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Abstract

The gene products of PRSI-PRS5 in Saccharomyces cerevisiae are responsible for the production of PRPP (5-phospho-D-
ribosyl-a-1-pyrophosphate). However, it has been demonstrated that they are also involved in the cell wall integrity (CWI)
signalling pathway as shown by protein—protein interactions (PPIs) with, for example S1t2, the MAP kinase of the CWI
pathway. The following databases: SGD, BioGRID and Hit Predict, which collate PPIs from various research papers, have
been scrutinized for evidence of PPIs between Prs1-Prs5 and components of the CWI pathway. The level of certainty in
PPIs was verified by interaction scores available in the Hit Predict database revealing that well-documented interactions
correspond with higher interaction scores and can be graded as high confidence interactions based on a score> 0.28, an
annotation score > (.5 and a method-based high confidence score level of > 0.485. Each of the Prs1-Prs5 polypeptides shows
some degree of interaction with the CWI pathway. However, Prs5 has a vital role in the expression of FKS2 and Rlml,
previously only documented by reporter assay studies. This report emphasizes the importance of investigating interactions
using more than one approach since every method has its limitations and the use of different methods, as described herein,
provides complementary experimental and statistical data, thereby corroborating PPIs. Since the experimental data described
so far are consistent with a link between PRPP synthetase and the CWI pathway, our aim was to demonstrate that these data
are also supported by high-throughput bioinformatic analyses promoting our hypothesis that two of the five PRS-encoding
genes contain information required for the maintenance of CWI by combining data from our targeted approach with relevant,
unbiased data from high-throughput analyses.
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Introduction

5-Phosphoribosyl-1-a-pyrophosphate (PRPP)
synthesis

Communicated by M. Polymenis.

PRPP is a required building block for the de novo synthesis
and salvage pathways of nucleotides; purine, pyrimidine,
pyridine (NAD* and NADPY) as well the amino acids his-
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in number and structure (Ugbogu et al. 2022). The human
genome contains three PRPS-encoding genes, one of which,
PRPS3, is expressed only in the testis (Becker 2001). How-
ever, in budding yeast, S. cerevisiae, there are five unlinked
genes, PRS1-PRSS5, each of which, in theory, is capable of
encoding PRPP synthetase (Carter et al. 1997; Hernando
et al. 1998; Vavassori et al. 2005¢).

Functions of Prs1-Prs5 in S. cerevisiae

Extensive genetic and biochemical analyses have revealed
the existence of two multifunctional complexes, Prs1/Prs3
and Prs2/Prs4/Prs5, in addition to the requirement of at least
one of the following heterodimers, Prs1/Prs3, Prs2/Prs5 or
Prs4/Prs5 (Hernando et al. 1999, 1998) for survival since
PRPP-synthesizing capacity is only measurable if one of
the above-mentioned heterodimers is present in the cell.
Sequencing revealed that PRSI and PRS5 are longer than
PRS2, PRS3 or PRS4 since they contain non-homologous
regions, designated NHR1-1, NHR5-1 and NHR5-2, respec-
tively. Furthermore, systematic phenotypic analyses demon-
strated that synthetic lethality occurred if PRSI or PRS3 was
deleted from strains lacking PRS5 or strains lacking either
PRSI or PRS3 in combination with deletion of PRS2 and
PRS4. The importance of the NHRs is underlined since an
NHR is present in each of the three heterodimers, Prs1/Prs3,
Prs2/PrsS or Prs4/Prs5, suggesting that they play an essential
role in cell viability.

Previous investigation of PRS deletant strains has indi-
cated that loss of PRSI or PRS3 gave rise to caffeine sensi-
tivity, a hallmark of impaired CWI (Schneiter et al. 2000).
This observation is consistent with one or other of the NHRs
being involved in maintaining an intact CWI pathway. Pro-
tein—protein interactions (PPIs) exist between Prs proteins
and other polypeptides within the yeast cell, specifically pol-
ypeptides associated with the CWI signalling pathway. The
NHRs are hypothesized to be vital and explain why Prs1 and
Prs5 are fundamental in the minimal functional units and for
cell viability and growth (Ugbogu et al. 2016a, 2013).

The importance of each Prs protein for the cell’s function-
ing is not equal but rather through investigation of deletant
strains, it has been suggested that Prs1 is likely to be the
most important polypeptide of this family. Loss of Prsl is
known to bring about complete abolition of Prs activity and
critical impairment of CWI signalling in yeast (Hernando
et al. 1999; Ugbogu et al. 2022, 2013). Evidence of CWI
signalling impairment has been seen in strains lacking PRS1
showing phenotypical caffeine sensitivity, temperature sen-
sitivity, a-factor sensitivity, Calcoflour white resistance and
release of alkaline phosphatase (Sauvaget et al. 2019; Sch-
neiter et al. 2000; Wang 2005). Prs2 and Prs4 individually
lack significant contribution to the necessary functions in
cell viability, growth, together with functioning as evidenced
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by a lack of notable interaction with proteins of the CWI sig-
nalling pathway (Hernando et al. 1999; Ugbogu et al. 2016a,
2013). Prs3 is a significant protein in PRPP synthesis, shown
through prs3A strains having a decreased PRPP synthetase
activity (Hernando et al. 1999) but also shown that deletion
of PRS3 combined with deletion of PRSI or PRS5 being
synthetically lethal. Finally, Prs5 has a functional require-
ment in yeast physiology since a double deletion of PRS3
and PRS5 is synthetically lethal (Hernando et al. 1999, 1998;
Sauvaget et al. 2019; Wang et al. 2004). The in-frame inser-
tions of Prs5 (NHR5-1 and NHR5-2) must not be dismissed
as they are hypothesized to influence the interactions which
Prs5 is reported to have with the CWI signalling pathway
transcription factor RIm1 and FKS2 expression (Ugbogu
et al. 2016a).

Human PRPS

In humans, PRPS gene products have been discovered
which show similarities to those found in yeast through their
functioning in PRPP synthesis. However, they vary in the
number of genes which code for them and their structure.
Human PRPP synthetase (hPRPS) is found in three known
forms; PRPS1, PRPS2 and PRPS1L1 which are encoded by
the respective genes: PRSPI, PRSP2, PRSPILI (PRPS3).
PRSP and PRSP2 are X-linked and PRSPILI is located on
chromosome 7 (Becker 2001; Becker et al. 1990; de Brouwer
et al. 2010; lizasa et al. 1989; Tatibana et al. 1989; Ugbogu
et al. 2022).

In common with yeast Prs gene products, lack of Prs pro-
teins can have detrimental effects on the human body specifi-
cally, decreased Prs activity has been linked to neuropathies
(Lenherr et al. 2021; Meng et al. 2019; Nishikura et al. 2019;
Puusepp et al. 2020; Synofzik et al. 2014). Missense muta-
tions in PRPS1 have been linked to several diseases of both
nonsyndromic and syndromic nature, e.g., Arts Syndrome
(Corvino et al. 2018; Song et al. 2012). The gain-of function
of hPRPS leads to superactivity of the enzyme resulting in
excess amounts of uric acid in the bloodstream, leading to
formation of crystals and gouty arthritis (Becker et al. 1988;
de Brouwer et al. 2010; Duley et al. 2011; Porrmann et al.
2017).

PPI are an important aspect of all organisms, irrespec-
tive of complexity and provide information about cellular
function and biological processes within organisms and
how specific proteins may alter these processes (Shatnawi
2000). All the interactions within a cell contribute to what
is called the interactome (VanderSluis et al. 2018). Yeast
Prs protein interactions have been investigated by means of
high-throughput and small-scale studies and allow a better
understanding of the inner workings of the yeast cell.

PPIs are classed as genetic or physical and can be deter-
mined by several methods including, but not limited to,
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protein-complementation assay (PCA) and yeast two hybrid
analysis (Y2H). Genetic PPIs are determined when dele-
tions/mutations occur in two or more genes and generate an
unexpected phenotype, e.g., synthetic lethality and negative
genetic responses (Costanzo et al. 2016). For the understand-
ing of functional organization of yeast, genetic interactions
are a crucial step in the process (van Leeuwen et al. 2017).
Physical PPIs are defined as physical molecular docking
contact between proteins and should not be mistaken for
two proteins ‘bumping’ into one another by chance (de Las
Rivas and Fontanillo 2012). A physical PPI is a connection
between gene products, whereas genetic interactions are
functional relationships between genes.

Yeast cell wall integrity

The yeast cell wall is made up of 2 layers; an electron-
transparent inner layer and an electron-dense outer layer.
The inner layer, made up principally of glucan polymers,
f-1,3-glucan chains (80-90%), and chitin (1-2%), provides
mechanical strength and elasticity of the cell wall, In addi-
tion, B-1,6-glucans are linked to manoproteins via GPI
anchors Klis et al., 2004).

The outer layer is a lattice of glycoproteins, shielding the
plasma membrane from foreign attacking enzymes by lim-
iting the permeability of the cell wall (Gow and Lenardon
2023; Klis et al. 2004, 2002; Orlean 2012). There are four
major functions of the cell wall: (1) protection from osmotic
shock, (2) protection against environmental and mechani-
cal stress, (3) establishment and maintenance of cell shape,
and (4) providing a scaffold for cell-surface proteins. To
maintain these functions and the integrity of the cell wall,
a mitogen-activated protein kinase (MAPK) signalling cas-
cade is required, called the CWI pathway. The CWI signal-
ling pathway primarily detects and responds to stress on the
cell wall which can arise during normal growth conditions
or changes in the surrounding environment (Levin 2005).
Disruption of signalling causes impairment of CWI and in
extreme cases results in cell lysis due to polarized growth.
The CWI signalling pathway is known to be activated by the
following: elevated temperature, hypotonic shock, impaired
cell wall synthesis and chemical agents that induce cell wall
stress, e. g. Calcofluor white and caffeine, along with other
stimuli (Levin 2011; Ribeiro et al. 2022).

Proteins of the CWI signalling pathway include GTPase,
Rhol; Pkh1/Pkh2; Pkcl; Bekl; Mkk1/2; Mpk1/SIt2 and
Mlpl; transcription factors, RIm1, Swi4/6 and Skn7 (Stark
2004). Specifically, SIt2 and RIm1 of the CWI signalling
pathway have been shown to interact with Prs proteins
(Ugbogu et al. 2022; Wang et al. 2004). Interactions of
Prs1/Mkk1 and Prs5/Pkcl based on hypotheses have also
been demonstrated (Costanzo et al. 2016; Fasolo et al. 2011;
Vavassori 2005; Vavassori et al. 2005b). One of the genes

which may be upregulated because of the CWI signalling
pathway is FKS2. The expression of FKS2 is thought to be
influenced by Prs5 (Ugbogu et al 20164, b). FKS2 encodes
1,3-B-D-glucan synthase and is regulated by Rhol and its
expression is increased when FKSI is unavailable, i. e.,
under chronic cell wall stress driven by the CWI signal-
ling pathway, generally during heat shock (Heinisch and
Rodicio 2018; Jimenez-Gutierrez et al. 2020a; Orlean 2012;
Sanz et al. 2022) Interestingly, deletion of PRS5 or NHRS5-2
negatively affects both Fks2 and Rlm1 expression (Ugbogu
et al. 2016a; Wang et al. 2004). The CWI pathway does
not stand alone in yeast metabolism but has crosstalk with
other MAPK signalling pathways, e.g., the HOG pathway
(Heinisch 2020; Jimenez-Gutierrez et al. 2020b), calcineurin
signalling (Fuchs and Mylonakis 2009) and interactions of
the TOR and PKA signalling pathways (Plank 2022).

The following paper explores and scrutinizes the pub-
lished data which stands to provide evidence that the Prs
gene products; Prs1, Prs2, Prs3, Prs4 and Prs5, not only
interact with each other but are also involved in the main-
tenance of the CWI signalling pathway (Kleineidam et al.
2009; Ugbogu et al. 2022; Vavassori et al. 2005a). PPIs
between Prs gene products have been examined thoroughly;
however, supporting evidence for CWI signalling path-
way interactions with Prs proteins is relatively uncharted
territory. To address the hypothesis, raw data from high-
throughput and small-scale studies was accessed and used
to statistically compare and understand discrepancies found
between databases and small-scale studies. High-throughput
methods are those which generate large amounts of data, in a
fast manner using ‘omics’ technologies allowing entire inter-
actomes to be generated in one research study (Blankenburg
et al. 2009). Small-scale methodologies in the case of PPIs
are those which consider only a few proteins of importance
and their interactions, these studies commonly produce more
reliable results because of the specificity of them.

Materials and methods

PPI data deemed relevant to the hypothesis in ques-
tion were extracted and collated for consideration of the
numerical data which provided evidence for such interac-
tions. SGD (https://www.yeastgenome.org/) and BioGRID**
(https://thebiogrid.org/) were both initially examined for Prs/
Prs interactions. Both databases contain an abundance of
data on genetic and physical interactions, enabling discovery
of relationships between genes and sequences within yeast.
SGD and BioGRID databases were systematically scruti-
nized by selecting interactions of yeast Prs with other Prs
proteins and seemingly unrelated proteins. Attention was
paid to the number of studies which had identified the inter-
action, whether it was high-throughput or small-scale and
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the method by which the interaction had been determined.
Careful consideration was given to ensure interactions which
were selected had a high degree of confidence (e.g., more
than 2 studies conducted on the interaction, reliable source,
reliable data which was confirmed by another study).

Following identification of Prs/Prs interactions, CWI sig-
nalling pathway proteins were identified. The previous two
databases were reanalyzed for interactions of Prs proteins
with CWI signalling proteins (i.e., Prs1/S1t2, Prs3/Rlm1).
All interactions of Prs with other proteins which were unin-
volved in the CWI signalling cascade were disregarded and
deemed irrelevant to the hypothesis apart from Nuf2, a kine-
tochore-associated protein (Suzuki et al. 2016).

Extraction of high-throughput interaction data which were
deemed relevant and had research to support them, were
assessed by exploring the methods and analysis described in
the studies. Supplementary material in the form of raw data
(where available) was downloaded from research papers.
The publications of high-through put analyses which used
protein-fragment complementation assays (PCA) (Tarassov
et al. 2008) and published data by (Ito et al. 2001a, b) which
is based on Y2H analysis were selected as notable studies
due to their experimental methods, number of interactions
they identified and, specifically, which interactions they
identified as seen in their supplementary materials.

Copious amounts of small-scale data have been published
on both Prs/Prs interactions and interactions of Prs with CWI
proteins. The published data was extracted for both types of
interactions and displayed in tabular form (Tables 1 and 2).

Table 1 Prs Protein Protein Interactions

Protein Interactor G/P High Small

Prsl Prs2 P v v

Prsl Prs3#* G v
P v v

Prsl Prs4 P v

Prsl Prs5* G v
P v

Prs2 Prs4 P v

Prs2 Prs5 P v v

Prs3 Prs5* G v
P v

Prs4 Prs5 P v v

Prs/Prs interactions identified from SGD and BioGRID databases.
Interactions are deemed either genetic or physical interactions. Some
have been identified via both high throughput and small-scale meth-
ods whereas for others it is just one method of identification. Genetic
Interactions (G), Physical Interaction (P)

*Indicates synthetic lethality. Meaning when both proteins are
deleted, the cell is no longer viable

**Synthetic lethality but only under exposure to heat (37 °C).
Small = Small-scale. High =High throughput
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Table 2 PPIs between Prs and other proteins. Primarily those of the
CWI Signalling Pathway Proteins

Protein Interactor G/P High Small
Prsl Mkk1 P v
Prsl Sit2 P v
Prs2 Sie2 P v
Prs3 Sie2 G v
P v
Prs4 Sie2 P v
Prsl RIim1 P v
Prs3 RIm1 P v
Prs5 RIm1 P v
Prs1 Nuf2* P v
Prs2 Nuf2* P v v
Prs3 Nuf2* P v
Prs4 Nuf2* P v
Prs5 Nuf2* P v
Prs5 Pkcl NG v
Prs5 Fks2 - v

Interactions have been extracted from databases: SGD and BioGRID.
PPIs are either genetic (G) or physical (P). Determination of inter-
action is either high throughput or small-scale. Small =Small-scale.
High =High-throughput

NG Negative Genetic

*Protein not involved in the CWI signalling pathway

Interactions of Prs proteins and various elements of the CWI
signalling pathway (S1t2, Rlm1, and FKS2) are based on
data obtained using p-galactosidase activity reporter assays
(Sauvaget et al. 2019; Ugbogu et al. 2022, 2016a, 2013;
Wang et al. 2004).

To determine any further physical interactions which are
not documented in SGD and BioGRID, the database Hit
Predict (http://www.hitpredict.org/) (Lopez and Nakai 2015)
and STRING (https://string-db.org/) (Szklarczyk et al. 2023)
were used. These databases have identified interactions for
yeast, as well as other organisms. Hit Predict evaluates only
physical interactions collated from the following databases;
IntAct (https://www.ebi.ac.uk/intact/) (Orchard et al. 2014),
HPRD (http://www.hprd.org/; Peri et al. 2003; Prasad et al.
2009), DIP (https://dip.doe-mbi.ucla.edu) (Xenarios et al.
2002) and MINT (https://mint.bio.uniroma?2.it) (Licata et al.
2012) and not otherwise identified consisting of calculated
interaction scores for all physical PPIs. The interaction
scores corresponding to each PPI documented from SGD,
BioGRID and Hit Predict were recorded and converted into
pie charts for visual representation of how many identified
proteins interact with Prs proteins and the score correspond-
ing to each PPI (cf. Figure 1).

The interaction scores are determined based on the
arithmetic mean of the annotation-based and the method-
based scores. The annotation-based score is a measure
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Fig. 1 Physical Prs protein-protein Interactions (PPIs) and Prs/CWI
pathway protein interactions identified from Hit Predict with cor-
responding interaction scores. (A) Prsl PPIs, (B) Prs2 PPIs, (C)
Prs3 PPIs, (D) Prs4 PPIs and (E) Prs5 PPIs. Segment size varies
and is dependent on the number of proteins the Prs protein inter-
acts with, and the computed interaction score. The size of the seg-
ment is directly proportional to the interaction. A greater interaction
score = a larger segment. An interaction score > 0.28 is deemed high
confidence. Data were extracted from Hit Predict (http://www.hitpr
edict.org/index.html)

based on the likelihood of the interactions occurring tak-
ing into consideration genomic features of the interaction
whereas the method-based score is determined experimen-
tally. Method-based score considers: the number of publi-
cations, method of interaction identification and the inter-
action type (association, physical association, and direct
interaction). Further to an interaction score, the database
grades each interaction with a confidence level of either
high or low. To be graded a high confidence interaction
they must have an annotation score > 0.5, a method-based
score of >0.485 and a combined interaction score > 0.28.

Predict were extracted and used to analyze methods of
determining interactions and understanding discrepan-
cies between studies. PPIs have been identified in both
high-throughput studies and small-scale studies of Prs
polypeptides (Table 1). Prs1 was shown to interact with
Prs2-Prs5 as identified by a combination of genetic and
physical PPIs. Prs2 interacts physically with Prsl1, Prs4
and Prs5. Prs3 interacts both genetically and physically
with Prs1 and Prs5. Prs4 was found to interact physically
with Prs1, Prs2, and Prs5. Along with Prs1, PrsS5 is the
only other protein to interact with all proteins, Prs1-Prs4.
The following genetic interactions were identified as syn-
thetically lethal: Prs1/Prs3 (at 37 °C), Prs1/Prs5 and Prs3/
Prs5. Interactions of Prs proteins with themselves, such
as Prs1/Prs1 are possible; however, these data have been
excluded because they are well-researched and under-
stood (https://www.yeastgenome.org/). All the interactions
shown in Table 1 are based on interaction scores in Fig. 1.

Prs proteins interact with other proteins,
in particular, with CWI signalling pathway proteins

Prs proteins are shown to be associated with activation
of the CWI signalling pathway in response to stimuli (e.
g., elevated temperature, chemicals, caffeine etc.). Table 2
shows Prs proteins interacting with proteins of the CWI
signalling pathway. The MAP kinase of the CWI path-
way, Slt2, is confirmed to interact with Prs1-Prs4. Prs3/
S1t2 has also been established as a genetic interaction on
two accounts, synthetic lethality, and dosage rescue (Bin-
ley et al. 1999; Hernando et al. 1999). The transcription
factor RIm1 is recognized to interact physically with Prs1,
Prs3 and Prs5. Prs1-Prs5 are found to interact with Nuf2, a
kinetochore protein. Prs2/Nuf2 is the only Nuf2 interaction
which has been confirmed through both high-throughput
and small-scale methods (Sauvaget et al. 2019; Uetz et al.
2000). Nuf2 strongly interacts with all Prs polypeptides
except for Prs4. Despite Nuf2 not being directly involved
in the CWI pathway these interactions suggest support of
Prs protein interactions other than those associated with
the CWI pathway (Sauvaget et al. 2019).

Pkcl, the upstream kinase of the MAP kinase cascade
of the CWI signalling pathway, and Prs5 display negative
genetic interaction. Pkcl is part of a family of enzymes
involved in controlling protein function by phospho-
rylation of functional elements of several other proteins
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(Kamada et al. 1995). A synthetic genetic array (SGA)
analysis was used by Costanzo et al. (2016) to automate
the combinatorial construction of defined mutants and
allows quantitative analysis of genetic interactions. This
approach uncovered negative genetic interaction between
Prs5/Pkcl alleles. A negative genetic interaction refers to
the case where a double mutant displays a fitness defect
that is more extreme than expected (Costanzo et al. 2016).
The most severe case of this is synthetic lethality, where
two genes, each with a mutation, individually cause a min-
imal phenotype but when combined in the same cell result
in cell death. The study determined an SGA score and p
value for each Prs5/Pkcl allele interaction and used these
scores to determine if each interaction was significant. An
SGA score was significant if <—0.12 for negative genetic
interactions and a p value < 0.05. Six combinations of
PKC1 alleles and PRS5 were tested for interaction (https://
www.yeastgenome.org/locus/S000000201/interaction). All
six combinations returned significant SGA scores < —0.12
and with p values < 0.05 (data not shown) (Costanzo et al.
2016).

Upon activation by Bckl, Mkk1 phosphorylates the
downstream target, S1t2 (Fuchs and Mylonakis 2009; Levin
2011; Ugbogu et al. 2022). High-throughput analysis by
Fasolo et al. (2011) determined 1023 interactions in yeast
via protein microarrays, one interaction being between Prs1
and Mkk1 (Table 2). The interaction between Prs1/Mkk1
is identified as a reconstituted physical interaction (Fasolo
et al. 2011). As described in Fig. 1, the physical interac-
tion was deemed to be a high confidence interaction with
a score of 0.501. Prior to this study, it had been postulated
in a small-scale study of the interactions of Prs1-Prs4 with
Mkk1 and/or Mkk2. However, when Prs1-Prs4 were tested
for B-galactosidase activity, adenine and histidine prototro-
phy, only p-galactosidase activity was observed, albeit only
in one orientation for Mkk1 (Vavassori 2005).

Hit Predict and STRING provide quantified interac-
tions for physical Prs/Prs interactions and Prs/CWI path-
way protein interactions, enabling an interaction score to
be produced. The score considers how the interaction was
identified, whether in a large- or small-scale study, the num-
ber of publications which identified it, and the features of
the proteins involved. The shading in the pie chart (Fig. 1)
corresponds to the interaction score for each interaction
where the darkest shading implies an interaction score of
0.8-1.0 and the lightest shading, a score of 0-0.2. For Prs/
Prs interactions, the highest score of 0.946 was for Prs1/
Prs3, the lowest score, 0.618, was for Prs3/Prs4. For CWI
signalling pathway protein interactions with Prs, the most
abundant was 0.586 for Prs1/SIt2. The smallest interaction
score, 0.439 was calculated for several interactions of Prs
with non-Prs proteins, viz. Rlm1/Prs1, Rlm1/Prs3, RIm1/
Prs5, Prs1/Nuf2, Prs3/Nuf2, Prs4/Nuf2, Prs5/Nuf2.
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Hit Predict correlates with the physical interactions iden-
tified in Table 1 and Table 2 with one exception: identifica-
tion of interaction Prs3/Prs4 where it was not identified in
the SGD and BioGRID databases. However, according to
Hit Predict Prs3/Prs4 was said to have an annotation score
of 1.0 and a method score of 0.38 that combined gives rise
to an interaction score of 0.618.

The research reported in Tarassov et al. (2008) employed
a PCA procedure to detect the stated interactions (Table 3).
The PCA procedure operates by selecting two proteins of
interest which are fused to complementary fragments of a
reporter protein. A protein is said to interact when the pro-
teins come together causing the reporter protein fragments
to ‘join’ and restore their innate folded structure.

The research carried out by Tarassov et al. (2008) used
the enzyme dihydrofolate reductase (DHFR) as the reporter
protein. Once DHFR is in its native structure its activity is
detectable through viable cells expressing the fusion proteins
and growth in selective medium (Remy et al. 2007). Each
interaction is quantified by an intensity score, z-score and
PPV % (positive predictive value) and has been used to iden-
tify actual PPIs which are relevant to yeast physiology.

The intensity score for PPIs was determined through
obtaining images of the plates and the development of image
recognition routines from the Image Processing Toolbox of
Matlab (Tarassov et al. 2008). After image analysis of plates,
excluding the positive and negative controls, the study
reasoned that an intensity score above 20,000 could infer
a PPI. The data shows that for PPIs in which Prs proteins

Table 3 Prs PPIs determined using PCA

MATa gene name MATa Gene Intensity Z-Score PPV%
Name
PRS1 PRS2 42,721 4410 99
PRS1 PRS4 46,733 4.567 99
PRS1 PRS5 44,785 4.492 99
PRS2 PRS1 99,173 5.769 99
PRS2 PRS4 61,592 4.952 99
PRS3 PRS5 73,367 4.426 99
PRS4 PRS1 69,048 4.980 99
PRS4 PRS2 79,402 5.214 99
PRS5 PRS3 151,519 6.340 99
PRS5 PRS1 34,990 3.808 99

High throughput genome-wide in vivo screening of S. cerevi-
siae identified Prs PPIs. Intensity, z-score and positive predictive
value (PPV%) were calculated for each interaction. Intensity score
describes the intensity of colony growth on the plates. A true posi-
tive PPI can be inferred if the intensity is above the 20,000 threshold.
Z-score represents the number of standard deviation (SD) units by
which the sample differs from the population mean. PPV score repre-
sents a ratio of true positive interactions over the sum of inferred true
and false positives. Data extracted and modified from Tarassov et al.
(2008)
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were partners, they are all above the threshold assigned by
the study and implies they are bona fide PPIs. The high-
est intensity recorded, 151,519, was for Prs5/Prs3 interac-
tion whereas the lowest intensity, 34,990, was for Prs5/Prs1
(Table 3).

The z-score is derived from the distribution of intensi-
ties on a plate. The following formula was used to calcu-
late the z-score(x) = (x — pq)/04 Where x, is the intensity of
the colony, p, is the average intensity of the plate and o, is
the standard-deviation of the mean. The study states that
a positive z-score specifies a larger number of interactions
within or between two categories compared to a random
network. A negative z-score indicates a smaller number
of interactions than expected (Tarassov et al. 2008). The
highest z-score identified was for Prs5/Prs3, of 6.340. Each
interaction includes a literature-sharing score, whether it is
synthetically lethal, IST (interaction sequence tag) hit and an
IST hit in the opposite orientation (e.g., Prs4/Prs5 and Prs2/
Prs4) (Table 4). The original study collated all data and nar-
rowed down core data to be those interactions with 3 IST hits
or more. IST hits are ‘the number of detected interactions
and the indicator of reproducibility’ and IST hit in opposite
direction is ‘the IST hit number for a combination in which
bait and prey are in the reverse direction’. The literature-
sharing score is ‘the score concerning co-occurrence of prey
and bait in the literature, calculated by the calculation for-
mula’ (Tto et al. 2001a).

It has been well established that double deletants PRS1/
PRSS5 and PRS3/PRSS5 are synthetically lethal at 30 °C (Her-
nando et al. 1999, 1998) whereas PRS1/PRS3 is synthetically
lethal only at 37 °C as determined by Wang et al. (2004).
However, Ito et al. (2001a) have described a synthetically
lethal interaction between PRS1/PRS2 using high-through-
put methods (Table 4). Variation in synthetically lethal com-
binations recorded in databases may be caused by human
error in the input of data into databases.

The following interactions were identified in this study;
Prs4/Prs5, Prs1/Prs2, Prs2/Prs5, and Prs1/Prs3. Prs1/Prs2
and Prs2/Prs5 were also confirmed in the reverse direction
(e. g., Prs2/Prs1). The most substantial literature-sharing
score was shown to be for Prs1/Prs3 of 46 (Table 4). The
combinations; Prs1/Prs2 and Prs1/Prs3, were identified as
synthetically lethal. Prs1/Prs2 has been hypothesized to
be synthetically lethal. However, it has been determined
in low-throughput assays that deleting PRSI/ and PRS2
reduced the PRPP synthetase activity to 1.2% of the wild
type and increased the doubling time to 4 h in contrast to
1.6 h of the WT (Hernando et al. 1999). The highest IST
hit, for both the forward and opposite direction, was identi-
fied for Prs5/Prs2.For Prs2/Prs5 the IST hit was 50, and in
the opposite direction, Prs2/Prs5, was 8.

Discussion

Understanding and quantification of PPIs can prove ben-
eficial in understanding the biological processes occurring
within an organism and provide a better appreciation of
the interactome. The first part of this paper examined Prs/
Prs interaction and explored the different methods used
to determine these interactions and the variation across
high-throughput and small-scale studies. Secondly, the
paper addressed the interactions of Prs with CWI signal-
ling pathway proteins, taking into consideration the inter-
action score. Across both parts of the paper, the use of
multiple sources provided confirmation of certain interac-
tions, while others were questioned based on insufficient
evidence resulting in a low interaction score, e.g., the
interaction of Prs1/Prs2 (Ugbogu et al. 2022).

Table 4 Prs PPIs determined

. . BAIT gene PREY gene Literature shar-  Synthetic lethality IST Hit IST Hit in
using Y2H analysis ing score (1or0) opposite
direction
Prs2 Prs1 38 1 3 0
Prs1 Prs3 46 1 3 0
Prs2 Prsl 38 1 3 0
Prs2 Prs5 41 0 8 50
Prs4 Prs5 39 0 4
Prs5 Prs2 41 0 50 8

Y2H analysis was carried out to identify all PPIs within yeast. 6 Prs interactions were identified with vary-
ing degrees of occurrence. Included is the literature sharing score, whether the interaction is shown to be
synthetically lethal, and the interaction sequence tag (IST) hits number for interactions in the forward and
opposite direction. Data extracted and modified from Ito et al. (2001a). https://dbarchive.biosciencedbc.jp/

en/yeast-y2h/download.html
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Prs/Prs interactions

The databases collate an abundance of interactions which
have been identified in individual studies. Most of the data
of the three databases were comparable, where Hit Predict
proved useful in quantifying the interactions. The extracted
interactions (Table 1) and the accompanying interaction
scores from Hit Predict (Fig. 1) provide reassurance in the
interactions and confidence in the methods used in PPI
identification. Most of the Prs/Prs interactions, once quanti-
fied by Hit Predict had interaction scores greater than 0.6
which corresponds to high confidence in the interaction.
There was only minor variation between databases, specifi-
cally only Hit Predict recognized Prs3/Prs4 as an interaction
which upon inspection of this interaction has been discov-
ered in a small-scale study using anti-tag coimmunoprecipi-
tation (Betel et al. 2007). Variation between databases may
be attributed to some databases requiring update.

It can be assumed that based on the analysis of the Hit
Predict data, the more publications which have identified an
interaction, the more confidence there can be of its exist-
ence. For example, the interaction of Prs1/Prs3 has been
identified in many papers, dating back to (Hernando et al.
1999) whereas the interaction between Prs3/Prs4 has been
identified only once (Betel et al. 2007).

High-throughput methods

Tables 3 and 4 shows variation in which proteins were iden-
tified depending on the method used. Tarassov et al. (2008)
(Table 3) used PCA to screen protein interactions in yeast
and successfully identified five Prs/Prs PPIs in the forward
and reverse directions. Data from (Ito et al. 2001a) (Table 4)
used the Y2H pooling approach method and determined
fewer interactions, four interactions with only two being
identified in the reverse (Table 4). Notably, the interaction
of Prs5/Prs2 in the forward direction has an IST hit of 50, the
greatest IST hit for the Prs interactions identified by Ito et al.
(2001a). The large IST hit number suggests a high degree
of certainty in this reaction which is confirmed since it is
calculated to have an interaction score of 0.891, considerably
above the 0.28 threshold for a high confidence interaction
according to Hit Predict.

Both Y2H and PCA are high-throughput methods and are
suitable choices for determining the interactome of yeast.
Y2H is known to have the potential for identifying false
positives as it is a process taking place in vitro so it lacks
a proper representation of the cellular functions. Carrying
out Y2H analysis in both directions of vector and proteins
investigated, the number of possible false positives can be
reduced (Bruckner et al. 2009). Similarly, PCA uses the
folding of a reporter protein to determine an interaction
between two proteins. The folding of the reporter protein is

@ Springer

irreversible and may present interactions of proteins which
are not true positives. To eliminate this, the PPV% calcu-
lated for each interaction by Tarassov et al. (2008) is 99%,
indicating that they are all true positives.

Prs proteins interact with components of the CWI
signalling cascade

The SGA scores which were determined for the interactions
of Prs5 with alleles of Pkc1 were all statistically significant,
providing strong support for these findings since activa-
tion of Pkcl by the GTPase Rhol initiates the cascade of
the CWI signalling pathway to the downstream proteins.
The importance of Pkcl in activating a signalling cascade
responsible for CWI signifies that Prs5 may have a signifi-
cant impact on the entire signalling cascade.

A yeast reporter strain was transformed with relevant
plasmids, resulting in pairwise combinations of PRSI-PRS5
with SLT2 and the transformants were tested for - galactosi-
dase activity as a measure of the interaction of the individual
Prs polypeptides with S1t2 showing that the strength of inter-
actions is: Prs3 > Prs1 > Prs4 > Prs2 > Prs5 (Hernando et al.
1999; Wang et al. 2004). The NHR1-1 sequence of Prs1 has
been hypothesized to be a vital component of the Prs1 pro-
tein. To assess the requirements of NHR1-1 for the interac-
tion of SIt2/Prs1, the relative B-galactosidase activity of SIt2/
Prs1 (ANHR1-1) was reduced by more than 80% consistent
with sequences in NHR1-1 contributing to the interaction
of Prs1 and Slt2, providing evidence for the importance of
NHR1-1 in maintaining CWI. This observation was con-
firmed by co-immunoprecipitation which illustrated that
only when Sl1t2 is phosphorylated do Prs1 and Slt2 inter-
act although the kinase-dead version of Slt2 still interacts
with Prs1 (Ugbogu et al. 2016b). It should be noted that for
an interaction to be considered as high confidence it must
be > 0.28, although this is not the only criterion. The high
confidence grade also considers the annotation- and method-
based scores (Fig. 1).

The other interaction of note is Prs3/SIt2 which is both
physical and genetic (Table 2) (Binley et al. 1999; Ugbogu
et al. 2016a; Wang et al. 2004). The synthetic lethality of
a prs3A prs5A strain is due to the loss of the pentameric
motif ,,KKCPK,¢s at the C-terminal region of Prs3 as
demonstrated by FOA counterselection (Sauvaget et al.
2019). Finally, evidence of Prs5/SIt2 interacting is shown
by B-galactosidase activity (Wang et al. 2004).

Further confirmation of Prs polypeptides interacting with
other components of the CWI pathway is demonstrated by
the interaction of RIm1 with Prs1, Prs3 and Prs5 with the
strength of reporter activity decreasing as follows: Prs5/
Rlm1 > Prs1/RIm1 > Prs3/RIm1. The identification of
these interactions using this method has been quantified by
Hit Predict. Prs1/Rlm1, Prs3/RIm1 and Prs5/Rlm1 are all
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deemed to have interaction scores of 0.439 (cf. Figure 1),
thereby emphasizing that Prs1, Prs3 and Prs5 do interact
with the CWI signalling pathway, albeit to varying degrees
with Prs5/RIm1 showing the highest level of -galactosidase
activity (Ugbogu et al. 2016a).

There was a notable amount of interaction observed
between RIm1/Prs5 raising the question: do the three phos-
phorylation sites of NHR5-2 (Ficarro et al. 2002) impact on
RIm1 expression? (Ugbogu et al. 2016a). These serine phos-
phorylation sites are located within a cluster of six amino
acids at positions S364, S367 and S369. When all three
phosphosites were mutated RIm1 activity was increased
by 50% at ambient temperature but was capable of further
increase at 37 °C. In contrast, only S364A reduced Rlml
expression in comparison to the wild type at 30 °C. How-
ever, each of the individual mutations showed a temperature-
dependent increase in RIm1 activity with the mutation S369
displaying WT temperature-dependent response whereas the
other two mutations, S364A and S367A, supported a tem-
perature-dependent increase in RIm1 activity, albeit less than
that observed in the WT (p <0.05, Tukey HSD test) (Ugbogu
et al. 2016a). The high value of pf-galactosidase activity for
Prs5/Rlm1 can be explained by Prs5 phosphorylation sites
where the deletion of certain sites has a detrimental effect on
RIm1 expression (Ugbogu et al. 2016b). This result empha-
sizes the importance of Prs5 for the CWI signalling pathway
to be activated appropriately. In the absence of the iden-
tified Prs5 phosphorylation sites, the regulation of Rlm1-
regulated genes may be impacted. Rlm1 is also responsible
for promoter-induced positive-feedback mechanisms which
influence the expression of RIm1 and Slt2 so that the level
of Rlm1 expression may well have a detrimental effect on
the CWI signalling pathway (Garcia et al. 2016).

Determination of FKS2 expression revealed that in con-
trast to the WT, mutation of the phosphosites in NHRS5-2
in Prs5 affects its expression at both 30 °C and 37 °C. It is
known that in the absence of FKSI, the gene responsible
for encoding synthesis of p-1,3-glucan synthase, the par-
alogous FKS2 will be upregulated by activation of the tran-
scription factor Swi4/6 (Orlean 2012; Ribeiro et al. 2022).
The altered expression of FKS2, when the Prs5 phospho-
rylation sites are mutated, is consistent with a vital role of
Prs5 in the CWI signalling pathway. FKS2 expression at
30 °C remained similar for the individual mutations when
compared to the WT with only a slight increase in expres-
sion for the triple mutant, S364A, S367A and S369A. How-
ever, at 37 °C there was a statistically significant decrease
in FKS2 expression for S364A and the triple mutant S364,
S367 and S369 [prs5(479)] (p <0.05) when compared to the
WT. FKS2 expression in mutation S367A was minimally
increased at 30 °C in comparison to the WT but was higher
than prs5(479) and S364A at 37 °C. FKS2 expression in
S369A showed the highest FKS2 expression of the three

mutations and was similar to the WT at 37 °C (Ugbogu et al.
2016a).

The interaction of Prs proteins and Nuf2 is used to sup-
port the theory that Prs3 can act as a transporter protein upon
stress to the cell wall (Sauvaget et al. 2019). All the interac-
tions of Prs with Nuf2, except Prs2/Nuf2, were the lowest
scores extracted from Hit Predict, however, still above the
threshold of 0.28 to be graded a high confidence interaction.
Prs2/Nuf2 notably has been confirmed in a high-throughput
(Uetz 2002; Uetz et al. 2000; Uetz and Hughes 2000) and a
precise small-scale study (Sauvaget et al. 2019) which may
explain the large interaction score above 0.543.

This paper has assessed different interactions of Prs with
various proteins. The importance of specific interactions has
been discovered through appreciation of the investigation
methods involved which uncovered these interactions and
the impact they have on cell viability. A specific example
of how gene duplication (Ehrenreich 2020) followed by
acquisition of non-intronic, intervening sequences has led
to the concept of an interactome linking synthesis of PRPP
with the maintenance of CWI. Variations have been found
between data sources which have been scrutinized for rea-
sons as to why such variations occur. Different data sources
use different values to quantify interactions and comparison
has been attempted where possible to relate these values
(e.g., intensity, IST hits, -galactosidase activity). It can be
suggested that where an interaction has only one published
source, whether it be a high-throughput, or a small-scale
study, further research may be beneficial to improve the reli-
ability of the interaction. The novel hypothesis discussed
here is supported, not only from data presented in numer-
ous publications from our laboratory but also in publicly
available databases. The data are consistent with the five Prs
polypeptides of S. cerevisiae being involved in two essen-
tial aspects of cellular metabolism, provision of PRPP and
maintenance of CWI by virtue of three bifunctional heter-
odimers Prs1/Prs3, Prs2/Prs5 and Prs4/Prs5. The Prs1 and
Prs5 polypeptides, both contain non-identical in-frame inser-
tions permitting them to interact with proteins of the CWI
pathway, albeit losing the ability to synthesize PRPP, thus
explaining the requirement for the three above-named het-
erodimers for survival.

Acknowledgements Financial support was provided by the RSE Saltire
collaboration award (RSE #1992) to MS in collaboration with Robbie
Loewith, University of Geneva, Switzerland. We are grateful to Craig
Nicol for help with figure presentation.

Author contributions E.M. wrote the first draft of the ms including
figures. L.M.S. and M.S.: conceptualization: writing, reviewing and
validation. Both authors reviewed the ms.

Funding Financial support was provided by the RSE Saltire collabora-

tion award (RSE #1992) to MS in collaboration with Robbie Loewith,
University of Geneva, Switzerland.

@ Springer



6 Page 10 of 12

Current Genetics (2024) 70:6

Data availability The data discussed have been compiled from peer-
reviewed publications and information sourced from relevant open
access databases as cited in the text.

Declarations
Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Becker MA (2001) Phosphoribosylpyrophosphate synthetase and the
regulation of phosphoribosylpyrophosphate production in human
cells. Prog Nucleic Acid Res Mol Biol 69:115-148

Becker MA, Puig JG, Mateos FA, Jimenez ML, Kim M, Simmonds HA
(1988) Inherited superactivity of phosphoribosylpyrophosphate
synthetase: association of uric acid overproduction and sensori-
neural deafness. Am J Med 85:383-390

Becker MA, Heidler SA, Bell GI, Seino S, Le Beau MM, Westbrook
CA, Neuman W, Shapiro LJ, Mohandas TK, Roessler BJ et al
(1990) Cloning of cDNAs for human phosphoribosylpyroph-
osphate synthetases 1 and 2 and X chromosome localization of
PRPS1 and PRPS2 genes. Genomics 8:555-561. https://doi.org/
10.1016/0888-7543(90)90043-t

Betel D, Breitkreuz KE, Isserlin R, Dewar-Darch D, Tyers M, Hogue
CW (2007) Structure-templated predictions of novel protein inter-
actions from sequence information. PLoS Comput Biol 3:1783—
1789. https://doi.org/10.1371/journal.pcbi.0030182

Binley KM, Radcliffe PA, Trevethick J, Duffy KA, Sudbery PE (1999)
The yeast PRS3 gene is required for cell integrity, cell cycle arrest
upon nutrient deprivation, ion homeostasis and the proper organi-
zation of the actin cytoskeleton. Yeast 15:1459-1469

Blankenburg M, Haberland L, Elvers HD, Tannert C, Jandrig B (2009)
High-throughput omics technologies: potential tools for the inves-
tigation of influences of EMF on biological systems. Curr Genom-
ics 10:86-92. https://doi.org/10.2174/138920209787847050

Bruckner A, Polge C, Lentze N, Auerbach D, Schlattner U (2009) Yeast
two-hybrid, a powerful tool for systems biology. Int J Mol Sci
10:2763-2788. https://doi.org/10.3390/ijms 10062763

Carter AT, Beiche F, Hove-Jensen B, Narbad A, Barker PJ, Schweizer
LM, Schweizer M (1997) PRSI is a key member of the gene fam-
ily encoding phosphoribosylpyrophosphate synthetase in Saccha-
romyces cerevisiae. Mol Gen Genet 254:148-156

Corvino V, Apisa P, Malesci R, Laria C, Auletta G, Franze A (2018)
X-linked sensorineural hearing loss: a literature review. Curr
Genomics 19:327-338. https://doi.org/10.2174/138920291966617
1218163046

Costanzo M, VanderSluis B, Koch EN, Baryshnikova A, Pons C, Tan
G, Wang W, Usaj M, Hanchard J, Lee SD, Pelechano V, Styles
EB, Billmann M, van Leeuwen J, van Dyk N, Lin Z-Y, Kuzmin
E, Nelson J (2016) A global genetic interaction network maps a

@ Springer

wiring diagram of cellular function. Science. https://doi.org/10.
1126/science.aaf1420

de Brouwer AP, van Bokhoven H, Nabuurs SB, Arts WF, Christodou-
lou J, Duley J (2010) PRPSI mutations: four distinct syndromes
and potential treatment. Am J Hum Genet 86:506-518

de Las RivasFontanillo RJIC (2012) Protein-protein interaction net-
works: unraveling the wiring of molecular machines within the
cell. Brief Funct Genomics 11:489-496. https://doi.org/10.1093/
bfgp/els036

Duley JA, Christodoulou J, de Brouwer AP (2011) The PRPP syn-
thetase spectrum: what does it demonstrate about nucleotide syn-
dromes? Nucleosides Nucleotides Nucleic Acids 30:1129-1139.
https://doi.org/10.1080/15257770.2011.591747

Ehrenreich IM (2020) Evolution after genome duplication. Science
368:1424-1425. https://doi.org/10.1126/science.abc1796

Fasolo J, Sboner A, Sun MG, Yu H, Chen R, Sharon D, Kim PM,
Gerstein M, Snyder M (2011) Diverse protein kinase interac-
tions identified by protein microarrays reveal novel connections
between cellular processes. Genes Dev 25:767-778. https://doi.
org/10.1101/gad.1998811

Ficarro SB, McCleland ML, Stukenberg PT, Burke DJ, Ross MM,
Shabanowitz J, Hunt DF, White FM (2002) Phosphoproteome
analysis by mass spectrometry and its application to Saccharo-
myces cerevisiae. Nat Biotechnol 20:301-305. https://doi.org/
10.1038/nbt0302-301

Fuchs BB, Mylonakis E (2009) Our paths might cross: the role of
the fungal cell wall integrity pathway in stress response and
cross talk with other stress response pathways. Eukaryot Cell
8:1616-1625. https://doi.org/10.1128/EC.00193-09

Garcia R, Sanz AB, Rodriguez-Pefia JM, Nombela C, Arroyo J
(2016) RIm1 mediates positive autoregulatory transcriptional
feedback that is essential for Slt2-dependent gene expression.
J Cell Sci 129:1649-1660. https://doi.org/10.1242/jcs. 180190

Gow NAR, Lenardon MD (2023) Architecture of the dynamic fungal
cell wall. Nat Rev Microbiol 21:248-259. https://doi.org/10.
1038/s41579-022-00796-9

Heinisch JJ (2020) How to study intertwined and autoregulated
eukaryotic signal transduction pathways. Febs J 287:4844—
4847. https://doi.org/10.1111/febs.15298

Heinisch JJ, Rodicio R (2018) Protein kinase C in fungi-more than
just cell wall integrity. FEMS Microbiol Rev 42:22-39. https://
doi.org/10.1093/femsre/fux051

Hernando Y, Parr A, Schweizer M (1998) PRSS5 the fifth member of
the phosphoribosyl pyrophosphate synthetase gene family in
Saccharomyces cerevisiae is essential for cell viability in the
absence of either PRS1 or PRS3. J Bacteriol 180:6404-6407

Hernando Y, Carter AT, Parr A, Hove-Jensen B, Schweizer M (1999)
Genetic analysis and enzyme activity suggest the existence of
more than one minimal functional unit capable of synthesizing
phosphoribosyl pyrophosphate in Saccharomyces cerevisiae. J
Biol Chem 274:12480-12487

Hove-Jensen B, Andersen KR, Kilstrup M, Martinussen J, Swit-
zer RL, Willemoes M (2017) Phosphoribosyl Diphosphate
(PRPP): biosynthesis, enzymology, utilization, and metabolic
significance. Microbiol Mol Biol Rev. https://doi.org/10.1128/
MMBR.00040-16

lizasa T, Taira M, Shimada H, Ishijima S, Tatibana M (1989) Molec-
ular cloning and sequencing of human cDNA for phosphoribo-
syl pyrophosphate synthetase subunit II. FEBS Lett 244:47-50

Ito T, Chiba T, Ozawa R, Yoshida M, Hattori M, Sakaki Y (2001a) A
comprehensive two-hybrid analysis to explore the yeast protein
interactome. Proc Natl Acad Sci U S A 98:4569-4574. https://
doi.org/10.1073/pnas.061034498

Ito T, Chiba T, Yoshida M (2001b) Exploring the protein interactome
using comprehensive two-hybrid projects. Trends Biotechnol
19:523-27. https://doi.org/10.1016/S0167-7799(01)01790-5


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/0888-7543(90)90043-t
https://doi.org/10.1016/0888-7543(90)90043-t
https://doi.org/10.1371/journal.pcbi.0030182
https://doi.org/10.2174/138920209787847050
https://doi.org/10.3390/ijms10062763
https://doi.org/10.2174/1389202919666171218163046
https://doi.org/10.2174/1389202919666171218163046
https://doi.org/10.1126/science.aaf1420
https://doi.org/10.1126/science.aaf1420
https://doi.org/10.1093/bfgp/els036
https://doi.org/10.1093/bfgp/els036
https://doi.org/10.1080/15257770.2011.591747
https://doi.org/10.1126/science.abc1796
https://doi.org/10.1101/gad.1998811
https://doi.org/10.1101/gad.1998811
https://doi.org/10.1038/nbt0302-301
https://doi.org/10.1038/nbt0302-301
https://doi.org/10.1128/EC.00193-09
https://doi.org/10.1242/jcs.180190
https://doi.org/10.1038/s41579-022-00796-9
https://doi.org/10.1038/s41579-022-00796-9
https://doi.org/10.1111/febs.15298
https://doi.org/10.1093/femsre/fux051
https://doi.org/10.1093/femsre/fux051
https://doi.org/10.1128/MMBR.00040-16
https://doi.org/10.1128/MMBR.00040-16
https://doi.org/10.1073/pnas.061034498
https://doi.org/10.1073/pnas.061034498
https://doi.org/10.1016/S0167-7799(01)01790-5

Current Genetics (2024) 70:6

Page110of12 6

Jimenez-Gutierrez E, Alegria-Carrasco E, Alonso-Rodriguez E,
Fernandez-Acero T, Molina M, Martin H (2020a) Rewiring
the yeast cell wall integrity (CWI) pathway through a synthetic
positive feedback circuit unveils a novel role for the MAPKKK
Ssk2 in CWI pathway activation. Febs J 287:4881-4901. https://
doi.org/10.1111/febs.15288

Jimenez-Gutierrez E, Alegria-Carrasco E, Sellers-Moya A, Molina
M, Martin H (2020b) Not just the wall: the other ways to turn
the yeast CWI pathway on. Int Microbiol 23:107-119. https://
doi.org/10.1007/s10123-019-00092-2

Kamada Y, Jung US, Piotrowski J, Levin DE (1995) The protein
kinase C-activated MAP kinase pathway of Saccharomyces
cerevisiae mediates a novel aspect of the heat shock response.
Genes Dev 9:1559-1571

Kleineidam A, Vavassori S, Wang K, Schweizer LM, Griac P, Sch-
weizer M (2009) Valproic acid- and lithium-sensitivity in prs
mutants of Saccharomyces cerevisiae. Biochem Soc Trans
37:1115-1120. https://doi.org/10.1042/BST0371115

Klis FM, Mol P, Hellingwerf K, Brul S (2002) Dynamics of Cell wall
structure in Saccharomyces cerevisiae. Med Mycol 26:239-256

Klis FM, de Groot PW, Brul S, Hellingwerf K (2004) Molecular
organization and biogenesis of the cell wall. In: Dickinson JR,
Schweizer M (eds) The Metabolism and Molecular Physiology
of Saccharomyces cerevisiae. CRC Press, Washington D.C., pp
117-139

Lenherr N, Christodoulou J, Duley J, Dobritzsch D, Fairbanks L,
Datta AN, Filges I, Gurtler N, Roelofsen J, van Kuilenburg
ABP, Kemper C, West EE, Szinnai G, Huemer M (2021) Co-
therapy with S-adenosylmethionine and nicotinamide riboside
improves t-cell survival and function in Arts Syndrome (PRPS1
deficiency). Mol Genet Metab Rep 26:100709. https://doi.org/
10.1016/j.ymgmr.2021.100709

Levin DE (2005) Cell Wall Integrity Signaling in Saccharomyces
cerevisiae. Microbiol Mol Biol Rev 69:262-291

Levin DE (2011) Regulation of cell wall biogenesis in Saccharomy-
ces cerevisiae: the cell wall integrity signaling pathway. Genet-
ics 189:1145-1175

Licata L, Briganti L, Peluso D, Perfetto L, Iannuccelli M, Galeota
E, Sacco F, Palma A, Nardozza AP, Santonico E, Castagnoli L,
Cesareni G (2012) MINT, the molecular interaction database:
2012 update. Nucleic Acids Res 40:D857-861. https://doi.org/
10.1093/nar/gkr930

Lopez Y, Nakai K (2015) Patil A (2015) HitPredict version 4: com-
prehensive reliability scoring of physical protein-protein inter-
actions from more than 100 species. Database (oxford). https://
doi.org/10.1093/database/bav117

Meng L, Wang K, Lv H, Wang Z, Zhang W, Yuan Y (2019) A novel
mutation in PRPS1 causes X-linked Charcot-Marie-Tooth dis-
ease-5. Neuropathology 39:342-347. https://doi.org/10.1111/
neup.12589

Nishikura N, Yamagata T, Morimune T, Matsui J, Sokoda T, Sawai
C, Sakaue Y, Higuchi Y, Hashiguchi A, Takashima H, Takeuchi
Y, Maruo Y (2019) X-linked Charcot-Marie-Tooth disease
type 5 with recurrent weakness after febrile illness. Brain Dev
41:201-204. https://doi.org/10.1016/j.braindev.2018.08.006

Orchard S, Ammari M, Aranda B, Breuza L, Briganti L, Broackes-
Carter F, Campbell NH, Chavali G, Chen C (2014) The MIntAct
project—IntAct as a common curation platform for 11 molecular
interaction databases. Nucleic Acids Res 42:D358-363. https://
doi.org/10.1093/nar/gkt1115

Orlean P (2012) Architecture and biosynthesis of the Saccharomyces
cerevisiae cell wall. Genetics 192:775-818. https://doi.org/10.
1534/genetics.112.144485

Peri S, Navarro JD, Amanchy R, Kristiansen TZ, Jonnalagadda CK,
Surendranath V, Niranjan V, Muthusamy B, Gandhi TK, Gron-
borg M, Ibarrola N, Deshpande N, Shanker K, Shivashankar

HN, Rashmi BP, Ramya MA, Zhao Z, Chandrika KN, Padma
N, Harsha HC, Yatish AJ, Kavitha MP, Menezes M, Choudhury
DR, Suresh S, Ghosh N, Saravana R, Chandran S, Krishna S,
Joy M, Anand SK, Madavan V, Joseph A, Wong GW, Schie-
mann WP, Constantinescu SN, Huang L, Khosravi-Far R, Steen
H, Tewari M, Ghaffari S, Blobe GC, Dang CV, Garcia JG, Pevs-
ner J, Jensen ON, Roepstorft P, Deshpande KS, Chinnaiyan AM,
Hamosh A, Chakravarti A, Pandey A (2003) Development of
human protein reference database as an initial platform for
approaching systems biology in humans. Genome Res 13:2363—
2371. https://doi.org/10.1101/gr.1680803

Plank M (2022) Interaction of TOR and PKA Signaling in S. cerevi-
siae. Biomolecules. https://doi.org/10.3390/biom12020210

Porrmann J, Betcheva-Krajcir E, Di Donato N, Kahlert AK, Schallner
J, Rump A, Schrock E, Dobritzsch D, Roelofsen J, van Kuilen-
burg ABP, Tzschach A (2017) Novel PRPS1 gain-of-function
mutation in a patient with congenital hyperuricemia and facial
anomalies. Am J Med Genet A 173:2736-2742. https://doi.org/
10.1002/ajmg.a.38359

Prasad TS, Kandasamy K, Pandey A (2009) Human Protein Reference
Database and Human Proteinpedia as discovery tools for systems
biology. Methods Mol Biol 577:67-79. https://doi.org/10.1007/
978-1-60761-232-2_6

Puusepp S, Reinson K, Pajusalu S, van Kuilenburg ABP, Dobritzsch D,
Roelofsen J, Stenzel W, Ounap K (2020) Atypical presentation of
Arts syndrome due to a novel hemizygous loss-of-function variant
in the PRPS1 gene. Mol Genet Metab Rep 25:100677. https://doi.
org/10.1016/j.ymgmr.2020.100677

Remy I, Campbell-Valois FX, Michnick SW (2007) Detection of pro-
tein-protein interactions using a simple survival protein-fragment
complementation assay based on the enzyme dihydrofolate reduc-
tase. Nat Protoc 2:2120-2125. https://doi.org/10.1038/nprot.2007.
266

Ribeiro RA, Bourbon-Melo N, Sa-Correia I (2022) The cell wall and
the response and tolerance to stresses of biotechnological rel-
evance in yeasts. Front Microbiol 13:953479. https://doi.org/10.
3389/fmicb.2022.953479

Sanz AB, Garcia R, Pavon-Verges M, Rodriguez-Pena JM, Arroyo J
(2022) Control of Gene Expression via the Yeast CWI Pathway.
Int J Mol Sci. https://doi.org/10.3390/ijms23031791

Sauvaget M, Hutton F, Coull R, Vavassori S, Wang K, Reznik A,
Chyker T, Newfield CG, Euston E, Benary G, Schweizer LM,
Schweizer M (2019) The NHR1-1 of Prs1 and the pentameric
motif ,,KKCPK,g of Prs3 permit multi-functionality of the
PRPP synthetase in Saccharomyces cerevisiae. FEMS Yeast Res
19:1-13. https://doi.org/10.1093/femsyr/foz006

Schneiter R, Carter AT, Hernando Y, Zellnig G, Schweizer LM, Sch-
weizer M (2000) The importance of the five phosphoribosyl-
pyrophosphate synthetase (Prs) gene products of Saccharomyces
cerevisiae in the maintenance of cell integrity and the subcel-
lular localization of Prs1p. Microbiology 146(Pt 12):3269-3278.
https://doi.org/10.1099/00221287-146-12-3269

Shatnawi M (2000) Review of recent protein-protein interaction tech-
niques. In: Ito T, Yoshida M (eds) Emerging Trends in Compu-
tational Biology, Bioinformatics & System Biology. Elsevier,
Amsterdam

Song MH, Lee KY, Choi JY, Bok J, Kim UK (2012) Nonsyndromic
X-Linked Hearing Loss. Front Biosci (elite Ed) 4:924-933.
https://doi.org/10.2741/430

Stark MJR (2004) Protein phosphorylation and dephosphorylation. In:
Dickinson JR, Schweizer M (eds) The Metabolism and Molecuy-
lar Physiology of Saccharomyces cerevisiae. CRC Press, Boca
Raton

Suzuki A, Badger BL, Haase J, Ohashi T, Erickson HP, Salmon ED,
Bloom K (2016) How the kinetochore couples microtubule force

@ Springer


https://doi.org/10.1111/febs.15288
https://doi.org/10.1111/febs.15288
https://doi.org/10.1007/s10123-019-00092-2
https://doi.org/10.1007/s10123-019-00092-2
https://doi.org/10.1042/BST0371115
https://doi.org/10.1016/j.ymgmr.2021.100709
https://doi.org/10.1016/j.ymgmr.2021.100709
https://doi.org/10.1093/nar/gkr930
https://doi.org/10.1093/nar/gkr930
https://doi.org/10.1093/database/bav117
https://doi.org/10.1093/database/bav117
https://doi.org/10.1111/neup.12589
https://doi.org/10.1111/neup.12589
https://doi.org/10.1016/j.braindev.2018.08.006
https://doi.org/10.1093/nar/gkt1115
https://doi.org/10.1093/nar/gkt1115
https://doi.org/10.1534/genetics.112.144485
https://doi.org/10.1534/genetics.112.144485
https://doi.org/10.1101/gr.1680803
https://doi.org/10.3390/biom12020210
https://doi.org/10.1002/ajmg.a.38359
https://doi.org/10.1002/ajmg.a.38359
https://doi.org/10.1007/978-1-60761-232-2_6
https://doi.org/10.1007/978-1-60761-232-2_6
https://doi.org/10.1016/j.ymgmr.2020.100677
https://doi.org/10.1016/j.ymgmr.2020.100677
https://doi.org/10.1038/nprot.2007.266
https://doi.org/10.1038/nprot.2007.266
https://doi.org/10.3389/fmicb.2022.953479
https://doi.org/10.3389/fmicb.2022.953479
https://doi.org/10.3390/ijms23031791
https://doi.org/10.1093/femsyr/foz006
https://doi.org/10.1099/00221287-146-12-3269
https://doi.org/10.2741/430

6 Page 12 of 12

Current Genetics (2024) 70:6

and centromere stretch to move chromosomes. Nat Cell Biol
18:382-392. https://doi.org/10.1038/ncb3323

Synofzik M, Muller vom Hagen J, Haack TB, Wilhelm C, Lindig T,
Beck-Wodl S, Nabuurs SB, van Kuilenburg AB, de Brouwer
AP, Schols L (2014) X-linked Charcot-Marie-Tooth disease,
Arts syndrome, and prelingual non-syndromic deafness form a
disease continuum: evidence from a family with a novel PRPS1
mutation. Orphanet J Rare Disease 9:24. https://doi.org/10.1186/
1750-1172-9-24

Szklarczyk D, Kirsch R, Koutrouli M, Nastou K, Mehryary F, Hachi-
lif R, Annika GL, Fanf T (2023) The STRING datbase in 2023:
protein-protein association networks and functional enrichment
analyses for any sequenced genome of interest. Nucl Acids Res
51:D638-D646. https://doi.org/10.1093/nar/gkac1000

Tarassov K, Messier V, Landry CR, Radinovic S, Serna Molina
MM, Shames I, Malitskaya Y, Vogel J, Bussey H, Michnick SW
(2008) An in vivo map of the yeast protein interactome. Science
320:1465-1470. https://doi.org/10.1126/science.1153878

Tatibana M, Taira M, Ishijima S, Kita K, Shimada H, Yamada K, lizasa
T (1989) Analysis of molecular structure of rat phosphoribosylpy-
rophosphate synthetase genes. Adv Exp Med Biol 253A:525-530

Uetz P (2002) Two-Hybrid Arrays. Methods Enzymol 6:57-62

Uetz P, Hughes RE (2000) Systematic and large-scale two-hybrid
screens. Curr Opin Microbiol 3:303-308

Uetz P, Giot L, Cagney G, Mansfield TA, Judson RS, Knight JR, Lock-
shon D, Narayan V, Srinivasan M, Pochart P, Qureshi-Emili A, Li
Y, Godwin B, Conover D, Kalbfleisch T, Vijayadamodar G, Yang
M, Johnston M, Fields S, Rothberg JM (2000) A comprehensive
analysis of protein-protein interactions in Saccharomyces cerevi-
siae. Nature 403:623-627

Ugbogu EA, Wippler S, Euston M, Kouwenhoven EN, de Brouwer
AP, Schweizer LM, Schweizer M (2013) The contribution of the
nonhomologous region of Prs1 to the maintenance of cell wall
integrity and cell viability. FEMS Yeast Res 13:291-301. https://
doi.org/10.1111/1567-1364.12033

Ugbogu EA, Wang K, Schweizer LM, Schweizer M (2016a) Metabolic
gene products have evolved to interact with the cell wall integrity
pathway in Saccharomyces cerevisiae. FEMS Yeast Res 16:1-10.
https://doi.org/10.1093/femsyr/fow092

Ugbogu EA, Wang K, Schweizer LM, Schweizer M (2016b) Metabolic
gene products have evolved to interact with the cell wall integrity
pathway in Saccharomyces cerevisiae. FEMS Yeast Res. https://
doi.org/10.1093/femsyr/fow092

Ugbogu EA, Schweizer LM, Schweizer M (2022) Contribution of
Model Organisms to Investigating the Far-Reaching Consequences

@ Springer

of PRPP Metabolism on Human Health and Well-Being. Cells.
https://doi.org/10.3390/cells11121909

Ullman B, Carter D (1997) Molecular and biochemical studies on the
hypoxanthine-guanine phosphoribosyltransferases of the patho-
genic haemoflagellates. Int J Parasitol 27:203-213

van Leeuwen J, Boone C, Andrews BJ (2017) Mapping a diversity of
genetic interactions in yeast. Curr Opin Syst Biol 6:14-21. https://
doi.org/10.1016/j.coisb.2017.08.002

VanderSluis B, Costanzo M, Billmann M, Ward HN, Myers CL,
Andrews BJ, Boone C (2018) Integrating genetic and protein-
protein interaction networks maps a functional wiring diagram
of a cell. Curr Opin Microbiol 45:170-179. https://doi.org/10.
1016/j.mib.2018.06.004

Vavassori S (2005) An investigation of the influence of impaired
PRPP production on the physiology of Saccharomyces cerevisiae.
Heriot-Watt University, Edinburgh

Vavassori S, Wang K, Schweizer LM, Schweizer M (2005a) In Saccha-
romyces cerevisiae, impaired PRPP synthesis is accompanied by
valproate and Li* sensitivity. Biochem Soc Trans 33:1154-1157.
https://doi.org/10.1042/BST20051154

Vavassori S, Wang K, Schweizer LM, Schweizer M (2005b) In Saccha-
romyces cerevisiae, impaired PRPP synthesis is accompanied by
valproate and Li+ sensitivity. Biochem Soc Trans 33:1154-1157.
https://doi.org/10.1042/Bst0331154

Vavassori S, Wang K, Schweizer LM, Schweizer M (2005¢) Ramifica-
tions of impaired PRPP synthesis in Saccharomyces cerevisiae.
Biochem Soc Trans 33:1418-1420

Wang K (2005) The involvement of PRPP synthetase in cell integrity
signalling in Saccharomyces cerevisiae. Heriot-Watt University,
Edinburgh

Wang K, Vavassori S, Schweizer LM, Schweizer M (2004) Impaired
PRPP-synthesizing capacity compromises cell integrity signal-
ling in Saccharomyces cerevisiae. Microbiology 150:3327-3339

Xenarios I, Salwinski L, Duan XQJ, Higney P, Kim SM, Eisenberg D
(2002) DIP, the database of interacting proteins: a research tool for
studying cellular networks of protein interactions. Nucleic Acids
Res 30:303-305

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1038/ncb3323
https://doi.org/10.1186/1750-1172-9-24
https://doi.org/10.1186/1750-1172-9-24
https://doi.org/10.1093/nar/gkac1000
https://doi.org/10.1126/science.1153878
https://doi.org/10.1111/1567-1364.12033
https://doi.org/10.1111/1567-1364.12033
https://doi.org/10.1093/femsyr/fow092
https://doi.org/10.1093/femsyr/fow092
https://doi.org/10.1093/femsyr/fow092
https://doi.org/10.3390/cells11121909
https://doi.org/10.1016/j.coisb.2017.08.002
https://doi.org/10.1016/j.coisb.2017.08.002
https://doi.org/10.1016/j.mib.2018.06.004
https://doi.org/10.1016/j.mib.2018.06.004
https://doi.org/10.1042/BST20051154
https://doi.org/10.1042/Bst0331154

	Hypothesis: evidence that the PRS gene products of Saccharomyces cerevisiae support both PRPP synthesis and maintenance of cell wall integrity
	Abstract
	Introduction
	5-Phosphoribosyl-1-α-pyrophosphate (PRPP) synthesis
	Functions of Prs1-Prs5 in S. cerevisiae
	Human PRPS
	Yeast cell wall integrity

	Materials and methods
	Results
	Identification of PrsPrs interactions
	Prs proteins interact with other proteins, in particular, with CWI signalling pathway proteins

	Discussion
	PrsPrs interactions
	High-throughput methods
	Prs proteins interact with components of the CWI signalling cascade

	Acknowledgements 
	References


