Human Molecular Genetics, 2021, Vol. 30, No. 21 2012-2026

https://doi.org/10.1093/hmg/ddab168
Advance Access Publication Date: 24 June 2021
General Article

GENERAL ARTICLE

Coordinated pyruvate kinase activity is crucial for
metabolic adaptation and cell survival during
mitochondrial dysfunction

Xiaoshan Zhou®™*T, Flora Mikaeloff!, Sophie Curbo?, Qian Zhao,
Raoul Kuiper?, Akos Végvari3, Ujjwal Neogi' and Anna Karlsson?

1Division of Clinical Microbiology, Department of Laboratory Medicine, Karolinska Institute, Karolinska
University Hospital, Stockholm 141 86, Sweden, 2Division of Pathology, Department of Laboratory Medicine,
Karolinska Institute, Karolinska University Hospital, Stockholm 141 86, Sweden and 3Division of Chemistry I,
Department of Medical Biochemistry and Biophysics, Karolinska Institute, Stockholm SE-171 65, Sweden

*To whom correspondence should be addressed at: Division of Clinical Microbiology, Department of Laboratory Medicine, Karolinska Institute, Karolinska
University Hospital, Stockholm 141 86, Sweden. Tel: +46 8 524 836; Fax: +46 8 585 879 33; Email: xiaoshan.zhou@ki.se

Abstract

Deoxyguanosine kinase (DGUOK) deficiency causes mtDNA depletion and mitochondrial dysfunction. We reported long
survival of DGUOK knockout (Dguok~~) mice despite low (<5%) mtDNA content in liver tissue. However, the molecular
mechanisms enabling the extended survival remain unknown. Using transcriptomics, proteomics and metabolomics
followed by in vitro assays, we aimed to identify the molecular pathways involved in the extended survival of the Dguok—~
mice. At the early stage, the serine synthesis and folate cycle were activated but declined later. Increased activity of the
mitochondrial citric acid cycle (TCA cycle) and the urea cycle and degradation of branched chain amino acids were
hallmarks of the extended lifespan in DGUOK deficiency. Furthermore, the increased synthesis of TCA cycle intermediates
was supported by coordination of two pyruvate kinase genes, PKLR and PKM, indicating a central coordinating role of
pyruvate kinases to support the long-term survival in mitochondrial dysfunction.

Introduction

DGUOK is a nuclear-encoded mitochondrial enzyme that numbers: 251880) (4). Liver damage, as a result of low mtDNA
provides dAMP and dGMP as precursors for mitochondrial levels predominantly in liver tissue, is characteristic for patients
DNA (mtDNA) replication (1). The other, also nuclear-encoded, ~ With DGUOK deficiency. Other organs can also be affected,
mitochondrial nucleoside kinase is thymidine kinase 2 (TK2) and and neurological dysfunction is the most common additional
it provides dTMP and dCMP, and thus, DGUOK and TK2 together symptom. Defects in TK2 lead to a myopathic form of mtDNA
provide all four necessary precursors for mtDNA synthesis depletion syndrome (OMIM reference numbers: 609560) and has
(2,3). Mutations in DGUOK primarily cause a hepatocerebral been described both with early onset in childhood and milder
form of mitochondrial depletion syndrome (OMIM reference cases with onset at adult age (5,6). Currently, there are limited

TXiaoshan Zhou, http://orcid.org/0000-0002-1843-5040

Received: April 13,2021. Revised: May 26, 2021. Accepted: June 17,2021

© The Author(s) 2021. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/li
censes/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For
commercial re-use, please contact journals.permissions@oup.com

2012


http://www.oxfordjournals.org/
https://doi.org/10.1093/hmg/ddab168
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

o
@)

= Wt =Dguok”

HE staining

Ki67 staining

100pm-* Ll

- SDHA —> SR

o3

=2 40

23

£ %5

£

@ 10 .
5 B-actin
0 (or VDAC)

cocnss cacee-
CoXI > I I E—
= —— ————

Human Molecular Genetics, 2021, Vol. 30, No. 21 | 2013

Liver Skeletal muscle Brain
Wt  Dgquok” wt  Dguok™ wt  Dguok™

Figure 1. Characterization of 12-month-old Dguok /'~ mice. (A) Fur colour change in Dguok—/~ mice. (B) Body weight of Dguok '~ mice. (C) Protein expression levels
determined with western blot. Loading controls: g-actin (liver and brain) and VDAC (skeletal muscle). (D) Histopathology and Ki67 staining of liver tissues in Dguok /'~
mice. For hematoxylin and eosin staining, black arrows indicate pigmented macrophages; green arrow indicates infiltrating inflammatory cells and yellow arrows
indicate karyomegaly. For Ki67 staining, black arrows indicate positively stained cells. (E) Ultra-structures of mitochondria in heart and liver. Data are presented as

mean value+ standard deviation, n=3, Student t-test **: P <0.01.

treatment options for both DGUOK and TK2 deficiency and
severely affected individuals often die at an early age. These
genetic defects cause mtDNA deficiency by a similar mechanism
that results in loss of mtDNA precursors although with
differences in the clinical pictures. It is not known why several
genetic disorders, with common downstream effects that cause
mitochondrial dysfunction, are very different in their clinical
presentations (7). Well-defined animal models are valuable tools
to investigate the complexity and the apparent tissue-specificity
of such mitochondrial diseases.

We have previously generated and characterized both a
Tk2~/~ and a Dguok~/~mouse model (2,8). Both models developed
very low levels of mtDNA in organs similar to observations in
affected humans. The Tk2~/~ mice had the lowest mtDNA levels
in skeletal muscle while the Dguok~/~ mice were mainly affected
with low mtDNA levels in liver tissue. The Tk2~/~ mice had a
concise life span of 2-3 weeks whereas the Dguok™~ mice were
investigated up to 5 months of age. At this time point, the mice
were still eating and behaved normal. Therefore, we decided to
extend the observation period to investigate the pathogenic
progression and metabolic adaptations during prolonged
periods of dysfunctional mitochondria with the overall goal to
get insights that could enable development of new treatment
options for mtDNA depletion syndromes. A precise phenotypic
observation in both Tk2~~ and Dguok~~ mice was the low body
weight caused by a complete loss of fat tissue (2,9). However,
the metabolic pathways and their regulations underlying the
phenotypical changes remain unclear. In the present study
we used transcriptomics, proteomics and metabolomics to
study our Dguok™~ model with its well-defined mitochondrial
alterations.

Our results indicated no or minimal changes in the disease
manifestations from the disease progression stage (5 months)
to the late stage (12 months). During this time period mtDNA
were stable at very low levels in liver tissue of Dguok™~ mice. A
major phenotype of the affected mice was a complete loss of vis-
ible fat tissue suggesting metabolic alterations. The multi-omics
analysis showed that at the early stage, the serine de novo syn-
thesis and folate-mediated one-carbon metabolism were acti-
vated. At a later stage of the mitochondrial dysfunction, the
major metabolic alterations were increased synthesis of TCA
intermediates, increased degradation of branched amino acids
and an activated urea cycle. Unexpectedly, our analysis showed
that the levels of mtDNA and mtDNA-encoded mRNAs were not
parallel to each other. In addition, we discovered that the trans-
lation of mtDNA was decreased in Dguok™~ mice, consistent
with a systematic down-regulation of mitochondrial ribosome
proteins and low levels of mitochondrial tRNAs. Our study thus
demonstrates a dynamic metabolic adaptation that supports the
long-term survival of the Dguok™~ mice. Furthermore, our study
identified pyruvate kinases to play a crucial role in regulating
this metabolic shift.

Results

Low but stable mtDNA and mtDNA-encoded COX1
in the liver of Dguok ~~ mice

The previously observed change in fur colour was apparent
and complete in 12monthold Dguok~~ mice (Fig. 1A). The aver-
age bodyweight of the Dguok™~ mice was approximately 40%
compared to the wild-type control mice (Fig. 1B). The mtDNA
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Table 1. mtDNA copy number (mtDNA copies/diploid nucleus) in
different organs in 12-month-old Dguok™~ mice

Organ wt Dguok~/~ P-value
Liver 2528 + 600 80 + 28 0.002
Skeletal muscle 718944112 692 £+ 271 0.052
Brain 10969 +2914 6455 + 2631 0.117
Heart 216 7 £2061 478 + 82 0.229

levels in 12-month-old Dguok™~ mice were determined in liver,
skeletal muscle, brain and heart muscle (Table 1). These tissues
showed low mtDNA levels compared to wild-type mice although
the levels were at similar levels as mice that previously were
investigated at the age of 5 months (2). The level of mtDNA
in liver tissue was less than 5% compared to wild-type mice.
Consistent with the decreased mtDNA copy number, the protein
levels of the mitochondrial encoded cytochrome c oxidase sub-
unit 1 (COX1) was decreased in liver. Although not as evident,
the protein levels of COX1 were also decreased in brain tissue
and skeletal muscle. The protein levels of the nuclear-encoded
succinate dehydrogenase subunit A (SDHA) were not affected in
the tissues investigated (Fig. 1C).

Abnormal histopathology in the liver and kidney tissue
in Dguok -~ mice

Histopathology of liver tissue in 12-month-old Dguok~~mice
showed disrupted architecture with mega-hepatocytes, infil-
tration of inflammatory cells and pigmented macrophages.
Besides, Ki67 staining indicated increased hepatocyte regen-
eration in Dguok™~ mice (Fig.1D). Transmission electron
microscopy data showed abnormal and swollen mitochondria
with disrupted cristae in liver cells. However, similar ultra-
structure changes were not observed in heart tissue despite
~78% lower mtDNA copy number in DGUOK deficient mice
(Fig. 1E). Except for liver tissue, histopathology also showed
macroscopic changes in kidneys in 12-month-old Dguok™/~
mice that were less clear in 5-month-old Dguok~~ mice. The
kidneys of the 12-month-old Dguok~~ mice were smaller in
size, had a coarse surface and pale colour compared to wild type
mice. The disrupted architecture was seen in kidney tissue of
both 5- and 12-month-old Dguok~~ mice. The kidneys showed
thickening and hyalinization of the glomerular membranes,
multifocal glomerular atrophy and sclerosis and cystic tubular
dilatations (Fig. 2A). The abnormal changes were more severe in
12-month-old Dguok~~ mice than that in 5-month-old mice.
Although histopathological changes have been observed in
the kidneys from 5-month-old mice, the mtDNA copy number
was not significantly changed (Fig. 2B). In the kidneys of 12-
month-old Dguok™~ mice, both the mtDNA copy number
and the mtDNA encoded COXI protein was clearly down-
regulated (Fig. 2C and D). Moreover, the COXI protein level in
5-month-old Dguok~/~ mice was only slightly decreased (Fig. 2D).
Interestingly, the levels of nuclear-encoded NDUFBS, a subunit
in electron transport chain (ETC) complex I, were lower in the
kidneys in 12-month-old Dguok~~ mice compared to wild type
mice. However, the nuclear-encoded SDHA, a subunit in ETC
complex II, was not changed (Fig. 2D).

Dysfunction of oxidative phosphorylation
in Dguok '~ mice

To screen molecular pathways involved in disease progression
in the Dguok™~ mice, transcriptomics and proteomics were

conducted. The transcriptomics was performed at 2-month-old
(disease onset) and 5-month-old Dguok~~ mice (progression
stage). The proteomics was performed at 2- and 12-month-
old (late stage) Dguok™~ mice. In the transcriptomic analysis
a total of 31873 unique transcripts were detected in both
2- and 5-month-old mice (Fig.3A). With adjusted P <0.05
and fold changes equal or more than 2 (>2) as selection
criteria, 409 and 272 transcripts were screened in 2- and 5-
month-old Dguok™~ mice, respectively (Fig. 3A). Among these
transcripts, 27 in 2-month-old and 8 in 5-month-old mice were
mitochondrial protein-encoding genes (Fig. 3A), respectively.
Hierarchical clustering and heatmap analysis in 2-month-
old mice showed differential expression changes between
Dguok ™~ and wild type mice (Fig. 3B). The principal component
analysis (PCA) further confirmed the accordance between wild
type and Dguok™~ mice (Fig. 3C). The differential expression
profile was also confirmed in 5-month-old mice (Fig. 3D and E).
In proteomics, with adjusted P<0.05 as selection criteria,
184 and 311 proteins with altered expression were detected
in 2- and 12-month-old Dguok™~ mice, respectively. Based
on MitoCarta 2.0 (10), 1158 proteins in total are located in
mouse mitochondria. 77 out of 184 in 2-month-old and 100
out of 311 in 12-month-old mice, respectively, were proteins
located in the mitochondria. More proteins were altered in 12-
month-old mice compared to 2-month-old mice (311 vs 184
in total, 100 vs 77 specifics for mitochondria) (Fig. 3F). The
pathway enrichment analysis of the differentially expressed
proteins from the proteomics analysis further confirmed the
dysfunction of mitochondria with oxidative phosphorylation
among the top two most affected pathways in the Dguok™/~
mice (Fig. 3G and H). Moreover, the pathway enrichment analysis
showed that the sirtuin signalling pathway and LPS/IL-1
mediated inhibition of the retinoid X receptor (RXR) function
were also affected in Dguok™~ mice (Fig. 3G and H). RXR is a
member of the nuclear receptor superfamily and plays critical
roles in physiology, including lipid metabolism. RXR can also
bind to farnesoid X receptor (FXR) and regulate lipid metabolism,
cholesterol to bile acid catabolism and inflammation. We further
analyzed the proteins involved in mitochondrial oxidative
phosphorylation process, our data showed that the nuclear-
encoded members of NADH: ubiquinone oxidoreductases
subcomplex (NDUF) (11), which are subunits for ETC complex I,
were globally down-regulated both in 2- and 12-month-old mice
(Supplementary Material, Fig. S1).

Translation inhibition of both mtDNA and
nuclear-encoded proteins involved in mitochondrial
oxidative phosphorylation

To investigate if the downregulation of proteins involved
in mitochondrial oxidative phosphorylation occurred at the
transcriptional or translational level, we compared their
corresponding mRNA and protein levels. Despite extremely
low level of mtDNA (Table 1) and COXI protein level in the
liver (Fig. 1C), the transcriptomics data showed that the mRNA
level of COXI, and other mtDNA encoded peptide mRNAs,
were not significantly decreased neither in 2- nor 5-month-
old Dguok™~ mice, with the selection criteria P <0.05 and FC
>2 (Fig. 4A and B). Moreover, the levels of two ribosomal RNAs
were not significantly affected by the low levels of mtDNA
in 2- or 5-month-old Dguok™~ mice. However, the levels of
the majority of the mtDNA encoded tRNAs in Dguok™~ were
considerably lower than that in wild type mice. The levels of
mt-Tr (arginine), mt-Tn (asparagine), mt-Tm (methionine), mt-
Th (histidine) and mt-Tf (phenylalanine) were consistently
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Figure 2. mtDNA depletion in kidney in Dguok '~ mice. (A) Histopathological changes in kidney in 5- and 12-month-old Dguok—/~ mice. Arrows: glomerulosclerosis.
(B-C) mtDNA copy numbers in (B) 5-month-old and (C)12-month-old Dgouk '~ mice. (D) Protein expression levels determination with western blot. Data are presented

as mean value+ standard deviation, n=3, Student’s t-test **: P < 0.01.

down-regulated at both 2 and 5 months. Next, we analyzed
the protein and mRNA levels of nuclear-encoded mitochondrial
ribosomal proteins (MRPs) and the NDUF family in liver tissue of
2-month-old Dguok~/~ mice. As shown in Figure 4C, the protein
levels of most MRP members were highly down-regulated, while
their mRNA levels were maintained at levels similar to wild
type. The same pattern was also found for the nuclear-encoded
mitochondrial NDUF family. Most of the NDUF family members
were down-regulated, although the mRNA levels were not sig-
nificantly changed (Fig. 4D and Supplementary Material, Fig. S1).
These data suggest that translation of proteins involved
in mitochondrial oxidative phosphorylation, including the
mtDNA encoded mRNAs, was inhibited despite the apparent
need of mtDNA encoded peptides to maintain the ETC
function. Activation of cellular integrated stress responses
(ISR) can lead to an inhibition of global protein translation,
but induction of selected genes for cell survival. As seen in
Supplementary Material, Table S1, the transcriptomics data
showed that most of the genes involved in ISR, including Eif2a,
Eif2ak3, Ddit3, Ddit4, Cebpb, Cebpd and Asns were up-regulated in
Dguok™~ mice. These results indicate that the down-regulated
translation of mtDNA encoded peptides, MRP and NDUF families
may be due to ISR activation. However, the general expression
level of these genes declined in 5-month-old mice compared
to 2-month-old mice. Interestingly, Egln3 was initially down-
regulated in 2-month-old, but up-regulated in 5-month-old
Dguok™'~.

Altered serine de novo synthesis, folate cycle and lipid
metabolism in Dguok ~~ mice

Activation of ISR has been linked to metabolic change and
resistance to oxidative stress (12). Next, we investigated the
enrichment of proteins and changes of metabolic pathways that
followed the mitochondrial dysfunction and oxidative stress in
Dguok~~ mice. During the onset stage of 2-month-old Dguok™—
mice, amino acid biosynthetic pathways, especially for serine,
glycine and citrulline, were up-regulated in liver tissue (Fig. 3G).
Moreover, glutathione redox reactions and fatty acid metabolism
were also affected (Fig. 3G). However, the amino acids biosyn-
thetic pathways were not different in 12-month-old mice com-
pared to the 2-month-old mice (Fig. 3H). As shown in Fig. 3H, the
majority of altered pathways were involved in substrate degra-
dation of, for instance, melatonin, serotonin, valine and nicotine.
Despite different metabolic profile patterns between 2- and 12-
month-old mice, the LPS/IL-1 mediated inhibition of RXR func-
tion and FXR/RXR activation was consistent. Serine is synthe-
sized from 3-phophoglycerate, an intermediate from glycolysis,
via phosphoglycerate dehydrogenase (PHGDH), phosphoserine
transaminase (PSAT1) and phosphoserine phosphatase (PSPH).
In the transcriptomic analysis, the three enzymes in serine de

novo synthesis were up-regulated (Fig. 5A and B).
Moreover, an enzyme in the folate cycle, monofunctional

Cl-tetrahydrofolate synthase (MTHFDI1L), was up-regulated,
while serine hydroxy methyltransferase 1 (SHMT1) and C-
1-tetrahydrofolate synthase (MTHFD1) were down-regulated
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Figure 3. Microarray and proteomic analysis in Dguok ™/~ mice at different ages. (A) The total and selected genes in 2- and 5-month-old Dguok—~ based on the criteria
of FC > 2 and P < 0.05. (B) Heatmap analysis of the transcriptome in 2-month-old Dguok~/~ mice. Hierarchical clustering of samples (columns) and genes was based on
Pearson’s correlation coefficient to measure the distance and the mean to cluster the samples. (G) PCA of the gene profiles in 2-month-old Dguok /~ mice. (D) Heatmap
analysis of the transcriptome in 5-month-old Dguok—/~ mice. (E) PCA of the gene profiles in 5-month-old Dguok ™/~ mice. (F). Selected mitochondrial proteins in 2-
and 12-month-old Dguok ™/~ based on the criteria of P < 0.05. (G) Pathway enrichment of proteins in 2-month-old Dguok™/~ mice. (H) Pathway enrichment of proteins
in 12-month-old Dguok ™/~ mice.

in both 2- and 5-month-old mice (Fig. SA and B). Both the serine and the folate cycle in the cytoplasm (Fig. 5E). Consist
mRNA and protein levels of PHGDH, PSAT1 and PSPH were with transcript levels, western blot analysis showed that
up-regulated as shown in Figure 5C and D. PHGDH is the rate- the levels of SHMT1land MTHFD1 declined in Dguok™~ mice
limiting enzyme in de novo serine synthesis and SHMT1 links from 2 to 5 months of age (Fig. 5F). The protein expression
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level of PHGDH was increased in 2-month-old Dguok~~
mice compared to wild type but was barely detectable in
wild-type and Dguok~~ mice at the age of 5 and 12 months.
The expression of the PSAT1 gene also increased in 2-month-
old mice but declined in 5- and 12-month-old Dguok~~ mice.
These results indicated that the serine de novo synthesis and
folate cycle increased at onset stage and decreased at late stage

of disease, respectively. A gene set enrichment analysis (GSEA)
of the differentially expressed genes from 2- and 12-month-
old mice was performed with STRING (https://string-db.org/).
Altered fatty acid metabolism was found in both 2- and 12-
monthold mice, consistent with the low subcutaneous fat layer
observed (Supplementary Material, Table S2). In 2-month-old
mice the cytosolic fatty acid biosynthesis was down-regulated,
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(log2FC). (E) Graphical illustration of serine- and folate-mediated 1C pathway. (F) Protein levels determined with western blot.

but the enzymes (MECR and MCAT) for mitochondrial fatty acid
synthesis were up-regulated. However, enzymes for fatty acid
degradation were decreased in 12-month-old mice, probably
due to body fat depletion at this stage. These results indicated
that serine biosynthesis, the folate cycle and lipid metabolism
may play an important role at onset stage of disease, but not at
the late stage of Dguok~~ deficiency.

Altered expression of enzymes of the TCA cycle
and pyruvate metabolism in Dguok ~~ mice

To further identify metabolic alterations that support the
survival of mice at the late stage of mitochondrial dysfunction,
pathways activated in 12-month-old Dguok™~ mice were
investigated. We identified four top activated pathways; 2-
oxocarboxylic acid metabolism, branched amino acids (valine,
leucine and isoleucine) degradation, TCA cycle and glutathione
metabolism (Supplementary Material, Table S2).In the branched
chain amino acids (BCAA) degradation pathway, more enzymes
were involved at 12 months than at 2 months of age in Dguok ™/~
mice. The TCA cycle enzymes (IDH2, IDH3B, MDH2, CS and
PDHA) and certain mitochondrial inner membrane carriers
(MPC, SLC25a5 and VADC2) were significantly up-regulated in
12-month-old Dguok~~ mice (Supplementary Material, Fig. S1B)
These results suggested that activation of specific metabolic
pathways was linked to the progression of mitochondrial
dysfunction (Fig.6A). Our data suggest that the increased
BCAA degradation and the increased TCA cycle activity were
linked to the long survival of Dguok™~ mice. Moreover, the
results from the integrated transcriptome and proteomics
analysis showed that the PKLR expression was consistently

down-regulated from early stage to late stage in Dguok™/~
mice, while the PKM expression increased with disease
progression (Supplementary Tables S3, S4 and Fig. 6A). The
downregulation of the canonical enzyme PKLR might limit the
flow of intermediates into the TCA cycle, and instead increased
the flux of intermediates into other metabolic pathways,
for instance serine synthesis and folate cycle at the initial
stage of the mitochondrial dysfunction. With the decline of
the serine synthesis and folate cycle with progression of the
mitochondrial dysfunction, the TCA activity was increased
through up-regulation of PKM and increased BCAA degradation
(Supplementary Tables S3, S4 and Fig. 6B).

Pyruvate kinase mediates the interplay between
the serine-1C-folate pathway and pyruvate metabolism
in an mtDNA depleted cell model

To strengthen our hypothesis of the coordination of PKLR and
PKM activities involved in the interplay between the serine-
folate cycle and the TCA cycle, we used ethidium bromide
(EtBr) to deplete mtDNA in the A549 cell line (13). As shown
in Figure 6C, mtDNA copy number progressively declined to 41%
after 9 days of EtBr treatment and gradually recovered to 71% and
80% at days 3 and 6 post-EtBr withdrawal, as compared to day
0. The serine hydroxy methyltransferase 2 (SHMT?2) level rapidly
increased on days 3 and 6 but decreased on day 9 with EtBr
treatment. After the withdraw of EtBr, the mRNAs level of SHMT?2
returned normal at day 6 post-EtBr withdraw. However, the levels
of SHMT1, PKLR, PKM1 and PKM2 mRNAs continually declined
parallel to the decrease of mtDNA copy number and then
increased after the withdraw of EtBr. The change of directions
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Figure 6. Metabolic shift in the Dguok '~ mice with disease progression. (A) The change in the metabolic pathways and enzymes in pyruvate metabolism. (B) Graphical
illustration of the correlation between metabolic change and enzyme profile change. (C) Expression level changes of enzymes in pyruvate, serine and folate metabolism
in A549 cells treated with ethidium bromide. (D) Viability of A549 cells treated with rotenone and PKM2 inhibitor (3 K) and activators (DASA-58 and serine). Data are
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isozyme in the liver; PKM: pyruvate kinase, M isozyme; PDH: pyruvate dehydrogenase; LDH: lactate dehydrogenase; MPC: mitochondrial pyruvate carrier. BCAA:
branched chain amino acid; BCKDH: branched-chain alpha-keto acid dehydrogenase complex.

of SHMT2 and the pyruvate kinases (including PKLR, PKM1
and PKM?2) indicates that the flux of glycolytic intermediate
into the mitochondrial TCA cycle was reduced to support the
mitochondrial 1C cycle. To mimic acute mitochondrial ETC
dysfunction, we treated A549 cells with rotenone, an inhibitor
of the mitochondrial ETC complex I (14). To manipulate the PKM
activity, especially PKM2, we treated cells with PKM2 inhibitor
compound 3 K (15), PKM2 activator DASA-58 (16) and serine,
respectively. As shown in Figure 6D, only the PKM2 inhibitor
compound 3 K can partly rescue the cell viability from rotenone
treatment, but not serine and DASA-58. These results support
the hypothesis that pyruvate kinases play an important role to
coordinate the serine folate cycle and the TCA activity under
mitochondrial stress.

Altered metabolites in serum in Dguok =~ mice

Finally, we characterized the metabolite profile in serum from
5- and 12-month-old mice. As shown in Figure 7A, arginine
decreased the most among the amino acids, while citrulline was
one of the mostincreased amino acids in 5-month-old mice from
targeted amino acids omics analysis. The changing patterns of
arginine and citrulline in 12-month-old Dguok ™'~ mice were sim-
ilar to those in 5-month-old mice (Fig. 7B). However, serum serine
level was not changed in 5- or 12-month-old Dguok~~ mice. In
addition to amino acids, we also found that urea levels were

elevated in Dguok™~ at both 5 and 12 months (Fig. 7C). Since
citrulline, arginine and urea are intermediates of the urea cycle,
these results indicated an increased urea cycle activity, which
might reflect an active amino acid degradation. Moreover, the
levels of serum glycerol-2-phosphate and glycerol-3-phosphate
were decreased in 5-month-old mice (Fig. 7C).

Discussion

We report causal metabolism and molecular mechanisms that
enable extended survival of a DGUOK deficient mouse model
with deficient mtDNA levels that were most pronounced in liver
tissue. Interestingly, the low mtDNA level was reached already at
the age of 5 months and after that remained stable throughout
the investigation. The long lifespan of the mice and that
they behaved normal made it possible to investigate how the
mtDNA deficient mice adjusted to dysfunctional mitochondria,
primarily affecting liver tissue. In addition to the liver, kidney
tissue was also damaged by DGUOK deficiency and probably
contributed to disease progression. It has been shown previously
that kidney is an organ affected in several mitochondrial
disorders (17-19). Although DGUOK is expressed in all cells
and together with TK2 provides all four dNTPs for mtDNA
synthesis there is an interesting and unclear tissue specificity
of symptoms from DGUOK and TK2 deficiency, as it is for
many known mitochondrial disorders. Our data confirm clinical
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observations that DGUOK deficiency predominately affects
the liver, and in our model also kidney, whereas other organs
somehow better compensate for the DGUOK deficiency. The
nature of such compensatory pathways for mtDNA synthesis
in most parts remain unclear. Dividing cells can synthesize
dNTPs that can reach the mitochondria through ribonucleotide
reductase, but non-dividing cells rely predominantly on the
nucleoside kinases (20). The general picture is that mtDNA copy
number below a tissue-specific threshold will result in deficient
production of mtDNA encoded peptides followed by impaired
mitochondrial ETC function, low ATP production and overall
deficient mitochondrial functions. The severe alterations that
follow DGUOK deficiency should put affected cells in a stressful
condition. It is well established that diverse stimuli can activate
ISR in cells to restore cellular homeostasis (21,22). Such response
can lead to a decrease in global protein synthesis combined with
the induction of specific genes to promote cell recovery (21). It
has been demonstrated that mitochondrial dysfunction can be

part of a general stress response as well as itself activate the ISR
(23-26). Recently, it has been shown that mitochondrial stress
can be transmitted to the cytosol ISR through the OMA1-DELE1-
HRI pathway (27). In our mice, the ISR was constantly activated
supported by up-regulation of most of ISR related genes.

As expected, we found that the levels of mtDNA encoded
peptides were much lower in liver tissue with low mtDNA copy
number than wild type mice. Interestingly, consistent with the
hypothesis of a stress response in the affected tissue, the mRNA
levels of these mtDNA encoded peptides were not significantly
decreased even in 5-month-old mice that had an abnormal phe-
notype. These results suggested that Dguok™~ mice maintained
mRNA templates for peptide translation although mtDNA levels
were decreased. This block of translation may be a consequence
of activated ISR upon mitochondrial dysfunction.

MRPs are a set of nuclear DNA-encoded proteins responsible
for mtDNA translation. Down-regulation of MRPs inhibits the
general mtDNA translation (28,29). In our study the families of



MRP and NDUF were significantly down-regulated when ana-
lyzed in 2-month-old Dguok~/~ mice. A similar observation of
down-regulated MRPs was done in Hela cells treated with four
types of mitochondrial stressors (30). Moreover, we also found
that certain mtDNA encoded tRNAs were reduced in Dguok™/~
mice. Altogether, our results suggest an effort to rescue the mito-
chondrial dysfunction in Dguok ™~ mice that failed at the mtDNA
translational level, maybe due to lack of MRPs and certain types
of mitochondrial tRNAs. In our Dguok~~ mice model, the down
regulation of the MRP family of proteins and lack of mtDNA
encoded peptides, in turn further blocked mtDNA translation
although transcripts were present. This vicious cycle might also
occur in other types of mtDNA depletion syndromes and further
exploration of the specific pathways regulating the translations
of MRPs in the mitochondrial integrated stress response might
be a strategy to treat certain mitochondrial disorders.

In a mouse model with mitochondrial myopathy, an acute
and a chronic mammalian integrated mitochondrial stress
response (ISR™) have been identified (23). The folate cycle was
initially activated during the acute phase, and subsequently the
serine biosynthesis and transsulfuration pathways were up-
regulated. In the later stage the mitochondrial unfolded protein
response (UPR™) was activated. In the Dguok~~ mice, we also
observed the level of ISR declined with disease progression.
Moreover, at early stage of disease, serine de novo synthesis
and folate mediated 1C metabolism was up-regulated. At late
stage, an increased flow of intermediates into the TCA cycle was
observed in the Dguok~~ mice. The levels of TCA enzymes and
mitochondrial carriers were significantly up-regulated, which
indicated an increased TCA cycle activity at the late stage of
Dguok™~ mice.

Pyruvate links the glycolysis phase and the TCA cycle. Pyru-
vate kinase is the last rate-limiting enzyme in glycolysis, con-
verting phosphoenolpyruvate to pyruvate (31). There are four
isozymes of pyruvate kinase in vertebrates: L (in the liver), R (in
erythrocytes), M1 (in muscle and brain) and M2 (in early foetal
tissue and most adult tissues). From the onset stage to the late
stage in Dguok™~ mice, the PKLR level was consistently down-
regulated, while the PKM expression level increased at the late
stage. The expression levels of PKM correlated with ISR level
inversely. EGLN3 regulates cellular ISR activity through mediat-
ing ATF4 stability (32,33). Moreover, PKM2 is one of the targets of
EGLNS3. Interaction of PKM2 with EGLN3 enhances PKM2 binding
to HIF-1« and increases glycolysis (34). The parallel expression
pattern between PKM and EGLN3 indicates fine-tuning activities
of pyruvate kinases and that play a key role in the metabolic
change in Dguok~/~ mice. Since PKM1 and PKM2 have a high sim-
ilarity, PKM in this study represented the total levels of PKM1 and
PKM2. At the acute onset stage (2 months), down-regulation of
PKLR (the liver form) limited the flux of glycolysis intermediates
into the TCA cycle and thereby directed more substrates into
the serine de novo synthesis pathway. The synthesized serine
can be directed into folate-mediated 1C metabolism, purine
synthesis and glutathione synthesis to cope with mitochondrial
stress. SHMT1 and SHMT? link serine and 1C metabolism. They
are the cytosolic and mitochondrial forms, respectively (35,36).
SHMTs bring 1C from serine into folate 1C cycle. The decline
in SHMT1 from the onset stage to the late stage is consistent
with the reduced serine synthesis pathway in Dguok™~ mice. In
cells treated with EtBr to deplete their mtDNA, SHMT? initially
was up-regulated and then down-regulated with a continuous
decrease in mtDNA. However, the levels of PKLR, PKM1, PKM2
and SHMT1 were consistently down-regulated. After withdrawal
of EtBr, the expression levels of the four genes recovered. These
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results indicate that SHMT expression is altered based on the
severity of the mtDNA depletion and mitochondrial function.
The detection of SHMT1 predominantly in Dguok™~ mice and
SHMT2 predominantly in the A549 cancer cell line may reflect
that normal tissue depends more on SHMT1, while cancer cells
highly express SHMT2 (35,37). When the mitochondrial func-
tions are damaged, the SHMT expression declines. Therefore, the
utilization of serine for folate 1C cycle was slowed down and sub-
sequently serine accumulation occurred inside the cytoplasm.
Bao et al. demonstrated that intracellular serine accumulation
treated with mitochondrial stressors was caused by an increased
serine synthesis and meanwhile a decreased serine consump-
tion compared to controls (38). Since the down regulation of
serine-folate-mediated 1C metabolism occurred at the late stage
of the Dguok™~ mice, supplement of either serine or folate
might not alleviate symptoms in affected individuals. Instead,
the observed increased flow of intermediates into the TCA cycle
may suggest that intervention of TCA cycle intermediates may
be a way to develop treatment.

A majority of the up-regulated enzymes in the TCA cycle
and of the mitochondrial transporters are directly involved in
pyruvate production and transport across the mitochondrial
inner membrane. These results indicate an increased pyruvate
turnover in the late stage of Dguok™~ deficiency. Since the
PKLR level was consistently down-regulated during the disease
progression, the increased pyruvate supply might be supported
by the up-regulated PKM activity. This mechanism can also
explain why the growth of RhoO-cells depends on pyruvate
(13). The amino acids including valine, leucine and isoleucine
are metabolically linked to energy and TCA activity (39). The
increased degradation of these amino acids might be used to
support TCA cycle in Dgouk™~ mice. However, the increased
amino acid degradation also increased the urea cycle and
probably contributed to kidney damage. Through coordinating
the activities of PKLR and PKM and increased degradation
of branched chain amino acids, the hepatocytes in Dguok™/~
mice created a dynamic balance between the TCA cycle, the
glutathione metabolism, the sulfur metabolism and the oxidant
defence. Signs of oxidative stress were consistent from the onset
to the late stage of disease. In the Dguok™~ mice, increased
TCA cycle intermediates might help to enhance the antioxidant
capacity. The mitochondrial antioxidant enzyme SOD2 was
significantly increased at the late stage in Dguok~~ mice. The
NAD(P)H/NAD(P) redox state and glutathione production could
also be improved through up-regulation of the TCA cycle. It has
been shown that pyruvate-supported TCA cycle via pyruvate
carboxylase was able to increase the antioxidant capacity in
liver (40). Loss of pyruvate carboxylase results in depletion of
NADPH and glutathione for the cells to deal with oxidative stress.
Recently, improvement of adult-onset mitochondrial myopathy
was achieved by intervention of NAD™ levels with niacin (41).
Moreover, the protection of liver function through supplement of
branched amino acids has also been reported (42-45). Altogether,
these studies suggest that supporting the metabolic balance
might be a treatment strategy to be evaluated.

In summary, we report the long-term survival of Dguok™~
mice with very low levels of mtDNA predominantly in liver
tissue. The integrated multi-omics analysis showed that lack
of dNTPs for mtDNA replication is the primary cause of
mitochondrial dysfunction. The mitochondrial dysfunction
further inhibited mtDNA encoded protein translation via down-
regulation of MRPs and mitochondrial tRNAs. The metabolic
pathways shifted from serine de novo synthesis and folate 1C
cycle to increase of TCA intermediates to support and coordinate
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pyruvate kinase activity in the Dguok™~ mice. Further identi-
fication of specific regulatory pathways responsible for MRPs
and mtDNA translation and possible intervention strategies of
mitochondrial TCA-related oxidative stress needs to be explored
in future studies.

Materials and Methods
Chemicals and kits

Rotenone (Sigma: R8875); PKM2 inhibitor compound 3 k (Sigma:
AMBH303C6BA3); DASA-58 (Sigma: SML2853); Serine (Sigma:
$4500), Cell Proliferation Kit II (XTT) (Sigma: 11465015001); DNA
extraction with DNeasy Blood and Tissue Kit (Qiagen: 69506);
RNA extraction with RNeasy Mini Kit (Qiagen: 74106); cDNA
synthesis with High-Capacity ¢cDNA Reverse Transcript Kit
(Thermo Fisher Scientific: 4368814); Relative quantitative PCR
with KAPA SYBR Fast Universal Kit (Sigma: KK4602). Absolute
quantification PCR with KAPA PROBE Fast Universal Kit (Sigma:
KK4702). Solvents: Methanol, HPLC-grade was obtained from
Fischer Scientific (Waltham, MA, USA) Chloroform, Suprasolv
for GC was obtained from Merck (Darmstadt, Germany) H20,
Milli-Q. Stable isotopes internal standards: L-proline-13CS5,
alpha-ketoglutarate-13C4, myristic acid-13C3, cholesterol-D7
were obtained from Cil (Andover, MA, USA). Succinic acid-D4,
salicylic acid-D6, L-glutamic acid-13C5,15 N, putrescine-D4,
hexadecanoic acid-13C4, D-glucose-13C6, D-sucrose-13C12 were
obtained from Sigma (St. Louis, MO, USA).

Animals

The Dguok™~ mice were generated in our lab (2). The homozy-
gous Dguok™~ mice were produced through intercrossing het-
erozygous Dguok*/~ mice. Animals were maintained in group-
housing on a 12 h light/12 h dark cycle with free access to water
and standard rodent chow. Housing room was maintained at 22—
23°C. In each experiment, three Dguok~~ and three wild type
control mice were used.

Cell lines

A549 cell line was obtained from ATCC. The cells were cultured
in DMEM with 10% heat inactivated FBS and 1% penicillin and
streptomycin (Thermo Fisher Scientific) and maintained at 37°C
and 5% CO,.

Collection of organs and serum from Dguok ~~ mice

Organs were collected from 5- and 12-month-old mice. Parts
of the organs were fixed in different fixatives for histological
and ultrastructure analysis, respectively. The rest of the organs
were snap-frozen in liquid nitrogen and kept at —80°C for future
use. The blood was collected in sterile 1.5 mL tubs via cardiac
puncture. After 30 min at room temperature, the tubes were
centrifuged at 2000 g for 10 min in a refrigerated centrifuge. The
serum was collected and stored at —80°C for future analysis.

Cell experiment

For cell viability assay, 5000 A549 cells were seeded in 96-
well plate in 100 pL. DMEM with 10% heat inactivated FBS and
1% penicillin and streptomycin. After 24 h, the medium was
replaced with 100 pL of fresh medium containing rotenone,
serine, compound 3 k and DASA-58 at concentrations of 2 uM,
10 mM, 6 pM and 30 pM, respectively. After 48 h, the cell viability

was determined with Cell Proliferation Kit II according to the
manufacturer’s instruction. The experiment was repeated three
times independently. To deplete mtDNA in A549 cells, the cells
were treated with ErBt as described by Fernandez-Moreno, et al
(13). Briefly, A549 cells were seeded in 10 cm petri dishes. The
cells were cultured for 15 days: with ErBt (60 ng/mL) for the first
9 days to deplete mtDNA and without ErBt for the last 6 days to
restore mtDNA. The cells were harvested at day 0, 3, 6, 9, 12 and
15, respectively.

Mitochondrial DNA copy number and gene expression
levels determined with qPCR

The mtDNA copy numbers in the mouse liver, brain, heart, skele-
tal muscle and kidney were determined by absolute quantitative
PCR as previously described (46). Briefly, total DNA was extracted
from mouse tissues with DNeasy blood and tissue kit according
to the manufacturer’s instruction. The mitochondrial encoded
Nd1 gene was used for mtDNA copy number quantification and
the single-copy-nuclear-encoded ribonuclease P RNA compo-
nent H1 (Rpphl) was used as reference. The standard curves
were established with a plasmid containing one copy of each
of those two mouse genes as referred above. According to the
standard curve, the number of copies from each gene was cal-
culated: mtDNA copies per diploid nucleus =2 x (mt-Nd1 gene
copies/Rpph1 gene copies). The mtDNA copy numbers and gene
expression levels of PKLR, PKM1, PKM2, SHMT1 and SHMT2 in
EtBr treated cells were determined with relative quantification
PCR. The total RNA was purified with RNeasy Mini Kit and
the cDNA was synthesized with High-Capacity cDNA Reverse
Transcription Kit according to the manufacturer’s instructions.
All the primers and probes were synthesized by Sigma and their
sequences are listed in Supplementary Material, Table S5.

Histology, immunohistochemistry and western
blot analysis

The histological changes were analyzed in liver and kidney
tissues. Ki67 staining was performed in liver tissue. For western
blot, the tissues were homogenized in radioimmunoprecipi-
tation assay buffer (RIPA) with a tissue disruptor. The RIPA
buffer contained 150 mM sodium chloride; 1.0% NP-40; 0.5%
sodium deoxycholate; 0.1% sodium dodecyl sulphate; 50 mM
Tris, pH 8.0. An amount of 20 pg total protein was loaded for
western blot analysis. The primary antibodies used were anti-
MTCOI antibody (Abcam: ab14705) for mtDNA encoded peptide
in ETC complex IV; anti-SDHA antibody (Abcam; ab14715) and
anti-NDUF8 antibody (Abcam: ab110242) were used to nuclear
encoded proteins in ETC. Anti-Ki-67 (Abcam: ab92742) was
used to detected cell proliferation in liver. Anti-Phosphoserine
Aminotransferase (Abcam: ab96136), anti-PHGDH/Malate dehy-
drogenase (Abcam: ab240744), anti-SHMT1(Abcam: ab186130)
and anti-MTHFD1(Abcam: ab226341) were used to investigate
serine-folate 1C metabolic pathway. Mouse anti-beta actin
(Sigma: A5441) or anti-VDAC1/Porin (Abcam: ab14734) was used
as loading control. The secondary antibodies are polyclonal
rabbit anti-mouse IgG (Dako: P0260) and donkey anti-rabbit
(Santa Cruz: SC2313).

Electron microscopy

The mouse liver and heart tissues were fixed in 2.5% glutaralde-
hyde and examined by TEM as described (8).



Microarray analysis

Microarray experiments were performed as described in our
previous study (2). Briefly, Total RNA was extracted from livers
of Dguok~~ and wild type mice, respectively. The arrays were
performed with Mouse GENE 2.2-ST Array at the Bioinformatics
and Expression Analysis core facility at the Karolinska Institute.
The explorative gene expression analysis was carried out in the
Qlucore Omics Explorer version 3.2. Two-group comparison was
performed using unpaired Student’s t-test and cluster analysis
(k-means) at FDR adjusted P(q) < 0.05. Fold change equal or more
than 2(FC>2) and P <0.05 were used as section criteria for
screening differential expressed genes.

Quantitative proteomics analysis

Frozen liver samples were thawed on ice and cut into small
pieces before adding 300 pL of 8 M urea in 50 mM ammonium
bicarbonate (AmBic) and homogenized using Disruptor Genine
for 2 min at 2800 rpm. Homogenization was completed by adding
150 pL of 0.1% ProteaseMAX (Promega) in 10% methanol/50 mM
AmBic and run the samples on Disruptor Genine for 2 min at
2800 rpm. The samples were centrifuged at 14 000 g at 4°C
for 10 min and the supernatant was used for tryptic digestion
overnight at 37°C, following reduction with dithiothreitol and
alkylation with iodoacetamide. The peptides were cleaned on
C18 HyperSep™ plate with 40 pL bed volume (ThermoFisher
Scientific) and dried on a vacuum concentrator (miVac, Ther-
moFisher Scientific).

Reconstituted peptide samples in 2% acetonitrile (ACN) and
0.1% formic acid (solvent A) were analyzed directly by nanoflow
LC-MS/MS and used for label-free quantification or labelled
with TMTsixplex™ (ThermoFisher Scientific) following the man-
ufacturer’s instructions and quantified using the reporter ion
intensities of TMT reagents.

Unlabelled peptides were separated by reversed-phase chro-
matography on a 50 cm long EASY-Spray™ on an Ultimate 3000
UHPLC system (ThermoFisher Scientific) in a 120 min linear gra-
dient (4% to 26% ACN/0.1% formic acid). Data were acquired on
a Orbitrap™ Fusion™ tribrid mass spectrometer (ThermoFisher
Scientific) in data dependent acquisition (DDA) mode in 2 s cycle
time, isolating precursors with 120000 mass resolution in the
mass range of 350-1600 m/z with maximum injection time (IT)
of 50 ms and dynamic exclusion of 45 s; precursor isolation
width of 1.6 Th with high collision energy (HCD) of 30%, res-
olution of 30000 and maximum IT of 54 ms in MS2 event.
TMT-labelled peptides were separated using the same organic
gradient elution conditions. The mass spectrometer was oper-
ated with the same settings as above, expect for the precur-
sor isolation width and HCD energy was set 1.4 Th and 35%,
respectively.

Proteins were searched against SwissProt mouse database
using the search engine Mascot Server v2.5.1 (MatrixScience
Ltd, UK) in Proteome Discoverer v2.4 (ThermoFisher Scientific)
software environment allowing maximum two missed cleav-
ages. Oxidation of methionine, deamidation of asparagine and
glutamine and TMTsixplex (in case of labelled samples only)
were set as variable modifications, while carbamidomethylation
of cysteine was used as fixed modification. The false discovery
rate (FDR) was set to 1%.

Raw protein abundance data were first filtered for empty
rows within house script and normalized with NormalizerDE.
Normalization with quantile was selected based on Normaliz-
erDE report. Histogram was used to assess that data follows a
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normal distribution. Dimension reduction was performed using
PCA. Batch effect was removed using the ComBat function with
default parameters of the sva R package. Batch effects are tech-
nical sources of variation that have been added to the samples
during handling. The function returns an expression matrix
adjusted for the batch. Differential gene expression analysis
on proteomics data was performed with R package limma to
determine proteins with differential abundance. Benjamini-
Hochberg (BH) adjustment was applied. The cut-off for false
discovery rate (FDR) was set up to 0.05. Ingenuity pathway
analysis (IPA) was used for pathway enrichment analysis.
Protein—protein interactions were retrieved from STRING Db
(v5.0) (https:/string-db.org/) a database of known and predicted
interactions between proteins. Interactions were filtered on
confidence score with minimum interaction of 0.700. Only
interactions from databases and experiences were conserved.
Using R (3.6.1) in-house script, Cytoscape network input file was
produced using protein-protein and pathways-proteins associ-
ations. Cytoscape v 3.6.1 (http://www.cytoscape.org/) was used
for network presentation and visualization. For each protein,
fold change, P-value and g-value from limma analysis were
added to the network. Nodes refer to connected objects in the
network and edges to the connections between nodes. For nodes,
proteins were represented as octagons and pathways as ellipses.
Gradient colour was applied on protein nodes depending on
foldchange.

Serum amino acids quantification by LC-ESI-MSMS
and sugars by GC-TOF-MS analysis

Metabolomics analysis was performed at Swedish Metabolomics
Centre, Umea, Sweden. Amino acids were extracted by mixing
50 pL plasma with 450 pL 90:10 (v/v) methanol: water solution
containing norvaline at 2.2 pmol/pL as an internal standard.
Each sample was extracted for 2 min using a mixer mill, incu-
bated in the freezer for 2 h and centrifuged at 4°C, 14 000 rpm,
for 10 min; 25 pL of the supernatant was transferred to micro
vials and evaporated to dryness in a speed-vac concentrator.
Extracted samples were derivatized by AccQ-Tag™ (Waters, Mil-
ford, MA, USA) according to the manufacturers’ instructions.
Derivatized samples were analyzed using a 1290 Infinitely sys-
tem from Agilent Technologies (Waldbronn, Germany), consist-
ing G4220A binary pump, G1316C thermostated column com-
partment and G4226A autosampler with G1330B autosampler
thermostat coupled to an Agilent 6460 triple quadrupole mass
spectrometer equipped with a jet stream electrospray source
operating in positive ion mode. The MS parameters were opti-
mized for each compound. MRM transitions for the derivatized
amino acids were optimized using MassHunter MS Optimizer
software (Agilent Technologies Inc., Santa Clara, CA, USA). The
data were quantified using MassHunter™ Quantitation software
B08.00 (Agilent Technologies Inc., Santa Clara, CA, USA) and
the amount of each amino acid was calculated based on the
calibration curves. The sugars were quantified following the
methanol extraction and GC-MSTOF as described previously (47).
Briefly, 0.5 pL of the derivatized sample was injected in splitless
mode by a L-PAL3 autosampler (CTC Analytics AG, Switzerland)
into an Agilent 7890B gas chromatograph equipped with a 10 m x
0.18 mm fused silica capillary column with a chemically bonded
0.18 ym Rxi-5 Sil MS stationary phase (Restek Corporation USA)
The injector temperature was 270°C, the purge flow rate was
20 mL min-1 and the purge was turned on after 60 s. The gas
flow rate through the column was 1 mL min-1, the column
temperature was held at 70°C for 2 min, then increased by
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40°C min-1 to 320°C and held there for 2 min. The column
effluent was introduced into the ion source of a Pegasus BT time-
of-flight mass spectrometer, GC/TOFMS (Leco Corp., St Joseph,
MI, USA). The transfer line and the ion source temperatures
were 250°C and 200°C, respectively. Ions were generated by a
70-eV electron beam at an ionization current of 2.0 mA, and 30
spectra s-1 were recorded in the mass range m/z 50-800. The
acceleration voltage was turned on after a solvent delay of 150 s.
The detector voltage was 1800-2300 V.

Quantification and statistical analysis

For the GC-MS data, all non-processed MS-files from the
metabolic analysis were exported from the ChromaTOF software
in NetCDF format to MATLAB R2016a (Mathworks, Natick, MA,
USA), where all data pre-treatment procedures, such as base-
line correction, chromatogram alignment, data compression
and Multivariate Curve Resolution were performed using
custom scripts. The extracted mass spectra were identified by
comparisons of their retention index and mass spectra with
libraries of retention time indices and mass spectra 3. Mass
spectra and retention index comparison was performed using
NIST MS 2.0 software. Annotation of mass spectra was based
on reverse and forward searches in the library. Masses and ratio
between masses indicative of a derivatized metabolite were
especially notified. If the mass spectrum according to SMC’s
experience was with the highest probability indicative of a
metabolite and the retention index between the sample and
library for the suggested metabolite was +5 (usually less than 3)
the deconvoluted ‘peak’ was annotated as an identification of a
metabolite. Data are expressed as the mean + standard deviation
and were compared by one-way ANOVA test or Student’s
t-test. Differences in values were considered significant at
P <0.05.

Data availability

All data needed to evaluate the conclusions in the paper are
present in the paper and/or the Supplementary data. All raw
mass spectrometry data and protein identification results are
deposited to the ProteomeXchange Consortium (http://proteome
central.proteomexchange.org) via the PRIDE partner repository
[ Perez-Riverol, Y. et al. The PRIDE database and related tools and
resources in 2019: Improving support for quantification data.
Nucleic Acids Res. 47, D442-D450 (2019)], (PXD023881). All the
codes are available in GitHub https://github.com/neogilab/DGUO
K_proteomics.
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