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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 NADT 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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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., 2018; 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
etal., 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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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, t0lC, 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 proHIyA. 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-1o

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

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

July 2021 | Volume 9 | Article 717503


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

Komaniecki and Lin

Understanding Protein Lysine Fatty Acylation

\

SIRT6 AKT
\

\ Cell

Proliferation

=

Cell
Migration

Cellular
Transformation

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 Arf6
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
IFNoaR1 ubiquitination. Correspondingly, HDAC11 KO cells had
more IFNoR1 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 ECsp 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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FIGURE 6 | Techniques for studying KFA enzyme activity. (A) [*2P]NAD" sirtuin assay. 32P (red atom) is incorporated into NAD™ to be used by a sirtuin with KFA
hydrolase activity. During the hydrolysis mechanism, the sirtuin transfers the fatty acyl group from a modified protein to the cofactor releasing nicotinamide (NAM) and
resulting in the formation of [32P]fatty acyl-ADPR. TLC plates are used to separate, visualize, and quantify radiolabeled species. (B) HPLC analysis of KFA enzyme
activity on peptides. Unmodified and KFA-modified peptides are separated with HPLC and the area of the corresponding peaks are determined for quantification.
(C) Fluorescence-based peptide KFA hydrolase assay. KFA is hydrolyzed from a lysine immediately preceding and AMC group. Trypsin hydrolyzes the amide bond

following only the unmodified lysine releasing the AMC, which then exhibits fluorescence. (D) Acyl-cLIP assay for KFA enzymes. KFA on a peptide modified with
fluorescein increases its affinity for micellar membranes. Fluorescein has slower tumbling when bound to the bulky micelles, resulting in increased fluorescence

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-1a, 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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