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Besides contributing to anabolism, cellular metabolites serve
as substrates or cofactors for enzymes and may also have
signaling functions. Given these roles, multiple control mech-
anisms likely ensure fidelity of metabolite-generating enzymes.
Acetate-dependent acetyl CoA synthetases (ACS) are de novo
sources of acetyl CoA, a building block for fatty acids and a
substrate for acetyltransferases. Eukaryotic acetate-dependent
acetyl CoA synthetase 2 (Acss2) is predominantly cytosolic,
but is also found in the nucleus following oxygen or glucose
deprivation, or upon acetate exposure. Acss2-generated acetyl
CoA is used in acetylation of Hypoxia-Inducible Factor 2 (HIF-
2), a stress-responsive transcription factor. Mutation of a pu-
tative nuclear localization signal in endogenous Acss2 abrogates
HIF-2 acetylation and signaling, but surprisingly also results in
reduced Acss2 protein levels due to unmasking of two protein
destabilization elements (PDE) in the Acss2 hinge region. In the
current study, we identify up to four additional PDE in the
Acss2 hinge region and determine that a previously identified
PDE, the ABC domain, consists of two functional PDE. We
show that the ABC domain and other PDE are likely masked by
intramolecular interactions with other domains in the Acss2
hinge region. We also characterize mice with a prematurely
truncated Acss2 that exposes a putative ABC domain PDE,
which exhibits reduced Acss2 protein stability and impaired
HIF-2 signaling. Finally, using primary mouse embryonic fi-
broblasts, we demonstrate that the reduced stability of select
Acss2 mutant proteins is due to a shortened half-life, which is a
result of enhanced degradation via a nonproteasome, non-
autophagy pathway.

Acetyl CoA is a major building block of intermediary
metabolism and also functions as a substrate or cofactor for
enzymes including acetyltransferases, which utilize acetyl CoA
as a source of acetyl groups. When acetyl CoA availability is
rate-limiting, acetyl CoA generators may have signal trans-
ducing capability (1). Acetyl CoA synthetases comprise an
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evolutionarily conserved family of acetyl CoA generators and
include acetyl CoA synthetases (ACS) or acetate-CoA ligase in
prokaryotes as well as acetate-dependent acetyl CoA synthe-
tases (Acss) in eukaryotes. Although Acss2 is considered the
cytosolic member of the Acss family, it is also enriched in or
translocates into the nucleus following oxygen or glucose
deprivation where it has a stress signaling role through selec-
tive provision of acetyl CoA to an acetyltransferase with
coactivator function (2).

Targets for Acss2-dependent acetylation include histones as
well as nonhistone proteins such as Hypoxia-Inducible Factor 2
(HIF-2), a heterodimeric DNA-binding transcription factor
activated by oxygen or glucose deprivation. Although subject to
oxygen-dependent protein degradation, coupled acetylation and
deacetylation are required for maximal HIF-2 signaling (3, 4).
HIF-2 signaling is characterized by restricted interactions with
other cellular factors. For example, HIF-2 acetylation is
conferred by a specific acetyltransferase, Creb-binding protein
(CBP), rather than its closely related homologue p300 (3, 4).
Likewise, deacetylation of acetylated HIF-2 is conferred by
Sirtuin 1 (3, 4) and possibly Sirtuin 2 (5). Similarly, the de novo
source of the acetyl donor, acetyl CoA, used by CBP for HIF-2
acetylation also exhibits specificity and is provided by Acss2
rather than ATP citrate lyase (ACLY), the other de novo cyto-
solic acetyl CoA generator that also is found in the nucleus (6).

We had previously sought to generate a cytosol-restricted,
enzymatically active form of Acss2. A directed mutation of a
putative nuclear localization signal (NLS) in Acss2 residing in
the carboxy terminal portion that changes two basic (RK) to
two acidic (ED) amino acid residues abrogates HIF-2 acetyla-
tion, blunts HIF-2 dependent signaling, and impairs flank tu-
mor growth in cancer cells expressing mutant Acss2 (7).
Introduction of the Acss2 ED mutation into the mouse
germline using CRISPR/Cas9 mutagenesis results in mutant
mice with impaired induction of the canonical HIF-2 target
gene erythropoietin and consequently blunted recovery from
acute hemolytic anemia (8), similar to results obtained with
Acss2 null mice (9).

In characterizing the Acss2 ED mutant mouse strain, we
noted that Acss2 ED protein levels were dramatically reduced
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Acss2 contains masked protein destabilization elements
(8). Structural studies revealed that bacterial ACS protein
consists of two major globular structures, an �80% amino
portion and the remaining �20% carboxy portion, which
contains several features required for enzymatic function
(10–12). Functional studies using cell culture models identified
two protein destabilization elements (PDEs) that may be active
in the Acss2 ED mutant protein. One PDE corresponds to a
degron identified in a screen in yeast (13), which we refer to as
a degron homology region (DHR). The second PDE is just
downstream from the DHR and corresponds to the putative
nuclear localization signal enriched in basic residues (7, 14, 15),
which we refer to as the Acss2 basic conserved (ABC) domain
(8). The DHR and ABC domains are located in the carboxy
terminal globular portion of mouse Acss2, also known as the
hinge region (8). In this study, we sought to identify if any
additional PDE resides in the Acss2 hinge region.
Results

To identify additional elements affecting protein stability in
the Acss2 hinge region, we used two types of Acss2 constructs.
We introduced deletions or point mutations in full-length
Acss2 protein and expressed these constructs transiently in
Figure 1. Deletion analysis of the Acss2 hinge region using full-length Ac
shown with absolutely conserved residues and residues of similar properties
conserved A domains (dashed lines), alpha helices (solid lines), and beta sheets (
the junctions of structural motifs from either the (B) carboxy or (C) amino termi
portion of Acss2 upstream of the hinge domain. Each construct was introdu
determined by immunoblot (normalized to protein amount and compared to
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Acss2 null primary mouse embryonic fibroblasts (MEFs).
Alternatively, we generated fusion proteins consisting of iso-
lated segments of Acss2 fused to the carboxy terminus of the
fluorescent reporter moxGFP (16) and generated stable HeLa
cell lines expressing these fusion proteins. With both types of
constructs, we assessed steady-state protein levels by immu-
noblot assays. Several relevant observations were made with
these constructs.

To begin our investigations, we deleted regions from either
the amino or carboxy terminus of the Acss2 hinge domain
based upon structural features and fused the remaining seg-
ments to the amino terminal portion of Acss2 (Fig. 1A). For
the Acss2 hinge domain carboxy terminal deletions (Fig. 1B),
removal of α − 20 through α − 18 destabilized the Acss2
mutant protein (Fig. 1B, constructs C1-C7). Further deletion of
β-E2 stabilized the remaining protein (Fig. 1B, construct C8),
which was unaffected by removal of the remaining upstream
elements of the hinge region (Fig. 1B, constructs C9–C11).

For the Acss2 hinge domain amino terminal deletions
(Fig. 1C), removal of A8 through A10, which truncates the
ABC domain mid-way through its sequence, resulted in
reduced protein stability (Fig. 1C, constructs N1–N8). Deleting
the remainder of the ABC domain resulted in a stable Acss2
ss2 protein. A, alignment of prokaryotic ACS and mouse Acss2 (mAcss2) is
indicated by pluses. The structural motifs designated above ACS include
dotted lines). Two series of Acss2 constructs were designed by truncations at
nal end of the Acss2 hinge domain and fusing the remainder to the globular
ced into Acss2 null mouse embryonic fibroblasts and protein levels were
α-tubulin).



Acss2 contains masked protein destabilization elements
mutant protein (Fig. 1C, construct N9). Interestingly, deletion
of the segment between α − 19 and α − 20 yielded an unstable
Acss2 mutant protein (Fig. 1C, construct N10). Removal of the
remaining α − 20 segment stabilized the Acss2 mutant protein,
which consists solely of the amino globular domain comprising
the first �80% of the native Acss2 protein (Fig. 1C, construct
N11).

The results observed from these initial experiments are
consistent with the DHR and ABC domain functioning as
independent PDE (8). However, these results also suggested
the existence of additional PDE as well as masking domains in
the Acss2 hinge region. To further investigate, we assessed the
stability of heterologous fusion proteins that link moxGFP to
amino or carboxy localized segments of the Acss2 hinge region
(Fig. 2A). With respect to amino localized segments, the
moxGFP:A8 fusion protein exhibited modest PDE activity
(Fig. 2B, construct Ns11). Deletion of the A8 segment
increased stability consistent with A8 functioning as a PDE
(Fig. 2B, construct Ns3 versus construct Ns5). However, the
carboxy terminal deletion of full-length Acss2 retaining A8
was stable (Fig. 1B, construct C10), indicating that A8 does not
function as a PDE in this context. Furthermore, isolated
deletion of the A8 region resulted in an unstable Acss2 protein
(Fig. 1C, construct N1), suggesting a masking function of the
A8 domain. Thus, A8 exhibits both PDE and masking activity,
depending upon the type of mutant protein assay employed.
Figure 2. Deletion analysis of the Acss2 hinge region using moxGFP fusion
Acss2 hinge domain (black boxes) shown relative to the alignment of ACS a
prepared from HeLa stable cell lines expressing moxGFP fused at its carboxy
region were assayed for fusion protein expression by immunoblot (norma
moxGFP:Acss2 fusion proteins in the amino-localized Acss2 series have similar s
loaded at 5× level of the other fusion proteins for comparison. Because th
moxGFP:Acss2 fusion proteins in the carboxy-localized Acss2 series, the paren
fusion protein cell lines for comparison.
With respect to other amino-localized segments, the
moxGFP fusion protein with β-E2 alone was highly unstable
(Fig. 2B, construct Ns8) as were moxGFP fusion proteins
containing β-E2 compared with those without this segment
(Fig. 2B, constructs Ns2 versus Ns3, Ns4 versus Ns5, Ns6
versus Ns9). In conjunction with our initial data (Fig. 1B,
constructs C7 versus C8), we conclude that β-E2 is a potent
PDE. Several amino-localized segments fused in isolation with
moxGFP were highly stable including α − 17, β-E1, and α − 18
(Fig. 2B, constructs Ns10, Ns9, Ns7). The moxGFP:α − 17
fusion protein was particularly stable and the presence of α −
17 partially offsets instability conferred by β-E2 domain
(Fig. 2B, constructs Ns4 versus Ns6). However, the presence of
these segments is not sufficient to override multiple PDE in
deletion constructs of full-length Acss2 (Fig. 1C, constructs
N1–N4). In conjunction with earlier data, we conclude that A8
has both PDE and masking capacities, β-E2 is a novel PDE, and
α − 17 may function as a stabilizing or masking domain in the
hinge region.

Immunoblots of whole cell extracts prepared from stably
transformed HeLa cells expressing carboxy terminal fusions
revealed that this region contains multiple PDE (Fig. 2C). As
we previously reported (8), the isolated ABC domain was a
potent PDE (Fig. 2C, construct Cs4). Notably, the two seg-
ments resulting from partitioning of the ABC domain, A10 and
α − 19, retained potent protein destabilization capacity
proteins. A, lentivirus expressing moxGFP fused to various segments of the
nd mAcss2 were used to stably transform HeLa cells. Whole cell extracts
terminus with (B) amino or (C) carboxy localized regions of the Acss2 hinge
lized to protein amount and compared with α-tubulin). Because several
tability as the parental moxGFP, the moxGFP:Acss2 hinge fusion protein was
e parental moxGFP fusion protein level was substantially higher than all
tal moxGFP alone stable cell line was loaded at one-fifth that of the other
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Acss2 contains masked protein destabilization elements
(Fig. 2C, constructs Cs5 and Cs6). The region downstream of
the ABC domain did not function as a PDE when fused in its
entirety to moxGFP (Fig. 2C, construct Cs3), similar to the
chimeric Acss2 protein consisting of this region fused to the
amino globular portion of Acss2 (Fig. 1C, construct N9).
However, further partitioning of this region revealed the
presence of two functional PDE (Fig. 2C, constructs Cs7 and
Cs8), which include the α − 20 segment identified earlier in
fusions with the amino globular portion of Acss2 (Fig. 1C,
construct N10). Thus, these two PDEs remain masked when
present together in a contiguous manner.

We next sought to assess if there are sequence or structural
determinants that confer an ability of the β-E2 region, DHR,
and ABC domain to function as PDE. To start, we identified
similar regions from a lower eukaryote (S. cerevisiae) or from
several prokaryotes (H. salininarium, D. radiodurans, M.
bovis) and fused these to moxGFP (Fig. 3, A–C). Our
assumption was that these elements from Acss2 homologues
of diverse organisms are likely to have similar structural fea-
tures, even though their primary amino acid sequence varies.
In the event that overall charge or other physical properties
confer PDE activity, we also generated a scrambled mutant
(SCRAM) for each PDE that retained the amino acid compo-
sition, but disrupted the primary sequence order. These
alternative elements were compared to the mouse Acss2 PDE
and parental moxGFP in immunoblot analyses.

For the β-E2 constructs (Fig. 3A), the β-E2 element from
D. Radiodurans does not function as an effective PDE and the
SCRAM mutant likewise loses PDE function. For the DHR
constructs (Fig. 3B), DHR elements from two organisms as
well as the SCRAM mutant exhibit reduced PDE function.
Interestingly, the corresponding DHR element from
S. cerevisiae lacks PDE activity. For the ABC domain con-
structs (Fig. 3C), ABC domains from two organisms lack PDE
function including that from H. salinarium, which contains an
acidic glutamic acid–aspartic acid (ED) substitution for a basic
arginine–lysine pair (R668, K669), and that from M. bovis,
which substitutes an aspartic acid residue for a lysine (K669).
However, the initial SCRAM mutant for the ABC domain
remained a potent PDE, even though it altered the positions of
several basic residues.

Because the ABC domains from H. salinarium and M. bovis
exhibited reduced PDE function, which contain at least one
acidic amino acid substitution for a basic residue, we consid-
ered the possibility that basic charged residues may be
important for the ABC domain to function as a PDE. The
primary sequence of the ABC domain is enriched in basic
residues (Fig. 4A). The secondary structure of the ABC domain
contains an alpha-helix with basic residues biased toward one
surface (Fig. 4B). We introduced pairwise alanine substitutions
of basic residues in the ABC domain, visualized as a linear
(Fig. 4C) or amphipathic alpha-helical (Fig. 4D) structure, in
moxGFP:ABC domain fusion proteins (Fig. 4, E and F) as well
as in full-length Acss2 protein (Fig. 4, G and H). We also
examined a mutant Acss2 protein containing alanine sub-
stitutions for all basic residues (K3R4) or one containing the
ED substitution mutation based upon the H. salinarium
4 J. Biol. Chem. (2021) 297(3) 101037
sequence. Isolated ABC domain:moxGFP fusion proteins
containing alanine substitutions for all basic residues retained
their ability to function as a PDE. In comparison, most of the
full-length Acss2 alanine substitution mutants were stable.
However, two helical pairwise alanine substitution mutants
exhibited reduced stability compared with the parental Acss2
protein. These two mutants, [R664A, R668A] and [R664A,
K669A] (Fig. 4H, constructs 1 and 4), have one residue in
common, R664.

The results of the alanine substitutions indicated that a
subset of basic residues may be important for stability of the
full-length Acss2 protein. To further address determinants
that confer PDE function to the ABC domain, we made five
scrambled mutants of the ABC domain that varied its primary
sequence (Fig. 5A) while retaining the overall amino acid
composition and varied the charge distribution of the basic
residues when viewed in a linear and/or amphipathic helix
representation. Notably, all scrambled mutants remained
potent PDE when examined as isolated moxGFP:ABC domain
fusions (Fig. 5B). Furthermore, and in contrast to the alanine
substitutions (Fig. 4), all scrambled mutations resulted in
destabilization of the full-length Acss2 protein (Fig. 5C). The
results from the pairwise alanine substitutions for basic resi-
dues and the scrambled mutations of the ABC domain in total
indicated that specific residues in the ABC domain may be
important for Acss2 protein stability.

To assess for the contribution of individual amino acid
residues in the ABC domain to Acss2 protein stability, we
generated additional mutants of full-length Acss2 protein us-
ing alanine scanning mutagenesis (Fig. 6A). Substitutions for
select residues had significant effects on stability of the full-
length Acss2 protein with the most drastic changes occur-
ring with substitutions of three of four leucine and isoleucine
residues (Fig. 6B). We examined the sequences of the scram-
bled ABC domain mutants and noted that they all retained at
least three of these four leucine and isoleucine residues in their
native positions (Fig. 5A). We constructed moxGFP:ABC
domain fusions and full-length Acss2 expression constructs
with single alanine substitutions for these residues as well as a
construct with alanine substitutions for all four leucine and
isoleucine residues (Fig. 6C). Alanine substitutions for any or
all leucine or isoleucine residues in the ABC domain did not
increase stability of the moxGFP:ABC domain fusion proteins
(Fig. 6D). Similar to the scrambled ABC domain mutants, in
the context of full-length Acss2 protein, these mutations
resulted in instability with two of the isolated substitutions
mutants and the pan-substitution mutant having a comparable
or greater effect as the ED substitution (Fig. 6E).

We considered the possibility that posttranslational modi-
fications (PTMs) of amino acid residues in the ABC domain
might regulate Acss2 protein stability. Other investigators have
shown that the serine at position 659 and the lysine at position
661 undergoes phosphorylation (15) and acetylation (17, 18),
respectively. We therefore constructed a series of substitution
mutants of the ABC domain that serve as PTM mimetics
including S659D and S659A, which mimic the phosphorylated
and dephosphorylated states, as well as K661Q and K661R,



Figure 3. Sequence requirements of PDE identified from cross-species substitutions. To evaluate for sequence-specific versus structural-specific de-
terminants that may dictate PDE ability, segments corresponding to the (A) E2, (B) DHR, and (C) ABC domain from mouse Acss2 (mAcss2) were identified
from a lower eukaryote (S. cerevisiae) or several prokaryotes (H. salininarium, D. radiodurans, M. bovis). These elements as well as a scrambled mutant
(SCRAM) that retains the amino acid composition, but disrupts the order, were fused to moxGFP and compared with the mouse Acss2 PDE or moxGFP alone
as references in immunoblot analyses with whole cell extracts obtained from stably transformed HeLa cells. Amino acids from other organisms that differ
from mAcss2 (green text) and residues at altered positions in the scrambled mutants (down-set text) are indicated. Because the parental moxGFP fusion
protein level was substantially higher than all moxGFP:Acss2 fusion proteins in these series, the parental moxGFP alone stable cell line was also loaded at
one-fifth that of the other fusion protein cell lines for comparison.

Acss2 contains masked protein destabilization elements
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Figure 4. Alanine substitutions for ABC domain basic residues do not affect its PDE function. The ABC domain contains multiple basic amino acid
residues in proximity to each other whether viewed in a (A) linear or (B) helical manner. To assess whether basic charge density dictates PDE ability for the
ABC domain, fusions of moxGFP with isolated ABC domains containing pairwise alanine substitutions for basic residues adjacent to each other or at the
extreme ends when viewed in either the (C) linear or (D) helical perspective were constructed. The linear basic mutant 4 is identical to helical basic mutant 3,
whereas all remaining mutants are unique. Levels of moxGFP fusion proteins containing the isolated ABC domain from (E) linear or (F) helical mutants were
compared with levels of a pan-basic residue alanine substitution mutant (K3R4), parental Acss2 WT ABC domain fusion, Acss2 ED mutant ABC domain
fusion, or moxGFP alone in immunoblot analyses with whole cell extracts obtained from stably transformed HeLa cells. Similar (G) linear and (H) helical
mutations were generated in full-length Acss2 and used to examine protein stability when expressed in Acss2 null mouse embryonic fibroblasts. The
numbering in the helical representation corresponds to the positions in the linear representation. Basic residues (blue text), acidic ED substitution (red text),
and alanine substitutions (green text) are indicated. To demonstrate the effect of the ED mutation on ABC domain PDE activity, the parental moxGFP alone
stable cell line was loaded at one-fifth as well as equal levels of the other fusion protein cell lines for comparison.

Acss2 contains masked protein destabilization elements
which mimic the acetylated and deacetylated states (Fig. 6F).
The moxGFP:ABC domain fusion proteins containing these
mutations had reduced stability relative to moxGFP alone or to
the more stable mutant moxGFP:ED ABC domain fusion
protein, similar to the moxGFP WT ABC domain protein
(Fig. 6G). Full-length Acss2 proteins containing these muta-
tions exhibited comparable or increased stability relative to
WT Acss2 protein (Fig. 6H).

The results of the mutational analyses in summary indicate
that three elements function as potent PDE in isolation: the
6 J. Biol. Chem. (2021) 297(3) 101037
β-E2 element, the DHR, and the ABC domain. Amino acid
substitutions can reduce the PDE capability of each signifi-
cantly. The ABC domain was unique in that the isolated ABC
domain was resistant to changes in the primary or secondary
sequence generated by scramble mutations as well as by
alanine substitutions for all basic residues. However, there was
discordance when alanine substitution mutants were
expressed in the context of full-length Acss2 as only a subset of
alanine substitution mutants exhibited instability. In contrast,
acidic substitutions for select basic residues as present in the
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Figure 5. Scrambled mutations of ABC domain basic residues do not affect its PDE function. A, to further assess for a linear sequence requirement for
PDE function in the ABC domain, a series of mutants were examined that varied positions of basic residues viewed in a linear or helical manner. The
numbering in the helical representation corresponds to the positions in the linear representation. Basic residues (blue text) and residues at altered positions
(down-set text) are indicated. B, these constructs were fused to moxGFP and compared with the mouse Acss2 WT and Acss2 ED mutant ABC domain fusion
proteins in immunoblot analyses with whole cell extracts obtained from stably transformed HeLa cells. C, similar mutations were generated in full-length
Acss2 and used to examine protein stability when expressed in Acss2 null mouse embryonic fibroblasts.

Acss2 contains masked protein destabilization elements
M. Bovis ABC domain, H. salinarium ABC domain, and the
CYT (ED) substitution mutant based on the latter inactivate
PDE function of the isolated ABC domain, yet full-length ED
Acss2 protein were unstable. These data in total suggested that
the ABC domain and other PDE might be normally masked
A C

D

EB

Figure 6. Specific residues in the ABC domain are required for Acss2 prot
alanine scanning mutants (green text) were generated in the ABC domain of fu
embryonic fibroblasts (MEF) to assess protein stability. C, constructs were gen
isoleucine residues in the ABC domain. These were compared with mouse Acs
isoleucine isolated ABC domains were fused to moxGFP and compared with m
analyses with whole cell extracts obtained from stably transformed HeLa ce
residues were generated in full-length Acss2 and compared with mouse Acss2 W
posttranslational modifications (PTM) of residues in the ABC domain might
(S659A, green text), acetylation (K661Q, purple text), and deacetylation (K661R
ported phosphorylation (S659) and acetylation (K661) sites. G, PTM mimetic con
mutant ABC domain fusion proteins for protein stability in stably transformed
Acss2 and used to examine protein stability in Acss2 null MEF.
and that masking may depend upon specific basic residues
located at precise positions in the ABC domain.

In the deletion mutational analyses, we identified at least
three masking elements present in the hinge region: the A8
domain, the α − 17 domain, and the region downstream of the
F

G

H

ein stability. A, to further assess for determinants of Acss2 protein stability,
ll-length Acss2. B, the scanning mutants were expressed in Acss2 null mouse
erated with alanine substitutions (green text) for each or all of four leucine/
s2 WT and ED (red text) mutant ABC domain fusion proteins. D, the leucine/
ouse Acss2 WT and ED mutant ABC domain fusion proteins in immunoblot
lls. E, similar alanine substitutions for the ABC domain leucine/isoleucine
T and ED mutant for protein stability in Acss2 null MEF. F, to assess whether

affect PDE function, phosphorylation (S659D, red text), dephosphorylation
, blue text), substitution mimetic mutants were generated in previously re-
structs were fused to moxGFP and compared with mouse Acss2 WT and ED
HeLa cells. H, similar PTM mimetic mutations were generated in full-length
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Acss2 contains masked protein destabilization elements
ABC domain. Because the hinge region forms a globular
structure in crystal structures of prokaryotic ACS proteins, we
reasoned that masking might be facilitated if the PDEs are in
close proximity to each other. To determine if this might be
the case, we used a web-based modeling prediction program to
map PDE on the predicted tertiary structure of Acss2 (Fig. 7A).
Indeed, all PDEs are predicted to be in close proximity to each
other on the surface of the hinge domain and in a globular
portion spatially distinct from the major body of the Acss2
protein.

We next asked if the PDE might be hidden by recruitment of
masking elements we had defined in our mutational analyses.
Using the web-based modeling program (Fig. 7B), we identified
three basic residues in the ABC domain (R664, R668, K669)
that form potential electrostatic interactions with three acidic
residues located in A8, α − 17, and the region downstream of
the ABC domain (D570, E585, D674). To evaluate whether
these residues have a functional role in preventing PDE
exposure and therefore Acss2 protein instability, we performed
single, double, or triple alanine substitutions for the basic
(Fig. 7C) and acidic residues (Fig. 7D) and assessed their effect
on stability of full-length Acss2 protein. The results indicated
that at least one double and all triple alanine substitutions for
either basic or acidic contact points result in marked Acss2
protein instability.

We asked if the residues identified as potential contact
points are evolutionarily conserved. We obtained protein se-
quences for Acss2 and its homologues from the NCBI Protein
and UniProt Database. The majority of Acss2 protein se-
quences currently in the database are in silico predictions
based upon whole genome sequencing. Because the genomic
sequences used in this predictions have not been curated to
the same degree as commonly used model organisms, we first
performed a quality assessment protocol whenever in silico
protein sequences deviated significantly from the consensus
protein sequence for Acss2 (eukaroytes) or ACS (prokaryotes)
to ascertain if sequences aligned better when potential frame-
shift errors were corrected. Final edited protein sequences
were aligned and compared using Clustal Omega (19, 20).

The alignment results indicated that two basic contacts in
the ABC domain and their acidic contacts in the A8 and α −
17 elements are conserved across prokaryotes and eukaryotes
(Fig. 8). The third basic residue as well as its acidic contact is
highly or completely conserved in eukaryotes, chordates, and
mammals. Of note, this acidic residue is located in the region
downstream of the ABC domain, which comprises the CMP
for mouse Acss2 and is varied in length for prokaryotic ACS.
Nevertheless, although less conserved, there is overall a
relative enrichment in acidic residues in this region of ACS
proteins. Thus, other acidic residues in this region down-
stream of the ABC domain may function as an acidic contact
partner for a basic residue in the ABC domain of ACS pro-
teins. Of note, the leucine, isoleucine, proline, and glycine
residues in the ABC domain that are critical for stability of
full-length Acss2 protein as assessed by alanine scanning
mutagenesis (Fig. 6, A and B) are also highly conserved in
Acss2 and its homologues.
8 J. Biol. Chem. (2021) 297(3) 101037
We have shown that the Acss2 ED mutation has in vivo
consequences for Acss2 protein stability and HIF-2 signaling
(8). The results from our cell culture studies indicate that
nonsense and other missense variants may also result in loss-
of-function phenotypes by reducing Acss2 protein levels.
While generating Acss2 ED mutant mice, we identified a
mutant strain with a truncating point mutation (PM) in the
ABC domain (Fig. 9, A and B), which results in a carboxy
terminal deletion protein similar to one that was unstable in
our cell culture experiments(construct N8, Fig. 1C). As pre-
dicted, the Acss2 protein generated in Acss2 PM mutant mice
is undetectable in a tissue survey (Fig. 9C). When assessed by
immunohistochemistry, Acss2 PM protein is present at mini-
mal or undetectable levels in mouse kidney and liver, respec-
tively (Fig. 9D). Similar to Acss2 ED mice (8), Acss2 mRNA
levels are reduced in Acss2 PM kidney and liver (Fig. 9E).

Because of the role of Acss2 in HIF-2 signaling, we asked if
Acss2 PM mutant mice had defects in HIF-2-dependent
signaling. Acute hemolytic anemia following injection of
phenylhydrazine (PHZ) activates HIF-2 signaling in mice.
Hematocrit levels in Acss2 WT and PM mice were similar at
baseline (mean with SEM; n = 8 mice per group; WT = 48.3 ±
1.2, PM = 50.0 ± 2.0). WT and PM mice treated with PHZ and
with similar degrees of anemia (mean with SEM; n = 8 mice
per group; WT = 21.9 ± 1.7, PM = 22.6 ± 1.9) were chosen for
comparison. Gene expression for erythropoietin (Epo), a HIF-2
selective target gene, was blunted in the kidney as well as liver
(Fig. 9F), sites of endocrine Epo synthesis in mammals, in
anemic Acss2 PM mice relative to anemic Acss2 WT mice.

We asked if the effect of the Acss2 PM and ED mutations is
cell-intrinsic. Transient expression of Acss2 PM protein in
Acss2 WT or KO MEF resulted in ectopic Acss2 PM protein
levels significantly lower than ectopic WT Acss2 protein and
even lower than ectopic ED Acss2 protein expressed in a
similar manner (Fig. 10A). Interestingly and as observed with
ectopic mutant Acss2 protein expressed in transformed stable
cell lines, ectopic PM and ED Acss2 protein levels were higher
when expressed in WT versus KO MEF. Similar to primary
MEF derived from Acss2 knockout (KO) mice, MEF generated
from Acss2 PM or Acss2 ED mice demonstrated markedly
reduced endogenous Acss2 protein levels relative to MEF
derived from Acss2 wild-type (WT) mice (Fig. 10B). The
reduced expression of endogenous Acss2 protein in KO, PM,
and ED mutant MEF resulted in reduced acetate-derived lipid
synthesis (Fig. 10C).

We next addressed the potential reasons for reduced levels
of endogenous Acss2 PM and ED protein in MEF. No sig-
nificant differences were observed in the insoluble relative to
soluble fraction of Acss2 PM and ED protein in comparison
to Acss2 WT protein (Fig. 10D). Inhibition of protein
translation with cycloheximide revealed that the half-life of
Acss2 PM or ED proteins (estimated at between 4 and 8 h) is
at least three times shorter than that of Acss2 WT protein
(greater than 24 h), which indicates that Acss2 PM and ED
proteins have reduced stability (Fig. 10E). Finally, degrada-
tion of Acss2 PM or ED proteins was not affected by inhi-
bition of ubiquitin-mediated proteasomal degradation with



Figure 7. Acss2 PDEs are in close proximity to each other in the Acss2 hinge region. A, location of masking elements and PDE in the Acss2 hinge
domain is shown relative to ACS and mAcss2 proteins. A8 and α17 function as masking elements (red bars). The PDE (green bars) include E2, DHR, and ABC
domain with the latter consisting of two functional PDE. The conditionally masked PDE (CMP; yellow bars) is stable when present together, whereas in-
dividual segments confer instability. SwissProt modeling predicts that all three PDEs are in close proximity on the Acss2 carboxy hinge domain surface.
Panels from left to right represent the entire Acss2 protein, close-up of the Acss2 hinge region containing the PDE, and close-up of the PDE alone. B, acidic
(red) and basic (green) residues in the Acss2 hinge region that may form electrostatic interactions are shown with boxes, dots, and asterisks indicating

Acss2 contains masked protein destabilization elements
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Figure 8. Protein stabilizing residues are conserved in the Acss2 hinge region. Alignment of the hinge regions of ACS and Acss2 proteins using Clustal
Omega is shown with mouse Acss2 (NCBI Reference Sequence NP_062785.2) and human ACSS2 (NCBI Reference Sequence NP_001070020.2) as references
for (A) Eukaryote and Prokaryote, (B) Eukaryote, (C) Animal, and (D) Mammal clusters. Structural features from prokaryotic ACS studies include conserved A
elements (gold text, highlighted with a dashed line), alpha helical elements (green text, highlighted with a solid line), and beta sheet elements (red text,
highlighted with a dotted line). Residues conserved across all organisms (*), or between groups of amino acids with strongly (:) or weakly (.) similar properties
are indicated. The protein destabilization elements (PDE, shaded green) include the E2 region, Degron Homology Region (DHR), and Acss2 basic conserved
(ABC) domain. The dual PDE/masking A8 region (shaded blue), α17 masking domains (shaded magenta), and conditionally masked PDE (CMP, shaded yellow)
are also indicated. Separate segments within the ABC domain and CMP indicate that two functional PDE were identified within each of these elements. The
protein stabilizing residues include electrostatic contact sites (boxes, asterisks, and circles with red and blue highlighting acidic and basic residues,
respectively) and the noncharged leucine/isoleucine residues (black arrows) as well as proline and glycine residue (orange arrows) residues in the ABC
domain identified by alanine scanning mutagenesis.

Acss2 contains masked protein destabilization elements
MG132 (Fig. 10F) or by inhibition of autophagy with chlo-
roquine (Fig. 10G).
Discussion

We previously identified two potent PDEs in the Acss2
hinge region, the DHR, and the ABC domain (8). The ABC
domain is an extremely potent PDE and is the most evolu-
tionarily conserved element of the ACS superfamily. Herein,
we performed an extensive exploration of the hinge region to
identify additional PDE. We identified up to four additional
PDEs: the A8 region that exhibits both PDE and masking
traits; a potent PDE, the β-E2 region; and two PDE down-
stream of the ABC domain, which when present together
constitute a conditional masked PDE (CMP). We also deter-
mined that the ABC domain contains two nonoverlapping
PDE. In conjunction with the DHR and ABC domain, potential
PDE comprise nearly three-quarters of the hinge region.

One emerging characteristic for the PDE elements in Acss2
is their short length, but otherwise they lack any clearly
defining features. This is a theme that also characterizes
degrons recognized by the anaphase-promoting complex,
which polyubiquitinates specific cell cycle proteins at precise
times determined in part by unique aspects of a given degron
(21). The β-E2 region is at most 13 amino acids in length and is
predicted to comprise part of a beta sheet. The DHR is 22
amino acids in length and includes part of an alpha helical
matching participants for each interaction. SwissProt modeling is also shown
Acss2 protein expressed in Acss2 null mouse embryonic fibroblasts of single,
(D) acidic (red text) residues that comprise the electrostatic interactions is sho
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region and a beta sheet, but likely is largely disordered in Acss2
homologs (10, 11, 22). Amino terminal truncations reduce
DHR PDE function, but the effect of carboxy terminal trun-
cations is unknown. The ABC domain defined by evolution-
arily conserved residues is 18 amino acids in length (8). We
demonstrate that the ABC domain can be divided into two
segments, each of which functions as a potent PDE. Hence,
motifs as short as nine amino acids exhibit potent PDE func-
tion. Some of these motifs are located in disordered segments
of the Acss2 protein and may function as short linear motifs,
particularly if these regions undergo modifications or serve as
ligands for other cellular factors (23).

Other elements in the Acss2 hinge region are noteworthy.
A8 exhibits both PDE and masking activities, the latter likely
related to the presence of an acidic contact point that interacts
with two basic contact points in the ABC domain. The A8
element is located at the most amino terminal portion of the
Acss2 hinge region. Crystal structure of a prokaryotic Acss2
homologue indicates that it undergoes a conformational
change during enzymatic generation of acetyl CoA involving
rotation around the aspartic acid residue that marks the start
of the hinge region. If similar conformational changes occur
with mammalian Acss2, it is possible that its ability to function
as either a PDE or masking element may be related to the
spatial orientation of A8 in one of these conformations.

The PDEs located downstream of the ABC domain are also
noteworthy. The amino terminal segment is at most 15 amino
for each predicted interaction. The effect on protein stability of full-length
double, or triple alanine substitutions for the three (C) basic (blue text) or
wn with alanine substitutions (green text).



Figure 9. A truncation mutation lowers Acss2 protein levels and impairs HIF-2 signaling. A, alignment of the ABC domain and surrounding sequence in
human and mouse Acss2 relative to conserved residues in animals. Residues conserved across all organisms (*), or between groups of amino acids with
strongly (:) or weakly (.) similar properties are indicated. The asterisk above human ACSS2 and mouse Acss2 denotes the location of the PM truncation
mutation. B, schematic of Acss2 in Acss2 WT, PM, ED, and KO mice with the hinge residue indicated by a vertical line and the ABC domain by a gray box. The
amino acid sequence for the ABC domain in Acss2 WT, PM, and ED mice is shown with the additional residue in Acss2 PM (S) or the substituted residues in
Acss2 ED (ED for RK) protein indicated. C, mice expressing Acss2 PM have undetectable protein levels in an immunoblot tissue survey. D, Acss2 protein
assessed by immunohistochemistry in the kidney and liver of Acss2 PM mice is minimal or undetectable, respectively. Black lines represent 100-micron scale
bars. E, real-time PCR measurements reveal reduced Acss2 mRNA levels in Acss2 PM relative to Acss2 WT kidney (*p = 0.012 for one-tail t test) and liver (*p =
0.001 for one-tail t test). F, Real-time PCR measurements reveal blunted Epo expression in anemic Acss2 PM relative to Acss2 WT kidney (*p = 0.002 for one-
tail t test) and liver (*p = 0.033 for one-tail t test). Data is mean with SEM with n = 8 mice per group for all groups.

Acss2 contains masked protein destabilization elements
acids in length and is predicted to be an unstructured feature
in Acss2 based upon corresponding segments in crystal
structures of ACS proteins. The carboxy terminal segment is
likewise 15 amino acids in length and is predicted to be an
alpha-helical feature. These two segments function as a con-
ditional PDE when present in isolation or in the absence of
each other. However, when present together, these two seg-
ments effectively mask each other. Given the likely relationship
of these two segments in the native Acss2 protein, we refer to
this region as a conditionally masked PDE (CMP). Although
we have not explored its molecular determinants, the CMP
may be a conditional C-degron (24) given its location at the
J. Biol. Chem. (2021) 297(3) 101037 11



Figure 10. Truncating and substitution mutations in Accs2 reduce half-life and impede function. A, transient transfection of Acss2 WT or KO mouse
embryonic fibroblasts (MEFs) with Acss2 WT, PM, or ED expression vectors reveals lower ectopic Acss2 PM and ED protein levels relative to ectopic Acss2 WT
protein. B, Acss2 protein levels are lower in MEF derived from Acss2 PM and ED mice compared with MEF derived from Acss2 WT mice. C, Acss2 KO, PM, and
ED MEF have reduced acetate-derived lipid synthesis relative to WT MEF. D, ratios of soluble and insoluble Acss2 WT, PM, or ED protein in MEF derived from
the respective mouse strain are similar. E, Acss2 PM and ED proteins have reduced half-lives compared with Acss2 WT protein in MEF derived from the
respective mouse strain using following inhibition of translational initiation with cycloheximide. F, Acss2 PM and ED protein levels do not increase following
inhibition of ubiquitin-mediated proteasome degradation with MG132. G, Acss2 PM and ED protein levels do not increase following inhibition of autophagy
with chloroquine.
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carboxy terminus, whereas the β-E2, DHR, and ABC domains
may represent internal degrons. Whether the elements that
constitute the carboxy terminal CMP are subject to dynamic
changes through binding of other cellular factors or by PTMs
that mask or unmask the PDE remains to be determined (25).

We have identified PDE by their ability to confer instability
to a heterologous long-lived protein, moxGFP, the first
defining feature of degrons. In some cases, we confirmed the
ability of elements to function as PDE by deleting them from
the parental Acss2 protein. Because we defined these elements
functionally by fusing them to heterologous reporters or by
deleting them from the parental Acss2 protein in order to
interrogate their effect on protein stability, it is possible that
some of these findings are artifactual. However, we argue that
the PDEs identified in this study are bona fide elements for
several reasons. First, the existence of multiple PDEs is sup-
ported by the observation that the ED substitution mutation in
full-length Acss2 results in reduced protein stability, whereas
this same mutation in the isolated ABC domain impairs its
ability to function as a PDE. Second, the PM truncating mu-
tation cleaves off the carboxy terminal CMP, which may mask
the ABC domain and other PDE and exposes the amino
12 J. Biol. Chem. (2021) 297(3) 101037
portion of the ABC domain, which we contend is a potent
internal PDE. Finally, the destabilizing effect of amino acid
substitutions for putative electrostatic contact points in the
Acss2 hinge domain as well as of hydrophobic residues in the
ABC domain is profound. We propose that these residues
provide critical structural contributions that maintain the
hinge region in a tertiary conformation to mask its PDE, which
is further supported by the highly evolutionarily conserved
nature of these residues.

We found mutations that eliminated protein-destabilizing
activity of the isolated PDE, the second defining feature of
degrons. However, the molecular determinants of each PDE in
the Acss2 hinge region appear to be distinct. For β-E2, it is
likely that a major determinant is a structural aspect of the
element. This conclusion is supported by our observation that
the corresponding β-E2 regions from S. cerevisiae,
H. salinarium, and M. bovis are potent PDEs despite the fact
that their primary sequence deviates substantially from the
mouse Acss2 β-E2 element, particularly the M. bovis β-E2
element. The scrambled mutant for β-E2 is stable, which
suggests that there may be positional requirements for some
amino acids. However, the limitation for scrambled mutants is
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that they may lose any conserved structural feature, whereas
this is less likely for substitutions that use similar motifs from
Acss2 homologues in other species.

The results from mutagenesis of the DHR revealed several
interesting findings. Similar to the β-E2 mutagenesis experi-
ment, substitutions with homologous elements from several
species, S. cerevisiae and H. salinarium, reduced the ability of
this region to function as a PDE, whereas the DHR from
D. radiodurans andM. bovis did not impair PDE function. The
DHR scrambled mutant also exhibited enhanced stability,
although to a lesser extent than DHR from S. cerevisiae and
H. salinarium. The enhanced stability of the DHR from
S. cerevisiae was surprising given this region in mouse Acss2
was originally identified by virtue of its homology to this
element. However, Acss2 homologues from S. cerevisiae and
other lower eukaryotes contain a stretch of amino acids up-
stream of the DHR that is not present in other Acss2 homo-
logues, which may alter the boundaries of the DHR in these
organisms. Whether the lack of an effect of the S. cerevisiae
DHR on protein stability in this study is a result of species-
specific differences in recognition of this element, incom-
plete reconstruction of the S. cerevisiae DHR element, or
altered amino acids upstream of the DHR defined by junctions
with exogenous reporters remains to be addressed (13).

The ABC domain remains a complicated element in Acss2
and was the PDE most resistant to mutational inactivation.
Because a loosely associated characteristic of some degrons is
enrichment in basic residues, we performed an extensive
mutagenesis targeting basic residues in the ABC domain.
Pairwise as well as complete alanine substitutions for basic
residues in the ABC domain had no effect on isolated PDE
function. Scrambled mutations also did not affect isolated PDE
function. The only mutations we found that inactivate isolated
ABC domain PDE function were acidic substitutions for one or
two basic residues in the ABC domain, which include the
Acss2 ED substitution mutation (8). The ED substitution
mutation impairs the ability of Acss2 to translocate into the
nucleus when expressed in transformed cells (7), but
dramatically reduces endogenous Acss2 protein levels in mice
(8).

Residues in the ABC domain undergo PTMs. Acetylation of
a lysine residue affects enzymatic activity in ACS (12, 26) as
well as in Acss2 (17, 18), and phosphorylation of a serine
residue may regulate Acss2 nuclear translocation (15). None of
the PTMmimetics altered the PDE activity of the isolated ABC
domain, although they may affect full-length Acss2 protein
levels. The phosphorylation mimetic, S659D, and acetylation
mimetic, K661Q, increase, whereas the dephosphorylation
mimetic, S659A, and deacetylation mimetic, K661R, have no
effect on ectopically expressed full-length Acss2 protein levels
in KO MEF. Another deacetylation mimetic, K661A, also has
no effect on Acss2 protein levels in these assays. Whether
these patterns are maintained if the mimetics are expressed in
the context of endogenous Acss2 is unknown.

We propose that conservation of the basic and acidic con-
tact residues in the ABC domain reflects their importance in
maintaining tertiary structure of the hinge region. Two basic
contacts in the ABC domain and their acidic contacts in A8
and α − 17 elements are conserved across prokaryotes and
eukaryotes. Pairwise alanine substitutions for these basic res-
idues result in unstable full-length Acss2 protein. The third
basic contact in the ABC domain and its acidic contact in the
CMP is less conserved, although these residues are conserved
in higher organisms. Single alanine substitutions for these
latter residues have no or minimal effect on full-length Acss2
protein stability. Prokaryotic Acss2 homologues have shorter
carboxy terminal sequences, which may render this contact
pair less essential.

The importance of electrostatic contacts in maintaining
masking of PDEs in Acss2 is demonstrated by the effect of the
ED mutation on stability of the moxGFP:isolated ABC domain
fusion versus its effect on stability of the full-length Acss2 ED
protein. Although moxGFP fused to the isolated ED ABC
domain is stable, full-length Acss2 ED protein is unstable. We
speculate that the ED mutation disrupts at least two of three
electrostatic interactions linking the ABC domain with
masking elements in the Acss2 hinge region, thereby exposing
the remaining PDE. However, hydrophobic interactions are
also likely important in masking of the ABC domain and other
PDE. Leucine, isoleucine, proline and glycine residues in the
ABC domain are critical for stability of full-length Acss2
protein and are highly conserved in the Acss2 superfamily as
are the serine and lysine residues subject to PTM. Thus, the
evolutionary constraints to maintain these electrostatic con-
tact, hydrophobic, and PTM residues in the ABC domain offer
a rationale for why this domain is the most highly conserved
element of the Acss2 superfamily.

One potential role for the existence of multiple PDE in
Acss2 is in protein quality control (27). The Acss2 hinge re-
gion contains domains essential for its enzymatic function
(10–12). Although separated in primary sequence, the PDEs in
the Acss2 hinge region reside in close proximity to each other
in the tertiary state and contain evolutionarily conserved res-
idues. Several PDEs are constituted in whole or in part by
unstructured regions. These may assume more specific con-
formations depending upon the enzymatic status, cellular
metabolic state (28, 29), or PTM status (30, 31). We note that
in this study, posttranslational mimetics of the ABC domain
did not eliminate its PDE function.

Acss2 may contain multiple PDEs in order to ensure that a
malfunctioning protein does not act as a sink for limiting
substrates or cofactors. A recent study described a transition-
state mimetic that binds Acss2 in the amino globular region
and impedes Acss2 function in breast cancer (32). However, its
effect on Acss2 protein stability was not reported. It is possible
that Acss2 protein stability is affected by natural compounds
or metabolites binding in enzymatic pockets that do not
progress in the enzymatic conversion and instead lock Acss2 in
a state that exposes one or more PDEs, potentially in a syn-
ergistic manner (33). Thus, the possibility that PDEs act as
dynamic sensors of the cellular biochemical state remains an
intriguing possibility.

The third step in formally designating a PDE as a degron is
association with a proteolytic mechanism (34), typically
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ubiquitin-dependent proteasomal degradation with degrons
serving as docking sites for E3 ligases. Ectopic Acss2 PM and
ED proteins expressed in MEFs exhibit lower steady-state
levels than ectopic Acss2 WT protein. Endogenous Acss2
PM and ED proteins produced in MEF derived from Acss2 PM
and ED mice are also unstable, but this is not due to insoluble
aggregates, one mechanism for protein removal (35, 36).
Endogenous Acss2 PM and ED proteins have a reduced half-
life, but are not degraded by the proteasome or by auto-
phagy. We could not discern any obvious PEST sequences (37)
or motifs for lysosomal targeting or chaperone-mediated
autophagy (38, 39) in the PDE. Ubiquitination-independent
(40–44) as well as proteasome-independent (45) pathways
for protein degradation have been described (46). Interestingly,
ectopic Acss2 PM and ED protein levels are higher when
expressed in Acss2 WT versus KO MEF. They are also higher
when expressed in transformed versus primary cells. Whether
these higher levels are due to saturation of cellular degradation
pathways that target Acss2, stabilizing interactions of mutant
Acss2 proteins with Acss2 WT protein, or a consequence of
the transformed state remains to be determined.

Rotation of the carboxy terminus of ACS following the first
step of acetyl CoA generation and prior to the final step of the
acetyl CoA generation (10, 11) may expose hidden surfaces in
the hinge region. If this occurs for eukaryotic Acss2, it
potentially unmasks an NLS as the ABC domain fits a
consensus sequence for an NLS. Acss2 can transit or be
enriched in the nucleus following oxygen or glucose depriva-
tion (2, 7, 15), and other events may also regulate Acss2 sub-
cellular localization. However, the behavior of Acss2 protein in
transformed cell lines may differ from its behavior in primary,
nonmalignant cells. Introduction of a candidate cytosol-
restricting mutation, the ED mutation, into the germline of
mice resulted in severely reduced Acss2 ED protein levels and
subsequently led to the identification of the ABC as a potent
PDE (8).

Recent studies in yeast have identified degrons that direct
cytosolic and nuclear proteins for degradation (13, 47). Inter-
estingly, the presence of an NLS may have a significant effect
on degron potency (13). We have not confirmed that the ABC
domain regulates Acss2 subcellular localization. This is a
challenge for several reasons including that many substitutions
in the ABC domain destabilize the full-length protein and
fusion proteins containing the isolated ABC domain are effi-
ciently degraded. Future studies will be required to identify the
mechanism by which unstable Acss2 proteins are eliminated
from the cell as well as to assess how Acss2 subcellular
localization is regulated.

We conclude by emphasizing functional consequences for
premature truncations of Acss2. The Acss2 PM truncating
mutation has a profound effect on Acss2 protein stability in
mice, similar to the Acss2 ED substitution mutant (8). It ex-
poses the amino terminal ABC domain, which can function as
a potent PDE, and eliminates all basic contact points with
masking elements. Since Acss2 is a key component of the HIF-
2 signal transduction pathway (2, 7, 9), we investigated
whether mice harboring the Acss2 PM mutation have altered
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HIF-2 signaling. Indeed, mice with homozygous PM alleles
have virtually absent Acss2 protein levels and blunted HIF-2
signaling activated by acute anemia, similar to mice with the
Acss2 ED substitution mutation (8). Mouse embryonic fibro-
blasts isolated from Acss2 PM and ED mice have severely
reduced levels of acetate-derived lipids compared with mouse
embryonic fibroblasts isolated from Acss2 WT mice, which
likely will manifest as reduced acetate-dependent lipid syn-
thesis in Acss2 PM and ED mice. Thus, while the functional
role of the ABC domain and other PDE in the native Acss2
protein remains speculative, it is evident that truncating and
substitution variants in the Acss2 hinge region have severe
consequences for Acss2-related biology, which may be of
relevance to human disease (48).

Experimental procedures

Stable cell culture studies

Cell culture

Transformed cell lines used in this study included HEK293T
(lentivirus generation) and HeLa (stable cell lines). All cells
were maintained in a cell culture incubator at 37 �C, 5% CO2,
and 95% air and passaged as previously described in detail (8).
Standard cell culture media consisted of DMEM (Corning,
Cat. No. 10-013-CV), 10% fetal bovine serum (Atlanta Bi-
ologicals, Cat. No. S11150), and 1× Penicillin/Streptomycin
(Corning, Cat. No. 30-002-CI). To passage, cells were trypsi-
nized with 0.25% trypsin-EDTA (Corning, Cat. No. 25-053-CI)
and split at a ratio of 1:6 (HeLa) or 1:10 (HEK293T).

Expression constructs

Lentiviruses expression constructs were made as previously
described in detail (8). Briefly, moxGFP (Addgene, Cat. No.
68070) was cloned into a customized pLenti6/V5-GW/lacZ-
based transfer cassette (Invitrogen). Indicated regions of Acss2
were joined in-frame with the moxGFP carboxy terminus by
restriction sites or by zipper PCR. Full-length mouse Acss2
with an amino terminal V5 epitope tag was cloned into either
pIRES-hrGFP-2A (Agilent Technologies, Cat. No. 240032) or a
pLenti6/V5-GW/lacZ-based transfer cassette (Invitrogen).

Lentivirus production and stable cell line generation

Lentiviruses and stable cell lines were made as previously
described (8). Briefly, pLenti6-based (Invitrogen) expression
constructs were cotransfected into HEK293T cells with pack-
aging plasmids psPAX2 (Addgene, Cat. No. 12260) and
pMD2.G (Addgene, Cat. No. 12259) using polyethylenimine
(PEI; Polysciences, Cat. No. 23966-1) at a ratio of 3.5 μg PEI/
1 μg DNA. Media was changed 12 h after transfection, fol-
lowed by two collections of virus-containing supernatant 24
and 48 h after the first media change. Supernatant was sub-
jected to ultracentrifugation at 100,000g (24,000 rpm) in an
SW28 rotor for 2 h at 4 �C and the virus pellet resuspended
overnight in 1 ml PBS. To generate stably integrated cell lines,
HeLa was incubated with lentivirus for 24 h, cells were incu-
bated with media containing 5 μg/ml Blasticidin S (Invivogen,
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Cat. No. ant-bl-1) for 4 days, followed by 2 weeks of selection
at a concentration of 2 μg/ml Blasticidin S. Cells used in ex-
periments were plated in media without Blasticidin S.

Protein extract preparation and immunoblotting

Whole cell extracts and immunoblotting were performed as
described earlier (8). Soluble proteins were prepared by
centrifugation of cell lysates for 15 min in a microfuge at 4 �C,
18,000g. To assay insoluble proteins, remaining cell pellets
were resuspended in solubilization buffer (20 mM phosphate
buffer pH 8.0, 300 mM NaCl, 2% SDS, 2 mM DTT, 1% Triton
X-100, 8 M urea, and 1× protease inhibitor cocktail) and
incubated at room temperature for 5 min, followed by
centrifugation at 18,000g for 15 min at 4 �C in a microfuge.
The supernatant was then heated with in sample buffer (Bio-
Rad, Cat. No. 1610737) for 5 min at 37 �C. Antibodies
recognizing the following epitopes were used for immuno-
blotting at the indicated dilutions: Acss2, 1:1000 (Cell
Signaling Technology, Cat. No. 3658); GFP, 1:1000 (Invitrogen,
Cat. No. A11121); α-tubulin, 1:5000 (Sigma, Cat. No. T9026);
V5, 1:1000 (Invitrogen, Cat. No. R96025); LC3B, 1:1000 (Cell
Signaling Technology, Cat. No. 2775); ubiquitin, 1:1000 (Cell
Signaling Technology, Cat. No. 3936); HRP-linked anti-mouse
IgG (Cell Signaling Technology, Cat. No. 7076); HRP-linked
anti-rabbit IgG (Cell Signaling Technology, Cat. No. 7074).

Bioinformatics

Homology comparisons

Acss2 protein sequences from animals were identified
manually from the NCBI or UniProt database and the protein
identifiers for each organism are provided for review
(Table S1). Protein sequences were initially examined for
alignment to a consensus sequence. When significant devia-
tion occurred, raw genomic sequence files for predicted pro-
teins were examined for potential frame shifts and corrections
were introduced to restore alignment to the consensus
sequence. Final edited protein sequences were aligned and
compared using Clustal Omega (19, 20). In the alignments, an
asterisk (*) indicates complete conservation across all organ-
isms; a colon (:) indicates conservation between groups of
amino acids with strongly similar properties, which are roughly
equivalent to scores of greater than 0.5 in the Gonnet PAM
250 matrix; and a period (.) indicates conservation between
groups of amino acids with weakly similar properties, which
are roughly equivalent to scores of equal to or less than 0.5 in
the Gonnet PAM 250 matrix.

Molecular modeling

The mouse Acss2 WT protein was modeled using a web-
based program, SWISS-MODEL (49). Default parameters
were used in modeling predictions with the SWISS-MODEL
server homology modeling pipeline in conjunction with the
repository comprising the SWISS-MODEL template library.
The template with highest predicted correlation based upon
the Global Model Quality Estimation (GMQE) and QMEAN
Z-score was used for comparison. The SWISS-MODEL
pipeline identified prokaryotic Acss2 homologs as template
models for mouse Acss2 protein with the crystal structure of
acetyl-coenzyme A synthetase containing an R194A mutation
as the highest match (SMTL ID: 2p2m.1) (10). The GMQE
score for mouse Acss2 protein is 0.76 with a QMEAN Z-score
of –1.20.

Whole animal studies

Mutant mouse generation

The mouse Acss2 gene was targeted for CRISPR/Cas9 by
the University of Texas Southwestern Transgenic Core to
generate Acss2 ED mice as described earlier (8). When
characterizing Acss2 ED founder mice, we determined that
one line contained a point mutation (single nucleotide
deletion) in the ABC domain, which introduces a stop codon
following addition of one nonnative amino acid residue. We
designated this mouse line Acss2 PM for point mutation.
After back-crossing Acss2 PM founder mice for several
generations with C57BL/6J mice, heterozygous mating pairs
generated homozygous Acss2 PM mice and WT litter-mates.
Mice were maintained in standard bedding with micro-
isolator caging under germ-free conditions at animal facil-
ities located at the University of Texas Southwestern, fed and
watered ad lib throughout the study, and monitored for
general health with sentinel mice. All mice used in experi-
ments were generated from breeding colonies in animal fa-
cilities located at the University of Texas Southwestern. All
animal experiments were approved by the University of
Texas Southwestern Institutional Animal Care and Use
Committee (APN 2016-101616).

Immunohistochemistry and immunoblot studies

Kidney and liver samples from Acss2 WT and PM adult
mice were formalin-fixed, paraffin-embedded, and used for
Acss2 immunohistochemical analysis as previously described
(9). Protein samples were prepared from the liver, kidney,
brain, heart, lung, and spleen samples (10 μg) as well as from
MEF using CytoBuster protein extraction reagent (Novagen,
Cat. No. 71009) with 1× protease inhibitor cocktail (Sigma,
Cat. No. P8340) as previously described (8). Extracts were
electrophoresed and subjected to immunoblot analysis as
previously described (8) with primary antibodies for the
following antigens: human Acss2, 1:1000 (Cell Signaling
Technology, Cat. No. 3658); α-tubulin, 1:3000–1:5000 dilution
(Sigma, Cat. No. T9026).

Anemia studies

Acute, hemolytic anemia was induced in mice by phenyl-
hydrazine (PHZ; Sigma, Cat. No. 114715) injection as previ-
ously described (8). Four days after the first PHZ injection,
spun hematocrits were determined in duplicate with blood
obtained retro-orbitally. Mice with hematocrits within the
target range of 19–27% were used for experimental analysis.
Hematocrits for individual mice are available for review
(Table S2).
J. Biol. Chem. (2021) 297(3) 101037 15
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Molecular studies

Mouse kidney and liver total RNAs were prepared from
individual organs using the FastRNA Pro Green kit (MP Bio-
medicals, Cat. No. 116045050) on the FastPrep-24 bead
grinder and lysis system (MP Biomedicals, Cat. No.
116004500). Mouse kidney and liver cDNAs were prepared
from 1 μg RNA with the iScript cDNA Synthesis kit (Bio-Rad,
Cat. No. 1708891) for mEpo measurements. Mouse erythro-
poietin (mEpo), Acss2 (mAcss2), and cyclophilin B (mCyclB)
mRNA levels were measured in duplicate or triplicate by real-
time PCR (rtPCR) semiquantitative analyses as previously
described (8) from 10 ng of total RNA per reaction with the
following modifications. Real-time PCR was performed on an
ABI Prism 7900HT thermocycler in a 384-well format using
Power SYBR Green Master Mix (ThermoFisher, Cat. No.
4368577). Primers were obtained from a commercial vendor
(IDT). Primers and cycling parameters were adjusted to opti-
mize Epo and Acss2 mRNA measurements from each organ by
examination of melting curves. For kidney mEpo mRNA
measurements, amplification of cDNA was performed with 45
cycles of a two-step PCR with denaturation at 95 �C for 15 s
and annealing/extension at 60 �C for 45 s using the following
primers: mEpo.gsrt.139.for6: 50-GAGGCAGAAAATGTCA
CGATG-30, mEpo.gsrt.250.rev6: 50-CTTCCACCTCCATTC
TTTTCC-30. For liver mEpo mRNA measurements, amplifi-
cation of cDNA was performed with 45 cycles of a two-step
PCR with denaturation at 95 �C for 15 s and annealing/
extension at 63 �C for 30 s using the following primers:
mEpo.jgrt.for.11: 50-GGAGGCAGAAAATGTCACGATG-30,
mEpo.jgrt.rev.11: 50-CTGTTCTTCCACCTCCATTC-30. For
mAcss2 mRNA measurements from the kidney and liver,
amplification of cDNA was performed with 40 cycles of a two-
step pcr with denaturation at 95 �C for 15 s and annealing/
extension at 60 �C for 60 s using the following primers:
mAcss2.jgrt.for1: 50- AAACACGCTCAGGGAAAATCA-30,
mAcss2.jgrt.rev1: 50- ACCGTAGATGTATCCCCCAGG-30.
The results of duplicate (cyclophilin B for some tissues) or
triplicate experiments were expressed as two exponential
(-(mEpo or mAcss2 number of cycles-cyclophilin number of
cycles)). The normalizer in each set was WT control samples
except for liver mEpo measurements. In this case, nearly all
WT samples except for one were undetectable, whereas there
were detectable, but low, measurements of mEpo in several
liver PM samples, which was therefore used as a normalizer.
For individual mouse samples where the majority of samples
were undetectable, a relative value of 0.1 was assigned as a
floor value. Raw PCR data are available for review (Table S2).

Primary mouse embryonic fibroblast studies

Mouse embryonic fibroblast preparation and nucleofection

MEFs were derived from Acss2 ED, PM, and KO mouse
matings as described earlier (8). MEFs from homozygous
Acss2 WT, ED, PM, or KO embryos were expanded twice and
frozen in aliquots. Nucleofection of MEFs was performed us-
ing a Lonza 4D-Nucleofector (Lonza, Cat. No. AAF-1002B).
Individual vials of frozen, low-passage Acss2 WT or KO
16 J. Biol. Chem. (2021) 297(3) 101037
MEFs were plated for experiments 2 days before nucleofection.
For each construct, 750,000 cells were nucleofected with 2 μg
endotoxin-free expression plasmid using the Amaxa P4 Pri-
mary Cell 4D-Nucleofector X Kit (Lonza, Cat. No. V4XP-4024)
and manufacturer program CZ-167. After nucleofection, the
cells were transferred to a preincubated 6-well plate containing
2 ml of media per well and returned to the incubator. Media
was changed after 6 h. Cells were harvested 2 days
postnucleofection.

Endogenous Acss2 protein studies with mouse embryonic
fibroblasts

Acss2 WT, PM homozygous, and ED homozygous MEFs
were plated onto 6-well plates 2 days before the start of
treatment. Media was changed to standard cell culture media
plus vehicle 24 h before harvest. At 24, 12, 8, 4, and 2 h before
harvest, media on one well of each genotype was replaced with
standard cell culture media plus inhibitor. At harvest, cells
including an untreated, 0-h control were harvested and
immunoblotted as described earlier with the following modi-
fication: protein extract buffer was supplemented with the
inhibitor used for each experiment at the same concentration
used for treatment. The following inhibitors were used at the
indicated final concentrations: 50 μg/ml cycloheximide
(Cayman Chemical, Cat. No. 14126); 1 μM MG132 (UBP Bio,
Cat. No. F1100); 50 μM chloroquine (Sigma, Cat. No. C6628).
Stock solutions of cycloheximide and MG132 were prepared in
DMSO under sterile conditions. Chloroquine was prepared in
molecular grade water and filter-sterilized.

Acetate-dependent lipid synthesis studies with mouse embryonic
fibroblasts

Acss2 WT, PM homozygous, and ED homozygous MEFs
were plated onto 6-well plates. Media was changed 6 h before
treatment. For 24-h acetate labeling, 5.0 μl (0.5 μCi) of
[1,2-14C] acetate (PerkinElmer, Cat No. NEC553250UC) was
added to wells in triplicate 24 h before harvest. The following
day, one untreated well of each genotype was trypsinized,
pelleted, and frozen for protein quantification and western
blotting. For the 0-h labeling control, 5.0 μl labeled acetate was
added to three wells of WT control cells and swirled to mix,
followed by immediate harvest. Each well was rinsed with PBS.
Cells were then scraped into 2 ml of PBS and transferred to a
borosilicate glass tube. The cells were pelleted at 750g for
5 min at room temperature. The PBS was removed and cell
pellet resuspended in 400 μl 0.5% Triton X-100 in water. The
following were added to each lysate, followed by 15 s vortexing
after each addition: 2 ml methanol, 2 ml chloroform, 1 ml
water. The phases were separated by centrifugation at 900g for
10 min. The lower, organic layer was transferred to a new tube
with a Pasteur pipette. The aqueous mixture was re-extracted
with 2 ml chloroform, adding the organic layer to the first
extraction, and dried under a nitrogen stream. Dried lipid
extract was resuspended in 200 μl chloroform and transferred
to a scintillation vial containing 3 ml Ecolume (MP Bio-
medicals, Cat No. 0188247001). Scintillation counts per



Acss2 contains masked protein destabilization elements
minute were read on a Beckman LS6500. Counts were
normalized to protein content determined with aliquots ob-
tained in parallel.
Data availability

Data described in this study are contained within the
manuscript or supporting information.

Supporting information—This article contains supporting
information.
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