Journal of Proteomics 215 (2020) 103668

Contents lists available at ScienceDirect

" PROTEOMICS
Journal of Proteomics

EuPA

journal homepage: www.elsevier.com/locate/jprot

Chilling stress reduced protein translation by the ubiquitination of R
ribosomal proteins in Volvariella volvacea Nt

Ming Gong™", Zhengpeng Li®, Jianing Wan”, Mingjie Chen”, Hong Wang”, Junjun Shang?,
Sichi Zhou®, Qi Tan", Ying Wang™", Dapeng Bao™"

@ National Engineering Research Center of Edible Fungi, Key Laboratory of Edible Fungi Resources and Utilization (South), Ministry of Agriculture, Institute of Edible Fungi,
Shanghai Academy of Agricultural Sciences, Shanghai 201403, China
Y Department of Food Science and Technology, College of Light Industry and Food Engineering, Nanjing Forestry University, Nanjing 210037, China

ARTICLE INFO ABSTRACT

Keywords: In Volvariella volvacea, an important edible mushroom species, cryogenic autolysis is a typical part of abnormal
Volvariella volvacea metabolism; however, the underlying mechanisms remain unclear. Ubiquitylome analysis revealed that chilling
Autolysis stress (CS) affected protein translation and degradation by ubiquitination. Comparative proteomics analysis
Ubiquitination showed that CS downregulated protein expression in V. volvacea V23 instead of VH3 (improved chilling stress
Chilling stress . . . . Lo . . o as

Ribosome resistance strain). The integrative ubiquitylome, proteomics, and transcriptome analyses indicated that CS re-

duced protein translation by the ubiquitination of ribosomal proteins. An activity assay of the 20S proteasome
showed that CS decreased the degradation efficiency of the ubiquitin-proteasome system. UBEV2, one type of
ubiquitin-conjugating enzyme E2 (UBE2) in V. volvacea, was upregulated after cold stress treatment using
western blot analysis. GST pull-down experiments of UBEV2 provided evidence that CS affected protein trans-
lation by the ubiquitination of ribosomal proteins. Co-IP experiments confirmed that UBEV2 bound to the
ubiquitinated SSB2, a ribosome-associated molecular chaperone. An anti-freezing experiment demonstrated that
the UBE2 inhibitor could improve the cold stress resistance of V. volvacea. Our observations revealed that CS
triggered ubiquitination-mediated autolysis associated with a decrease in protein translation and highlighted the
mechanistic role of UBEV2 in facilitating cryogenic autolysis in V. volvacea.

Significance: Volvariella volvacea, the edible straw mushroom, is a highly nutritious food source widely cultivated
on a commercial scale in tropical and subtropical regions. The challenges associated with the cryogenic autolysis
preservation of V. volvacea have limited its marketability. This issue of cryogenic autolysis is both an interesting
scientific problem to solve and a practical economic matter. Integrative ubiquitylome, proteomics, and tran-
scriptome analyses, together with GST pulldown and Co-IP experiments, indicated that chilling stress reduced
protein translation by the ubiquitination of ribosomal proteins in V. volvacea. This study significantly contributes
to our understanding of ubiquitination-mediated autolysis associated with a decrease in protein translation in V.
volvacea. Our data highlight the mechanistic role of UBEV2 in facilitating the cryogenic autolysis of V. volvacea.
We provided a new idea for the preservation of V. volvacea by inhibiting UBEV2 to increase its marketability.

manifested by rapid softening, liquefaction, and even decay of the
fruiting body [4]. For this reason, the short shelf life of this mushroom
hampers its distribution over long distances and limits its cultivation
and popularization. Because V. volvacea is one of the main varieties for

1. Introduction

Volvariella volvacea, known as the straw mushroom, is among the
most extensively cultivated mushrooms in tropical and subtropical re-

gions, and it requires relatively high temperatures (28-35 °C) for ve-
getative growth and fruiting [1-3]. Routine storage temperatures (4 °C)
cause V. volvacea mycelia to undergo cryogenic autolysis, which is

the utilization of straw in biomass energy, cryogenic autolysis of V.
volvacea indirectly affects the comprehensive utilization of straw re-
sources and has significant economic consequences as the mushroom

Abbreviation: UBE2, ubiquitin-conjugating enzyme E2; UBEV2, one type of UBE2 in V. volvacea; CST, cold stress treatment; CS, chilling stress; GAPDH,
Glyceraldehyde-3-phosphate dehydrogenase; WB, western blot; FDR, false discovery rate; ML, Maximum-likelihood; RFU, relative fluorescence units; UPS, ubiquitin-

proteasome system; SSB2, ribosome-associated molecular chaperone.
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ranks 5th in terms of annual worldwide production [5]. This issue of
cryogenic autolysis is both an interesting scientific problem to solve and
a practical economic matter [3].

Previous studies indicated that a type of ubiquitin-conjugating en-
zyme E2 (UBE2) in V. volvacea (UBEV2) participates in cryogenic au-
tolysis [3]. UBE2 functions at the heart of the ubiquitin transfer
pathway and is responsible for much of the diversity in ubiquitin cel-
lular signaling [6], suggesting that ubiquitination may function in
cryogenic autolysis. Ubiquitination, an essential posttranslational
modification process, is first known for its role in the proteasome-de-
pendent degradation of proteins [7]; however, growing evidence in-
dicates that ubiquitination also regulates various cellular processes in
many other manners [8]. Ubiquitination has been found to contribute
to the stress response in many species. In plants, ubiquitination plays a
crucial role in regulating the amount and activity of proteins required
to adapt to abiotic stresses (e.g., adverse temperature, high salinity, and
drought) [9]. In yeast, protein ubiquitination contributes to develop-
ment, metabolism, and stress response [10]. Many studies have re-
ported that cold temperatures affect the ubiquitin-proteasome system
(UPS) in rice [11], protist Trichomonas vaginalis [12], banana [13], and
Arabidopsis [14]. In these studies, E3-ubiquitin ligase has been reported
to play a role in the modulation of chilling stress (CS) signaling
[15-17]. Recently, ubiquitylome analysis indicated that cold stress
triggered a large group of proteins with increased ubiquitination in
yeast [18]. However, a comprehensive study of ubiquitination in the
cold stress response is lacking in edible fungi, especially the mechan-
isms underlying the cryogenic autolysis of V. volvacea.

2. Material and methods
2.1. Sample preparation

The Volvariella volvacea V23 strain was obtained from the China
General Microbiological Culture Collection Center (Beijing) (no.
CGMCC5.289). The VH3 strain, obtained by composite mutagenesis of
V. volvacea V23 strain [19], has an improved chilling stress resistance
compared to V23 and is available from the Culture Collection Center at
the Institute of Shanghai Academy of Agricultural Sciences. The my-
celia of the fungus were first incubated on a potato dextrose agar plate
at 32 °C for four days. They were then punched out and inoculated in
100 mL of potato dextrose broth (PDB) (Becton, Dickinson, Sparks,
U.S.) in a 250 mL Erlenmeyer flask. The flasks were placed on a rotary
shaker at 150 rpm and 32 °C for four days. The mycelia were harvested
from the liquid cultures by filtration and then exposed to 4 °C for 0, 2, 4,
6, and 8 h. After being washed with sterile distilled water and patted
dry with filter paper, the treated mycelia were immediately frozen in
liquid nitrogen and stored at —70 °C before analysis.

2.2. qPCR assay and western blot analysis

Fungal mycelium from cultures of the V. volvacea VH3 strain was
grown in a 250 mL flask containing 100 mL potato dextrose broth (PDB)
at 32 °C for 4 days and then exposed to 4 °C for 4 h. The treated mycelia
were then collected and lyophilized for RNA extraction. The details of
real-time quantitative PCR (qPCR) and primers used for the qPCR were
previously published [3].

The polypeptide of UBEV2 was designed and generated by Shanghai
Qianchen Biotechnology Company. The peptide was conjugated to
Keyhole Limpet Hemocyanin (KLH). The peptide-KLH was used for the
immunization of the rabbit. The polyclonal antibody, with an ELISA
titer higher than 1:4000, was used for western blot (WB) analysis of
UBEV2.

The treated mycelia of V. volvacea V23 exposed to 4 °C for 0, 2, 4, 6,
and 8 h were used for the total protein extraction. The pool of oocytes
was lysed in Laemmli sample buffer with a protease inhibitor, heated at
100 °C for 5 min and separated by sodium dodecyl sulfate-
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polyacrylamide gel electrophoresis (SDS-PAGE). The separated proteins
were transferred to polyvinylidene fluoride membranes. WB analysis
was conducted as described previously [20].

2.3. Protein extraction for the ubiquitylome analysis

The treated mycelia of V. volvacea V23 or VH3 after cold stress
treatment (CST) for 0 and 4 h with at least two independent biological
replicates were used for the protein extraction. After digesting the ex-
tracted protein, the tryptic peptides were fractionated into fractions by
high pH reverse-phase HPLC using a Thermo Betasil C18 column. The
tryptic peptides dissolved in NETN buffer were incubated with pre-
washed antibody beads at 4 °C overnight with gentle shaking to enrich
di-Gly-Lys modified peptides. Finally, the eluted fractions were com-
bined and vacuum dried.

The peptides were dissolved by liquid chromatography with mobile
phase A (0.1% (v/v) formic acid aqueous solution) and separated by
EASY-nLC 1200 UPLC system. The separated peptides were subjected to
an NSI source followed by tandem mass spectrometry (MS/MS) in Q
Exactive™ HF-X. The resulting MS/MS data were processed using the
MaxQuant search engine (v.1.5.2.8) [21]. Tandem mass spectra were
searched against the transcriptome database of V. volvacea (9542) [2]
concatenated with a reverse decoy database. The protein quantification
was based on a label-free quantification. The false discovery rate (FDR)
thresholds for proteins, peptides, and modification sites were set at
0.01. The minimum peptide length was set at 7, and a MaxQuant score
was set at > 40. This work was performed by PTM Biolab Inc. (Hang-
zhou, China).

The criteria with fold-change value > 1.5 and p-value < 0.05 were
used to determine differentially ubiquitinated proteins. Functional de-
scriptions of identified protein domains were annotated by
InterProScan. KEGG online service tool, KAAS [22], was used to an-
notate the protein's KEGG database descriptions. Then, the annotation
results from the KEGG pathway database were mapped using the KEGG
online service tool, KEGG Mapper. The online service on the STRING
database (version 11.0) [23] was used for the enrichment analysis.
WoLF PSORT was used for predicting the subcellular localization.
Motif-x was used to analyze the model of sequences. Details about
ubiquitylome analysis can be found in the supplementary file.

2.4. Protein extraction for proteomic analysis

Three independently grown mycelia of V. volvacea V23 or VH3 after
CST for 0 and 4 h were used for protein extraction. One hundred mi-
crograms of extracted protein was used for tryptic digestion, based on
FASP [24] methods. For iTRAQ labeling, the lyophilized samples were
resuspended in 100 uL 200 mM TEAB, and 40 pL of each sample was
transferred into new tubes for labeling. The labeling peptide solutions
were lyophilized and stored at —80 °C. Peptide separation was per-
formed on an 1100 HPLC System (Agilent) using an Agilent Zorbax
Extend RP column (5 pm, 150 mm x 2.1 mm). The separated peptides
were lyophilized for MS detection using the Ekspert nanoLC 415 system
(SCIEX, Concord, ON). IDA (information-dependent acquisition) mass
spectrum techniques were used to acquire tandem MS data on a Triple
TOF 6600 tandem mass spectrometer (Sciex, Concord, Ontario, Canada)
fitted with a Nanospray III ion source.

The MS/MS data were analyzed for protein identification and
quantification using ProteinPilot Software v.5.0 (Sciex Inc., USA). The
local FDR was estimated to be 1.0% after searching against a tran-
scriptome database of V. volvacea (9542) with the integrated PSPEP tool
in the ProteinPilot Software. Only proteins identified at global
FDR = 1% and unique peptides =1 were considered for protein lists
and further downstream analyses. For a protein to be determined as
differentially expressed, it must have been identified and quantified
with at least 1 significant peptide, and the p-value of the protein
quantitation should be less than 0.05 and fold change > 1.5. The
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OmicsBean cloud platform was used for the bioinformatics analysis of
differentially expressed proteins, and these analyses included GO
function annotation, enrichment analysis, and protein interaction ana-
lysis. R language was used for the heat map clustering of the expression
pattern. This work was performed by Luming Biotechnology (Shanghai,
China). Details about the proteomic analysis can be found in the sup-
plementary file.

2.5. High-throughput sequencing of mRNAs

Cold-induced gene expression profiles were determined via high-
throughput sequencing analysis of mRNAs expressed in the mycelia of
V. volvacea (V23 strain) [2] and its mutagenic strain (VH3 strain) after
cold exposure (4 °C) for 0, 2 and 4 h. The treated mycelia were collected
and lyophilized, and total RNA was extracted using Trizol reagent
(Invitrogen, Carlsbad, USA) according to the manufacturer's instruc-
tions. Double-stranded ¢cDNA was synthesized from mRNA using the
method of Ng et al. with modifications [25]. cDNA was size-calibrated
and transformed into single-stranded template DNA libraries. Libraries
were clonally amplified and sequenced with a 454 Genome Sequencer
FLX system. The RNA extraction, sample preparation procedure, and
high-throughput sequencing method were conducted according to the
procedure by Bao et al. [2]. DEGseq software [26] was used to nor-
malize the data and assess significant differences in gene expression,
and |log, (fold-change)| = 1 and FDR < 0.05 was used as thresholds
to determine significantly differentially expressed genes.

2.6. Proteasome activity assay and transmission electron microscopy

For active proteasome extraction, the treated mycelia of V. volvacea
V23 or VH3 after CST for 0 and 4 h were sampled, frozen in liquid
nitrogen, and ground into a powder. Lysis buffer (500 pL for 300 mg
powder, 50 mM HEPES pH 7.6, 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100, and 15% glycerol) was added to the powder, and the solution
was mixed gently at 4 °C for 20 min and then centrifuged at 12,000 rpm
at 4 °C for 10 min. The supernatants were used for the proteasome
activity assay. In brief, 10 uL extracted active proteins was added to the
reaction buffer (final concentration: 25 mM HEPES, pH 7.5, 0.5 mM
EDTA, 0.05% NP-40 and 0.001% SDS (wt/vol)), and then the fluoro-
genic peptide substrate Suc-LLVY-AMC (Merck Millipore; reconstituted
with dimethyl sulfoxide) was added to a final concentration of 1 mM.
The reaction (total volume of 100 pL) was conducted in a 96-well
fluorometer plate for 2 h at 37 °C or 45 °C. Fluorescence data were
collected at 360 nm for excitation and 460 nm for emission. For the
inhibition assay, 25 pM MG123 was preincubated with proteasome
extracts for 15 min at room temperature, and then the Suc-LLVY-AMC
substrate was added.

The grown mycelium of V. volvacea V23 or VH3 after CST for 0, 4,
and 8 h were chopped into 1-mm blocks. The samples were prepared
and then viewed with a transmission electron microscope, according to
the procedures by He et al. [27].

2.7. GST pull-down experiment of UBEV2

The total gene of the GST-UBEV2 fusion sequence was synthesized
and inserted into the expression vector pGEX-4 T-1 using the restriction
enzymes BamHI and Xhol. The accuracy of the final expression vector
was confirmed by enzymatic digestion and sequencing. Finally, the
expression vector was transformed into the Top10 clone strain and the
BL21 (DE3) expression strain. The GST-UBEV2 protein was expressed
through IPTG induction and then purified by affinity chromatography
(glutathione resin).

GST-UBEV2 was expressed in Escherichia coli cells and isolated as
described above. The protein extract from the V23 mycelia after CST for
4 h was used for GST pull-down experiments. GST pull-down experi-
ment was as previously described [28]. The GST tag protein was used as
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a negative control. The proteins bound to the beads were detected by
SDS-PAGE and silver staining. The interacting proteins were identified
by mass spectrometric analysis using a Q Exactive mass spectrometer
(ThermoFisher) as described above. The protein interaction network
was constructed on the STRING database with a confidence score of at
least 0.7 (at the level of high confidence). Cell-PLoc 2.0 was used to
predict the subcellular localization of proteins in different organisms
[29].

2.8. Co-IP experiment of UBEV2

The UBEV2-FLAG and SSB2-His fusion protein sequences were in-
serted into the expression vector proEM5 by total gene synthesis and
double enzyme digestion. The transfection-grade plasmid was extracted
by the plasmid extraction kit and transformed into the DH5a clone
strain. Transfection grade plasmids were extracted by a plasmid ex-
traction kit, and then the plasmids were transfected into mammalian
HEK293 cells for expression by a transfection reagent. Expression cells
were collected and lysed with the lysates. The FLAG monoclonal anti-
body was used for the Co-IP experiments. Co-IP experiment was as
previously described [30]. SDS-PAGE and WB experiments were used to
analyze the experimental results.

2.9. Anti-freezing experiment of fruiting body

NSC697923 (Selleck) is a cell-selective UBE2 inhibitor, and it was
added into H,O to prepare a 300 pM NSC697923 solution for DMSO
solubilization. The control treatment was carried out using 300 mL H,0
solution by adding an equal amount of DMSO. The egg-shaped fruiting
bodies of V. volvacea V23 were soaked in the prepared solution for
30 min. The treated fruiting bodies were then exposed to 4 °C for 0, 2, 4,
6, 8, 10, 24, and 48 h.

3. Results
3.1. Ubiquitination affected protein translation and degradation

We first isolated the total protein from the mycelia of V. volvacea
V23 and VH3 after CST for 0 and 4 h for the ubiquitylome analysis. The
ubiquitylome study identified a total of 2692 ubiquitination sites on
1045 proteins, among which 2415 sites of 985 proteins contained
quantitative information (Tables S1-S3). Although the mass error for
the precursor ions was set to 5, 99.6% of all identified peptides had a
mass error of less than 3 (Fig. 1A). Low values of relative standard
deviation (RSD) in V23 and VH3 samples indicate their excellent re-
peatability (Fig. 1B). Ubiquitinated proteins contained different num-
bers of ubiquitination sites, ranging from 1 to 31. The length of the
identified peptides ranged from 7 to 49 amino acids. A total of four
conserved motifs for 996 unique sites were identified using Motif-X and
accounted for 37% of the sites identified. These unique sites were
named EK"?, K*PE, K“’D, and K*’XXE (K"° indicates the ubiquitinated
lysine, and X indicates any amino acid), and they exhibit different
abundances (Table S4). A survey of these motifs revealed acidic glu-
tamic acid (E) and aspartic acid (D) upstream or downstream of the
ubiquitinated lysine.

The ubiquitination levels at 238 sites were upregulated, and the
ubiquitination levels at 327 sites were downregulated in V23-4 h/V23-
0 h (Table S2 and Fig. 1C). The ubiquitination level at 434 sites in-
creased, and the ubiquitination level at 231 sites decreased in VH3-4 h/
VH3-0 h (Table S2). GO annotation of ubiquitinated proteins showed
similar GO entries for the comparison between V23-4 h/V23-0 h and
VH3-4 h/VH3-0 h (Table S5). The prediction of subcellular localization
showed that CS affected the number of ubiquitinated proteins more in
the cytoplasm, nucleus, plasma membrane, and mitochondria in V23
than those in VH3 (Table S6). String enrichment analysis showed that
the upregulated ubiquitinated proteins were enriched in the ribosome
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Fig. 1. Ubiquitylome analysis of V. volvacea V23 and VH3 after CST for 0 and 4 h. (A) Mass error distribution of all the identified peptides. (B) RSD analysis of the
ubiquitinated sites. (C) Statistics of significantly ubiquitination modification level. The differentially ubiquitinated proteins were screened with fold change > 1.5
and p-value < 0.05 as the standard. (D) String enrichment analysis of the significantly differentially ubiquitinated proteins in V23. * Represents the KEGG pathway
enriched from the significantly upregulated ubiquitinated proteins. (E) String enrichment analysis of the significantly differentially ubiquitinated proteins in VH3.

and endocytosis in V23 and VH3 (Fig. 1D and E). Enrichment analysis
showed that the significantly downregulated ubiquitinated proteins
were also enriched in the ribosome with a higher FDR in V23 and VH3
(Fig. 1E). The significantly downregulated ubiquitinated proteins were
enriched in the pathway of biosynthesis of amino acids in VH3, and this
did not occur in V23. These data indicated that CS affected protein
translation and degradation by ubiquitination.

3.2. Chilling stress reduced protein translation and degradation

We performed proteomics analysis of the total protein from the
mycelia of V. volvacea V23 and VH3 after CST for 0 and 4 h. There were
3688 credible proteins identified in all three groups (unused > 1.3 and
peptides =1) (Tables S7-S9). Based on the selected credible proteins,
the significantly differentially expressed proteins were screened with
fold change > 1.5 and p-value < 0.05 as the standard (Fig. 2A and B).
The results indicated that CS decreased the protein expression in V23
but not VH3 (Fig. 2C and D). GO annotation of the significantly
downregulated proteins showed the biological processes, cell compo-
nents, and molecular functions related to protein synthesis in V23 (Fig.
S1A). Enrichment analysis showed that the significantly upregulated
proteins were enriched in the biosynthesis of the amino acid pathway in
VH3 (Fig. S1B), while the significantly downregulated proteins were
enriched in RNA transport and mRNA surveillance in V23 (Fig. S1C).
KEGG figures showed that mRNA surveillance and RNA transport
pathways were related to protein translation and translation stalling
(Figs. S2 and S3).

A Venn analysis diagram showed that nine upregulated ubiquiti-
nated proteins in the enriched pathways of the ribosome (VVO_00248,
VVO0_03931, VVO_09672, and VVO_09980), endocytosis (VVO_02795)
and phagosome (VVO_07273), as shown in Fig. 1D and E, had a sig-
nificantly downregulated expression after CST in V23 instead of VH3
(Fig. 3A). Considering that ribosomes, endocytosis, and phagosomes are

related to protein translation and degradation, these observations sug-
gested that CS reduced protein translation and degradation in V23 by
ubiquitination.

The high-throughput sequencing of the mRNAs expressed in the
mycelia after CST for 2 h showed significantly upregulated mRNA genes
in V23 that were higher than those in VH3 (Fig. 3B and Table S10).
Transcriptome analysis indicated that CS triggered the upregulated
mRNA expression in V23 compared to the downregulated mRNA ex-
pression in VH3 (Fig. 3B). Together with the downregulated proteins in
V23 after CST (Fig. 2E), these data suggested that some upregulated
mRNAs did not translate into the proteins. Venn analysis diagram of
significantly expressed genes in V23 after CST showed that sixteen
significantly upregulated mRNAs occurred in the significantly down-
regulated proteins (Fig. 3C) compared to one significantly upregulated
mRNAs in VH3 after CST (Fig. S4A). Together with the similar Venn
analysis diagram and enrichment results from the integrated analysis of
mRNA and protein for 04 h after CST (Fig. S4B-D), these data indicated
that some differential mRNAs did not translate into proteins in V23
after CST. For example, the interacted ribosomal protein RPS1A has
upregulated mRNA expression after CST for 2 and 4 h (Fig. 3A, D, and
S4D), and protein expression was downregulated with increased ubi-
quitination after CST for 4 h (Fig. 3A). String enrichment analysis
showed that these differential genes were enriched in the translation
pathway (Fig. 3D). These observations provided evidence that CS re-
duced protein translation by the ubiquitination of ribosomal proteins
for degradation.

As the 20S proteasome was responsible for degrading ubiquitin-
modified proteins [31,32], the activity of the 20S proteasome is posi-
tively correlated with protein degrading efficiency. The detection of
20S proteasome activity using the Suc-LLVY-AMC substrate showed
decreased degradation efficiency in V23 after CST (Fig. 3E). These data
confirmed that CS reduced protein degradation in V23. The increased
degradation efficiency occurred in VH3 after CST (Fig. 3E), suggesting
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that UPS degradation efficiency is beneficial to cold stress resistance.

The ultrastructural features of the mycelia after CST for 0, 4, and 8 h
were compared by transmission electron microscopy. At the 4 h stage,
several autophagosomes containing recycling components were ob-
served in V23 but not in VH3 (Fig. 4B). At the 8 h stage, plasma
membrane blebbing was observed as well as the formation of large
autophagic vacuoles in V23 (Fig. 4C). These observations confirmed
that CS triggered autophagic formation for degradation in V23. The
decreased protein translation followed by autophagic degradation
might be mainly responsible for the significantly decreased protein
expression after CST instead of UPS degradation.

3.3. Expression and interaction analyses of UBEV2 after cold treatment

Our data indicated that CS reduced degradation and protein trans-
lation by ubiquitination, shifting our attention to the role of UBEV2 in
cryogenic autolysis. Previous studies showed the upregulated mRNA
expression of UBEV2 after CST of V. volvacea V23 [3]. WB analysis
further revealed the upregulated expression of UBEV2 after CST

(Fig. 5A). qPCR analysis confirmed that the mRNA expression of UBEV2
was downregulated in V. volvacea VH3 after CST for 4 h (Fig. 5B). These
data indicated the putative role of UBEV2 in facilitating cryogenic au-
tolysis.

The control elution protein band is shown in lane 5, and the putative
interacting proteins of GST-UBEV2 were captured in lane 10 (Fig. 5C).
The detection of liquid mass spectrometry of the relevant eluted sam-
ples showed that 100 and 94 proteins were detected in lanes 5 and 10,
respectively. Fifty-five putative interacting proteins were identified in
lane 10 after eliminating the nonspecific binding of GST in lane 5 (Table
S11). Enrichment of the interacting proteins showed the enriched
pathway of the cytosolic large ribosomal subunit (GO: 0022625). Four
ubiquitin-related proteins occurred in the interacting proteins (Table
S11), and three proteins among them were located in the interaction
networks with the support of many types of evidence based on sequence
homology (Fig. 5D). String annotation showed that the interacting
protein UBX3 (VV0_09914) is involved in CDC48-dependent protein
degradation through the ubiquitin/proteasome pathway, and the in-
teracting protein UBI4 (VVO_07448) is a ubiquitin marking protein for
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Venn analysis of significantly differentially expressed mRNA of V23-2 h / V23-0 h and significantly differentially expressed proteins of V23-4 h / V23-0 h. (D) String
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different genotypes using the Suc-LLVY-AMC substrate. RFU, relative fluorescence units. MG123 was used as an inhibitor of the 20S proteasome. Data represent the

mean * s.d. (n = 3). Significant differences were determined by Student's t-test for multiple pairwise comparisons. ** represents P < 0 .001.

selective degradation via the ubiquitin-26S proteasome system. These
findings indicated that UBEV2 could function via ubiquitination for
degradation.

Interestingly, ten proteins in the interacting proteins were found to
be significantly ubiquitinated (Table S11), and four proteins in the in-
teracting networks were found to be significantly ubiquitinated
(Fig. 5D). These proteins are translation initiation factor eIlF4A (TIF1),
ribosomal protein L7a (RPL7A), ribosome-associated molecular cha-
perone (SSB2), and protein component of the large (60S) ribosomal
subunit (RPL3), and all are involved in protein translation. These ob-
servations provided evidence that UBEV2 affected protein translation
through ubiquitination of ribosomal proteins after CST. Co-IP experi-
ments confirmed that UBEV2 bound a ribosome-associated molecular
chaperone, SSB2 (Fig. 5E). The ubiquitinated SSB2 suggests that UBEV2
could weaken protein translation indirectly through binding SSB2 for
ubiquitination.

3.4. Anti-freezing experiment of V. volvacea

An anti-freezing experiment showed that the egg-shaped fruiting
body of V. volvacea soaked with the UBE2 inhibitor (e2i) was fuller in
shape, brighter in color, and harder in hardness under CST, which was
significantly better than that under the control treatment (Fig. 6). For
example, the egg-shaped fruiting body of V. volvacea soaked by e2i after
CST for 10 h maintained a full texture, bright color, and nonsticky
surface (Fig. 6). For comparison, the egg-shaped fruiting body of V.
volvacea under H,0 control treatment after CST for 10 h became soft,
with a small part that was browning and sticky. This result indicated

that the UBE2 inhibitor could inhibit the activity of UBEV2 and thus
indirectly improve the cryogenic autolysis of V. volvacea.

4. Discussion

The UPS plays a vital role in chilling stress response signaling
pathways, such as the modulation of chilling stress response in Oryza
sativa L. [11], cold activation of the UPS in protist Trichomonas vaginalis
[12], negative regulation of chilling stress response in banana [13], and
regulation of flowering during vernalization in Arabidopsis [14]. The
ubiquitylome analysis suggested that the increased ubiquitination af-
fects protein synthesis and degradation after CST (Fig. 1D and E). As
ubiquitination is utilized as a degradation signal by the UPS and au-
tophagy-lysosome system [33], and this suggested that CS triggers the
two systems by ubiquitination. Proteomics analysis showed that CS
downregulated the expression of proteins in V. volvacea V23 after CST.
The downregulated expressed proteins were enriched in ubiquitin-
mediated proteolysis (Table S12), suggesting that CS weakened the UPS
in V. volvacea. Our results confirmed the decreased UPS degradation
efficiency in V23 after CST (Fig. 3E). UPS and autophagy are re-
sponsible for approximately 80-90% and 10-20%, respectively, of
cellular proteolysis [34-36]. Therefore, the downregulated protein ex-
pression may be mostly due to the inhibition of protein translation
rather than UPS degradation. Previous studies reported that decreased
efficiency of UPS degradation triggered autophagic degradation [33],
which was also supported by the result that the formation of large
autophagic vacuoles after CST at 8 h occurred after the decreased UPS
degradation at 4 h (Fig. 3). These observations indicated that the
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Fig. 4. Transmission electron microscopy images of ultrathin sections at the mycelium of V. volvacea V23 after CST for 0, 4, and 8 h (A, B, and C, respectively) and
VHS3 for 0, 4, and 8 h (D, E, and F). Phagosomes containing recycling components (Fig. 4B, arrows), plasma membrane blebbing (Fig. 4C, broad arrow), and large
autophagic vacuoles (Fig. 4C, arrowhead) could be observed after CST. V = vacuole.

increased autophagic degradation might be responsible for the cellular
constituents damaged by CS.

Previous studies reported that several UBE2 genes were involved in
environmental stresses, and examples of this include a mung bean UBE2
that enhanced osmotic stress tolerance in Arabidopsis [37] and UBE2
genes from soybean or peanut that reacted to drought or salt stress in
transgenic Arabidopsis [38-40]. Compared to many reports about the
role of E3-ubiquitin ligase in the modulation of CS signaling
[11,13,16,17], there are few reports about the role of UBE2 in the
chilling stress response. Previous reports focused on the expression
variation of UBE2 under cold pressure, and examples of this include the
stable expression of UBE2 from both Arabidopsis and rice under chilling
stress [39], differential expression of ZmUBCs under cold conditions
[41] and the response of UBE2 genes to chilling stress in Vitis vinifera
[42,43]. Some studies revealed expression divergence of the UBE2 gene
family under multiple abiotic and phytohormone stresses in Brassica
rapa, providing valuable clues for the critical role of UBE2 in devel-
opment and multiple stress responses in B. rapa [44]. Our observations
indicated that UBEV2 could function as a ubiquitination enzyme for
degradation (Fig. 5). The increased UBEV2 protein levels might pro-
mote the modified cascade reaction and lead to the degradation of a
large number of target proteins, such as ubiquitinated ribosomal pro-
teins. Downregulated ribosomal proteins could damage protein trans-
lation, reduce the ability of cold stress resistance, and finally result in
cryogenic autolysis. Our results indicated that UBEV2 played an es-
sential role in facilitating the cryogenic autolysis of V. volvacea.

The chilling stress response of mammalian cells cultured in vitro
showed that overall protein synthesis rates were gradually reduced to a

temperature of 20 °C [45]. Additionally, the enhanced translation ef-
ficiency at low temperatures contributed to the cold adaptation in
Saccharomyces kudriavzevii [46]. These previous data suggested that CS
affects protein synthesis. Our data indicated that CS reduced protein
translation by ubiquitination of the ribosomal protein. Co-IP experi-
ments indicated that CS weakened protein translation by binding a
ubiquitinated ribosome-associated molecular chaperone, SSB2. These
observations indicated that CS triggered ubiquitination-mediated au-
tolysis associated with a decrease in protein translation in V. volvacea.

In response to chilling stress, many proteins were molecular cha-
perones [45], and were also proteins that interacted with GST-UBEV2.
Further detailed experiments revealed that the response to and recovery
from CS was at least partially controlled by the modulation of p53,
Grp75, and elF3i levels [45]. Interestingly, a significantly ubiquitinated
translation initiation factor, eIF4A (TIF1), was found to be a protein
that interacted with UBEV2 (Fig. 5D and Table S11), implicating a role
of TIF1 in regulating the chilling stress response. Several protein ki-
nases found to interact with UBEV2 might transfer the produced signal
and then trigger a series of response mechanisms.

Expression and interaction analyses of UBEV2 after CST suggested
that the upregulated expression of UBEV2 could reduce protein trans-
lation of V. volvacea by ubiquitinating ribosomal proteins for degrada-
tion, finally resulting in cryogenic autolysis (Fig. 5). Previous studies
showed that only UBEV2 was significantly upregulated among twenty-
four UBE2 genes identified in the V. volvacea genome after CST [3].
Considering that UBEV2 has structural and functional sites similar to
UBE2 [3], it was postulated that the UBE2 inhibitor could partially
weaken the UBEV2-mediated ubiquitination process by inhibiting its
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Fig. 5. Protein expression and interaction experiment of UBEV2 in V. volvacea after CST. (A) WB analysis of UBEV2 after CST in V23. (B) gPCR analysis of UBEV2 in
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upregulated expression after CST. Our anti-freezing experiment in-
dicated that the UBE2 inhibitor could reduce the cryogenic autolysis of
V. volvacea by inhibiting the activity of UBEV2 (Fig. 6).

Based on these observations, we proposed a putative UBEV2-medi-
ated model highlighting the mechanistic role of UBEV2 in inhibiting
protein translation by binding to a ribosome-associated molecular
chaperone, SSB2, for ubiquitination (Fig. 7). This model demonstrated
that UBEV2 might function with the ribosome for ubiquitination to
inhibit protein translation after CST. Our proposed model displayed
several putative UBEV2-mediated pathways in inhibiting protein
synthesis, protein degradation, and signal regulation by ubiquitination
(Fig. 7). These putative UBEV2-mediated pathways remain to be con-
firmed in future studies.

5. Conclusion

Our observations indicated that CS triggered ubiquitination-medi-
ated autolysis associated with a decrease in protein translation in V.
volvacea. UBEV2 might reduce protein translation by ubiquitinating
ribosomal proteins. The proposed model highlights the mechanistic role
of UBEV2 in facilitating the cryogenic autolysis of V. volvacea.
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