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SUMMARY
Neddylation is a post-translational mechanism that adds a ubiquitin-like protein, namely neural precursor cell
expressed developmentally downregulated protein 8 (NEDD8). Here, we show that neddylation inmouse liver
is modulated by nutrient availability. Inhibition of neddylation in mouse liver reduces gluconeogenic capacity
and the hyperglycemic actions of counter-regulatory hormones. Furthermore, people with type 2 diabetes
display elevated hepatic neddylation levels. Mechanistically, fasting or caloric restriction of mice leads to
neddylation of phosphoenolpyruvate carboxykinase 1 (PCK1) at three lysine residues—K278, K342, and
K387. We find that mutating the three PCK1 lysines that are neddylated reduces their gluconeogenic activity
rate. Molecular dynamics simulations show that neddylation of PCK1 could re-position two loops surround-
ing the catalytic center into an open configuration, rendering the catalytic center more accessible. Our study
reveals that neddylation of PCK1 provides a finely tuned mechanism of controlling glucose metabolism by
linking whole nutrient availability to metabolic homeostasis.
INTRODUCTION

Glucose is themain sourceof cellular energy, and its blood levels

are maintained within a narrow range.1 During fasting, the liver

plays a critical role inmaintaining glucose homeostasis bymobi-

lizing internal nutrient stores and de novo glucose production

(gluconeogenesis) from non-carbohydrate precursors.2–4 These
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types of physiological metabolic reprogramming support the

body’s energetic demands based on nutrient availability, and al-

terations in this reprogramming underlies abnormal glucose ho-

meostasis under different pathological conditions, such as can-

cer and diabetes.4 Gluconeogenesis also contributes to

hyperglycemia in type 2 diabetes (T2D).5 This gluconeogenic

function is tightly regulated at multiple levels, such as by
e Author(s). Published by Elsevier Inc.
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Figure 1. Neddylation is activated during nutrient deprivation and is required to maintain blood glucose levels

(A–E) The hepatic protein levels for NAE1, NEDD8, and neddylated-cullins were determined frommice in the following conditions: (A) after (i) ad libitum feeding (as

a control), (ii) 24-h fast; or (iii) 24-h fast plus 24-h refeed (n = 4–5 per group); (B) after (i) ad libitum feeding, (ii) 24-h fast; or (iii) 24-h fast followed by a sugar feeding

(legend continued on next page)
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hormonal secretion, gene transcription, and post-translational

modifications (PTMs).6–8

The neural precursor cell expressed developmentally down-

regulated protein 8 (NEDD8) is a ubiquitin-like protein impli-

cated in neddylation, a PTMwhich consists of the reversible co-

valent conjugation of NEDD8 to a lysine residue of the substrate

protein (predominantly on cullin proteins). This conjugation oc-

curs in a three-step enzymatic process usingNEDD8-activating

enzyme E1 (NAE1) that initiates the NEDD8 transfer cascade,

E2-conjugating enzymes, and E3 ligases.9–12 Many of the

known neddylation substrates have several activities with spe-

cific roles in cell cycle progression, cell growth, and sur-

vival,9,12–15 and preclinical results indicate that the inhibition

of NEDD8 conjugation might be an effective anti-cancer strat-

egy.16 Indeed, MLN4924 (known as Pevonedistat) is a first-in-

class small molecular inhibitor of NAE1 currently in phase I/II

clinical trials for patients with myeloid disorders.14,16,17 Despite

all these studies, the physiological role of neddylation remains

largely unknown, although a pivotal role in liver disease progres-

sion from steatosis to hepatocarcinoma had been proposed.

This study shows that hepatic neddylation is regulated by

nutrient availability, and the inhibition of neddylation in the liver

attenuates hepatic glucose production (HGP) upon fasting or

caloric restriction (CR). Mice where hepatic neddylation is dis-

rupted do not exhibit the expected hyperglycemic effect of the

counter-regulatory hormones glucagon, adrenaline, and gluco-

corticoids. In people with T2D, hepatic levels of NAE1 and

NEDD8 are increased and positively correlated with fasting

glucose. Mechanistically, phosphenolpyruvate carboxykinase

(PCK1) was detected to be neddylated at three lysines (K278,

K342, and K387) and the ectopic expression of mutant PCK1

was unable to induce glucose production in hepatocytes or

mice. Our findings demonstrate that neddylation regulates the

gluconeogenic activity of PCK1, an effect of biological relevance

on whole-body glucose homeostasis.

RESULTS

Hepatic neddylation is regulated by nutrient availability
Neddylation has been implicated in various aspects of liver

physiology, such as b-oxidation18 or insulin signaling,19 as well

as in pathophysiological conditions, including non-alcoholic

fatty liver disease (NAFLD),20 fibrosis,21 or cholangiocarcino-

genesis.22 Given the key role that the liver plays in maintaining

glucosehomeostasis,wequestionedwhether neddylation could

be involved in the adaptation of glucose production to nutrient

availability.Mice thatwere fasted for 24h showed increasedpro-
(n = 5 or 8 per group); (C) after (i) ad libitum feeding, (ii) 24-h fast; or (iii) 24-h fast

(E) after (i) ad libitum feeding; or (ii) caloric restriction (CR) (n = 8–18 per group).

(F–I) Pyruvate tolerance test (PTT) of (F) wild-type (WT) mice treated with vehicle or

Alfp-Cre+/�mice injected with AAV-DIO expressing either GFP or shNAE1 and (I

(J–M) Blood glucose levels after 24-h fasting for (J)WTmice treatedwith vehicle or

injected with AAV-DIO expressing either GFP or shNAE1 and (M) Alfp-Cre+/� m

(N–Q) Blood glucose levels of mice subjected to 60% CR for (N) WT mice treate

Alfp-Cre+/�mice injected with AAV-DIO expressing either GFP or shNAE1 and (Q

n = 5–15 per group.

(R and S) (R) Hepatic glucose production in Alfp-Cre+/�mice injected with AAV-D

6–10. Expression of glyceraldehyde 3- phosphate dehydrogenase (GAPDH) serve

presented as mean ± SEM; two-tailed unpaired t test (D–S) and one-way ANOVA f
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tein levels of NAE1, NEDD8, and neddylated hepatic cullins

(a family of proteins that are neddylated by NEDD8); of note,

these fasting-induced levels decreased after refeeding (Fig-

ure 1A). In contrast, the ubiquitin E1 enzyme (UBE1), which in-

creases global neddylation following stress conditions,23,24

was unchanged by fasting/refeeding (Figure S1A). Given that

circulating glucose is severely affected by energy intake, we

fasted mice for 24 h, fed them a one-time supplement of sugar

(or not, for the control group), and immediately tested for molec-

ular changes to hepatic proteins. Sugar-fed fasted mice lost the

same amount of weight as the non-sugar-fed fasted (control)

group; however, their blood glucose levels were similar to those

mice fed ad libitum (Figures S1B and S1C), consistent with pre-

vious reports.25 Strikingly, we observed that the fasting-induced

increases of hepatic protein levels of NAE1, NEDD8, and neddy-

lated cullins were reduced in the sugar-fed group (Figure 1B).

Notably, in vitro results reproduced these data as human hepatic

THLE2 cells maintained in a medium depleted of nutrients

(Krebs-Henseleit-HEPES [KHH]) showed higher levels of

NAE1, and the supplementationwith glucose reduced its protein

levels (Figure S1D). We next tested the effects of leptin, whose

levels are markedly reduced upon fasting. Fasting-induced

elevation of protein levels of NAE1, NEDD8, and neddylated cull-

ins was blunted when fasted mice were treated with leptin (Fig-

ure 1C). In line with this, mice lacking leptin receptors (db/db

mice) displayed elevated levels of NEDD8andneddylatedcullins

(Figure 1D). Furthermore, we investigated the effect of a CR by

feeding mice only 40% of their daily food intake.26 We found

that the levels of NAE1 and neddylated cullins, but not of

UBE1, were significantly increased compared with mice fed ad

libitum (Figures 1E and S1E). Overall, these data suggested

that the levels of hepatic neddylation were increased by nutrient

deficiency through a leptin-receptor-dependent mechanism.

Inhibition of hepatic neddylation reduces glucose
production
We next aimed to elucidate the physiological role of endogenous

hepatic neddylation in glucosemetabolism. For this, we used the

following four models of neddylation impairment in mice: (1)

pharmacological inhibition using MLN4924, a specific, small in-

hibitor of NAE117; (2) Nae1 heterozygous mice (NAE1+/�)

mice27; (3) mice with a Cre-dependent short-hairpin RNA

(shRNA)-mediated liver-specific knockdown of NAE1 (associ-

ated adenoviruses [AAV]-DIO-shNAE1); and (4) mice with a

Cre-dependent shRNA-mediated liver-specific knockdown of

NEDD8 (AAV-DIO-shNEDD8). Each of the four animal models

was fasted overnight and then subjected to a pyruvate tolerance
followed by leptin i.p. (n = 5–8 per group); (D) wild-type and db/db mice; and

the NAE1-inhibitor MLN4924, (G) NAE1+/�mice or their control littermates, (H)

) Alfp-Cre+/�mice injected with AAV-DIO expressing either GFP or shNEDD8.

MLN4924, (K) NAE1+/�mice and their control littermates, (L) Alfp-Cre+/�mice

ice injected with AAV-DIO expressing either GFP or shNEDD8.

d with vehicle or MLN4924, (O) NAE1+/� mice or their control littermates, (P)

) Alfp-Cre+/�mice injected with AAV-DIO expressing either GFP or shNEDD8;

IO expressing either GFP or shNAE1 upon fasting and (S) caloric restriction; n =

d as a loading control, and control values were normalized to 100%. Data are

ollowed by Bonferroni post hoc test (A–C) *p < 0.05, **p < 0.01 and ***p < 0.001.



Figure 2. Neddylation is required for the gluconeogenic action of counter-regulatory hormones

(A–D) Blood glucose after intraperitoneal (i.p.) administration of saline or glucagon (200 mg kg�1) for (A) WT mice treated with vehicle or MLN4924, (B) NAE1+/�
mice or their control littermates, (C) Alfp-Cre+/�mice injected with AAV-DIO expressing either GFP or shNAE1 and (D) Alfp-Cre+/�mice injected with AAV-DIO

expressing either GFP or shNEDD8.

(legend continued on next page)
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test (PTT), where pyruvate administration acutely stimulates

HGP. The four animal models of disrupted hepatic neddylation

showed lower glucose levels compared with control mice,

directly reflecting impaired gluconeogenesis since glycogen de-

pots are depleted after an overnight fasting28 (Figures 1F–1I),

without differences in glucose tolerance and insulin sensitivity

(Figures S2A–S2L). There are twomainmechanisms that the liver

uses to produce glucose: glycogenolysis and de novo gluconeo-

genesis. Although glycogenolysis is important during the first

hours of fasting, HGP relies exclusively on gluconeogenesis

when fasting is prolonged.29 Given our results showing low blood

glucose levels during a PTT when hepatic neddylation is in-

hibited, to further study the specific role of neddylation in hepatic

gluconeogenesis and to avoid glycogenolysis contribution to

HGP as a confounding factor, in all our further experimental de-

signs, mice were fasted for 24 h or subjected to a 60% CR for

4 days, and physiological conditions where hepatic glycogen de-

pots are depleted.

After a 24-h fast, mice in all models displayed reduced blood

glucose levels (Figures 1J–1M). When subjected to CR, none of

these models were able to maintain blood glucose at the same

level as control mice (Figures 1N–1Q), despite showing a similar

course of weight loss during the CR (Figures S2M–S2P). Consis-

tently, fasted (Figure 1R) and calorie-restricted (Figure 1S) hepat-

ic Nae1 knockdownmice exhibited reducedHGPcomparedwith

control littermates. We also studied neddylation in the liver of fe-

male mice, finding a similar increase in NAE1 protein levels upon

fasting (Figure S2Q). In agreement, female mice with a shRNA-

mediated knockdown of NAE1 (AAV-DIO-shNAE1) displayed a

similar response to male mice, since blood glucose levels after

24 hof fasting and the glucose excursion during aPTTwere lower

than in control mice, but not after glycerol administration

(Figures S2R–S2T). Altogether, these findings demonstrate that

neddylation plays an important role in the maintenance of

glucose production by the liver in a sex-independent manner.

Inhibition of hepatic neddylation does notmodify protein
levels of gluconeogenic enzymes or acetyl-CoA
Since inhibition of neddylation in the liver diminished gluconeo-

genesis, we measured the expression of key gluconeogenic en-

zymes and acetyl-coenzyme A (CoA) in the liver of two animal

models of neddylation impairment: (1) pharmacological inhibi-

tion using MLN4924 and (2) mice with a shRNA-mediated

knockdown of NAE1. We challenged these mice to 24 h of fast-

ing and CR, and our results indicated that protein levels of py-

ruvate carboxylase (PC), glucose 6-phosphatase (G6Pase), and

phosphoenolpyruvate carboxykinase 1 (PCK1) were increased

in the liver of fasted and calorie-restricted mice. However, there

were no differences between vehicle- and MLN4924-treated

mice or between control and shNAE1-treated mice (Fig-

ures S3A, S3B, S3G, and S3H). Similarly, no differences were
(E–H) Blood glucose levels after i.p. administration of saline or adrenaline (100 mg

control littermates, (G) Alfp-Cre+/� mice injected with AAV-DIO expressing eithe

either GFP or shNEDD8.

(I–L) Blood glucose after i.p. administration of saline or hydrocortisone (20 mg kg

control littermates, (K) Alfp-Cre+/� mice injected with AAV-DIO expressing eithe

either GFP or shNEDD8; n = 3–10 per group. Data are presented asmean ± SEM;

***p < 0.001. # denotes differences among the different animal groups treated w
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detected in hepatic levels of acetyl CoA after the inhibition of

neddylation (Figures S3A, S3B, S3G, and S3H).

Maintaining glucose homeostasis requires an efficient

counter-regulatory response to glucose intake/production.

Therefore, we also measured circulating levels of hormones

implicated in the glucose counter-regulatory response,

namely adrenaline, glucagon, and corticosterone in the mo-

dels described above. No changes were found between con-

trol mice and those animals where neddylation was ob-

structed (Figures S3C, S3D, S3I, and S3J). Insulin levels

were reduced in fasted shNAE1-treated mice (Figure S3D),

with no changes in the other experimental models (Fig-

ures S3C, S3I, and S3J). Finally, hepatic alanine and total

amino acids as well as plasma amino acids were also me-

asured in the two animal models of neddylation impairment

described above subjected to 24 h of fasting or CR. These

measurements did not detect differences in the liver content

of alanine or total amino acids and plasma levels of total

amino acids between the two animal models under fasting

and CR, except for mice treated with MLN4924 and mice

where NAE1 was silenced in the liver and fasted for 24 h,

which displayed higher levels of amino acids in the liver (Fig-

ures S3E and S3F). As amino acids are important gluconeo-

genic substrates during fasting and CR, these results indicate

that reduced glucose production when hepatic neddylation is

disrupted is non-dependent of the availability of amino acids.

Hepatic neddylation regulates the gluconeogenic action
of glucagon, adrenaline, and glucocorticoids
Given our results indicating that gluconeogenesis is impaired

when hepatic neddylation is inhibited, we wanted to study in

detail if neddylation was involved in the glucose counter-reg-

ulatory response. To figure this out, we treated our four

models of impaired neddylation with glucagon, adrenaline,

or glucocorticoids, all of which stimulate gluconeogenesis.30

In normal mice, this administration caused the expected hy-

perglycemic actions, with upregulated levels of NAE1 and

NEDD8 and neddylation of hepatic cullins (Figures S4A–4F).

In contrast, neddylation deficiency significantly attenuated

the hyperglycemic effects of hormone treatment in each of

the four models (Figure 2). Thus, neddylation mediates the

action of glucose counter-regulatory hormones and is

required for HGP. The levels of gluconeogenic enzymes and

acetyl-CoA were similar in mice whose neddylation was phar-

macologically inhibited and in mice with a shRNA-mediated

knockdown of NAE1 treated with glucagon, adrenaline, or glu-

cocorticoids, except for mice treated with adrenaline and

MLN4924, which displayed lower acetyl-CoA (Figures S4G–

S4R). This suggests that overall, neddylation does not regu-

late the protein levels of the gluconeogenic enzymes nor the

availability of acetyl-CoA.
kg�1) for (E) WT mice treated with vehicle or MLN4924, (F) NAE1+/� and their

r GFP or shNAE1 and (H) Alfp-Cre+/� mice injected with AAV-DIO expressing

�1) for (I) WT mice treated with vehicle or MLN4924, (J) NAE1+/� mice or their

r GFP or shNAE1 and (L) Alfp-Cre+/� mice injected with AAV-DIO expressing

one-way ANOVA followed by Bonferroni post hoc test: *p < 0.05, **p < 0.01 and

ith the same glucoregulatory hormone.



Figure 3. Inhibition of neddylation reduces high-fat diet-induced-glucose levels

(A–K) Pyruvate tolerance test (PTT) from mice fed a HFD (60%) for 4 days, for (A) WT mice treated with vehicle or MLN4924, (B) NAE1+/� mice or their control

littermates, (C) Alfp-Cre+/� mice injected with AAV-DIO expressing either GFP or shNAE1 and (D) Alfp-Cre+/� mice injected with AAV-DIO expressing GFP or

(legend continued on next page)
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Hepatic neddylation is associated with insulin
resistance
We next evaluated whether disrupted neddylation could lead to

insulin resistance. Insulin inhibits glucose production in the liver,

and this action is widely used to measure hepatic insulin func-

tion.31 For this, we fed mice with a high-fat diet (HFD) for a short

term (4 days), which impaired hepatic insulin sensitivity and stim-

ulated HGP but did not lead to significant changes in body

weight, as expected (Figures S4S and S4T).32,33 Strikingly,

mice in all four conditions of neddylation inhibition (e.g., pharma-

cological or genetic) displayed reduced glucose levels during the

PTT after 4 days on HFD (Figures 3A–3D). These results indi-

cated that blocking neddylation ameliorated HFD-induced gl-

uconeogenesis. We next performed a gain-of-function experi-

ment by overexpressing NAE1 (AAV-DIO-NAE1) in the liver

(livNAE1 mice). These mice maintained the same weight as con-

trol mice but displayed an increased capacity to convert pyru-

vate into glucose with no changes in glucose tolerance or insulin

sensitivity compared with control mice (Figures 3E–3J). In addi-

tion, livNAE1 mice also exhibited higher glucose levels than con-

trol mice during 24 h fasting (Figure 3K) and after acute treatment

with insulin (Figure 3L), suggesting that activation of neddylation

in liver favors HGP and precludes the hypoglycemic actions of

insulin.

Hepatic neddylation is increased in the liver of people
with type 2 diabetes
People with diabetes often have an impaired insulin-dependent

suppression of HGP, which contributes to hyperglycemia in the

fasted and postprandial states.34 We assessed the levels of ned-

dylation in livers of adults (men and women) with obesity and

either normoglycemia or T2D (Table S2). Our data showed higher

protein levels ofNAE1,NEDD8, andneddylated cullins in the sub-

group of people with obesity and T2D vs. levels in people with

obesity and normoglycemia (Figure 4A), as well as a positive cor-

relation of the protein levels of NAE1 and NEDD8 with fasting

glucose levels and the oral glucose tolerance test (Figures 4B

and4C). Therefore, these findings suggest that changes in hepat-

ic neddylation are associated to hyperglycemia in people with

obesity and T2D. When deconvoluted by sex, our data show

that protein levels of NAE1 in the liver were equally increased in

women and men with obesity and T2D compared with obese

women and men with obesity and normoglycemia (Figure 4D).

Following a similar trend, protein levels of neddylated cullins

and NEDD8 were elevated in both sexes (Figures 4D and 4E).

PCK1 is neddylated upon nutrient deficiency, and this
PTM is required for its gluconeogenic activity
Neddylation substrates include not only cullins but also

several non-cullin proteins, suggesting that neddylation regu-

lates various cellular processes. For example, neddylation is
shNEDD8. NAE1 protein levels detected by immunohistochemistry (E) and wester

overexpress NAE1. Body weight evolution (G), GTT (H), ITT (I), and PTT (J) for Alfp

levels (K) after 24-h fasting for Alfp-Cre+/� mice injected with AAV-DIO express

(L) Blood glucose levels in Alfp-Cre+/�mice injected with AAV-DIO expressing G

Expression of GAPDH served as a loading control, and control values were norm

(A–K) and one-way ANOVA followed byBonferroni post hoc test (L): *p < 0.05, **p <

insulin.
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thought to inhibit the transcriptional activity of the tumor sup-

pressors TP53 and TP7335,36 and to stabilize HuR, thereby sup-

porting the survival of hepatocellular carcinoma and colon can-

cer cells.37 Furthermore, pharmacological inhibition (using MLN

4924) of the neddylation of peroxisome proliferator-activated re-

ceptor (PPAR)gamma reduces adipogenesis and lipid droplet

formation.20,38–40 To elucidate how neddylation affects glucose

metabolism, we next delineated the landscape of neddylated

proteins under conditions of stimulated gluconeogenesis. For

this, we generated transgenic mice that expressed whole-body

biotinylated NEDD8 (bionedd8) (Figures S5A and S5B) and sub-

jected them to CR for 4 days or (as a control) an ad libitum diet,

where they showed similar body weights and glucose levels to

those of wild-type (WT) mice (Figure S5C). Then, we performed

biotin pull-down experiments to isolate the hepatic neddylated

proteome in the different subgroups. Liquid chromatography-

tandem mass spectrometry (LC-MS/MS) analysis using a

sequential window acquisition of all theoretical mass spectra

(SWATH-MS) approach identified a total of 1,211 proteins. These

1,211 proteins included the proteins present in the eluted (210

proteins that represent 17.3%) and in the flowthrough fractions

(Figure 5A). Among the 210 neddylated proteins, not all of

them changed their neddylation levels upon nutrient deprivation,

but only 61 showed significantly differential neddylated levels af-

ter CR. As a positive control for immunoprecipitation of biotin-

neddylated proteins, NEDD8 was enriched only in the eluted

fraction (but not in the input or flowthrough fractions) (Fig-

ure S5D). Functional enrichment analysis of these 61 differen-

tially neddylated proteins showed that gluconeogenesis was

overrepresented (Figure 5B); for instance, PCK1, the key limiting

enzyme of gluconeogenesis, was present. Correspondingly, we

found that PCK1 was enriched in the CR-fed mice compared

with the ad libitum-fed control mice.

To corroborate these results, we immunoprecipitated PCK1

from the liver of the CR-fed mice or the 24-h fasted mice; these

experiments revealed that NEDD8 co-precipitated at higher

levels with PCK1 in both conditions of nutrient deficiency than

in ad libitum conditions (Figures 5C and 5D). Moreover, we also

immunoprecipitated PCK1 from the liver of CR-fed mice and

24-h fasted mice treated with vehicle or MLN4924. These exper-

iments revealed that the PCK1-NEDD8-signal was markedly

abolished by MLN4924 treatment (Figure S5E). In agreement

with our results showing that PCK1 is neddylated upon nutrient

deprivation, we also detected a physical and direct interaction

by coimmunoprecipitation betweenPCK1andNAE1 under these

conditions, indicating that PCK1 and NAE1 are more associated

under these conditions (Figures 5E and 5F). As a positive control,

we have also immunoprecipitated Cullin2, a very well-described

neddylated substrate, from the liver of the CR-fed mice and the

24-h fasted mice. We found a marked increase in the intensity

of NEDD8-smear inCullin2 upon nutrient deprivation (Figure S5F)
n blot (F) in Alfp-Cre+/�mice injected with AAV-DIO-GFP or AAV-DIO-NAE1 to

-Cre+/�mice injected with AAV-DIO expressing GFP or NAE1. Blood glucose

ing GFP or NAE1.

FP or NAE1 and treated with saline or insulin (0.35 U kg�1); n = 5–15 per group.

alized to 100%. Data are presented as mean ± SEM; two-tailed unpaired t test

0.01 and ***p < 0.001. # denotes differences among animal groups treatedwith



Figure 4. Neddylation is elevated in the liver of people with T2D

(A–D) (A) Protein levels of neddylated cullins, free NEDD8 and NAE1 in adults with obesity who were subclassified as having normoglycemia (NG) or type 2

diabetes (T2D) (n = 30 per group).

(B and C) Correlations between the protein levels of NEDD8 and NAE1 and the fasting glucose (mg dL�1) or oral glucose tolerance test (OGTT) (mg dL�1).

(D and E) Protein levels of neddylated cullins, free NEDD8 andNAE1 in (D) men and (E) womenwith obesity whowere subclassified as having normoglycemia (NG)

or type 2 diabetes (T2D). Expression of GAPDH served as loading control, and control values were normalized to 100%. Data are presented asmean ± SEM; two-

tailed unpaired t test: *p < 0.05, **p < 0.01, and ***p < 0.001.
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but lighter relative to the observed when PCK1 is immunoprecip-

itated, indicating that under these physiological conditions, ned-

dylation is directed to specific substrates (such as PCK1).

STRING analysis of the functional interactome after PCK1

immunoprecipitation comprised 1,631 proteins in the 24-h fast-

ing condition and 1,142 in the CR condition, with 968 of them

common to both conditions; furthermore, in both fasted and

CR mice, a group of proteins involved in neddylation were co-

precipitated (indicated in red; Figure S5G).
To identify modification sites in PCK1 that could potentially be

neddylation sites, we first immunoprecipitated PCK1 from the

liver of mice fed ad libitum or subjected to fasting, and then,

we performed LC-MS/MS analysis. Analysis by PEAKS software

of the peptide spectra from PCK1 revealed that three PCK1 ly-

sines were potentially neddylated under fasting conditions:

K278, K342, and K387 (Figure 5G). To determine how the post-

translational neddylation could affect PCK1 activity, we analyzed

its effects on the structure, paying particular attention to the
Cell Metabolism 35, 1630–1645, September 5, 2023 1637



Figure 5. PCK1 is neddylated in three lysines after caloric restriction and fasting

(A) Pie chart showing the percentage of neddylated proteins from the total hepatic proteins identified in bionedd8mice, as determined by LC-MS/MS proteomics

(n = 4 or 5).

(legend continued on next page)
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neddylated residues. To gain insight into the structural and

dynamical consequences of neddylation of PCK1, we performed

molecular dynamics simulations of PCK1 that was (1) non-ned-

dylated, (2) mono-neddylated, (3) bi-neddylated, or (4) tri-neddy-

lated (Figure S6). The three lysine residues are distributed across

the surface of the enzyme and were all accessible to the solvent

(Figure 5H). Trajectory analysis revealed that PCK1 neddylation

mainly affected the atomic fluctuations and position of loops

95–118 and 460–470, which surround the enzyme cavity and

catalytic center. Mono-neddylation at K387 induced the greatest

perturbation of the enzyme cavity, opening the crevice of the

protein and allowing the entry of Mn2+ into the catalytic center

of PCK1—a critical step for PCK1 activity (Figures 5I and S6).

Of note, K387 is the most highly conserved lysine across evolu-

tion of the three lysines and is present in all the PCK1 sequences

that we analyzed, over a broad range of species, frommycobac-

teria to mammals (Figure S7A).

Neddylation of PCK1 in residues K278, K342, and K387
is required for its gluconeogenic activity in vitro

Finally, to gain insights into the functional consequences of ned-

dylation of PCK1, we incubated hepatocytes in a medium

without nutrients (to create an in vitro fasting condition) and

then silenced NAE1 and NEDD8. Fasted cells had increased

PCK1 activity; in contrast, NAE1 and NEDD8 inhibition blocked

the fasting-induced PCK1 activity, with concomitant lower

glucose levels in the medium (Figures 6A–6C and S7B–S7D).

These results were also corroborated in vivo: NAE1 inhibition in

liver decreased PCK1 activity in CR-fed mice (Figure S7E). In

line with these findings as well as with proteomics andmodeling,

we found that mutating either the three lysine residues of PCK1

at the same time (e.g., K278, K342, and K387) or K387 alone

reduced PCK1 activity and glucose levels in the medium

(Figures 6D and 6E). Consistently, activity and glucose produc-

tion could be restored in PCK1-inhibited, nutrient-depleted he-

patocytes by overexpressing WT PCK1 but not by overexpress-

ing either the triple PCK1 mutant or the single (K387R) PCK1

mutant (Figures 6D and 6E), highlighting the relevance of neddy-

lation at these lysine residues for the gluconeogenic functions of

PCK1. Importantly, protein levels of PCK1 were similarly

elevated by WT and PCK1 mutants (Figure 6F), supporting that

neddylated PCK1 and not total protein levels were modulating

PCK1 activity.

Sincemodifications other than neddylation can target these ly-

sines and even other potential PCK1 residues could be neddy-

lated and could not be detected, we repeated the experiments

treating our different in vitro experimental groups with

MLN4924 to study any potential additive or synergic effect,

which is critical especially in the absence of assays assessing
(B–D) (B) PANTHER functional enrichment analysis of neddylated proteins in live

fasting (D), as shown by immunoblot after immunoprecipitation of PCK1.

(E and F) PCK1 andNAE1 protein levels after the immunoprecipitation of PCK1, an

mice fed ad libitum or subjected to a 4-day caloric restriction (of 60%) (E) or 24-

(G) Immunoprecipitated PCK1 was subjected to mass spectrometry analysis. Po

(H) Ribbon representation of M. musculus PCK1 structure with identified neddyl

cyan, and the Mn2+ ion, in light green.

(I) Average structures of PCK1 (left, olive) and PCK1-K387-NEDD8 (right, red) afte

conformation of loops 95–118 and 460–470 (cyan dashed lines). In-depth view of

ion accessible to the substrate.
the neddylation of the PCK1 mutants. As such, hepatocytes

were treated with vehicle or MLN4924 under nutrient-depleted

conditions (KHH medium for 6 h). The results indicated that, as

expected, the silencing of PCK1 reduced protein levels and ac-

tivity of PCK1 and glucose release in the medium. The rescue of

PCK1-WT restored protein levels and activity of PCK1 and

consistently increased glucose secretion into the medium

(Figures 6G–6I). However, MLN4924 treatment decreased the

activity of PCK1-WT, preventing glucose release into the me-

dium (without changes in PCK1 protein levels) (Figures 6G–6I).

Following the same experimental procedure, hepatocytes ex-

pressing the triple-mutant PCK1 or single-mutant PCK1

(K387R) were also treated with vehicle or MLN4924. The results

indicate that the triple-mutant or the single-mutant PCK1

(K387R) were unable to restore PCK1 activity or glucose levels,

and thereby, MLN4924 did not cause any effect (Figures 6J–

6O). These findings indicate that mutations in the three lysine

residues of PCK1 at the same time (K278, K342, and K387) are

relevant to maintain the gluconeogenic capacity of PCK1 and

that if PCK1 is neddylated in other residues different from

K278, K342, and K387, they are not involved in or are not essen-

tial for PCK1 gluconeogenic activity since the treatment with

MLN4924 in siPCK1 + pPCK1 K278R-K342R-K387R did not

have an additive or synergistic effect, namely MLN4924 did not

further reduce glucose production or PCK1 activity in those cells.

Neddylation of PCK1 in residues K278, K342, and K387
triggers hepatic glucose production in vivo

To demonstrate the in vivo relevance of neddylated PCK1 in the

three residues described above, we disrupted PCK1 in the liver

of adult mice by injecting an AAV-Cre virus in the tail vein of

PCK1 loxP mice (PCK1 liver knockout [LKO]). Then, in these

mice, we injected AAV-DIO-PCK1wt to rescue the expression

of hepatic WT PCK1 or an AAV-DIO-PCK1mut virus to overex-

press the triple-mutant PCK1 (K278R-K342R-K387R) in the liver.

The deletion of PCK1 in the liver of adult mice reduced glucose

levels after the administration of pyruvate, whereas the

rescue of WT PCK1 normalized glucose levels during the PTT

with no changes in glucose tolerance or insulin sensitivity

(Figures 7A–7D). We next challenged these mice to fasting for

24 h and found that the rescue of WT PCK1 displayed higher

levels of glucose and HGP than mice where hepatic PCK1 was

disrupted (Figure 7E).

However, the hepatic expression of the triple-mutant PCK1 in

mice where PCK1 was previously knocked down (Figure 7F) did

not normalize glucose levels during a PTT with no changes in

GTT and ITT (Figures 7G–7I). To further corroborate our results,

we also subjected our mice to a glycerol tolerance test, since

glycerol bypasses PCK1 activity, as it is incorporated into the
r. Neddylation of PCK1 during a 4-day caloric restriction (of 60%) (C) or 24-h

dNAE1 protein levels relativized to immunoprecipitated PCK1, from the livers of

h fasting (F); n = 2–4.

ssible modified sites are shown. K*, modified with GG.

ation sites colored in dark blue. Loops 95–118 and 460–470 are highlighted in

r molecular dynamics simulation. Neddylation of PCK1 alters the dynamics and

the opening the protein’s crevice upon PCK1 neddylation that makes the Mn2+
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Figure 6. Neddylation of PCK1 is required for its gluconeogenic function in vitro

(A and B) (A) PCK1 activity and (B) glucose production in AML12 cells maintained in complete medium (CM) or fasted in KHHmedium, and transfected with small

interfering RNA (siRNA)-scrambled or siRNA NAE1.

(C) Correlation between glucose production and PCK1 activity.

(legend continued on next page)
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gluconeogenic pathway in later steps. As shown in Figure 7J,

there were no differences in glucose production after glycerol

administration among different groups, highlighting that gluco-

neogenic capacity of these mice is specifically disrupted at

PCK1 level. Finally, when subjected to 24 h of fasting, mice ex-

pressing the triple-mutant PCK1 were unable to increase glyce-

mia or HGP, showing similar blood glucose levels as hepatic

PCK1 KO mice (Figure 7K).

DISCUSSION

Overall, our findings show that neddylation of PCK1 at three key

lysine residues plays a physiological role in glucose homeosta-

sis, both by regulating the synthesis of glucose in conditions of

nutrient deficiency as well as by being a common mechanism

shared by the counter-regulatory hormones glucagon, adrena-

line, and glucocorticoids in the counter-regulatory response to

increase glucose availability.

Post-translational modifications are major regulators of cell

functions, and their failure results in different human diseases.

NEDD8 is a small protein with a broad expression pattern in adult

tissues. Neddylation is the reversible covalent conjugation of

NEDD8 to a lysine residue of the substrate protein that modifies

proteins. Thebest-characterized function ofNEDD8 is the activa-

tion of the cullin-RING family of E3 ubiquitin-ligases (CRLs).15,41

However, multiple other proteins have been associated with or

modified by NEDD8, including p53 andMdm2, epidermal growth

factor receptors, among others.9,12,15 Thus, NEDDylation, be-

sides CRLs, regulates many biological processes.

In the liver, neddylation has been associated with several dis-

eases. Neddylation is increased in earlier phases of NAFLD by

reducing fatty acid oxidation20 in advanced liver fibrosis and he-

patocellular carcinoma21,42,43 and in cholangiocarcinoma.22 Our

findings indicate that hepatic neddylation is not only upregulated

by liver damage but also by energy status. Although energy defi-

ciency (i.e., fasting or CR) increased neddylation, its levels were

reversed when energetic requirements were restored (refeed-

ing). The regulation of neddylation levels by nutrient availability

was functionally linked to its role in glucose production in the

liver. For instance, pharmacological and genetic inhibition of

neddylation in mice significantly reduced the gluconeogenic ca-

pacity of the animals. These results are in agreement with a

recent work indicating that inhibition of neddylation attenuated

hyperglycemia in obese mice.19 Although our results point also

to an important role of neddylation in modulating glucose levels,

the mechanism that we have identified is totally different.

Although in the previous study, the inhibition of neddylation

enhanced hepatic insulin signaling by delaying CRL-mediated

insulin receptor substrate (IRS) turnover, resulting in a reduced

hyperglycemia.19 We propose that neddylation of a specific sub-

strate namely PCK1 in three specific lysines (K278, K342, and

K387) plays a key role in gluconeogenesis.
(D–F) (D) PCK1 activity, (E) glucose production, and (F) protein levels of PCK1 in AM

siRNA-scrambled, siRNA-PCK1, plasmid control, a plasmid encoding wild-type

K342R-K387R or pPCK1-K387R).

(G–O) PCK1 activity, glucose production, and protein levels of PCK1 in AML12 c

Expression of GAPDH served as a loading control, and control values were norm

(B) and one-way ANOVA followed by Bonferroni post hoc test (A and D–O) *p <
Previous work has indicated that PCK1 activity and stability

were regulated at the post-translational level by acetylation,

phosphorylation, and ubiquitination in response to cell energy

input.6,44,45 For instance, PCK1 was acetylated by p300 acetyl-

transferase under high glucose levels, and conversely, SIRT1 de-

acetylated PCK1 under low-energy conditions.6 Thesemodifica-

tions were associated with different biological functions since

acetylated PCK1 displayed anaplerotic activity, whereas deace-

tylated PCK1 promoted cataplerosis.6 Altogether, earlier studies

together with present results indicate that different post-transla-

tional modifications of PCK1 play a key role controlling its

activity.

An earlier report showed that cytosolic PCK1 does not solely

control hepatic gluconeogenesis, and a 90% reduction in PCK1

content showed only a 40% reduction in gluconeogenic flux.46

However, it is important to highlight that this previous study inac-

tivated the gene at embryonic stages, and therefore, compensa-

tory mechanisms could take over the gluconeogenic function.

Concerning PCK1 expression in T2D, existing literature shows

different data since some have shown that there was no relation-

ship between fasting hyperglycemia and protein expression of

PCK1,47 whereas others detected an increased expression of

PCK1 in diabetic mice.48 Certainly, the regulation of PCK1 func-

tion is quite complex and the varied experimental phenotypes in

mice have been extensively discussed.49

Although our results identify the neddylation of PCK1 as a

novel mechanism to regulate glucose homeostasis in rodents,

a limitation of the present work is that we did not investigate

whether the described mutations in PCK1 neddylated sites

are also relevant in humans and whether these mutations are

related to human T2D. Further genetic studies in people with

T2D should elucidate these aspects. Indeed, our work does

not exclude that other proteins can also be neddylated upon

fasting or CR. Actually, our proteomics approach detected

more proteins that were neddylated in those conditions. There-

fore, further investigation will be necessary to elucidate the

functional role in gluconeogenesis of other neddylated

proteins.

Taken together, our results reveal a new mechanism that par-

ticipates in the finely tuned control of whole-body glucose ho-

meostasis, associating the response of the neddylation of

PCK1 and its gluconeogenic activity to nutrient availability.

Limitations of the study
Despite our findings clearly showing that NAE1 protein levels are

increased in the conditions of nutrient deficiency, the mecha-

nism by which this is modulated remains unknown. Further

studies should clarify whether this is a transcriptional of post-

transcriptional modulation. Moreover, although our in vitro re-

sults were performed in a human hepatocyte cell line, our data

do not directly show the role of neddylation in the liver of people

with obesity and T2D.
L12 cells maintained in complete or KHHmedium and transfected with empty

PCK1 or a plasmid encoding triple- or single-mutated PCK1 (pPCK1-K278R-

ells under the same conditions as before and treated with MLN4924. n = 5–6.

alized to 100%. Data are presented as mean ± SEM; two-tailed unpaired t test

0.05, **p < 0.01, and ***p < 0.001.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

1:1000 Rabbit monoclonal NEDD8 Abcam Cat# ab81264; RRID: AB_1640720

1:1000 Rabbit polyclonal Phosphoenolpyruvate Carboxykinase 1 (PCK1) Abcam Cat# ab70358; RRID: AB_1925305

1:1000 Rabbit monoclonal NEDD8-activating enzyme (NAE1) Cell Signaling Cat# 14321; RRID: AB_2798448

1:1000 Rabbit monoclonal Glucose 6-Phosphatase (G6Pase) Abcam Cat# ab93857; RRID: AB_10903775

1:1000 Rabbit monoclonal Pyruvate Carboxylase (PC) Abcam Cat# ab126707; RRID: AB_11130771

1:1000 Mouse monoclonal Cullin-2 Santa Cruz Cat# sc-166506; RRID: AB_2230072

1:5000 Mouse monoclonal Glyceraldehyde 3- phosphate

Dehydrogenase (GAPDH)

Merck Cat# G8795; RRID: AB_1078991

1:1000 Rabbit polyclonal UBE1 Cell Signaling Cat# 4891; RRID: AB_2211438

1:5000 Mouse monoclonal a-Tubulin Sigma Cat# T5168; RRID: AB_477579

1:5000 Mouse monoclonal b –Actin Sigma Cat# A5316; RRID: AB_47674

Chemicals, peptides, and recombinant proteins

Glucagon Sigma-Aldrich #G1774

Adrenaline ThermoFisher L04911

Hydrocortisone 21-hemisuccinate Santa Cruz Biotechnology sc-250130

Leptin Sigma-Aldrich L-4146

Insulin Actrapid, Novo Nordisk N/A

Sodium pyruvate Sigma-Aldrich P2256

glycerol Sigma-Aldrich G5516

MLN4924 MedChemExpress #HY-70062

2-Hydroxypropyl)-b-cyclodextrin Sigma #H107

[3-3H] glucose Perkin Elmer N/A

Acetyl-CoA Assay kit Abcam ab87546

Adrenaline ELISA KIT Cusabio CSB-E08679m-96T

Corticosterone ELISA KIT Enzo Life Sciences ADI-900-097

Glucagon ELISA KIT Mercodia 10-1281-01

Insulin ELISA KIT Merck Milipore EZRMI

Total Amino Acid Assay Kit Abbexa 298965

L-Alanine Assay Kit Abcam 83394

si-RNA to NEDD8 Dharmacon #4738

si-RNA to NAE1 Dharmacon #8883

si-RNA to PCK1 Dharmacon #L-006796-00-0005

si-RNA to negative control Dharmacon #D-001810-10-05

plasmid wild type PCK1 Origene plasmid #RC204758

Plasmid mutated PCK: PCK1K387R Vector Builder #VB210901-1404whn

Plasmid PCK1K278R-K342R-K387R Vector Builder #VB210921-1406frv

Lipofectamine 2000 Invitrogen #11668-019

High Sensitivity Glucose Assay Kit Sigma-Aldrich #MAK181-1KT

PCK1 activity kit Biovision #K359-100

Deposited data

Mass spectrometry proteomics data ProteomeXchange PRIDE: PXD043054
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact. Ruben

Nogueiras. Email: ruben.nogueiras@usc.es

Materials availability
This study did not generate new unique reagents.

Data and code availability
d The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner re-

pository with the dataset identifier PXD043054.

d Uncropped scans of all Western blots and all raw data used to generate graphs are included in Data S1. Any additional infor-

mation required to reanalyze the data reported in this paper is available from the lead contact upon request.

d This paper does not report original code.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Animal experiments were conducted in accordance with the standards approved by the Faculty Animal Committee at the University

of Santiago de Compostela, and the experiments were performed in agreement with the Rules of Laboratory Animal Care and Inter-

national Law on Animal Experimentation. Animals were fed ad libitumwith a standard diet (Scientific Animal Food &Engineering, pro-

teins 16%, carbohydrates 60%, and fat 3%) and tap water unless otherwise indicated. The number of animals used in each exper-

iment is indicated in the corresponding figure legend. Wild type (WT) mice, Alfp-Cre, heterozygous NAE1 (C57BL/6 background) and

FloxPCK1 were housed in air-conditioned rooms (22–24 �C) under a 12:12 h light/dark cycle. BKS.Cg-+Leprdb/+Lepr+/OlaHsd

(db/db) mice were purchased from The Jackson Laboratory (#000642) and were housed in the same air-conditioned rooms as

WT mice. Animals were sacrificed and tissues were removed rapidly and immediately frozen in dry ice. Tissues were kept at �80
�C until their analysis.

Generation of bioNEDD8 transgenic mice
In the present paper, it is presented for the first time the transgenic BioNEDD8 mice as a new tool to identify potential direct targets of

Neddylation in vivo regulated by the nutritional status. The generation of these animals is based on the previously publication of

BioUbiquitin and Bir A mice.50 The pCAG564 vector was subcloned with bioNEDD8 human sequence or BirA using oligos: BirAf(5’-

GAGCCGACAAGGTGAGAGTG-3’), BirAr(5’-TTGATTCCGGCTCCGATCAC-3’), bioNEDD8f (5’-GATATCGCTGCGCTGGTC-3’), and

bioNEDD8r (5’-CATCGATCCCCAAGAAAACC-3’). Using Quiagen vector purification columns the plasmids were purify and subse-

quently injected inpronuclear zygotes (C57Bl6xCBA)with 2ng/ml of each. Animals thatwerepositive to the plasmidwere used to stablish

themice colony. The ScientificProceduresAct 1986 regulation and theUniversity of Cambridge Ethical Reviewapproved all animal pro-

cedures. As the insertion of the vectors in the mice genomewas random, all animals used to develop the present work have been gen-

otyped and contain the same numbers of the copies.

Animal experiments
Glucagon administration

Mice were injected with 200 mg kg�1 body weight of glucagon diluted in saline (Sigma-Aldrich, #G1774) intraperitoneally (ip) and after

30 min, blood glucose levels were measured51

Adrenaline administration

Mice were injected with 100 mg kg�1 body weight of L-adrenaline diluted in saline (ThermoFisher, L04911) ip.51

Cortisol administration

Mice were treated with 20 mg kg�1 body weight hydrocortisone 21-hemisuccinate sodium salt diluted in saline (Santa Cruz Biotech-

nology, sc-250130) ip.51

Leptin administration

WT animals were treated with saline or recombinant leptin (Sigma-Aldrich, L-4146) at a dose of 0.5mg kg-1 of body weight every 12 h

for 24 hours by an intraperitoneal injection (ip). WT mice were divided into three groups: (a) ip saline fed ad libitum chow diet, (b) ip.

saline while fasting for a period of 24 h and (c) ip leptin while fasting for a period of 24 h.51

Insulin administration

WT mice were injected with 0.35 U kg�1 body weight of insulin (Actrapid, Novo Nordisk) ip and after 10 and 20 min, blood glucose

levels were measured.
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Caloric restriction

Five days before initiation of calorie restriction, 8-week-old mice were placed in individual cages and fed the chow diet ad libitum.

During these days of acclimation, food intake was monitored to determine the average amount of food consumed daily by each

mouse. Thereafter, mice were randomly separated into two groups: one group continued to receive the chow diet ad libitum while

the other groupwas subjected to 60%calorie restriction. Eachmouse subjected to calorie restriction was fed at 6 p.m. every day with

an amount of food equal to 40% of their daily food intake during the week of acclimation. Body weight and blood glucose were

measured daily at 5:30 p.m. before feeding. Finally, mice were sacrificed at 5:30 p.m. (before feeding) on the fourth day of calorie

restriction to collect liver and serum for analyses.

Fasting

To study the role of neddylation on glucose production during fating, mice were subjected to a 24 h of fasting.

Glucose, insulin, glycerol, and pyruvate tolerance tests

Basal blood glucose levels were measured after an overnight fast (12 h) for the GTT, GlyTT and PTT, and after 6h for the ITT, with a

Glucocard Glucometer (ARKRAY, USA). GTT, ITT, PTT and GlyTT were done after an intraperitoneal injection of either 2 g kg�1

D-glucose (Sigma-Aldrich, G8270), 0.35 U kg�1 insulin (Actrapid, Novo Nordisk), 1.25 g kg�1 sodium pyruvate (Sigma-Aldrich,

P2256), or 1 g kg�1 glycerol (Sigma-Aldrich, G5516), and area under the curve (AUC) values were determined.

MLN4924 treatment
To check the effect of the blockade of neddylation, MLN4924 (MedChemExpress, #HY-70062), a NEDD8-activating enzyme (NAE)

inhibitor, was injected to WT mice at a dose 60 mg kg�1 body weight subcutaneously 3 days before the experiment. (2-Hydroxy-

propyl)-b-cyclodextrin (Sigma, #H107) was used as vehicle.

In vivo virogenetic procedures
To achieve a specific effect on the hepatocytes, AAV-DIO Cre-dependent viruses were injected into the tail vein of Afp-Cre mice to

downregulate (AAV-DIO-shNAE1 and AAV-DIO-shNEDD8) or upregulate (AAV-DIO-NAE1) neddylation (Vector Builder). Aswell, AAV-

Cre-GFP (Tebubio, ref. 189SL100835) virus was injected into the tail vein of FloxPCK1 mice to generate liver knockout (LKO) mice,

and then, PCK1 expression was recovered with the injection of WT PCK1 or K278R-K342R-K387R-PCK1 mutant viruses (Vector

Builder). Control mice were injected with GFP (Vector Builder). As such, mice were held in a specific restrainer for intravenous injec-

tions: Tailveiner (TV-150, Bioseb, France).

Injections into the tail vein were carried out using a 27 G3 3/800 (0.40 mm3 10 mm) syringe. Mice were injected with 100 ml of viral

vectors diluted in saline. Viruses were injected one month before the beginning of the experiments.

Determination of HGP
HGP measurement was performed in conscious unrestrained catheterized mice. Catheters (BTSIL-025, Instech Laboratories Inc)

were surgically implanted under ketamine (100 mg kg�1 body weight)/xylazine (15 mg kg�1 body weight) anesthesia, 7 days prior

to the experiment in the right jugular vein and exteriorized above the neck using a vascular access button (VAB62BS/25, Instech Lab-

oratories Inc.). Catheters were washed and flux verified using heparinized saline (NaCl 0.9%, 200 IU/ml heparin). The day of the

experiment, mice then received a 120-min infusion of [3-3H] glucose (0.05 mCi/min) (Perkin Elmer). Blood was sampled from the

tail vein at 110 and 120 min (10 ml) and treated with 0.3 N ZnSO4 and 0.3 N Ba(OH)2. Glucose concentration wasmeasured, andmea-

surement of [3-3H] glucose was done after overnight drying for the counting of radioactivity in the blood.

Biomolecular analysis
Western blot analysis

Total protein lysates from liver (20 mg) and cells (8 mg) were subjected to SDS-PAGE, electrotransferred onto polyvinylidene difluoride

membranes (Millipore) and probed with the indicated antibodies (Table S1).

Acetyl-CoA assay kit

Acetyl-CoA levels were quantified from liver (100mg) and serum (2 ul) extracts using the Acetyl-CoA Assay kit (Abcam, ref. ab87546).

Adrenaline, cortisol, glucagon, and insulin quantification in mice serum

Serum levels of glucorregulatory hormones were quantified using the adrenaline (Cusabio, ref. CSB-E08679m-96T), corticosterone

(Enzo Life Sciences, ref. ADI-900-097), glucagon (Mercodia, ref.10-1281-01), and insulin (Merck Milipore, ref. EZRMI) ELISAS kits.

Total amino acids and L-alanine quantification
Total amount of amino acids and L-alanine levels were quantified using Total Amino Acid Assay Kit (Abbexa, ref. 298965) and

L-Alanine Assay Kit (Abcam, ref. 83394), respectively, in serum and liver samples following manufacture’s indications.

PCK1 immunoprecipitation
Extracts (prepared from 1 mg protein) were examined by immunoblot. For the immunoprecipitation assay, liver extracts were incu-

bated with 1 mg of PCK1 specific antibody (Abcam; #ab70358) coupled to protein-G-Sepharose. After an overnight incubation at 4 �C
with agitation, the captured proteins were centrifuged at 10,000g, the supernatants collected, and the beads washed four times in

lysis buffer. Beadswere boiled for 5min 95 �C in 10 ml sample buffer. Extracts and immunoprecipitateswere examined by SDS–PAGE
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and blotted with antibodies to the following targets: PCK1 (Abcam; #ab70358 1:1000) and NEDD8 (Abcam; Ab81264 1:1000). The

membrane was incubated first with the anti-NEDD8 primary antibody, and then a b-mercaptoethanol based stripping procedure

was performed to check for total immunoprecipitated PCK1.

Protein modelling
Mus musculus PCK1 and NEDD8 structures were obtained with AlphaFold prediction algorithm.52 All neddylated protein models

were built using the WT protein as a template with UCSF Chimera and the isopeptide bond parameters were obtained by RHF/

6-31G* computations using GAMESS-US. Hessian matrix in Cartesian coordinates was analyzed by Seminario method, using

CartHess2FC module of AMBER. Molecular dynamics (MD) simulations were performed with OpenMM software53 in a CUDA plat-

formwith AMBER ff19SB force field, particle mesh Ewald for long-range electrostatic interactions with an Ewald summation cutoff of

10 Å, and constraint of the length of all bonds that involve a hydrogen atom. Each systemwas solvatedwith optimal-3-charge, 4-point

rigid water model (OPC) water molecules and neutralized with chlorine and sodium counter-ions according to the total charge of the

protein. Firstly, each system was subjected to 2500 steps of energy minimization at 298 K. Langevin thermostat was used to control

the temperature with a friction coefficient of 1 ps-1 and a step size of 0.002 ps. To evaluate the motions of residues and atoms, each

system was subjected to 250 ns MD simulation and snapshots of the trajectories were saved every 1 ps. Finally, the trajectory anal-

ysis was performed with the CPPTRAJ module of AMBER.53 Graphic representations and further analysis were made with OriginPro

2019b and molecular graphics with UCFS ChimeraX.

Phylogenetic analysis
Sets of amino acid sequences in FASTA format from both distant and closely related organisms were obtained from Uniprot data-

base. Only sequences reviewed and manually annotated by Swiss-Prot were selected. CLUSTAL multiple sequence alignment was

conducted by using MUSCLE v3.8.31, and phylogenetic analysis of the FASTA sequences was carried out by the BIONJ distance

algorithm with 100 bootstrap replicates, both approaches were carried out through Seaview Version 5.0.4 software. The resulting

phylogenetic tree was customized using the graphic viewer Figtree v.1.4.4.

Cell cultures and transfections
Cells were kept in a 5%CO2 incubator at 37

�C andwere routinely assessed formycoplasma. 2.53 105 cells were seeded in a six-well

plate for all experiments. To knock down the expression of NEDD8 and NAE1 in AML12 cells, cells were transfected with specific

small-interference RNA (si-RNA) to NEDD8 (Dharmacon, #4738), to NAE1 (Dharmacon, #8883) and to PCK1 (Dharmacon, #L-

006796-00-0005). Non-targeting siRNA was used as negative control (Dharmacon, #D-001810-10-05). The transfection was per-

formed using Dharmafect 1 reagent (Dharmacon, #t-2001-03) following the protocol: 50 pmol of the siRNA diluted in 200ml of opti-

MEM (Life Technologies, #31985-070) was mixed with 6.5 ml of Dharmafect 1 diluted in 193.5 ml of optiMEM; the mixture was added

into each well, resulting in a final volume of 1.5 ml with DMEM:F12 complete medium for 6 hours. 48 hours after the transfection, cells

were collected for protein extraction.

To upregulate the expression of PCK1, cells were transfected with a plasmid encoding wild type PCK1 (Origene; plasmid

#RC204758), or mutated PCK: PCK1K387R (Vector Builder; #VB210901-1404whn) and PCK1K278R-K342R-K387R (Vector Builder;

#VB210921-1406frv). Lipofectamine 2000 (Invitrogen, #11668-019) was used to transfect cells with the following protocol: 4 ml of Lip-

ofectamine 2000 diluted on 150 ml of Opti-MEMmixed with 2.5 mg of DNA diluted on 150 ml of Opti-MEM. This mixture was incubated

in a final volume of 1.5 ml of complete medium for 24 hours.

Cell treatments
Cells were starved for 6h in Krebs–Henseleit–HEPES buffer (KHH; composition: 120mmol l-1 NaCl, 4.7mmol/l KCl, 2.5mmol/l CaCl2,

1.2 mmol l-1 MgSO4, 1.2 mmol l-1 KH2PO4, 25 mmol l-1 NaHCO3, 25 mmol/l HEPES pH 7.4.), a fasting mediumwith neither nutrients

nor hormones.

To study the regulation of NAE1 protein expression by glucose in vitro, cell medium from untreated cells were changed to KHH, in

the presence or absence of glucose (D-glucose, Sigma-Aldrich, #G8270) 1 mM.

To pharmacologically inhibit neddylation in vitro, a dose of 10 mMofMLN4924was added to themedium and incubated during 24h.

Glucose measurement in cell culture medium
Cells were incubated in glucogenicmedium (KHHmedium supplemented with lactate 20mMand pyruvate 2mM) for indicated times.

Glucose released to the media was quantified using the High Sensitivity Glucose Assay Kit (Sigma-Aldrich, #MAK181-1KT). Results

were normalized by the amount of protein.

Phosphoenolpyruvate Carboxykinase Activity assay
PCK1 activity was measured in cell and tissue samples following manufacturer instructions (Biovision, #K359-100). Briefly, samples

were homogenized with 200 ml ice cold Assay Buffer and kept for 10minutes on ice. After centrifuging them for 10 minutes at 10000 x

g at 4�C, supernatant is collected, and protein level concentration and PCK activity are measured separately. In this assay, PCK is

coupled with a set of enzymes that convert PEP and carbonate into a series of intermediates and hydrogen peroxide, which in turn,
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reacts with a probe and converted generating a colorimetric signal (OD: 570 nm). The color intensity is directly proportional to the

amount of active PCK present in samples. Results were relativized by the amount of protein of each well.

Human cohort
Liver samples were obtained from people with morbid obesity undergoing bariatric surgery (n=60) at the Clı́nica Universidad de Nav-

arra. Obesity was defined as a BMIR30 kg/m2 and body fat percentage (BF)R35%. BMI was calculated as weight in kilograms

divided by the square of height in meters, and BF was estimated by air-displacement plethysmography (Bod-Pod�, Life Measure-

ments, Concord, CA, USA). People with obesity were sub-classified into two groups [normoglycaemia (NG) or type 2 diabetes (T2D)]

following the criteria of the Expert Committee on the Diagnosis and Classification of Diabetes.54 Inclusion criteria encompassed a

complete diagnostic work-up including physical examination, laboratory investigation, ultrasound echography and liver biopsy

consistent with the diagnosis of non-alcoholic fatty liver disease (NAFLD) according to the criteria of Kleiner and Brunt by an expert

pathologist masked to all the results of the assays.55 Features of steatosis, lobular inflammation and hepatocyte ballooning were

combined to obtain NAFLD activity score (NAS) (0-8).55 Exclusion criteria were: a) excess alcohol consumption (R20 g for women

and R30 g for men); b) the presence of hepatitis B virus surface antigen or hepatitis C virus antibodies in the absence of a history

of vaccination; c) use of drugs linked to NAFLD, including amiodarone, valproate, tamoxifen, methotrexate, corticosteroids or

anti-retrovirtals; d) evidence of other specific liver diseases, such as autoimmune liver disease, haemochromatosis, Wilson’s disease

or a-1-antitrypsin deficiency. People with type 2 diabetes were not on insulin therapy or medication likely to influence endogenous

insulin levels. It has to be stressed that people with type 2 diabetes did not have a long diabetes history (less than 2-3 years or even de

novo diagnosis as evidenced from their anamnesis and biochemical determinations). All reported investigations were carried out in

accordance with the principles of the Declaration of Helsinki, as revised in 2013, and approved by the Hospital’s Ethical Committee

responsible for research (protocol 2021.005). Written informed consent was obtained from all the participants.

Protein quantification by SWATH-MS (Sequential Window Acquisition of all Theoretical Mass Spectra) in pull-down
experiments
The analysis was performed as described previously by our group.56 Briefly themethod used includes: creation of the spectral library,

relative quantification by SWATH acquisition, SWATH data analysis, mass spectrometric analysis by LC-MSMS of PCK1 immuno-

precipitation and neddylation site determination, proteomic data analysis. The mass spectrometry proteomics data have been

deposited to the ProteomeXchange Consortium via the PRIDE [1] partner repository with the dataset identifier PXD043054.

Neddylation site determination
The acquired raw files using a DDA method were analyzed with PEAKS 8 studio software (Bioinformatics Solutions Inc., Waterloo,

Canada) using a mouse uniprot database. The peptide mass tolerance was set to 10 ppm and 0.01 Da for MS/MS. Variable modi-

fications included were as follows: Oxidation of M, carbamidomethylation of C, and Glygly of K (neddylation of cysteines) as

described previously.24,40,57 For high-confidence peptide identification a FDR (False Discover Rate) of 1% and a minimum of 2

ranked peptides were used for peptide filtering. Functional analysis was performed by FunRich open access software (Functional

Enrichment analysis tool) for functional enrichment and interaction network analysis (http://funrich.org/index.html). For statistics,

FunRich use hypergeometric test, BH and Bonferroni.

Statistics and data analysis
Data are expressed as mean ± standard error mean (SEM). Statistical significance was determined by two-tail Student’s t-test when

two groups were compared or ANOVA and post-hoc two-tailed Bonferroni test when more than two groups were compared. P<0.05

was considered significant for all the analysis. Correlations were analyzed by Pearson’s correlation coefficient (r). Data analysis was

performed using GaphPad Prism Software Version 8.0 (GraphPad, San Diego, CA) and Microsoft Excel. All the results shown in the

manuscript are representative of, at least, two independent experiments with the same result.
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