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Abstract
Saccharomyces cerevisiae protein She9 is localized to the inner mitochondrial membrane and is required for normal
mitochondrial morphology. While deletion mutants of SHE9 (she9Δ) are viable and display large ring-like mitochondrial
structures, the molecular function of SHE9 is still unknown. We report a decreased growth of she9Δ cells during a diauxic
shift, where mitochondria are primarily employing oxidative phosphorylation to generate ATP versus the alternative
mechanism of glycolysis in high glucose conditions. Further bioinformatics analysis reveal putative functional protein
associations, and proposes a model to aid in the understanding of the molecular function of She9.

Figure 1. Decreased growth of she9Δ on a non-fermentable carbon source:

(A) GeneMANIA (www.genemania.org) was used to create a genetic interaction network whereby green lines represent
whether two genes have been shown to be functionally associated. (B) GeneMANIA was used to generate a physical
interaction network whereby red lines represent if gene products are linked in protein-protein interaction studies. (C) Yeast
deleted of SHE9 (she9Δ) were grown on YPG plates after preculture on YPD. Wild type (WT) strains are the BY4741 strain
background. The plates were incubated at 30°C and 37°C for 2-3 days. Biological triplicates are from independent single
colonies streaked from the same original stock either on YPD for WT and YPD + G418 plates for she9Δ. Representative
experiment is shown. Serial dilutions are as indicated. (D) Model describing putative molecular function of She9 (created with
BioRender.com). Abbreviations: phosphatidic acid (PA), phosphatidylserine (PS), cardiolipin (CL), phosphatidylethanolamine
(PE), mitochondrial outer membrane (MOM), mitochondrial inner membrane (MIM).

Description
Mitochondria are organelles that carry out essential metabolic pathways in a diversity of species and organisms. Proper
mitochondrial functioning affects mechanisms that drive developmental processes, aging, and apoptosis. Since mitochondria
do not undergo de novo synthesis, they must be inherited, and many studies have intricately described the fusion and fission
events that ensure proper generation of mitochondria. There are three conserved mitochondrial dynamin-related GTPases in
yeast that mediate fusion and fission events of mitochondrial dynamics; Fzo1, Mgm1 and Dnm1 (Fritz et al. 2001; van der
Bliek et al. 2013; Zhang et al. 2014). Mitochondrial fusion and fission occur at similar rates, and assist in promoting overall
homeostasis of mitochondria. During mitochondrial fusion, individual mitochondria will fuse to promote the merging of the
contents with those fused mitochondria. The protein Fzo1 is localized to the mitochondrial outer membrane (MOM) assisting
with the fusion of adjacent MOMs, while the protein Mgm1 is localized to the mitochondrial inner membrane (MIM),
assisting with the fusion of adjacent MIMs, respectively. In addition to these membrane specific proteins, there are other
adaptor proteins in-play that are critical to assisting the coordination of fusing both the MOM and the MIM (Fritz et al. 2001;
van der Bliek et al. 2013).

Unlike the fusion machinery, which has components at the MOM and MIM, mitochondrial fission largely depends on one
dynamin-related GTPase, specifically Dnm1. Dnm1 assembles on the surface of mitochondria at sites identified by a platform
of proteins (Elgass et al. 2013; Kraus et al. 2021). Interestingly, in addition to the dynamin-related GTPase proteins important
for mitochondrial fusion and fission, there is evidence that supports the role of phospholipids in mitochondrial dynamics
through interactions with the dynamin GTPases. Specifically, proper phospholipid composition was shown to be required for
biogenesis, assembly, and activity of the dynamin-related GTPases (Osman et al. 2011). The mitochondrial membrane
synthesizes certain phospholipids after import of their precursors from the endoplasmic reticulum (ER). The mitochondrial
membranes consist of phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI),
phosphatidylserine (PS), phosphatidic acid (PA), and a mitochondrial-specific phospholipid cardiolipin (CL) (Zinser et al.
1991; de Kroon et al. 1999; van Meer et al. 2008; Horvath and Daum 2013). It is known that mitochondrial synthesis of CL
and PE first requires the transport of precursors phosphatidic acid (PA) and phosphatidylserine (PS) into the mitochondria.
This begins with transport of PA and PS from the ER to the MOM through membrane tethering complexes forming physical
contact sites (Kornmann et al. 2009; Lahiri et al. 2014). PA and PS are then transferred to the MIM through intermembrane
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space protein complexes, Ups1-Mdm35 and Ups2-Mdm35, where they are then converted to PE and CL (Connerth et al. 2012;
Watanabe et al. 2015; Aaltonen et al. 2016; Miyata et al. 2016).

Both mitochondrial fusion and fission are important processes required for inheritance upon cell division, mitochondrial
redistribution, and maintenance of a healthy mitochondrial network. In addition, both processes have been shown to play
prominent roles in disease related processes of cancer, autosomal dominant optic atrophy (ADOA), Charcot-Marie-Tooth
neuropathy 2A, Behr syndrome, Parkinson's disease, Alzheimer’s disease, Huntington’s disease, and a variety of neuropathic,
myopathic, ataxic, and atrophic disorders (Calzada et al. 2016; Serasinghe and Chipuk 2017; Al Ojaimi et al. 2022).
Considering the devastation that can be caused by mitochondrial fission and fusion disruption, it is clear that full
understanding of the proteins involved in these mechanisms will aid in further understanding of these disorders as well as
providing potential new therapeutic targets.

In a genome-wide screen to identify genes important for mitochondrial distribution and morphology, SHE9 (also known as
MDM33) was identified. She9 is localized to the MIM, and is proposed to dimerize through its coiled-coil domains
(Messerschmitt et al. 2003). In an analysis of epitope tagged versions of SHE9, researchers found that the C-terminus was
required to rescue defects caused by the deletion of SHE9 (she9Δ) (Messerschmitt et al. 2003). Additionally, she9Δ cells
exhibit large ring-like mitochondrial structures (Dimmer et al. 2002) and extremely long mitochondria that would extend
through half of the cell (Messerschmitt et al. 2003). Interestingly, she9Δ cells are able to undergo mitochondrial fusion, which
is the proposed mechanism by which the large ring-like structures are formed in the deletion mutants (Messerschmitt et al.
2003), but show decreased mitochondrial fission activity (Klecker et al. 2015). Conversely, when SHE9 was overexpressed,
the mitochondria formed membranous partitions/septa that separated the inner compartment into distinct chambers (Klecker et
al. 2015), and some mitochondria were reported to be largely devoid of cristae (Messerschmitt et al. 2003; Klecker et al.
2015). Overexpression experiments of SHE9 also cause a decrease in both phospholipids CL and PE, as detected by mass
spectrometry (Klecker et al. 2015). Studies have also found that she9Δ mutants are epistatic to many genes encoding
mitochondrial structure and dynamics, except for the deletion of mitochondrial genes FMP30, GEM1, MDM10, MDM12,
MDM31, MDM34, or MMM1, where in these double mutants the phenotype due to she9Δ was largely lost (Klecker et al.
2015). Interestingly, all of these genes are involved in lipid metabolism. While a wealth of research has uncovered
morphological defects of loss or gain of function of SHE9, its molecular function has yet to be solved.

To better understand the molecular function of She9 a number of bioinformatics analyses were performed through open-access
databases. A string analysis through GeneMANIA (www.genemania.org) identified specific genetic (green lines) and physical
interactors (red lines) of SHE9/She9 (Figure 1a, 1b). A number of potential players were identified, but attention was drawn to
MIM proteins Mdm31/Mdm32 and MOM protein Por1, which have been shown to play critical roles in phospholipid
metabolism (Miyata et al. 2018). The genetic interaction data (Figure 1a) is generated from databases that have defined
whether two genes are functionally associated specifically through BioGRID (Biological General Repository for Interaction
Datasets), which provides a platform to consolidate genetic datasets from various sources. The physical interaction data
(Figure 1b) identifies if gene products are linked through protein-protein interaction studies and is generated through BioGRID
and Pathway Commons, which integrates data from multiple pathway databases (Reactome, KEGG, and BioCarta) to provide
a comprehensive view of biological pathways. Through additional analysis using STRING (Search Tool for the Retrieval of
Interacting Genes/Proteins; https://string-db.org/) predicted protein-protein interactions and functional associations were
explored. Confidence scores are assigned by STRING based on current evidence. The higher the score (closest to 1) the
greater the confidence of the interaction/functional association. While the Genemania bioinformatics analysis revealed no
current literature reporting a physical interaction between She9 and Mdm31 or Mdm32 (Figure 1b), the analysis using
STRING indicated possible functional partners meaning the likelihood the proteins are either in direct protein-protein contact,
indirectly through sharing a substrate, functioning in the same signaling pathway, or participating in larger multi-protein
complexes. The STRING analysis revealed the functional partners for She9 were Mdm31 with a confidence score of 0.838 and
with Mdm32 with a confidence score of 0.775. The proteins Mdm31 and Mdm32 were the top-two hits for She9, which is
plausible since all three of these proteins localize at the MIM, but further investigation would be required to delineate the exact
nature of the relationship.

Additionally, studies have shown that growth in fermentable versus non-fermentable carbon sources can alter phospholipid
transport and synthesis in the mitochondria (Miyata et al. 2016). The nature of this diauxic shift indicates that transition from
glycolytic fermentation to respiration can be significant in the understanding of mitochondrial homeostasis. Since
phospholipid transport pathways can change dependent on the metabolic state (glycolysis versus oxidative phosphorylation)
and since overexpression of SHE9 has been shown to alter the state of phospholipids CL and PE, the extent to which she9Δ
would alter mitochondrial phospholipid composition under a non-fermentable carbon source, specifically glycerol, was
questioned. It was found that she9Δ displays decreased growth on glycerol media (YPG) compared to traditional glucose

 

7/28/2023 - Open Access



 

media (YPD) (Figure 1c). Additionally, a temperature shift to 37ºC further exacerbated this defect represented by dilutions 10-

4 and 10-5, suggesting that processes other than oxidative phosphorylation limit growth (Figure 1c).

While mitochondria are highly dynamic organelles, the growth defect of she9Δ could be due to the morphological phenotype
causing alterations in the respiratory complexes leading to a compromised ability to produce ATP, therefore hindering cell
growth. Alternatively, the growth defect could be due to defects in the maintenance of mitochondrial DNA. Some reports have
shown that she9Δ also reduces nucleic acid uptake by the mitochondria in S.cerevisiae (Weber-Lotfi et al., 2015). This
restriction in uptake occurs at the outer mitochondrial membrane, which could support a She9 connection to the Mdm31-
Mdm32-Por1 complex. Also, she9Δ growth defects could be due to changes in phospholipid metabolism. Whether she9Δ
results in changes in phospholipid content under non-fermentable carbon source such as glycerol has yet to be investigated.
Previous reports indicated she9Δ grown in glucose had no change in phospholipid content, but overexpression of SHE9 was
reported to show a decrease in phospholipids CL and PE (Klecker et al. 2015), The later result suggests a negative regulation
of She9 on phospholipids CL and PE (see model Figure 1d). Previous studies have shown changes in phospholipid synthesis
and transport in different carbon-source-medias. Specifically, it has been shown that cells depleted of Ups2-Mdm35 showed
little to no effect on the transport of PS and subsequent synthesis of PE when grown in glucose. However, the use of a non-
fermentable carbon source causes a diauxic shift, where the cells now prefer respiration to generate ATP over glycolysis. Upon
a diauxic shift, the proteins Ups2-Mdm35 are now responsible for approximately half of PE synthesis in the mitochondria
(Miyata et al. 2018). This mechanism is described as the Ups1-independent CL accumulation pathway and in this pathway the
protein Por1 interacts with Mdm31/Mdm32/Fmp30 to promote the production of CL (Miyata et al. 2018). Therefore, previous
evidence suggests that a diauxic shift can reveal different molecular functions for proteins.

We propose a model by which under non-fermentable carbon sources, She9 can participate as an inhibitor of the Ups-1
independent CL accumulation pathway (Figure 1d). Our hypothetical model suggests that upon the loss of SHE9 under a non-
fermentable carbon source, there would be an overall increase in only PE, since PE has been found to inhibit the production of
CL (Miyata et al. 2018). Increases in PE have been shown to influence membrane fluidity, curvature, and protein-lipid
interactions potentially affecting the structure of the mitochondria (Calzada et al. 2016; Klecker and Westermann 2021).
Currently, only our predication analysis through STRING (https://string-db.org/) suggests a relationship between She9 and
Mdm31/Mdm32, but the possibility that She9 functions with this complex has yet to be investigated. While this model
requires further investigation, our genetic analysis network (Figure 1a) reveals reported genes that SHE9 has been shown to
have a functional association, providing a number of potential pathways She9 could be participating in. Regardless, the
devastating defects caused by the loss of SHE9 supports its essential role in proper mitochondrial functioning and homeostasis.

Methods
Media and culturing conditions

S.cerevisae strains were purchased from ThermoFisher. Strains were cultured in sterile standard YPD (1% yeast extract, 2%
peptone, 2% dextrose (D-glucose) with/without 200mg/L Geneticin (Corning G418; cat#61-234-RG), or YPG (1% yeast
extract, 2% peptone, 2% glycerol). For solid agar plates 2% agar was added.

Spot Assay

Strains were taken from glycerol stocks and plated on YPD plates (BY4741) and YPD + G418 plates (she9Δ). To analyze
growth phenotypes, single colonies were grown in YPD overnight cultures at 30°C. Cells were harvested by centrifugation and
washed twice with sterile distilled water and resuspended in sterile distilled water at an optical density (OD600) of 1. Serial
dilutions were performed to values of 10-1, 10-2, 10-3, 10-4, 10-5, and 10-6. Dilutions were then spotted at 2 µL of suspension
per spot on subsequent plates. Strains were spotted in technical duplicates and experiments were repeated as biological
triplicates. Plates were grown at 30°C and 37°C respectively for 2-3 days and then imaged. Images were evaluated together
and representative images for each plate was selected from all replicates.

Image Processing

Fiji (Fiji Is Just ImageJ) was used to process images of yeast plates. Images were first converted to 8-bit, then the straight-line
tool was used to measure the diameter of the largest spot. The largest diameter measurement was then used in the subtract
background function through the following commands: click on process, then click on subtract background, then click to set
the rolling ball diameter to the recently calculated diameter, then click sliding paraboloid, and lastly click OK. From here
brightness and contrast were corrected per image.

Network Maps
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To investigate genetic and physical interactors of SHE9, GeneMANIA (http://genemania.org/) was used. The search bar in the
upper left corner allows one to toggle between species, additional functions provided by GeneMANIA that were not used in
this analysis are: co-expression, shared protein domains, co-localization, pathway, predicted functional relationships, and other
networks that do not fit in the specified categories. The STRING database (www.string-db.org) was used to produce a list of
predicted interactors with She9 (Snel et al. 2000; von Mering et al. 2003; von Mering et al. 2005; von Mering et al. 2007;
Jensen et al. 2009; Szklarczyk et al. 2011; Franceschini et al. 2013; Szklarczyk et al. 2015; Franceschini et al. 2016;
Szklarczyk et al. 2017; Szklarczyk et al. 2019; Szklarczyk et al. 2021; Szklarczyk et al. 2023).

Reagents
Yeast Strains Used in this Study

Name Genotype Reference

BY4741 MATa his3-1 leu2-0 met15-0 ura3-0 (Brachmann et al. 1998)

she9Δ MATa his3-1 leu2-0 met15-0 ura3-0
SHE9Δ::kanMX4 (Wach et al. 1994; Winzeler et al. 1999; Giaever et al. 2002)

Acknowledgements: The authors would like to thank the Yeast ORFan Gene Project (https://www.yeastorfanproject.com/) for
thoughtful and helpful discussions. The authors would also like to thank Gregory Grabowski, M.S., Ph.D. and Mara Livezey,
Ph.D. for insightful discussions and comments on the manuscript.

References
Aaltonen, M. J., Friedman, J. R., Osman, C., Salin, B., di Rago, J. P., Nunnari, J., Langer, T., Tatsuta, T. 2016. MICOS and
phospholipid transfer by Ups2-Mdm35 organize membrane lipid synthesis in mitochondria. J Cell Biol. 213: 525-34. PubMed
ID: 27241913

Al Ojaimi, M., Salah, A., El-Hattab, A. W. 2022. Mitochondrial Fission and Fusion: Molecular Mechanisms, Biological
Functions, and Related Disorders. Membranes (Basel). 12: . PubMed ID: 36135912

Brachmann, C. B., Davies, A., Cost, G. J., Caputo, E., Li, J., Hieter, P., Boeke, J. D. 1998. Designer deletion strains derived
from Saccharomyces cerevisiae S288C: a useful set of strains and plasmids for PCR-mediated gene disruption and other
applications. Yeast. 14: 115-32. PubMed ID: 9483801

Calzada, E., Onguka, O., Claypool, S. M. 2016. Phosphatidylethanolamine Metabolism in Health and Disease. Int Rev Cell
Mol Biol. 321: 29-88. PubMed ID: 26811286

Connerth, M., Tatsuta, T., Haag, M., Klecker, T., Westermann, B., Langer, T. 2012. Intramitochondrial transport of
phosphatidic acid in yeast by a lipid transfer protein. Science. 338: 815-8. PubMed ID: 23042293

de Kroon, A. I., Koorengevel, M. C., Goerdayal, S. S., Mulders, P. C., Janssen, M. J., de Kruijff, B. 1999. Isolation and
characterization of highly purified mitochondrial outer membranes of the yeast Saccharomyces cerevisiae (method). Mol
Membr Biol. 16: 205-11. PubMed ID: 10417986

Dimmer, K. S., Fritz, S., Fuchs, F., Messerschmitt, M., Weinbach, N., Neupert, W., Westermann, B. 2002. Genetic basis of
mitochondrial function and morphology in Saccharomyces cerevisiae. Mol Biol Cell. 13: 847-53. PubMed ID: 11907266

Elgass, K., Pakay, J., Ryan, M. T., Palmer, C. S. 2013. Recent advances into the understanding of mitochondrial fission.
Biochim Biophys Acta. 1833: 150-61. PubMed ID: 22580041

Franceschini, A., Lin, J., von Mering, C., Jensen, L. J. 2016. SVD-phy: improved prediction of protein functional associations
through singular value decomposition of phylogenetic profiles. Bioinformatics. 32: 1085-7. PubMed ID: 26614125

Franceschini, A., Szklarczyk, D., Frankild, S., Kuhn, M., Simonovic, M., Roth, A., Lin, J., Minguez, P., Bork, P., von Mering,
C., Jensen, L. J. 2013. STRING v9.1: protein-protein interaction networks, with increased coverage and integration. Nucleic
Acids Res. 41: D808-15. PubMed ID: 23203871

Fritz, S., Rapaport, D., Klanner, E., Neupert, W., Westermann, B. 2001. Connection of the mitochondrial outer and inner
membranes by Fzo1 is critical for organellar fusion. J Cell Biol. 152: 683-92. PubMed ID: 11266460

 

7/28/2023 - Open Access

https://www.ncbi.nlm.nih.gov/pubmed/27241913
https://www.ncbi.nlm.nih.gov/pubmed/36135912
https://www.ncbi.nlm.nih.gov/pubmed/9483801
https://www.ncbi.nlm.nih.gov/pubmed/26811286
https://www.ncbi.nlm.nih.gov/pubmed/23042293
https://www.ncbi.nlm.nih.gov/pubmed/10417986
https://www.ncbi.nlm.nih.gov/pubmed/11907266
https://www.ncbi.nlm.nih.gov/pubmed/22580041
https://www.ncbi.nlm.nih.gov/pubmed/26614125
https://www.ncbi.nlm.nih.gov/pubmed/23203871
https://www.ncbi.nlm.nih.gov/pubmed/11266460


 

Giaever, G., Chu, A. M., Ni, L., Connelly, C., Riles, L., Veronneau, S., Dow, S., Lucau-Danila, A., Anderson, K., Andre, B.,
Arkin, A. P., Astromoff, A., El-Bakkoury, M., Bangham, R., Benito, R., Brachat, S., Campanaro, S., Curtiss, M., Davis, K.,
Deutschbauer, A., Entian, K. D., Flaherty, P., Foury, F., Garfinkel, D. J., Gerstein, M., Gotte, D., Guldener, U., Hegemann, J.
H., Hempel, S., Herman, Z., Jaramillo, D. F., Kelly, D. E., Kelly, S. L., Kotter, P., LaBonte, D., Lamb, D. C., Lan, N., Liang,
H., Liao, H., Liu, L., Luo, C., Lussier, M., Mao, R., Menard, P., Ooi, S. L., Revuelta, J. L., Roberts, C. J., Rose, M., Ross-
Macdonald, P., Scherens, B., Schimmack, G., Shafer, B., Shoemaker, D. D., Sookhai-Mahadeo, S., Storms, R. K., Strathern, J.
N., Valle, G., Voet, M., Volckaert, G., Wang, C. Y., Ward, T. R., Wilhelmy, J., Winzeler, E. A., Yang, Y., Yen, G., Youngman,
E., Yu, K., Bussey, H., Boeke, J. D., Snyder, M., Philippsen, P., Davis, R. W., Johnston, M. 2002. Functional profiling of the
Saccharomyces cerevisiae genome. Nature. 418: 387-91. PubMed ID: 12140549

Horvath, S. E., Daum, G. 2013. Lipids of mitochondria. Prog Lipid Res. 52: 590-614. PubMed ID: 24007978

Jensen, L. J., Kuhn, M., Stark, M., Chaffron, S., Creevey, C., Muller, J., Doerks, T., Julien, P., Roth, A., Simonovic, M., Bork,
P., von Mering, C. 2009. STRING 8--a global view on proteins and their functional interactions in 630 organisms. Nucleic
Acids Res. 37: D412-6. PubMed ID: 18940858

Klecker, T., Wemmer, M., Haag, M., Weig, A., Bockler, S., Langer, T., Nunnari, J., Westermann, B. 2015. Interaction of
MDM33 with mitochondrial inner membrane homeostasis pathways in yeast. Sci Rep. 5: 18344. PubMed ID: 26669658

Klecker, T., Westermann, B. 2021. Pathways shaping the mitochondrial inner membrane. Open Biol. 11: 210238. PubMed ID:
34847778

Kornmann, B., Currie, E., Collins, S. R., Schuldiner, M., Nunnari, J., Weissman, J. S., Walter, P. 2009. An ER-mitochondria
tethering complex revealed by a synthetic biology screen. Science. 325: 477-81. PubMed ID: 19556461

Kraus, F., Roy, K., Pucadyil, T. J., Ryan, M. T. 2021. Function and regulation of the divisome for mitochondrial fission.
Nature. 590: 57-66. PubMed ID: 33536648

Lahiri, S., Chao, J. T., Tavassoli, S., Wong, A. K., Choudhary, V., Young, B. P., Loewen, C. J., Prinz, W. A. 2014. A conserved
endoplasmic reticulum membrane protein complex (EMC) facilitates phospholipid transfer from the ER to mitochondria.
PLoS Biol. 12: e1001969. PubMed ID: 25313861

Messerschmitt, M., Jakobs, S., Vogel, F., Fritz, S., Dimmer, K. S., Neupert, W., Westermann, B. 2003. The inner membrane
protein Mdm33 controls mitochondrial morphology in yeast. J Cell Biol. 160: 553-64. PubMed ID: 12591915

Miyata, N., Fujii, S., Kuge, O. 2018. Porin proteins have critical functions in mitochondrial phospholipid metabolism in yeast.
J Biol Chem. 293: 17593-17605. PubMed ID: 30237174

Miyata, N., Watanabe, Y., Tamura, Y., Endo, T., Kuge, O. 2016. Phosphatidylserine transport by Ups2-Mdm35 in respiration-
active mitochondria. J Cell Biol. 214: 77-88. PubMed ID: 27354379

Osman, C., Voelker, D. R., Langer, T. 2011. Making heads or tails of phospholipids in mitochondria. J Cell Biol. 192: 7-16.
PubMed ID: 21220505

Serasinghe, M. N., Chipuk, J. E. 2017. Mitochondrial Fission in Human Diseases. Handb Exp Pharmacol. 240: 159-188.
PubMed ID: 28040850

Snel, B., Lehmann, G., Bork, P., Huynen, M. A. 2000. STRING: a web-server to retrieve and display the repeatedly occurring
neighbourhood of a gene. Nucleic Acids Res. 28: 3442-4. PubMed ID: 10982861

Szklarczyk, D., Franceschini, A., Kuhn, M., Simonovic, M., Roth, A., Minguez, P., Doerks, T., Stark, M., Muller, J., Bork, P.,
Jensen, L. J., von Mering, C. 2011. The STRING database in 2011: functional interaction networks of proteins, globally
integrated and scored. Nucleic Acids Res. 39: D561-8. PubMed ID: 21045058

Szklarczyk, D., Franceschini, A., Wyder, S., Forslund, K., Heller, D., Huerta-Cepas, J., Simonovic, M., Roth, A., Santos, A.,
Tsafou, K. P., Kuhn, M., Bork, P., Jensen, L. J., von Mering, C. 2015. STRING v10: protein-protein interaction networks,
integrated over the tree of life. Nucleic Acids Res. 43: D447-52. PubMed ID: 25352553

Szklarczyk, D., Gable, A. L., Lyon, D., Junge, A., Wyder, S., Huerta-Cepas, J., Simonovic, M., Doncheva, N. T., Morris, J. H.,
Bork, P., Jensen, L. J., Mering, C. V. 2019. STRING v11: protein-protein association networks with increased coverage,
supporting functional discovery in genome-wide experimental datasets. Nucleic Acids Res. 47: D607-D613. PubMed ID:
30476243

Szklarczyk, D., Gable, A. L., Nastou, K. C., Lyon, D., Kirsch, R., Pyysalo, S., Doncheva, N. T., Legeay, M., Fang, T., Bork, P.,
Jensen, L. J., von Mering, C. 2021. The STRING database in 2021: customizable protein-protein networks, and functional

 

7/28/2023 - Open Access

https://www.ncbi.nlm.nih.gov/pubmed/12140549
https://www.ncbi.nlm.nih.gov/pubmed/24007978
https://www.ncbi.nlm.nih.gov/pubmed/18940858
https://www.ncbi.nlm.nih.gov/pubmed/26669658
https://www.ncbi.nlm.nih.gov/pubmed/34847778
https://www.ncbi.nlm.nih.gov/pubmed/19556461
https://www.ncbi.nlm.nih.gov/pubmed/33536648
https://www.ncbi.nlm.nih.gov/pubmed/25313861
https://www.ncbi.nlm.nih.gov/pubmed/12591915
https://www.ncbi.nlm.nih.gov/pubmed/30237174
https://www.ncbi.nlm.nih.gov/pubmed/27354379
https://www.ncbi.nlm.nih.gov/pubmed/21220505
https://www.ncbi.nlm.nih.gov/pubmed/28040850
https://www.ncbi.nlm.nih.gov/pubmed/10982861
https://www.ncbi.nlm.nih.gov/pubmed/21045058
https://www.ncbi.nlm.nih.gov/pubmed/25352553
https://www.ncbi.nlm.nih.gov/pubmed/30476243


 

characterization of user-uploaded gene/measurement sets. Nucleic Acids Res. 49: D605-D612. PubMed ID: 33237311

Szklarczyk, D., Kirsch, R., Koutrouli, M., Nastou, K., Mehryary, F., Hachilif, R., Gable, A. L., Fang, T., Doncheva, N. T.,
Pyysalo, S., Bork, P., Jensen, L. J., von Mering, C. 2023. The STRING database in 2023: protein-protein association networks
and functional enrichment analyses for any sequenced genome of interest. Nucleic Acids Res. 51: D638-D646. PubMed ID:
36370105

Szklarczyk, D., Morris, J. H., Cook, H., Kuhn, M., Wyder, S., Simonovic, M., Santos, A., Doncheva, N. T., Roth, A., Bork, P.,
Jensen, L. J., von Mering, C. 2017. The STRING database in 2017: quality-controlled protein-protein association networks,
made broadly accessible. Nucleic Acids Res. 45: D362-D368. PubMed ID: 27924014

van der Bliek, A. M., Shen, Q., Kawajiri, S. 2013. Mechanisms of mitochondrial fission and fusion. Cold Spring Harb
Perspect Biol. 5: . PubMed ID: 23732471

van Meer, G., Voelker, D. R., Feigenson, G. W. 2008. Membrane lipids: where they are and how they behave. Nat Rev Mol
Cell Biol. 9: 112-24. PubMed ID: 18216768

von Mering, C., Huynen, M., Jaeggi, D., Schmidt, S., Bork, P., Snel, B. 2003. STRING: a database of predicted functional
associations between proteins. Nucleic Acids Res. 31: 258-61. PubMed ID: 12519996

von Mering, C., Jensen, L. J., Kuhn, M., Chaffron, S., Doerks, T., Kruger, B., Snel, B., Bork, P. 2007. STRING 7--recent
developments in the integration and prediction of protein interactions. Nucleic Acids Res. 35: D358-62. PubMed ID:
17098935

von Mering, C., Jensen, L. J., Snel, B., Hooper, S. D., Krupp, M., Foglierini, M., Jouffre, N., Huynen, M. A., Bork, P. 2005.
STRING: known and predicted protein-protein associations, integrated and transferred across organisms. Nucleic Acids Res.
33: D433-7. PubMed ID: 15608232

Wach, A., Brachat, A., Pohlmann, R., Philippsen, P. 1994. New heterologous modules for classical or PCR-based gene
disruptions in Saccharomyces cerevisiae. Yeast. 10: 1793-808. PubMed ID: 7747518

Watanabe, Y., Tamura, Y., Kawano, S., Endo, T. 2015. Structural and mechanistic insights into phospholipid transfer by Ups1-
Mdm35 in mitochondria. Nat Commun. 6: 7922. PubMed ID: 26235513

Winzeler, E. A., Shoemaker, D. D., Astromoff, A., Liang, H., Anderson, K., Andre, B., Bangham, R., Benito, R., Boeke, J. D.,
Bussey, H., Chu, A. M., Connelly, C., Davis, K., Dietrich, F., Dow, S. W., El Bakkoury, M., Foury, F., Friend, S. H., Gentalen,
E., Giaever, G., Hegemann, J. H., Jones, T., Laub, M., Liao, H., Liebundguth, N., Lockhart, D. J., Lucau-Danila, A., Lussier,
M., M'Rabet, N., Menard, P., Mittmann, M., Pai, C., Rebischung, C., Revuelta, J. L., Riles, L., Roberts, C. J., Ross-
MacDonald, P., Scherens, B., Snyder, M., Sookhai-Mahadeo, S., Storms, R. K., Veronneau, S., Voet, M., Volckaert, G., Ward,
T. R., Wysocki, R., Yen, G. S., Yu, K., Zimmermann, K., Philippsen, P., Johnston, M., Davis, R. W. 1999. Functional
characterization of the S. cerevisiae genome by gene deletion and parallel analysis. Science. 285: 901-6. PubMed ID:
10436161

Zhang, Q., Tamura, Y., Roy, M., Adachi, Y., Iijima, M., Sesaki, H. 2014. Biosynthesis and roles of phospholipids in
mitochondrial fusion, division and mitophagy. Cell Mol Life Sci. 71: 3767-78. PubMed ID: 24866973

Zinser, E., Sperka-Gottlieb, C. D., Fasch, E. V., Kohlwein, S. D., Paltauf, F., Daum, G. 1991. Phospholipid synthesis and lipid
composition of subcellular membranes in the unicellular eukaryote Saccharomyces cerevisiae. J Bacteriol. 173: 2026-34.
PubMed ID: 2002005

Funding: Work reported in this publication was supported by the National Institutes of Health Common Fund and Office of
Scientific Workforce Diversity under three linked awards RL5GM118981, TL4GM118983, and 1UL1GM118982 administered
by the National Institute of General Medical Sciences . This work was also supported by National Science Foundation RCN-
UBE Award (NSF 1624174).

Author Contributions: Shane J. Kowaleski: investigation, validation, writing - original draft, writing - review editing,
conceptualization, visualization, methodology. Christina S. Hurmis: investigation, methodology. Carvin N. Coleman:
validation. Kieli D. Philips: validation. Nicole A. Najor: supervision, writing - original draft, writing - review editing,
conceptualization, methodology, project administration, visualization.

Reviewed By: Anonymous

History: Received June 19, 2023 Revision Received July 17, 2023 Accepted July 20, 2023 Published Online July 28, 2023
Indexed August 11, 2023

 

7/28/2023 - Open Access

https://www.ncbi.nlm.nih.gov/pubmed/33237311
https://www.ncbi.nlm.nih.gov/pubmed/36370105
https://www.ncbi.nlm.nih.gov/pubmed/27924014
https://www.ncbi.nlm.nih.gov/pubmed/23732471
https://www.ncbi.nlm.nih.gov/pubmed/18216768
https://www.ncbi.nlm.nih.gov/pubmed/12519996
https://www.ncbi.nlm.nih.gov/pubmed/17098935
https://www.ncbi.nlm.nih.gov/pubmed/15608232
https://www.ncbi.nlm.nih.gov/pubmed/7747518
https://www.ncbi.nlm.nih.gov/pubmed/26235513
https://www.ncbi.nlm.nih.gov/pubmed/10436161
https://www.ncbi.nlm.nih.gov/pubmed/24866973
https://www.ncbi.nlm.nih.gov/pubmed/2002005


 

Copyright: © 2023 by the authors. This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are credited.

Citation: Kowaleski, SJ; Hurmis, CS; Coleman, CN; Philips, KD; Najor, NA (2023). SHE9 deletion mutants display fitness
defects during diauxic shift in Saccharomyces cerevisiae.. microPublication Biology. 10.17912/micropub.biology.000899

 

7/28/2023 - Open Access

https://doi.org/10.17912/micropub.biology.000899

