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ABSTRACT  Severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) is the causative agent of the highly infectious 
coronavirus disease COVID-19. Extensive research has been per-
formed in recent months to better understand how SARS-CoV-2 
infects and manipulates its host to identify potential drug targets 
and support patient recovery from COVID-19. However, the 
function of many SARS-CoV-2 proteins remains uncharacterised. 
Here we used the Synthetic Physical Interactions (SPI) method to 
recruit SARS-CoV-2 proteins to most of the budding yeast prote-
ome to identify conserved pathways which are affected by SARS-
CoV-2 proteins. The set of yeast proteins that result in growth 
defects when associated with the viral proteins have homolo-
gous functions that overlap those identified in studies per-
formed in mammalian cells. Specifically, we were able to show 
that recruiting the SARS-CoV-2 NSP1 protein to HOPS, a vesicle-
docking complex, is sufficient to perturb membrane trafficking in 
yeast consistent with the hijacking of the endoplasmic-
reticulum–Golgi intermediate compartment trafficking pathway 
during viral infection of mammalian cells. These data demon-
strate that the yeast SPI method is a rapid way to identify poten-
tial functions of ectopic viral proteins. 
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INTRODUCTION 
SARS-CoV-2 is a novel member of the Coronaviridae family 
of single-strand RNA viruses. Both the current SARS-CoV-2 
pandemic and two previous instances of human infections 
with novel coronaviruses (SARS-CoV and MERS-CoV), 
demonstrate the potential of this virus to cause wide-
spread infections and associated mortality. Infection may 
cause acute respiratory distress syndrome characterised by 
severe inflammation of the lungs, which can lead to short 
term mortality and long-term lung damage. Despite the 
number of antiviral drugs being tested such as remdesivir, 
hydroxychloroquine, lopinavir and interferon, to date, all of 
these agents had little or no effect on rates of mortality or 
duration of hospitalisation [1]. Although vaccines offer up 

to 90% protection against catching the disease, the treat-
ment of acute infection relies upon a small number of anti-
inflammatory drugs, which target the patient’s immune 
response rather than act against the viral infection [2]. 
Therefore, there is much interest in understanding the 
function of coronavirus proteins, both in terms of the host 
proteins with which they interact and the cellular process-
es that they exploit during viral infection. However, with 
notable exceptions, the functions of many of the SARS-
CoV-2 proteins are either unknown or poorly characterised.  

Large scale proteomic analysis using mass spectrometry 
has already enabled significant insight into the molecular 
mechanisms of specific SARS-CoV-2 proteins during coro-
navirus infection. Immuno-precipitation (IP) experiments 
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SARS-CoV-2 – severe acute respiratory syndrome 
coronavirus 2; SPI – synthetic physical interaction. 
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with SARS-CoV-2 proteins in human cells have identified 
interactions between viral and host proteins and have 
proven to be a powerful tool to identify drug targets within 
the human cell [4, 5]. However, some interactions may 
remain undetected due to the technical limitations of mass 
spectrometry. 

Testing the function of individual SARS-CoV-2 proteins 
systematically is appealing to determine their potential 
role in cells and ultimately to develop interventions to 
block their activity. Notwithstanding the IP experiments, 
there are relatively few methods for querying the function 
of proteins in an unbiased and systematic way. We wished 
to determine whether individual SARS-CoV-2 proteins 
would produce a phenotype when expressed in yeast and 
to identify whether such a simple system could provide an 
assay for viral protein function. The rationale for using a 
simple eukaryote to study viral protein function is to ask 
whether yeast proteins are sufficiently conserved to be 
affected by the SARS-CoV-2 proteins and potentially also 
provide an in vivo assay for their function. If the viral pro-
teins exclusively interact with mammalian-specific proteins 
or processes, they are unlikely to produce a phenotype in a 
non-mammalian model. In contrast, if viral proteins exploit 
conserved pathways, they may be capable of eliciting a 
response in yeast. There is significant precedent for studies 
using ectopic proteins in budding yeast, from studying dis-
eases such as Huntington’s disease or cancer. However, 
relatively little evidence had been gained on potential as-
says for viral proteins in yeast. To this end, we undertook 
Synthetic Physical Interactions (SPI) screens with seven 
SARS-CoV-2 proteins in yeast. In brief, SPI screens take a 
protein of interest, a viral protein in this case, and sequen-
tially force it to associate with most members of the yeast 
proteome. Forced associations that result in a growth de-
fect are readily detected and we term these associations 
SPIs. Interactions that affect the cell cycle or essential cel-
lular functions, when forced constitutively, produce a yeast 
growth defect. Consequently, SPI screens have been used 
to uncover novel functional roles for proteins in budding 
yeast [6–8]. 

 

RESULTS 
SARS-CoV-2 proteins localise to the vacuole and compo-
nents of the ER-Golgi intermediate compartment traffick-
ing pathway in yeast 
We initially tested whether or not the expression of SARS-
CoV-2 proteins in yeast would result in a growth defect. 
The 30 kb genome of SARS-CoV-2 contains up to 14 open 
reading frames (ORFs), which encode for at least 29 pro-
teins. These include the key structural proteins spike (S), 
envelope (E), membrane (M) and nucleocapsid (N) as well 
as 16 non-structural proteins (NSP1-16) and several acces-
sory proteins (known as ORFs 3a, 3b, 6, 7a, 7b, 8, 9b, 9c 
and 10) (Figure 1). We chose seven proteins encompassing 
members of each of these groups; E, N, NSPs 1, 2 and 9 and 
ORFs 3a and 7a to investigate in yeast. E forms a homopen-
tameric ion channel, and much of the expressed protein 
localises to the ER, Golgi and ER-Golgi intermediate com-

partment (ERGIC), where it participates in virion assembly 
and budding [9, 10]. It has been shown to interact with M, 
N, and five human host proteins Bcl-xL, PALS1, Syntenin, 
ATP1A1, and Stomatin [11]. ORF3a is a homotetrameric ion 
channel that has been suggested to modify endomem-
brane compartments and interacts with the vacuolar pro-
tein sorting complex, HOPS [4]. It may also play a role in 
viral release and host cell apoptosis [12, 13]. N primarily 
functions to bind to viral RNA, and is essential to package 
the RNA into the nascent virions [14]. NSP1 inhibits the 
expression of host proteins and affects nuclear pores [15]. 
NSP2 is a transmembrane protein and interacts with vesi-
cle trafficking proteins [4]. NSP9 is involved in the transla-
tion of viral RNAs and interacts with the translation initia-
tion factor eIF4A and components of the nuclear pore [4]. 
Overexpression of ORF7a has been shown to induce Golgi 
fragmentation caused by SARS-CoV-2 infection [16]. These 
studies have identified some putative roles of the viral 
proteins, but little is known about the mechanisms that 
they work through. 

Plasmid constructs were created encoding these seven 
SARS-CoV-2 proteins (Figure 1A) under the control of a 
modestly, but constitutively active CUP1 promoter. We 
observed no obvious growth defects in strains expressing 
any one of the seven viral proteins, whether or not they 
were tagged with green fluorescent protein (GFP)-binding 
protein-red fluorescent protein (GBP-RFP; Figure S1). Next, 
we wanted to identify the localisation of the viral proteins 
within yeast cells. We used plasmids encoding fluorescent-
ly-tagged versions of each of the SARS-CoV-2 proteins 
(tagged with GBP-RFP) and transfected these into a set of 
yeast strains each of which contained a cyan fluorescent 
protein (CFP)-tagged endogenous protein that localises to 
a specific yeast compartment (Figure S2); note that the 
GBP does not interact with CFP. We found that all SARS-
CoV-2 proteins are predominantly targeted to the vacuole, 
a known pathway for protein degradation of recombinant 
and misfolded proteins [17–19] (Figure 1B, C and Data S1). 
In addition, ORF3a, N and E partially colocalised to compo-
nents of the ER-to-Golgi pathway and Lipid Droplets (Fig-
ure 1C). Interestingly, expression of these SARS-CoV-2 pro-
teins also leads to an increase in the ratio of vacuole to cell 
size which is tuned by anterograde membrane trafficking 
[20] (Figure 1D and Data S1). 
 
Proteins involved in cellular trafficking and RNA metabo-
lism are sensitive to forced SARS-CoV-2 protein associa-
tion 
Next, we wanted to ask whether forcibly associating viral 
proteins with endogenous yeast proteins in vivo would lead 
to growth defects. We first tested whether the SARS-CoV-2 
proteins, when fused to GBP, were able to associate with 
endogenous yeast proteins. We imaged a selection of yeast 
GFP strains expressing SARS-CoV-2 proteins fused with GBP. 
We found that, in the majority of cases, the SARS-CoV-2 
proteins tagged with GBP co-localised with yeast GFP pro-
teins as judged by fluorescence imaging (Figure 2A-D   and  
Figure   S3),  consistent   with   previous   findings  for  yeast 
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FIGURE 1: Localisation of SARS-CoV-2 proteins in yeast. (A) Seven open reading frames (ORFs) from the SARS-CoV-2 viral genome are illus-
trated. These ORFs were cloned either in fusion with GBP-GFP or alone and transferred to the GFP collection of strains and growth effects 
measured. The viral ORF alone and GBP-RFP serve as controls. The respective colours of the seven viral proteins are consistent in data across 
the remaining figures. (B) Fluorescence micrographs show yeast encoding different CFP-tagged yeast proteins to evaluate cellular position of  
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proteins [6]. We next performed SPI screens with the seven 
SARS-CoV-2 proteins. We arrayed ~4000 strains from the 
GFP library of yeast strains on rectangular agar plates. This 
subset of the full GFP library excludes tagged proteins that 
are either non-functional or not expressed in mitotic cells 
[21]. Each strain was assessed in quadruplicate. We used 
Selective Ploidy Ablation (SPA) [22] to transfer plasmids 
encoding the seven GBP-tagged SARS-CoV-2 proteins into 
the arrays of GFP strains. As controls, we separately 
screened untagged SARS-CoV-2 proteins and the GBP pro-
tein alone. Growth of the GFP strains was compared be-
tween these two controls and the strains containing a 
SARS-CoV-2 protein tagged with GBP. Colony size was used 
as a surrogate for growth and the natural log of the ratio of 
growth (control growth divided by experimental growth) 
was calculated for each of the ~28,000 associations. A Log 
Growth Ratio (LGR) of zero indicates equivalent growth on 
control and experiment, whereas positive LGRs indicate 
restricted growth of the experimental strains (Figure 2E, 
Data S2). The LGRs for each of the two controls were com-
pared (Figure S4) and since the data for each control corre-
lated, we used a ‘mean LGR’ of the two controls as a quan-
titative measure of any SPIs, consistent with previous SPI 
screens [6-7]. We categorised a SPI as a forced association 
that produces a mean LGR of 0.4 or greater; this corre-
sponds to roughly twice as many cells on control versus 
experiment [8]. Previous SPI screens have shown that a 
mean LGR of 0.4 is a conservative cut-off, with an estimat-
ed false discovery rate (FDR) of around 90% [6, 7]. To 
measure the FDRs directly we validated a selection of the 
SARS-CoV-2 SPIs by repeating the assay with 16 replicates. 
We found that the original screen data correlated well with 
the validation data (Figure S5A-D). Overall, the original 
SARS-CoV-2 SPIs had an FDR of up to 20% with a conserva-
tive 0.4 LGR cut-off. SPIs with higher original LGR values 
validated at higher levels (Figure S5F-H). 

We removed yeast proteins from this dataset that fre-
quently are affected by protein association using the SPI 
method, so-called ‘frequent flyers’ [6] (Data S2). Two of the 
SARS-CoV-2 proteins, NSP2 and NSP9 produced very few 
SPIs (32 and 17 respectively). Two others, ORF7a and N, 
produced around 200 SPIs (215 and 201 respectively) and 
the remainder produced 300-500 SPIs (335 for ORF3a, 394 
for E and 432 for NSP1 (Figure 2E, F and Data S2). 

We noted that the SARS-CoV-2 SPIs produced particu-
larly strong growth inhibition compared to those using 
yeast proteins. To confirm this, we measured the mean 
LGRs of SPIs produced by the seven proteins and compared 
this with 23 yeast proteins representing diverse cellular 

compartments [6]. We found that, on average, the SARS-
CoV-2 proteins produced stronger growth effects than 
yeast proteins (p=0.029, Figure 3A). This was particularly 
true for the SARS-CoV-2 proteins that produced the most 
SPIs. We next used Spearman’s rank correlation to identify 
similarities between yeast and SARS-CoV-2 SPI screens. We 
found that the SARS-CoV-2 SPI data showed poor correla-
tion to the 23 yeast proteins with two exceptions, Nuf2 
and Dad2, which are both kinetochore proteins (Figure 3B). 
The NSP1 and E screens both produced SPIs with distinct 
sets of GFP-tagged proteins, whereas screening with N, 
ORF3a and ORF7a resulted in similar sets of SPIs (Figure 
3B). 

We used hierarchical clustering on the SPI data to 
group the plasmid-expressed SARS-CoV-2 proteins and the 
GFP-tagged yeast collection by LGRs (Figure 3C). This anal-
ysis shows that the most closely related SPI data are for 
ORF3a and ORF7a, with the N protein also having some 
overlap with these data. The E and NSP1 proteins separate-
ly produced large and distinct groups of SPIs. 

Gene ontology enrichment (GO) analysis was used to 
assess enrichment of specific cellular processes in SPIs 
from each screen individually (Figure 3D, Data S3). Enrich-
ments are defined as GO terms with an FDR corrected q-
value ≤ 0.05 (-Log(Q) ≥ 1.3) and GO terms above this q-
value threshold are shown in grey. NSP9 produced very 
few SPIs and therefore had no enrichment. NSP2 SPIs in-
cluded proteins involved in vesicle tethering and vesicle 
mediated transport although these GO terms were not 
enriched after FDR correction (Data S3). ORF3a, ORF7a and 
N SPIs shared similar GO enrichments, including vesicle 
tethering involved in exocytosis, transcription, DNA repair 
and replication. The GO terms SRP-dependent protein tar-
geting, nuclear transport and regulation of chromosome 
segregation were uniquely enriched in SPIs with N. OFR3a 
SPIs were additionally enriched for proteins which play a 
role in RNA processing and spindle organisation (Figure 3D 
and Data S3). Despite being above the FDR corrected  
q-value threshold, the ion channel E produced SPIs with 
proteins involved in inorganic cation transmembrane 
transport, which underline its proposed function as an ion 
channel. NSP1 SPIs included proteins involved in trans-
membrane drug transport, regulation of vesicle transport 
and regulation of actin nucleation (Figure 3D and Data S3). 
Rather than producing a uniform ‘random’ list of proteins, 
our analysis indicates that the SARS-CoV-2 SPIs are en-
riched with proteins involved in distinct biological process-
es. 

the GBP-RFP-tagged SARS-CoV-2 proteins. Vph1-CFP is a marker for the vacuolar membrane, Tgl3-CFP for lipid droplets, Vgr4-CFP for the 
Early Golgi, and Sec7-CFP for the late Golgi. The blue and red channels are shown in greyscale for clarity. The scale bar is 10 µm, note that 
GBP does not bind to CFP. (C) A summary of SARS-CoV-2 protein localisation based on CFP-marker co-localisation. The blue colour is a repre-
sentation of the percentage of cells with the SARS-CoV-2 protein co-localised with a specific compartment (dark blue=100%, white=0%; 
n=~50 cells per strain). (D) Yeast expressing the SARS-CoV-2 proteins have a larger vacuole/cell ratio. The boxplots show median ratio (dark 
bar) and box extends from the lower (0.25) to upper (0.75) quartiles. The error bars show the minimum and maximum values, defined as 
either the actual minimum and maximum or 1.5 times the inter-quartile range below and above the lower and upper quartiles respectively. 
Outliers are shown as dots. The triple asterisks, *** indicate a p value <0.001 using an ANOVA test, n=15 cells per strain. The control strain 
contains GBP-RFP with no viral protein. 



C. Klemm et al. (2021)  Forced protein association of SARS-CoV-2 in yeast 

 
 

OPEN ACCESS | www.microbialcell.com 284 Microbial Cell | DECEMBER 2021 | Vol. 8 No. 12 

 

FIGURE 2: Forced binding of SARS-CoV-2-GBP-RFP fusion proteins to the yeast proteome. (A) The schematic illustrates the SPI screen, which 
involved recruiting SARS-CoV-2 proteins (tagged with GBP) to different GFP proteins, the viral protein alone and GBP alone serve as controls.   
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In order to determine whether the yeast SPI system 
could provide functional insight into the SARS-CoV-2 pro-
teins, we focused on SPIs with proteins that are conserved 
from yeast to human cells. More than 60% of GFP-tagged 
proteins in our yeast library have known orthologues or 
homologues in human cells (Figure 4A). Using Yeastmine’s 
orthology tool [23], we identified 1137 human orthologues 
of the SPIs (henceforth referred to as hoSPIs) (Data S4). 
With GO enrichment analysis, we asked whether hoSPIs 
were enriched for specific pathways. We found that, as 
with the yeast enrichments (Figure 3D), the hoSPIs were 
enriched for some similar functional categories (Figure 4B, 
Data S4). For example, the hoSPIs of N were enriched for 
proteins involved in vesicle transport (e.g., Golgi vesicle 
transport or vesicle mediated transport, Data S4). Addi-
tionally, the N hoSPIs were enriched for mammalian specif-
ic processes such as the intracellular transport of virus and 
activation of the immune response (Data S4). Also, similar 
to the yeast enrichments, ORF3a hoSPIs were enriched for 
processes involving RNA synthesis (e.g., RNA biosynthetic 
processes or regulation of gene expression, Data S4). Fur-
thermore, ORF3a hoSPIs were enriched for human-specific 
processes such as defense to virus (Data S4). These data 
show that the hoSPIs were enriched for proteins that are 
involved in RNA metabolism, vesicle transport and other 
aspects of the immune response or response to viruses. 

We next compared the hoSPIs to recent studies which 
identified cellular targets of SARS-CoV-2 infection in mam-
malian cells. Firstly, we compared our hoSPIs to affinity-
purification mass spectrometry (AP-MS) data of SARS-CoV-
2 proteins expressed in HEK-293T/17 cells (Gordon et al. 
[4]). We only found four hoSPIs from the N screen that 
overlapped with proteins that co-purified with N in human 
cells detected by AP-MS), these were MRPL36, G3BP1/2, 
LARP1B and PABPC1/2/RBM28. HoSPIs from other screens 
did not overlap with their corresponding AP-MS screens 
from the Gordon et al. data. However, we identified a total 
of 18 other hoSPI proteins that were detected with differ-
ent SARS-CoV-2 proteins in the AP-MS data (Figure S6, Data 
S5). Since forced protein association can affect neighbour-
ing proteins, depending on the specific spatial arrangement 
of the GBP- and GFP-tagged proteins [24], we also looked 
for correlation between protein complexes that were iden-
tified in the different screens. The proteins identified by 
AP-MS were enriched for proteins that are part of the sig-

nal recognition particle (SRP) and the exosome (Figure 4C 
Data S5). This same GO term was enriched in the hoSPIs 
(Data S5). Additionally, the AP-MS study highlighted his-
tone acetylase complex, cullin-RING ubiquitin ligase com-
plex and the HOPS complex, components of which were 
identified within the hoSPIs (Figure 4C, Data S5). We also 
compared protein complexes containing hoSPIs to data 
from two recent CRISPR knockout screens in SARS-CoV-2-
infected mammalian cells. First, we examined genes that 
impacted lethality to SARS-CoV-2 (with Z score of >+1, <-1) 
in monkey VeroE6 cells identified in a screen by Wei and 
colleagues [24] (Data S5). We found that similar GO terms 
were enriched between the protein complexes containing 
hoSPIs and complexes identified from this CRISPR knockout 
screen. These included various protein complexes related 
to transcription, histone acetyltransferases and the 
spliceosome (Figure 4C and Data S5). Additionally, we not-
ed that complexes, highlighted by Wei and colleagues, also 
contained hoSPI proteins (Figure 4C). We next compared 
the hoSPIs with the 1024 genes identified by Daniloski and 
colleagues in another CRISPR SARS-CoV-2 loss-of function 
screen [25]. We found overlapping proteins within the 
retromer and ARP2/3 complexes (Figure 4C), although 
these were not enriched for GO terms in our SPI data. In 
summary, we identified hoSPIs within mammalian protein 
complexes that were shown to either interact with viral 
proteins [4] or are essential for viral function and replica-
tion [25, 26]. These data establish that the yeast SPI system 
can identify interacting pathways with the SARS-CoV-2 viral 
proteins in eukaryotic cells despite the extensive diver-
gence of yeast and humans. 

The analysis of enriched processes in the yeast SPIs 
with SARS-CoV-2 proteins (Figure 3D) and the comparison 
of hoSPIs with genome-wide screens of SARS-CoV-2 in 
mammalian cells (Figure 4B and 4C), showed that tran-
scription and vesicle trafficking were strongly affected by 
forced association of SARS-CoV-2 proteins. We next asked 
which protein complexes involved in these processes were 
enriched in the yeast SPI data. For vesicle trafficking we 
found that exocyst, the tethering complex and COP1 vesi-
cle coat were all enriched with SARS-CoV-2 proteins (Data 
S6). For transcription and RNA metabolism, we identified 
many complexes that were enriched including the tran-
scription elongator factor complex, mediator complex, 
SAGA  complex  and  RNA polymerase II transcription factor  

(B) Fluorescence micrographs of a Nup100-GFP strain containing different viral proteins fused with GBP-RFP are shown. The green and red 
channels are shown in greyscale for clarity, the scale bar is 10 µM. (C) 71 strains were selected that contain different SARS-CoV-2 proteins 
tagged with GBP-RFP and different GFP tagged proteins. The GFP tagged proteins were chosen based upon those that had a clearly-visible 
GFP signal that is located at a defined and easily recognisable location within the cell. Co-localisation of GFP to RFP signal was assessed using 
fluorescence imaging. 67 of these strains (94%) had GFP and RFP co-localised or partially co-localised. None of the imaged GFP strains were 
completely recruited away from their natural cellular localisation. (D) The colocalisation data shown collectively in panel C, are separated by 
each viral protein. In some cases, in N, E ORF7a and ORF3a SPIs, the fusion protein localises to both to the normal location of the GFP pro-
tein as well as to the SARS-CoV-2 location described in Figure 1 (e.g. vacuole). This is labeled as ‘localises to GFP and RFP’. (E) Sample images 
from the screen are shown (top), GFP strains are arrayed in quadruplicate. Colony size is used as a measure of growth. The natural logarithm 
of the average growth of the control divided by the experiment (log growth ratio, LGR) are calculated. High LGR values indicate that control 
colonies were larger than the experiment. GOI indicates ‘Gene Of Interest’. The dotted lines indicate the mean LGR value for the examples 
shown. (F) LGRs between yeast proteome and seven SARS-CoV-2-GBP-RFP fusion proteins are shown (inset) and the strongest 300 SPIs with 
the highest LGR from all screens are plotted. 
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FIGURE 3: Clustering of SPIs from SARS-CoV-2 screens and yeast screens. (A) Compared to previous SPI screens which use yeast proteins of 
interest, the SARS-CoV-2 SPIs, on average, have higher LGRs. Statistical significance was assessed using Welch’s two sample t-test (the two as-
terisks, * indicate a p-value of = 0.029). Boxplot  parameters are as in Figure  1D. (B)  Hierarchical  clustering  of  Spearman's  rank  correlation  
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complex (Data S6). Therefore, we mapped the SARS-CoV-2 
SPIs onto the proteins involved in both transcription and 
vesicle trafficking to highlight this overlap (Figure 5). Nota-
bly, many components of the ERGIC compartments pro-
duced yeast SPIs with SARS-CoV-2 proteins. 

 
SARS-CoV-2 NSP1 disrupts membrane trafficking at the 
vacuolar membrane 
The HOPS/CORVET complexes are involved in the tethering 
and transport of vesicles within the cell and therefore pro-
vide good candidate complexes that might be manipulated 
by a virus. Furthermore, HOPS has been identified as an 
interactor with SARS-CoV-2 ORF3a [27]. Therefore, we 
wanted to ask whether the SARS-CoV-2 SPIs with yeast 
HOPS/CORVET were affecting membrane trafficking. In 
order to characterise a phenotype of a specific SPI, we de-
vised an endocytosis assay with Biotracker Red FM4-64 dye 
to investigate SPIs involved in vesicular trafficking. The 
amphiphilic FM4-64 dye intercalates into yeast cellular 
membranes and, over ~60 mins, moves through endocytic 
vesicles to reach the vacuolar membrane (Figure 6A), 
where the HOPS complex facilitates vesicle tethering [28]. 
The HOPS complex had multiple SPIs with ORF7a, NSP1, 
and E (Figure 5); we focused on the SPIs with NSP1 (Figure 
6B), since this viral protein is known to be multi-functional 
but with no known role in vesicle trafficking. NSP1-GBP was 
transiently expressed using a galactose-inducible promoter 
in Vps33-GFP, Vps8-GFP and BY4741 (untagged) strains 
before applying FM4-64 dye and imaging over 60 mins 
(Figure 6C-E). Both GFP-tagged strains exhibited faster 
vesicle uptake with NSP1-GBP than the GBP only control. 
Curiously, the presence of NSP1-GBP in the wild-type con-
trol had the opposite effect. These data demonstrate that 
NSP1 is capable of disrupting membrane trafficking in yeast 
when recruited to HOPS, raising the hypothesis that it may 
affect HOPS function in mammalian cells. 
 
DISCUSSION 
Yeast has been used as a model system to study funda-
mental disease processes including ageing, cancer, prion-
like diseases and neurodegeneration [29]. Many yeast 
genes have functional orthologues in metazoans and fun-
damental processes including cell division, cell death, pro-
tein homeostasis, RNA metabolism, metabolism, vesicular 
transport and signalling pathways are conserved with 
mammalian cells [30–36]. However, relatively few studies 
have attempted to examine viral proteins in yeast. Key 
exceptions to this include the use of yeast as a bioreactor 
to produce viral antigens, [37] and individual proteins from 
DNA viruses such as Hepatitis B virus and Epstein Barr virus 

have been studied in yeast [38, 39]. Studies on Human 
Immunodeficiency Virus-1 (HIV-1) in yeast have helped to 
elucidate the functions of several specific viral proteins 
including the RNA trafficking protein, Rev [40], Vpr [41], 
and the protease [42]. Additionally, expression of the HIV-1 
integrase is lethal in recombination deficient yeast [43], 
consistent with the function of the integrase during the 
viral life cycle in mammalian cells. 

There have been various studies of positive sense, sin-
gle strand RNA viruses including Hepatitis C virus, HIV and 
the SARS family of viruses [44–47], which can replicate in 
yeast; although we are not aware of attempts to replicate 
SARS-CoV-2 in yeast. Negative-sense RNA viruses have also 
been amplified in yeast. An influenza replicon system con-
sisting of viral RNA and viral RNA-dependent RNA polymer-
ase activity was established in yeast. This system was used 
to identify factors required for viral replication including a 
homologue of human RNA synthesis stimulatory host fac-
tor [48]. As much of a cell’s DNA/RNA synthesis and traf-
ficking machinery is conserved between yeast and mam-
malian cells [49–51], yeast can be a valuable tool for study-
ing viral activity within the cell.  

More recently, yeast has been used for genetic engi-
neering of DNA and RNA viruses using transformation-
associated recombination (TAR) cloning [52–56] and a re-
cent study has been successful in establishing a synthetic 
genomics approach to rapidly reconstruct infectious SARS-
CoV-2 in yeast [57]. 

These studies serve two distinct purposes. First, the 
findings can help to elucidate the function of viral proteins, 
discussed above and second, if lethal phenotypes can be 
identified in yeast, then the system provides a tractable 
tool to identify inhibitors [43]. However, the expression of 
most individual viral proteins in yeast is not lethal. Conse-
quently, finding phenotypes associated with the expression 
of viral proteins in yeast is limited. 

Here we used the SPI system to identify interactions 
between specific SARS-CoV-2 proteins and yeast proteins 
that produce a growth defect (these binary interactions are 
termed SPIs). For each of these seven SARS-CoV-2 proteins 
we screened ~4000 interactions and identified 1623 SPIs, 
with 1171 yeast GFP proteins, of which 849 have human 
orthologues. Two of the SARS-CoV-2 proteins produced 
relatively few SPIs (NSP2 and NSP9), and the other five viral 
proteins produced numerous SPIs (>200) within yeast. 
These data show that even when expression of viral pro-
teins in yeast does not cause a growth defect, phenotypes 
can be readily identified by association of the viral protein 
with specific host proteins. It is possible that the SPI phe-
notypes are caused simply by a non-specific disruption of  

between the LGRs from all screens indicate that SARS-CoV-2 screens (red) are less correlated to yeast screens, except for Nuf2 and Dad3. 
The darker blue colours indicate stronger correlation of LGR data. (C) Proteins identified as SPIs in one of more screens out of the seven viral 
protein screens were clustered based upon their mean LGR values using centroid linkage. Three distinct clusters of GFP proteins were identi-
fied (Cluster 1-3). (D) Enrichment analysis of gene ontology (GO) biological process terms across the seven screens and clusters from panel 
C. P values were calculated using a hypergeometric test and corrected for multiple hypothesis testing to produce a false discovery rated 
corrected, Q-value. The negative logarithm of the Q value is shown from purple (high) to turquoise (low); a -Log(Q) value of 1.3 is equivalent 
to p=0.05, with higher -Log(Q) values indicating greater statistical significance. -Log(Q) values below 1.3 are shown in grey. GO ratio (size of 
the circle) indicates the proportion of genes in a GO term were found for each enrichment. 



C. Klemm et al. (2021)  Forced protein association of SARS-CoV-2 in yeast 

 
 

OPEN ACCESS | www.microbialcell.com 288 Microbial Cell | DECEMBER 2021 | Vol. 8 No. 12 

 

FIGURE 4: SARS-CoV-2 SPI screens in the context of human genetics. (A) The SARS-CoV-2 yeast SPIs are collectively enriched for those that have human homo-
logues or orthologues compared to the GFP strains tested (Fishers exact test, p=7.8x10-8). Human Gene Complement indicates those human genes that have been 
demonstrated to complement the loss of the yeast homolog/ortholog. (B) Enrichment analysis of GO biological process terms of human orthologues of the SARS-
CoV-2 SPIs (hoSPIs). Bold terms indicate human specific GO terms, that are not present in yeast. The -Log(Q) value is illustrated by blue shading, all -Log(Q) values 
are greater than or equal to 1.3, which is equivalent to q-values < 0.05. GO ratio (size of the circle) indicates the proportion of genes in a GO term were found for 
each enrichment. (C) A comparison of the complexes that contain hoSPIs with those identified from three SARS-CoV-2 screens performed in mammalian cells. Dark 
purple shading indicates enrichment, light purple shading highlights complexes which are mentioned by the authors. These complexes correspond to the various 
steps in the viral lifecycle (right). 
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the host protein and are not informative of viral protein 
function. However, the data presented here suggest that 
the SPIs are biologically relevant. First, we have removed 
from our data yeast proteins that are frequently identified 
as SPIs, thus minimising non-specific effects. Second, the 
yeast SPIs for the SARS-CoV-2 proteins are not all the same 
but are distinct both from each other and from those pro-
duced by other yeast proteins (Figure 3 B, C). Third, the 
viral SPIs are consistent with known functions of both 
SARS-CoV-2 proteins and proteins from other coronavirus-
es. Collectively, these data argue that the SPI system in 
yeast can be used to shed light on viral protein function. 

Despite the evolutionary distance, many pathways are 
conserved from yeast to humans and human orthologues 
have been identified for many yeast proteins. In addition, 
some human specific pathways contain proteins with yeast 
orthologues due to evolutionary repurposing. We identi-
fied hoSPIs with several conserved and human specific 
pathways, which play a role in viral infection. N hoSPIs con-
tained proteins of the 20S proteasome and eIF2B complex 
involved in antigen receptor-mediated signalling pathway. 
EIF2B is a known viral target for evasion of translation inhi-
bition of viral RNA in other viruses [58], and a recent study 
has shown that the 20S proteasome promotes degradation 
of N in a PA28-dependent manner [59]. Furthermore, N 
hoSPIs included proteins involved in the assembly of filo-
podia and, concordantly, growth of filopodia has been 
identified as a striking phenotypical characteristic of SARS-
CoV-2-infected human colon cells [60]. NSP1 hoSPIs includ-
ed the nonopioid sigma receptor SIGMAR1, which was re-
cently identified as host-dependency factor for SARS-CoV-2 
infection and represents a potential drug target for treat-
ment of COVID-19 [61, 62]. The majority of proteins form-
ing the exosome RNAse complex were identified as hoSPIs 
with ORF3a. Exosomes are involved in host-cell response in 
COVID-19 patients and were also shown to accumulate 
viral proteins suggesting that SARS-CoV-2 potentially hi-
jacks the endocytic pathway [63]. 

The two most striking cellular processes that produced 
SPIs with the SARS-CoV-2 proteins were in RNA metabolism 
and vesicle trafficking. The first of these includes numerous 
components involved in transcriptional regulation, includ-
ing RNA polymerase II and associated regulatory compo-
nents (Figure 5).  

Vesicle trafficking was the second major category of 
yeast SPIs identified with SARS-CoV-2 proteins. Imaging of 
SARS-CoV-2 infected epithelial lung cells shows that the 
Golgi apparatus is fragmented to form viral replication 
organelles made up of double-membrane vesicles (DMV) 
[64]. The yeast SARS-CoV-2 SPIs overlap with many pro-
teins located at the endomembrane (Figure 5). Additionally, 
six of the seven SARS-CoV-2 proteins tested produced SPIs 
with components of the peroxisome, indicating a potential 

role of viral proteins in perturbing peroxisome function. 
Notably, a recent study described dramatic changes in 
structure and composition of peroxisomes in SARS-CoV-2 
infected cells [65]. ORF14 was identified as direct interac-
tor to human PEX14, suggesting that peroxisomes are di-
rect targets of SARS-CoV-2 infection. 

Multiple studies indicate that ORF3a interacts with 
hVPS39/Vam6, a subunit of the HOPS complex, blocking 
SNARE complex assembly and autophagy [27, 66, 67]. NSP1, 
E and ORF7a all produced SPIs with components of the 
HOPS/CORVET complex - although none with 
hVSP39/Vam6. We show that NSP1 influences endocytosis 
when recruited to Vps33. This SPI phenotype may be me-
diated through affecting Vam6’s ability to interact with the 
SNARE complex [68].  

Some of the SARS-CoV-2 SPIs match interactions identi-
fied from studies with other coronaviruses. For example, E 
protein from SARS-CoV-1 has been shown to bind to hu-
man ATP pump subunit ATP1A1 [10]; the yeast orthologue 
of ATP1A1, Ena2, has a SPI with SARS-CoV-2 E. Consequent-
ly, our data show that the SPIs produced by the SARS-CoV-
2 proteins in yeast can indicate their sites of function dur-
ing viral infection in mammalian cells. 

We also identified SPIs that suggest novel functions of 
the viral proteins in eukaryotic cells. For example, we iden-
tified SPIs between N and ORF3a with the coatomer com-
plexes and exocyst (Figure 4C, 5). These pathways are good 
candidates for proteins that could mediate viral secretion 
and merit further investigation. The exocyst complex me-
diates vesicle-membrane tethering and secretion and may 
be manipulated to accelerate viral release. The coatomer 
complex aids movement of vesicles between the Golgi, the 
ER and the ER-Golgi intermediate compartment (ERGIC). It 
is known that coronavirus remodels the ERGIC to facilitate 
viral synthesis [69]. A recent CRISPR screen in human cells 
infected by SARS-CoV-2 identified subunits of the exocyst 
as potential host factors required for infection [70].  

Since the SPIs indicate slow or no growth when the vi-
ral protein is recruited, this system could lend itself well to 
identifying small molecule inhibitors of the specific func-
tions of viral proteins. Yeast has previously been used to 
identify both mode of action of small molecules [71] and 
also identify new drugs for human disease [72]. Additional-
ly, yeast has been used as a tool to screen for drugs that 
inhibit viral proteins, including coronaviruses [73, 74]. 
However, these assays typically involve identifying a clear 
phenotype of a viral protein in yeast. The SPI system pro-
vides a tool that can rapidly identify such phenotypes and 
provide a tractable screening system. Additionally, the SPI 
assays could be used to screen variants of viral proteins for 
altered functions. For example, ORF3a mutations are asso-
ciated altered mortality [75], hence understanding the 
altered function of these variants is of interest. In summary, 

FIGURE 5: Mapping the SARS-CoV-2 yeast SPIs onto the transcription and trafficking pathways in yeast. The SPIs produced by the seven 
SARS-CoV-2 proteins are mapped onto complexes involved in transcription (top) and trafficking (bottom). The grey boxes encompass com-
plexes and proteins written in grey and italics were not present in our screen. The stars indicate which proteins were SPIs with the colours 
corresponding to the seven SARS-CoV-2 proteins.  
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this work establishes the SPI system as a powerful model 
for studying viral protein function in a simple eukaryotic 
system. 
 

 
 
 
 

FIGURE 6: Effect of NSP1 SPI at the HOPS complex. (A) Uptake of FM4-64 dye to the vacuolar membrane. BY4741 cells were grown in medi-
um containing 4 nM FM4-64 and images taken every 10-20 minutes. The progression of the dye to the vacuolar membrane is clear within 60 
minutes. The scale bar is 10 µm. (B) HOPS and CORVET complexes are illustrated based on electron microscopy 3D reconstruction [28] and 
functional domains [68]. Vps33 and Vps41 were identified as SPIs in the NSP1 screen and are highlighted in purple accordingly. (C) Following 
a 90-minute induction of GBP or NSP1-GBP expression in a Vps33-GFP strain, FM4-64 was added, and vacuolar staining of cells was quantified 
at 10, 25, 45 and 60 minutes from dye addition. Error bars indicate 95% binomial confidence intervals. (D) The experiment is as in panel C, 
but using a Vps8-GFP strain. (E) The data is as in panel C, but with a strain that lacks any GFP, BY4741. 
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MATERIALS AND METHODS 
Yeast Methods 
All yeast strains used in this study are listed in Table S1. GFP 
and CFP strains are based upon BY4741 (his3∆1 leu2∆0 
met15∆0 ura3∆0) [76, 77]. CFP strains were generated from 
the GFP library by Cas9-assisted tag switching (CATS) [78]. The 
universal donor strain (UDS) is a derivative of W303 (can1-100 
his3-11,15 leu2-3,112 ura3-1 RAD5) [79]. Yeast cells were cul-
tured in standard growth medium with 2% carbon source [80]. 
Plasmids were generated by gap-repair cloning directly in 
yeast or by using the NEBuilder HiFi assembly kit (New Eng-
land Biolabs) by combining the linearised plasmid background 
with gene fragments. All plasmids are listed in Table S2. Frag-
ments were synthesised by GeneArt (Thermo Fisher Scientific, 
USA) and plasmid constructs were validated using Sanger se-
quencing (GENEWIZ Brooks Life Science, UK).  
 
Synthetic Physical Interactions 
SPI screens were performed as previously described [8, 81]. 
Arrays of GFP strains were transformed separately with either 
control or experimental plasmids. For example, for the NSP1 
SPI screens either pCUP1-NSP1-GBP, or as controls, pCUP1-
GBP or pCUP1-NSP1 were used (pCUP1 is the promoter from 
the yeast CUP1 gene and GBP encodes the GFP binding pro-
tein). Selective ploidy ablation (SPA) was used to introduce 
plasmids into arrays of query yeast strains comprising ~4000 
members of the GFP collection that represent proteins that 
are expressed in mitotic cells [21, 77]. Briefly, the SPA method 
utilises a Universal Donor Strain (UDS, W8164-2B), which con-
tains conditionally-active centromeres, transformed with each 
of the plasmids. These donor strains were then mated with 
members of the GFP collection arrayed with four replicates on 
1536-colony rectangular agar plates using a pinning robot 
(ROTOR robot, Singer Instruments, UK). The resulting diploids 
were put through a series of sequential selection steps to 
maintain the query strain GFP genome and plasmid, while 
destabilising and then removing the chromosomes of the UDS 
by growing the cells in 5-FOA and galactose-containing media. 
Finally, the plates were scanned using a desktop flatbed scan-
ner (Epson V750 Pro, Seiko Epson Corporation, Japan).  
 
SPI Data analysis  
Colony sizes on SPI screening plates were measured using the 
colony measurement engine tool for ImageJ [82] and the re-
sulting data analysed using the open-source software 
ScreenGarden [83], which calculates mean log growth ratios of 
experimental and control plates for each interaction. Interac-
tions which resulted in an average LGR of more than 0.3 in all 
previous screens or were SPIs (LGR ≥0.4) in more than 40% of 
previous screens were highlighted as frequent flyers and ex-
cluded from analysis. Additionally, GFP-strains with an average 
colony size of less than 30% compared to the plate median 
after forced association of the GBP control were defined as 
sensitive to recruitment of any protein and were excluded 
from further analysis. The final dataset includes 3394 unique 
yeast open reading frames.  
 
Bioinformatics  
Spearman’s Rank correlation and comparison to yeast screens 
from Berry and colleagues were calculated using RStudio. Cen-
troid-linkage clustering of SPIs was performed using the Clus-
ter 3.0 software [84] and visualised using Java TreeView 1.1.6 

[85]. Gene Ontology (GO) analysis of SPIs from each screen 
was performed using the GOrilla web application [86] for en-
richment of GO terms for biological processes with a two (tar-
get and background) list approach. Enrichment was identified 
with a hypergeometric overrepresentation test, and a p-value 
cut-off of 10-3 was used. The GO ratio of each enrichment is 
defined as the number of genes from the target list with a GO 
term/number of genes associated with that GO term. A GO 
ratio of 1 indicates that all genes with a specific GO term were 
identified in the screen. Enrichment of process terms with 
very broad descriptions were excluded. 
 
Microscopy 
We used epifluorescence microscopy to determine the cellular 
localisation of FP-tagged proteins. Cells were grown to log-
phase and mixed with 0.7% low melting point agarose in 
growth medium on glass microscope slides. A Zeiss Axioimager 
Z2 microscope (Carl Zeiss AG, Germany) was used to image 
cells using a 63x 1.4NA apochromatic oil immersion lens. Fluo-
rescence was excited using a Zeiss Colibri LED illumination 
system (GFP=470 nm, YFP=505 nm, and RFP=590 nm) and 
differential interference contrast (DIC) prisms were used to 
enhance the contrast in bright field. The emitted light was 
captured using a Hamamatsu Flash 4.0 Lte CMOS camera with 
FL-400 (6.5 µm pixels, binned 2x2). Exposure times were ad-
justed to ensure that signal intensities remained below satura-
tion and remained identical between control and experi-
mental images. Images were acquired using the Zen software 
(Zeiss) and analysed and prepared using the Icy BioImage 
Analysis unit (version 2.0.3.0) [87] and FIJI/imageJ [88]. 
 
FM4-64 Endocytosis assay 
Membrane trafficking was measured using the lipophilic styryl 
dye FM4-64 (N-(3- triethylammoniumpropyl)-4-(6-(4-
(diethylamino)phenyl)hexatrienyl) pyridinium dibromide, Mil-
liporeSigma, Germany) [89]. To stain the cells, cultures were 
grown overnight to log phase in synthetic complete (SC) media 
with raffinose before inducing expression with media contain-
ing galactose for 1.5 hours. Yeast cells were collected by cen-
trifugation, resuspended in SC with glucose and 4nM FM4-64 

and incubated at 30C. Cells were imaged with epifluorescent 
microscopy 10, 25, 45 and 60 min following dye addition. 

 
ACKNOWLEDGMENTS 
We are indebted to Rowan Howell for advice and discus-
sion on our work and the Rothstein lab for yeast strains. 
This work was supported by Queen Mary University of 
London and the Francis Crick Institute, which receives its 
core funding from Cancer Research UK (FC001183), the UK 
Medical Research Council (FC001183), and the Wellcome 
Trust (FC001183).  
 

SUPPLEMENTAL MATERIAL 
All supplemental data for this article are available online at 
www.microbialcell.com. 
 

CONFLICT OF INTEREST 
The authors declare no conflicts of interest. 
 
 
 

http://www.microbialcell.com/


C. Klemm et al. (2021)  Forced protein association of SARS-CoV-2 in yeast 

 
 

OPEN ACCESS | www.microbialcell.com 293 Microbial Cell | DECEMBER 2021 | Vol. 8 No. 12 

COPYRIGHT 
© 2021 Klemm et al. This is an open-access article released 
under the terms of the Creative Commons Attribution (CC 
BY) license, which allows the unrestricted use, distribution, 
and reproduction in any medium, provided the original 
author and source are acknowledged. 

Please cite this article as: Cinzia Klemm, Henry Wood, Grace Her-
edge Thomas, Guðjón Ólafsson, Mara Teixeira Torres and Peter H. 
Thorpe (2021). Forced association of SARS-CoV-2 proteins with 
the yeast proteome perturb vesicle trafficking. Microbial Cell 
8(12): 280-296. doi: 10.15698/mic2021.12.766 

 
 

REFERENCES
1. Dyer O (2020). Covid-19: Remdesivir has little or no impact on 
survival, WHO trial shows. BMJ 371: m4057. doi: 10.1136/bmj.m4057 

2. Rochwerg B et al. (2020). A living WHO guideline on drugs for covid-
19. BMJ 370: m3379. doi: 10.1136/bmj.m3379 

3. Wong NA, and Saier MH (2021). The SARS-Coronavirus Infection 
Cycle: A Survey of Viral Membrane Proteins, Their Functional 
Interactions and Pathogenesis. Int J Mol Sci 22(3): 1308. doi: 
10.3390/ijms22031308 

4. Gordon DE et al. (2020). A SARS-CoV-2 protein interaction map 
reveals targets for drug repurposing. Nature 583: 459–468. doi: 
10.1038/s41586-020-2286-9 

5. Li J, Guo M, Tian X, Wang X, Yang X, Wu P, Liu C, Xiao Z, Qu Y, Yin Y, 
Wang C, Zhang Y, Zhu Z, Liu Z, Peng C, Zhu T, and Liang Q (2021). 
Virus-Host Interactome and Proteomic Survey Reveal Potential 
Virulence Factors  Influencing SARS-CoV-2 Pathogenesis. Med 2(1): 99-
112.e7. doi: 10.1016/j.medj.2020.07.002 

6. Berry LK, Ólafsson G, Ledesma-Fernández E, and Thorpe PH (2016). 
Synthetic protein interactions reveal a functional map of the cell. Elife 
5: e13053. doi: 10.7554/eLife.13053 

7. Howell RSM, Csikász-Nagy A, and Thorpe PH (2019). Synthetic 
physical interactions with the yeast centrosome. G3 9(7): 2183–2194. 
doi: 10.1534/g3.119.400117 

8. Ólafsson G, and Thorpe PH (2018). Rewiring the budding yeast 
proteome using synthetic physical interactions. Methods Mol Biol 
1672: 599-612. doi: 10.1007/978-1-4939-7306-4_39 

9. Surya W, Li Y, and Torres J (2018). Structural model of the SARS 
coronavirus E channel in LMPG micelles. Biochim Biophys acta 
Biomembr 1860(6): 1309–1317. doi: 10.1016/j.bbamem.2018.02.017 

10. Nieto-Torres JL, DeDiego ML, Álvarez E, Jiménez-Guardeño JM, 
Regla-Nava JA, Llorente M, Kremer L, Shuo S, and Enjuanes L (2011). 
Subcellular location and topology of severe acute respiratory 
syndrome coronavirus envelope protein. Virology 415(2): 69–82. doi: 
10.1016/j.virol.2011.03.029 

11. Schoeman D, and Fielding BC (2019). Coronavirus envelope 
protein: current knowledge. Virol J 16(1): 69. doi: 10.1186/s12985-
019-1182-0 

12. Freundt EC, Yu L, Goldsmith CS, Welsh S, Cheng A, Yount B, Liu W, 
Frieman MB, Buchholz UJ, Screaton GR, Lippincott-Schwartz J, Zaki SR, 
Xu X-N, Baric RS, Subbarao K, and Lenardo MJ (2010). The Open 
Reading Frame 3a Protein of Severe Acute Respiratory Syndrome-
Associated Coronavirus Promotes Membrane Rearrangement and Cell 
Death. J Virol 84(2): 1097 LP – 1109. doi: 10.1128/JVI.01662-09 

13. Law PTW, Wong C-H, Au TCC, Chuck C-P, Kong S-K, Chan PKS, To K-
F, Lo AWI, Chan JYW, Suen Y-K, Chan HYE, Fung K-P, Waye MMY, Sung 
JJY, Lo YMD, and Tsui SKW (2005). The 3a protein of severe acute 
respiratory syndrome-associated coronavirus induces  apoptosis in 
Vero E6 cells. J Gen Virol 86(Pt 7): 1921–1930. doi: 
10.1099/vir.0.80813-0 

14. Masters PS (2019). Coronavirus genomic RNA packaging. Virology 
537: 198–207. doi: 10.1016/j.virol.2019.08.031 

15. Gomez GN, Abrar F, Dodhia MP, Gonzalez FG, and Nag A (2019). 
SARS coronavirus protein nsp1 disrupts localization of Nup93 from the 
nuclear pore complex. Biochem Cell Biol 97(6): 758–766. doi: 
10.1139/bcb-2018-0394 

16. Stewart H, Johansen KH, McGovern N, Palmulli R, Carnell GW, 
Heeney JL, Okkenhaug K, Firth AE, Peden AA, and Edgar JR (2021). 
SARS-CoV-2 spike downregulates tetherin to enhance viral spread. 
bioRxiv 2021.01.06.425396. doi: 10.1101/2021.01.06.425396 

17. Fitzgerald I, and Glick BS (2014). Secretion of a foreign protein 
from budding yeasts is enhanced by cotranslational translocation and 
by suppression of vacuolar targeting. Microb Cell Fact 13(1): 125. doi: 
10.1186/s12934-014-0125-0 

18. Hecht KA, O’Donnell AF, and Brodsky JL (2014). The proteolytic 
landscape of the yeast vacuole. Cell Logist 4(1): e28023–e28023. doi: 
10.4161/cl.28023 

19. Hong E, Davidson AR, and Kaiser CA (1996). A pathway for 
targeting soluble misfolded proteins to the yeast vacuole. J Cell Biol 
135(3): 623–633. doi: 10.1083/jcb.135.3.623 

20. Chan Y-HM, and Marshall WF (2014). Organelle size scaling of the 
budding yeast vacuole is tuned by membrane trafficking  rates. 
Biophys J 106(9): 1986–1996. doi: 10.1016/j.bpj.2014.03.014 

21. Tkach JM, Yimit A, Lee AY, Riffle M, Costanzo M, Jaschob D, 
Hendry JA, Ou J, Moffat J, Boone C, Davis TN, Nislow C, and Brown GW 
(2012). Dissecting DNA damage response pathways by analysing 
protein localization and  abundance changes during DNA replication 
stress. Nat Cell Biol 14(9): 966–976. doi: 10.1038/ncb2549 

22. Reid RJD, González-Barrera S, Sunjevaric I, Alvaro D, Ciccone S, 
Wagner M, and Rothstein R (2011). Selective ploidy ablation, a high-
throughput plasmid transfer protocol, identifies new genes affecting 
topoisomerase I-induced DNA damage. Genome Res 21(3): 477–86. 
doi: 10.1101/gr.109033.110 

23. Balakrishnan R, Park J, Karra K, Hitz BC, Binkley G, Hong EL, Sullivan 
J, Micklem G, and Cherry JM (2012). YeastMine--an integrated data 
warehouse for Saccharomyces cerevisiae data as a multipurpose tool-
kit. Database 2012: bar062–bar062. doi: 10.1093/database/bar062 

24. Ólafsson G, and Thorpe PH (2016). Synthetic physical interactions 
map kinetochore-checkpoint activation regions. G3 6(8): 2531–2542. 
doi: 10.1534/g3.116.031930 

25. Daniloski Z, Jordan TX, Wessels H-H, Hoagland DA, Kasela S, Legut 
M, Maniatis S, Mimitou EP, Lu L, Geller E, Danziger O, Rosenberg BR, 
Phatnani H, Smibert P, Lappalainen T, tenOever BR, and Sanjana NE 
(2021). Identification of Required Host Factors for SARS-CoV-2 
Infection in Human Cells. Cell 184(1): 92-105.e16. doi: 
https://doi.org/10.1016/j.cell.2020.10.030 

26. Wei J et al. (2021). Genome-wide CRISPR Screens Reveal Host 
Factors Critical for SARS-CoV-2 Infection. Cell. 184(1): 76-91.e13. doi: 
10.1016/j.cell.2020.10.028 

27. Miao G, Zhao H, Li Y, Ji M, Chen Y, Shi Y, Bi Y, Wang P, and Zhang H 
(2021). ORF3a of the COVID-19 virus SARS-CoV-2 blocks HOPS 
complex-mediated assembly of the SNARE complex required for 
autolysosome formation. Dev Cell 56(4): 427-442.e5. doi: 



C. Klemm et al. (2021)  Forced protein association of SARS-CoV-2 in yeast 

 
 

OPEN ACCESS | www.microbialcell.com 294 Microbial Cell | DECEMBER 2021 | Vol. 8 No. 12 

10.1016/j.devcel.2020.12.010 

28. Bröcker C, Kuhlee A, Gatsogiannis C, kleine Balderhaar HJ, 
Hönscher C, Engelbrecht-Vandré S, Ungermann C, and Raunser S 
(2012). Molecular architecture of the multisubunit homotypic fusion 
and vacuole protein sorting (HOPS) tethering complex. Proc Natl Acad 
Sci 109(6): 1991 LP – 1996. doi: 10.1073/pnas.1117797109 

29. Mason RP, and Giorgini F (2011). Modeling Huntington disease in 
yeast: perspectives and future directions. Prion 5(4): 269–276. doi: 
10.4161/pri.18005 

30. Bonifacino JS, and Glick BS (2004). The mechanisms of vesicle 
budding and fusion. Cell 116(2): 153–166. doi: 10.1016/s0092-
8674(03)01079-1 

31. Brodsky JL, and Skach WR (2011). Protein folding and quality 
control in the endoplasmic reticulum: Recent lessons  from yeast and 
mammalian cell systems. Curr Opin Cell Biol 23(4): 464–475. doi: 
10.1016/j.ceb.2011.05.004 

32. Carmona-Gutierrez D, Eisenberg T, Büttner S, Meisinger C, 
Kroemer G, and Madeo F (2010). Apoptosis in yeast: triggers, 
pathways, subroutines. Cell Death Differ 17(5): 763–773. doi: 
10.1038/cdd.2009.219 

33. Chen RE, and Thorner J (2007). Function and regulation in MAPK 
signaling pathways: lessons learned from the yeast  Saccharomyces 
cerevisiae. Biochim Biophys Acta 1773(8): 1311–1340. doi: 
10.1016/j.bbamcr.2007.05.003 

34. Cross FR, Buchler NE, and Skotheim JM (2011). Evolution of 
networks and sequences in eukaryotic cell cycle control. Philos Trans 
R Soc B Biol Sci 366(1584): 3532–3544. doi: 10.1098/rstb.2011.0078 

35. Falcone C, and Mazzoni C (2018). RNA stability and metabolism in 
regulated cell death, aging and diseases. FEMS Yeast Res 18(6). doi: 
10.1093/femsyr/foy050 

36. Petranovic D, Tyo K, Vemuri GN, and Nielsen J (2010). Prospects of 
yeast systems biology for human health: integrating lipid, protein and  
energy metabolism. FEMS Yeast Res 10(8): 1046–1059. doi: 
10.1111/j.1567-1364.2010.00689.x 

37. Valenzuela P, Medina A, Rutter WJ, Ammerer G, and Hall BD 
(1982). Synthesis and assembly of hepatitis B virus surface antigen 
particles in yeast. Nature 298(5872): 347–350. doi: 10.1038/298347a0 

38. DeMarini DJ, Johnston VK, Konduri M, Gutshall LL, and Sarisky RT 
(2003). Intracellular hepatitis C virus RNA-dependent RNA polymerase 
activity. J Virol Methods 113(1): 65–68. doi: 10.1016/s0166-
0934(03)00226-x 

39. Kapoor P, Lavoie BD, and Frappier L (2005). EBP2 plays a key role 
in Epstein-Barr virus mitotic segregation and is regulated by aurora 
family kinases. Mol Cell Biol 25(12): 4934–4945. doi: 
10.1128/MCB.25.12.4934-4945.2005 

40. Stutz F, Neville M, and Rosbash M (1995). Identification of a novel 
nuclear pore-associated protein as a functional target of  the HIV-1 
Rev protein in yeast. Cell 82(3): 495–506. doi: 10.1016/0092-
8674(95)90438-7 

41. ZHAO RY, and ELDER RT (2005). Viral infections and cell cycle 
G2/M regulation. Cell Res 15(3): 143–149. doi: 10.1038/sj.cr.7290279 

42. Blanco R, Carrasco L, and Ventoso I (2003). Cell killing by HIV-1 
protease. J Biol Chem 278(2): 1086–1093. doi: 
10.1074/jbc.M205636200 

43. Caumont AB, Jamieson GA, Pichuantes S, Nguyen AT, Litvak S, and 
Dupont C-H (1996). Expression of functional HIV-1 integrase in the 
yeastSaccharomyces cerevisiae leads to the emergence of a lethal 
phenotype: potential use for inhibitor screening. Curr Genet 29(6): 
503–510. doi: 10.1007/BF02426953 

44. Janda M, and Ahlquist P (1993). RNA-dependent replication, 
transcription, and persistence of brome mosaic virus RNA  replicons in 
S. cerevisiae. Cell 72(6): 961–970. doi: 10.1016/0092-8674(93)90584-d 

45. Kushner DB, Lindenbach BD, Grdzelishvili VZ, Noueiry AO, Paul SM, 
and Ahlquist P (2003). Systematic, genome-wide identification of host 
genes affecting replication of a  positive-strand RNA virus. Proc Natl 
Acad Sci U S A 100(26): 15764–15769. doi: 10.1073/pnas.2536857100 

46. Panavas T, Serviene E, Brasher J, and Nagy PD (2005). Yeast 
genome-wide screen reveals dissimilar sets of host genes affecting 
replication of RNA viruses. Proc Natl Acad Sci U S A 102(20): 7326 LP – 
7331. doi: 10.1073/pnas.0502604102 

47. Galao RP, Scheller N, Alves-Rodrigues I, Breinig T, Meyerhans A, 
and Díez J (2007). Saccharomyces cerevisiae: a versatile eukaryotic 
system in virology. Microb Cell Fact 6(1): 32. doi: 10.1186/1475-2859-
6-32 

48. Naito T, Kiyasu Y, Sugiyama K, Kimura A, Nakano R, Matsukage A, 
and Nagata K (2007). An influenza virus replicon system in yeast 
identified Tat-SF1 as a stimulatory host factor for viral RNA synthesis. 
Proc Natl Acad Sci 104(46): 18235 LP – 18240. doi: 
10.1073/pnas.0705856104 

49. Brow DA, and Guthrie C (1988). Spliceosomal RNA U6 is 
remarkably conserved from yeast to mammals. Nature 334(6179): 
213–218. doi: 10.1038/334213a0 

50. Sauer F, and Tjian R (1997). Mechanisms of transcriptional 
activation: differences and similarities between yeast, Drosophila, and 
man. Curr Opin Genet Dev 7(2): 176–181. doi: 10.1016/S0959-
437X(97)80126-8 

51. Pevsner J, Hsu SC, Hyde PS, and Scheller RH (1996). Mammalian 
homologues of yeast vacuolar protein sorting (vps) genes implicated 
in Golgi-to-lysosome trafficking. Gene 183(1–2): 7–14. doi: 
10.1016/s0378-1119(96)00367-8 

52. Sanjay V, B. ST, Nina A, A. DE, G. GD, C. CK, Kristofer M, Krishna K, 
Daniel M, B. CL, A. VA, Eric B, Patrizia C, Klaus F, J. IM, Eain M, and 
Richard S (2021). Cloning, Assembly, and Modification of the Primary 
Human Cytomegalovirus Isolate Toledo by Yeast-Based 
Transformation-Associated Recombination. mSphere 2(5): e00331-17. 
doi: 10.1128/mSphereDirect.00331-17 

53. Oldfield LM, Grzesik P, Voorhies AA, Alperovich N, MacMath D, 
Najera CD, Chandra DS, Prasad S, Noskov VN, Montague MG, 
Friedman RM, Desai PJ, and Vashee S (2017). Genome-wide 
engineering of an infectious clone of herpes simplex virus type 1 using 
synthetic genomics assembly methods. Proc Natl Acad Sci 114(42): 
E8885 LP-E8894. doi: 10.1073/pnas.1700534114 

54. Almazán F, González JM, Pénzes Z, Izeta A, Calvo E, Plana-Durán J, 
and Enjuanes L (2000). Engineering the largest RNA virus genome as 
an infectious bacterial artificial chromosome. Proc Natl Acad Sci 
97(10): 5516 LP – 5521. doi: 10.1073/pnas.97.10.5516 

55. Boyd Y, M. CK, and S. BR (2000). Strategy for Systematic Assembly 
of Large RNA and DNA Genomes: Transmissible Gastroenteritis Virus 
Model. J Virol 74(22): 10600–10611. doi: 10.1128/JVI.74.22.10600-
10611.2000 

56. Thiel V, Herold J, Schelle B, and Siddell SG (2001). Infectious RNA 
transcribed in vitro from a cDNA copy of the human coronavirus 
genome cloned in vaccinia virus. J Gen Virol 82(6): 1273–1281. doi: 
10.1099/0022-1317-82-6-1273 

57. Thi Nhu Thao T, Labroussaa F, Ebert N, V’kovski P, Stalder H, 
Portmann J, Kelly J, Steiner S, Holwerda M, Kratzel A, Gultom M, 
Schmied K, Laloli L, Hüsser L, Wider M, Pfaender S, Hirt D, Cippà V, 
Crespo-Pomar S, Schröder S, Muth D, Niemeyer D, Corman VM, Müller 
MA, Drosten C, Dijkman R, Jores J, and Thiel V (2020). Rapid 
reconstruction of SARS-CoV-2 using a synthetic genomics platform. 



C. Klemm et al. (2021)  Forced protein association of SARS-CoV-2 in yeast 

 
 

OPEN ACCESS | www.microbialcell.com 295 Microbial Cell | DECEMBER 2021 | Vol. 8 No. 12 

Nature 582(7813): 561–565. doi: 10.1038/s41586-020-2294-9 

58. Wuerth JD, Habjan M, Kainulainen M, Berisha B, Bertheloot D, 
Superti-Furga G, Pichlmair A, and Weber F (2020). eIF2B as a Target 
for Viral Evasion of PKR-Mediated Translation Inhibition. MBio 11(4). 
doi: 10.1128/mBio.00976-20 

59. Zhang H, Tu J, Cao C, Yang T, and Gao L (2020). Proteasome 
activator PA28γ-dependent degradation of coronavirus disease 
(COVID-19) nucleocapsid protein. Biochem Biophys Res Commun 
529(2): 251–256. doi: 10.1016/j.bbrc.2020.06.058 

60. Bouhaddou M et al. (2020). The Global Phosphorylation Landscape 
of SARS-CoV-2 Infection. Cell 182(3): 685-712.e19. doi: 
10.1016/j.cell.2020.06.034 

61. Gordon DE et al. (2020). Comparative host-coronavirus protein 
interaction networks reveal pan-viral disease mechanisms. Science 
370(6521): eabe9403. doi: 10.1126/science.abe9403 

62. Hashimoto K (2021). Repurposing of CNS drugs to treat COVID-19 
infection: targeting the sigma-1 receptor. Eur Arch Psychiatry Clin 
Neurosci 271(2): 249–258. doi: 10.1007/s00406-020-01231-x 

63. Barberis E, Vanella V V, Falasca M, Caneapero V, Cappellano G, 
Raineri D, Ghirimoldi M, De Giorgis V, Puricelli C, Vaschetto R, Sainaghi 
PP, Bruno S, Sica A, Dianzani U, Rolla R, Chiocchetti A, Cantaluppi V, 
Baldanzi G, Marengo E, and Manfredi M (2021). Circulating Exosomes 
Are Strongly Involved in SARS-CoV-2 Infection. Front Mol Biosci 8: 
632290. doi: 10.3389/fmolb.2021.632290 

64. Cortese M, Lee J-Y, Cerikan B, Neufeldt CJ, Oorschot VMJ, Köhrer S, 
Hennies J, Schieber NL, Ronchi P, Mizzon G, Romero-Brey I, Santarella-
Mellwig R, Schorb M, Boermel M, Mocaer K, Beckwith MS, Templin 
RM, Gross V, Pape C, Tischer C, Frankish J, Horvat NK, Laketa V, 
Stanifer M, Boulant S, Ruggieri A, Chatel-Chaix L, Schwab Y, and 
Bartenschlager R (2020). Integrative Imaging Reveals SARS-CoV-2-
Induced Reshaping of Subcellular  Morphologies. Cell Host Microbe 
28(6): 853-866.e5. doi: 10.1016/j.chom.2020.11.003 

65. Knoblach B, Ishida R, Hobman TC, and Rachubinski RA (2021). 
Peroxisomes exhibit compromised structure and matrix protein 
content in  SARS-CoV-2-infected cells. Mol Biol Cell 32(14): 1273–1282. 
doi: 10.1091/mbc.E21-02-0074 

66. Zhang Y, Sun H, Pei R, Mao B, Zhao Z, Li H, Lin Y, and Lu K (2021). 
The SARS-CoV-2 protein ORF3a inhibits fusion of autophagosomes 
with lysosomes. Cell Discov 7(1): 31. doi: 10.1038/s41421-021-00268-
z 

67. Yim WW-Y, and Mizushima N (2021). Autophagosome maturation 
stymied by SARS-CoV-2. Dev Cell 56(4): 400–402. doi: 
10.1016/j.devcel.2021.02.002 

68. Balderhaar HJ kleine, and Ungermann C (2013). CORVET and HOPS 
tethering complexes – coordinators of endosome and lysosome fusion. 
J Cell Sci 126(6): 1307–1316. doi: 10.1242/jcs.107805 

69. Stertz S, Reichelt M, Spiegel M, Kuri T, Martínez-Sobrido L, García-
Sastre A, Weber F, and Kochs G (2007). The intracellular sites of early 
replication and budding of SARS-coronavirus. Virology 361(2): 304–
315. doi: 10.1016/j.virol.2006.11.027 

70. Schneider WM, Luna JM, Hoffmann H-H, Sánchez-Rivera FJ, Leal 
AA, Ashbrook AW, Le Pen J, Ricardo-Lax I, Michailidis E, Peace A, 
Stenzel AF, Lowe SW, MacDonald MR, Rice CM, and Poirier JT (2021). 
Genome-Scale Identification of SARS-CoV-2 and Pan-coronavirus Host 
Factor Networks. Cell 184(1): 120-132.e14. doi: 
10.1016/j.cell.2020.12.006 

71. Baetz K, McHardy L, Gable K, Tarling T, Rebérioux D, Bryan J, 
Andersen RJ, Dunn T, Hieter P, and Roberge M (2004). Yeast genome-
wide drug-induced haploinsufficiency screen to determine drug mode 
of action. Proc Natl Acad Sci U S A 101(13): 4525 LP – 4530. doi: 
10.1073/pnas.0307122101 

72. Couplan E, Aiyar RS, Kucharczyk R, Kabala A, Ezkurdia N, Gagneur J, 
St. Onge RP, Salin B, Soubigou F, Le Cann M, Steinmetz LM, di Rago J-P, 
and Blondel M (2011). A yeast-based assay identifies drugs active 
against human mitochondrial disorders. Proc Natl Acad Sci 108(29): 
11989 LP – 11994. doi: 10.1073/pnas.1101478108 

73. Frieman M, Basu D, Matthews K, Taylor J, Jones G, Pickles R, Baric 
R, and Engel DA (2011). Yeast based small molecule screen for 
inhibitors of SARS-CoV. PLoS One 6(12): e28479. doi: 
10.1371/journal.pone.0028479 

74. Sun Y, Wang Z, Tao J, Wang Y, Wu A, Yang Z, Wang K, Shi L, Chen Y, 
and Guo D (2014). Yeast-based assays for the high-throughput 
screening of inhibitors of coronavirus RNA cap guanine-N7-
methyltransferase. Antiviral Res 104: 156–164. doi: 
10.1016/j.antiviral.2014.02.002 

75. Majumdar P, and Niyogi S (2020). ORF3a mutation associated with 
higher mortality rate in SARS-CoV-2 infection. Epidemiol Infect 148: 
e262–e262. doi: 10.1017/S0950268820002599 

76. Brachmann CB, Davies A, Cost GJ, Caputo E, Li J, Hieter P, and 
Boeke JD (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(2): 
115–132. doi: 10.1002/(SICI)1097-0061(19980130)14:2<115::AID-
YEA204>3.0.CO;2-2 

77. Huh W-K, Falvo J V., Gerke LC, Carroll AS, Howson RW, Weissman 
JS, and O’Shea EK (2003). Global analysis of protein localization in 
budding yeast. Nature 425(6959): 686–691. doi: 10.1038/nature02026 

78. Berry LK, Thomas GH, and Thorpe PH (2020). CATS: Cas9-assisted 
tag switching. A high-throughput method for exchanging genomic 
peptide tags in yeast. BMC Genomics 21(1): 221. doi: 
10.1186/s12864-020-6634-9 

79. Zou H, and Rothstein R (1997). Holliday junctions accumulate in 
replication mutants via a RecA homolog- independent mechanism. 
Cell 90(1): 87–96. doi: 10.1016/S0092-8674(00)80316-5 

80. Sherman F (2002). Getting started with yeast. Methods Enzymol 
350: 3–41. doi: 10.1016/S0076-6879(02)50954-X 

81. Ólafsson G, and Thorpe PH (2015). Synthetic physical interactions 
map kinetochore regulators and regions sensitive to constitutive 
Cdc14 localization. Proc Natl Acad Sci U S A 112(33): 10413–8. doi: 
10.1073/pnas.1506101112 

82. Dittmar JC, Reid RJ, and Rothstein R (2010). Open Access 
SOFTWARE ScreenMill: A freely available software suite for growth 
measurement, analysis and visualization of high-throughput screen 
data. BMC Bioinformatics 11:353. doi: 10.1186/1471-2105-11-353 

83. Klemm C, Howell RMS, and Thorpe PH (2021). ScreenGarden: A 
shinyR application for fast and easy analysis of plate-based high-
throughput screens. bioRxiv 2021.05.10.443457. doi: 
10.1101/2021.05.10.443457 

84. de Hoon MJL, Imoto S, Nolan J, and Miyano S (2004). Open source 
clustering software. Bioinformatics 20(9): 1453–1454. doi: 
10.1093/bioinformatics/bth078 

85. Saldanha AJ (2004). Java Treeview - Extensible visualization of 
microarray data. Bioinformatics 20(17): 3246–3248. doi: 
10.1093/bioinformatics/bth349 

86. Eden E, Navon R, Steinfeld I, Lipson D, and Yakhini Z (2009). 
GOrilla: A tool for discovery and visualization of enriched GO terms in 
ranked gene lists. BMC Bioinformatics 10: 48. doi: 10.1186/1471-
2105-10-48 

87. De Chaumont F, Dallongeville S, Chenouard N, Hervé N, Pop S, 
Provoost T, Meas-Yedid V, Pankajakshan P, Lecomte T, Le Montagner 
Y, Lagache T, Dufour A, and Olivo-Marin JC (2012). Icy: An open 



C. Klemm et al. (2021)  Forced protein association of SARS-CoV-2 in yeast 

 
 

OPEN ACCESS | www.microbialcell.com 296 Microbial Cell | DECEMBER 2021 | Vol. 8 No. 12 

bioimage informatics platform for extended reproducible research. 
Nat Methods 9: 690–696. doi: 10.1038/nmeth.2075 

88. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, 
Pietzsch T, Preibisch S, Rueden C, Saalfeld S, Schmid B, Tinevez J-Y, 
White DJ, Hartenstein V, Eliceiri K, Tomancak P, and Cardona A (2012). 

Fiji: an open-source platform for biological-image analysis. Nat 
Methods 9(7): 676–682. doi: 10.1038/nmeth.2019 

89. Vida TA, and Emr SD (1995). A new vital stain for visualizing 
vacuolar membrane dynamics and endocytosis in  yeast. J Cell Biol 
128(5): 779–792. doi: 10.1083/jcb.128.5.779 

 

 


