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The Ubiquitin E3 Ligase SCF-FBX024 Recognizes Deacetylated
Nucleoside Diphosphate Kinase A To Enhance Its Degradation
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The Skp-Cul-F box (SCF) ubiquitin E3 ligase machinery recognizes predominantly phosphodegrons or, less commonly, an
(I/L)Q molecular signature within substrates to facilitate their recruitment in mediating protein ubiquitination and degrada-
tion. Here, we examined the molecular signals that determine the turnover of the multifunctional enzyme nucleoside diphos-
phate kinase A (NDPK-A) that controls cell proliferation. NDPK-A protein exhibits a half-life of ~6 h in HeLa cells and is tar-
geted for ubiquitylation through actions of the F-box protein FBX024. SCF-FBX024 polyubiquitinates NDPK-A at K85, and
two NH,-terminal residues, L55 and K56, were identified as important molecular sites for FBX024 interaction. Importantly, K56
acetylation impairs its interaction with FBX024, and replacing K56 with Q56, an acetylation mimic, reduces NDPK-A FBX024
binding capacity. The acetyltransferase GCNS5 catalyzes K56 acetylation within NDPK-A, thereby stabilizing NDPK-A, whereas
GCN5 depletion in cells accelerates NDPK-A degradation. Cellular expression of an NDPK-A acetylation mimic or FBX024 si-
lencing increases NDPK-A life span which, in turn, impairs cell migration and wound healing. We propose that lysine acetyla-
tion when presented in the appropriate context may be recognized by some F-box proteins as a unique inhibitory molecular sig-

nal for their recruitment to restrict substrate degradation.

he stability of the majority of cellular regulatory proteins is

governed by a ubiquitous disposal apparatus, the ubiquitin
proteasome system (1). For proteasomal degradation, the selected
protein is processed through a hierarchical, highly controlled and
relatively selective system involving a series of enzymatic steps.
The substrate is ubiquitinated through sequential activities of a
ubiquitin-activating enzyme (E1), a ubiquitin-conjugating en-
zyme (E2), and, finally, a ubiquitin ligase (E3). In the cullin
(CUL)-RING ubiquitin ligase superfamily, the E3 complex recog-
nizes a specific substrate by physical interactions using adaptor or
receptor-like subunits linked to a scaffold base (2-5). The S-phase
kinase-associated protein 1 (Skp1)—cullin 1 (CUL1)-F-box pro-
tein (SCF) protein complex is a prototypical multicomponent
subfamily of CUL-RING E3 ligases that harbors a key substrate
receptor component, the F-box protein, which via Skp1 binds the
scaffold protein CUL1. Within the SCF complex, the F-box pro-
tein associates with the substrate through its C-terminal substrate
binding domain and then binds to Skp1 via its NH,-terminal F-
box domain (5). Depending on the nature of the molecular se-
quence within the substrate-binding pocket, F-box proteins are
categorized into FbxL, FbxW, and FbxO subfamilies.

An important area of investigation is elucidating the molecular
signals that recruit the receptor component of SCF-based E3 li-
gases, the F-box protein, to their targets. It is generally established
that phosphorylation within relatively short motifs (phosphode-
grons) are key molecular signatures that facilitate the recruitment
of F-box proteins to mediate substrate degradation (6). Other less
common covalent modifications within substrates that signal re-
cruitment of CUL-RING E3 ligase receptor subunits include gly-
cosylation, methylation, and hydroxylation (7-9). One FbxL fam-
ily member, F-box protein Fbxl2, recognizes an (I/L)Q motif that
serves as a molecular docking site within some substrates, includ-
ing the phospholipid enzyme cytidylyltransferase, cyclin D2, and
cyclin D3 (10-12). While it appears that phosphorylation within
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degrons can enhance or impede F-box protein binding to a target,
unique molecular signals that serve as inhibitory recognition mo-
tifs for SCF binding remain largely unknown.

Nucleoside diphosphate kinase A (NDPK-A, encoded by nm23-
H1) has multiple critical functions apart from its well-known ability
to catalyze the conversion of ADP to ATP in the presence of GTP (13).
The transferase activity of NDPK-A depends on its histidine protein
kinase activity through autophosphorylation. NDPK-A plays an im-
portant role in regulating a variety of fundamental cellular processes,
including growth and development, G-protein signaling, metastasis,
transcriptional regulation, and DNA repair (14, 15). Overexpression
of NDPK-A reduces the metastatic potential of highly invasive breast
carcinoma and melanoma and prostate, colon, and hepatocellular
cancer cells. Numerous proteins involved in critical cellular functions
have been identified as potential binding partners with NDPK-A. For
example, NDPK-A interacts with and inhibits Tiam1, which acts as a
guanine nucleotide exchange factor (GEF) for the Racl GTPase,
which prevents Rac/Rho activation (16). NDPK-A interacts with Lbc
to inactivate RhoA or interacts with Rad to activate Rad and inhibit
the Ras pathways (17-20). Hence, interaction with multiple binding
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partners is critical for NDPK-A to execute physiologic roles in diverse
biological processes (18, 21-23).

As NDPK-A is a key multifunctional and ubiquitously distrib-
uted protein, the molecular mechanisms that regulate the enzy-
matic behavior of NDPK-A by reversible phosphorylation are well
described. For example, NDPK-A activity is stringently regulated
by 5 AMP-activated protein kinase (AMPK)-mediated phos-
phorylation, where AMPKa1 interacts with NDPK-A via E124 to
phosphorylate two adjacent residues, S122 and S144 (24-26).
AMPK phosphorylates NDPK-A at S122 that augments its enzy-
matic activity by triggering substrate channeling. NDPK-A is be-
lieved to act as a protein kinase to autophosphorylate at H118, a
catalytic site within NDPK-A that appears to be critical for its
enzymatic function. Casein kinase 2-mediated S120 phosphoryla-
tion negatively regulates NDPK-A enzymatic activity that pre-
vents its autophosphorylation. Thus, NDPK-A enzymatic activity
is normally under stringent control by phosphorylation events.
NDPK-A is also regulated by redox modification when in an oli-
gomeric state (27). On the other hand, factors that impact the
cellular abundance of NDPK-A have not been studied. This mode
of regulatory control could interact with phosphorylation or re-
dox modification of the kinase to potentially modulate transferase
activity, tumor suppressor function, or kinase effects on signaling.

In this study, we demonstrate that a relatively new F-box protein,
FBX024, mediates NDPK-A ubiquitylation and proteasomal degra-
dation. FBXO24 recruitment to NDPK-A requires two residues, L55
and K56, forming an (I/L)K binding motif. Unexpectedly, GCN5-
mediated K56 acetylation (acetyl-K) impairs FBXO24 recruitment to
NDPK-A which stabilizes the kinase. Our data support a model
whereby an I/L(acetyl-K) motif within NDPK-A displays structural
similarities to the F-box recognition motif (I/L)Q, but this serves as a
distinct inhibitory molecular signature for FBXO24 recruitment to
limit substrate degradation.

MATERIALS AND METHODS

Cells and reagents. HeLa cells were cultured in Eagles minimal essential
medium (EMEM) containing 10% of fetal bovine serum (FBS) at 37°C in
the presence of 5% CO,. HEK293 cells were maintained with EMEM
supplemented with 10% of FBS at 37°C in the presence of 5% CO,. Hem-
agglutinin (HA) tag (catalog no. 2367), ubiquitin (catalog no. 3936), and
acetylated-lysine (catalog no. 9441) antibodies were from Cell Signaling
(Danvers, MA). Antibodies of NDPK-A (nm23-H1; catalog no. sc-465),
FBX024 (catalog no. sc-138272), and GCNS5 (catalog no. sc-20698) were
from Santa Cruz Biotechnology (Santa Cruz, CA). V5 tag antibody,
pCDNA3.1D-His-V5-TOPO plasmid, and TOP10 competent cells were
from Invitrogen (Carlsbad, CA). QuikChange IT XL site-directed mu-
tagenesis kits were from Agilent Technologies (Santa Clara, CA). TNT
coupled reticulocyte lysate system kits were from Promega (Madison,
WI). MLN4924, a cullin-RING ligase inhibitor, was from Cayman Chem-
ical (Ann Arbor, MI). The AMPK activator AIACR was from Sigma-Al-
drich (St. Louis, MO).

Construction of plasmids. The open reading frame of the human
nucleoside diphosphate kinase A (NDPK-A) was amplified by PCR using
the forward primer 5'-CACCATGGCCAACTGTGAGCGTAC-3" and the
reverse primer 5'-GATCCAGTTCTGAGCACAG-3'. The resulting PCR
product was purified from an agarose gel, followed by cloning into a
pCDNA3.1D-V5-His plasmid. The NDPK-A series deletion mutants were
constructed using the following primers: F1, 5'-CACCATGGCCAACTG
TGAGCGTAC-3'; F20, 5'-CACCATGCTTGTGGGAGAGATTATCAA
G-3'; F40, 5'-CACCATGTTCATGCAAGCTTCCGAAG-3'; F60, 5'-CAC
CATGTTCTTTGCCGGCCTGGTG-3'; R80, 5'-CCCCTCCCAGACCAT
GGCAAC-3";R100, 5" -CTTGGAGTCTGCAGGGTTG-3'; R120, 5'-ACT
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GCCATGTATAATGTTCCTG-3";and R150, 5 -GATCCAGTTCTGAGC
ACAG-3'. The accuracy of the cloned genes was verified by DNA
sequencing.

Site-directed mutagenesis. Mutagenesis was introduced by using a
QuikChange II XL site-directed mutagenesis kit according to the manu-
facturer’s instruction. Primers for K85, K12, and K56 mutants of NDPK-A
were as follows: K85A forward, 5'-GAGGGGCTGAATGTGGTGCGACG
GGCCGAGTCATG-3';K85A reverse, 5'-CATGACTCGGCCCGTCGCC
ACCACATTCAGCCCCTC-3'; K12A forward, 5'-GTACCTTCATTGCG
ATCGCACCAGATGGGGTCCAG-3';K12A reverse, 5'-CTGGACCCCA
TCTGGTGCGATCGCAATGAAGGTAC-3'; K56R forward, 5'-CAAGC
TTCCGAAGATCTTCTCGCGGAACACTACGTTGACCTTGAAG-3'; K56R
reverse, 5'-CTTCGGTCAACGTAGTGTTCCGCGAGAAGATCTTCGGAAG
CTTG-3"; K56Q forward, 5'-GAACACTACGTTGACCTGCAGGACCGTCC
ATTCTTTG-3';and K56Q reverse, 5'-CAAAGAATGGACGGTCCTGCAGGT
CAACGTAGTGTTC-3'.

Plasmid transfection. Plasmids were introduced into HeLa cells using
TurboFect transfection reagent (Thermo Scientific) according to the
manufacturer’s instructions. Briefly, cells were inoculated into six-well
plates with 2 ml of EMEM containing 10% FBS at 24 h prior to transfec-
tion. Transfection was performed when cells reached 70% confluence.
The plasmid DNA (3 pg) was mixed with 200 pl of EMEM, followed by
the addition of 6 .l of TurboFect reagent. The mixtures were incubated at
room temperature for 15 min before they were added to the cells.

Immunoblotting and IP. Immunoblotting and immunoprecipitation
(IP) analyses were performed as described previously (28, 29). Cells were
harvested and collected with cell lysis buffer (150 mM NaCl, 50 mM Tris-
HCI, 1 mM EDTA, 2 mM dithiothreitol [DTT], 0.3% Triton X-100 [vol/
vol], and 1:1,000 protease inhibitor mixture). For immunoprecipitation,
equal amounts of cell lysates were incubated with specific primary anti-
bodies overnight at 4°C; 35 .l of protein A/G-agarose beads was added to
the mixtures and incubated for 2 h at 4°C. The immunoprecipitates were
washed three times with cell lysis buffer. The precipitates were mixed with
protein sample buffer (50 pl), heated at 70°C for 8 min, and separated on
4 to 12% SDS-PAGE gels (Invitrogen). For each immunoprecipitation
study, we loaded 2% of the input as a control and used 50% of the total
immunoprecipitates in each IP lane. The separated proteins were trans-
ferred onto nitrocellulose membranes and blocked with 5% milk in TTBS
buffer (50 mM Tris, 150 mM NaCl, 1% [vol/vol] Tween 20, pH 8.0) for 1
h. The membrane was then incubated with NDPK-A antibody (1:1,000)
overnight in TTBS buffer in the presence of 1% milk. Membranes were
washed with TTBS buffer three times, for 5 min each time. Membranes
were then incubated with secondary antibody (1:2,000) for another 1 hin
TTBS buffer with 5% milk. The membrane was again washed with TTBS
buffer three times, for 5 min each time. Prior to visualization using a
Kodak Streamcare detection system, membranes were incubated with 1
ml of SuperSignal West Femto maximum sensitivity substrate (Thermo
Scientific) for 20 s. For B-actin immunoblotting, the concentrations of the
first antibody and second antibody were 1:5,000 and 1:2,500, respectively.
The signals were visualized with SuperSignal West Pico chemiluminescent
substrate (Thermo Scientific).

In vitro binding assays. To identify the FBXO24 binding domain
within NDPK-A, we conducted in vitro binding assays. V5-tagged
NDPK-A deletion mutant proteins were in vitro expressed using a TNT
coupled reticulocyte lysate system. Endogenous FBXO24 protein was ob-
tained by immunoprecipitation from HeLa cell lysate (1 mg of protein)
using FBX024 antibody and protein A/G-agarose beads (Thermo Scien-
tific). FBXO24-precipitated beads were incubated with a variety of
NDPK-A truncations for 2 h, followed by extensive washing. FBXO24-
interacting proteins were detected by immunoblotting using anti-V5 an-
tibody (30). NH,-terminal biotinylated wild-type (WT) and mutant
NDPK-A peptides for FBXO24 binding assays were synthesized by
LifeTein (Plainfield, NJ). Carboxyl-terminal V5-tagged FBXO24 was in
vitro expressed using a TNT coupled reticulocyte lysate system generating
approximately 300 ng per reaction. The recombinant FBXO24 (~300 ng)
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FIG 1 NDPK-A is degraded via the ubiquitin proteasome. (A) Immunoblotting showing NDPK-A degradation in HeLa cells treated with cycloheximide (CHX),
CHX in combination with MG132 or leupeptin. B-Actin was used as loading control. (B) Densitometry of results of the experiment shown in panel A. (C)
Ectopically expressed HA-ubiquitin plasmid triggers NDPK-A degradation. The immunoblot shows endogenous levels of NDPK-A and levels of hemagglutinin-
tagged proteins (HA) and B-actin in lysates of HeLa cells after transfection with different concentrations of plasmids encoding HA-ubiquitin (Ub). (D) NDPK-A
is polyubiquitinated in HeLa cells. Immunoprecipitation was performed with primary NDPK-A antibody or IgG in HeLa cell lysates, followed by immunoblot-
ting with ubiquitin antibody. (E) NDPK-A is polyubiquitinated in HEK293 cells. Immunoprecipitation was performed with primary NDPK-A antibody or IgG
in cell lysates, followed by immunoblotting with ubiquitin antibody. For panels A and B, there were 3 separate experiments, for panel C, there were 2, and for

panels D and E, there was 1 experiment. IB, immunoblotting; Ubi(n), polyubiquitin species.

was mixed with peptides (2 pg) in 0.5 ml of binding buffer (150 mM NaCl,
50 mM Tris-HCI, 0.3% [vol/vol] Tween 20, and 1:1,000 protease inhibitor
mixture, pH 7.4) for 2 h at room temperature. Streptavidin beads (40 pl)
were added into the mixture for binding for 1 h. The beads were subse-
quently washed with the binding buffer three times and analyzed by V5
immunoblotting.

Cell migration assays. HeLa cells were grown to 90% confluence in
six-well culture plates that were scratched using a pipette tip to produce
the wound. The cells were then transfected with a plasmid encoding
NDPK-A WT (NDPK-A WT plasmid) or a K85A or K12A mutant protein
(K85A or K12A plasmid, respectively). After 24 h of culture, the wound
healing was visualized under light microscopy, and the recovered area was
calculated using Image] software (31, 32). HeLa cell migration was also
evaluated using a Transwell migration kit from Trevigrn (Gaithersburg,
MD) as described previously (33, 34). Briefly, 50 .l of HeLa cells that had
been transfected with plasmid was added to the top chamber, and 150 pl
of EMEM containing 10% FBS was added to the lower chamber. After 24
h of culture, the cells that had migrated inside the chamber were dissoci-
ated with cell dissociation/calcein-acetoxymethyl (calcein-AM) ester, and
the degree of cell migration was determined using a fluorescence micro-
plate reader with 485-nm excitation and 520-nm emission wavelengths
(35).

Statistical analysis. All results were analyzed by two-way analysis of
variance and a Student ¢ test. Data are presented as means * standard
deviations (SD) from three independent experiments.

RESULTS

NDPK-A is degraded via ubiquitin proteasomal processing. To
investigate the stability of NDPK-A, HeLa cells were treated with
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the protein biosynthesis inhibitor cycloheximide (CHX), and the
cell lysates were analyzed using immunoblotting. Endogenous
NDPK-A decreased in a time-dependent manner (Fig. 1A, top
panel), indicating that immunoreactive NDPK-A has a half-life
(t5,) of ~6 h in HeLa cells. To understand which pathway is
involved in the degradation of NDPK-A, cells were treated with
the proteasome inhibitor MG132 (Fig. 1A, middle panel) or the
lysosome inhibitor leupeptin (Fig. 1A, bottom panel) in the pres-
ence of CHX. MG132 treatment effectively inhibited the degrada-
tion of NDPK-A (Fig. 1A and B), suggesting that the kinase is
degraded via the ubiquitin proteasomal pathway. In contrast, leu-
peptin treatment did not impair NDPK-A degradation. To deter-
mine if ubiquitylation sufficiently alters NDPK-A stability, we
overexpressed hemagglutinin (HA)-tagged ubiquitin in cells and
observed that ubiquitin promoted the degradation of NDPK-A in
a concentration-dependent manner (Fig. 1C). To verify that
NDPK-A is modified by ubiquitylation, we treated cells with
MG132 and performed immunoprecipitation with NDPK-A
antibody. Analysis of the precipitates by ubiquitin immuno-
blotting showed that endogenous NDPK-A was polyubiquiti-
nated (Fig. 1D). Similar results were observed in HEK293 cell
lines (Fig. 1E). These data demonstrate that NDPK-A protein
has an extended life span and that it is degraded via the ubig-
uitin proteasomal machinery.

FBX024 mediates the degradation of NDPK-A. NDPK-A is
extensively regulated by reversible phosphorylation. Therefore,
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FIG 2 FBXO24 induces the degradation of NDPK-A. (A) Plasmids encoding LacZ or one of several F-box proteins (where O16 is FBXO16, e.g.) were introduced
into HeLa cells by transfection. Cell lysates were subjected to immunoblotting with NDPK-A, V5, or B-actin antibodies. (B) Various amounts of V5-FBXO28 or
V5-FBX024 plasmid were introduced into HeLa cells, as indicated. Cell lysates were subjected to immunoblotting to detect endogenous NDPK-A or B-actin
levels. (C) SCF-FBX024 binds NDPK-A. Immunoprecipitation using cell lysates was carried out using FBXO24 primary antibody or IgG, and the precipitates
were immunoblotted using NDPK-A, cullin 1, Skp1, or FBXO24 antibodies. (D) FBXO24 knockdown stabilizes NDPK-A from degradation. NDPK-A half-life
was determined in cells treated with an shRNA targeting FBXO24 (sh FBXO24) or a scrambled RNA (control, CON). (E) FBXO24 overexpression induces
NDPK-A polyubiquitination. NDPK-A ubiquitination was determined in FBXO24 plasmid-overexpressing or control plasmid-treated cells. Cell lysates were
subjected to NDPK-A immunoprecipitation, and the precipitates or lysates were analyzed by ubiquitin or FBXO24 immunoblotting. For each panel, there were

3 separate experiments.

we screened potential E3 ubiquitin ligase subunits (F-box pro-
teins), focusing on the SCF family because these components
typically target phosphoproteins for their ubiquitylation. We
first overexpressed plasmids encoding F-box proteins in cells
and assessed NDPK-A stability. Among F-box proteins tested,
overexpression of a plasmid encoding FBX024 (FBX024 plas-
mid) selectively led to low abundance of NDPK-A (Fig. 2A).
Further, NDPK-A degradation in the FBXO24-overexpressing
cells occurred in a concentration-dependent manner (Fig. 2B,
right panel). As a control, overexpression of the FBXO28 plas-
mid did not trigger NDPK-A degradation (Fig. 2B, left panel).
Because an E3 ubiquitin ligase component can directly associ-
ate with its substrate, we conducted FBXO24 immunoprecipi-
tation followed by NDPK-A immunoblotting of the precipi-
tates. NDPK-A immunoblots showed that FBXO24 associates
with NDPK-A, cullin 1, and Skp1 (Fig. 2C). In addition, knock-
down of FBX0O24 by a specific short hairpin RNA (shRNA)
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increased NDPK-A stability compared to that with the scram-
bled RNA control (Fig. 2D). Interestingly, despite only modest
knockdown of FBXO24 in these studies, it was sufficient to
more robustly lead to accumulation of NDPK-A protein levels
in cells. Last, we observed that FBXO24 overexpression in-
creases NDPK-A ubiquitination (Fig. 2E). These results dem-
onstrate that the SCF E3 ubiquitin ligase component FBX024
interacts with NDPK-A to mediate NDPK-A disposal in cells.
K85 is an NDPK-A ubiquitylation acceptor site. E3 ubiquitin
ligases catalyze protein ubiquitylation by covalent ligation of a
ubiquitin moiety to an €-amino group of a lysine residue within
the substrate. To investigate which lysine is an acceptor site for
ubiquitylation within NDPK-A, we first constructed a series of
plasmids encoding NDPK-A truncation mutants (Fig. 3A). We
overexpressed the V5-tagged mutants and then treated the cells
with MG132. Immunoblotting showed that deletion of the first 80
residues within the carboxyl terminus of NDPK-A remarkably
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FIG 3 K85 is the ubiquitylation acceptor within NDPK-A. (A) Schematic presentation of NDPK-A deletion mutants. C, C terminus; N, N terminus. (B) Plasmids
encoding V5-NDPK-A deletion mutants were overexpressed in HeLa cells for 24 h, and cells were treated with MG132 for 4 h prior to V5 or B-actin
immunoblotting. (C) Cells were cotransfected with plasmids encoding the wild-type (WT), K12A, or K85A NDPK-A variant together with an FBXO024 plasmid
in HeLa cells for 48 h. The cell lysates were analyzed by V5, FBXO24, or -actin immunoblotting. (D) V5-tagged plasmids described in panel C were also
expressed separately in cells and assayed for degradation in the presence of CHX over time. (E) A V5-NDPK-A WT or K85A mutant plasmid was expressed in cells
for 48 h, and cell lysates were used for V5 immunoprecipitation. The immunoprecipitates were immunoblotted with ubiquitin antibody. V5 and B-actin
immunoblotting of cell lysates was used as input. For each panel, there were 3 separate experiments.

reduced its accumulation compared to that of the wild type (WT)
and other NDPK-A mutants (Fig. 3B). This result suggests that the
ubiquitylation site may reside in the region spanning amino acids
(aa) 80 to 100. Of note, additional bands were detected on immu-
noblots after plasmids encoding N-terminal 40- and 20-aa dele-
tion variants (N40 and N20, respectively) were expressed in cells
treated with MG132. The observation that these bands are present
when MG132 is included in the culture medium suggests that
these products arise from proteolytic cleavage or accumulate as
misfolded constructs that are normally removed in the cells by the
proteasome. Nevertheless, analysis of the primary sequence of this
80- to 100-aa region reveals only one lysine residue at K85. Re-
placing the K85 residue with an alanine within NDPK-A by site-
directed mutagenesis was performed, and the resultant K85A mu-
tant plasmid and WT plasmid were expressed in cells to determine
their degradation profiles. Because we observed that NDPK-A
degradation was FBXO24 dependent, we examined the degrada-
tion patterns of expressed WT, K12A, and K85A mutant proteins
after FBXO24 plasmid expression. Immunoblotting results indi-
cated that WT NDPK-A and the K12A mutant protein degrade
comparably, but a K85A mutant is more stable under conditions
of increased concentrations of FBX024 expression (Fig. 3C). To
confirm this observation, we observed the degradation of the mu-
tants in the presence of CHX. Immunoblotting results showed
that the K12A mutant protein degrades at a rate similar to that of
the WT protein, but the K85A mutant is more stable than the WT
and K12A mutant proteins (Fig. 3D). Further, in vitro ubiquityla-
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tion studies indicate that the K85A mutant is less ubiquitylated
than WT NDPK-A (Fig. 3E). These results suggest that K85 is
one likely FBXO24-dependent ubiquitin acceptor site within
NDPK-A.

FBXO024 docks on an LK motif within NDPK-A. Since
FBXO024 induces the degradation of NDPK-A by its interaction,
we next examined the molecular signature within NDPK-A that
mediates FBXO24 interaction using an in vitro binding assay. A
variety of truncated mutants of recombinant mutant proteins
(Fig. 4A) were produced by in vitro synthesis. Endogenous
FBX024 protein was immunoprecipitated from cell lysates using
FBX024 antibody. The endogenous FBXO24 was mixed with the
recombinant mutant proteins, and the precipitates were analyzed
by immunoblotting. In vitro binding assay results suggested that
various deletion constructs lacking the carboxyl terminus of
NDPK-A do not result in loss of FBX024 binding when corrected
for loading (Fig. 4B, top blot and input). Notably, unlike WT
NDPK-A and a variant lacking the first 40 residues within
NDPK-A, the capacity of an NH,-terminal deletion construct
lacking the first 60 aa within the kinase to bind to FBXO24 was
substantially reduced to very low levels (Fig. 4B). This suggests
that aa 40 to 60 within NDPK-A are required for FBXO24 binding.
Further, to fine-map the FBXO24 docking site, we constructed a
series of deletion mutants in which we progressively deleted 2
residues from each construct (Fig. 4C and D). Results from the
FBX024 binding assays indicate that residues L55 and K56 within
NDPK-A are critical for FBXO24 binding (Fig. 4D). Thus, an
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(I/L)K motif similar to an (I/L)Q motif recognized by other F-box
proteins within NDPK-A is important for FBX024 docking (10).
However, these results do not exclude the contribution from sur-
rounding or adjacent amino acids or structural features of
NDPK-A that may partake in FBXO24 binding. Interestingly, in
previous experiments we showed that MG132 treatment accumu-
lates the N60 deletion mutant, suggesting that it harbors a ubiq-
uitination acceptor site (Fig. 3B); yet in our binding studies, this
variant cannot interact with FBXO24, raising the possibility that
another E3 ligase binds and polyubiquitinates NDPK-A (Fig. 4D).
To test this hypothesis, we treated cells with MLN4924, a cullin-
RING ligase inhibitor, after cellular expression of the N60 con-
struct. Addition of MLN4924 does not change the protein levels of
N60 compared with those of the wild type, suggesting that the
truncated form of NDPK-A may be degraded by an E3 apparatus
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other than cullin-RING-based ubiquitin E3 ligases (Fig. 4E). We
also assessed the physiologic context of NDPK-A degradation. As
AMPK represses activity of NDPK-A (24-26), we first measured
steady-state immunoreactive levels of NDPK-A after addition of
the AMPK activator ATIACR (500 wM). ATACR reduces NDPK-A
protein levels in HEK293 cells (Fig. 4F) and increases the ubiquiti-
nation of NDPK-A (Fig. 4G), and the ATACR reduction of immu-
noreactive levels of NDPK-A can be rescued by depletion of
FBXO24 (Fig. 4H). These data suggest that AMPK inhibits
NDPK-A activity by reducing NDPK-A protein levels through
ubiquitin-proteasomal degradation.

Acetylation of K56 of the LK motif regulates NDPK-A stabil-
ity. Lysine residues within proteins are also susceptible to post-
translational modification by acetylation (36). Protein acetylation
also competes with ubiquitylation at molecular sites. Indeed, en-
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a WT, K56Q, or K56R plasmid were exposed to CHX and processed for degradation over time. For each panel, there were 3 separate experiments.

dogenous NDPK-A is acetylated, as shown by coimmunoprecipi-
tation (Fig. 5A). We next assessed if NDPK-A K56 is an acetylation
site by V5 immunoprecipitation followed by acetyllysine immu-
noblotting. Compared to WT NDPK-A acetylation levels, unex-
pectedly the K56R mutant showed reduced levels of acetylation,
suggesting that K56 is a major acetylation site within NDPK-A as
well as an FBX024 binding residue (Fig. 5B). To understand the
role of K56 acetylation within NDPK-A, we tested its impact on
interaction with FBX024. K56 was replaced by either a glutamine
(Q) to mimic an acetylated lysine or an arginine (R) to mimic a
nonacetylation residue that retains similar charge properties to
engage FBXO24. As shown in an in vitro binding assay, the K56Q
mutant showed reduced interaction with FBXO24 compared to
the wild-type NDPK-A. In addition, the K56R mutant exhibited
somewhat increased interaction with FBXO24 (Fig. 5C). These
results suggest that K56 acetylation within NDPK-A impairs bind-
ing to FBXO24. To verify these results, we tested biotinylated
NDPK-A peptides (20 aa) that had intact L55 residues but har-
bored various amino acid substitutions at K56 to assess their bind-
ing to FBXO24 in pulldown studies. In addition, we examined the
ability of a K56-acetylated peptide to interact with the F-box pro-
tein (Fig. 5D). Consistent with the results shown in Fig. 5C, a
K56R peptidic fragment exhibited high-level binding to FBX024,
whereas nonacetylated K56 and K56A peptides retained the ability
to engage the F-box protein (Fig. 5E). A K56Q peptide showed
reduced binding compared to other peptides, whereas an acety-
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lated K56 peptide showed limited FBXO24 interaction (Fig. 5E).
These in vitro studies provide more direct evidence of the role of
NDPK-A acetylation and its interaction with SCF-FBXO24. Last,
we observed the degradation of NDPK-A mutants in the presence
of CHX. Consistent with the above observations, expression of a
K56Q NDPK-A mutant protein in cells resulted in an extended
half-life, whereas a K56R mutant degraded rapidly compared to
the WT NDPK-A because it retained electrostatic properties suf-
ficient to mediate interaction with FBXO24 (Fig. 5F). Thus, K56 is
essential for FBXO24 interaction, and the data suggest that the
ability of this molecular site to mediate binding with the F-box
protein is impaired when K56 is acetylated, which is a posttrans-
lational modification critical for conferring NDPK-A stability.
Last, the ability of WT NDPK-A to be acetylated and yet retain the
ability to bind FBXO24 suggests that there may be other acceptor
sites for acetylation within the kinase that do not impact FBXO24
association (Fig. 4A and 5B).

GCN5 acetylates NDPK-A to regulate its degradation. Given
the fact that the acetylation status at K56 impairs the NDPK-A
binding capacity to FBXO24, we attempted to identify the acetyl-
transferase(s) that modifies K56 within NDPK-A. Thus, we con-
ducted immunoprecipitation with an NDPK-A antibody, fol-
lowed by immunoblotting analysis. Among the acetyltransferases
tested (data not shown), we found that GCN5 interacted with
NDPK-A (Fig. 6A). Cells were next transfected with GCNS5 plas-
mid or an shRNA targeting GCN5 (GCN5 shRNA) to modulate
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acetyltransferase levels in cells, and then lysates were subjected to
NDPK-A immunoprecipitation, followed by immunoblotting
with acetyllysine antibodies (Fig. 6B). Ectopically expressed
GCNG5 plasmid increased NDPK-A acetylation, whereas depletion
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of GCN5 using shRNA reduced kinase acetylation (Fig. 6B, top
blot). To identify the GCN5-mediated acetylation site(s) within
NDPK-A, we coexpressed a GCNS5 plasmid in cells with either the
wild type or a mutant NDPK-A plasmid in which a candidate
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lysine residue was mutated. We then conducted immunoprecipi-
tation and analyzed the precipitates with acetyllysine antibody in
immunoblotting. The acetylation level of the K56R mutant was
reduced compared with that of the WT NDPK-A (Fig. 6C), sug-
gesting that GCNG5 acts through this site within NDPK-A. GCN5
depletion in cells by a specific ShRNA showed reduced GCNS5 at
the protein level by ~52%, indicating that the shRNA was par-
tially successful. As expected, NDPK-A degraded more efficiently
in cells treated with the GCN5 shRNA than in cells treated with the
scrambled RNA control, indicating that GCN5 contributes to the
regulation of NDPK-A stability (Fig. 6D). In reciprocal studies,
overexpression of GCN5 in the cells increased GCN5 levels by
150% but only modestly, if at all, stabilized NDPK-A and reduced
degradation (Fig. 6D, right panel, and E). These results suggest
that the acetyl-acceptor sites may be heavily saturated within
NDPK-A, consistent with it being largely acetylated in the native
state (Fig. 6A) and sensitive to degradation despite modest deple-
tion of GCN5 (Fig. 6D). We obtained similar results in HEK293
cells (Fig. 6F and G), indicating that GCN5 regulation of NDPK-A
ubiquitin proteasomal degradation is not restricted to one cell
type. In addition, cocellular expression of GCN5 with the
NDPK-A K56R mutant, as a mimic of an unacetylated lysine site
that binds to FBXO24, produced an accelerated decay pattern
compared to that of the wild-type NDPK-A (Fig. 6H and I). Over-
all, these data suggest that GCN5 stabilizes NDPK-A via site-spe-
cific acetylation.

NDPK-A proteolytically stable mutants inhibit cell migra-
tion. One of the functions of NDPK-A is to inhibit metastasis of
tumor cells (37). A fundamental characteristic of highly metastatic
tumor cells is their ability to display increased cell growth and
migration potential. Thus, as a measure of NDPK-A function, we
determined if expression of NDPK-A WT and mutant plasmids in
cells that exhibit altered protein stability might impact cell migra-
tion behavior. We conducted an in vitro wound-healing assay and
transwell migration assay to address this issue. Here, a linear
wound is inflicted initially on the cell monolayer (Fig. 7A, far left).
Overexpression of a WT NDPK-A plasmid inhibited cell migra-
tion, as reflected by a larger linear wound at 24 h than in untreated
(normal control) cells (Fig. 7, NC) or cells transfected with a con-
trol vector (LacZ plasmid) (Fig. 7A, CON vector). Notably, forced
expression of a ubiquitylation-resistant K85A mutant plasmid sig-
nificantly repressed cell migration and delayed wound recovery
compared with expression of either the WT NDPK-A or the K12A
mutant plasmid (Fig. 7A and B). In a Transwell system similar
results were observed (Fig. 7C). We conducted shRNA knock-
down of FBXO24 in HeLa cells to assess the role of the endogenous
F-box protein in cell migration behavior. Wound-healing assays
indicated that cell migration was inhibited to a greater extent after
24 h in FBXO24 knockdown cells than in cells treated with a
scrambled RNA or nontreated cells (Fig. 7D and E). We also ob-
served similar results in transwell assays (Fig. 7F). Last, we trans-
fected cells with either a WT NDPK-A or control plasmid or
cotransfected a WT, K56R, or K56Q mutant NDPK-A plasmid in
cells with the FBXO24 plasmid (Fig. 7G). While the control plas-
mids when expressed triggered nearly complete wound healing,
expression of the WT NDPK-A plasmid alone in cells partially
impaired wound healing, consistent with its anti-cell migration
effect. However, cotransfection in cells of either the WT or K56R
NDPK-A plasmid that effectively bind FBXO24 together with the
FBXO24 plasmid led to nearly complete closure of the wound.
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Thus, because FBXO24 degrades both WT and K56R NDPK-A
proteins through interactions, this is sufficient to impair cell mi-
gration. Finally, cotransfection of FBXO24 with the acetylation
mimic NDPK-A plasmid (K56Q) limited wound repair (Fig. 7G
and H). As predicted, because the K56Q NDPK-A protein does
not effectively interact with FBXO24, the stabilized protein lim-
ited cell proliferative behavior. These data indicate that NDPK-A
protein stability impacts cell migration.

DISCUSSION

The primary findings in this study are that (i) NDPK-A is a protein
that exhibits intermediate stability in cells and is degraded via
ubiquitin proteasomal degradation, (ii) NDPK-A stability is at-
tributed, in part, to its site-specific acetylation regulated by GCNS5,
(iii) the orphan F-box protein, FBX024, targets NDPK-A for its
elimination in cells, and (iv) the molecular signature identified
here, (I/L)acetyl-K, hinders the ability of FBXO24 to interact with
NDPK-A, thereby protecting the enzyme from degradation. The
ability of substrate acetylation to inhibit SCF component interac-
tion provides a unique mechanism whereby the cell may preserve
the abundance of a protein to elicit particular functions (Fig. 8).
Here, the differential stability of NDPK-A variants when ex-
pressed in cells modulated cellular migration, and cellular expo-
sure to an AMPK agonist triggered NDPK-A degradation, an ef-
fect reversed by FBX24 depletion. The data emphasize the role of
protein stability as a regulatory mechanism for NDPK-A under
some scenarios. As NDPK-A is central in affecting cellular prolif-
eration, the inability of a modified acetyl-K56 kinase to become
effectively recognized by the E3 complex could affect other bio-
logical functions relating to tumorigenesis, tissue repair, or or-
ganogenesis.

Several posttranslational modifications contribute to recruit-
ment of F-box proteins to mediate protein degradation. These
posttranslational modifications label or prime proteins destined
for ubiquitylation, and this prepares the protein for further pro-
cessing by the 20S proteasome. Posttranslational modifications
such as phosphodegrons can also mask or unmask important mo-
lecular signatures that impact the accessibility of the E3 ubiquitin
ligase binding motif within a substrate to modulate ubiquitylation
and downstream processing (6). Hence, it is not unusual for the
phosphorylation site(s) to reside within the binding motif or be
juxtaposed to the recognition domain. Glycosylation also controls
F-box protein recruitment and substrate binding, and this is espe-
cially applicable for FbxO subunits (38). For example, in endo-
plasmic reticulum (ER) stress-associated degradation, the F-box
proteins Fbxo2 and Fbxo6 bind to glycosylated substrates within
F-box-associated domains (6). Structural or domain-based recog-
nition factors, as described for telomeric repeat-binding factor 1,
may also be important for F-box protein binding within NDPK-A,
which requires additional study (39).

The molecular signatures that guide recruitment of F-box pro-
tein components to the targeted substrate for ubiquitylation also
vary considerably and are stringently controlled (40, 41). The E3
ubiquitin ligase binding motif within substrates could be a stretch
of amino acids or the collective effect of a series of low-affinity
binding sites or be restricted to one or two amino acid residues
(42). Among these motifs, phosphorylation of sites resulting in a
phosphodegron such as DSGXXS (X represents any residue) rep-
resents a crucial molecular recognition signature for Fbxwl and
Fbxwll. In this motif the serine residues undergo sequential
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FIG 8 Acetylation stabilizes NDPK-A by opposing SCF-FBX024 binding. At
right, SCF-FBX024 interacts with NDPK-A to mediate NDPK-A ubiquityla-
tion at K85. At left, GCN5 interacts with NDPK-A to acetylate (Ac) the kinase
at K56 within an FBXO24 binding motif, thus serving as an inhibitory molec-
ular mark that impairs recognition by FBX0O24. NDPK-A acetylation subse-
quently stabilizes NDPK-A from SCF-FBXO24-mediated degradation,
thereby facilitating the ability of the kinase to impair cell migration.

phosphorylation prior to F-box protein docking on the substrate.
Further, while Fbxw7 binds to a proline-enriched signature
(TPPXS) (43) and while cyclin F recognizes an RX(I/L) motif (43),
some F-box proteins recognize several phosphorylated sites
through a successive threshold mechanism that may increase
binding affinities for F-box—substrate pairs (44). By using in vitro
binding assays, we determined that an LK motif within NDPK-A is
critical for FBXO24 recruitment to the kinase. This motif some-
what resembles the recognition signatures for some other related
FbxL family members as an LQ motif mediates interaction for
FbxL2 protein (10). However, FbxL2 also binds to a conserved
tryptophan residue within tumor necrosis factor receptor-associ-
ated factor (TRAF) adaptor proteins, underscoring variations in
binding preferences by an individual F-box protein (30).

These findings showing that acetylation inhibits F-box protein
binding were unexpected and raise possibilities for a more com-
plex regulatory model with interactions between acetylation and
other posttranslational modifications within NDPK-A. Here, a
unique molecular recognition signature, a “deacetyldegron” (LK),
promotes FBXO24 recruitment to its target, whereas acetyl-K56
impairs F-box protein binding. Associations between FBX024
and NDPK-A were demonstrated using modified acetyl-peptides
in vitro and acetylation mimics and after modulation of GCN5
levels in cells. Because an acetylated lysine residue is structurally
similar to glutamine (Q), we pursued the possibility that the pres-
ence of an (I/L)K motif could be misread by SCF components as
an (I/L)Q binding motif once the lysine residue is modified by
acetylation. However, unlike an (I/L)Q motif that promotes FbxL
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interaction with its target, an acetylated lysine juxtaposed to leu-
cine within NDPK-A represents an inhibitory signal for F-box
recruitment. Hence, NDPK-A acetylation may serve as a mecha-
nism to retain catalytic activity by limiting SCF-FBXO024-medi-
ated degradation. Secondary effects by kinase acetylation that in-
duce conformational changes to alter the ability of NDPK-A to
associate as oligomeric or hexameric complexes or affect its redox
state or interaction with other binding partners could also be reg-
ulated. For example, replacing $120 with glycine within NDPK-A
destabilizes the protein in the presence of urea, reduces its phos-
phate-transferase activity, and increases its hexameric state (45).
How NDPK-A acetylation coordinates mechanistically to pre-
serve enzyme activity when the kinase is also phosphorylated is
unclear and would entail determining the kinetics of K56 acetyla-
tion during concomitant phosphorylation at S122 and S144.
These modifications would need to be correlated with FBXO24
binding and NDPK-A function. Interestingly, the ability of acety-
lated NDPK-A to exhibit reduced association with FBX024 re-
sembles the behavior of the tumor suppressor-like protein Ras
association domain family 5 (RASSF5), with its interaction with
the HECT family E3 ligase, Itchy E3 ubiquitin protein ligase (Itch).
Although no direct evidence was provided, RASSF5 stability was
enhanced with reduced binding to Itch in cells after treatment
with a deacetylation inhibitor (46). Hence, acetylation may be a
more widespread molecular recognition signal among E3 ligases
but may function in a capacity to provide exquisite feedback con-
trol to extend the cellular protein life span.

The functional relevance of NDPK-A ubiquitination and acet-
ylation was examined in a model of enhanced cellular migration, a
key feature of highly metastatic tumors. There is mounting exper-
imental evidence suggesting that NDPK-A impairs tumor pro-
gression by inhibiting metastasis. Here, cellular expression of plas-
mids encoding either a ubiquitylation (K85R)-defective mutant
or wild-type NDPK-A blocked cell migration behavior in both a
wound-healing assay and a transwell assay. In the context of
FBXO24 expression, a plasmid encoding an acetylation (K56Q)
NDPK-A mimic that is defective in FBXO24 binding resulted in
delayed wound healing compared to expression of plasmids en-
coding NDPK-A proteins that retain the ability to interact with the
F-box protein. FBX024 depletion in cells also reduced cell migra-
tion, suggesting that strategies directed at antagonism of FBX024
or its binding to NDPK-A or methods to enhance NDPK-A acet-
ylation may also be potential approaches to control tumor metas-
tasis.
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