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Nascent liver proteome reveals enzymes and
transcription regulators under physiological
and alcohol exposure conditions
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The liver proteome undergoes dynamic changes while performing hundreds
of essential biological functions. Dysregulation of the liver proteome under
alcoholic conditions leads to alcohol-associated liver disease (ALD), a major
health challenge worldwide. There is an urgent need for quantitative and liver-
specific proteome information in living animals to understand the pathophy-
siological dynamics of this largest solid organ. Here, we develop a compre-
hensive approach that specifically identifies the nascent proteome and
preferentially enriches membrane proteins in living mouse hepatocytes and is
broadly applicable to studies of the liver under various physiological and
pathological conditions. In the ethanol-induced liver injury mouse model, the
nascent proteome successfully identifies and validates a number of tran-
scription regulators, enzymes, and protective chaperones involved in the
molecular regulation of hepatic steatosis, in addition to almost all known
regulatory proteins and pathways related to alcohol metabolism. We discover
that Phbl/2 is an important transcription coregulator in the process of ethanol
metabolism, and one identified fatty acid metabolism enzyme Acsl1/5, whose
inhibition protects cells and mice from lipid accumulation, a key symptom of

hepatic steatosis.

The liver is the metabolic center of the human body and performs
essential biological functions to conserve and regulate a wide range of
metabolites'. Hepatocytes, accounting for approximately 80% of the
total liver mass, harbor a variety of biological pathways that maintain
the physiological homeostasis of the liver’. Hepatocytes dynamically
express and secrete a large number of liver-specific proteins in
response to various metabolic states under physiological conditions.
In addition, hepatic impairment due to hepatocyte dysfunction (e.g.,
fatty liver) or reduced hepatocyte numbers (e.g., liver cirrhosis) leads
to significant alterations in the liver proteome®*”. Alcohol-associated

liver disease (ALD) is the most prevalent type of chronic liver disease
worldwide*. More than half of all liver-related deaths are attributed to
ALD. With continued exposure to alcohol, ALD develops from a range
of histological lesions, including alcohol-related hepatic steatosis,
steatohepatitis with hepatic inflammation, and cirrhosis*®. Therefore,
there is a pressing need to understand the pathophysiological
dynamics of the liver proteome in order to dissect the liver functions
and intervene in liver diseases. In recent years, mass spectrometry
(MS)-based proteomics has revealed the cytological profiles of the
human liver proteome®’, proteomic biomarkers for alcohol-related
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liver disease'®”, early-stage liver cancer””, and drug exposure'.
Despite these advances in proteome elucidation using acutely isolated
liver cells, methods are still lacking to gather liver-specific proteome
data in living animals so as to investigate the molecular mechanisms of
liver regulation and function under various pathophysiological
conditions.

In contrast to homeostasis proteome analysis, nascent proteome
analysis is of particular interest because of its ability to provide a
sensitive and timely identification of the dynamically changing key
regulator proteins. A variety of methods are available to selectively
analyze newly synthesized proteins for a sensitive and timely under-
standing of the dynamic changes of the proteome in cultured cells” ',
However, with the exception of stochastic orthogonal recoding of
translation (SORT)? and bioorthogonal noncanonical amino acid tag-
ging (BONCAT) strategies™**, most of these methods cannot be used
to discover the nascent proteome in specific tissues of living animals.
The BONCAT strategy, pioneered by the Tirrell group in 2006, intro-
duced the ability to study nascent proteomes with temporal
resolution’®. The most commonly used noncanonical amino acids in
BONCAT are the methionine analogs, azidohomoalanine and azido-
norleucine (ANL)*; notably, ANL-BONCAT enables cell-specific in vivo
tissue analysis**°. Building on BONCAT, researchers have extensively
explored protein synthesis dynamics across tissues and cell types,
revealing critical roles in metabolic regulation?, protein stability®, and
neuronal activity-dependent responses® with tremendous successes.
SORT was developed based on genetic manipulation of aminoacyl-
tRNA synthetases in specific cell types of living animals followed by
labeling of the nascent proteome with noncanonical amino acids.
Labeling the nascent liver proteome in living animals is challenging
due to the metabolic complexity of this largest metabolic organ, the
presence of a large amount of pre-existing protein contamination, and
the lack of specific and efficient labeling methods. This task is even
more challenging in diseased animal models (e.g., ethanol-induced
liver injury mouse model), where the timing of labeling is difficult to
select and the accessibility of the diseased tissue is poor. As such, we
sought to develop a comprehensive in vivo labeling strategy to deci-
pher the nascent liver proteome in living mice with high efficiency and
temporal resolution.

For this purpose, we develop the Stochastic Orthogonal Recoding
of Translation induced by AAV-delivered Cre (SORT-AC) system. We
show that SORT-AC preferentially enriches liver membrane proteins
and is suitable to analyze acute and subtle changes in the nascent liver
proteome under various pathophysiological conditions without dis-
section. After applying SORT-AC to the ethanol-induced liver injury
mouse model, we identify and validate Phbl/2, a transcription cor-
egulator for alcohol metabolism, Acsll/5, a potential target for alle-
viating alcohol-induced lipid accumulation, and almost all known
regulatory proteins and pathways associated with alcohol metabolism.

Results

Labeling the nascent proteome, including membrane proteins
We surveyed current proteomic labeling techniques applicable to
complex organisms'*?>¥%3 in search of methods adaptable to the
nascent liver proteome. We were particularly interested in labeling the
nascent membrane proteome because the liver membrane proteome
is likely to respond directly to changes in the external environment and
no such approach has been reported in the literature® Considering
the complexity of the metabolism and the protein contamination
already present in the liver, we assessed the method used for the
nascent liver proteome based on the following criteria: (1) high spatial
and temporal resolution for liver-specific labeling; (2) high sensitivity
for efficient labeling of the low-abundance of the newly synthesized
liver proteome; (3) good stability and bioorthogonality of the labeling
probes in the most metabolically complex organ; (4) good accessibility
and enrichment of the labeling probes in the liver; (5) capable of the

nascent membrane proteome labeling. Among the available methods,
both BONCAT and SORT are uniquely capable of identifying the nas-
cent proteome from spatially and genetically defined regions of living
animals. We selected SORT for further optimization in our study, pri-
marily because its substrate, AIKK, is readily synthesized at a multi-
gram scale in our laboratory. An advantage for conducting large-
animal experiments where substantial amounts of noncanonical amino
acid probe are required. However, the SORT method has not been
applied to label nascent liver proteome, probably because of its low
labeling efficiency in hepatocytes. To improve the efficiency, we first
sought to identify an efficient aminoacyl-tRNA synthetase, for the
incorporation of AIkK (Fig. 1a), an inexpensive and stable noncanonical
amino acid probe in liver cells>. The AIKK probe contains an alkyne
handle that can be labeled by an azide-containing probe though click
chemistry for subsequent microscopic imaging and biochemical
enrichment (Fig. 1a). Since the Pyrrolysyl-tRNA Synthetase/Pyrrolysyl-
tRNA (PyIRS/PyIT) pair is widely used for the incorporation of a variety
of lysine derivatives and is broadly orthogonal in E. coli, mammalian
cells, and mice, we rationalized a collection of PyIRS variants for effi-
cient AIKK recognition (Fig. Sla). Using GFP with an amber codon
(TAG) at the 190 site as a reporter, we found that PyIRS variant 1,
carrying the Y384F mutation in PylRS®, had the highest AIKK incor-
poration efficiency, with an amber codon read-through efficiency of
approximately 50% relative to wild-type GFP (Fig. 1b, ¢ and Supple-
mentary Fig. 1b), at least fivefold higher than the variant (PyIRS variant
4) previously used for residue-specific AIkK incorporation (Fig. 1b, ¢
and Supplementary Fig. 1b)*. LC-MS analysis verified the fidelity of
AIKK incorporation (Fig. S1c). We further engineered PyIRS to optimize
the incorporation efficiency by constructing a chimera®, adding a
nuclear export signal (NES) peptide sequence®, and generating a four-
unit tandem PylTcya cascade (4 x PylTcya) (Fig. 1d). The engineered
AIKKRS/4 x PylTcya pair significantly increased the incorporation effi-
ciency compared to the original pair, as determined by flow cytometry
(Fig. 1e and Supplementary Fig. 1d, e).

To assess the residue-specific incorporation of AlkK throughout
the proteome, we used a strategy called SORT to randomly display
AIKK in the proteome of mammalian cells. SORT allows the proteome
to be labeled at a large set of sense codons simultaneously by engi-
neering the anticodon of the corresponding tRNAs. We reckoned that
since membrane proteome turnover of hepatocytes readily respond to
external metabolic changes®*’, the dynamics of the nascent mem-
brane proteome would be highly informative for dissecting liver
function. However, labeling methods for the nascent membrane pro-
teome have not been previously reported. To optimize AIKK incor-
poration into the entire nascent proteome with a preferential
enrichment of membrane proteins, we chose the targeting residue for
noncanonical amino acid incorporation based on the following ratio-
nale: these residues exhibit (1) high distribution within the total pro-
teins, (2) notable enrichment within transmembrane proteins, (3) high
distribution in protein surface instead of interface. Therefore, we first
compared the distribution of 20 amino acids in total proteins and
membrane proteins (Fig. 1f, g)**%. Meanwhile, we also evaluated the
proportional distribution of amino acids on protein surfaces and
interfaces (Fig. 1f, g)*, with the thinking that surface-displayed AIkK
would be more suitable for labeling and enrichment. In the end, we
chose the following representative residues as targets, PylTyyy (K-
AAA), PleUGC (A‘GCA), PyITGCU (S'AGC), PleCAU (M‘ATG), and their
combination  PylTyyuucc/ecuicau  (hereafter  named  PylTyaswm)
(Fig. 1f-h). Among them, K, A, and S are abundant in the proteome and
enriched at the protein surface (Fig. 1f and Supplementary Fig. 1f),
while S and A are relatively abundant in the membrane proteome
(Fig. 1g). M is chosen for total proteome labeling because it is the initial
amino acid of all proteins (Fig. 1f and Supplementary Fig. 1f). Labeling
with an azide-PEG4-biotin probe in the cell lysate and immune-blotting
with streptavidin-HRP (SA-HRP) showed that the PylTgasy labeling
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group was AlkK-dependent and more efficient than the group using
the combinations of several identical PylTs (Fig. 1h). Subsequent LC-
MS/MS analysis of nascent proteomes, following streptavidin enrich-
ment, further confirmed that this combination of residues increased
both total protein and membrane protein identification (Fig. 1i and
Supplementary Fig. 1g).

To further evaluate this strategy, we assessed nascent proteome
dynamics and overall performance (Supplementary Data 1). AlkK
release experiments in cells revealed a rapid decrease in nascent pro-
tein signals, nearly diminishing within 30 h of AlkK withdrawal (Fig. 1j).
Subsequent LC-MS/MS analysis of enriched nascent proteins

(Supplementary Fig. 1h) showed a significant reduction in protein
abundance at 24 and 40 h post-AlkK removal (Fig. 1k and Supple-
mentary Fig. 1i). Specifically, 740 and 874 proteins were significantly
downregulated at these time points, respectively, with membrane
proteins constituting 26.1% and 26.4% of these changes (Fig. 1I, m).

Labeling the nascent proteome in mouse liver

To label and identify proteins expressed in the liver at specific time
points, we extended the above system to live mice (Fig. 2a). A homo-
geneous SORTgasy mouse model was established by CRISPR-Cas9
knock-in of the loxP-flanking stop sequence at the H11 locus near the
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Fig. 1| The strategy for labeling nascent proteins in prokaryotes and eukar-
yotes. a Chemical structure of AIkK with reactive handle colored in red. b Cartoon
of vectors used in the GFP reporter assay for amber suppression efficiency. GFP-
190TAG reporter was co-transformed with PyIRS variant into £. coli and full length
of GFP is visualized in the presence or absence of AIKK with western blot analysis.
¢ Western blot analysis of the amber suppression efficiency in E. coli with PyIRS
variants. Arrows indicate the full-length and truncated GFP. Experiment was inde-
pendently repeated three times. d Schematic of vectors in the FACS reporter assay,
in which the sequence from MmPyIRS is gray, the sequence from MbPyIRS is brown,
the nuclear export signal sequence is yellow. The PyIRS vectors was co-transfected
with the mCherry-T2A-EGFP reporter into cells for the subsequent analysis. e FACS
analysis of amber suppression efficiency in HEK293T cells transfected with the
orthogonal systems with 1 mM AIKK. f Analysis of 20 natural amino acids distribu-
tion on total vertebrate proteins, and the ratio of amino acids distribution on
surface and interface on proteins. The residues selected for AIkK incorporation are

colored in red. g Distribution of 20 natural amino acids in human transmembrane
proteins. The residues selected for AIkK incorporation are colored in red. h SORT
labeling of AIKK across the whole proteome of mammalian cells with the indicated
anti-codons. Right, the quantitative analysis of labeling signal intensities. Experi-
ment was independently repeated three times. i Analysis of nascent proteomes
labeled in cells transfected with PyIT-K, -A, -S, or -M individually or in combination.
Jj Nascent proteomes harvested at time points from O to 40 h after AIkK removal
from HEK293T cells transfected with SORT system and cultured with AIkK for 48 h.
Experiment was independently repeated three times. k Heatmap analysis of
changes in the nascent proteome at 0, 24, and 40 h after AIkK release following
SORT labeling. I, m Quantification of significantly downregulated total proteins and
membrane proteins at different time points. The significance downregulated
parameter of SO = 0.1 and a false discovery rate <0.075. Source data are provided as
a Source Data file.
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Fig. 2 | The strategy for labeling nascent proteins in living mice. a The strategy
for labeling and identifying nascent proteome in SORTy sy mouse liver by SORT-
AC. Each mouse received an injection of 100 pL AAV-TTR-Cre (1x 10 vg/mL). b The
whole slide fluorescence scanning of liver sections. EGFP signal represented the
AIKKRS expression level in liver tissue. Cy5 signal represented the labeled nascent
proteome. Scale bar, 1 mm. Representative images of n =3 experiments.

¢ Schematic illustration of nascent proteome turnover in mice. SORTasm mice
were administered AAV and allowed free access to drinking water supplemented
with AIKK for 7 days. Following AIkK withdrawal, liver samples were collected at

AlkK

=200

b TTrRCre
AIKK

10d

6h 24h 3d 5d 7d

designated time points from day O to day 7 for analysis. d Inmunofluorescence
analysis of mouse liver sections at different time points after AIkK withdrawal.
Cys5 signals represent newly synthesized proteomes and show a gradual decline
over time following AIKK removal. Scale bar, 100 um. e Quantification of Cy5
fluorescence intensity shown in panel (d). For each group, liver sections from two
mice were analyzed. Three random fields per sample were imaged, and the

Cys5 signal intensity was measured and normalized to the O h time point. Data are
the mean +s.d.; n = 3. Source data are provided as a Source Data file.

chromosome 11 centromere, which expresses AIkKRS-P2A-EGFP under
the CAG promoter and PylTgasy under the U6 promoter, respectively
(Supplementary Fig. 2a). When the packaged AAV containing the Cre
recombinase gene under the hepatocyte-specific promoter TTR was

injected into SORTgasm Mice, Cre recombinase could excise the ter-
mination sequence (Fig. 2a and Supplementary Fig. 2a, b). As a result,
AIKKRS was expressed in liver tissue (Fig. 2b and Supplementary
Fig. 2c). Upon introducing AlkK into SORTgasyv mice via drinking water,
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the SORTgasm system recognizes AIKK and randomly incorporates it
into the newly synthesized liver proteins (Fig. 2a). Immunostaining of
liver slices with an azide-Cy5 fluorescent probe showed that newly
synthesized proteins in the liver were efficiently labeled by AlkK
(Fig. 2b). Notably, we observed no significant changes in the body
weight of mice expressing the SORTgasm system, and HE staining
indicated that this system does not affect the normal histological
functions of hepatocytes (Supplementary Fig. 2d). We named this
strategy SORT-AC.

Furthermore, we extended our investigation of nascent proteome
dynamics to the mouse liver using the SORT-AC strategy (Fig. 2c). We
initiated labeling by injecting TTR-Cre packaged AAV into SORTgasm
mice and providing AIkK in drinking water for 7 days. Subsequently,
AIKK was withdrawn, and mice received normal drinking water for an
additional 10 days (Fig. 2c). We observed a gradual decline in nascent
hepatic proteome labeling signals after AIKK removal, with a noticeable
reduction by day 1 and almost complete loss by day 10 (Fig. 2d, e). We
determined the semi-quantified protein turnover half-life in mouse
liver to be roughly 3-5 days. This result is consistent with the reported
value of 3.28 days in the literature*®", indicating that SORT-AC is sui-
table for investigating the dynamic turnover of the proteome in vivo.

Identification of liver-specific nascent proteome in living mice
With SORT-AC mice, we set out to enrich for newly synthesized pro-
teins in mouse liver under physiological conditions. The promoter of
transthyretin (TTR) gene is sufficient to drive liver-specific expression
of downstream genes, which has been validated in transgenic mice****,
Based on this, we injected the SORTasm mice with TTR-Cre packaged
AAV and fed with or without AIkK in the drinking water for 7 con-
secutive days (Fig. 2a).

Although the immunostaining of liver slices showed high fluor-
escence intensity of the newly synthesized proteins, there was no
significant increase of intensity in streptavidin-blot with azide-PEG4-
biotin probe in lysate (Fig. 2b and Supplementary Fig. 3a), which might
be due to the complicated environment of liver tissue. This dis-
crepancy suggested interference from the complex biochemical
environment of liver tissue. To test this hypothesis, we mixed SORT-
labeled HEK293T cells with various mouse tissue extracts and per-
formed the click reaction under identical conditions. A marked
reduction in reaction signals was observed specifically in the liver and
small intestine groups (Supplementary Fig. 3b, c). These findings
indicate that the copper-catalyzed click reaction is readily inhibited or
quenched in liver extracts, likely due to the high complexity of the
hepatic biochemical composition (Fig. 3a). To improve the efficiency
of click reaction in liver extracts, we optimized the conditions of the
click reaction in three aspects, which are critical factors for efficient
click reaction™* (Fig. 3a): (1) the concentration of Cu*" and BTTAA
ligands (Supplementary Fig. 3d), (2) the protein extraction method
(Supplementary Fig. 3d), and (3) the reaction time (Supplementary
Fig. 3e). The results showed that 2 h of reaction with 0.5 mM CuSO,
and 1.0 mM BTTAA after methanol precipitation of liver extract led to
the highest labeling efficiency of the nascent proteome (Supplemen-
tary Fig. 3f). Using this optimized reaction condition, we enriched
nascent proteins using streptavidin beads (Fig. 3b). A large number of
nascent proteins with a wide range of molecular weights were recov-
ered with the addition of AIKK compared to the blank control (Fig. 3b).

By LC-MS/MS analysis, we identified a total of 1030 proteins in the
enriched nascent proteome, including 61 unique proteins in the AIkK-
supplemented group (SORT-AC Unique), 11 unique proteins in the
control group (TTR-Cre injected but no AIkK supplemented), and 958
common proteins in both groups (Fig. 3¢ and Supplementary Data 2).
Label-free quantification (LFQ) and ttest for 958 proteins in the
common group showed that 233 proteins were highly enriched (SORT-
AC Enrich) in the AlkK-supplemented group (Fig. 3d). Therefore, we
combined SORT-AC Unique and SORT-AC Enrich to obtain 294

proteins newly synthesized by mouse liver in the physiological state,
named as SORT-AC Print (Fig. 3e). Compared with the previous mouse
tissue-specific proteomic dataset**, more than 99% of the SORT-AC
Print proteins were expressed in the liver, validating the high reliability
of SORT-AC the analysis of the nascent liver proteome (Fig. 3f).

Furthermore, pathway analysis revealed that most of the SORT-AC
Print proteins were related to amino acids and their derivatives
metabolism, mono carboxylic acid metabolic processes, and cellular
aldehyde metabolic processes, which are typical biochemical path-
ways for liver function (Fig. 3g and Supplementary Fig. 4a, b). Inter-
action network analysis revealed that proteins involved in proteasome
assembly, protein catabolism and small molecule metabolism are
actively synthesized in the liver under physiological conditions,
including several liver marker proteins (Fig. 3h and Supplementary
Fig. 4a). Interestingly, we found that SORT-AC enriched many
membrane-associated proteins, accounting for ~-50% of the total pro-
teins (Fig. 3h and Supplementary Fig. 4a). As a result, 75 transmem-
brane proteins were identified among the 141 membrane-associated
proteins in SORT-AC Print (Fig. 3i). These membrane proteins were
distributed across all major membrane organelles and subcellular
regions, in particular the plasma membrane, endoplasmic reticulum,
mitochondrion, and Golgi apparatus (Fig. 3j). Analysis of 49 newly
synthesized transmembrane proteins involving the endoplasmic reti-
culum, mitochondrion and Golgi apparatus (Fig. 3k) revealed that
nearly 34% of these proteins are important components of lipid
metabolism, which is one of the pivotal functions of liver tissue (Fig. 31
and Supplementary Fig. 4c). These results demonstrate that SORT-AC
is a promising strategy for the identification of the liver-specific nas-
cent proteome, especially the membrane-associated proteome, in liv-
ing mice.

Defining the liver-specific nascent proteome of ethanol-induced
liver injury mouse model by SORT-AC

Next, we applied SORT-AC to identify the nascent proteome under
pathological states to explore the proteomic changes during the
development of alcohol-related steatosis, which is directly caused by
chronic excessive alcohol consumption®*’. To precisely capture the
hepatocyte proteome response to acute alcohol stimuli, we imple-
mented an acute alcohol gavage mouse model in conjunction with the
SORT-AC labeling system (Fig. 4a). We gavage-fed mice with a high
concentration of ethanol every two days and added a low concentra-
tion of ethanol to the drinking water after gavage to mimic both acute
and chronic alcohol absorption patterns®**. Preliminary experiments
employing an intermittent gavage model successfully induced both
body weight reduction and an inflammatory response in the murine
liver (Supplementary Fig. 5a-d). Meanwhile, AIKK was dissolved in the
drinking water to randomly incorporate into newly synthesized liver
proteins. To ensure a consistent and quantifiable intake of AIkK, a
preliminary study was conducted utilizing graduated drinking bottles
to ascertain the approximate daily water consumption of the mice
(Supplementary Fig. 5e). Mice were sacrificed after 27 days and liver
samples were collected (Fig. 4a). Initial histological examination using
Oil Red O staining revealed substantial areas of lipid accumulation
within the liver tissue, suggesting the validity of our alcohol con-
sumption modeling approach (Fig. 4b, c). We observed an elevation in
serum AST levels in the mice, while ALT levels showed an insignificant
increase, suggesting the onset of hepatocyte injury may be at an early
stage (Supplementary Fig. 5g, h). Meanwhile, fluorescence results of
liver tissue slices detected the expression of SORT-AC components
and in situ labeling of the nascent proteome (Supplementary Fig. 5j).
Liver protein extraction was then performed under the optimized
conditions to enrich, verify and identify the nascent proteome (Sup-
plementary Fig. 5i and Supplementary Data 3). Besides, the mice
injected with AAV and supplemented with AIkK, but not treated with
alcohol, were used for comparison (noEtOH). The mice without AAV,
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AIKK or alcohol were used as blank control for endogenous biotiny-
lated contaminant proteins (CTR) (Fig. 4d).

Hierarchical clustering and principal component analysis (PCA)
showed excellent reproducibility between different biological repli-
cates, suggesting a good quality of sample preparation (Fig. 4e and
Supplementary Fig. 6a). In addition, LFQ heatmap analysis identified a
significant increase in the level and amount of newly synthesized

Endoplasmic reticulum

proteins in the ethanol-induced liver injury model with alcohol (EtOH
group) compared to the group without alcohol (noEtOH group)
(Supplementary Fig. 6b). Volcano plot significance analysis revealed
that 187 proteins were enriched in the EtOH group (EtOH Enrich),
indicating that these 187 proteins are highly upregulated and synthe-
sized exclusively during alcohol-related steatosis genesis (Fig. 4f). As
expected, the pathway analysis showed that these nascent proteomes

Nature Communications | (2025)16:7945


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63212-9

Fig. 3 | Liver-specific nascent proteome identification and analysis in

living mice. a Nascent protein incorporated by AIkK containing an alkyne handle
could be labeled by azide-PEG4-Biotin, and then be enriched by streptavidin. The
reaction conditions, including extraction method, concentration of Cu** and
ligand, and reaction time, are optimized to improve the labeling efficiency in the
liver extracts. b Labeling and enrichment of the nascent proteins of the whole
proteome by western blot. SA-Blot, immunoblotting with streptavidin-HRP.
Experiment was independently repeated three times. ¢ Overlap of proteins iden-
tified between the control group and SORT-AC group. The proteins that were
detected only in the SORT-AC groups were highlighted as SORT-AC Unique.

d Volcano plot of the proteins identified in both the control group and SORT-AC
group. The dashed lines were under the significance curve parameter of Sp = 0.1and
a false discovery rate <0.05. The proteins significantly enriched were colored in
blue and highlighted as SORT-AC Enrich. Statistical significance was assessed using
a two-sided, empirical Bayes moderated t-test. e The strategy of identifying SORT-

AC Print proteins. f Tissue specific analysis with previously reported dataset among
total expressed proteome, total identified proteins, SORT-AC Print, respectively.
g Enrichment analysis of SORT-AC Print proteins that major participate pathways
with a one-sided Fisher’s exact test. The blue indicated the pathways highly related
to liver functions. The resulting p-values were adjusted for multiple hypothesis
testing using the Benjamini-Hochberg procedure. h The interaction network ana-
lysis of SORT-AC Print proteins. The membrane proteins were colored in green.

i The ratio of membrane and transmembrane proteins in SORT-AC Print (top) and
the annotation of the subcellular localization of SORT-AC Print membrane proteins
(bottom). j Overlap of membrane proteins in SORT-AC Print in mitochondrion,
endoplasmic reticulum, and Golgi apparatus. k Overlap of transmembrane proteins
in SORT-AC Print in mitochondrion, endoplasmic reticulum, and Golgi apparatus.
1 Annotation of transmembrane proteins involved in lipid metabolism in SORT-AC
Print, which were located in mitochondrion and endoplasmic reticulum. Source
data are provided as a Source Data file.

were highly correlated with monocarboxylic acid metabolic process as
well as biological oxidations and cellular aldehyde metabolic process,
which are known to be associated with ethanol metabolism (Fig. 4g). In
addition, proteins involved in endoplasmic reticulum protein proces-
sing, cellular stress responses, and fatty acyl-CoA biosynthesis were
also significantly enriched, suggesting the potential importance of
these pathways in the steatosis genesis (Fig. 4g). Consistent with this,
interaction network analysis revealed substantial nascent synthesis of
many essential proteins involved in ethanol metabolism, in addition to
a large number of membrane proteins in the nascent proteome (Sup-
plementary Fig. 6c).

Through the annotation of the UniProtKB/Swiss-Prot database®,
we identified 32 transmembrane proteins out of 101 membrane pro-
teins in EtOH Enrich (Fig. 4h). In contrast to the nascent proteome in
physiological liver tissues (Fig. 3i), the subcellular locations of mem-
brane proteins in the nascent proteome in steatosis liver tissues were
predominantly associated with the endoplasmic reticulum and mito-
chondria (Fig. 4i). These two organelles are considered to be the major
intracellular organelles for alcohol metabolism. The upregulated newly
synthesized proteins were then quantified in EtOH Enrich (Supple-
mentary Fig. 6d). As expected, most of the proteins synthesized at high
levels in EtOH Enrich were involved in transcription, xenobiotic
metabolism, stress response and lipid metabolism (Fig. 4j). In sum-
mary, a number of proteins are upregulated in the liver during ALD
genesis, and these proteins may be necessary for alcohol metabolism
with unknown molecular mechanisms.

Validating key regulators and enzymes involved in alcohol-
induced lipid accumulation

The cellular proteome changes in response to external alcohol stimuli,
reflecting adaptive or responsive changes (Figs. 4j and 5a). To better
understand this response, we performed an in-depth analysis of the
significantly enriched nascent proteins in the EtOH group. This pro-
teome includes several well-known enzymes involved in ethanol
metabolism, including Adh, Aldh, Cyp, and Ugt family proteins (Sup-
plementary Fig. 6c). Although a number of newly synthesized proteins
have been identified under alcohol exposure conditions, the tran-
scription regulation of these proteins remains poorly understood®.
Therefore, we searched in the identified nascent proteome for tran-
scription regulators that might respond to the alcohol metabolism.
Interestingly, Prohibitin 1 (Phb1) and Prohibitin 2 (Phb2), components
of the mitochondrion membrane-associated transcription coregulator
complex, were highly enriched in the nascent proteome
(Figs. 4j and 5a). Phbl has been reported to be a regulator of mito-
chondrial morphology, respiration, and the cell cycle’ . It has been
found to affect transcriptional activity either directly, through inter-
actions with a range of transcription factors, or indirectly, through
interactions with chromatin remodeling proteins, as a transcription

coregulator”’. To verify these roles, we overexpressed either Phbl or
Phb2 in HepG2 cells and assessed downstream genes using quantita-
tive PCR (qPCR) to quantify the expression levels of selected down-
stream alcohol-responsive genes. Consistent with the nascent
proteome data (Fig. 4f), the mRNA levels of Adhl, Aldh3a2, Hspa5,
Hsp90aal, Acsll, and Acsl5 were significantly upregulated after over-
expression of Phbl compared to control cells. Meanwhile, the mRNA
levels of Adhl, Hspa5, and Hsp90aal were significantly upregulated
after overexpression of Phb2 compared to control cells (Fig. 5b). These
results suggest that Phbl and Phb2 are two transcription coregulators
that regulate the expression of alcohol metabolism genes.

We proceeded to validate protein targets enriched in the nascent
liver proteome of ethanol-induced liver injury (Fig. 5a). Environmental
stimuli are known to induce cellular stress responses and protein
aggregation. Many Hsp family proteins were identified in EtOH Enrich
(Fig. 4j), whose expression was also regulated by Phbl1/2 (Fig. 5b). To
validate the biological function of Hsp proteins in alcohol metabolism,
we treated HepG2 cells with different concentrations of alcohol. The
results showed that the level of protein ubiquitination correlated with
the alcohol concentration, reflecting the alcohol-induced accumula-
tion of misfolded proteins (Supplementary Fig. 7a)*%. The concomitant
use of Hsp70 (Apoptozole) and Hsp90 (17-AAG) inhibitors markedly
exacerbated the accumulation of these protein ubiquitination and
significantly reduced cell viability (Supplementary Fig. 7b-d)**®°.
These findings suggested that the increased level of heat shock pro-
teins in the nascent proteome serves as a protective response to
counteract the detrimental effects of ethanol-induced protein mis-
folding (Fig. 5a).

Furthermore, in the nascent proteome, the acyl-CoA synthetase
long chain family member 1/5 (Acsl1/5) is of particular interest because
Acsl1/5 converts free long chain fatty acids into fatty acyl-CoA esters
(Fig. 5a). Their functional role is well established in cellular uptake of
fatty acids and remodeling, which influences various biological pro-
cesses such as cell signaling, membrane synthesis, and energy
homeostasis®°% In addition, the fact that Acsl1/5 was also detected in
the downstream of Phbl (Figs. 4j and 5b) suggests an important role in
alcohol metabolism via regulation of fatty acid metabolism. To explore
this, we intervened in HepG2 cells using Triacsin C, a natural com-
pound originally isolated from the fungus Streptomyces aureofaciens. It
is a potent inhibitor of Acsll/5, with a Ki value of approximately 15
nM®*, Subsequent exposure of cell cultures to alcohol resulted in
diminished lipid accumulation after pretreatment with Triacsin C, as
confirmed by staining experiments and fluorescence-activated cell
sorting analysis (Fig. 5c and Supplementary Fig. 7e, f)*. Additionally,
we performed similar imaging and flow cytometry experiments in the
AMLI2 cell line, confirming that Triacsin C can also inhibit ethanol-
induced lipid accumulation in normal mouse cell lines (Supplementary
Fig. 7g-i). Thus, Acsll/5 is responsible for the lipid accumulation in
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both HepG2 and AMLI2 cells during alcohol consumption. We further
reasoned that application of Triacsin C treatment in a mouse model
might alleviate the lipid accumulation and ethanol-associated cellular
damage in hepatocytes. To test this in mice, we employed gavage
administration of Triacsin C in an acute alcohol gavage mouse model
(Fig. 5d). Subsequent serological analyses demonstrated a significant
reduction in biomarkers (AST) indicative of hepatocellular damage
(Fig. Se, f), with no significant effect on serum triglyceride and ALT

levels (Supplementary Fig. 7j, k). Histological examination of liver
sections utilizing Oil Red O staining revealed a diminished accumula-
tion of lipids (Fig. 5g and Supplementary Fig. 7). Importantly, admin-
istration of Triacsin C did not affect glucose metabolism® or induce a
cytotoxic effect® in cultured cells, nor did it affect adrenal tissue or
induce diarrhea in mice®®. These results suggest that inhibition of
Acsl1/5 by Triacsin C could alleviate ethanol-induced lipid accumula-
tion in vitro and in vivo. Taken above results, we identified and
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Fig. 4 | Identification of the nascent liver proteome by SORT-AC in ethanol-
induced liver injury mouse model. a Schematic of the acute alcohol gavage
mouse model establishing. In the workflow, AAV carried TTR-Cre (100 pL of 1 x 102
vg/ml per mouse) was orbital injected into C57BL/6) mice on day O and adminis-
tered high-concentration ethanol gavage (4 g/kg) every two days. Meanwhile, a low
concentration of ethanol (5%) and AIkK (30 g/L) was dissolved into the drinking
water. The liver samples were collected from the mice after 27 days. b The Red Oil O
staining of the mouse liver. The mouse without ethanol administered was used as
control. The red regions indicated the fat droplets in which ethanol group has
significant fat droplets accumulation. Scale bar, 100 pm. ¢ Quantification analysis of
(b). Data are the mean +s.d.; n = 6 fluorescence images per condition. d The
strategy of identifying EtOH-enriched proteins. e Hierarchical clustering of differ-
ent indicated treatments. f Volcano plot of the proteins identified in both SORT-AC
groups with or without acute alcohol gavage treatment. Statistical significance was

assessed using a two-sided, empirical Bayes moderated t-test. The dashed lines
were under the significance curve parameter of So = 0.1 and a false discovery rate
<0.05. The proteins significantly enriched were colored in blue and highlighted as
EtOH Enrich. g Enrichment analysis of EtOH Enrich proteins that major participate
pathways, and the protein interaction network involved in monocarboxylic acid
metabolic process. The blue bars indicated the representative pathways related to
alcohol metabolism. GO term enrichment was performed using a one-sided Fisher’s
exact test. The resulting p-values were adjusted for multiple hypothesis testing
using the Benjamini-Hochberg procedure. h The ratio of membrane and trans-
membrane proteins in EtOH Enrich. i The annotation of the subcellular localization
of EtOH Enrich membrane proteins. j The heatmap analysis of EtOH Enriched
proteins participated in transcription regulator, xenobiotic metabolism, stress
responses, and lipid metabolism. Source data are provided as a Source Data file.

validated Phbl/2 as a transcription coregulator related to alcohol
metabolism, while the protein ubiquitination is accumulated to ele-
vated ethanol intake, and Acsll/5 as a promising target for reducing
alcohol-induced lipid accumulation.

Discussion

In summary, we have developed a comprehensive approach, SORT-AC,
that combines chemical biology tools with genetic models to analyze
acute and subtle changes in the nascent liver proteome of living mice.
SORT-AC consists of (1) AIKK for labeling newly synthesized proteins
via click chemistry reaction; (2) AIKKRS/PylTgaswm pair for efficient AIkK
incorporation; (3) CRISPR-Cas9 knock-in mouse models for genomic
integration of the AIKKRS/PylTgasm pair; (4) AAV-delivered Cre for
rapid liver-specific expression of the AIKKRS/PyITasm pair (Fig. 1i). We
systematically optimized all these key components of the SORT-AC
approach for liver-specific enrichment and identification of the nas-
cent proteome, as well as for the investigation of the membrane pro-
teome of the largest solid organ, in living animals. SORT-AC enabled
efficient enrichment of the nascent membrane proteome by stochastic
recoding the K, A, S, and M residues in the proteome. SORT-AC is
generally applicable to quantitative analysis of the dynamic liver pro-
teome under various physiological and pathological conditions with
high sensitivity and confidence. Using SORT-AC in the ethanol-induced
liver injury mouse model (Fig. 4a), proteins were identified with high-
confidence under chronic and acute alcohol stimulation, including
almost all known regulatory proteins and pathways associated with
alcohol metabolism. The discovery of these proteins in a single
experiment greatly expands the wealth of information on proteins and
pathways related to alcohol metabolism, especially these newly iden-
tified membrane-associated proteins and pathways (Fig. 5a). More
broadly, SORT-AC holds the hope to be a versatile approach for
labeling and identifying the nascent proteome in potentially all animal
tissues under various physiological and pathological conditions, pro-
vided that tissue-specific expression of Cre in AAV is achieved, like
TTR-Cre for liver.

Finally, the identification of low-abundance transcription factors
and enzymes using traditional MS-based methods is challenging. For
example, despite decades of research, the transcription factors
responsible for the metabolic response to alcohol are not well
understood. In this study, we demonstrated that the ability of the
SORT-AC approach to identify low-abundance regulators, including
transcription regulators and key enzymes, during the development of
alcohol-induced lipid accumulation. Previous transcriptomics-based
studies®® " and traditional MS-based methods®*" did not indicate a
significant upregulation of Phbl/2. SORT-AC revealed Phbl/2 as a
functional transcription coregulator that enhanced the expression of
enzymes and chaperone proteins involved in ethanol metabolism at
the transcriptional level in the adaptive response of hepatocytes to
alcohol. Furthermore, our study identified and validated Hsp family

proteins and many enzymes related to alcohol metabolism. Among
them, Acsl1/5, which is also regulated by Phbl/2, is responsible for the
lipid accumulation after alcohol consumption. An Acsl1/5 inhibitor had
a notable inhibitory effect on alcohol-induced lipid accumulation in
both cultured cells and mouse models. Therefore, our study has
revealed that Acsll/5 is a promising target for reducing ethanol-
induced liver injury (Fig. 5e). Taken together, the discovery of key
regulators in the ethanol-induced liver injury mouse model using
SORT-AC paves the way for the discovery of low-abundance regulators
and potential therapeutic targets in various disease models in the
future.

Methods

General considerations

Unless otherwise noted, all commercial reagents were used without
further purification. Primers and genes were synthesized by Tsingke
Biotech. Anti-Flag affinity gel (20585ES0O8) was purchased from Yea-
sen, and Ni-IDA beads (SA003100) were purchased from Smart-
Lifesciences. Primary antibodies: anti-GFP polyclonal antibody (2555,
Cell Signaling Technology), anti-Actin monoclonal antibody (T40001,
Abmart), anti-His polyclonal antibody (2365, Cell Signaling Technol-
ogy), anti-Ubiquitin (10201-2-AP, Proteintech), and anti-Streptavidin-
HRP antibody (3999, Cell Signaling Technology) were used at a dilu-
tion of 1:1000. Secondary antibodies: IgG mouse (SAO0001-1, Pro-
teintech) and IgG rabbit (M21002, Abmart) were used in a dilution of
1:5000. Transient transfections were performed using the Lip2000
reagent (BL623, Biosharp Life Sciences) and polyethyleneimine, linear,
MW 25000 (23966, Polysciences).

The optical density at 600 nm wavelength (OD¢oo) and fluores-
cence intensity were acquired with a BioTek Synergy Neo2. Western
blot was performed with a BioRad electrophoresis device, and che-
miluminescence signals were captured by Azure Biosystems C400.
FACS data were collected on a Beckman CytoFlex. LC-MS analysis was
performed on a Xevo G2-XS QTOF MS system (Waters Corporation).
LC-MS/MS analysis was performed on a Thermo Scientific Q Exactive
HF-X Orbitrap and Orbitrap Exploris 480 mass spectrometer in con-
junction with a Proxeon Easy-nLC Il HPLC (Thermo Fisher Scientific)
and Proxeon nanospray source.

GFP fluorescence for assessment of amber suppression efficiency
was collected with Gen5 CHS 2.09 software. FACS of HEK293T cells was
acquired with CytExpert (version 2.0.0.153, Beckman Coulter). Che-
miluminescence of Western blot was captured by cSeries Capture
Software (version 2.1.4.731, Azure Biosystems). LC-MS/MS raw files
were acquired with Xcalibur (version 3.0.63, Thermo Fisher Scientific).
The assessment of amber suppression efficiency was processed with
Origin 2017pro software (version 9.4). Deconvolution of LC-MS spectra
was performed using UNIFI software (version 1.9.4, Waters). FACS data
were processed with FlowJo V10 (version 14.0.0.0, Flexera Software).
LC-MS/MS raw files were analyzed with MaxQuant (version 2.2.0.0),
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Perseus (version 2.0.7.0), Metascape web tool (version 3.5), Cytoscape
(version 3.8.2), MetaboAnalyst web tool (version 6.0), R (version 4.2.0),
and ggplot2 (version 3.4.2).

Cell culture
HEK293T cells, HepG2 cells and AMLI12 cells from ATCC were main-
tained in an exponential growth as a monolayer in Dulbecco’s modified

Eagle medium (Thermo Fisher Scientific), high glucose, 10% fetal
bovine serum (ExCell Bio) and 1% penicillin-streptomycin (Thermo
Fisher Scientific), and cultured at 37 °C in 5% CO..

Mice
All mice were reared in-house (temperature: 20-25°C, humidity:
40-60%) in a 12h light-dark cycle under specific pathogen-free
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Fig. 5 | Key regulators involved in ethanol-induced liver injury development.
a Overview the major pathways in hepatocytes response to alcohol exposure. EtOH
Enriched proteins in SORT-AC were colored in blue and function validated proteins
in this study were colored in red. b The mRNA expression levels of genes which
regulated by Phbl or Phb2 using qPCR (bottom) and schematic of the regulation
relationship and inhibitor targets (top). Two-sided Student T-test was used to
assess the significance of the differences between the corresponding Control group
and the Phb1 or Phb2 group. Data are the mean +s.d.; n = 3 biologically indepen-
dent repeats. ¢ Triacsin C could effectively decrease lipid accumulation compared
with the same ethanol treatment without Triacsin C using oil red O staining.
Representative images of n=3 experiments. Scale bar, 10 um. d Schematic of
establishing the acute alcohol gavage mouse model with Triacsin C treatment. 4 g/

kg of ethanol was administered via gavage and after 8 h, 10 mg/kg of Triacsin C
dissolved in 3% DMSO was given to the mouse by gavage every two days. After a
week, the mice were fasted for 8 h, then anesthetized and blood was collected.

e The schematic of Triacsin C function in protecting liver from lipid accumulation.
f Analysis of the Triacsin C treatment group was significantly decreased the AST
level. The normality of the data distribution was verified through the Shapiro-Wilk
test. Statistical significance and P values were determined using one-way ANOVA
with Tukey’s multiple comparison test. Data are the mean +s.d.; n = 6 mice. g The
Red Oil O staining of the mouse liver. The mouse without Triacsin C administered
was used as control. The red regions indicated the fat droplets in which ethanol
group showed a significant accumulation. Representative images of n = 6 mice
each group. Scale bar, 100 um. Source data are provided as a Source Data file.

conditions. All animals had free access to food and sterilized water.
The care of the experimental animals was in accordance with the
guidelines of, and approved by, the Institutional Animal Care and Use
Committee of Zhejiang University.

In the investigation of nascent hepatic proteomics under phy-
siological conditions, both female and male mice aged 8-10 weeks
were included to more accurately represent the physiological state.
For the study of alcohol-induced liver injury, only male mice aged
8-10 weeks were utilized to minimize the confounding effects of
hormonal fluctuations associated with the estrous cycle.

Plasmids construction

Unless otherwise stated, all plasmids were constructed by Gibson
assembly. For the experiments in E. coli cells, the PyIRS variants used
for screening were cloned into pSupAR vectors. For the experiments in
mammalian cells, chimeric PyIRS variants and four tandem copies of
PyIT (4 x PylTcya) were inserted into pCMV vectors. For labeling dif-
ferent amino acids experiments, PylTyyy (K-AAA), PylTycc (A-GCA),
PyITgcu (S-AGC) and PylTcay (M-ATG) were mutated in pCMV vectors
to PylTcya. Phbl and Phb2 genes were amplified from HEK293T com-
plementary DNA and inserted into pCMV vector carrying 3 x Flag tag.
Residue mutagenesis was introduced by QS5 Site-Directed Mutagenesis
Kit (New England Biolabs).

Chemical synthesis of AIkK

The AIKK was prepared according to the procedures™. For the synth-
esis of N6-((prop-2-yn-1-yloxy)carbonyl)-L-lysine (AIkK): To a solution
of Boc-Lys (2.0 x g, 8.1 mmol) in a mixture of 2 M sodium hydroxide
(20 mL) and tetrahydrofuran (20 mL), the solution was stirred at 0 °C
for 10 min. Propargyl chloroformate (0.63 mL, 6.5 mmol) was added in
portions over a period of 5min at 0 °C, and the resulting mixture was
stirred at room temperature for 5 h. The reaction was washed with ice-
cold diethyl ether (200mL) and acidified with ice-cold 2M HCI
(200 mL). The aqueous phase was extracted with ice-cold ethyl acetate
(3 x50 mL). The combined organic layers were dried over Na,SO, and
evaporated in vacuo to give a colorless oil. The carbamate was
obtained in 75% yield without further purification, and subsequently
deprotected with TFA in methylene chloride, delivering the amino acid
AIKK as a white solid in 90% yield. IH NMR (500 MHz, D20) & 4.68 (s,
2H), 3.54 (dd, J=7.0, 5.5Hz, 1H), 3.16 (t, )= 6.9 Hz, 2H), 1.86-1.67 (m,
2H), 1.61-1.52 (m, 2H), 1.46-1.34 (m, 2H).

Assessment of amber suppression efficiency in E. coli and
mammalian cells

The plasmid pBAD bearing the GFP-190TAG and the plasmid pSupAR
carrying the corresponding synthetase and tRNA were co-transformed
into chemically competent DH10B cells. The transformed cells were
recovered in 2 x YT medium for 1 h with shaking at 37 °C and plated on
LB agar containing 30 pg/mL chloramphenicol and 100 pg/mL ampi-
cillin for 12 h at 37 °C. A single colony was picked and grown in 2 mL of
2xYT containing the required antibiotics at 37 °C until the OD¢oo
reached -0.8. Protein expression was induced by the addition of

arabinose at a final concentration of 0.2% at 22°C for 16 h with or
without the addition of the AIkK. After induction, 1 mL of cell cultures
were collected by centrifugation and then lysed with 150 pL BugBuster
Protein Extraction Reagent (Millipore) for 20 min at room tempera-
ture. The supernatant of the lysate (100 pL) was transferred to a 96-
well cell culture plate (Corning). The GFP signals of the supernatant
were recorded by BioTek Synergy NEO2 with a background subtrac-
tion and normalized by the bacterial density (ODgoo), which was also
measured by BioTek Synergy NEO2 as well.

For FACS analysis in live cells, HEK293T cells were seeded in a 12-
well plate and grown to 50-60% confluence for transfection. Cells were
co-transfected with the pCMV vector and the pEGFP-mCherry-T2A-
EGFP-190TAG at aratio of 11 (ug:pg). Transfections were performed by
1ip2000 reagent (BioSharp) according to the manufacturer’s protocol
with or without the addition of the corresponding amino acids. At 48 h
post-transfection, cells were trypsinized and neutralized by the com-
plete medium before centrifugation. Cells were centrifuged at 200 x g
for 3 min, washed and resuspended in PBS for FACS analysis. The FACS
instrument (Beckman CytoFlex) was set up according to the manu-
facturer’s instructions. HEK293T cells were used to set appropriate
forward scatter and side scatter gains. The fluorescent protein
expressed cells were used to set FITC and PE gains and gate. At least
50,000 single cells were analyzed per condition. Finally, GFP fluores-
cence was acquired in the FITC channel, and mCherry fluorescence was
acquired in the PE channel. FACS data were analyzed and processed
with FlowJo V10.

GFP expression, purification, and LC-MS analysis

GFP expression in E. coli was performed by the same procedure as
mentioned above. After expression, the cells were collected by cen-
trifuging at 3220 x g for 15min at 4 °C. The cell pellets were resus-
pended in ice-cold buffer A (50 mM Tris, 200 mM sodium chloride
(NaCl), 50 mM imidazole, 1 mM -mercaptoethanol, pH 8.0) and lysed
by sonication. After centrifugation (13,523 x g, 60 min), the lysate was
loaded into an Ni-IDA column and then washed with 30 column
volumes of buffer A. The proteins were eluted with 2 column volumes
of buffer B (50 mM Tris, 200 mM NacCl, 250 mM imidazole, 1mM (-
mercaptoethanol, pH 8.0). Purified proteins were subjected to LC-MS
analysis.

For LC-MS analysis for intact proteins, the purified proteins were
analysed on a Xevo G2-XS QTOF MS system (Waters) equipped with an
ESI source in conjunction with a Waters ACQUITY UPLC I-Class Plus.
Separation and desalting were carried out on a Waters ACQUITY UPLC
Protein BEH C4 Column (300 A, 2.1 x 50 mm?, 1.7 pm). Mobile phase A
was 0.1% formic acid in water and mobile phase B was acetonitrile with
0.1% formic acid. A constant flow rate of 0.2 mL/min was used. Data
were analysed using Waters UNIFI software. Mass spectral deconvo-
lution was performed using UNIFI software (version 1.9.4, Waters). The
molecular weight of the protein was predicted using the ExPASy
Compute pl/ Mw tool (https://web.expasy.org/compute_pi/), and
chromophore maturation in GFP was also considered in the
calculation.
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Analysis of SORT-labeled proteome in HEK293T with click
chemistry

SORT labeling in mammalian cells was performed as previously
reported”. Briefly, HEK293T cells were seeded in a 6 cm dish and
grown to 50-60% confluence. The cells were transfected with plasmids
PCMV-AIKKRS-PYIT uu(K), pCMV-AIKKRS-PyITucc(A), pCMV-AIKKRS-
PyITccu(S), pPCMV-AIKKRS-PyITcau(M) for the residue-specific incor-
poration of AIKK. The medium was replaced with fresh medium sup-
plemented with 1 mM indicated AIkK at 6 h and 26 h post-transfection.
After SORT labeling for 40 h, cells were washed, trypsinized, and pel-
leted. In studies of nascent proteome turnover, cells were co-cultured
with AIKK for 40 h, followed by AIkK withdrawal. Cell samples were
subsequently collected at O, 4, 8, 12, 21, 30, and 40 h for further
analysis.

All the samples were lysed with modified RIPA buffer (25 mM
triethanolamine, 150 mM Nacl, 1% Triton x-100, 0.5% sodium deox-
ycholate, 0.1% SDS, DNase I and RNase A/T1, pH 7.5) for 10 min at room
temperature and centrifuged at 16,000 x g for 15 min to collect the
supernatant. Click chemistry reaction of samples was performed with
1 mM azide-PEG4-biotin (Alfa Aesar), 150 uM CuSO, (Sangon Biotech),
300uM  2-(4-((bis((1-(tert-butyl)-1H-1,2,3-triazol-4-yl)methyl)amino)
methyl)-1H-1,2,3-triazoll-yl)acetic acid (BTTAA, Sigma) and 5mM
ascorbic acid (Sigma) for 1h at 30 °C and quenched with 1 mM bath-
ocuproine sulfonate (Sigma) for 10 min. Then, 4 x SDS protein loading
buffer and denatured at 100 °C for 5 min and analyzed by western blot.

For LC-MS/MS cell samples, after quenched with 1mM bath-
ocuproine sulfonate (Sigma), add an appropriate amount of streptavidin
agarose beads (GenScript) washed three times with PBS. Then, protein
samples were incubated with beads overnight at 4 °C on a rotator mixer.
The following day, the samples were centrifuged for pellet separation.
The pellet was washed sequentially with 500 mM NaCl/PBS twice, 0.2%
SDS/PBS twice, PBS once, 2M urea/PBS twice, and PBS three times.
Finally, the beads were thoroughly dried for LC-MS/MS analysis.

For exploring the complexity of the mouse tissue, mice were first
anesthetized, and tissues including heart, liver, lung, intestine, and
kidney were collected. Appropriate amounts of each tissue were
minced and lysed in a Modified RIPA buffer (25 mM triethanolamine,
150 mM Nacl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS,
DNase I, and RNase A/T1, pH 7.5) supplemented with PMSF. Samples
were centrifuged at 12,000 x g for 15 min at 4 °C, and the supernatants
were collected and stored for further use. The SORT labeling of cells
was performed as described above. Briefly, HEK293T cells cultured in
six-well plates at 50-60% confluency were transfected with the pCMV-
AIKKRS-KASM plasmid. Six hours post-transfection, the medium was
replaced with fresh culture medium containing 1 mM AIKK. After 40 h
of labeling, cells were washed, trypsinized, and pelleted. The samples
were lysed with a modified RIPA buffer for 10 min at room tempera-
ture, followed by centrifugation at 16,000 x g for 15 min to collect the
supernatant. Protein concentrations of tissue and cell lysates were
quantified using the BCA Protein Assay Kit (Thermo Fisher). All sam-
ples were diluted to the same concentration (approximately 1 mg/mL)
using modified RIPA buffer. Subsequently, 20 uL of cell lysate was
mixed with equal volumes of lysates from different mouse tissues at
matched protein concentrations. The mixtures were subjected to click
chemistry reactions. Click chemistry was performed under the same
conditions that had been successfully applied to labeled cells (1mM
azide-PEG4-biotin, 150 pM CuSO,, 300 uM BTTAA, and 5 mM ascorbic
acid at 30 °C for 1 h). The reactions were quenched by the addition of
1 mM bathocuproine sulfonate for 10 min. Samples were then mixed
with 4x SDS protein loading buffer, denatured at 100 °C for 5 min, and
analysed by dot blotting. The equal amount of the denatured samples
was applied onto a nitrocellulose membrane, followed by SA-HRP-
based detection. The labeled cells were used as a positive control to
investigate the influence of the mouse tissue microenvironment on the
performance of the click chemistry.

Conditional knock-in mouse strain construction

The gene conditional knock-in mouse strains discussed in this article
were constructed by Gempharmatech Co., Ltd. Utilizing CRISPR/Cas9
technology, SORTaikk-kasm System was insertion at HIl site was
achieved through homologous recombination. The guide RNA
sequences and the mouse genotyping primer sequences are provided
in Supplementary Data 4. Meanwhile, a loxP flanking stop sequence
leading AIKKRS-P2A-EGFP is expressed from the CAG promoter, and
PylTgaswm is expressed from the U6 promoter. Parental heterozygous
mice SORT aik-kasm*/— are bred at a female-to-male ratio of 1:2 or 1:3.
After the offspring are weaned, toe clipping for identification and tail
snipping for genomic DNA extraction are performed. The experi-
mental procedure follows the instructions provided in the Genomic
DNA Isolation Mini Kit manual (Vazyme). Using designed primers, PCR
amplification of the target genomic fragment is performed. Mice
identified as homozygotes are cohoused for expansion breeding. The
mice used in this article are littermate homozygotes.

SORT-AC in live mice

Mice were anesthetized with 2% isoflurane and immobilized for orbital
injection. Each mouse received an injection of 100 pL AAV2/8-TTR-Cre
(1x10" vg/mL). Two weeks after the orbital injection, the drinking
water for the experimental group mice was replaced with a beverage
containing 30 mg/mL AIkK and 15% blackcurrant juice, while the con-
trol group mice received water without AIkK. Mice were allowed free
access to water for one week. After 1 week of AlkK treatment, the mice
were euthanized and perfused with ice-cold PBS and 4% paraf-
ormaldehyde fixative at a flow rate of 8 mL/min via cardiac perfusion.
In experiments investigating the dynamic changes of the nascent
proteome, mouse samples were collected at 0, 6, and 24 h, 3, 5, 7, 10,
and 14 days after AIKK withdrawal. A portion of the liver was fixed in 4%
paraformaldehyde for sectioning and imaging experiments, while
another portion was flash-frozen in liquid nitrogen and stored at
-80 °C for proteomic analysis.

Adequate amounts of tissue were combined with an equal volume
of grinding beads and twice the volume of modified RIPA buffer
modified RIPA buffer (25 mM triethanolamine, 150 mM NaCl, 1% Triton
X-100, 0.5% sodium deoxycholate, 0.1% SDS, DNase | and RNase A/T1,
pH 7.5), and homogenized using a cryo-grinder pre-chilled with liquid
nitrogen for 3 min. The mixture was then sonicated for 3-6 min to
promote protein solubilization, followed by centrifugation to collect
the supernatant for protein quantification using a BCA Protein Assay
Kit. To 1mL of protein extract (-2 mg/mL), sequentially add 0.1 mM
Biotin-PEG4-Azide, 0.5 mM CuSO,, 1.0 mM BTTAA, and 5 mM sodium
ascorbate, mix well, and allow to react at room temperature for 2 h,
which was quenched with 1mM BCS. The test conditions for this
reaction were evaluated by immunoblotting (streptavidin-HRP) to
display the biotin signal. Further, methanol was added to the reaction
mixture to precipitate the protein.

An appropriate amount of streptavidin agarose beads (GenScript)
was taken and washed three times with PBS. Then, protein sample were
incubated with beads overnight at 4 °C on a rotator mixer. The fol-
lowing day, the samples were centrifuged for pellet separation. The
pellet was washed sequentially with 500 mM NaCl/PBS twice, 0.2%
SDS/PBS twice, PBS once, 2 M urea/PBS twice, and PBS once. Finally,
the beads were thoroughly dried for LC-MS/MS analysis.

LC-MS/MS of SORT-AC enriched nascent proteome

Streptavidin agarose beads enriched proteins were mixed with 4 x SDS
loading buffer and denatured at 100 °C for 5 min. Samples were loaded
into 10% SDS-polyacrylamide gel for electrophoresis. The region of the
whole lane was cut out for proteomic identification. The samples were
then subjected to reduction, alkylation, and digestion with trypsin
(Promega) in gel. The resulting peptides were desalted by home-made
tips with C-18 membrane and kept at —80 °C until analysis.
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For the SORT-AC enriched nascent liver proteome at the phy-
siology state experiment, peptides were analysed by LC-MS/MS on a
Thermo Scientific Q Exactive HF-X Orbitrap mass spectrometer in
conjunction with a Proxeon Easy-nLC Il HPLC (Thermo Fisher Scien-
tific) and Proxeon nanospray source. The desalted peptides were
separated with a 75-micron x 100 mm Magic C18 200 A 3 U reverse
phase column and eluted using a 60 min gradient with a flow rate of
300 nL/min. An MS survey scan was obtained for the m/z range
400-1400 and resolution was set to 60,000 for full MS scan events
with a maximum ion injection time (IT) of 45 ms. An automatic gain
control (AGC) target value for full MS and MS/MS scan were set to
1x10° and 5 x 10%, respectively. MS/MS spectra were obtained using a
top 25 method, where the top 25 ions in the MS spectra were subjected
to High Energy Collisional Dissociation (HCD). MS/MS scans were
acquired with a resolution of 15,000 and maximum IT of 22 ms. An
isolation mass window of 1.6 m/z was used for the precursor ion
selection, and a normalized collision energy of 27 eV was used for
fragmentation. A dynamic exclusion method was used for 30s.

For the SORT enriched nascent cell proteome and the SORT-AC
enriched nascent liver proteome in ethanol-induced liver injury model
experiment, peptides were analysed by LC-MS/MS on a Thermo Sci-
entific Orbitrap Exploris 480 mass spectrometer in conjunction with a
Proxeon Easy-nLC Il HPLC (Thermo Fisher Scientific) and Proxeon
nanospray source. The desalted peptides were separated with a 75-
micron x 100 mm Magic C18 200A 3U reverse phase column and
eluted using a 60 min gradient with a flow rate of 300 nL/min. An MS
survey scan was obtained for the m/z range 400-1200 and resolution
was set to 60,000 for full MS scan events with a maximum ion injection
time (IT) of 50 ms. A normalised AGC target value for full MS and MS/
MS scan were set to 300% and 100%, respectively. Precursor ions in the
MS spectra were subjected to High Energy Collisional Dissociation
(HCD). MS/MS scans were acquired with a resolution of 15,000 and
maximum IT of 22ms. An isolation mass window of 1.6 m/z was
used for the precursor ion selection, and a normalized collision energy
of 30% was used for fragmentation. A dynamic exclusion method was
used for 30s. All the LC-MS/MS raw files were acquired by Xcalibur
(version 3.0.63, Thermo Fisher Scientific Inc.).

Processing of LC-MS/MS based proteomic data

For the SORT enriched nascent cell proteome MS/MS raw files were
processed with MaxQuant software’® (version 2.2.0.0) with the inte-
grated Andromeda search engine”” against the Swiss-Prot human
database (Release 2025-04-16) containing 20,421 reviewed entries. For
the SORT-AC enriched nascent liver proteome MS/MS raw files were
processed with MaxQuant software’® (version 2.2.0.0) with the inte-
grated Andromeda search engine’” against Swiss-Prot mouse database
(Release 2023-02-06) containing 17,145 reviewed entries. Trypsin/P
specificity was required for the digestion mode, and the maximum
allowed missed cleavages was set to 2. First search peptide tolerance
was set to 20 ppm, and the main search peptide tolerance was 10 ppm.
Peptides with a minimum of 7 amino acids and a maximum charge of 7
were considered. The required FDR was set to 0.01 at peptide and
protein levels. Cysteine carbamidomethylation was set as the fixed
modification and methionine oxidation was set as variable modifica-
tion. Other parameters followed the default settings.

Bioinformatic analysis of LC-MS/MS

For the SORT enriched nascent cell proteome, only the proteins
quantified in at least 2 of 3 repeats of the sample condition were
considered as identified in the respective sample condition, then for
the following quantification analysis. The missing values were replaced
from normal distribution by Perseus5 (version 2.0.7.0) with default
parameters. The cell without AIKK was used as blank control for
endogenous biotinylated contaminant proteins. SAM t-test were per-
formed between release O h and release 24 h or release 40 h, with the

significance curve parameter of SO=0.1 and a false discovery rate
<0.05. For the SORT-AC enriched nascent liver proteome at the phy-
siology state experiment, only the proteins quantified in all the repeats
of the sample condition were considered as identified in the respective
sample condition. Proteins were separated into 3 groups: CTR Unique,
Common, and SORT-AC Unique. Then quantification and SAM t-test
were performed for the Common groups, with the significance curve
parameter of Sp = 0.1 and a false discovery rate <0.05. The significantly
increased proteins in SORT-AC sample condition were named as SORT-
AC Enrich. Then combination of SORT-AC Unique and SORT-AC Enrich
was named as SORT-AC Print. For the SORT-AC enriched nascent liver
proteome in ethanol-induced liver injury model experiment, only
proteins quantified in at least 3 repeats in at least 1 sample condition
were considered for the following quantification analysis. Then the
missing values were replaced from normal distribution by Perseus™
(version 2.0.7.0) with default parameters. The mice without AAV, AIKK,
or alcohol were used as blank control for endogenous biotinylated
contaminant proteins (CTR). SAM t-test were performed between
noEtOH and EtOH conditions, with the significance curve parameter of
So=0.1 and a false discovery rate <0.05, and significantly increased
proteins in EtOH sample condition were named as EtOH Enrich.

LC-MS/MS bioinformatic analysis plots were displayed by R (ver-
sion 4.2.0) with ggplot2 (version 3.4.2) packages. Pathway and inter-
action network analysis were performed by Metascape web tool”
(version 3.5) and Cytoscape® (version 3.8.2). Hierarchical clustering,
PCA, and heatmap were generated by MetaboAnalyst web tool® (ver-
sion 6.0). Protein subcellular localization was annotated with Uni-
ProtKB/Swiss-Prot database™.

Immunofluorescence microscopy and confocal imaging of
mouse liver sections

After fixation, the liver tissues were dehydrated in a 30% sucrose
solution and submerged in OCT compound, followed by being frozen
at =80 °C for 5-10 min. Sections of 6 um thick were then cut using
Cryostan NX-50 (Thermo Fisher Scientific). The cryosections were air-
dried at room temperature, then were fixed, cleared, and sealed. The
click reaction mixture (Cy5-Azide 10 pM, CuSO4 1 mM, BTTAA 2 mM,
sodium ascorbate 5 mM) was applied to the tissue sections, allowed to
react at room temperature for 2 h, followed by washing and mounting.
Confocal images were captured via a Zeiss LSM880 and LSM900
super-resolution microscope and further analysed using ZEN software.
To investigate the dynamics of the nascent proteome, images were
acquired using identical parameters. Three fields of view were ran-
domly selected for each sample, and Cy5 channel fluorescence inten-
sity was quantified using Image] (version 1.52). The relative
fluorescence intensity was calculated by normalizing each value to that
of the O h sample, and the results were presented as bar graphs for
analysis.

Construction and characterization of a model for acute alcohol
consumption

A preliminary experiment was performed to establish an ethanol-
induced liver injury model using oral gavage of 4 g/kg ethanol every
other day for a week, with an additional gavage administered one day
prior to sample collection. Mouse body weight was recorded daily at a
fixed time point (10:00 a.m.). On day 7, mice were anesthetized, and
blood and liver tissue samples were collected. Serum was subjected to
biochemical analysis for liver function markers, including ALT and
AST. Liver tissues were fixed, paraffin-embedded, sectioned, and
stained with HE for histopathological evaluation. In addition, total RNA
was extracted from liver tissue using TRIzol™ reagent (Thermo Fisher
Scientific), and reverse transcription was carried out using the
HiScript® Il Q RT SuperMix for qPCR (Vazyme) according to the
manufacturer’s instructions. Quantitative PCR primers were designed
using PrimerBank (https://pga.mgh.harvard.edu/primerbank/), with
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two independent primer pairs selected for each target gene to ensure
specificity (Supplementary Data 4). qPCR reactions were prepared
following the SYBR Green qPCR protocol (Vazyme) and performed on
a Bio-Rad CFX96 real-time PCR detection system.

In SORTkasm mice, 4 g/kg ethanol gavage by every two days for
7 days with 5% ethanol added to the drinking water. Meanwhile, 30 mg/
mL AIKK was administered in drinking water. After labeling for 16 days,
the mice underwent cardiac perfusion and liver sectioning, and liver
protein extraction as previously described. A portion of the liver tissue
was cryosectioned and subsequently stained with Oil Red O and
hematoxylin and eosin (HE). The stained sections were analysed using
Image]J (version 1.52). Another portion of the liver tissue was labeled for
the nascent proteome, following the procedures mentioned above.

gPCR of Phbl and Phb2 transfected HepG2

HepG2 cells were seeded into a 6-well plate and grown until they
reached 50-60% confluence for transfection. Plasmids pCMV-3 x Flag-
PHB1 or pCMV-3 x Flag-PHB2 were co-transfected into the cells using
Lip3000 transfection reagent (Biosharp), according to the manual.
After 48 h, the cells were collected and RNA was extracted using TRI-
zol™ reagent (Thermo Fisher Scientific). The extracted RNA was then
reverse transcribed into DNA using the HiScript® Il Q RT SuperMix for
gPCR (Vazyme). Primers for qPCR were designed through PrimerBank
(https://pga.mgh.harvard.edu/primerbank/), with three primer pairs
selected for each gene. All the primers for qPCR are provided in Sup-
plementary Data 4. Subsequently, the qPCR system was set up
according to the SYBR Green qPCR Protocol (Vazyme) and run on a
Bio-Red CFX96 real-time PCR detection system.

Inhibitor of Hsp70 and Hsp90 treatment in HepG2

HepG2 cells were seeded in a 6-well plate and grown to 70-80% con-
fluency. In order to investigate the impact of ethanol on protein fold-
ing, HepG2 cells were treated with a gradient concentration of ethanol
ranging from 1% to 12%. Culture dishes were sealed with parafilm to
prevent ethanol evaporation. After 1h, cell samples were collected,
and lysed in a NP-40 buffer (Biosharp) containing protease inhibitors
(Roche) mixture on ice. After 20 min of centrifugation at 15,000 x g,
the supernatant was collected, and 1% SDS solution was added to both
the supernatant (non-aggregates) and the pellet (aggregates) for
denature®’, for the subsequent western blot analysis. Additionally,
after pre-treating the cells with 20 pM of Apoptozole (APExBio) and
tanespimycin (MedChem Express) for 24 h, 5% and 10% ethanol were
further added in cell medium for 8 h sealed with parafilm. Then the cell
was collected for western blot analysis as above.

To test the effect of ethanol and inhibitors on cell viability, cells
were treated with 10, 20, and 40 pM of Apoptozole and tanespimycin
for 24 h, followed by treatment with 1, 5, and 7.5% ethanol for 8h,
sealed with parafilm. After staining with trypan blue, the number of
viable cells was counted using a cell counter (Countstar).

Triacsin C treatment in cells and mice

HepG2 cells and AMLI2 cells were seeded in a 6-well plate and reached
50-60% confluency. HepG2 cells were treated with 8 uM Triacsin C
(Aladdin)for 3 h and 3% ethanol for the next 3 h sealed with parafilm.
AMLI2 cells were treated with 10 uM Tracsin C for 24 h and 1% ethanol
for next 24 h sealed with parafilm. For imaging, lipid level of these cells
was evaluated by modified oil red O staining kit (Beyotime). After
staining, the cells were observed and photographed under a micro-
scope (Olympus).

To quantify the lipid droplets, Nile Red solution (MedChem
Express) was added to the cells, and then incubated at room tem-
perature for 30 min. The cells were washed with PBS and analysed with
filter to detect fluorescence using a flow cytometer (Beckman).
Fluorescent intensity was measured using FlowJo V10.

In mice, 4 g/kg of ethanol was administered via gavage and after
8 h, 10 mg/kg of Triacsin C dissolved in 3% DMSO was given to the
mouse by gavage every two days. After a week, the mice were fasted for
8 h, then anesthetized and blood was collected. The whole blood was
placed at 4 °C overnight, then centrifuged at 1000 x g for 15 min to
obtain serum. The serum was analysed for AST via Biochemistry Ana-
lyzers (Roche, COBASC 311). Additionally, the mouse livers were fixed
and stained with Oil Red O staining kit, followed by microscopic ana-
lysis. The proportion of the area positive for staining was analysed
using ImageJ (version 1.52).

Statistics

Statistical analysis and data presentation were performed using
GraphPad Prism 9 and R (4.2.0). Data and error bars in the figures
represent the mean + s.d. The normality of the data distribution was
verified using the Shapiro-Wilk test. For comparisons between two
groups, significance and P values were calculated using a two-sided
unpaired ¢-test for normally distributed data. For comparisons among
three or more groups, statistical significance and P values were
determined using one-way ANOVA with Tukey’s multiple comparison
test for normally distributed data, or the Kruskal-Wallis test with
Dunn’s multiple comparison test for non-normally distributed data.
The sample sizes (n) are indicated in the figure legends and the exact
P values are indicated in the figures (*P < 0.1; **P < 0.01; **P < 0.001;
P < 0.0001).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The mass spectrometry proteomics data have been deposited in the
ProteomeXchange Consortium via the iProX partner repository® with
the identifier PXD051725 (Nascent proteome reveals key regulators in
the development of alcoholic liver disease). Previously published
datasets*® that were used for reanalysis of the tissue specific. Swiss-
Prot human database (Release 2025-04-16) containing 20,421 reviewed
entries and Swiss-Prot mouse database (Release 2023-02-06) con-
taining 17,145 reviewed entries from UniProt was used for proteomics
analysis. All the processed proteome data generated in this study are
provided in the supplementary data files. Source data are provided
with this paper.
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