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ABSTRACT
The AMP-activated protein kinase (AMPK) regulates cellular energy homeostasis by sensing the meta-
bolic status of the cell. AMPK is regulated by phosphorylation and dephosphorylation as a result of
changing AMP/ATP levels and by removal of inhibitory ubiquitin residues by USP10. In this context, we
identified the GID-complex, an evolutionarily conserved ubiquitin-ligase-complex (E3), as a negative
regulator of AMPK activity. Our data show that the GID-complex targets AMPK for ubiquitination thereby
altering its activity. Cells depleted of GID-subunits mimic a state of starvation as shown by increased
AMPK activity and macroautophagic/autophagic flux as well as reduced MTOR activation. Consistently,
gid-genes knockdown in C. elegans results in increased organismal lifespan. This study may contribute to
understand metabolic disorders such as type 2 diabetes mellitus and morbid obesity and implements
alternative therapeutic approaches to alter AMPK activity.

Abbreviations: ACTB: actin, beta; ADP: adenosine diphosphate; AMP: adenosine monophosphate; AMPK:
AMP-activated protein kinase; ARMC8: armadillo repeat containing 8; ATP: adenosine triphosphate; BafA1:
bafilomycin A1; BCAA: branched chain amino acid; BICC1: BicC family RNA binding protein 1; BSA: bovine
serum albumin; CAMKK2 kinase: calcium/calmodulin dependent protein kinase kinase 2, beta; CHX:
cycloheximide; DMEM: Dulbecco’s modified Eagle’s medium; E1: ubiquitin-activating enzyme; E2: ubiqui-
tin-conjugating enzyme; E3: ubiquitin ligase; ECAR: extracellular acidification rate; FACS: fluorescent
associated cell sorter; FBP1: fructose-bisphosphatase 1; FCCP: carbonyl cyanide-4 (trifluoromethoxy)
phenylhydrazone; G6P: glucose-6-phosphate; GDP: guanosine diphosphate; GFP: green fluorescent pro-
tein; GID: glucose induced degradation deficient; GMP: guanosine monophosphate; GTP: guanosine
triphosphate; HBP1: high mobility group box transcription factor 1; HPRT: hypoxanthine guanine phos-
phoribosyl transferase; KO: knock out; LE: long exposure; MAEA: macrophage erythroblast attacher;
MAP1LC3B/LC3B: microtubule-associated protein 1 light chain 3 beta; MKLN1: muskelin 1; mRNA: mes-
senger RNA; MTOR: mechanistic target of rapamycin; NES: normalized enrichment score; OCR: oxygen
consumption rate; PBS: phosphate buffered saline; PCK1: phosphoenolpyruvate carboxykinase 1, cytoso-
lic; PCR: polymerase chain reaction; PFA: paraformaldehyde; RANBP9: RAN binding protein 9; RING: really
interesting new gene; RMND5: required for meiotic nuclear division5 homolog; RPS6: ribosomal protein S6;
RPTOR: regulatory associated protein of MTOR, complex 1; SE: short exposure; SEM: standard error of the
mean; SQSTM1/p62: sequestosome 1; TSC2: tuberous sclerosis complex 2; TUBA4A: tubulin; TUBE: tandem
ubiquitin binding entities; Ub: ubiquitin; UPS: ubiquitin proteasome system; WDR26: WD repeat domain
26; WT: wild type.
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Introduction

The AMP-activated protein kinase (AMPK) is the key regu-
lator of cellular energy homeostasis. AMPK is composed of
a catalytic α-subunit, a regulatory β- and an adenosyl nucleo-
tide-binding γ-subunit [1]. It is activated under energy-
deprived conditions, when ATP is depleted and AMP levels
are increased [2]. Among many AMPK-substrates, phosphor-
ylation of RPTOR (regulatory associated protein of MTOR,
complex 1) and TSC2 (TSC complex subunit 2) inhibit

MTOR signaling and regulate many processes including
macroautophagy/autophagy.

Posttranslational modification of proteins with ubiquitin
orchestrates a vast number of biological processes, including
targeted protein degradation by the ubiquitin-proteasome sys-
tem (UPS), lysosomal/vacuolar protein degradation, endocyto-
sis, intracellular trafficking, regulation of the secretory pathway
and transcriptional regulation [3]. Ubiquitination requires
a sequential and hierarchical reaction of three enzyme classes,
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the ubiquitin-activating enzyme (E1), the ubiquitin-conjugating
enzyme (E2) and the substrate specific ubiquitin ligase (E3) [4].
The glucose-induced degradation deficient (GID)-protein com-
plex is an evolutionarily highly conserved ubiquitin-ligase com-
plex that regulates the metabolic switch from gluconeogenesis to
glycolysis in Saccharomyces cerevisiae by targeting key enzymes
of gluconeogenesis for 26S proteasomal degradation [5–8].
Individual subunits of the yeast GID-complex are conserved
throughout the eukaryotic kingdom and Vid30/Gid1, Rmd5/
Gid2, Vid24/Gid4, Vid28/Gid5, Gid7, Gid8 and Fyv10/Gid9
have their closest human orthologs in RANBP9 (RAN binding
protein 9)-RANBP10, RMND5A (required for meiotic nuclear
division 5 homolog A)-RMND5B, GID4 (GID complex subunit
4 homolog), ARMC8 (armadillo repeat containing 8), MKLN1
(muskelin 1) or WDR26 (WD repeat domain 26), GID8 (GID
complex subunit 8 homolog) and MAEA (macrophage erythro-
blast attacher), respectively. These subunits are also part of the
human GID-complex [9,10]. RMND5A protein of different spe-
cies carries a non-canonical RING domain and is critical for
ubiquitin ligase activity of the GID-complex in vivo and in vitro
[8,11]. A recent publication describes the transcription factor
HBP1 (HMG-box transcription factor 1) as a potential substrate
of the murine GID-complex, suggesting a function in cell cycle
control [12]. Additionally, the vertebrate GID-complex regulates
renal gluconeogenesis via interaction with the protein BICC1
(BicC family RNA binding protein 1), suggesting a function in
the regulation of cellular metabolism also in vertebrates [13].

In this context, we describe an ATP/AMP-independent
regulation of AMPK activity, which depends on the ubiquitin-
ligase function of the murine GID-complex. We found
a decreased AMPK ubiquitination in rmnd5a knockout cells.
These cells display a state of low energy with increased AMPK
activity and autophagic flux but decreased MTOR activity.
Concluding, we demonstrate that the murine GID-complex
negatively regulates AMPK activity by ubiquitination.
Consistently, knockdown of gid-genes extends both median
and total lifespan in Caenorhabditis elegans.

Results

The GID-complex regulates autophagic flux and MTOR
signaling

We decided to focus on RMND5A, because it is required for
the ligase function of the vertebrate GID-complex [8,11]. In
S. cerevisiae, the GID-complex regulates the metabolic switch
from gluconeogenesis to glycolysis [6]. Since the MTOR sig-
naling pathway controls such adaptation [14], we investigated
whether the GID-complex affects MTOR signaling in verte-
brates. To investigate a potential function of the GID-complex
associated with MTOR signaling, we generated a NIH-3T3
rmnd5a knockout cell line using a CRISPR/CAS9-approach
(rmnd5a-KO, hereinafter referred to as KO, and NIH-3T3 as
WT). As depicted in Figure 1A, three sgRNA encoding plas-
mids were simultaneously transfected into WT cells (sense
sequence: CATAGCAGTGTTTCTCGAGT; CATAGCCCA
AAACAGTTCCT; CTACATCCAGCATTCCTTGT) and
FACS sorted to obtain monoclonal cell lines. The collected
KO cells have a 343 bp deletion positioned between 243 bp

and 587 bp (Figure 1A,B) leading to a nonsense frame shift
mutation and a reduction in mRNA levels (Figure S1A,B).
Expression of the Rmnd5b paralog was not affected by
rmnd5a knockout (Figure S1C).

As a functional readout to assess MTOR signaling, we first
measured the phosphorylation level of RPS6 (ribosomal protein
S6; hereafter p-RPS6). Under nutrient-rich condition (high-
glucose DMEM with 10% serum), p-RPS6 protein levels of WT
and KO cells were similar (Figure 1C, compare lanes 1 and 2).
However, after starvation for 24 h (starvation condition: DMEM
without glucose and serum) KO cells had a significantly decreased
p-RPS6 protein level compared to the WT (Figure 1C, compare
lanes 3 and 4; Figure 1D, pink). These data show that a loss in
GID-complex activity results in further reduction ofMTOR activ-
ity when cells are deprived of glucose and serum. Decreased
MTOR activity is associated with increased catabolic activity,
such as autophagy, which is commonly assessed through detec-
tion of phosphatidylethanolamine modified MAP1LC3B (micro-
tubule associated protein 1 light chain 3 beta; hereafter referred to
as LC3; the phosphatidylethanolamine modified as LC3-II; the
unmodified as LC3-I) level compared to the loading control [15].
Similar to a reduction inMTOR activity we observed higher levels
of LC3-II in KO cells when cells were deprived of glucose and
serum (Figure 1C,D, blue). In line with this notion, immunostain-
ing of endogenous LC3 illustrated that KO cells contained more
autophagosomes than WT cells (Figure 1E,F). As described pre-
viously, intracellular distribution of MTOR changes from
a lysosome-associated to a cytosolic distribution upon e.g.
amino acid starvation [16]. In KO cells, MTOR was mostly
cytosolic and also resembled starvation conditions (Figure S4A).
SQSTM1 (sequestosome 1) is an autophagic flux marker, which is
specifically degraded by autophagy. Figure 1G revealed a lower
basal level of SQSTM1 and a significantly faster SQSTM1 turnover
in KO cells. The half-life of SQSTM1 in KO cells was reduced
from 5.3 h to 1.8 h compared to the WT under starvation condi-
tions (Figure 1H; compare black with red), revealing an enhanced
autophagy-dependent degradation in KO cells. This faster turn-
over of SQSTM1 measured in KO cells was independent of
proteasomal degradation but dependent on lysosomal degrada-
tion (Figure 1H; blue [MG132] and yellow [BafA1]).

The GID-complex regulates AMPK activity

To identify the trigger for the increased autophagic flux caused
by rmnd5a knockout, we analyzed the activity of regulatory
components in the AMPK-MTOR signaling axis by western
blot analysis. Under nutrient-rich andmore severe under starva-
tion conditions, the protein levels of phosphorylated PRKAA/
AMPKα at Thr172 (hereafter referred to as p-PRKAA) and 2
AMPK-substrates (p-RPTOR and p-TSC2 [Ser1387]; hereafter
referred to as p-RPTOR and p-TSC2) were significantly
increased in KO cells (Figure 2A; compare lane 2 and 4), sug-
gesting an enhanced AMPK activity caused by RMND5A defi-
ciency (Figure 2A,B), especially under starvation conditions. In
contrast, neither PRKAA protein (Figure 2A) nor PrkaamRNA
level were severely affected by rmnd5a knockout (Figure S2B),
indicating that the increase in AMPK activity was not due to an
overall increase of PRKAA subunits, but due to a possible GID-
dependent modification of PRKAA that regulates its activity.
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Figure 1. The GID-complex regulates autophagic flux and MTOR signaling. (A) Schematic representation of CRISPR-CAS9 generated rmnd5a (NCBI Reference
Sequence: NM_024288.2) knockout mutant (rmnd5a-KO, hereinafter referred to as KO) in NIH-3T3 cells (hereinafter referred to as WT). Three sgRNA-targeting
sites (blue) and a pair of genotyping primers (gray) are depicted. Oligonucleotide sequences are listed in Table 2. (B) genotyping PCR of KO. (C and D) Western blot of
MTOR signaling and autophagy markers. Cells were grown on starvation medium (DMEM without glucose and serum; +) or DMEM (-) for 24 h. ACTB/β-actin as
loading control. Quantification showing relative protein level of p-RPS6 compared with RPS6 (pink) and LC3-II compared with ACTB (blue). Unpaired t-test n = 3. **,
P < 0.01. Abbreviations: p-, phosphorylated; SE, short exposure; LE, long exposure. (E and F) Representative confocal microscope images with autophagosomes
(green). Cells were treated with Bafilomycin A1 (BafA1, 100 nM) for 4 h to block autophagosomes fusion with lysosomes. Autophagosomes were stained with anti-
LC3B antibody. Scale bars, 10 μm. Quantification showing relative amount of autophagosomes (relative fluorescence area, left). Average values of WT are set to 1.
Unpaired t-test n = 15. **, P < 0.01. (G and H) Western blot of SQSTM1 turnover. Cells were treated with cycloheximide (CHX, 100 μg/ml, protein synthesis inhibitor)
for 24 h. ACTB/β-actin as loading control. Quantification showing relative protein level of SQSTM1 compared with ACTB. The half-life of SQSTM1 in WT cells (black),
KO cells (red), KO cells treated with BafA1 (yellow) and KO cells treated with MG132 (blue) shown by dotted line (supplementary western blot shown in Figure S1D).
WT cells at 0 h are set to 1.
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Figure 2. The GID-complex regulates AMPK activity. (A and B) Western blot of AMPK activity markers. Cells were grown on starvation medium (DMEM without
glucose and serum; +) or DMEM (-) for 24 h. ACTB as loading control. Long exposure blot shown in Figure S2A. Quantification showing relative protein level of
p-PRKAA compared with PRKAA (B). Unpaired t-test n = 3. *, P < 0.05; **, P < 0.01. (C) Western blot of AMPK activity markers. WT cells were transfected with siRNA
against Rmnd5a. KO cells were transfected with plasmid encoding mouse Rmnd5a (NCBI Reference Sequence: NM_024288.2) or Rmnd5a RING domain C354S mutant
(Rmnd5aC354S). After 24 h (plasmid) or 48 h (siRNA) of transfection, cells were subsequently starved for additional 24 h (+). ACTB as loading control. Quantification
showing relative protein level of p-PRKAA compared with PRKAA. Unpaired t-test n = 3. *, P < 0.05. (D) Western blot of p-PRKAA. Cells were starved for 24 h and
samples taken at indicated time points. ACTB as loading control. Quantification shown in (H). (E-G) Western blot of AMPK-MTOR signaling axis markers. Cells were
starved for 6 h. ACTB as loading control. Quantification showing relative protein level of p-PRKAA compared with PRKAA (F), and p-RPTOR compared with RPTOR (G).
WT cells at 0 h set to 1. Unpaired t-test n = 3. **, P < 0.01. (H) Quantification of (D) showing relative protein level of p-PRKAA compared to ACTB. WT cells at 0 h set
to 1. Unpaired t-test n = 3. *, P < 0.05.
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RMND5A contains a catalytically active RING domain, which
possesses ubiquitin-ligase activity. To test whether RMND5A is
a subunit of a bona fide ubiquitin ligase catalyzing PRKAA
deactivation, we transfected the KO cells with plasmids encoding
functional RMND5A (Figure 2C, green) or a functionally inac-
tive RMND5A RING mutant (Figure 2C, purple). While func-
tional RMND5A fully rescued the change in p-PRKAA and
p-RPTOR levels (compare gray with green; not significant), the
RING mutant failed to do so (compare gray with purple;
P < 0.05), suggesting that the RING domain of RMND5A is
important for AMPK activity regulation especially under starva-
tion conditions. Specificity was further tested with nonspecific
control siRNA (ns-siRNA) or siRNA to target Rmnd5a
(siRmnd5a) and similar to the KO cells, Rmnd5a knockdown
resulted in increased p-PRKAA and p-RPTOR levels especially
after nutrient starvation (Figure 2C, compare black with red;
P < 0.05). Together, these results suggest that enhanced AMPK
activity is regulated by RMND5A ubiquitin ligase function espe-
cially at times of nutrient starvation.

To further experimentally address this time dependent deacti-
vation of AMPK after nutrient starvation, we grew cells under
nutrient-rich condition, shifted them to starvation medium and
took samples at the indicated time points. In both WT and KO
cells, PRKAA was rapidly phosphorylated within 1 h (Figure 2D,
between 0 h and 1 h). In WT cells, phosphorylation of PRKAA
decreased during further starvation (Figure 2D, WT between 1 h
and 24 h), while the level of p-PRKAAwas less reduced inKO cells
(Figure 2D, KO between 1 h and 24 h). Differences in p-PRKAA
levels were subtle in the first 2 h of starvation (Figure 2H; 2 h) but
were significantly increased after 6 h of starvation (Figure 2H;
compareWT and KO at 6 h). This suggests that the GID-complex
plays a major AMPK regulatory function when cells are adapting
to starvation conditions to decrease p-PRKAA during long-term
starvation. To measure PRKAA activity at these times we focused
our western blot analysis on these particular time points and
calculated the PRKAA:p-PRKAA ratio (Figure 2E,F). Especially
at the 6 h time point the activity of AMPK was significantly
increased (Figure 2F, compare blue [KO] with black [WT] at
6 h), suggesting that AMPK activity is reduced especially at times
of longer starvation most probably because of faster p-PRKAA
turnover between 2 h and 6 h of starvation. This time-dependent
change in p-PRKAA also affected its substrates, e.g. p-RPTOR
(Figure 2E,G). We thus conclude that GID-activity is required to
negatively regulate AMPK activity, especially after a longer period
of nutrient starvation. GID-activity was dispensable for rapid
deactivation of AMPK by dephosphorylation as a quick response
to glucose supplementation (Figure S2D) further supporting
a direct GID-dependent regulation of AMPK.

The GID-complex regulates the metabolic adaptation to
cellular starvation independent of intracellular ATP levels

The activation of AMPK in response to ATP depletion acti-
vates fatty acid oxidation and inhibits biosynthetic pathways
such as protein translation to conserve intracellular ATP
levels [17]. In order to test whether the rmnd5a knockout
would be sufficient to induce a similar adaptation, we com-
pared the proteome of WT and KO cells by label-free quanti-
tative mass spectrometry. Hierarchical clustering based on the

correlation between proteome profiles obtained from 3 biolo-
gical replicates for each cell line revealed a distinct signature
induced by the rmnd5a knockout (Figure 3A). We thus per-
formed differential protein expression analysis and identified
254 protein groups affected in KO vs. WT cells (adj. P < 0.01)
(Figure 3B). Consistent with a response to AMPK activation,
gene set enrichment analysis revealed increased levels of pro-
teins involved in fatty acid degradation and peroxisomal pro-
teins, and decreased level of the protein synthesis machinery
in KO cells (Figure 3C). These phenotypic changes were
already measurable under nutrient-rich conditions but seem
more pronounced at times of starvation.

AMPK activity is normally regulated by the AMP:ATP
ratio in the cell, which depends on the efficiency of respira-
tory-chain or substrate level phosphorylation. Thus, we inves-
tigated whether RMND5A deficiency affected the production
of ATP, e.g. by defects in glucose uptake. We assessed mito-
chondrial respiration and ATP production by measuring the
oxygen consumption rate (OCR) (Figure 3E,F) and glycolytic
function by measuring extracellular acidification rate (ECAR)
(Figure 3G,H). The efficiency of these two major ATP gen-
erating pathways was not affected by GID-complex deficiency.
Consistently, WT and KO cells contained similar ATP con-
centrations (Figure 3D). Quantitative metabolomics analysis
for a subset of different metabolites further revealed that ATP,
GTP and NADH levels were not altered in KO cells.
Paradoxically, we also measured reduced AMP/ADP and
GMP/GDP levels in KO cells reflecting a high cellular energy
status (see Table 7). Concentrations of glucose 6-phosphate,
fructose 6-phosphate and other glycolytic metabolites includ-
ing the previously described allosteric AMPK regulator fruc-
tose 1,6-bisphosphate [18] were not significantly changed.
Consistent with enhanced branched chain amino acid
(BCAA) degradation in KO cells we measured significantly
reduced concentrations of different amino acids like leucine,
isoleucine and valine (see Table 7).

Together, we show that RMND5A deficiency results in the
activation of metabolic pathways normally activated under
nutrient deprived conditions. These include the increase of
fatty acid and branched chain amino acid degradation, as well
as a strong decrease in translational activity. Despite being
consistent with increased AMPK activity, AMPK activation is
independent of glycolysis and/or mitochondrial respiration,
ATP:AMP ratio and fructose 1,6-bisphosphate levels in the
cell. Our data strongly support that AMPK activity is directly
regulated by the GID-complex independent of the ATP:AMP
ratio and previously described allosteric AMPK regulators.

The GID-complex regulates AMPK activity via
ubiquitination and proteasomal degradation

Since the RING domain of RMND5A was required for normal
AMPK activation (Figure 2C, compare green and purple), we
reasoned that p-PRKAA or PRKAA is regulated by GID-
dependent ubiquitination and subsequent proteasomal degra-
dation to adjust AMPK activity especially at times of nutrient
starvation. To test this, we treated cells with the proteasome
inhibitor MG132 and subsequently measured PRKAA and
p-PRKAA protein level (Figure 4A). The untreated WT

1622 H. LIU ET AL.



Figure 3. The GID-complex regulates the metabolic adaptation to cellular starvation independent of intracellular ATP levels. (A) Hierarchical clustering based
on the correlation between proteome profiles based on 1207 protein groups quantified across the two cell lines. Three biological replicates were analyzed
for each cell line. (B) Volcano plot depicting proteins differentially expressed between KO and WT cells. Significantly affected proteins (adj. P < 0.01) are
displayed in red or blue according to whether they have higher or lower abundance in KO cells, respectively. Gene names of 40 most affected proteins
(sorted by p value) are shown. (C) Gene set enrichment analysis was performed on proteomic data using KEGG pathways. Gene sets are plotted according
to the Normalized Enrichment Score (NES) values. Positive and negative values are used for gene sets showing higher and lower abundance in KO cells,
respectively. Only pathways significantly enriched (FDR < 0.1) are shown. (D) ATP concentration in WT and KO cells. Unpaired t-test n = 3. P = 0.1761. (E)
Seahorse XF Cell Mito Stress Test. Mitochondrial respiration was assessed via oxygen consumption rate (OCR). Abbreviations: resp., respiration; prod.,
production. (F) Quantification of ATP production (orange area) showing no significant difference between WT and KO cells. Unpaired t-test n = 3.
P = 0.3513. (G) Seahorse Glycolysis Stress Test. Glycolytic function was assessed via extracellular acidification rate (ECAR). (H) Quantification of glycolysis
(the blue area) showing no significant difference between WT and KO cells. Unpaired t-test n = 3. P = 0.2533.
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Figure 4. The GID-complex regulates K48-dependent polyubiquitination of AMPK. (A and B) Western blot of p-PRKAA. Cells were starved for 6 h with (+) or
without (-) MG132 treatment (10 μM, proteasome inhibitor). ACTB as loading control. Quantification showing relative protein level of p-PRKAA compared to
ACTB in WT cells. (C) Western blot of PRKAA ubiquitination. Cells were starved for 2 h, then treated with starvation medium containing MG132 for
additional 4 h. Cell lysates were immunoprecipitated by anti-PRKAA antibody and immunoblotted with TUBE (high affinity ubiquitin binding peptide). (D
and E) Western blot of p-PRKAA. WT cells transfected with different ubiquitin mutants for 24 h, then starved for 6 h. ACTB as loading control.
Quantification showing relative protein level of p-PRKAA compared to ACTB. Abbreviations: Ub, wild-type ubiquitin; Ub[K48], ubiquitin with one lysine
residue left at position 48; UbK48R, ubiquitin with K48R mutation. Plasmids shown in Table 3. (F and G) Western blot of PRKAA and p-PRKAA turnover. Cells
were starved for 24 h and simultaneously treated with CHX. ACTB as loading control. Quantification showing relative protein level compared to ACTB. WT
cells starved for 1 h are set to 1.
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control cells showed decreased p-PRKAA and PRKAA protein
levels after 6 h starvation (Figure 4B, DMSO between 2 h and
6 h). However, the inhibition of proteasome prevented this
PRKAA:p-PRKAA decline (Figure 4B, MG132 between 2 h
and 6 h). In contrast, this effect was not apparent in WT cells
treated with the autophagy inhibitor bafilomycin A1 (BafA1)
(Figure S2E). This shows that PRKAA degradation after
longer starvation is dependent on proteasomal but not lyso-
somal degradation, revealing that AMPK deactivation is not
only regulated by dephosphorylation, but additionally by pro-
teasomal degradation. It further implies that the degradation
of PRKAA is particularly important to adjust AMPK activity
at times of prolonged starvation, likely as an adaptation
mechanism to reduce energy production via alternative
sources e.g. amino acid degradation. Consistent with this
hypothesis, both PRKAA and p-PRKAA turnover was
significantly slowed down in KO cells compared to WT
(Figure 4F,G). The specific reduction of p-PRKAA will affect
PRKAA levels and the other way around. To critically test
whether PRKAA or p-PRKAA is degraded by the proteasome
we first measured PRKAA stability without prior phosphor-
ylation under conventional nutrient rich growth conditions.
Under these conditions PRKAA was a stable protein, suggest-
ing that it is not degraded rapidly (Figure S3B). Additionally,
we showed that a non-phosphorylatable T183A mutation
(corresponds to Thr172 in humans) was stabilized upon
longer starvation (Figure S3C). We thus reason that it is
indeed p-PRKAA that is targeted by the GID-complex for
proteasomal degradation.

To directly test for PRKAA ubiquitination, we immuno-
precipitated endogenous PRKAA and subsequently measured
ubiquitin modified PRKAA in WT and KO cells starved for
6 h (Figure 4C). Cell lysates (input) showed similar ubiquiti-
nation pattern (IB: TUBE) and similar PRKAA levels (IB:
PRKAA) in both WT and KO cells. Ubiquitination of immu-
noprecipitated PRKAA (IP: PRKAA, IB: TUBE) revealed an
ubiquitin specific band at around 75 kDa with the typical
ubiquitin signal above in WT cells, indicating that PRKAA
is indeed ubiquitinated. Interestingly, the ubiquitin pattern
was strongly impaired in KO cells, suggesting that ubiquitina-
tion of PRKAA is dependent on GID-activity. Similar results
were observed when cells were transiently transfected with
plasmids encoding HIS-tagged ubiquitin and subsequently
used for PRKAA immunoprecipitation (Figure S3A).
Moreover, the immunoprecipitation of endogenous PRKAA
from WT and KO cells after 6 h starvation resulted in the co-
precipitation of at least 2 known subunits of the GID-
complex, MKLN1 and RANBP10, specifically in KO cells
(see Table 6) suggesting that p-PRKAA is directly ubiquiti-
nated by the GID-complex.

Substrate polyubiquitination via the internal ubiquitin resi-
due K48 is the most common modification that regulates UPS
dependent degradation of substrates. To test this for
p-PRKAA, we overexpressed different ubiquitin variants in
WT cells and followed p-PRKAA protein levels like in pre-
vious experiments (Figure 4D). Transfection of wild-type ubi-
quitin (Ub) and ubiquitin with only one lysine residue located
at position 48 (Ub[K48]) did not affect p-PRKAA protein
levels at prolonged starvation (Figure 4D, Ub and Ub[K48]

between 2 h and 6 h). In contrast, transfection of ubiquitin
with a K48R mutation (UbK48R) led to stabilization of
p-PRKAA at the 6 h time point (Figure 4D, UbK48R), indicat-
ing that p-PRKAA turnover requires K48-dependent polyubi-
quitination. This treatment clearly phenocopies WT cells
treated with MG132 (Figure 4B) and KO cells, suggesting
that p-PRKAA turnover is regulated by GID-complex depen-
dent K48 linked polyubiquitination and subsequent proteaso-
mal degradation.

The GID-complex alters primary cilia length by regulating
AMPK activity

Several publications describe a functional interplay between
the AMPK-MTOR signaling axis and primary cilia length
[19–21], e.g. cells treated with the MTOR inhibitor
Rapamycin have elongated primary cilia [22]. Measuring pri-
mary cilia length can thus be used to assess AMPK-MTOR
signaling activity. We started out to measure primary cilia
length in WT cells, KO cells and WT cells transfected with ns-
siRNA, siRNA against Rmnd5a (siRmnd5a) or siRNA against
Mkln1 (homologous gene of yeast GID7) (siMkln1). After
treating the cells with cilia-inducing medium (high-glucose
DMEM with 0.5% serum) for 24 h, we measured an average
primary cilium length of 4.6 μm in WT cells and of 4.9 μm in
WT cells transfected with ns-siRNA (Figure 5B). Consistent
with increased AMPK activity, KO cells and WT cells with
a Gid knockdown had significantly elongated primary cilia
(Figure 5A,B) (KO, 5.4 μm; siRmnd5a, 5.5 μm; siMkln1, 5.6
μm). These data show that the depletion of different GID-
subunits results in a significant elongation of primary cilia. To
test whether this is dependent on AMPK activity, we
mimicked cellular starvation by treating cells with Torin1
(MTOR signaling inhibitor) or vice versa mimicked a high
energy status with Compound C (AMPK inhibitor) to subse-
quently measure primary cilia length [23,24]. Inhibition of
MTOR signaling in WT cells led to a significant elongation
of primary cilia (Figure 5C, compare lanes 1 and 2). On the
other hand, inhibition of AMPK with Compound C led to
shortened primary cilia (Figure 5C, compare lanes 1 and 3).
This data indicates that AMPK and MTOR activity can influ-
ence primary cilium length. Similarly, cilia length was also
altered in KO cells and treatment with Compound C led to
a significant reduction of cilium length, clearly demonstrating
that elongated cilia measured in KO cells are due to increased
AMPK activity (Figure 5C, compare lanes 4 and 6). Neither
the induction (Figure 5D) nor the blockade of ciliogenesis
with Ift88 specific siRNA (Figure 5E) affected AMPK activity,
further supporting that AMPK activity is directly regulated by
the GID-complex and not by upstream primary cilia depen-
dent sensing and signaling processes.

Gid-complex proteins regulate organismal lifespan

Rapamycin is a specific inhibitor of MTOR activity and is known
to alter organismal lifespan [25,26]. Our results show that deple-
tion of GID-complex subunits similarly result in reduced MTOR
activity and increased AMPK activity. Therefore, we planned to
investigate an influence of reduced GID-complex activity on
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Figure 5. The GID-complex alters primary cilia length by regulating AMPK activity. (A) Representative microscope images of primary cilia. Cells were treated with cilia-
inducing medium (high-glucose DMEM with 0.5% serum) for 24 h. Ciliary axoneme were stained with anti-acetylated TUBA4A (ac-tubulin) antibody (green). Scale
bars, 10 μm. (B) Quantification of primary cilia length. Cells were transfected with Rmnd5a or Mkln1 siRNA for 24 h, then treated with cilia-inducing medium for 24 h.
Knockdown efficiency is shown in Figure S3D. Mean ± SEM of column: WT, 4.643 ± 0.1355 μm (n = 40); KO, 5.375 ± 0.1485 μm (n = 59); ns-siRNA, 4.894 ± 0.1559 μm
(n = 17); siRmnd5a, 5.464 ± 0.1920 μm (n = 29); siMkln1, 5.574 ± 0.1325 μm (n = 30). Unpaired t-test, *, P < 0.05; ***, P < 0.001. Oligonucleotide sequences shown in
Table 2. (C) Quantification of primary cilia length. Cells were treated with cilia-inducing medium containing Torin1 (1 μM, MTOR signaling inhibitor) or Compound
C (10 μM, AMPK inhibitor) for 24 h. Mean ± SEM: WT with DMSO (control) 4.491 ± 0.1566 μm (n = 48); WT with Torin1, 5.472 ± 0.3986 μm (n = 27); WT with
Compound C, 3.655 ± 0.1396 μm (n = 51); KO with DMSO 5.133 ± 0.2301 μm (n = 37); KO with Torin1, 6.275 ± 0.3337 μm (n = 40); KO with Compound C,
3.914 ± 0.1652 μm (n = 43). Unpaired t-test, *, P < 0.05; **, P < 0.01; ***, P < 0.001. (D) Western blot of AMPK markers. Cells were treated with cilia-inducing medium
for 24 h to induce ciliogenesis, afterward shifted to starvation medium for 6 h. ACTB as loading control. (E) Like (D), with previous transfection of siRNA against Ift88
(Mus musculus, NM_009376.2) for 24 h to block cilia formation. (F) Representative microscope images of primary cilia. WT cells were transfected with siRNA against
Ift88. Ciliary axoneme was stained by anti-ac-tubulin antibody (red). Scale bars, 10 μm.
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organismal lifespan. A classical model organism to investigate
organismal lifespan is the nematodeC. elegans. Since themembers
of the GID-complex are even conserved inC. elegans (Table 1), we
knocked down t07d1.2 (homologous gene of Gid2/Rmnd5a) and
measured lifespan of C. elegans. Strikingly, the knockdown of
t07d1.2 led to a significant extension of both the median (50%
survival) and maximum (10% survival) lifespan when compared
to the empty vector control (Figure 6A, compare red and black
curves). The maximum lifespan in the knockdown group was
elongated to 24.8 d compared to the control (18.4 d) with an
extension of 6.4 d (for statistical details see Table 5 and Table 5
footnote “a,b,c”). Similarly, the individual knockdown of all other
conserved GID-subunits in this organism led to a significant
extension of both median and maximum lifespan (Figure 6A
and Table 5). The knockdown quality was assessed by qPCR
and is shown in Figure S3E. Our data strongly suggest that GID-
complex deficiency also causes AMPK activation in C. elegans,
thereby resulting in lifespan extension.

Discussion

In S. cerevisiae the GID-complex regulates the metabolic
switch from gluconeogenesis to glycolysis by directly targeting
key enzymes of gluconeogenesis for polyubiquitination and
subsequent proteasomal degradation. Yeast GID-complex
substrates include fructose-1,6-bisphosphatase (Fbp1), malate-
dehydrogenase (Mdh2) and phosphoenolpyruvat-
carboxykinase (Pck1) [8,9]. Recent publications also describe
the human GID-complex in the context of regulating renal
gluconeogenesis [13]. However, human FBP1 (fructose-
bisphosphatase 1) and PCK1 (phosphoenolpyruvate carboxy-
kinase 1) are not direct substrates of the GID-complex in
vertebrate cell systems and in vitro [12]. This suggests
a more complex function of the vertebrate GID-complex in
the regulation of metabolism, which may be mediated by
other well-known regulators. For instance, AMPK is known
to control gluconeogenesis by regulating the transcription of
PCK1 and G6PC (glucose-6-phosphatase) in the liver [27].

In this manuscript we show that lack of GID-complex activity
results in distinct phenotypic changes consistent with a response
to AMPK activation. This includes an increase in autophagic
flux, branched chain amino acid (BCAA) and fatty acid degrada-
tion, a reduction in MTOR activity, longer primary cilia and
significant life span extension. We provide strong evidence that
these changes are due to direct ubiquitination of PRKAA in
a GID-complex dependent manner. We show that the GID-

complex binds PRKAA only in KO cells (see Table 6) and
depletion of GID-subunits results in lack of PRKAA ubiquitina-
tion and stabilization of p-PRKAA (Figure 4C, S3A and 4F). In
S. cerevisiae the deletion of Rmd5p allows the association of
other Gid-subunits but prevents substrate polyubiquitination
and subsequent degradation [28]. Given the high degree of
topological conservation [12] we predict that deletion of
RMND5A similarly results in an intact GID-complex that
binds AMPK but cannot ubiquitinate it for subsequent

Table 1. Proteins of the Gid-complex with accession numbers and protein
domains.

S. cerevisiae H. sapiens Domains
Accession

Nr. C. elegans

Gid1 RANBP9
RANBP10

SPRY, LisH, CTLH,
CRA

NM_005493 Y54E5A.7

Gid2/Rmd5 RMND5A
RMND5B

LisH, CTLH, RING NM_022780 T07D1.2

Gid4 GID4 - NM_024052 -
Gid5 ARMC8 ARM NM_213654 -
Gid7 MKLN1 LisH, CTLH,

WD40 or Kelch
NM_013225 Y39H10A.6

(Y39H10A_224B)
Gid8 GID8 LisH, CTLH, CRA NM_017896 F53E2.1
Gid9 MAEA LisH, CTLH BC001225 -

Figure 6. GID-complex proteins regulate organismal lifespan. (A) Survival rates
of C. elegans depleted of Gid orthologs (gid1/y54e5a.7, gid2/t07d1.2, gid7/
y39h10a.6, gid8/f53e2.1) through RNAi. Experiments were conducted in quintu-
plicates and were performed two independent times (details in Table 5). One
representative experiment is shown. Log-rank test, p < 0.0001. Knockdown
efficiency shown in Figure S3E. (B) Model of GID-complex dependent regulation
of AMPK activity. The GID-complex as a negative regulator of AMPK activity to
adjust AMPK activity at times of prolonged starvation. p-AMPK activity is
adjusted by K48-dependent polyubiquitination and subsequent proteasomal
degradation. This process is disturbed when cells are lacking GID-complex
activity, resulting in increased AMPK activity, reduced MTOR activity and
increased autophagic flux.
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degradation ultimately resulting in increased AMPK activity
(p-PRKAA levels). This phenomenon was mostly dependent
on glucose starvation (Figure S2H and S2F).

Several publications describe AMPK regulation by ubiqui-
tin modification with at least two different functional out-
comes. On the one hand, there is evidence that ubiquitination
of PRKAA has a negative regulatory function independent of
its degradation. The deubiquitinating enzymes USP10 and
USP9X are involved in this process [29,30]. On the other
hand the MAGEA3/A6-TRIM28 ubiquitin ligase complex
downregulates AMPK through ubiquitination and degrada-
tion, however only in the context of cancer [31]. Taken
together, the existence of several types of ubiquitin modifica-
tions on AMPK subunits differing both in linkage type and/or
modified AMPK subunits are likely to exist. Our data is
consistent with GID-complex catalyzed PRKAA ubiquitina-
tion that specifically induced the degradation of p-PRKAA
after prolonged glucose starvation. Interestingly, downregula-
tion of p-PRKAA was previously described in rat muscles
incubated with glucose or leucine [32]. Together, we like to
predict that this process is a response to a shift in energy
balance to prevent ongoing autophagy at times of prolonged
starvation. We further speculate that similar to MTOR reg-
ulation [33] this process constitutes a response to e.g. free
amino acids generated by autophagy.

It is difficult to distinguish between GID-complex depen-
dent p-PRKAA and PRKAA turnover. However, our data
support that specifically p-PRKAA levels are temporally con-
trolled by glucose starvation. Firstly, the most distinct pheno-
types were measured when p-PRKAA levels are high (after 2 h
of starvation). Furthermore, non-phosphorylated PRKAA was
stable when cells were not starved (Figure S3B). Finally,
a T183A mutation of the phosphorylation site (corresponding
to T172 in human) resulted in stabilization of PRKAA upon
starvation (Figure S3C). Together our results suggest that the
GID-complex specifically ubiquitinates p-PRKAA but not
unphosphorylated PRKAA for subsequent proteasomal degra-
dation upon long-term starvation.

Several AMPK upstream activators have been described in
the literature, e.g. phosphorylation of Thr172 in the activation
loop of PRKAA can be mediated by STK11 directly, or in
response to calcium flux via CAMKK2 kinase (calcium/cal-
modulin dependent protein kinase kinase 2) [34]. This phos-
phorylation step requires high levels of AMP that binds to the
γ-subunit of AMPK and subsequently induces a structural
change that leads to the exposure of the phosphorylation
site. We measured induction of Thr172 phosphorylation
upon glucose/serum starvation in both WT and KO cells
(Figure 2E, between 0 h and 2 h), suggesting that GID-
activity neither affects phosphorylation of PRKAA nor the
induction of the active conformational change. Further, we
measured similar ATP and decreased AMP levels in KO cells
suggesting that AMPK activity is deregulated by different
mechanisms (see Table 7 and Figure 3D). Similarly, we can
exclude defects in PRKAA dephosphorylation as an explana-
tion for AMPK hyperactivation, because glucose/serum sup-
plementation in both WT and KO cells led to rapid PRKAA
dephosphorylation (Figure S2D). These observations suggest
that upstream glucose sensing and signaling of AMPK

regulating pathways are still functional in KO cells and further
support that the GID-complex directly modifies AMPK
activity.

Changes in the AMPK-MTOR signaling axis, like we mea-
sured in GID-subunit-depleted cells, are known to alter life-
span in various organisms [35–37]. Consistently, our results
showed that individual depletion of all tested GID-subunits
resulted in an extended lifespan of C. elegans. This observa-
tion additionally supports that the GID-complex integrates
intracellular signals to regulate AMPK activity in order to
adjust cell metabolism to energy expenditure.

Ubiquitin ligases are promising drug targets to treat differ-
ent pathologies [38]. Thus we like to suggest that inhibition of
the GID-complex is a promising strategy for pharmacological
manipulation of the AMPK-MTOR signaling axis to treat
chronic conditions like polycystic kidney diseases [39], type
2 diabetes [40,41] or to alter organismal longevity [42].

Materials and methods

Organisms and maintenance

NIH-3T3 cells (ATCC, CRL-6442, RRID:CVCL_0594) were
maintained in Dulbecco’s modified Eagle’s medium with
4500 mg/L glucose (high concentration) (Sigma-Aldrich,
D6546) or without glucose (no glucose) (Gibco, 11966–025)
supplemented with 10% (v:v) fetal calf serum (FCS) (Gibco,
10270–106) if not mentioned otherwise. A rmnd5a knockout
cell line was constructed as depicted in Figure 1A. Briefly,
CRISPR/CAS9 plasmids were ordered from Santa Cruz
Biotechnology (sc-427065), transfected with Lipofectamine
2000 (Thermo Fisher Scientific, 11668019) and individual
GFP-positive clones sorted into 96-well plates. Positive
rmnd5a knockout clones were selected by genotyping PCR
with primers listed in Table 2. The C. elegans strain wild-type
Bristol N2 was provided by the Caenorhabditis Genetics
Center that is supported by the National Institutes of Health-
Office of Research Infrastructure Programs. For RNAi knock-
down experiments E.coli HT115 f53e2.1 and y39h10a.6 clones
were derived from an Ahringer RNAi library (Source
BioScience [43],). t07d1.2 and y54e5a.7 were derived from
Vidal ORFeome RNAi libraries (Source BioScience) [44].

Plasmids and oligonucleotides

cDNA of Rmnd5a variants (NCBI Reference Sequence:
NM_024288.2) were synthesized by BioCat. Transfections
were performed using Lipofectamine 2000 for plasmids and
Lipofectamine RNAiMAX (Thermo Fisher Scientific,
13778–075) for siRNAs. Site directed mutagenesis was per-
formed as described previously [45]. All other plasmids and
oligonucleotides are listed in Tables 2 and 3.

Western blotting and immunoprecipitation

Western blotting was performed as described previously [8].
Cells were lysed with 50 mM Tris-HCl, pH 7.4, 2 mM EDTA,
1 mM EGTA, 50 mM NaF, 1 mM DTT, 10 mM Na4P2O7,
1 mM Na3VO4, 1% Triton X-100 (Serva, 37238), 0.1% SDS,
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0.5 mM PMSF (Roche, 837091), 1× protease inhibitor cocktail
(Roche, 11836153001). Protein was determined with the BCA
assay (Thermo Fisher Scientific, 23227) and loaded 6 ~ 20 μg
per lane. Antibodies are listed in Table 4. For signal quanti-
fication, X-ray films were scanned in the transparency mode

and saved as 600 dpi tiff images. Densitometry was performed
with the ImageJ software (NIH) of short exposure signals (SE)
using the rectangular area selection tool. Background signals
were subtracted and relative protein levels were compared
with the loading control (ACTB/β-actin). For IP experiments,
we used μMACS Protein A MicroBeads (Miltenyi Biotec, 130-
071-001). For each IP setup, 3 μl of anti-PRKAA/AMPK
antibody (Cell Signaling Technologies, 2532) was incubated
with 1 ml of cell lysate (1.5 mg/mL) at 4°C overnight then
incubated for additional 1 h and eluted according to the
protocol provided by the manufacturer.

cDNA synthesis and quantitative PCR (qPCR)

RNAwas extracted by using the RNeasy Kit (Qiagen, 74104). 1 µg
RNAwere reverse transcribed into cDNA in a 10 µl reaction set by
using HiScript II Q RT Supermix for qPCR (Vazyme Biotech,
R222). A 20 µl qPCR reaction set contained 20 ng cDNA,
1× Maxima SYBR Green/ROX qPCR Master Mix (Thermo
Fisher Scientific, K0221), 0.3 μM forward primer, and 0.3 μM
reverse primer. A qPCR run on Roche LightCycler 480 II con-
sisted of an UDG pre-treatment for 2 min at 50°C, an initial hot
start for 10 min at 95°C, followed by 40 cycles with a denaturation
step of 15 s at 95°C and an annealing/extension step of 60 s at 60°
C. Afterward, a melt curve was recorded. Each measurement was
repeated three times, and each sample was analyzed in triplicate
with Hprt (hypoxanthine guanine phosphoribosyl transferase) as
an internal control. qPCR primers are listed in Table 2. Relative
expression was determined using the Abs Quant/2nd Derivative

Table 2. Oligonucleotides used in this study.

Oligonucleotide Description Sequence

Rmnd5a (mm) fwd genotyping PCR TTGTTCTGACACAGTGCTGC
Rmnd5a (mm) rev genotyping PCR ACACGAGGCTTCCCATCAAT
Hprt (mm) fwd qPCR TACAGGCCAGACTTTGTTGG
Hprt (mm) rev qPCR AACTTGCGCTCATCTTAGGC
Mkln1 (mm) fwd qPCR TGTGGATCATTCGGACCCAG
Mkln1 (mm) rev qPCR TCTGAAAAGCCTAGAGCTGTGA
Rmnd5a (mm) fwd #1 qPCR CAGCCAACGGCTTCTCAATG
Rmnd5a (mm) rev #1 qPCR GACAGACCAGATTCCTGGCA
Rmnd5a (mm) fwd #2 qPCR GCCTGTCCCATTCTTCGTCA
Rmnd5a (mm) rev #2 qPCR GGACTCTGTTCCATTGGGCA
Rmnd5b (mm) fwd qPCR GTGGGCCAGCTGAGAGC
Rmnd5b (mm) rev qPCR AGCACTGGGACATCACAAGG
siMkln1 (mm) #1 siRNA CACUUCAGACAACAUAACU
siMkln1 (mm) #2 siRNA AGUUAUGUUGUCUGAAGUG
siRmnd5a (mm) #1 siRNA CAGGCUGAUGUGAGAAUGAAA
siRmnd5a (mm) #2 siRNA UUGGUUUGUGGUCAUAUUAUA
siIft88 (mm) #1 siRNA ACUGGGAGAGUUAUACGAU
siIft88 (mm) #2 siRNA AUCGUAUAACUCUCCCAGU
sgRmnd5a (mm) seq #1 sgRNA CATAGCAGTGTTTCTCGAGT
sgRmnd5a (mm) seq #2 sgRNA ACAAGGAATGCTGGATGTAG
sgRmnd5a (mm) seq #3 sgRNA CATAGCCCAAAACAGTTCCT
Prkaa1 (mm) fwd qPCR GTCAAAGCCGACCCAATGATA
Prkaa1 (mm) rev qPCR CGTACACGCAAATAATAGGGGTT
Prkaa2 (mm) fwd qPCR AAGATCGGACACTACGTCCTG
Prkaa2 (mm) rev qPCR TGCCACTTTATGGCCTGTCAA
tba1 (ce) fwd qPCR TCAACACTGCCATCGCCGCC
tba1 (ce) rev qPCR TCCAAGCGAGACCAGGCTTCAG
gid1/y54e5a.7 (ce) fwd qPCR ACGTAACCTATTCACCGGTTGG
gid1/y54e5a.7 (ce) rev qPCR CTCGAGAATCATTTTCCGGACG
gid2/t07d1.2 (ce) fwd qPCR TGACGAGCAAGGAAGTAGCTG
gid2/t07d1.2 (ce) rev qPCR CAAGCCCGAATTGCGTTGAC
gid7/y39h10a.6 (ce) fwd qPCR TTCGTTCATCGCAGTGGACA
gid7/y39h10a.6 (ce) rev qPCR CGGTTTCTTTTCCAATCGAGCC
gid8/f53e2.1 (ce) fwd qPCR ATCCGAACGAGAACAGACGG
gid8/f53e2.1 (ce) rev qPCR GCGAACATCCCGTAAAAGCG
AMPKT183A Mutagenesis CAGATGGTGAATTTTTAAGAGCAAGCTGTGGCTCACCCAATTATG

Table 3. Plasmids used in this study.

Name Source

pPRKAA1/pAMPKα1 Addgene, 27,297
pPRKAA1T183A/pAMPKα1

T183A This work
Flag-HA-USP10 Addgene, 22,543
pcDNA3.1(+)-Rmnd5a (mm) synthetic construct
pcDNA3.1(+)-Rmnd5aC354S (mm) synthetic construct
pRK5-HA-Ubiquitin-WT Addgene, 17,608
pRK5-HA-UbiquitinK48 Addgene, 17,605
pRK5-HA-UbiquitinK48R Addgene, 17,604

Table 4. Antibodies used in this study.

Antibody Source Order number

ac-TUBA4A/tubulin Sigma-Aldrich T6793
RPS6/S6 Ribosomal Protein Cell Signaling Technology 2317
p-RPS6/S6 Ribosomal Protein Cell Signaling Technology 2211
MAP1LC3B Cell Signaling Technology 2775
ACTB/β-actin Sigma-Aldrich A-5441
SQSTM1 Cell Signaling Technology 5114
PRKAA/AMPKα Cell Signaling Technology 2532
p-PRKAA/AMPKα (T172) Cell Signaling Technology 2535
RPTOR/Raptor Cell Signaling Technology 2280
p-RPTOR (Ser792) Cell Signaling Technology 2083
p-TSC2 (Ser1387) Cell Signaling Technology 5584
ubiquitin Thermo Fisher Scientific PA3-16,717
TUBE LifeSensors UM302
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Max analysis method, given as mean ± SEM, statistic analyzed by
t-test and measured by two-tailed P value.

Immunofluorescence

Cells were grown on Millicell EZ slide (Merck Millipore,
PEZGS0416) pre-treated with 0.1% gelatin solution for 30 min
at 37°C, subsequently cells were fixed with 4% paraformaldehyde
(PFA) for 10 min at 4°C (or pre-cool methanol for 10 min at

−20°C for anti-MAP1LC3B antibody), permeabilized, and
blocked with 0.3% Triton X-100, 3% BSA, 1× PBS for 30 min
at room temperature. Antibodies are listed in Table 4. We used
ImageJ software to quantify the fluorescence intensity.

Seahorse measurements

The oxygen consumption rate (OCR) and extracellular acid-
ification rate (ECAR) in WT and KO cells were measured

Table 6. Peptides and protein IDs of GID-complex subunits identified after PRKAA/AMPK immunoprecipitation in KO cells.

Protein name MW (kDa) Peptide FDR value

Gel mass range (kDa)

30–65 65–100

sp/Q6VN19
GID1/RanBP10

67.188 AAATADPGAGNPQAGDSSGGDSGGGLPSPGEQELSR < 0.1% *
ELQALSEQLGR < 0.1% *

sp/089050
GID7/MKLN1

84.88 WSSFSSTYLPENILVDKPNDQSSR < 0.1% *
ATIDPELNEIHVLSGLSK < 0.1% *

Table 7. Absolute concentration of metabolic compounds in WT and KO cells.

WT Mean concentration (n = 3) (pmol/106 cells) KO Mean concentration (n = 3) (pmol/106 cells) KO vs WT

Compound name Mean S.D. Mean S.D. Ratio a p-value b

Glucose 6-phosphate 34 6.0 38 1.2 1.1 0.340
Fructose 6-phosphate 11 4.5 12 0.7 1.1 0.712
Fructose 1,6-diphosphate 247 127 373 43 1.5 0.221
Glyceraldehyde 3-phosphate 34 25 31 5.9 0.9 0.880
Dihydroxyacetone phosphate 143 78 147 32 1.0 0.933
Glycerol 3-phosphate 69 19 64 6.6 0.9 0.723
2,3-Diphosphoglyceric acid 17 1.4 18 0.4 1.1 0.381
Valine 2541 273 1896 166 0.7 0.034 *
Leucine 2176 211 1581 137 0.7 0.020 *
Isoleucine 2346 260 1681 121 0.7 0.031 *
Tryptophan 182 12 71 6.3 0.4 8.6E-04 ***
Lysine 1041 127 1102 36 1.1 0.497
ATP 5270 547 5336 297 1.0 0.867
ADP 777 67 436 33 0.6 0.005 **
AMP 156 16 64 4.7 0.4 0.006 **
GTP 927 72 906 73 1.0 0.743
GDP 106 6.6 59 2.1 0.6 0.004 **
GMP 25 2.6 12 0.9 0.5 0.008 **
NAD+ 722 83 711 74 1 0.871
NADH 64 19 45 6.2 0.7 0.226

a The ratio is computed by using averaged detection values. The latter was used as denominator.
b The p-value is computed by Welch’s t-test (*<0.05, ** <0.01, *** <0.001)

Table 5. Statistics for RNAi knockdown of Gid orthologs in C. elegans.

Exp
Strain/plasmid

for RNAi
Effect on Life

Span P (vs. Ctrl)
Mean Life Span (days

± 2SEM)
Mean Life
Span (%)

1Max Life Span (days
± 2SEM)

Max Life
Span (%)

No of
uncensored
worms

#1
Figure 6A,B

N2/
L4440

16.4 ± 0.3 100 18.4 ± 0.4 100 210

N2/
f53e2.1

↑ **** 19.9 ± 0.3 121.4 22.8 ± 0.5 123.9 359

N2/
t07d1.2

↑ **** 21.6 ± 0.3 131.4 24.8 ± 0.5 134.8 358

N2/y39h10a.6 ↑ **** 20.5 ± 0.3 124.6 23.2 ± 0.5 126.1 347
N2/y54e5a.7 ↑ **** 21.3 ± 0.3 129.5 23.6 ± 0.4 128.3 351

#2 N2/
L4440

15.5 ± 0.2 100 17.2 ± 0.8 100 137

N2/
f53e2.1

↑ **** 20.7 ± 0.3 133.3 23.6 ± 0.4 137.2 252

N2/
t07d1.2

↑ **** 22.6 ± 0.2 153.5 26.4 ± 0.7 145.6 267

N2/y39h10a.6 ↑ **** 22.1 ± 0.2 142.8 25.5 ± 0.4 148.3 256
N2/y54e5a.7 ↑ **** 23.0 ± 0.3 148.1 27.4 ± 0.4 159.3 266

a 75% quantile
b SEM standard error of the mean of 5 technical replicates
c Control: N2/L4440; **** P < 0.0001
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with a Seahorse XF96 Extracellular Flux Analyzer (Agilent).
Cells were seeded in XF96 cell culture microplates (Seahorse
Bioscience, 101085–004) at 15,000 cells per well in 80 µl of
DMEM medium and incubated at 37°C in 5% CO2 for 24 h.
Afterward, DMEM was replaced with 180 µl assay medium
containing 11 mM glucose, 2 mM pyruvate and 2 mM gluta-
mine to measure OCR or 2 mM glutamine to measure ECAR
with the Seahorse XF Glycolysis Stress Test Kit (Agilent,
103020–100). Cells were incubated at 37°C for 60 min to
allow temperature and pH equilibration. For OCR measure-
ment with the Mito Stress Test Kit (Agilent, 103015–100),
2 µM oligomycin, 2 µM carbonyl cyanide-4 (trifluoro-
methoxy) phenylhydrazone (FCCP) and 0.5 µM rotenone &
antimycin included in the kit were added respectively to
measure the minimum oxygen consumption, the maximal
respiration rate and the non-mitochondrial oxygen consump-
tion. For ECAR measurement, 10 mM glucose, 2 µM oligo-
mycin and 50 mM 2-didesoxy-glucose (2DG) also included in
the kit were added respectively to measure glycolysis, glyco-
lytic capacity and non-glycolytic acidification.

ATP measurement

Cellular concentration of intracellular ATP was measured with
the BioThema ATP Kit SL (BioThema, 144–041). Cells were
seeded in 24-well plates and grown to confluency and were
fixed by adding 0.5 ml ethanol. Ethanol was evaporated and
cells were subsequently resuspended in 250 μl of Tris-EDTA
(pH 7.5) (BioThema, 21–103), frozen, scraped off and trans-
ferred to a 1.5 ml reaction tube. After centrifugation (1 min at
13 000 rpm), the lysate was used for ATP measurement in
a microplate luminometer (CLARIOstar). To do so, 8 μl of
sample was further diluted (1:20) in 152 μl of Tris buffer
(BioThema, 21–103), mixed with 40 μl ATP reagent SL and
light emission was measured before (Ismp) and after (Ismp+std)
adding10 μl of ATP standard diluted (1:5) in Tris-EDTA buffer.
The ATP concentration was determined with the following
calculation: ATPsmp = 10−7 × Ismp/(Ismp+std – Ismp).

C. elegans maintenance and lifespan assays

Nematodes were grown and maintained at 20°C; ambient
temperatures during handling (transfer) of worms were
between 20 and 25°C. Maintenance was on nematode growth
medium (NGM) agar plates spotted with E. coli OP50 as food
source, as described elsewhere [46]. Synchronization was per-
formed by washing, followed by centrifugation to separate the
eggs from the nematodes. Eggs were transferred to fresh
NGM agar plates (Carl Roth, 6494) and allowed to hatch
and grow for 64 h. Lifespan assays with C. elegans-specific
RNA interference were conducted as previously described
[47]. Briefly, young adult worms, 64 h after synchronization,
were transferred to NGM agar plates containing 1 mM IPTG
(Thermo Fisher, R0392), 100 µg/ml ampicillin (Carl Roth,
K029) and, if necessary, 12.5 μg/ml tetracycline (AppliChem,
A2228). Plates were spotted with E. coli HT115 (DE3) con-
taining L4440 empty vector (Addgene, 1654) or L4440 con-
taining a f53e2.1, y39h10a.6, t07d1.2 or y54e5a.7 DNA
fragment. For the first 10 d, nematodes were transferred to

fresh plates daily; thereafter, they were transferred every
other day. Experiments were performed in quintuplicates
and two independent times. Worms showing no movement,
no reaction to gentle stimulation and no pharyngeal pumping
were scored as dead. Worms lost or disintegrated due to
internal hatchings were censored.

Proteomics data acquisition

Following cell lysis, samples were spun down at 10,000 g for
10 min at 4°C. Protein concentration was assessed using the
Biodrop µLite (Serva, 80-3006-51.01) as per manufacturers
instructions (using BSA as standard) and 20 µg of protein from
each sample was pipetted into a fresh Protein LoBind microcen-
trifuge tube (Eppendorf, 0030108116). Samples were further
centrifuged at 16 000 g for 10 min at 4°C to remove excess
DNA and supernatant removed to a fresh tube. Each sample
underwent acetone precipitation to remove salts and residual
nucleic acids (briefly with the addition of 6 volumes of ice-cold
acetone and left at −20°C overnight, samples spun at 16,000 g for
10 min at 4°C, and carefully remove supernatant, and allowing
pellet to air-dry). The pellet was subsequently resuspended in
40 µl of 25 mM ammonium bicarbonate (UCB, 1137). Each
sample was reduced and alkylated (10 mM DTT (Neofroxx,
1114) for 30 min at 60°C and 55 mM IAA (Sigma, A3221) for
20 min at room temperature in the dark) before being digested
with trypsin (Promega, V511A) at 37°C overnight in an air
circulated incubator. Finally, peptides were cleaned and concen-
trated using Pierce Peptide Desalting spin columns (Thermo
Fisher, 89,851) as per manufacturers instructions, dried down
in a vacuum concentrator and resuspended in 20 µl of 0.1%
formic acid (FA) (Biosolve, 069141). Approximately 1 µg of
desalted peptides were separated using the nanoAcquity UPLC
system (Waters, 176,016,000) fitted with a trapping
(nanoAcquity Symmetry C18, 5µm, 180 µm x 20 mm) and an
analytical column (nanoAcquity BEH C18, 1.7µm, 75µm
x 250mm). The outlet of the analytical column was coupled
directly to an Orbitrap Fusion Lumos (Thermo Fisher
Scientific, IQLAAEGAAPFADBMBHQ) using the Proxeon
nanospray source. Solvent A was water, 0.1% (v:v) formic acid
(Roth, 4724.3) and solvent B was acetonitrile (Biosolve,
0001204102BS), 0.1% (v:v) formic acid. The samples were loaded
with a constant flow of solvent A at 5 µL/min onto the trapping
column. Trapping time was 6 min. Peptides were eluted via the
analytical columnwith a constant flow of 0.3 µL/min. During the
elution step, the percentage of solvent B increased in a linear
fashion from 3% to 25% in 30 min, then increased to 32% in 5
more min and finally to 50% in a further 0.1 min. Total runtime
was 60min. The peptides were introduced into themass spectro-
meter via a Pico-Tip Emitter 360 µm OD x 20 µm ID; 10 µm tip
(New Objective) and a spray voltage of 2.2 kV was applied. The
capillary temperature was set at 300°C. The RF lens was set to
30%. Full scan MS spectra with mass range 375–1500 m/z were
acquired in profile mode in the Orbitrap with resolution of
120,000 FWHM. The filling time was set at maximum of
50 ms with limitation of 2 × 105 ions. The “Top Speed” method
was employed to take the maximum number of precursor ions
(with an intensity threshold of 5 × 103) from the full scanMS for
fragmentation (using HCD collision energy, 30%) and
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quadrupole isolation (1.4 Da window) and measurement in the
ion trap, with a cycle time of 3 s. The MIPS (monoisotopic
precursor selection) peptide algorithm was employed but with
relaxed restrictions when too few precursors meeting the criteria
were found. The fragmentation was performed after accumula-
tion of 2 × 103 ions or after filling time of 300 ms for each
precursor ion (whichever occurred first). MS/MS data were
acquired in centroid mode, with the Rapid scan rate and
a fixed first mass of 120 m/z. Only multiply charged (2+ – 7+)
precursor ions were selected for MS/MS. Dynamic exclusion was
employed with maximum retention period of 60 s and relative
mass window of 10 ppm. Isotopes were excluded. Additionally
only 1 data dependent scan was performed per precursor (only
the most intense charge state selected). Ions were injected for all
available parallelizable time. In order to improve the mass accu-
racy, a lock mass correction using a background ion (m/z
445.12003) was applied. For data acquisition and processing of
the raw data, Xcalibur 4.0 (Thermo Scientific) and Tune version
2.1 were employed.

Proteomics data analysis

Raw data were searched using the Andromeda search engine
[48] build into MaxQuant (version 1.5.3.28) [49]. The data
were searched against the mouse Uniprot database (Swissprot
entry only, release 2016_01) together with a list of common
contaminants appended. The data were searched with the
following modifications: Carbamidomethyl (C) (fixed) and
Oxidation (M) and Acetyl (Protein N-term) (variable). The
mass error tolerance for the full scan MS spectra was set at 20
ppm and for the MS/MS spectra at 0.5 Da. The reversed
sequences of the target database were used as decoy database.
Peptide and protein hits were filtered at a false discovery rate
of 1% using a target-decoy strategy [50]. Additionally, only
proteins identified by at least 2 unique peptides were retained.

Differential protein expression analysis was performed as
described in [51]. Briefly, the LFQ intensity values per protein
(from the proteinGroups.txt output of MaxQuant) were used
for quantitative analysis. The R package MSnbase [52] was
used to process proteomics data and perform data imputation
using imputeLCMD. Missing values were imputed using
a mixed strategy based on the definition of Missing At
Random (MAR) and Missing Not At Random (MNAR)
values. MNAR were defined for each pairwise comparison as
values that were (i) missing in 3 out of 3, or 2 out of 3
biological replicates in one sample group, and (ii) present in
all the 3 biological replicates in the second sample group.
Because of their nonrandom distribution across samples,
these values were considered as underlying biological differ-
ence between sample groups. MNAR values were computed
using the method “MinDet” by replacing values with minimal
values observed in the sample. MAR were consequently
defined for each pairwise comparison as values that were
missing in 1 out of 3 biological replicates per sample group.
MAR values were imputed based on the method “knn”
(k-nearest neighbors) [52]. All the other cases (e.g., protein
groups that had less than 2 values in both sample groups)
were filtered out because of the lack of sufficient information
to perform robust statistical analysis. Data were quantile

normalized to reduce technical variations. Differential protein
abundance was evaluated using the limma package [53]. The
mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE [54] part-
ner repository with the dataset identifier PXD015170.

Metabolomics analysis

Targeted quantitative analysis was performed as described in
manual E-170,602 supplied by “Human Metabolome
Technologies (HMG)”. Briefly, 5 million cells per sample
were washed with 10 mL of 5% mannitol solution in tripli-
cates. Thereafter metabolites were extracted with 800 μL
methanol and 550 μL of internal standard supplied by
HMG. To remove macromolecules, cell extracts were sub-
jected to an ultrafiltration step using centrifugal filter units
supplied by HMG. Metabolites were measured and quantified
using capillary electrophoresis mass spectrometry (CE-
TOFMS and CE-QqQMS). Details of the setup are provided
upon request.

Statistical analysis

Statistic values were calculated using t-test analysis with the
GraphPad Prism 5 software as described. Data include values
from at least three replicate experiments. For C. elegans life-
span analyzes, statistical calculations were performed using
JMP software version 9.0 (SAS Institute Inc.), applying the
log-rank test.
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