus, Asp3, after removal of the initiator Met and Asp2,
and this arginylation is believed to regulate its functions in
cytoskeleton maintenance and cell motility (Saha et al., 2010;
Pavlyk et al., 2018), however, these mechanisms have not yet been
fully characterized. Arginylated calreticulin is less susceptible
to proteasomal degradation compared to the non-arginylated
one (Goitea and Hallak, 2015), and its arginylation, following
retrotranslocation of calreticulin from the ER into the cytosol, has
been shown to increase apoptotic response (Comba et al., 2019).
Further studies are underway and will eventually unravel the full
complexity of the N-terminal arginylome.

Ubiquitination
N-terminal ubiquitination involves the addition of a
ubiquitin moiety to the free o-amino group of the first

residue of a protein. The N-terminal ubiquitin may serve
as a target for polyubiquitination, which is a well-known
degradation signal recognized by the 26S proteasome
complex. The addition of ubiquitin to the N-terminus of
a target protein requires the same enzymatic machinery
as ubiquitination of internal residues in the protein
sequence, including ubiquitin activating, conjugating, and
ligating enzymes.

N-terminal ubiquitination was first discovered by
Ciechanover’s lab (Breitschopf et al., 1998), which observed that
ubiquitin-dependent degradation of myogenic transcriptional
switch protein MyoD was not significantly affected by
substitution of all nine internal Lys residues, but was
abolished by chemical modification of the o-amino group
(Breitschopf et al., 1998). Direct evidence of N-terminal protein
ubiquitination was obtained later by mass spectrometry,
using tumor suppressor protein pl6INK4a and the human
papillomavirus oncoprotein-58 E7 (Ben-Saadon et al.,, 2004).
Recently, it was found that a-synuclein and a tau tetra-repeat
domain can be N-terminally ubiquitinated in vitro. This
ubiquitination affects aggregation properties, and was proposed
to enable targeting of the modified a-synuclein and a tau
tetra-repeat domain by the proteasome, suggesting a role of
N-terminal ubiquitination in the removal of amyloidogenic
proteins (Ye et al., 2020).

Until now, two enzymes in the ubiquitin pathway, Ube2w
and Huwel, are reported to have the ability for N-terminal
ubiquitination. Ube2w is an E2 ligase that conjugates ubiquitin to
the N-terminal residue of Ataxin-3 and tau protein. Comparison
of the active sites of Ube2w and classical E2s shows distinctive
features, which make the Ube2w better suited for a neutral
a-amino group rather than a positively charged Lys side
chain (Scaglione et al, 2013; Tatham et al, 2013). Huwel
is the ubiquitin E3 ligase responsible for MyoD N-terminal
ubiquitination. It was reported to play an important role in
the nervous system, including neural progenitor proliferation,
differentiation, cell migration, axon development, and inhibitory
neurotransmission (Giles and Grill, 2020). Loss of function of
Ube2w increases the susceptibility to early postnatal lethality
and defects in skin, immune, and Male reproductive systems
(Wang et al., 2016).

N-Degron

Earlier studies of protein degradation revealed that protein’s
N-terminus often determines the protein’s half-life, leading to
the discovery of the “N-end rule pathway” (Bachmair et al,
1986) (later termed N-degron pathway) that related ubiquitin-
dependent protein degradation to the identity of the N-terminal
residue [see, e.g., (Varshavsky, 2011; Eldeeb and Fahlman, 2016;
Winter et al., 2021) for an overview]. Since all proteins initially
contain a Met at the N-termini, generation of the N-degrons
requires additional processing that can include the action of
the Met-APs, discussed earlier in this review, or regulated
proteolysis that can expose a destabilizing N-terminal residue
(Rao et al., 2001; Piatkov et al., 2012, 2014). Additional pathways
can include N-terminal deamidation of Asn or Gln, followed
by their Atel-mediated arginylation (termed secondary and
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tertiary steps of the N-end rule pathway, see Varshavsky (2019)
for a recent review). In eukaryotes, N-terminal acetylation
can serve as a degradation signal (Shemorry et al, 2013;
Varshavsky, 2019), even though other studies propose that
the hydrophobicity of the N-terminus, rather than acetylation,
might serve a defining role in this mechanism (Eldeeb et al.,
2019). More recently, the scope of the N-degron pathway
was expanded from solely ubiquitin-proteasome degradation to
autophagy and lysosomal pathways (Cha-Molstad et al., 2015,
2017; Yoo et al., 2017, 2018; Shim et al., 2018; Ji et al., 2019;
Winter et al., 2021). Through all these processes, N-degrons are
believed to regulate protein quality control as an integral part
of key intracellular processes (Tasaki and Kwon, 2007; Gibbs
et al., 2016; Ji and Kwon, 2017; Kwon and Ciechanover, 2017;
Timms and Koren, 2020).

C-TERMINAL POST-TRANSLATIONAL
MODIFICATIONS

Amidation

Carboxy-terminal a-amidation—the addition of an amide group
to the end of the polypeptide chain—is an important post-
translational modification found widely in cells. The a-amide
group neutralizes the negatively charged C-termini, preventing
ionization of the C-terminus and improves receptor binding
ability of proteins and peptides (Cui et al., 2013; Marino et al.,
2015). The most representative a-amidated peptides are found
in the nervous and endocrine systems, including neurokinin A,
calcitonin, and amylin (Kim and Seong, 2001).

The o-amidation reaction is catalyzed by peptidylglycine
a-amidating monooxygenase (PAM), a bifunctional enzyme
composed of peptidylglycine-a-hydroxylating monooxygenase
(PHM: E.C. 1.14.17.3) and peptidyl-a-hydroxyglycine-
a-amidating lyase (PAL: E.C. 4.3.2.5) domains. The first step
of amidation is catalyzed by PHM, a dicopper and ascorbate-
dependent monooxygenase, which hydroxylates peptidylglycine
generated from precursor proteins by sequential endo- and
exoproteolysis. The hydroxylated product of this reaction,
peptidyl-a-hydroxyglycine, is N-oxidatively cleaved by PAL, a
zinc-bounded lyase (Chufan et al., 2009). X-ray structure analysis
of PHM catalytic core (Prigge et al., 1997) revealed that this
core is organized into N- and C-terminal domains of about 150
residues connected by a linker peptide. Each domain contains
nine p strands and binds one copper ion (Cups and Cup). Crystal
structure shows that PAL folds as a six-bladed B-propeller. The
active site is composed of a Zn(II) ion, coordinated by three
histidine residues; the substrate binds to the active site through its
a-hydroxyl group linked to the Zn(II) ion (Chufan et al., 2009).

Over half of all biologically active peptides and peptide
hormones are C-terminally a-amidated, which is essential for
their full biological activities (Kim and Seong, 2001). In most
cases, this structural feature is essential for receptor recognition,
signal transduction, and ligand binding. Mutation of the PAM
gene leads to larval lethality in Drosophila and embryonic
lethality in mice (Kolhekar et al., 1997; Czyzyk et al., 2005).

Glycosylation

Glycosylation involves addition of carbohydrate moieties to
proteins in vivo. Protein glycosylation plays an important overall
role in protein maturation and sorting, affecting a wide variety of
normal and pathological functions [e.g., (Varki, 2017; Reily et al.,
2019) for recent reviews]. Protein glycosylation is a complicated
multistep process that can target different chemical groups in
proteins by addition of different sugar moieties (glycans) and
utilizes around 200 glycosyltransferases (GTs) with different
specificities. Common types of glycosylation include N-linked
glycosylation, O-linked glycosylation, addition of phosphorylated
glycans and glycosaminoglycans to different amino acid residues
in protein midchain sites, as well as C-terminal addition of
glycosylphosphatidylinositol (GPI).

One well-described example of C-terminal glycosylation
involves addition of GPI to serve as a lipid anchor for protein
binding to the cell surface. GPI is conjugated to the protein
C-terminus via an amide bond between the carboxyl group and
an amino group of the terminal ethanolamine phosphate. This is
a multi-step process, in which the core GPI is assembled on the
endoplasmic reticulum (ER) membrane and then transferred to
the precursor proteins immediately after their ER translocation.
Following this, the nascent GPI-linked protein undergoes several
modification steps, including addition of side glycans in the ER
and the Golgi apparatus (Homans et al., 1988; Kinoshita, 2020).
The final products are transported to the plasma membrane.

In humans, at least 150 GPI-anchored proteins have been
identified, and these proteins play a variety of different roles
in cells, serving as receptors, adhesion molecules, enzymes,
transporters, and protease inhibitors (Kinoshita, 2016). Complete
loss or severe reduction in GPI biosynthesis lead to early
embryonic lethality in mice (Alfieri et al., 2003; Reily et al,
2019). Inherited GPI deficiency causes neurological problems,
including seizures, developmental delay/intellectual disability,
cerebral atrophy and hypotonia (Knaus et al., 2018; Bellai-
Dussault et al., 2019).

Another type of C-terminal glycosylation involves perforin,
a pore-forming cytolytic protein found in the granules of
cytotoxic T lymphocytes and natural killer cells. Perforin forms
transmembrane pores on the target cell membrane, which allow
for the passive diffusion of granzymes into the target cell and lead
to cell apoptosis (Podack et al., 1985; Stinchcombe et al., 2006).
N-linked glycosylation of the perforin’s C-terminal Asn549 plays
a vital role in protecting cytotoxic lymphocytes from perforin
cytotoxicity by preventing perforin pores formation prior to
granule exocytosis (House et al., 2017).

Lipidation

Protein C-terminal lipidation, also called prenylation, refers to
the addition of multiple isoprene units to cysteine residues
close to the C-termini of proteins. For an estimation, about
2% of the total proteins in mammalian cells are prenylated
(Epstein et al, 1991; Jiang et al, 2018). Two types of
lipid groups, farnesyl and geranylgeranyl, target the cysteine
at the C-termini of protein with conserved motifs CaaX
CC and CXC (C = cysteine, a = an aliphatic amino
acid, X = any amino acid). The majority of prenylated
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proteins undergo geranylgeranylation (Epstein et al., 1991). This
modification is thought to be irreversible, as no enzymes have
been found to be responsible for de-prenylation of intact
proteins. However, studies revealed that a prenylcysteine lyase
exists in lysosomes and is responsible for thioether bond
of prenylcysteines cleavage during degradation of prenylated
proteins (Tschantz et al., 1999, 2001).

There are three members of prenyltransferase (PT) family
in eukaryotes, including farnesyl transferase, geranylgeranyl
transferase, and Rab geranylgeranyl transferase. Farnesyl
transferase (FT) catalyzes 15-carbon farnesyl group transfer to
target protein; geranylgeranyl transferase (GGT) is responsible
for transfer of 20-carbon geranylgeranyl group. After these
two transferases target Cys within the C-terminal CaaX
motif, the C-terminal aaX is further processed through
endoplasmic reticulum (ER) protease cleavage, followed by
carboxylmethylation on prenylated cysteine residue in the ER
(Boyartchuk et al., 1997; Dai et al., 1998). The Rab geranylgeranyl
transferase (RGGT) recognizes Rab protein CC or CXC motifs
and transfers geranylgeranyl groups on the C-terminal double
cysteine (Jiang et al., 2018). Crystal structures analyses of GGT
and FT revealed that the active sites of these two enzymes are
composed of conserved aromatic residues that bind hydrophobic
isoprene units, located in the f subunits. Zn(II) ions are required
for their enzymatic activity (Park et al., 1997; Taylor et al., 2003).

Prenylation modulates protein membrane localization
and protein-protein interaction. Defects in isoprene units
biosynthesis or regulation can lead to cancer, cardiovascular
and metabolic diseases, and neurodegenerative disorders (Xu
et al,, 2015). For example, lamin B requires farnesylation to
assemble into the lamina for its association with the nuclear
membrane during mitosis (Sinensky, 2011). Defects in lamin
B1 prenylation can lead to abnormal brain development, and
non-farnesylated form of lamin Bl causes mouse death soon
after birth (Mical and Monteiro, 1998; Jung et al., 2013).

Methylation

C-terminal methylation is an important branch of protein
methylation, involving the enzymatic transfer of methyl groups
from S-adenosylmethionine (SAM) to proteins. C-terminal
methylation targets several amino acid residues, including Leu,
prenylated Cys, and abnormal aspartyl and isoaspartyl residues
on age-damaged proteins [see (Grillo and Colombatto, 2005) for
a comprehensive overview].

One well-studied case is leucine methylation of mammalian
protein phosphatase 2A (PP2A), which is involved in
carbohydrate, amino acid, and lipid metabolism, and cell
cycle control. PP2A is a dimeric core enzyme, composed of
a structural A and catalytic C subunits, and a regulatory B
subunit. The catalytic C subunit is methylated by leucine
carboxylmethyltransferase-1 (LCMT-1). This is a reversible
process, and the removal of the C-terminal methyl group is
catalyzed by protein phosphatase methylesterase 1 (PME1)
(Lee and Stock, 1993; Xie and Clarke, 1994; Ogris et al,
1999; Wandzioch et al., 2014). A crystal structure of human
LCMT-1 shows that it contains a canonical SAM-dependent
methyltransferase (MT) domain and a unique lid domain

composed of a helices. The lid domain forms a deep active-site
pocket that presumably binds to the carboxyl terminus of the
PP2A tail (Stanevich et al, 2011). Interestingly, the extensive
contacts between PP2A active site and LCMT-1 are essential
for methylation of the PP2A tail. This mechanism suggests that
efficient conversion of activated PP2A into substrate-specific
holoenzyme minimizes unregulated phosphatase activity or
formation of inactive holoenzymes (Stanevich et al., 2011).
The active form of PP2A is critical for dephosphorylation
of tau protein, which plays a crucial role in maintaining
microtubule stability (Barbier et al., 2019). Deficiency of
methylation on the catalytic subunit of PP2A has been
associated with tau hyperphosphorylation, which leads to
its aggregation into neurofibrillary tangles that correlate with
the severity of phospho-tau pathology in Alzheimer’s disease
(Sontag et al., 2004).

The prenylated Cys of CaaX motif undergoes methylation
after the cleavage of the aaX tripeptide (Grillo and
Colombatto, 2005). Methylation of prenylated Cys increases
the hydrophobicity of the prenyl membrane anchor, mediating
its membrane association. Evidence showed that methylation
plays a very important role in localizing prenylated proteins
to the membrane (Michaelson et al., 2005). Prenylcysteine
methylation also enhances protein-protein interactions such as
interactions between lamin B and the nuclear envelope associated
proteins, as well as K-Ras association with microtubules, and
Rho GTPases binding to RhoGDI (Chen et al., 2000; Maske
et al, 2003; Cushman and Casey, 2009). Cys methylation
is catalyzed by isoprenylcysteine carboxyl methyltransferase
(ICMT), an ER membrane-associated methyltransferase. The
first crystal structure of a eukaryotic ICMT was solved in
2018, using ICMT from beetle Tribolium castaneum (Diver
et al., 2018). X-ray structure shows that ICMT contains eight
transmembrane a-helices (M1-M8), and that almost the entire
structure resides within the ER membrane. The active site is
located mostly within the cytosolic leaflet of the membrane,
and is contained between the M4 region and the C terminus
(Diver et al., 2018). Two arginine residues Argl73 (on M6) and
Arg246 (on M8) coordinate and position the carboxylate of the
prenylcysteine substrate for catalysis, and also provide specificity
for the carboxylate. Defects of methylation on prenylated
cysteines affect a variety of biological processes; ICMT catalyzes
methylation on terminal isoprenylcysteine of lamin A to ensure
its incorporation into the nuclear envelope (Casasola et al.,
2016). Inhibition of the ICMT activity results in unmethylated
Ras and B-Raf, a signaling component downstream of Ras,
which disrupts the transformation of cells (Bergo et al., 2004).
Disruption of the methylation of Rho proteins severely impairs
both random and directed cell migration (Cushman and Casey,
2011). A recent study showed that deficiency of isoprenylcysteine
ICMT leads to progressive loss of photoreceptor function in mice
(Christiansen et al., 2016).

Tyrosination

Tyrosination, addition of Tyr to a protein, has been identified
exclusively on tubulin, the main structural constituent of the
microtubules. The microtubule lattice is formed by evolutionarily
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conserved a-and B-tubulin dimers, which can be modified by a
broad range of functional groups. Enzymatic detyrosination and
subsequent tyrosination of tubulin is a cyclic process that plays
very important roles in modulating microtubule functions in
mitosis, neuronal differentiation, and cardiomyocyte contraction
(Aillaud et al., 2017; Nieuwenhuis and Brummelkamp, 2019)
and likely affects other microtubule functions. This cyclic event
happens solely on a-tubulin. Most of the a-tubulin isoforms
encode a C-terminal tyrosine, except for TUBAS that ends with
phenylalanine, and TUBA4A that contains a terminus resembling
detyrosinated a-tubulin (Gadadhar et al., 2017).

The detyrosination/tyrosination cycle of tubulin was
discovered more than 40 years ago, following an observation
that rat brain homogenate has the capacity to incorporate
tyrosine into a-tubulin in a translation-independent manner
(Arce et al,, 1975). The enzyme responsible for this a-tubulin-
specific incorporation was shortly thereafter purified and
designated tubulin tyrosine ligase (TTL). While the first TTL was
discovered in 1970s (Arce et al., 1975), the enzyme responsible
for detyrosination was not identified until 2017, when two groups
independently found that vasohibins/small vasohibin binding
protein complex (VASHs/SVBP) possess the ability to remove
tyrosine at the C-terminus (Arce et al., 1975; Aillaud et al., 2017;
Nieuwenhuis and Brummelkamp, 2019). Biochemical studies
revealed that TTL exclusively modifies unpolymerized tubulin,
however, VASHs/SVBP preferentially catalyze the detyrosination
step on microtubules.

TTL includes three structurally distinct domains: N-terminal
(residues 1-71), central (residues 72-188) and C-terminal
(residues 189-377); the enzyme’s active site is located in the
C-terminal domain (Szyk et al, 2011). TTL binds to the
heterodimer interface of tubulin and interacts with the major
part of a-tubulin, recognizing the conformation specific to non-
polymerized tubulin and absent from the microtubules (Szyk
et al,, 2011; Prota et al., 2013). VASHs recognize a-tubulin tail
through its transglutaminase- like cysteine protease domain,
which contains helical N- and C-lobes with the active site
located at the interface between these two lobes. VASHs form
complexes with SVBP, which stabilizes the active site of VASH
(Li et al, 2019). Its specificity toward C-terminal tyrosine is
determined by a serine residue (S221 in VASHI1 and S210 in
VASH2) and an adjacent arginine (R222 in VASHI and R211
in VASH2), however, the preference of VASH1 and VASH2
toward microtubules is yet to be determined (Li et al., 2019). It
is possible that this enzyme also acts on other Tyr-containing
protein substrates.

The detyrosination/tyrosination cycle affects the binding of
microtubule-associated proteins (MAPs) and the microtubule
motors, kinesins, modulating their processivity (Nieuwenhuis
and Brummelkamp, 2019). Through these effects, enzymes
involved in detyrosination/tyrosination mediate microtubule-
dependent biological processes in vivo. Mice lacking TTL die
perinatally, with poorly developed neuronal networks, even
though microtubule distribution is not grossly affected in TTL-
deficient cells (Erck et al, 2005). In mice hemizygous for
TTL (TTL+), reduced TTL expression, leads to a significant
change in the detyrosinated/tyrosinated tubulin ratio, resulting

in deficiencies in synaptic plasticity and memory; moreover,
a reduced TTL level is characteristic for Alzheimers Disease
(Peris et al., 2021). Defects in tubulin detyrosination cause
structural brain abnormalities and cognitive impairments in
mice, and these effects are recapitulated in human patients with
familial mutations in detyrosination enzymes (Pagnamenta et al.,
2019). Tubulin tyrosination-detyrosination cycle is required
for stabilizing of kinesin-mediated microtubule-kinetochore
attachment to promote mitotic error corrections (Ferreira et al.,
2020). Inhibition of tubulin detyrosination by using parthenolide
disrupts microtubule anchoring at the Z disks of the sarcomeres,
leading to reduced stiftness of the cardiomyocytes (Robison et al.,
2016). It has been found that Phe can incorporate into the tubulin
C-terminus in place of Tyr that can also serve as a site for
dopamine binding (Ditamo et al., 2016; Dentesano et al., 2018).
Blocking the tubulin C-terminus to prevent these modifications
interferes with the microtubule-dependent transport in neurons
(Zorgniotti et al., 2021).

C-Degrons

Protein termini can determine metabolic stability of proteins and
mediate protein degradation (Varshavsky, 2019). The terminal
degradation signals are called degrons. N-degrons, created by
proteolytic cleavage or enzymatic modifications of the N-termini
to facilitate these proteins’ turnover, have been known for a
long time [e.g., (Hwang et al, 2010; Piatkov et al., 2014) for
an overview]. Recently, it was discovered that stereo-chemically
unique C-terminal polypeptides can serve as degradation signals,
prompting the term “C-degron” (Lin et al., 2015, 2018). Such
C-degrons are grouped into three different groups, including
full length proteins, C-termini generated by cleavage, and
prematurely terminated products (Lin et al., 2018; Varshavsky,
2019). A detailed characterization of C-degrons and related
functional pathways are yet to determined (Yeh et al, 2021).
It appears likely that other intracellular mechanisms could
contribute to this pathway. For example, as the N-terminal
arginylation can occasionally act as an N-degron; similarly,
C-terminal modifications could be potential contributors to the
C-degron pathway.

CONCLUSION

With the development and application of mass spectrometry
technology, more and more new post-translational protein
modifications are being identified and emerge as previously
unknown regulatory mechanisms. Modifications at both N-
and C-termini of proteins make an important contribution
to proteomic diversity and complexity in post-translational
modifications. N- and C-terminomes play a vital role in global
biological pathways including protein regulation, cytoskeleton
function, cellular signaling, embryogenesis, and cell viability.
Often, modifications of the protein termini have different
effects on their in vivo targets. For example, N-terminal
arginylation affects not only the half-life of proteins through the
ubiquitin mediated degradation but also the B-actin cytoskeleton
which influences the cell motility (Karakozova etal., 2006;
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Sriram et al., 2011). C-terminal lipidation influences protein
membrane localization and protein-protein interactions,
and its dysfunction can lead to various diseases, such
as cancer, cardiovascular diseases, neurodegeneration, and
metabolic disorders (Xu et al., 2015). Collectively, investigation
of the terminal post-translational modifications broadens
our knowledge on protein terminome. Dysfunction and
dysregulation of terminal modification enzymes lead to human
diseases including cancer and neurodegenerative disorders,
attracting great attention and efforts to this field.

Since terminal modifications often target the same reactive
groups on different proteins, they likely exist in vivo in a complex
interplay, in which choices between different modification can
drive the metabolic fate and functions of specific proteins.
Such interplay further adds to the post-translationally generated
complexity of the proteome, and is virtually unexplored. We are
aware of only a few examples of such interplay—e.g., actin, which
is normally ~98% N-terminally acetylated, has been discovered
to also undergo arginylation at nearly the same site (Karakozova
et al., 2006). Structural predictions suggest that arginylation
and acetylation at the actin’s N-terminus are mutually exclusive
(Rebowski et al., 2020). Indeed, direct and indirect evidence
suggest that these two modifications exist in a potentially
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CD8* T cell effector and memory differentiation is tightly controlled at multiple levels
including transcriptional, metabolic, and epigenetic regulation. Sirtuin 5 (SIRT5) is a protein
deacetylase mainly located at mitochondria, but it remains unclear whether SIRTS plays
key roles in regulating CD8" T cell effector or memory formation. Herein, with adoptive
transfer of Sirt5** or Sit57~ OT-1 cells and acute Listeria monocytogenes infection
model, we demonstrate that SIRT5 deficiency does not affect CD8* T cell effector function
and that SIRT5 is not required for CD8" T cell memory formation. Moreover, the recall
response of SIRT5 deficient memory CD8" T cells is comparable with Sirt5*”* memory
CD8* T cells. Together, these observations suggest that SIRT5 is dispensable for the
effector function and memory differentiation of CD8" T cells.

Keywords: sirtuin 5 (SIRT5), CD8 T cell, memory T cell, infecion, effector T cell

INTRODUCTION

CD8" T cells are the main immune effector cells, protecting host against viral/bacterial infection and
tumor development. Upon antigen stimulation, naive CD8" T cells undergo extensive proliferation
and acquisition of effector functions, which is followed by memory T cell formation. In response to
acute infection, the memory formation of CD8" T cells consists of the expansion phase, contraction
phase, and memory formation and maintenance phase (Williams and Bevan, 2007). The activation of
naive CD8" T cells is marked with the upregulation of multiple surface markers including CD25,
CD44, CD69, and CD98 and downregulation of CD62L. Meanwhile, T cell activation process is
accompanied by striking metabolic switch from oxidative phosphorylation to aerobic glycolysis, and
glycolytic metabolism is the key required for acquisition of CD8" T cell effector functions (Chang
et al,, 2013). Central memory CD8" T cells (Tcm) display high level expression of CD62L, allowing
their homing to lymph node (LN). Importantly, Tcm cells exhibit substantial mitochondrial spare
respiratory capacity (SRC) and fatty acid oxidation (FAO), which allows to sustain their long-term
survival and metabolically prepared for secondary expansion (Zhang and Romero, 2018). Indeed,
accumulating evidence suggests that T cell activation and differentiation are coupled to metabolic
reprogramming, and alterations of metabolic activity can determine the CD8" T cell fate (Zhang and
Romero, 2018).

The sirtuins possess NAD"-dependent protein deacetylase activity and contain seven members in
mammalian cells with different subcellular localization and functions, the SIRT1~SIRT?7
(Houtkooper et al,, 2012; Song et al., 2018). SIRT1, SIRT6, and SIRT7 are mainly located in the
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nucleus and SIRT3-5 in the mitochondria, whereas SIRT2 is
predominantly located in the cytoplasm. Sirtuins have been shown
to play important roles in regulating diverse key biological processes,
including gluconeogenesis, glycolysis, the tricarboxylic acid (TCA)
cycle, and lipid metabolism (Houtkooper et al,, 2012). Yet, emerging
studies demonstrated that sirtuin members were involved in diverse
stages of immune response, and more detailed roles of sirtuins are
currently under investigation. For instance, SIRT2 inhibits T cell
metabolism by targeting multiple key enzymes, such as hexokinase,
ATP-dependent 6-phosphofructokinase, aldolase, glyceraldehyde-3-
phosphate  dehydrogenase (GAPDH), enolase, 2-oxoglutarate
dehydrogenase, and succinate dehydrogenase, through its
deacetylase activity (Hamaidi et al, 2020). Of note, SIRT2
deficiency in T cells increases both glycolysis and oxidative
phosphorylation to enhance their proliferation and anti-tumor
effector functions. Moreover, SIRT1 regulates glycolytic activity in
innate immune cells by cooperating with hypoxia-inducible
factor-1a (HIFla) to impact their functional differentiation (Yu
et al, 2018). In addition, SIRT1 programs the differentiation of CD4"
T cells by driving the production of cytokine interleukin-12 (IL-12)
and transforming growth factor-fB1 in dendritic cell through a
HIFla-dependent signaling pathway (Liu et al,, 2015). Therefore,
sirtuins are likely novel therapeutic targets against tumor or other
diseases via modulating metabolism or epigenetic activity.

Sirtuin 5 (SIRT5) is a unique member amongst the seven
sirtuins, because it not only has deacetylase activity but also
possesses  stronger  demalonylase,  desuccinylase, and
deglutarylase functions (Du et al, 2011; Tan et al, 2014;
Wang et al, 2017; Kumar and Lombard, 2018). So far,
thousands of potential substrates of SIRT5 have been
identified via proteomic analysis including various critical
metabolic enzymes involved in ketogenesis (Rardin et al,
2013), amino acid degradation, TCA cycle, fatty acid
metabolism (Park et al., 2013), and glycolysis (Nishida et al.,
2015). SIRT5 has been well recognized as a regulator of various
metabolic processes, which was involved in multiple diseases such
as DSS-induced colitis and hypertrophic cardiomyopathy (Rardin
et al., 2013; Nishida et al., 2015; Sadhukhan et al., 2016; Kumar
and Lombard, 2018). Previous studies indicated that the
modulation of cellular metabolism plays a key role in dictating
immune cell development and function (Norata et al., 2015). For
instance, Wang et al. (2017) have revealed that SIRT5 reprograms
the metabolism process of macrophage to repress the pro-
inflammatory response by activating the PKM2 kinase activity
and block macrophage IL-1f production. In addition, Jeng et al.
(2018) reported that the metabolic reprogramming of resting
memory CD8" T cell is closely correlated with the loss of SIRT1.
Given that SIRT5 is an important metabolic or epigenetic
regulator, a better understanding of its roles in regulating
CD8" T cell immune response is needed.

Herein, our present study aimed to explore the effects of SIRT5 on
the effector function and memory differentiation of CD8" T cells with
OT-1 TCR transgenic mice and acute Listeria ronocytogenes infection
model. To our surprise, we did not observe significant phenotypic
changes regarding the activation, differentiation, and effector function
of CD8" T cells in the absence of SIRTS5. Furthermore, SIRT5
deficiency did not affect the recall of memory CD8" T cells.

Roles of SIRT5 in T cells

Together, although SIRT5 affected the mitochondrial function to
some extent, it is dispensable for differentiation and function of
CD8" T cells.

METHODS

Animal

Female C57BL/6N mice (6-8 weeks old, WT) were purchased
from Vital River Co., Ltd. (Beijing, China). B6;129-Sirt5™F"?/J
(Sirt57"") mice were kindly provided by Prof. Hongxiu Yu and
were described by Wang et al. (2017). CD45.1" OT-1 TCR
transgenic mice on a C57BL/6 background were housed under
specific pathogen-free conditions in the animal facility of Suzhou
Institute of Systems Medicine (Suzhou, China). CD45.2" Sirt5~/~
mouse was crossed with CD45.1" OT-1 mouse to obtain CD45.1/
2" Sirt5*'~ OT-1and CD45.1/2* Sirt5"' offspring mice, and then,
the CD45.1/2" Sirt5*'~ OT-1 mouse was crossed with CD45.1/2"
Sirt5"~ mouse to produce CD45.1" Sirt5"* OT-1, CD45.1/2"
Sirt5"* OT-1, CD45.1" Sirt5~~ OT-1, CD45.1/2* Sirt5™'~ OT-1,
and other genotype offspring mice. Listeria infection experiments
were performed in Animal Biosafety Level-2 laboratories.

CD8" T Cell Activation and in vitro Culture

CD8" T cells were sorted from the spleens of Sirt5"* OT-1 mice
and Sirt5”"~ OT-1 mice by the Mouse CD8" Naive T Cell Isolation
Kit (BioLegend, no. 480044). CD8" T cells (2 x 10°%) were plated
into each well of 24-well plate in 2-ml medium, which was
precoated with aCD3 (Invitrogen, no. 16-0031-86) and aCD28
(Invitrogen, no. 16-0281-86) antibody. IL-2 (PeproTech, no. 200-
02) was added into the culture medium, and the final
concentration was 10ng/ml. The activation phenotype of
CD8" T cells was assessed at the time points of 6 h, 24 h,
72h, and 6 days after activation. On third day, dead cells were
removed by Ficoll-Paque (GE Healthcare, no. 17-1440-03), and
the restlive CD8" T cells were continually cultured in the medium
containing IL-2 (10 ng/ml) and IL-7 (10 ng/ml) (PeproTech, no.
200-07). On the sixth day, CD8" T cells were collected to measure
the cytokine secretion ability by restimulation with N4 peptide.

Quantitative Polymerase Chain Reaction
Quantitative PCR analysis was performed according to a
previously described method (Duan et al, 2019). B-actin was
used as the internal reference. Four technical replicates were
performed. The following primers were used: SIRT5 forward
primer: 5- GTCATCACCCAGAACATCGA-3, SIRT5 reversed
primer: 5- ACGTGAGGTCGCAGCAAGCC-3 (Ogura et al,
2010), and P-actin forward primer: 5-GGGCTATGCTCTCCC
TCAC-3, B-actin reversed primer: 5-GATGTCACGCACGAT
TTCC-3 (Cheeran et al., 2007).

Adoptive Naive T Cell Transfer and Bacterial
Infection

Sirt5** and Sirt5'~ naive OT-1 cells were sorted using the Mouse
CD8" Naive T Cell Isolation Kit (BioLegend, no. 480044). CD45.1 and
CD452 are allelic variants of CD45 expressed in all leukocytes
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FIGURE 1| SIRT5 deficiency has no evident impacts on CD8" T cell activation in vitro. (A) SIRT5 protein expression in purified effector or memory CD8* T cells and
peritoneal macrophages (PM). The activated CD8" T cells were further induced by IL-2/7 or IL-7/15 for another 4 days, to induce the effector and memory fate, and the
phenotypes were confirmed by flow cytometry analysis. PMs were obtained from mice which were injected ip with 2 ml of sodium thioglycollate 3 days before. The
adherent macrophages were thus stimulated with LPS for 12 h. (B) Quantification of Western blot images for SIRT5 from five biological replicates. Mean + SD (n =
5), Student’s t-test, *: p < 0.05; **: p < 0.01; **: p < 0.001; ns, not significant. (C) Western blot analysis of SIRT5 expression in CD8* T cells from Sirt5*/+ and Sirt5~~ OT-1
mice. (D) Surface activation marker expression of Sirt5** and Sirt5~~ OT-1 cells at the time points of 6 and 72 h assessed by flow cytometry. (E) Representative
histograms of MTG and TMRE of Sint5™* and Sirt5™~ OT-1 cells on the sixth day after activation. (F) Statistical analysis of mean fluorescence intensity (MFl) of MTG and
TMRE. Mean + SD (n = 12), Student’s t-test, **: p < 0.001.

including CD8" T cell and can be efficiently distinguished by flow
cytometry. In the adoptive naive T cell transfer experiments, CD45.1
and CD45.2 were used to be as congenic marker to distinguish donor
CD8" T cells and host CD8" T cells. The recipients were all CD45.2*
mice, and the transferred naive CD8" T cells were CD45.1" or
CD45.1/2" OT-1 cells. For separate transfer of Sirt5*"* and Sirt5”~
naive OT-1 cells, 5 x 10* cells were transferred into naive host
intravenously (iv.), separately. For co-transfer of Sirt5"* and
Sirt5” naive OT-1 cells, a total of 1 x 10° cells was transferred
i.v,, as the amount of Sirt5** and Sirt5”~ naive OT-1 cells were both
5 x 10% Each mouse was injected iv. 2,000 CFU Listeria
monocytogenes stably expressing ovalbumin (LM-OVA) at primary
infection. Co-transferred mice were used for recall experiments and
were injected i.v. 1 x 10* CFU LM-OVA on the 40th day at secondary
infection.

Flow Cytometry (Surface and Intracellular
Staining)

Single-cell suspensions obtained from the blood, spleen, and
lymphocyte node were used for flow cytometry analysis. For cell

surface staining, cells were first performed by viability staining with
Fixable Viability Dye eFluor 506 (eBioscience, no. 65-0866-18) for
20 min on ice. Then, the cells were surface stained for 25 min on ice:
anti-CD8 (Brilliant Violet 711, BioLegend, no. 100748), anti-CD25
(PB, 102022, no. 100748), anti-CD44 (APC-Cy7, BioLegend, no.
103028), anti-CD69 (FITC, BioLegend, no. 104506), anti-CD98
(Alexa Fluor 647, BioLegend, no. 128210), anti-CD62L (PE or
APC, BioLegend, no. 104408 or 104412), anti-CD45.1 (FITC or
Percp/Cy5.5, BioLegend, no. 110706 or 110728), anti-CD45.2 (Pacific
Blue, BioLegend, no. 109820), anti-KLRG1 (PE-Cy7, Invitrogen, no.
25-5893-82), and anti-CD127 (PE, BioLegend, no. 135010). For
intracellular cytokine staining, cells were first fixed with Fixation
Buffer (BioLegend, n0.420801) for 20 min on ice and permeabilized
with Permeabilization Buffer (BioLegend, n0.421002). Then, cells
were stained with anti-IL-2 (PE, BioLegend, no. 503808), anti-tumor
necrosis factor-a (TNFa) (FITC, BioLegend, no. 506306), and
anti-interferon-y (IFNy) (APC, BioLegend, no. 505810) for
25min on ice. For intracellular transcription factor staining, cells
were first fixed with eBioscience Foxp3/Transcription Factor Staining
Buffer (Invitrogen, no.00-5223-56 and 00-5123-43), permeabilized
with Permeabilization Buffer (Invitrogen, no.00-8333-56), and then
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FIGURE 2 | SIRT5 deficiency does not affect the cytokine secretion in vitro restimulation. (A,B) Representative dot plots of IL-2, TNFa, and IFNy expression levels
by flow cytometry on the sixth day after activation. (C) Statistical analysis of OT-1 cell ratio of cytokine experiment. Mean + SD (n = 12), Student’s t-test.

were stained with anti-Tcf] (Alexa Fluor 647, BioLegend, no. 655204)  suspensions were seeded into 96-well plate. The cells were pre-
and anti-T-bet (PE-Cy7, BioLegend, no. 644824). The stained cell ~ stimulated with 1uM SIINFEKL (N4) peptide (synthetized by
samples were resuspended in FACS buffer (phosphate-buffered saline ~ China Abcepta Biotech Ltd., Co.) for 30 min. Then, cells were
containing 2% fetal bovine serum) and loaded in an LSR Fortessa  restimulated for another 4h, and meanwhile, the medium was
flow cytometer (Becton Dickinson, San Jose, CA). The FCA data were added eBioscience Brefeldin A (Invitrogen, no. 00-4506-51) and

analyzed by Flow]Jo software. eBioscience Monensin Solution (Invitrogen, no. 00-4505-51).

. . . Western Blot Analysis
Mitochondrial Potential Measurement by Western blot analysis was performed according to a previously
Flow Cytometry described method (Duan et al., 2019). Total protein lysates were

Mitochondrial mass and activity were assessed by MitoTracker green ~ generated by lysing the purified CD8" T cells from Sirt5** and
(MTG) (Invitrogen, no. M7514) and tetramethylrhodamine ethyl ~ Sirt5~'~ OT-1 mice in RIPA buffer containing 50 mM Tris-HCI,
ester (TMRE) (Invitrogen, no. T669) staining, respectively. In brief, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1 mM EDTA,
cells were stained with MTG and TMRE at 37°C in dark for 30 min, ~ protease inhibitor cocktail tablet (Roche, no. 11697498001).
which was followed by incubation with Fixable Viability Dye eFluor ~ The SIRT5 antibody was purchased from Cell Signaling
506 for 20 min and subsequent cell surface staining. Finally, cells were ~ Technology (no. 8782S), and P-actin was from ABclonal
resuspended in FACS buffer for further analysis. Technology (no. AC026).

In vitro Restimulation Statistical Analysis

Single-cell suspensions obtained from the blood, spleen, and  Statistical analysis was performed with GraphPad Prism software.
lymphocyte node were used for restimulation in vitro to measure ~ The comparison of two groups was done by two-tailed Student’s
cytokine secretion ability. At indicated time points, single-cell ~ f-test. Data are presented as the mean + SD. Difference was
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FIGURE 3 | The effect of SIRT5 on the expansion and early memory formation of CD8* T cells against acute infection. (A) Schematic representation of LM-OVA
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(LNs) are obtained from the transferred mice at the indicated time points marked by red arrow. (B) Kinetics of the separately transferred OT-1 cells in the blood after
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6), Student’s t-test. (F,G) Kinetics of the co-transferred OT-1 cells in the blood after primary infection. Mean + SD (n = 6), Student’s t-test, *: p < 0.05.
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considered statistically significant when p < 0.05 (*p < 0.05; **p <

0.01; ***p < 0.001).

RESULTS
SIRT5 Deficiency Does Not Impact the

Activation and Functionality of CD8" T Cells
First, we compared the expression pattern of SIRT5 at both mRNA
and protein levels in different CD8" T cell subtypes including naive,
effector, and memory CD8" T cells and other cell types such as

macrophages, where SIRT5 has been reported to play important roles
(Wang et al, 2017) (Figures 1A,B; Supplementary Figure S1A).
Results showed that SIRT5 protein levels were downregulated in the
effector CD8" T cells (cultured with IL-2/7) and CD8" T cells with
memory phenotype (cultured with IL-7/15) (Zoon, et al., 2017). In
particular, we demonstrated that the mRNA expression of SIRT5 was
also decreased in purified antigen-specific memory CD8" T cells after
bacterial infection (Supplementary Figure S1A), indicating the
potential roles of SIRT5 in regulating CD8" T cell effector and
memory differentiation. Of note, the mRNA expression of SIRT5
was relatively lower in CD8" T cells as compared to peritoneal
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FIGURE 4 | SIRT5 does not affect the differentiation of CD8" T cells against the primary infection. (A—C) Percentage in the blood (day 7), spleen (day 34), and LNs
(day 34) of the KLRG1*CD127~, KLRG1°CD127*, and CD62L*CD44™ populations at different time points after primary infection. (D-F) Corresponding population
statistical diagram. Mean + SD (n = 9), Student’s t-test, *: p < 0.05.

macrophages. To characterize the precise role of SIRT5 in CD8"
T cells, Sirt5~'~ mice were crossed with OT-1 TCR transgenic mice on
a C57BL/6 background to generate Sirt5~~ OT-1 mice. With western
blot analysis, we confirmed that SIRT5 was successfully knocked out
in OT-1 mice (Figure 1C). The effects of SIRT5 on the activation
phenotype of CD8" T cells was assessed by measuring the surface
marker expression at different time points. Flow cytometry analysis
demonstrated that SIRT5 deficiency did not affect the expression
pattern of CD25, CD44, CD69, CD98, and CD62L significantly
(Figure 1D; Supplementary Figure S1B). In addition, we assessed
the cytokine secretion ability of Sirt5"* and Sirt5~ OT-1 cells by
in vitro restimulation but did not observe significant difference
between Sirt5"* and Sirt5”~ OT-1 cells (Figures 2A—-C), which
indicates that SIRT5 deficiency may not affect the CD8" T effector
function. As SIRT5 is mainly located in the mitochondria, it is unclear
whether SIRTS5 affects the mitochondrial mass and function of CD8"
T cells. Thus, we measured the mitochondrial mass with MTG
staining and mitochondrial membrane potential with TMRE
staining. SIRT5-deficient CD8" T cells showed similar MTG MFI
with that of Sirt5"* CD8" T cells (Figures 1E,F), which is consistent
with previously report that SIRT5 did not affect the mitochondrial
mass (Buler et al., 2014). Mitochondrial membrane potential (A ym) is
a critical factor in the energy transformation and production and

performs many non-energetic functions for mitochondria. Normal
Aym is a requisite for maintenance of mitochondrial function.
Interestingly, SIRT5 deficiency in CD8" T cells led to decreased
TMRE MFI (Figures 1EF), indicating of potential alteration of
mitochondrial function in the absence of SIRTS.

SIRT5 is Not Required for the Proliferation
and Survival of CD8" T Cells Upon Acute

Infection

SIRTS5 is an important regulator of various energy metabolisms. Next,
we want to know whether SIRTS5 affects the expansion and the effector
and memory differentiation of CD8" T cells in vivo. We thus
transferred Sirt5** and Sirt5’~ naive OT-1 cells into wild-type
mice iv. and infected them with LM-OVA and then analyzed the
proliferative response of OT-1 cells by flow cytometry at different time
points during expansion, contraction, and memory maintenance
phase of memory CD8" T cell formation process (Figure 3A). We
performed the kinetic analysis of Sirt5""* and Sirt5~ OT-1 cells in the
blood of LM-OVA infected mice (Figures 3B,E). At the peak of
expansion phase (seventh day after infection), we did not observe
significant differences in the expansion of Sirt5** and Sirt5 '~ OT-1
cells. The in vivo kinetic curves of Sirt5""* and Sirt5”~ OT-1 cells were
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FIGURE 5 | The effect of SIRT5 on the effector function, mitochondrial function, and transcription factor expression of CD8" T cells from the spleens of transferred
mice. (A) Representative dot plots of IL-2, TNFa, and IFNy expression levels of OT-1 cells from the spleen tissues by flow cytometry in vitro restimulation. The transferred
mice are sacrificed on day 34 after primary LM-OVA infection. (B) Statistical analysis of OT-1 cell ratio of cytokine experiment. Mean + SD (n = 9), Student’s t-test. (C)
Statistical analysis of MTG and TMRE MFI. Mean + SD (n = 9), Student’s t-test, *: p < 0.05. (D) Representative histograms of Tcf1 and T-bet protein expression level

of Sirt5** and Sirt5”~ OT-1 cells from the spleens. (E) Statistical analysis of Tcf1 and T-bet MFI. Mean + SD (n = 9), Student’s t-test.
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similar, suggesting that SIRT5 is unrelated to the proliferation and
survival of CD8" T cells. Next, we separated the spleens and
lymphocyte nodes from infected mice and quantified their early
memory CD8" T cell of Sirt5"* and Sirt5’~ OT-1 cells on the
34th day (Figures 3C,D). However, the ratio of early memory cell of
Sirt5~ OT-1 cells in total CD8" T subset was similar with that of
Sirt5”* OT-1 cells. To avoid any effects of different host
microenvironment, we carried out co-transfer mouse model
experiment. Although Sirt5’~ OT-1 cells had slight survival
advantage during contraction phase (14 days after infection) in the
co-transfer model, consistent with separate transfer model, they
formed the comparable ratio of early memory cell with Sirt5"*
OT-1 cells in memory maintenance phase (Figures 3F,G).

SIRT5 Deficiency Does Not Impact
Differentiation and Function of CD8" T Cells
In vivo

KLRGI, CD127, CD62L, and CD44 have been reported to define
functionally distinct CD8" T cell populations [short-lived effector cells
(SLEC): KLRG1*CDI127", and memory-precursor effector cells
(MPEC): KLRG1°CD127"; and central memory T cells (Tcm):

CD62L'CD44"] (Bengsch et al, 2007; Sukumar et al, 2016;
Renkema et al., 2020). Next, we measured the expression pattern
of these surface markers by flow cytometry to characterize the OT-1
cell differentiation in vivo. The percentages of Tcm, SLEC, and MPEC
population were all comparable between Sirt5"* OT-1 cells and
Sirts'~ OT-1 cells on seventh day in blood of the separately
transferred mice (Figures 4A,B). Consistently, there were no
significant differences in these three subsets between the two
genotypes in co-transfer model at different time points: 7th, 14th,
30th, and 40th day) (data not shown). Similarly, in the spleens and
lymphocyte nodes, there was no statistical significance in Tcm and
MPEC populations (Figures 4C-F). On the basis of these results, we
concluded that SIRT5 deficiency may not affect the transition of OT-1
cells from effector to memory CD8" T cells.

Next, we investigated whether SIRT5 affects the CD8" T cell
effector function in vivo. Yet, we observed comparable IFNy,
TNFa, and IL-2 production between Sirt5"”* OT-1 cells and
Sirt5”~ OT-1 cells in the spleens and lymphocyte nodes (Figures
5A,B; Supplementary Figure S2). Consistently, the cytokine
production capacity was comparable between the two genotypes in
the blood of both separate transferred and co-transferred mice on the
7th, 14th, 30th, and 40th days (data no shown). In addition, we
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Kinetics of the co-transferred OT-1 cells in the blood after secondary infection. Mean + SD (n = 6), Student’s t-test.

detected the mitochondria mass and function of OT-1 cells with MTG
and TMRE staining in the spleens and lymphocyte nodes, and
consistent with in vitro results, we found that SIRT5 did not affect
the MFI of MTG, but decreased the TMRE MFI (Figure 5C). Tcfl is a
critical transcription factor required for CD8" T cell memory
formation and T-bet is highly expressed in the effector T cells; we
thus detected the protein expression of transcription factors Tcfl and
T-bet (Figures 5D,E). However, SIRT5 did not significantly affect the
protein expression of Tcfl and T-bet.

SIRT5 Deficient Memory CD8" T Cells

Mounted Comparable Recall Responses

Memory CD8" T cells exhibit quick expansion ability and strong
effector function when encountering same antigen again, which is
different from naive CD8" T cells. We thus measured the recall
response of memory Sirt5"* and Sirt5'~ OT-1 cells with the co-
transfer model followed by secondary infection with relatively
higher dose of bacteria (Figure 6A). The detection of blood
samples demonstrated that SIRT5-deficient OT-1 cells did not
show significant expansion advantage (Figures 6D,E).
Consistently, Sirt5”’~ OT-1 cells did not show significant

differences with that of Sirt5"* OT-1 cells in the survival in
the spleens and lymphocyte nodes (Figures 6B,C). In addition,
SIRT5 deficiency did not affect the differentiation of memory
CD8" T cells in the blood (seveth day), spleen, and lymphocyte
nodes (25th day) (Figures 7A-F). Similar results were obtained in
the blood on the 14thday and 21stday (data no shown).
Moreover, regarding the cytokine production of IL-2, TNFa,
and IFNy and the protein expression of transcription factor
Tcfl and T-bet in the spleens and lymphocyte nodes, SIRT5
deficiency did not cause marked changes in the recall experiment
(Figures 8A,B,D,E; Supplementary Figure S3). Of note, SIRT5
deficiency decreased the TMRE MFI of OT-1 cells (Figure 8C).
Therefore, SIRT5 may be not required for the function,
differentiation, and survival of memory CD8" T cells upon
secondary infection.

DISCUSSION

The roles of sirtuins in regulating CD8" T cell differentiation and
function are largely unknown, and it remains unclear whether
SIRT5 regulates CD8" T cell effector function and memory
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FIGURE 7 | SIRT5 deficiency does not affect the differentiation of CD8" T cells during the recall process. (A-C) Percentage in the blood (day 7), spleen (day 25), and
LNs (day 25) of the KLRG1*CD127~, KLRG1°CD127* and CD62L"CD44* populations at different time points after secondary infection. (D-F) Corresponding population
statistical diagram. Mean + SD (n = 9), Student’s t-test.

differentiation. Given that SIRT5 impacts on many  cellular mentalism pathways. Both Zhang et al. and Heinonen
mitochondrial enzyme activities and is involved in multiple et al. have explored the innate immune responses of Sirt5~'~ mice
cellular metabolism pathways, it is necessary to investigate the  to bacterial infections, respectively, but they obtained
role of SIRT5 in CD8" T cell effector or memory differentiation  contradictory results due to utilization of the different mouse
and functionality. Surprisingly, our results demonstrate that  lines and bacterial strains (Heinonen et al.,, 2018; Zhang et al.,
SIRTS is dispensable for CD8" T cell activation, proliferation,  2020).
and transition to memory, and the survival and recall response of In this present study, although SIRT5 did not affect the
memory CD8" T cells are also not dependent on SIRT5. activation process and cytokine secretion of CD8" T cells
SIRT5 is currently the only enzyme known to possess  in vitro, SIRT5 deficiency decreased the TMRE MFI (Figures
demalonylase, desuccinylase, and deglutarylase activity and has ~ 1E, 5C). The mitochondrial membrane potential is a crucial
been shown to exert multiple effects of desuccinaylation,  parameter affecting the T cell differentiation, as low- ym
demalonylation, and deglutarylation on intracellular biological T cells exhibited memory phenotype with increased FAO and
pathways via modulating a large range of substrates, such as  enhanced in vivo self-renewal and anti-tumor function (Sukumar
PKM2, isocitrate dehydrogenase 2 (IDH2), glucose-6-phosphate et al., 2016). Thus, we transferred Sirt5"* and Sirt5~ OT-1 cells
1-dehydrogenase (G6PD), GAPDH, and carbamoyl-phosphate  into the mice to monitor the in vivo dynamic changes. In the
synthase (Tan et al,, 2014; Nishida et al, 2015; Zhou et al, 2016;  primary infection experiment, Sirt5*'* and Sirt5”~ OT-1 cells
Wang et al,, 2017). SIRT5 may play a role in regulating the = have comparable expansion, early memory differentiation
development and function of immune cells by modulating their =~ capacity, and effector function in the blood, spleens, and
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lymphocyte nodes, regardless of separate-transfer or co-transfer.
Next, we investigated the possibility that SIRT5 might affect the
recall response, because memory T cells harbor specific metabolic
or epigenetic programs to mount the recall response when
encountered with same antigen. Yet, upon secondary infection,
we observed similar expansion, survival capacity, differentiation,
and effector function between Sirt5"* and Sirt5~'~ memory CD8"
T cells. Although Sirt5~ CD8" T cells tended to have a slightly
decreased mitochondrial membrane potential (Figure 8C), this
SIRT5-induced TMRE decrement may be not sufficient for
altering the immune response of CD8" T cells. Tcfl and T-bet
are the two important transcription factors coordinately
regulating the function and differentiation of CD8" T cells;
when Tcfl is highly expressed in MPEC and Tcm cells, T-bet
is highly upregulated in the SLEC cells (Pritchard et al., 2019;

Zhao et al., 2021). However, comparable expression of Tcfl and
T-bet were observed between Sirt5*'* and Sirt5~~ OT-1 cells in
our assay.

To this end, our observations that SIRT5 is not necessary for
CD8" T cell effector and memory differentiation are likely to be
explained as follows. First, there exists a certain degree of
functional overlap between SIRTS5 and other sirtuin members.
For example, SIRT3 protected calorie restriction on oxidative
stress by deacetylating superoxide dismutase 2 (SOD2) and
promoting its antioxidative activity (Qiu et al, 2010). SIRT3
altered the lipid metabolism of macrophages by targeting its
deacetylated substrate IDH2 (Sheng et al., 2015). Similar to
SIRT3, SIRT5 can deacylated SOD1, IHD1, and IDH2 and
affected the oxidative stress and mitochondrial functions (Lin
etal., 2013; Lietal., 2015; Zhou et al., 2016). As SIRT3 and SIRT5
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share the similar subcellular location and targets, maybe due
to their compensated functions, neither Sirt3 nor Sirt5
knockout altered host defenses against bacterial infection
(Ciarlo et al., 2017; Heinonen et al., 2018), but dual
deficiency of SIRT3 and SIRT5 exhibited a modest
protection against listeriosis host defense (Heinonen et al.,
2019). In addition, individual SIRT5 or SIRT3 deficiency did
not lead to significant global metabolic abnormalities of mice
(Fernandez-Marcos et al., 2012; Yu et al., 2013). Second, the
functions of SIRT5 may be induced under specific conditions.
Twenty-four of forty-eight hours of food withdraw
significantly promoted the expression of SIRT5 in mouse
hepatocytes (Ogura et al, 2010; Buler et al, 2014).
Meanwhile, Yu et al. (2013) confirmed that, under steady
state, SIRT5 was not necessary for the metabolic homeostasis.
However, when exposed to extreme stress such as feeding
with high-fat diet (HFD) for 12 months (not 1week or
3 months), Sirt3’~ mice displayed multiple metabolic
syndromes including obesity, insulin resistance, hepatic
steatosis, nonalcoholic steatohepatitis, or hyperlipidemias
(Hirschey et al., 2011). During caloric restriction, SIRT3
modulated amino acid catabolism and B-oxidation by
regulating ornithine transcarbamoylase activity and urea
cycle (Hallows et al., 2011). Glucose limitation activated
AMPK and its subsequent SENPI1-SIRT3 signaling,
promoting OXPHOS and mitochondrial fusion, which was
beneficial to the anti-tumor immunity of T cells (He et al,,
2021). Therefore, it remains unclear whether SIRT5 may play
an important role under other physiological or pathological
conditions, such as long time HFD, fasting, hypoxia, low
glucose, low glutamine, or the tumor microenvironment.
Third, CD8" cells used in our experiments were derived
from the whole-body Sirt5/~ mice, in which the CD8"
cells may have adapted to SIRT5 deficiency throughout
development. Immune cells including CD8" T cells can
reprogram their metabolism and adapt to the changes in
the living environment to fulfill their biological functions
(O’Neill and Pearce, 2016; Zhang and Romero, 2018). We
cannot exclude this possibility that SIRT5 deletion triggers
striking adaptation of CD8" T cells. Therefore, the acute
SIRT5 deletion with a conditional Cre recombinase or other
SIRT5 deficiency/inhibition models such as retrovirus or
lentivirus-mediated knockdown may provide valuable
insights into CD8" T cell functionality and differentiation
due to the lack of systemic adaptations.

In summary, we reported here that CD8" T cell memory
differentiation and effector function were not impacted in the
absence of SIRTS5. Strikingly, the deletion of SIRT5 in CD8"
T cells did not lead to significant phenotypic changes through our
in vitro and in vivo analysis, indicating that SIRT5 may be
dispensable for differentiation and function of CD8" T cells.
Considering the redundant functions of other sirtuin family
members that could compensate the deficiency of SIRT5 and
the requirement of extreme induction condition in CD8" T cells,
we will focus our studies on the roles of SIRT5 in the CD8" T cell
immune response under specific conditions, such as the tumor
microenvironment.

Roles of SIRT5 in T cells
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Supplementary Figure S1 | (A) The mRNA expression of SIR5 in purified CD8*
T cell populations including naive, effector, and memory CD8* T cells, and PMs
stimulated with LPS or not. The activated CD8* T cells were further induced by IL-2/
7 or IL-7/15 for 4 days, as indicated in Figure 1. In vivo memory CD8" T cells were
sorted from the spleens of OT-1 transferred mice on day 45 after LM-OVA infection.
PMs were obtained as indicated in Figure 1 and were stimulated with LPS for
12 hours. (B) Surface activation marker expression of Sirt5** and Sirt5™~ OT-1 cells
at the time points of 24 h and 6 days assessed by flow cytometry.
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Supplementary Figure S2 | The effect of SIRT5 on the cytokine secretion ability of
CD8" T cells from lymphocyte nodes of separate transferred mice. (A) Representative dot
plots of IL-2, TNFa, and IFNy expression levels of OT-1 cells from lymphocyte nodes by flow
cytometry in vitro restimulation. The transferred mice are sacrificed on day 34 after primary
LM-OVA infection. (B) Statistical analysis of OT-1 cell ratio of cytokine experiment. Mean +
SD (n = 9), Student’s t-test; ns, not significant.
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Arginylation is a post-translational modification mediated by the arginyltransferase (Ate1).
We recently showed that conditional deletion of Atel in the nervous system leads to
increased light-evoked response sensitivities of ON-bipolar cells in the retina, indicating
that arginylation regulates the G-protein signaling complexes of those neurons and/or
photoreceptors. However, none of the key players in the signaling pathway were previously
shown to be arginylated. Here we show that Gat1, GB1, RGS6, and RGS7 are arginylated
in the retina and RGS6 and RGS7 protein levels are elevated in Ate1 knockout, suggesting
that arginylation plays a direct role in regulating their protein level and the G-protein-
mediated responses in the retina.

Keywords: arginylation, G-protein signaling, RGS, retina, mass spectrometry

1 INTRODUCTION

Arginylation is a post-translational modification that has been implicated in a large number of key
physiological processes (see, e.g., Zanakis et al., 1984; Bongiovanni et al., 1999; Kwon et al., 2002; Hu
et al., 2005; Karakozova et al., 2006; Decca et al., 2007; Rai et al., 2008; Saha and Kashina, 2011; Lee
etal, 2012;Jiang et al., 2016; Wang et al., 2017a; Wang et al., 2017b). It was initially characterized as a
post-translational modification of the protein N-termini for ubiquitin-proteasomal degradation
(Ciechanover et al., 1988; Balzi et al., 1990). N-terminal arginylation can target proteins for
degradation both in vitro (Davydov and Varshavsky, 2000) and in vivo (Lee et al, 2005) via
ubiquitin-proteasome dependent N-end rule pathway (Varshavsky, 2011). While initially
arginylation was believed to be exclusively targeting the N-terminal Asp, Glu, or Cys, as well as
Asn and Gln upon deamidation, it has been later shown that arginylation can also target internal Asp
and Glu residues by conjugating Arg to their acidic side chains (Wang et al., 2014). This discovery
expands the scope of potentially arginylated proteins.

G-protein signaling is involved in virtually every known physiological process and plays a major
role in neural signal transduction (Stewart and Fisher, 2015; Squires et al., 2018). It involves three
crucial components: G-protein coupled receptors (GPCRs), G-protein heterotrimers, and Regulator
of G-protein signaling (RGS) proteins. Upon stimulation, GPCRs facilitate the formation of Ga-GTP
and promote the dissociation of Ga and Gy from each other and from GPCRs. Opposite to GPCRs,
RGS proteins accelerate the termination of G-protein signaling by facilitating hydrolysis of the GTP
bound to the Ga subunit of the G-protein, and thus promoting its re-association with Gfy subunits
and GPCRs (De Vries et al., 1995; Dohlman et al., 1995; Druey et al., 1996; Hunt et al., 1996; Koelle
and Horvitz, 1996; Watson et al., 1996).

We recently discovered that conditional deletion of arginyltransferase (Atel) in the nervous
system affects G-protein signaling in the retina. In particular, lack of Atel leads to increased light-
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TABLE 1 | Components of the G-protein signaling complexes in the retina screened for arginylation. The coverage is calculated with the MS/MS peptides identified during
tryptic/P search against the whole mouse proteome without including arginylation into the search. The depth is the average number of MS/MS scans of the identified
peptides over each covered amino acid (AA) base. Rgs9 (short) isoform and Gnb5 (long) isoform are listed. The latter encodes two protein isoforms: G5 and GB5L. The three
well-known G-protein signaling complexes in the retina are: RHO-Gat1-Gp1-Gyt1-RGS9-GB5L, OPNT1MW/OPN1SW-Gat2-Gp3-Gy2-RGS9-G5L, mGIuRG-Gao-GB3-
Gy13-RGS7/RGS11-Ggb.

Gene name AA length Coverage(%) depth protein symbol protein name
G-proteins
Gnaot 354 63 131 Gao G-protein Go subunit alpha
Gnat1 350 75 373 Gat1 G-protein Gt subunit alpha-1
Gnat2 354 64 132 Gat2 G-protein Gt subunit alpha-2
Gnb1 340 74 285 Gp1 G-protein Gi,s,t subunit beta-1
Gnb3 340 67 53 Gp3 G-protein Gi,s,t subunit beta-3
Gng2 71 72 11 Gy2 G-protein Gi,s,0 subunit gamma-2
Gng13 67 84 7 Gy13 G-protein Gi,s,0 subunit gamma-13
Gngt1 74 84 225 Gyt1 G-protein Gt subunit gamma-T1
G-protein coupled receptors
Grm6 871 19 2 mGIuR6 Metabotropic glutamate receptor 6
Opnimw 359 19 6 OPN1MW Medium-wave-sensitive opsin 1
Opnisw 346 29 16 OPN1SW Short-wave-sensitive opsin 1
Rho 348 32 202 RHO Rhodopsin
GTPase accelerating proteins
Gnb5 395 56 31 Gp5(L) G-protein subunit beta-5
Rgs6 472 47 11 RGS6 Regulator of G-protein signaling 6
Rgs7 469 28 13 RGS7 Regulator of G-protein signaling 7
Rgs9 484 75 23 RGS9 Regulator of G-protein signaling 9
Rgs11 443 2.9 2 RGS11 Regulator of G-protein signaling 11

evoked response sensitivities of ON-bipolar cells, as well as their ~ in C57BL6/129SV] background in accordance with the University
downstream neurons (Fina et al, 2021), indicating that  of Pennsylvania IACUC.
arginylation might be involved in the three G-protein
signaling complexes of the first two stages of visual signal . .
transduction. Among the GPCRs, G-proteins, and RGSs in the 2.2 Immunohistochemistry and Data
mouse retina (see Table 1), RHO, GB5L, Gy13, and RGS11 have ~ Processing
the N-end rule residues, while others have the potential to be  Retina collection and immunostaining was performed as
arginylated on the side chains. However, none of them are known  previously described (Fina et al., 2021). Briefly, mice were dark
to be arginylated. adapted overnight and euthanized with a mixture containing
Here we performed mass spectrometry analysis of mouse  ketamine/xylazine (300 ug each per g body-weight). Immediately
retina, using both our own data and data from the public  after the euthanasia, eyes were enucleated and the cornea
domain, to investigate if any of the proteins involved in  removed under dim red-light. Eyeballs were fixed in the dark
G-protein signaling in the retina are arginylated. We found  in 4% paraformaldehyde for 60 min, rinsed in phosphate buffer
that Gatl, Gpfl, RGS6 and RGS7 were arginylated.  (PB) 3 times, cryoprotected overnight at 4°C in 0.1M PB
Immunostaining revealed a prominent increase in the levels of  containing 30% sucrose and then, with the lens removed,
RGS6 and its obligatory binding partner GB5 in synaptic  embedded in a mixture of two parts 20% sucrose in PB and
processes of starburst amacrine cells of Atel knockout retina,  one part optimal cutting temperature compound (Tissue Tek,
corroborating our previous finding that RGS7 and Gf35 increase  Electron Microscopy Sciences, Hateld, PA, United States). Radial
in synaptic processes of ON-bipolar cells. We propose that  sections were stained with antibodies and imaged using a confocal
arginylation regulates RGS6 and RGS7 levels and thus  laser scanning microscope (Olympus Fluoview 1,000, Center
regulates G-protein signaling in the retina. Valley, PA, United States) under an oil-immersion objective
(Tummala et al., 2016). Littermate retinas from WT and KO
mice were immunostained and imaged in parallel under the same

2 METHODS conditions and settings. To compensate the exposure difference
. e between imaging of retinal slides, each set of images from the

2.1 Generation of Ate1 Conditional same retinal slide was normalized by the non-specific signal in the

Knockout Mice outer nuclear layer (ONL).

To obtain brain-specific Atel knockout mice, Atel-floxed mice For image quantification, a region of interest (ROI, of the same

(Leu et al., 2009; Kurosaka et al., 2010) were crossed with the 6 x 6 ym area size for WT and KO mice) was positioned on the
Jackson Laboratory strain B6.Cg-Tg(Nes-cre)1KlIn/J, expressing  lines drawn manually along the bands of stained starburst
Cre recombinase under Nesting promoter. Mice were maintained ~ amacrine cell (SAC) processes in the inner plexiform layer
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(IPL), and the intensity measurement for each pixel was taken
from the average z-stacks (of the same 0.3um/slice thickness for
WT and KO mice) using MATLAB software (MathWorks,
Natick, MA, United States). The pixel intensity was
thresholded by the background—the non-specific signal in
ONL. The average intensity of the pixels in the ROI was
calculated for each section to represent the immunostaining
level in IPL, averaged along the SAC bands for each section,
and then averaged over 1 to 4 sections per retina.

2.3 mRNA Sequencing and Analysis

Tissue collection and processing was performed as previously
described (Fina et al., 2021). Briefly, freshly excised mouse brains
were flash-frozen in liquid nitrogen and ground in liquid nitrogen
using mortar and pestle to obtain whole brain lysates. Total RNA
was extracted using Trizol, and RNA sequencing (stranded
TruSeq with Ribo-Zero, Illumina, San Diego, CA,
United States) was used to quantify mRNA levels in the whole
brain lysates of 3 littermate pairs of 3 month old mice and
analyzed using STAR software package (Dobin et al., 2013).

2.4 Mass Spectrometry
Freshly excised mouse retinas, with the cornea and the lens
removed, were flash-frozen in liquid nitrogen and ground up
in liquid nitrogen to obtain retinal lysates. The retinal proteins
were pulled down with phaloidin (manuscript in preparation).
For mass spectrometry, the resulting protein samples of 4
retinas of 6 month old mice were reduced with tris(2-
carboxyethyl)phosphine (TCEP), alkylated with iodoacetamide,
and digested with trypsin. Tryptic digests were analyzed using a
1.5h LC gradient on the Thermo Q Exactive Plus mass
spectrometer.

2.5 Mass Spectrometry Data Analysis

Data analysis was performed on the samples described above
(processed as .raw files), as well as the original raw data files from
public data sets (ProteomeXchange Consortium accession
number PXD003441 (Zhao et al., 2016), PXD009909 (Harman
etal., 2018), PXD014459 (Sze et al., 2021), and PXD023439 (Chen
et al, 2021)), all of which are wild-type mice of C57BL6
backgrounds. The raw data files were processed using
MaxQuant software (Version 1.6.7.0 for PXD014459 and
1.6.17.0 for the rest) from Max-Planck Institute for
Biochemistry, Martinsried, Germany (Tyanova et al,, 2016). To
avoid mis-assignment of arginylation to a peptide, for each raw
data file, we did two complete search runs, one without
arginylation and one with arginylation modifications.

In the first run (without arginylation modifications), all
searches were against the mouse protein reference
UP000000589 and a locally compiled list of contaminants. In
the second run, the “MS/MS first search” (used for mass
recalibration in MaxQuant) was the same as the first run but
the “MS/MS main search” and the “Second peptide search” were
against the proteins of interest (Table 1). In addition, “Match
between runs” and “Dependent peptides” were enabled in the
second run. Consensus identification lists were generated with
false discovery rates of 1% at protein, peptide and site levels. The

Arginylation of G-protein Signaling Proteins

two parameter .xml files and the two locally compiled. fasta files
are included in the Supplementary Material. We excluded the
“arginylated” peptides identified in the second run if they were
from the scans which have at least one peptide identified in the
first run. In addition, we also inspected MS/MS spectra to exclude
“arginylated” peptides which could be mistaken for N-terminal or
C-terminal arginine due to missed cleavage.

2.6 Antibodies and Constructs

Rabbit anti-Gf5 (dilution 1:500) was a gift from Dr. CK. Chen,
Baylor College of Medicine, Houston, TX, United States; rabbit
anti-RGS6/RGS7 (dilution 1:100) was a gift from Dr. T.G.
Wensel, Baylor College of Medicine, Houston, TX, United States.

2.7 Experimental Design and Statistical

Analysis

In the RNA sequencing and the immunostaining experiments,
KO and WT littermate pairs were compared pairwise, and the
p-values for these comparisons were calculated using paired
Student’s t-test and paired Wilcoxon t-test (signed-rank test
for median) on the 3 and 7 KO/WT pairs, respectively. For
the immunostaining experiments, the average staining intensity
of all samples on each slide was normalized to 1 and then the
average staining intensity of all samples of each WT and KO pair
was normalized to 1 in order to reduce the potential experimental
variation.

3 RESULTS AND DISCUSSIONS

3.1 Proteomic Screening for Arginylation of
the Components of the G-protein Signaling

Complex

We previously reported that the ON-bipolar responses and RGS7
protein levels are regulated by Atel, however arginylation of
RGS?7 or in the components of the G-protein signaling complexes
which give rise to ON-bipolar responses has never been directly
demonstrated. To test whether any of these proteins are
arginylated, we analyzed retina samples by mass spectrometry,
and searched the results from LC-MS/MS runs for potential
arginylation against a limited database including G-proteins,
GPCRs, and RGS proteins (Table 1). These candidate proteins
were chosen based on the existence of three well characterized
G-protein signaling complexes in the retina. In rod and cone
photoreceptors, rhodopsins and opsins are the GPCRs
responding to photon stimulation in dim and bright light,
respectively, and they activate G-proteins Gatl-Gf1-Gytl and
Gat2-Gf3-Gy2 which are deactivated by RGS9 in the obligatory
heterodimer with GB5L (Cowan et al., 1998; He et al., 1998). In
ON-bipolar cells, glutamate released by photoreceptors activates
the ON-bipolar cells’ GPCR, the metabotropic glutamate receptor
6 (mGluR6) receptor, which in turn activates the Gao-Gf3-Gy13
proteins that can be deactivated by RGS7-Gf5 and RGS11-Gp5
(Mojumder et al., 2009; Chen et al., 2010; Zhang et al., 2010; Cao
et al.,, 2012). We also included RGS6 in this screen, since it is the
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FIGURE 1 | The MS/MS spectrum of an arginylated peptide of Gat1. The peptide LVTPGYVPTEQDVLR or LVTPGYVPTEQDDVLR (m/z = 615.007 3,
mass error = — 0.3ppm, charge = 3) was arginylated at E167 or D169 of Gat1 (capped).

closest family member to RGS7 and is widely distributed in the
retina, including prominent representation in the dendrites of
cholinergic starburst amacrine cells (Voigt, 1986; Haverkamp and
Wissle, 2000; Song et al., 2007).

To search for arginylation of these proteins, we used
MaxQuant (Tyanova et al., 2016). To avoid mis-assignment,
we first searched all MS/MS scans without arginylation
modifications and then searched the unidentified scans with
arginylation modifications, including potential addition of
unmodified as well as mono- and di-methylated Arg. The
search covered the G-proteins (Table 1, top) really well
with the coverage ranging between 63 and 84 percent.
However, the coverage for GPCRs was low, between 19 and
32 percent (Table 1, middle). This low coverage is likely related
to the fact that GPCRs are tightly membrane-bound, and thus a
majority of these proteins would be excluded from the soluble
retina homogenate. The coverage of RGS and G5, the GTPase
accelerating proteins in the retina, varied a lot (Table 1,
bottom). Most surprisingly, we found only one peptide for
RGS11 in two MS/MS scans, despite the fact that RGS11 has
similar molar amounts to RGS7 in the retina (Sarria et al,,
2015).

This search revealed several putative arginylated sites, on
Gatl, Gf1, RGS6, and RGS7. These were the only G-protein
and RGS family members identified. We found no instance of
arginylation of the GPCRs. In the next sections, we detail the
evidence for these arginylation sites.

3.2 Putative Arginylated Sites of Gat1

In outer segments of rod photoreceptors, the transducin Gatl
binds with GB1Gytl heterodimer in the dark. Light stimulation
activates rhodopsin, which facilitates the formation of Gatl-GTP
and hence promotes the dissociation of Gatl from Gf1ytl and
rhodopsin. This activated Gatl then interacts with the
downstream phosphodiesterase (PDE6) and starts the
phototransduction cascade.

We found that Gatl was arginylated at the site of E167 or
D169 (Figure 1). This site is located in the middle of the protein
and on the opposite side of the interface with PDE6 (Figure 2A).
It is within the a-helical domain, near a linker with the $-sheets of
the GTPase domain (Figure 2B). This site is also on the solvent-
exposed surface of GatlGB1Gytl heterotrimer in the GDP-
bound state (Lambright et al, 1996), in a region of Gatl «a-
helical domain, which interacts with GB1 when Gatl is activated
by rhodopsin, thus helping to provide an open route between the
a-helical and GTPase domains and facilitating GDP and GTP
exchange (Gao et al,, 2019). This site is shared between Gatl,
Gat2, and Gao (Figure 2B). Arginylation of this site can affect the
rate of GDP-GTP exchange of these Ga proteins and the
G-protein signaling in rods, cones, and ON-bipolar cells.

3.3 Putative Arginylated Sites of Gf1

In the outer segments of the rods, GBI is the important link
between Gatl and Gytl. Each of Gatl and Gytl has a membrane
domain, which is not strong enough to anchor Gatl or GB1Gytl
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FIGURE 2 | Putative arginylation sites of Gat1. (A) The 3D structure of 2 Gat1 in the complex with PDE6 based on the structure data 7JSN (Gao et al., 2020).
Brown/green: Gat1, blue: PDE«, pink: PDES, gray/orange: PDEy, yellow: Gat1 E167. (B) The putative arginylation sites (capped), the peptide (underlined), and the
surrounding regions are shown. The putative arginylation sites E167 and D169 are within the a-helical domain of six helices, near the beginning of the 6th a-helix which is

Gat2, and Gao.

connected by a linker region to the 2nd of the six-stranded f-sheets of the Ras-like GTPase domain (Lambright et al., 1996). These sites are shared between Gat1,

separately to the disk membrane, but both of them together
anchor the heterotrimer in the GDP-bound inactive state.
Recently, it has been proposed to play an important role in
facilitating GDP-GTP exchange during Gatl activation (Gao
et al., 2019). GBI is also found in the synaptic terminals of the
rods (Peng et al., 1992). Interestingly, Gf1, when translocated to
the synaptic terminals of the rods during light adaptation
(Whelan and McGinnis, 1988; Sokolov et al., 2002) facilitates
the synaptic transmission to ON-bipolar cells (Majumder et al.,
2013).

We found that GS1 was arginylated at two sites: E12 and D27
(Figure 3). These sites are located near the N-terminus of the
protein before the seven-bladed f-propellers (WD40 domains)
and in particular D27 is at the junction of the GB1 N-terminus,
seven-blades, and Gy (Figure 4A). These sites are located within a
region of high homology and is conserved between Gf1, Gf33, and
Gp5 (Figure 4B). Based on this homology, we propose that these
sites can also be arginylated in Gf3 and possibly in GfB5. GfS3

bound with Gy2 plays a similar role in the cones as Gf1 in the
rods. GS3 is also found in the synaptic terminals of the cones
(Peng et al., 1992). Arginylation of Gf1 and Gf33 can potentially
affect the phototransduction in the outer segments and the signal
transmission to ON-bipolar cells (OBCs) at the synaptic
terminals of rods and cones, respectively. In addition, GB3 in
complex with Gy13 in OBCs facilitates the post-synaptic light-on
responses of both rod-OBCs and cone-OBCs (Dhingra et al.,
2012; Ramakrishnan et al., 2015) and thus arginylation of Gf33, if
it happens, can potentially affect post-synaptic responses to both
rod and cone signals.

Gf35 is a special Gf3 existing as an obligatory heterodimer with
all R7 family (RGS6, RGS7, RGS9, RGS11) proteins (Cabrera
et al., 1998; Liang et al., 2000; Witherow et al., 2000; Zhang and
Simonds, 2000). It has 2 splice variants, GB5 (short) and Gf5L,
which includes additional 42 N-terminal amino acid residues
added to the Gf5 (short) sequence. In the retina, the GS5L
isoform forms an obligatory heterodimer with RGS9 (short),
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FIGURE 3| The MS/MS spectra of the arginylated peptides of GB1. (A), the peptide SELDQLRQEAEQLK (m/z =628.997 3, mass error = 0.4ppm, charge = 3) was
arginylated at E12 of GB1 (capped). (B), the peptide ACADATLSQITNNIDPVGR (m/z = 729.3709, mass error = — 4ppm, charge = 3) was methyl-arginylated at D27 of
Gp1 (capped).
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FIGURE 4 | Putative arginylation sites of GA1. (A) The 3D structure of GB1 in the Gat1-Gp1-Gyt1 heterotrimer in complex with rhodopsin based on the structure

data 60YE (Gao et al., 2019). Blue: GB1, brown: Gyt1, pink: Gat1, green: rhodopsin, red: GB1 E12, yellow: GB1 D27. (B) The putative arginylation sites (capped), the
peptides (underlined), and the surrounding regions are shown. The putative arginylation sites are on the N-terminal directly proceeding the first S-sheet of the seven
WD40 domains (Sondek et al., 1996). These sites are shared between Gp1, GS3, and Gf5.

d: Gtl contact

and the Gf5 isoform forms obligatory heterodimers with RGS6,
RGS7, or RGS11. Arginylation of Gf5 can affect all the G-protein
signaling in the retina, predominately regulated by R7 family
proteins.

3.4 Putative Arginylation Sites of RGS6 and

RGS7

RGS6 is the closest family member to RGS7 and presumably
shares many structural and functional properties with RGS7. We
have previously found that the deletion of Arginyltransferase 1
(Atel) in the retina leads to a prominent increase in the levels of
RGS7 and its obligatory binding partner Gf35 in the dendritic
processes of ON-bipolar cells (Fina et al., 2021), but in that work
we found no direct evidence of arginylation.

Here, we found that RGS6 was arginylated at the site of D15
and RGS7 was arginylated at three sites: E73, D74 and E77
(Figure 5). These sites are located in the N-terminal region
which has the membrane targeting DEP domain. These sites
are conserved between RGS6 and RGS7, and the surrounding

regions are highly homologous between RGS6 and RGS7
(Figure 6). Thus, it is likely that these sites are arginylated in
both RGS6 and RGS7, and that this arginylation can directly
contribute to an increase of their levels in synaptic processes of
starburst amacrine cells and ON-bipolar cells, respectively.

This is the first evidence that R7 family RGS proteins are
arginylated on side chains, in contrast to the previous finding that
R4 family RGS proteins are arginylated on N-termini (Lee et al.,
2005).

3.5 RGS6 and RGS7 Proteins Are Enriched in
the G-protein Signaling Complexes in the

Absence of Arginylation

To test whether abolishment of arginylation affects the level of
RGS6 and RGS7 proteins in the G-protein signaling complexes,
we compared the RGS6 and RGS7 protein levels in retinal
synaptic processes of the wild-type (WT) and the conditional
Atel knockout (KO) mice. In the KO mice, Atel deletion is
driven by neuron-specific Nestin promoter, occurring in the
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FIGURE 5 | The MS/MS spectra of the arginylated peptides of RGS6 and RGS7. (A), the peptide GIADDPEESSPNMIVYCK (m/z = 1,040.495 5, mass
error = — 5ppm, charge = 2) was methyl-arginylated at D15 of RGS6 (capped). (B), the peptide NLTIEDPVE (m/z = 791.949 2, mass error = 2ppm, charge = 2)
was dimethyl-arginylated at E73, D74, and E77 of RGS7 (capped).
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FIGURE 6 | Putative arginylation sites of RGS6 and RGS7. (A) The 3D structure of RGS7 in the RGS7-Gp5 heterodimer based on the structure data 6N9G (Patil

et al., 2018). Pink: RGS7, green: G5, yellow: RGS7 E73. (B) The putative arginylation sites (capped), the peptides (underlined), and the surrounding regions are shown
with RGS6 and RGS7 alignment (Altschul et al., 1997). The putative arginylation sites are near/on the DEP domain, one in front of the 1st a-helix and three between the
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entire nervous system during embryogenesis (Wang et al., 2017a;
Wang et al., 2017b). ATEI protein level in these mice is greatly
reduced in most retinal neurons (Fina et al., 2021).

RGS6 and RGS7 in the retina are prominently expressed in the
synaptic processes of starburst amacrine cells in the inner
plexiform layer (IPL) and ON-bipolar cells in the outer
plexiform layer (OPL), separately (Song et al, 2007). In
agreement with previous studies, our immunohistochemistry
staining showed that RGS6 was prominently enriched in the
starburst amacrine cell (SAC) processes, which are localized
within two distinct bands in the IPL (Figure 7A). We used
the total sum within the 1.1ym x 1.1 ym window, centered
and averaged along the SAC bands, to quantify the RGS6
protein level in the synaptic processes. The RGS6 protein level
was significantly higher in KO than in WT (Figure 7B).
Consistent with that, RGS6’s obligatory binding partner Gf5
was also enriched in the two distinct bands in the IPL (Figure 7C)
and its level was significantly higher in KO than in WT
(Figure 7D). In addition, in a separate study, we showed that
RGS7 and G5 proteins levels were significantly higher in KO

than in WT dendritic processes of both rod- and cone-OBCs in
the OPL (Fina et al., 2021). These results are summarized in
Figures 8A,B.

3.6 Post-Translational Changes of RGS6
and RGS7 Proteins

It is interesting to know if the observed increase of RGS6 and
RGS7 proteins at the synaptic processes are associated with an
overall increase of their levels in the retina. In our previous study,
we used Western blots to show that in total retina extracts RGS7
levels increased in Atel knockout, but Gf5 did not (Fina et al.,
2021). Thus, since RGS6 is the dominant binding partner with
G5 in the retina (Shim et al.,, 2012) and they form an obligatory
complex in vivo, it would be highly unlikely for the total RGS6 in
the retina to increase significantly in the absence of arginylation
without simultaneously causing GS5 to do the same.

We compared the mRNA levels of Rgs6, Rgs7, and Gnb5 of
Atel KO and WT mice. There was no significant difference for
any of them (Figure 8C). This indicates that the changes of the
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FIGURE 7 | Increased RGS6 and G35 protein level in the synaptic processes of Ate1 knockout (KO) mouse. (A) Immunohistochemistry of retinas stained with anti-

RGS6. Both the wild-type (WT) and KO retinas have clear staining of two distinct bands of synaptic processes in the inner plexiform layer (IPL). (B) The RGS6 staining
intensities averaged along the bands are shown on the left. The values along the vertical and horizontal middle lines are plotted in the middle with the SEM in shaded
colors. The dotted lines mark the central 1.1 um region surrounding the maxima. In the box plot on the right, the total sum at the central region shows a significant

increase of RGS6 proteins in the synaptic processes of KO mice. (C) and (D) Immunohistochemistry of retina stained with anti-GB5 show the same pattern and the
results as (A) and (B) for RGS6. Each pair of data points of the same color represents a WT/KO littermate pair (n = 7). The p-values are from paired Wilcoxon t-test
(signed-rank test for median). The maximum length of the whiskers are 1.5 times of the inter quartile range. Note: the anti-G5 and anti-RGS6 also stained puncta in ON-
bipolar dendrites in the outer plexiform layer (OPL)—the latter due to a cross interaction with RGS7; however, its staining in IPL represents RGS6 only since RGS7 is not

horizontal WT KO

corresponding protein levels and/or distributions are most likely
post-translational.

It is conceivable that the overall increase of RGS7 protein level
causes its increase at ON-bipolar dendritic processes. However, it
cannot be the case for RGS6. Its redistribution to SAC synaptic
processes upon arginylation could be due, e.g., to the fact that
arginylation of RGS6 and/or other proteins in SAC could
contribute to its targeting to the membrane and the synapses.
It is known that light exposure leads to redistribution of
G-proteins in the rods from the outer segments to the inner
segments and the rod terminals (Whelan and McGinnis, 1988;

Sokolov et al., 2002). Our ongoing study also shows that RGS7
levels at the synapses change significantly depending on the
synaptic activity. Since Atel knockout increases the activities
of ON-bipolar cells and down-stream neurons (Fina et al., 2021),
RGS6 can undergo activity-dependent redistribution. Similar
mechanisms could also be at work with RGS7. One possibility
is that Atel knockout changes ON-bipolar activities pre-
synaptically through Gf1.

Gp1 plays an important role in the rods. In addition to the
rising phase of light responses in the outer segments, it also
facilitates the synaptic transmission to OBCs (Majumder et al,,
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FIGURE 8 | Post-translational changes of RGS6, RGS7, and GS5.
Immunostaining quantification of (A) the protein levels of RGS6 in SAC and
RGS7 in rOBC and cOBC synaptic processes and (B) the corresponding G5
levels demonstrate a significantly higher level of these proteins in the
Ate1 knockout (KO) than the wild-type (WT) mice. SAC: starburst amacrine
cell. rOBC: rod ON-bipolar cell. cOBC: cone ON-bipolar cell. In (A) and (B), the
bar plots for SAC are based on the same data of the box plots of Figure 7 and
the bar plots for rOBC and cOBC are based on the data of Fina et al. (2021).
The p-values are from paired Student’s t-test and the error bars represent
SEM. The differences between KO and WT were also evaluated with a non-
parametric statistical hypothesis test (Figure 7 for RGS6 and G5 in SAC;
Fina et al. (2021) for RGS7 and G5 in rOBC and cOBC), which confirmed the
conclusions in (A) and (B). (C) The Rgs6, Rgs7, and Gnb5 (short) mRNA
encoding RGS6, RGS7, and G5 proteins in the mouse brains from WT and
KO littermates, expressed in Fragments Per Kilobase of transcript per Million
(Continued)

FIGURE 8 | mapped reads (FPKM) from RNA sequencing. There is no
significant difference between WT and KO. Each pair of data points of the
same color represents a WT/KO littermate pair (0 = 3). The p-values are from
paired Student’s t-test and the error bars represent SEM. The p-values from
non-parametric statistical hypothesis test (paired Wilcoxon t-test) (0.8, 1, and
1, respectively) also shows no significant difference in (C).

2013). Here, we presented evidence that Gpf1 is arginylated.
However, we did not observe any significant change of the
rising phase of the light responses of the rods after deletion of
Atel (Fina et al,, 2021). In our current ongoing project, we also
did not see any obvious change in Gf1 in the outer segments after
Atel deletion (manuscript in preparation). It should be noted that
lack of changes we have seen so far in Gf1 does not exclude a
possible effect of Gf1 at the pre-synaptic terminals of
photoreceptors, in contact with On-bipolar cell dendritic
processes. It would be very interesting to address this
possibility in a follow up study.

According to prior studies, RGS6 is not implicated in
G-protein signaling in photoreceptors or ON-bipolar cells,
where the major players are RGS9 (in the photoreceptors) and
RGS7/RGS11 (in the ON-bipolar cells). In our experiments, the
strongest RGS6 staining and the significant change due to Atel
deletion, by far, was observed in the synaptic processes of
starburst amacrine cells. This suggests that RGS6 likely plays
an arginylation-dependent role in G-protein signaling in these
cells. Elucidating this role is a very interesting future direction,
and we hope our present findings will help future research to
reveal the functional role of RGS6 in the retina.

4 SUMMARY

This work represents the first comprehensive analysis of
arginylation of the components of G-protein signaling in the
retina, including GPCR, G-proteins, and RGS proteins. We find
putative arginylation sites on the aspartate and glutamate side
chains of Gatl, GB1, RGS6, and RGS7, and no N-terminal
arginylation among the proteins involved in the G-protein
signaling in the retina. While, due to probabilistic nature of
mass spectrometry analysis of post-translational modifications,
as well as potential alteration of protein stability or intracellular
localization of proteins after arginylation, it is still possible that
other proteins in the retina are also arginylated, the targets
identified here are likely more prominent and abundant.

Our results provide concrete evidence that arginylation targets
proteins involved in G-protein signaling in the retina, and extend
a mechanistic foundation to our previous findings that
arginylation regulates retina responses in vision. We show
here that abolishment of arginylation leads to an increase in
RGS6 and RGS7 protein levels, suggesting that this mechanism
can directly regulate the events downstream of RGS. Taken
together, our findings demonstrate that arginylation regulates
G-protein responses in the retina by directly targeting several key
players in this signaling cascade.
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Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is a highly contagious
virus of the coronavirus family that causes coronavirus disease-19 (COVID-19) in humans
and a number of animal species. COVID-19 has rapidly propagated in the world in the past
2 years, causing a global pandemic. Here, we performed proteomic analysis of plasma
samples from COVID-19 patients compared to healthy control donors in an exploratory
study to gain insights into protein-level changes in the patients caused by SARS-CoV-2
infection and to identify potential proteomic and posttranslational signatures of this
disease. Our results suggest a global change in protein processing and regulation that
occurs in response to SARS-CoV-2, and the existence of a posttranslational COVID-19
signature that includes an elevation in threonine phosphorylation, a change in
glycosylation, and a decrease in arginylation, an emerging posttranslational
modification not previously implicated in infectious disease. This study provides a
resource for COVID-19 researchers and, longer term, and will inform our
understanding of this disease and its treatment.

Keywords: COVID-19, proteomics, peptidomics, posttranslational modifications, arginylation

KEY POINTS

1. Plasma from COVID-19 patients exhibits prominent protein- and peptide-level changes
2. Proteins from COVID-19 patient plasma exhibit prominent changes in several key
posttranslational modifications

1 INTRODUCTION

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is a respiratory virus of the
coronavirus family that causes coronavirus disease-19 (COVID-19) in humans and a number of
animal species (Swelum et al., 2020). COVID-19 has rapidly propagated worldwide in the past
2 years, causing a global pandemic (see, e.g., (Novelli et al., 2021), for a recent review). This highly
contagious disease causes respiratory symptoms that range from mild to severe, and is associated
with a number of other serious health implications, including lung inflammation and damage,
thrombosis, stroke, renal failure, neurological disorders, and others (Hanff et al., 2020; Schmulson
et al, 2020; Troyer et al, 2020; Vakil-Gilani and O’Rourke, 2020; Harapan and Yoo, 2021;
Ostergaard, 2021). This list continues to grow, and despite extensive research in the past year
and a half, full understanding of COVID-19 mechanisms of action and health consequences has not
yet been achieved.
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While the initial route of SARS-CoV-2 infection involves the
respiratory tract, some of the most prominent effects of COVID-
19 can be detected in the blood plasma, which contains antibodies
against SARS-CoV-2, and is a major site of immune response that
builds the body’s defense against the virus. It is of no coincidence
that convalescent plasma from COVID-19 patients has been
proposed as treatment for this disease, as well as a foundation
for some of the diagnostic tests. Plasma is arguably one of the
most rapidly changing environments upon SARS-CoV-2
infection. Thus, studies of the disease-related changes in the
plasma appear highly promising as a tool that would enable
better understanding of this disease progression.

Here, we performed proteomic analysis of plasma samples
from COVID-19 patients with symptoms severe enough to
require hospitalization compared to healthy control donors, in
an attempt to gain insights into protein-level changes in the
patients caused by SARS-CoV-2 infection and to identify
potential proteomic and posttranslational signatures of this
disease. Our analysis revealed a number of changes in protein
and peptide composition of the COVID-19 patients’ plasma
samples. Furthermore, global analysis of posttranslational
modifications (PTMs) in these samples showed a striking
change in key physiological PTMs, including
phosphorylation, glycosylation, citrullination, and arginylation,
which exhibited differential up- and down-regulation in COVID-
19 patients compared to controls and, in the case of arginylation
and phosphorylation, modified different repertoire of sites on a
limited number of target proteins. These patterns suggest a global
change in protein processing and regulation that occurs in
response to SARS-CoV-2, and the existence of a
posttranslational COVID-19 “code”. Deciphering this code
may advance our understanding of disease progression and
long-term implications, as well as potentially inform novel
strategies of COVID-19 diagnostics and treatment.

several

2 RESULTS AND DISCUSSION

2.1 COVID-19 Patients Exhibit Prominent

Changes in Their Plasma Peptidomes

To address potential protein and peptide changes in the plasma
associated with COVID-19, we obtained plasma samples from 6
COVID patients with severe disease that required hospitalization
and 7 similarly drawn control samples from healthy donors
collected independently within the same time frame
(Supplementary Table S1).

To analyze plasma peptidomes, we used size exclusion under
denaturing conditions followed by C18 reverse phase cleanup to
isolate plasma peptides followed by LC-MS/MS without proteolysis
treatment. LC-MS/MS data were searched against the human
protein database using no-enzyme specificity so that peptides
naturally occurring or produced by in vivo proteolysis could be
identified. The final search results were filtered by p-value (<0.05)
and fold change (2-fold and above) to define 180 peptides that
showed significant differences in abundance between patients and
controls. The significantly changed peptides are shown in
Supplementary Table S2, and the list of identified peptides that

Posttranslational Signatures in COVID-19

did not meet these statistical criteria and were not used in the final
analysis is shown in Supplementary Table S3.

No known regulatory peptides were identified, likely due to their
lower abundance. All the significant peptides identified constituted
proteolytic fragments predominantly from abundant plasma
proteins, which were apparently produced by proteolytic events
that accompany immune response, cell migration and adhesion, and
other physiological processes (Arapidi et al., 2018). Interestingly,
when the total number of identified peptides were compared
(Supplementary Tables S2, S3), substantially fewer peptides
were identified overall in the COVID-19 samples compared to
control (Supplementary Figure S1), in seeming contrast to the fact
that SARS-CoV-2 infection is associated with increased proteolysis
(Anand et al., 2020; Ramos-Guzman et al., 2020; Swiderek and
Moliner, 2020; Meyer et al., 2021; Tang et al., 2021).

To further analyze COVID-19-dependent peptidomics trends,
we used our significantly changed peptide list (Supplementary
Table S2) and grouped the identified peptides by their parent
proteins. For each given protein we plotted combined intensities
of all significantly changed peptides (Supplementary Figure S2),
and separately plotted all the combined intensities grouped by
protein for the most abundant hits showing overall increase in
control (Figure 1A) and COVID-19 (Figure 1B).

Most of the combined peptide intensities for each protein were
substantially higher in the control samples compared to COVID-
19, consistent with the fact that control plasma contained more
peptides overall (Supplementary Figure S1). However, peptides
derived from a small group of proteins showed significant elevation
in COVID-19 plasma (Figure 1B). The most abundant of these,
Alpha-1-antitrypsin, C4a anaphylatoxin, and Serum amyloid A-2,
have known functional association with disease pathology. Alpha-
1-antitrypsin is a protease inhibitor, involved in regulation of
plasma proteolysis (Stockley, 2014). C4 anaphylatoxin and
Serum amyloid A-2 are involved in immune response (Gorski
et al, 1979; Zheng et al., 2020). All of these processes are highly
relevant to the COVID-19 disease (Katneni et al., 2020; Gomez-
Mesa et al., 2021; Montenegro et al., 2021; Ostergaard, 2021), and
thus increased abundance of significantly changed peptides for
these proteins in COVID-19 patients may indicate a direct
association between these proteins’ proteolysis and SARS-CoV-2
infection. In contrast, peptide groups showing higher levels in
control belong to normal proteins expected to be proteolyzed in the
blood due to normal organismal functions, and their decrease in
COVID-19 would likely lead to impairment of these functions
because of SARS-CoV-2 infection.

An additional interesting observation concerns alpha-
fibrinogen, which had the largest number of significantly
changing peptides (Supplementary Table S2). Even though
the combined intensities of significantly changed fibrinogen-
derived peptides was much higher in control compared to
COVID-19 (Figure 1A; Supplementary Figure S2), individual
peptides derived from alpha-fibrinogen showed different
trends, with some peptides elevated in COVID-19 rather
than control samples (Figure 2A; Supplementary Figure
§2). The peptides with the highest abundance were still
more prevalent in control (Figure 2A, left), however out of
the 17 peptides showing significant change, 8 were more
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FIGURE 1 | Plasma peptides from COVID-19 patients exhibits prominent changes compared to control. Combined total intensities of all significantly changed
peptides for each parent protein listed on the X axis. A and B show the most abundant peptide groups in control (A) and COVID-19 (B). See Supplementary Figure S2
for the full list of proteins with significantly changed peptides. Error bars represent SEM (n = 7 for control, 6 for COVID-19).

abundant in the COVID-19 samples (Figure 2A, right). A COVID-19 patients (Ahmed et al., 2020); serglycin is key to
somewhat similar pattern was observed with serglycin: only  the biology of the blood cells (Scully et al., 2012). Altered
two peptides were identified, but one of these was much more  proteolytic patterns of these proteins in COVID-19 may prove
abundant in control, while the other showed the oppositetrend  to be a potentially interesting biomarker in future studies.
(Figure 2B). While each change was significant, added
together, the intensities of these peptides evened out and . .
showed no change in the serglycin protein group shown in 2.2 COVID-19 Patient Plasma Exhibits
Supplementary Figure S2. This observation suggests that ~Prominent Changes in the Global Proteome
fibrinogen and serglycin undergo different proteolytic = Next, we analyzed plasma samples by shotgun proteomics. For
events in normal physiology and during SARS-CoV-2  this, IgG/albumin-depleted plasma samples were loaded onto
infection. Fibrinogen plays a key role in blood clotting  SDS PAGE and run ~0.5 cm into the gel, followed by Coomassie
(May et al, 2021), a process shown to be impacted in  Blue staining and excision of the entire protein-containing gel
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FIGURE 2 | Fibrinogen- and serglycin-derived peptides exhibit differential abundance changes between COVID-19 and control, suggesting different proteolytic
patterns in response to Sars-CoV-2 infection. Normalized intensities of the most abundant individual peptides in control and COVID-19 plasma samples are shown for
fibrinogen (A) and serglycin (B). Peptides in A are plotted in two charts on two different scales, including one overlapping peptide is shown in both charts for scale ([G].
EFVSETESRGSE[S] indicated with a gray arrow in both charts). Error bars represent SEM (n = 7 for control, 6 for COVID-19).

zone, which was then subjected to in-gel digestion with trypsin ~ mostly related to normal physiological functions, including
and analyzed by LC-MS/MS. Differences between COVID-19and  anti-inflammatory response (apolipoprotein A-IV and C-III)
control samples were considered as high confidence significant ~ and overall protective functions (serum paraoxonase),
changes if they exhibited a greater than 2-fold increase or  hormone and vitamin transport (retinol-binding protein
decrease and q-value less than 0.05. Proteins that passed these  and transthyretin). It is possible that their elevated levels in
criteria and were used for further analysis are listed in  control versus patient plasma reflect down-regulation or
Supplementary Table S4. The remaining identified proteins  depletion of these normal proteins upon SARS-CoV-2
are listed in Supplementary Table S5. infection that ultimately contribute to disease pathology.
Interestingly, only 12 proteins were significantly increased Thus, our data suggest that a limited set of proteins related
in COVID-19 plasma while 35 proteins were decreased in these ~ to inflammation, immune response, and normal organismal
samples compared with controls (Figure 3; Supplementary = homeostasis are prominently altered between COVID-19 and
Figure S3). When total iBAQ was used as a rough metric of  control, potentially as a direct consequence of SARS-CoV-2
relative abundance across proteins, only three of the 8 most  infection.
abundant proteins were increased in COVID-19 plasma

(Figure 3). One of these proteins, serum amyloid A-2 also _ i
showed up in our peptidomics dataset (Figure 1), where 2.3 COVID-19 Plasma Proteome Exhibits

peptides derived from this protein were elevated to a Altered Posttranslational Modification
similar extent in COVID-19 compared to control. This Patterns

suggests that serum amyloid A-2 is both upregulated and  To test whether COVID-19 is associated with any changes in
more heavily proteolyzed in COVID-19. The other two  PTMs, we analyzed our total proteomics run of plasma samples
proteins increased in COVID-19 plasma were serum  using pFIND, a software package that can simultaneously identify
amyloid A-1 and C-reactive protein, which are known to be  a large number of different PTMs, and chemical modifications
elevated in the plasma in response to inflammation, and thus  based on mass shifts (Li et al., 2005; Wang et al.,, 2007). We
their increased levels observed in our dataset is fully consistent =~ manually added arginylation into the program (including
with known COVID-19 effects. In contrast, proteins showing  addition of unmodified, mono- and dimethyl-Arg that have
decreased levels in COVID-19 compared to control (Figure 3;  been all shown to occur in vivo through our previous work
Supplementary Figure S3; Supplementary Table S4) are  (Saha et al, 2011; Wang et al., 2014; Wang et al., 2019)). This
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iBAQ intensity

FIGURE 3 | Plasma proteins from COVID-19 patients exhibits prominent changes compared to control. iBAQ intensities of the most abundant proteins showing
significant differences between COVID-19 and control. See Supplementary Figure S4 for the full list of hits. Bars represent normalized intensity levels averaged for all
samples in each group, error bars represent SEM (n = 7 for control, 6 for COVID-19).

m Control m COVID

search identified a total of 2630 modifications in the samples. The
results were filtered by precursor mass tolerance of 10 ppm,
fragment ion tolerance of 20 ppm, and false discovery rate
(FDR) < 1% at peptide and protein level.

Total results from the pFIND search, including data in
individual samples, is shown in Supplementary Table S6, and
the 10 most abundant modifications from COVID-19 and control
patient samples are plotted in Supplementary Figure S4. These
results were used to calculate each modified peptide amount as
spectra count normalized to the percent of the total peptides in
the sample, and these numbers were then compared across
samples between control and COVID-19 to calculate p-value
and fold change.

We defined putative significant differences as a greater than
1.5 fold change between control and COVID-19 peptides, with
p-value less than 0.05. These hits are listed in Supplementary
Table S6, and the modified sites identified in our search are listed
in Supplementary Table S7.

A total of 82 PTMs showed statistically significant differences
between COVID-19 and control. However, many of these
modifications are apparently chemically induced and have not
been described to happen under normal physiological conditions.
Such modifications in the plasma can potentially occur in
response to drugs and environmental factors; thus, it is
unlikely that these modifications occur because of SARS-CoV-
2 infection, even though they might be directly or indirectly

related to the patients’ treatment or susceptibility to symptomatic
COVID-19. Given this uncertainty, we excluded these PTMs, and
manually selected only the known naturally occurring
modifications for further analysis.

After this filtering, only a few physiological PTMs showed
significant  differences between COVID-19 and controls
(Figure 4). These PTMs were plotted in three separate groups:
high abundance (Figure 4A), intermediate abundance
(Figure 4B), and low abundance (Figure 4C). Notably, only
three of them were in the high abundance group, including
phosphorylation on Thr, which showed a nearly 2-fold
increase in COVID-19 patients, Arg deamidation, ~2-fold
increased in control, and a >1.5-fold reduction in side chain
arginylation of Asp and Glu residues in COVID-19 patients
(Figure 4A). Arginylation is an emerging poorly characterized
modification, which is still non-routine during proteomics
analysis and normally requires manual data validation. While
it was not feasible to manually validate all identified peptides, we
validated a number of representative MS/MS spectra (Dataset 1)
to confirm that arginylation on the identified sites is likely.

Both arginylation and Thr phosphorylation have been
previously proposed to play a global regulatory role. Thus, we
performed further analysis of these two modifications to dissect
the likely functional consequences of their change in COVID-19.
Mapping the identified sites for these two modifications on the
target proteins identified in our sets (see Supplementary Tables
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for control, 6 for COVID-19). p values calculated by 2-tailed Student’s T-test
are listed on top of each set of bars.

S8, S9 for arginylation and phosphorylation, respectively)
revealed that in addition of the total level change for each of
the PTMs, COVID-19 patients also exhibit a different repertoire
of arginylation and phosphorylation sites compared to control.
This points to a likely possibility that the target proteins affected
by these altered regulatory PTMs, including components of the
blood coagulation cascade and immune response, along with
several other functions implicated in COVID-19 infection, may
be differentially regulated by these two PTMs in healthy
individuals versus those infected by SARS-CoV-2. While the
effect of these PTMs is not yet understood, it is attractive to

Posttranslational Signatures in COVID-19

suggest that arginylation/phosphorylation on these sites may
underlie COVID-19 dependent protein regulation and disease
progression.

The two less abundant lists included a number of additional
PTMs that play important physiological roles. Among these were
two types of N-linked glycosylation: HexNAc(1)dHex (2) [N] was
up in control (Figure 4, middle), and HexNAc [N], was up in
COVID-19 (Figure 4, bottom). Notably, changes in glycosylation
were previously observed on the viral SARS-CoV-2 proteins
during COVID-19 (Praissman and Wells, 2021; Reis et al,
2021; Shajahan et al, 2021; Zhong et al, 2021), even though
such changes in the host organism, to the best of our knowledge,
were not previously reported. Additional modifications on this
list were detected at very low levels. Even though physiologically
important, it is difficult to assess the biological role of their
changes in the plasma of COVID-19 patients.

In addition to these PTMs, a substantial number of amino acid
substitutions were significantly different between COVID-19 and
control plasma (Supplementary Figure S5). Of those, Glu to Asp
substitution was by far the most abundant (Supplementary
Figure S5, bottom). These substitutions normally reflect single
nucleotide polymorphisms (SNPs), and thus are not a result of
SARS-CoV-2 infection. However, the presence of these SNPs
potentially reflect genetic changes that might make the patients
more vulnerable to COVID-19.

3 CONCLUSION

To our knowledge, the data presented in this manuscript
represents the first global proteome and peptidome analysis of
plasma from COVID-19 patients. Other studies have extensively
analyzed the proteomics and posttranslational state of SARS-
CoV-2 proteins during COVID-19 infection, but no one has as
yet focused on the changes in the patient plasma proteome.

Our data suggests the existence of global protein-level trends
in the patients’ plasma that may inform our understanding of
biology, prevention, diagnostics, and treatment of COVID-19.
We find that plasma proteins in COVID-19 patients contain
elevated levels of a limited number of proteins associated with
inflammation and immune response, and some of these proteins,
including fibrinogen, apparently undergo different proteolytic
events compared to normal controls. Some of these changes may
underlie the less understood clinical symptoms of COVID-19.

Our study shows that COVID-19 infection is accompanied by a
prominent posttranslational signature, with differential increase and
reduction in several key regulatory modifications, including
glycosylation, citrullination, Thr phosphorylation, and arginylation.
Decoding this signature may potentially inform our understanding of
the biology, diagnostics, and treatment of COVID-19.

4 MATERIALS AND METHODS
4.1 Biosafety

All human patient samples were handled under BSL-2
containment.
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4.2 Human Patient Samples
Blood from 7 healthy controls and 6 COVID-19 patients was

collected in lavender-top EDTA tubes from BD (cat no. 368661).
These tubes come with 10.8 mg K2 EDTA spray dried inside the
tube. Blood was drawn into the tube by clinical staff and handed
off to the processing unit within 8 h, usually much less. Tubes
were then spun down at 1,000 x g at room temperature for
15 min. Plasma supernatant was removed, aliquoted, snap frozen
and stored on dry ice for ~1h, then transferred to —80°C for
storage.

4.3 Plasma Fractionation for Protein and

Peptide Fractions

4.3.1 Plasma Clarification

Frozen plasma aliquots were thawed on ice and centrifuged at
13,000 g at 4°C for 30 min. The supernatant was used for peptide
isolation or further depleted of IgG and albumin for analyzing the
protein composition using mass spectrometry.

4.3.2 Peptide Isolation

50 ul of clarified plasma was mixed with 200 ul of Phosphate
Buffered Saline. 1 ml of freshly prepared 100 mM Tris, 8 M urea,
pH 7.5 at room temperature was used to denature the proteins
and dissociate bound peptides from abundant plasma proteins.
Denatured samples were loaded onto a pre-rinsed Amicon Ultra
30 kDa MWCO filter (Millipore) and centrifuged at 13,000 g at
4°C for 20 min. Formic acid was added to the flow-through
containing primarily peptides to a final concentration of 0.1%
(v/v). MacroSpin Vydac Silica C18 columns (the Nest Group,
Inc., Part #SMM SS18V, Lot #060310) were pre-washed first with
500 ul of 100% acetonitrile and then with water followed by
centrifugation at 100 g at 4°C for 1 min to remove the liquid after
each wash. The same centrifugation condition was used for all
subsequent steps. Briefly, columns were equilibrated with 300 ul
0.2% acetonitrile; the 30 kDA MWCO flow-through was applied;
columns were washed three times with 400 pl of 0.1% formic acid,
and peptides were then eluted using 300 pl of 0.1% formic acid,
50% acetonitrile, snap frozen in liquid nitrogen, and stored at
—80°C until the analysis.

4.3.3 Albumin & IgG Depletion for Proteomics

The plasma samples were depleted of IgG and albumin using
Albumin & IgG depletion SpinTrap columns (GE healthcare)
according to manufacturer’s instructions. Briefly, the column was
resuspended, and the storage buffer was discarded by centrifugation
at 100 g for 30 s. The column was then equilibrated with 400 pl of
binding buffer (20 mM sodium phosphate, 150 mM sodium chloride,
pH 7.4), which was discarded by centrifugation at 800 g for 30s.
Immediately after thawing an aliquot, the plasma sample was diluted
1:1 with binding buffer, applied to the column, mixed with the resin
and incubated for 5 min at room temperature. The albumin and IgG
depleted protein fraction was collected by centrifugation at 800 g for
30 s, the column was washed twice with 100 pl binding buffer flowed
by centrifugation at 800 g for 30 s, and the flowthrough and washes
were combined. The eluted proteins were precipitated by adding 9
volumes of —20°C ethanol and stored overnight at 4°C. Precipitated
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protein was collected by centrifugation at 13000 g at 4°C for 30 min.
The pellet was heat inactivated at 60°C for 20 min to denature any
viral load that might have been present.

4.4 Peptidomics

4.4.1 Sample Preparation and LC-MS/MS Analysis
Total peptide fraction purified by C18 column from 13 COVID-
19 patient and control plasma (7 controls and 6 diseased) were
lyophilized and resuspended in 30 ul of 3% acetonitrile, 0.1%
formic acid. The volume of plasma was kept constant between
samples at each step to enable non-normalized comparison of
abundances for each identified peptide. 5 pl of each sample was
analyzed by LC-MS/MS on the Thermo Q Exactive HF mass
spectrometer using a 2-h LC gradient (Su et al., 2021).

4.4.2 Data Analysis

MS/MS data were analyzed using Thermo Proteome Discoverer v2.4.
Spectra were searched using no-enzyme specificity against the
UniProt human proteome database (10/02/2020) and a common
contaminant database using Sequest HT. Percolator target False
Discovery Rate was set at 0.01 (Strict) and 0.05 (Relaxed). Only
peptides identified with high confidence were retained. Common
contaminants (primarily keratins) were removed. Peptide abundance
values were determined from the peptide chromatographic peak
areas. Ratio, p-value (t-test) and adjusted q-value (p-value adjusted to
account for multiple testing using Benjamini-Hochberg FDR) were
calculated using the non-normalized abundance values. Significant
changing peptides are defined as peptides with a minimum absolute
fold change of 2, adjusted p-value of 0.05, and identified in a
minimum of 3 replicates in either group.

To produce the charts shown in the main and supplemental
figures, we summed up total abundances of all peptides belonging
to each protein that exhibited significant differences between
groups and calculated the average of these sums between all
control and all COVID-19 samples. For the chart showing
differential proteolytic patterns of fibrinogen and serglycin
(Figure 2), abundances of individual peptides were averaged
across samples and plotted against each peptide sequence.

4.5 Proteomics

4.5.1 Sample Preparation and LC-MS/MS Analysis
The ethanol precipitated albumin and IgG depleted COVID-19
patient plasma (7 controls, denoted by 3-digit numbers starting
with 0 in the supplemental tables, and 6 diseased, denoted by 3-
digit numbers starting with 5 in the supplemental tables) fractions
were dissolved in 50 ul of 1% SDS, 50 mM Tris-Cl pH 7.5.10 pl of
each was run into a NuPAGE 10% Bis-Tris gel (Thermo Scientific)
for a short distance. The entire stained gel regions were excised,
reduced with tris(2-carboxyethyl)phosphine (TCEP), alkylated
with iodoacetamide, and digested with trypsin. Tryptic digests
were analyzed using a single-shot extended 4 h LC gradient on the
Thermo Q Exactive Plus mass spectrometer.

4.5.2 Data Analysis

Peptide sequences were identified using MaxQuant 1.6.17.0 (Cox
and Mann, 2008). MS/MS spectra were searched against a UniProt
human proteome database (10/02/2020) and a common
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contaminants database using full tryptic specificity with up to two
missed cleavages, static carboxamidomethylation of Cys, and
variable Met oxidation, protein N-terminal acetylation and Asn
deamidation. “Match between runs” feature was used to help
transfer identifications across experiments to minimize missing
values. Consensus identification lists were generated with false
discovery rates set at 1% for protein and peptide identifications.
Statistical analyses were performed using Perseus 1.6.15.0
(Tyanova et al,, 2016). Protein fold changes were determined
from the Intensity values. Missing values were imputed with a
minimum Intensity value, and t-test p-values were adjusted to
account for multiple testing using the permutation-based FDR
function in Perseus. High confidence identification of proteins with
significant change was determined based on the following criteria:
minimum absolute fold change of 2, q-value <0.05, identified by a
minimum of 2 razor + unique peptides, and detected in at least 3 of
the replicates in one of the groups compared.

4.6 Posttranslational Modifications Analysis
The “Proteomics” MS/MS data described above were analyzed
using pFind 3.1.5 (Chi et al., 2018). Two separate pFind searches
were performed: Control (containing all 7 control samples) and
Disease (containing all 6 samples). Spectra were searched using
partial tryptic specificity against the UniProt human proteome
database (10/02/2020). The “Open Search” option was used to
identify PTMs. Data were filtered using a precursor mass
tolerance of 10 ppm, fragment ion tolerance of 20 ppm, and
FDR <1% at peptide and protein level.
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