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Abstract
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Proteins are responsible for countless processes in living creatures, but most often they do not
perform these tasks alone. Rather, they engage in interactions with other proteins, creating whole
protein-protein interaction (PPI) networks. Some of these interactions are formed between a
folded protein domain and a short linear motif (SLiM), which is a small, 3-10 amino acid long
stretch usually in the intrinsically disordered regions of proteins. These interactions tend to be
low-to-medium affinity and transient, therefore their capture requires special tools. Furthermore,
viruses often hijack the human cellular machinery through PPIs as they have limited genomes
and are obligate cellular parasites. Therefore, the investigation of viral-host PPIs is of great
importance and can lead to the development of novel antivirals.

In my thesis, I used mostly peptide-based and mass spectrometry (MS) techniques to
validate and further explore motif-based PPIs. The main objectives were to: i) evaluate and
compare synthetic peptide-based pulldown approaches, ii) validate and further explore the
interaction between viral peptides and human polyadenylate-binding protein (PABP) using
green fluorescent protein (GFP)-tagged peptide repeats, iii) confirm interactions, define and
refine human interaction motifs that engage in interactions with severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) proteins by employing peptide SPOT (synthetic
peptide arrays on membrane support technique) arrays and alanine scanning, iv) investigate
the change in the interactome of the nuclear pore complex protein 153 (NUP153) between
uninfected and tick-borne encephalitis virus (TBEV)-infected states using GFP-tagged full-
length protein for pulldown.

First, we explored the potential of affinity purification-mass spectrometry (AP-MS) and
protein interaction screen on peptide matrix (PRISMA) to capture SLiM-based PPIs. The
peptide pulldown approach proved to be more applicable over a wide range of affinities
and interactions, however, protein concentration and the local concentration of presented
motifs were limiting factors in certain cases. We then investigated SLiM-based interactions
between RNA-viruses and human proteins. Here, using green fluorescent-peptide pulldowns I
confirmed the interaction between viral peptides and the human poly-A binding protein. Next,
we uncovered that some human SLiMs interact with SARS-CoV-2 proteins, and I was able
to highlight the interaction motif using peptide arrays when only a handful of peptides were
available. Lastly, I identified different enriched proteins in NUP153-pulldowns from mock-
infected and TBEV-infected cell lysate, that were complementary to the changes observed with
other techniques.

In conclusion, I explored a range of techniques that are valuable in the validation of PPIs,
which is crucial in combination with high-throughput approaches. As more and more SLiM-
based interactions are explored and predicted, the value of these tools continues to increase.
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AA amino acid 
AE affinity enrichment 
ANOVA analysis of variance 
AP-MS affinity purification-mass spectrometry 
C capsid protein 
CEM chain ejection model  
CID collision-induced dissociation  
Co-IP co-immunoprecipitation 
CompPASS comparative proteomic analysis software suite 
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CRM charge residue model 
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EGFP enhanced green fluorescent protein 
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FP fluorescence polarization 
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HEK293 human embryonic kidney 293 
HeV hendra virus 
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HPLC high-performance liquid chromatography 
HSQC heteronuclear single quantum coherence 
IAA iodoacetamide 
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IDP intrinsically disordered protein 
IDR intrinsically disordered region 
IEM ion evaporation model  
ITC isothermal calorimetry  
iTRAQ isobaric tags for relative and absolute quantitation  
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kDa kilodalton 
LC-MS/MS liquid chromatography-tandem mass spectrometry 
LFQ label-free quantification 
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MDM2 E3 ubiquitin-protein ligase/mouse double minute 2 homolog 
MOI multiplicity of infection 
MRBL-pep microspheres with ratiometric barcode lanthenide encoding 
coupled to peptides 
mRNA messenger ribonucleic acid 
MS mass spectrometry 
nanoESI nano electrospray ionization 
NMR nuclear magnetic resonance 
NPC nuclear pore complex 
NSP, NS nonstructural protein 
NUP nuclear pore complex protein  
ORF open reading frame 
PABC polyadenylate-binding protein 1 C-terminal domain 
PABPi PABP inhibitor 
PBS phosphate buffered saline 
PLA proximity ligation assay 
POI protein of interest 
PPI protein-protein interaction 
PRISMA protein interaction screen on peptide matrix 
ProP-PD proteomic peptide-phage display  
RNA ribonucleic acid 
RRM RNA-binding domain 
SAINT significance analysis of interactome 
SARS-CoV-2 severe acute respiratory syndrome coronavirus 2 
SDS sodium dodecyl sulfate 
SILAC stable isotope labelling by amino acids in cell culture  
SLiM short linear motif 
SPOT synthetic peptide arrays on membrane support technique 
SPR surface plasmon resonance  
ssRNA single-stranded RNA 
TBEV tick-borne encephalitis virus 
TP53 cellular tumor antigen p53 
TSG101 tumor susceptibility gene 101 protein 
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D Aspartic acid 
E Glutamic acid 
F Phenylalanine 
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H Histidine 
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K Lysine 
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M Methionine 
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P Proline 
Q Glutamine 
R Arginine 
S Serine 
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V Valine 
W Tryptophan 
Y Tyrosine 

SLiM  
symbol 

Meaning[1][2] 

A 
The given amino acid 
(here A) 

x 
Unknown or any amino 
acid 

[ABC] Either A, B, or C 

[^A] 
Amino acid A is excluded 
at this position. (Also for 
multiple amino acids.) 

Φ Hydrophobic amino acid 
(ABC) A, B and C in any order 
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Introduction 

In the effort to understand how living cells function in health and disease, sci-
entists have long been investigating biomolecules such as proteins, lipids, 
DNA, RNA, and metabolites. Many functions, such as signal transduction, 
transport, and repair in the human cell are controlled by the intricate balance 
of abundance and interactions of proteins. Elucidation of protein-protein in-
teractions is crucial for the fundamental understanding of biological processes, 
and therefore many techniques have been developed for the discovery and 
validation of them.  

The focus of this thesis is to explore methods for studying short linear motif 
(SLiM)-based protein-protein interactions (PPIs) using proteomics tools, 
mainly mass spectrometry. These interactions typically engage a folded do-
main and a short (3-10 amino acid long), flexible, or intrinsically disordered 
part of another protein [3], which results in usually low-to-medium affinity 
and transient interactions [4]. SLiM-based interactions have great biological 
significance, as they are often involved in e.g. signalling [5], where exactly 
this kind of interaction is needed. SLiMs are also important in the context of 
the takeover of the host cell by viruses [6][7][8], therefore investigating these 
interactions can lead to further understanding and new therapies for viral in-
fections. 

Despite their importance, only a fraction of the predicted hundred thousand 
to one million SLiM-based interactions is known today [9], as the SLiM-based 
interactions often escape capture by many methods traditionally used for high-
throughput interaction screening [3].  

During my PhD I have investigated various methods to capture proteins 
that interact with SLiM-containing peptides and identify the enriched proteins 
them using mass spectrometry-based bottom-up proteomics (Papers I, II and 
IV). I also worked on determining key residues (motifs) in human peptides 
binding viral protein domains (Paper III). This endeavour also included 
working on elucidating protein-protein interactions of different viruses, such 
as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Paper II 
and III) and tick-born encephalitis (TBEV) (Paper IV). 

In the following sections, I give a background to the field and introduce the 
methods used before describing my contribution to the field. 
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Proteins and interactions 

Protein-protein interactions  
Most often proteins are not fulfilling their functions alone, but they take part 
in a number of interactions with other proteins (and other molecules). These 
protein-protein interactions are responsible for a wide array of cellular pro-
cesses, such as signalling, transport, expression of proteins and protein degra-
dation. 

PPIs can be characterized in many ways [10][11]. If we look at the partici-
pants in the interaction, it can be homo-oligomeric (multiple copies of the 
same protein form a complex), or hetero-oligomeric, when different proteins 
interact. Based on the duration or dynamics of the interaction, we can talk 
about stable or permanent interactions (such as the ribosome, where the pro-
tein complex is mostly permanent) or transient ones, such as most of the motif-
mediated interactions (described below). PPIs can be obligate or non-obligate, 
depending on if the interacting proteins can exist on their own in vivo. The 
interactions can be further described by the affinity of the interaction. For this, 
the dissociation constant (KD) of the process of complex forming reaction is 
used (where the protein (P) and the ligand (L) form a complex (PL), Reaction 
1). The higher the affinity, the lower the KD value. The unit of KD is M. 

 
⇆  (Reaction 1) 

 

   (Equation 1) 

 
Protein interaction networks are often altered in the case of disease. Study-

ing them can reveal the mechanism of disease progression, and the key inter-
actions can be druggable targets [12][13].  

Intrinsic disorder  
Correct protein folding is often crucial for protein function. The structure 
taken up by a protein depends on its amino acid sequence, with more hydro-
phobic residues often getting packed on the inside of globular structures and 
charged residues facing outwards [14]. Many of the folded globular protein 
domains have specific binding pockets for other ligands. However, regions 
without a defined three-dimensional structure can also have a wide range of 
functions [15]. These regions are called intrinsically disordered regions 
(IDRs) and they can constitute a part of the protein, wedged in between struc-
tured domains, or can build up whole intrinsically disordered proteins (IDPs). 
It has been estimated that 35-50% of the human proteome is disordered 
[16][17].  
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Figure 1: Protein interactions. A) Interaction between globular domains, exemplified 
by the interaction of human TSG101 UEV domain (dark teal) and the human ubiquitin 
(lime green). In this case bigger, globular domains interact, the interaction surface is 
bigger which leads to higher affinity interactions. B) Interaction between a globular 
domain and a peptide, containing a short linear motif (SLiM) exemplified by the in-
teraction of human TSG101 UEV domain (dark teal) and the HIV-1 Gag453-461 peptide 
(orange). In this case, a domain and a short motif interact, where only a few residues 
take part in forming the interaction. The interaction surface is small, which leads to 
lower affinity interactions. Created with BioRender.com
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Short Linear Motifs (SLiMs) 
A subgroup of PPIs occurs when a globular protein domain engages in the 
interaction with only a short linear stretch of another protein [3]. These amino 
acid stretches are called interaction motifs or short linear motifs (SLiMs). 
SLiMs are 3-10 amino acid long stretches in the protein, which are capable of 
interactions, sometimes only requiring a few key amino acid residues. SLiMs 
are most often found in the intrinsically disordered regions of proteins [3].  

Because the interaction surface is quite small, these motif-based interac-
tions are often of low affinity, with KD values in the micromolar range [18] 
and transient, which means the interactions can be short-lived (Figure 1). This 
can be advantageous in for example signalling, where quick reactions are 
needed.  

When surrounded by unstructured regions, SLiMs are often more con-
served than their surrounding amino acids, and the conservation thus indicates 
a functional region [19]. While mutating or removing the key residues of a 
SLiM results in the disruption of the interaction, flanking regions surrounding 
the motif can be also of great importance, just as well as the disordered nature 
of the protein in general [3][20][21]. Proteins often have multiple copies of 
the same SLiM, or several different kinds of SLiMs in close vicinity, which 
can lead to several consequences [22]. When different SLiMs are located very 
close to each other in the protein sequence it can result in the interactions via 
these SLiMs being mutually exclusive [23]. Having multiple copies of the 
same SLiMs that bind to an array of domains in another protein can result in 
higher apparent affinity through multivalency and avidity effects [4].  

In the effort to discover SLiMs, different prediction methods/software tools 
are often used. As the motifs are often conserved through species, conserved 
residues of intrinsically disordered parts of proteins can be used to predict 
functional motifs using for example SLiMPrints [24]. The recently developed 
AlphaFold2 [25] structure prediction tool is further expanding the prediction 
horizon by predicting folded structures and IDR more precisely [26]. 

Currently, the Eukaryotic Linear Motif (ELM) [27] resource provides in-
formation about SLiMs with a collection of known motifs with experimental 
validation. In this database, there are 2056 true positive human motif in-
stances, which is far below the predicted number of a hundred thousand to a 
million [9]. This highlights the need for investigating motif-based interactions 
further.  

An applied aspect of SLiM-based interactions is that they can be targeted 
by drugs that block the SLiM-binding pockets. The development of inhibitors 
might start from the structure of the domain and the binding pocket [28].  A 
group of such examples is MDM2 inhibitors (e.g. Nutlins, RG7112, and Ida-
sanutlin) which occupy the same binding pocket as the TP53 interaction pep-
tide. They have been shown to inhibit the TP53-MDM2 interactions [29] and 
Idasanutlin demonstrated antitumor activity [30].  
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Viruses use motif mimicry for hijacking the host cell 
Viruses do not have all the tools they need for reproduction and proliferation, 
therefore they are obligate intracellular parasites, relying on hijacking the host 
cell machinery for their replication [31][32]. This is accomplished through 
host-virus PPIs, which may involve the binding to host domains through viral 
SLiMs [6]. Viral SLiMs may engage in higher affinity binding with the target 
protein than the host SLiM, thereby outcompeting endogenous interactions, or 
may outcompete the host by a high concentration of viral proteins at a later 
stage of infection [6]. One example of SLiM-mediated viral hijacking is the 
PTAP motif in HIV-1 gag polyprotein, which engages in interaction with the 
UEV domain of human TSG101, thereby recruiting the ESCRT(endosomal 
sorting complexes required for transport)-I complex for viral budding 
[33][34][35].  
  Viruses have small and compact genomes, for example, the SARS-CoV-2 
genome is 0.029903 megabasepair long (SARS-CoV-2 reference genome 
ASM985889v3 [36])  coding for only 12 proteins (29 after processing [37]) 
while the human genome has 3298.43 megabasepairs (human reference ge-
nome GRCh38.p14 [38]) coding for more than 20 000 proteins.  The use of 
SLiMs is an elegant solution requiring only a small part of the proteome, and 
the gain of motif can be a result of one or a few, ex nihilo point mutations [39]. 
Viruses have a high mutation rate, as exemplified by the 2175 different SARS-
CoV-2 lineages identified since the start of the pandemic (from cov-line-
ages.org) [40].  Thus, viral SLiMs may evolve quickly. 

As presented above SLiMs often play an important role in viral infection. 
Therefore, discovering and studying host-pathogen motif-mediated interac-
tions are valuable for developing novel therapies. 

Viruses of relevance for this thesis 
As viruses often employ SLiMs and are generally reliant on hijacking host 
protein-protein interactions, I investigated virus-host interactions. I also ex-
plored the shift of the PPIs upon infection. Here I briefly describe different 
viruses relevant for my research.  

 
Betacoronavirus. SARS-CoV-2 is the virus responsible for the ongoing 

Covid-19 pandemic.  
Alphacoronavirus. Human coronavirus 229E (HCoV-229E) causes respir-

atory symptoms like common cold, or more serous conditions [41]. 
Henipavirus. The Hendra virus (HeV) is bat-borne, affecting humans and 

horses mainly in Australia and neighbouring regions [42]. 
Flavivirus. TBEV infections are most common in Eastern Europe and Rus-

sia, yet the Southern part of Sweden is also affected [43]. The mortality rate 
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in the case of TBEV is between 1-20% (depending on the subtype), however, 
up to 46% of patients live with long-term health effects [44]. Langat virus 
(LGTV) is closely related to TBEV with a high sequence match, but it is less 
pathogenic and not associated with human disease [43][45]. 

Methods of capturing, validating, and characterizing 
protein-protein interactions  

Proteome-wide discovery of SLiMs by phage display 
Phages (or bacteriophages) are viruses that infect and replicate in bacteria. 
Using genetic editing, peptides and proteins can be displayed fused to the 
outer coat proteins of the phage, generating a sort of affinity particle. Phage 
display was first developed by George Smith in 1985 [46], focusing on high-
affinity interactions. His discovery was awarded the Nobel Prize in Chemistry 
in 2018, also recognizing the pioneering work of Sir Gregory Winter [47]. 

A commonly used phage for phage display is the filamentous M13 phage. 
The most widely used coat proteins of this rod-shaped phage are the minor 
coat protein p3 and the major coat protein p8. P3 is displayed five times on 
the shorter end of the phage, while there are around 2700 copies of the main 
coat protein p8 that makes up the capsid [48].  When p3 is used for display, 
between one and five copies of the fused sequence are presented on the phage 
depending on the system used, therefore this approach is more suitable for 
identifying strong binders. Employing the p8 protein, provides a highly mul-
tivalent display, as around one-third of the 2700 copies of p8 protein will dis-
play the fusion sequence [49]. The multivalent display allows for the capture 
of lower affinity interactions. The libraries using this technique can reach 
the size of 109-1010 individual peptide or protein sequences resulting in 
extremely high throughput with a simple and cost-effective method [50]. 

Over the last decade proteomic peptide-phage display (ProP-PD) 
[51][52][53], has been developed into a mature approach for large-scale iden-
tification of SLiM-based interactions. In ProP-PD) libraries are designed 
based on a certain part of the proteome (e.g. the intrinsically disordered 
region of the human proteome) [53].  The library is then used in selection 
against immobilized full-length proteins or protein domains. Non-binding 
phages are washed off, and the bound ones are eluted and proliferated by 
bacteria. The process is repeated 3-5 times, and the sequence of the en-
riched displayed peptides are revealed using next-generation sequencing. 
The ProP-PD approach provides an efficient way of proteome-wide 
screening of host-host or host-virus SLiM-based interactions [51][52][53].  
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 A limiting factor is that the bait proteins have to be individually ex-
pressed and purified and that the setup does not resemble the real biologi-
cal environment where the interactions would happen.  

Using this high-throughput approach provides a high number of candi-
date interactions that most often require further validation. This is typically 
done by affinity determinations. Additional validation using orthogonal 
methods can be done with for example affinity purification and co-locali-
zation assays (such as proximity ligation assay (PLA)). It is also possible 
to identify key residues in a peptide when the results from ProP-PD do not 
provide sufficiently clear enrichment. Experimental methods allowing to 
carry out these validation and discovery steps are described below.  

Methods for affinity determinations of SLiM-based interactions 
There are several methods to determine affinities of protein-protein interac-
tions, such as fluorescent polarization (FP) [54][55], isothermal calorimetry 
(ITC) [56], surface plasmon resonance (SPR) [57], MRBLE-pep (micro-
spheres with ratiometric barcode lanthenide encoding coupled to peptides) 
[20], and holdup assay [58] and its native version where interaction are meas-
ured in cell extract [59]. 

Here I present the background of FP, which was used for the results included 
in Papers I-III. 

Fluorescent polarization 
FP measurements are often used to determine the dissociation constant (KD) 
of protein-peptide interactions [60][61]. The technique uses polarized light to 
excite a fluorescent analyte and the emitted light is recorded. When a small, 
fluorophore-labelled molecule is in solution it rotates fast and if it is excited 
with polarized light, the emitted light will be depolarized. However, if this 
small molecule interacts with e.g. a bulky protein the rotation slows down, and 
the emitted polarized light stays polarized (Figure 2). By analysing the emitted 
light from solutions where different concentrations of proteins are added to 
the labelled peptide the KD can be determined. By changing the setup, compe-
tition experiments can be carried out as well, to determine affinities for unla-
belled peptides. 
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Figure 2: FP assay. A) A small, fluorescently labeled molecule quickly rotates in so-
lution. After excitation with polarized light, the fluorescent tag will emit depolarized 
light because of the fast rotation. B) The small, fluorescently labelled molecule en-
gages in interaction with a larger molecule, the rotation of the interaction complex is 
slower, than that of the small molecule. Therefore, the emitted light following excita-
tion will be polarized. Adapted from “Fluorescence Polarization Assay”, by BioRender.com (2020). 
Retrieved from https://app.biorender.com/biorender-templates 

 

Validation of binding and validation of key residues using 
peptide arrays 
It is sometimes needed to validate the binding of predicted SLiMs or to iden-
tify key residues for binding in a given peptide sequence. For this purpose, 
peptide arrays can be very useful. Array-based techniques involve the screen-
ing of a single prey protein or even whole cell lysate against immobilized pu-
tative interaction partners – such as peptides [62].These bait molecules can be 
immobilized or synthesized on cellulose membranes (e.g. with the SPOT-syn-
thesis technique) [62] or on a chip-like glass microarray [63]. 

Alanine scanning (where one by one each residue in the peptide is changed 
to alanine) is often used to systematically map the effects of truncation muta-
tions along a peptide sequence (see for example [64][65][66]). When the array 
is incubated with the interacting protein, the interaction forms between the 
protein and those peptides where the key residues are not mutated. The non-
binding proteins are removed and the detection of protein binding is carried 
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out with a protein-specific, HRP-conjugates antibody using chemilumines-
cence (Figure 3). This results in the direct identification of the key binding 
residues in the peptide. A drawback of this approach, depending on the bait 
synthesis, is that the synthesized peptides cannot be purified, therefore non-
specific and unwanted interactions might arise.   

In Paper III cellulose-based SPOT arrays were used to elucidate key resi-
dues (motif) in peptide sequences previously shown by ProP-PD to interact 
with SARS-CoV-2 proteins. 

 
 

 
Figure 3: The process and readout of the SPOT-arrays. A) Scheme of the GST-tagged 
protein of interest binding to the peptide on a cellulose membrane. The HRP-conju-
gated antibody recognizes the GST-tag and a chemiluminescent signal is produced by 
the HRP after adding the substrate. B) Chemiluminescent readout of the membrane. 
C) Naked eye visualization of the membrane. Created with BioRender.com 

 

Proximity-based methods using antibodies to validate co-
localization 

Proximity ligation assay (PLA) 
To validate protein-protein interactions based on proximity, the proximity li-
gation assay (PLA) can be used [67][68]. In this method, protein-specific an-
tibodies are used for the two interaction partners, then secondary antibodies 
with special oligonucleotide conjugates are added. If the two proteins are in 
close enough proximity (<40 nm), the two conjugated oligonucleotides can 
hybridize with an added connector. These then are ligated and the resulting 
DNA molecule can be amplified and fluorescently visualized using detection 
oligos.  
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Affinity-capture methods for PPI validation 
There are multiple approaches to capturing the interactome of a protein of 
interest (bait) using affinity matrices against the bait or a specific tag, as 
detailed in the following section. 

 

 
Figure 4: Different approaches to affinity-based pulldowns and common techniques 
used for protein identification downstream. First panel: co-IP using a specific anti-
body against the protein of interest (POI) and its interaction partners. Readout of 
pulled-down proteins is done by Western blot. Second panel: a tagged construct of the 
POI is pulled down with its interaction partners using a tag-specific antibody. Third 
panel: The fusion construct of tag and peptide is pulled down with a tag-specific an-
tibody. Fourth panel: immobilized peptides are pulling down the POI and its interac-
tors. In the last three cases, it is common to use mass spectrometry to identify the 
pulled-down proteins. Created with BioRender.com 

 

Co-IP 
In co-immunoprecipitation (co-IP) (Figure 4, first panel) an antibody (which 
can be immobilized on the surface of a bead) is used against the bait protein 
in e.g. a cell lysate, which allows the enrichment of binary interactors as well 
as other proteins that form complexes or engage in interaction with these in-
teractors [69]. In this approach, a specific antibody is needed for each bait 
protein, which can quickly become costly with a higher number or baits. The 
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readout is often done by Western blot, where again, specific antibodies are 
needed and the results depend on their specificity. 

Affinity purification for mass spectrometry analysis 
In affinity purification coupled to mass spectrometry (AP-MS) approaches a 
variety of affinity matrices may be used, for example, an antibody against a 
genetically fused protein tag or synthesized peptides as potential interactors 
[70]. When using AP-MS for low affinity and transient interactions it is crucial 
to apply gentle washing steps after capturing the interactions and before elut-
ing the proteins for further analysis, otherwise, these interactions can be easily 
lost. A great advantage of the mass spectrometry-based techniques is that they 
are unbiased, meaning that no previous knowledge is needed about the sample 
(e.g. what proteins are expected) for the detection and identification of pro-
teins, it is only needed to use the correct database. This makes MS-based tech-
niques a great discovery tool and allows for further validation of the interac-
tions.  However, this way we cannot gain direct information on binary inter-
actions, as whole protein complexes and interactors of interactors can be 
pulled down by a given bait [71]. Large-scale studies to discover the interac-
tome have been carried out, such as the BioPlex, where the most recent version 
(BioPlex 3.0, [72]) contains 118,162 interactions generated using 10,128 C-
terminal FLAG-HA-tagged proteins as baits. Similarly, Hein et al. [73] used 
1,125 GFP-tagged proteins as baits to discover 28,500 interactions. 

As quantification methods and instruments have been developed, it is pos-
sible to aim for affinity enrichment (AE) rather than affinity purification (AP). 
In this approach, the goal is not to remove all non-specific binders but to qual-
itatively and quantitatively enrich real interactors. By quantifying protein lev-
els between the sample and control, the enriched proteins can be identified 
[74].  

 
There are many commonly used fusion tags for pulldowns, such as short 
epitope tags like FLAG [75], HA (human influenza hemagglutinin) [76], or c-
myc [77], whereas larger molecules are also employed, such as GFP (green 
fluorescent protein) [78] or GST (glutathione S-transferase) [79]. When these 
tags are fused to a protein or peptide, many parameters should be considered, 
for example, if the tag should be on the N- or C-terminus, what expression 
level of the construct should be reached, and so on. There is also a risk that 
the chosen protein or peptide sequence is toxic for the cell where it is ex-
pressed leading to cell death. In this case, an inducible expression system may 
be useful. When the aim is to investigate SLiM-based interactions this kind of 
setup allows for several repeats of the peptide sequence (as in Paper II), in-
creasing the local concentration of the motif and providing opportunities for 
rebinding, which may increase the chance of capturing lower affinity interac-
tions [4]. The genetic approaches allow for large flexibility in terms of peptide 
or protein sequence and tag options. However, the know-how of DNA cloning 
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and access to a cell culture laboratory is needed. The setup of different con-
structs and producing cells for harvest can also be time-consuming. An alter-
native approach can then be to use biotinylated synthetic peptides for pull-
downs, as extensively discussed in Paper I. 
 

 
Figure 5: Step-by-step pulldown process using immobilized peptide baits on magnetic 
beads, as in Paper I. Biotinylated peptides are immobilized on streptavidin coated 
magnetic beads, then they are incubated with cell lysate. The proteins interacting with 
the peptide engage in interaction, the rest is washed away. Finally, the interacting 
proteins are eluted. Created with BioRender.com 

 

Protein Interaction Screen on Peptide Matrix (PRISMA) 
PRISMA (Protein Interaction Screen on Peptide Matrix) [80] is a peptide ar-
ray-based approach combined with MS. Peptides are synthesized on a cellu-
lose membrane, which is then incubated with cell lysate. The different peptide 
spots are then punched out and digested separately. This technique is compa-
rable to the peptide pulldowns as here it is also the low-affinity interaction 
between the SLiMs and proteins that is to be preserved. However, the through-
put is higher and the peptide density is bigger as well. PRISMA is less expen-
sive and requires less hands-on experiment time than the peptide pulldowns. 
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The method is, however, limited to a maximum 20-25 amino acid residues per 
peptide [81] which greatly narrows the possibility of having multiple repeats 
of a peptide or SLiM sequence and can mean the removal of important flank-
ing regions. The experimental steps more easily allow for SILAC (stable iso-
tope labeling by/with amino acids in cell culture) labelling in this case com-
pared to peptide pulldowns, and that is what was used in the first several pub-
lications with this method [80][82][83], however, the recently developed uni-
versal method employs LFQ (label-free quantification) [84]. PRISMA was 
used in Paper I with both SILAC and LFQ quantification.  

Proximity biotin labelling  
In the proximity biotin labelling approach the bait protein is expressed as a 
fusion protein together with a specialized enzyme. Most commonly used are 
the different versions of the methods called BioID, using the enzyme BirA*(a 
mutant biotin protein ligase) [85], and APEX, using a mutant ascorbate perox-
idase [86]. Both of these approaches have gone through a series of develop-
ment, reducing their size and decreasing the time needed for labelling. The 
currently most widely used version of APEX and BioID (APEX2 [87] and 
miniTurboID [88], respectively) work similarly, with a labelling time of ap-
proximately 1 to 10 minutes, labelling the residues tyrosine, tryptophan, his-
tidine, cysteine or lysine.  

Crosslinking 
Another approach to identifying interacting proteins (or proteins that are in 
very close proximity to each other) is crosslinking, generating covalent bonds 
between interacting proteins, which can lead to the preservation of low affinity 
and transient interactions [89][90]. 
Crosslinking is usually achieved either by non-specific crosslinking agents, 
such as formaldehyde [91], or homobifunctional N-hydroxysuccinimide esters 
which can link lysine residues [92].  

After enzymatic digestion this method results in non-customary peptides, 
therefore special data analysis tools are needed [93]. 

 
 
 



 28 

Figure 6: Pulldown approaches employing crosslinking and proximity labelling to en-
sure capturing possible interactors. In the crosslinking approach, covalent bonds are 
formed between interacting proteins. In proximity biotin labelling, the proteins in 
close proximity are labelled with biotin. Created with BioRender.com 

Proteomics with mass spectrometry 
The development of protein analysis by MS has led to outstanding additions 
to the PPI investigation toolbox. AP-MS has become a common scalable ap-
proach often employed for high-throughput PPI screening [72][73], while 
newer, related approaches (e.g. proximity biotin labelling, crosslinking) also 
rely on mass spectrometry detection. MS provides a unique, unbiased ap-
proach that is highly valuable for PPI validation and discovery. In this chapter, 
I present the basis of bottom-up protein analysis as well as the data analysis 
tools needed to evaluate the data and propose PPIs. 

Approaches to protein mass spectrometry  
The main approaches to analyse proteins using mass spectrometry are top-
down [94] and bottom-up [95]. In the top-down approach, whole proteins are 
ionized and analysed, while in the bottom-up approach the proteins are enzy-
matically digested and then the resulting peptides are analysed to provide in-
formation about the original proteins. During my work, I focused on the bot-
tom-up analysis, (Papers I, II, and IV). The general sample preparation and 
analysis workflow of bottom-up proteomics is shown in Figure 7 and detailed 
in the following section. 
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Figure 7: General workflow of the bottom-up proteomic analysis. Created with BioRen-
der.com

Sample preparation 
In many cases, the first step is to extract and solubilize the proteins from the 
original sample (e.g. tissue, body fluid, cells). For cell lysis, several ap-
proaches are available, including lysis buffers with detergents or chaotropic 
agents [96], freeze-thawing cycles, mechanic lysis [97], and a combination of 
these. Following this, the total protein concentration is determined, which al-
lows to use of appropriate amounts and also to normalize samples. Different 
colorimetric assays are available for different sample compositions, such as 
Bradford assay [98] and its variations. In the next, optional, step either spe-
cific, often high abundant proteins are removed by depletion (e.g. albumin) 
[99] or low abundant analytes can be enriched (e.g. posttranslational modifi-
cations [100][101]). Depending on the research question, this step can be car-
ried out after digestion at the peptide level as well. In a way, the affinity-based
pulldowns can be viewed as enrichment which is carried out at the protein
level.

Before the enzymatic digestion, the proteins are treated so that most of the 
possible cleavage sites would be accessible for the protease in use. For this, 
often detergents or chaotropic agents are used to disrupt the three-dimensional 
structure of proteins. In addition, the disulphide bonds are usually reduced 
using dithiothreitol (DTT) and the generated thiol groups are alkylated with 
iodoacetamide (IAA) to prevent the re-forming of disulphide bonds.  
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After reduction and alkylation of the disulphide bonds the proteins are di-
gested into peptides, most often using trypsin, for it cleaves reliably and pre-
dictably after lysine and arginine residues [102]. Sometimes multiple-step di-
gestions or protease mixtures including LysC are used to achieve more com-
plete digestion [103]. Subsequently, the sample is cleaned mainly to remove 
excess salts that would hinder the MS analysis [104]. The commonly used 
methods are mostly based on solid phase extraction, where the peptides are 
bound on a stationary phase, salts are removed and the peptides are eluted. 
Clean-up methods for bottom-up proteomics include commercially available 
options, such as ZipTips and spin columns, as well as in-house produced 
StageTips [105]. The final steps (LC-MS/MS and data analysis) are detailed 
below. 

Separation by liquid chromatography 
Because of the complexity of most bottom-up proteomics samples, which con-
tain a high number of different peptides, a separation step is needed before the 
mass spectrometry analysis. Most commonly reversed-phase liquid chroma-
tography is applied. In liquid chromatography, the sample is dissolved in a 
liquid and carried through a column filled with a solid stationary phase by a 
pumped liquid mobile phase. The different analyte molecules (here peptides) 
are distributed between the mobile and the stationary phase and reach the end 
of the column at different times, based on the analyte’s affinity to the station-
ary phase. In reversed-phase chromatography the mobile phase is polar, usu-
ally a mixture of buffered water and an organic solvent. In proteomics, water 
and acetonitrile with 0.1% formic acid is commonly used. The stationary 
phase is more hydrophobic than the mobile phase, very often consisting of 
silica gel particles with surface modification. A commonly used stationary 
phase category is termed C18 after the octadecyl groups bound to the silica 
gel surface [106]. 

In many applications, as in proteomics, gradient elution is often applied. 
This means that the composition of the mobile phase is changing over time 
(commonly the ratio of the organic solvent is increased), favouring different 
molecules to elute.  Generally, the more complex the sample, the longer the 
gradient, 30-150 minute gradients are routinely used for bottom-up prote-
omics. To protect the analytical column often a smaller protective pre-column 
is used upfront. 

While common HPLC setups work with flow rates in the ml/min range and 
column diameters ranging up to around a centimeter, nanoLC systems com-
monly used in proteomics require only 50-500 nL/min flowrates and the ana-
lytical column is thin, usually smaller than 100 µm. This system allows for 
using small sample amounts that would not get too diluted and is capable of 
producing even smaller droplets in the ion source [107][108]. A delicate sys-
tem, however, requires constant maintenance. 
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Mass spectrometry: ion source and detector 
Most mass spectrometers consist of three distinct parts: the ion source, the 
mass analyser, and the detector. There are different solutions suitable for dif-
ferent analytes and different research questions, but here what is described is 
the instrumental setup used in Papers I, II, and IV, which is a Thermo Sci-
entific QExactive Plus Orbitrap instrument. 

The analyte molecules are ionized in the nano electrospray ionisation 
(nanoESI) ion source, namely Nanospray Flex™ and EASY-Spray™ ion 
sources. As the molecules exit the analytical column through an emitter, small 
droplets are formed. The droplets are generated because of the electric field 
applied (1-3 kV), which provides extra charges to the liquid in the emitter, and 
these charges will be situated on the surface of the fluid. Because of the elec-
tric field, a Taylor cone is formed at the tip of the emitter, and small droplets 
are generated.  The droplets are charged and lose solvent as it evaporates while 
the droplet is nearing the MS inlet. At the end charged gas-phase ions remain 
and enter the instrument [109][110]. The exact mechanism of this process is 
still partly unknown and there are three main theories: the ion evaporation 
model (IEM), charge residue model (CRM), and chain ejection model (CEM) 
[111]. The ESI is most often operated in the positive ion mode for MS-based 
bottom-up proteomics because the tryptic peptides most often have basic res-
idues that can accept an extra charge. Ions then enter the inside of the MS, 
which is under a high vacuum to prevent the ions from colliding with gas mol-
ecules. The ion beam is focused and non-charged molecules are removed, then 
the ions are moved into the C-trap, where they are compressed into a small 
packet and injected into the mass analyser, the Orbitrap. The Orbitrap was first 
introduced in 2000 [112] and has since revolutionized proteomics, providing 
exceptional resolution and mass accuracy. This mass analyser consists of two 
electrodes, an outer barrel-shaped one and a spindle-shaped electrode inside. 
The ions are injected and start to spin around the spindle electrode, while also 
oscillating perpendicularly to the axis of the spindle. The image current of the 
ions is recorded and converted into a mass spectrum using Fourier transfor-
mation [112].  

For MS/MS the ions are further fragmented in and the fragment ions are 
recorded.  In Papers I, II, and IV the fragmentation happened in a separate 
cell using higher energy collisional dissociation (HCD) [113]. Other com-
monly used fragmentation methods include collisionally induced dissociation 
(CID), electron transfer dissociation (ETD) [114] and electron capture disso-
ciation (ECD) [115]. 
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Quantification  
Mass spectrometry is not inherently quantitative – the recorded ion intensities 
are influenced by various factors e.g. the structure of the molecule and mobile 
phase composition. For this reason, different approaches have been developed 
to allow quantification [116][117]. 

 
Figure 8: Quantitative proteomics. A) Commonly used quantification approaches in 
MS-based proteomics.  Adapted from Zhang et al.[118] ICAT (isotope-coded affinity 
tag), DMT (dimethyl labeling), iTRAQ (isobaric tag for relative and absolute quanti-
tation), TMT (tandem mass tag) B) Sample preparation for different techniques, show-
ing when the samples are mixed or processed together. The empty rectangles indicate 
possible experimental variance at each step. 
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For absolute quantification, when we can tell e.g. the concentration of a pro-
tein or peptide in the sample, specially (chemically or biologically) synthe-
sized standards are needed, which are used as internal standards [119]. While 
this is a time-consuming and expensive method, absolute quantification is of-
ten not needed.  

In many cases, the question is more aimed toward how the sensitive balance 
of protein abundances has changed after for example a treatment. In these 
cases, relative quantification can be used. This provides fold-change infor-
mation and can highlight, for example, altered pathways.  

There are many different methods for relative quantification, which differ 
mostly in three parameters: when the labelling is applied, how many different 
groups can be formed by differential labelling (sample multiplexing), and 
which step of the MS analysis is the quantification done (MS1 or MS2).  

Label-free quantification 
Label-free quantification (LFQ) [120] is an easy and cost-effective method, 
where simply no labels are used. The samples are processed in parallel and 
analysed separately. Comparative quantification is done during data analysis. 
For this technique, usually many replicates are used per condition, because the 
separate sample handling can introduce additional variance at every step. With 
this technique, a large number of different groups can be compared. There are 
two basic approaches to label-free quantification, based on spectral counts of 
ions or peptide-ion intensities, out of which the latter is preferable when the 
mass resolution and spectrum quality allows for it [121].  LFQ was used in 
Papers I, II, and IV.  

Stable isotope labelling by amino acids in cell culture 
Stable isotope labelling by amino acids in cell culture (SILAC) [122] is a met-
abolic labelling technique, where cells are cultured under special conditions.  
For one group, the cell culture media contains heavy labelled lysine and argi-
nine (or other) amino acids, and after five-six cell doublings, virtually all ly-
sine and arginine residues in the cells are heavy labelled.  This allows for early 
mixing of the samples, and the sample preparation is done on this combined 
sample, avoiding the introduction of different variance for the different 
groups. Here usually fewer replicates are used as the results have lower vari-
ance. Disadvantages of this technique include the limited multiplexing options 
(usually 2-3 groups, heavy/light/medium) and that it is not applicable for com-
monly used samples such as human body fluids. SILAC was used in Paper I. 
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Data analysis 

Database search  
There are many different tools for the analysis of the great amount of data 
acquired from a bottom-up proteomics experiment. In Papers I, II, and IV 
the software MaxQuant [123] was used. This tool is freely available and com-
monly used in the field of quantitative proteomics. Peptides are identified us-
ing the high-resolution peptide mass and the fragmentation pattern in MS/MS, 
and these peptides are then compared to an in silico digested protein database 
consisting of FASTA entries. A false discovery rate is used to filter out false 
positive hits. It includes a list of common contaminants (for example keratin) 
and a reverse decoy database, where the sequences of the original database are 
reversed. Before the search, different parameters, determining the strictness 
of the search, have to be set, for example, the number of minimum identified 
peptides, the number of minimum identified unique peptides, peptide length, 
etc. Also, essential for quantitative investigations, the type of quantification 
and the used labels (if not label-free quantification) have to be set. Here, con-
sideration has to be made about the nature of the proteins in the database. Viral 
proteins are often short, therefore, somewhat looser search conditions might 
be applied, e.g. shorter minimum length of peptides, and fewer minimum iden-
tified peptides per protein. 

In the case of label-free quantification, MaxQuant uses the intensity based 
on the peptide ion and MS/MS fragment intensity with MaxLFQ [121]. 

Another proteomics data analysis tool is Proteome Discoverer (Thermo 
Fisher Scientific), which was just recently updated to include quantification. 
Version 1.4.0.288 was used in Paper IV to better visualize identified peptides 
and their fragment ions. 

Statistical analysis 
After acquiring the quantitative intensity values from MaxQuant, the Perseus 
software provides a versatile surface for data analysis and statistics [124], 
amongst others. After data filtering, most commonly t-tests or an ANOVA 
analysis is carried out to see which proteins are differently expressed in the 
different groups. Volcano plots provide an intuitive visualization of the re-
sults. Perseus was used in Papers I, II, and IV. 

Other software tools or coding platforms can be also used, such as Statistica  
MSQuant [125], R and Matlab. 

Missing values and imputation 
There are different approaches to handling missing values for statistical tests. 
In many experimental setups, a missing value equals an experimental mistake, 
for example, a dropped Eppendorf tube. However, in the case of affinity en-
richment, missing values are natural and can be desirable: when a protein can 
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be found in all of the samples, but none of the controls (giving a 0 intensity, 
which is later transformed into NaN (not a number)– a missing value), it 
means that the protein is greatly enriched in the sample compared to the con-
trol. To be able to include these values in the statistical analysis, the missing 
values have to be replaced with a numerical value in the process of imputation 
[126].  

Scoring and evaluating results 
Because of the nature of pulldown experiments, there is a special focus on 
evaluating the results to remove false positive hits. One strategy aims at dis-
carding protein hits commonly identified in pulldown experiments, that might 
be specific binders of e.g. the affinity matrix, but not the bait protein. The 
contaminant repository for affinity purification (CRAPome) database consists 
of protein hits complied from 360 experiments, collecting data also about the 
protocol, cell line and affinity matrix used, and so on [127]. By selecting the 
actual experimental conditions, a list of “frequent flyers” is easily attainable. 

Also available are tools for scoring the affinity purification hits, with a 
higher score meaning that the interaction is more likely to be biologically rel-
evant. The most known scoring algorithms are SAINT (significance analysis 
of interactome) [128][129], CompPASS (Comparative Proteomic Analy-
sis Software Suite) [130], and MiST (Mass spectrometry interaction Statis-
tics) [131]. In Paper I, SAINTexpress, a further improved version of SAINT 
was used. This software provides confidence scores using label-free quantifi-
cation intensity input from samples and negative controls. 

Network analysis 
After the enriched proteins are identified, different tools are at hand to provide 
a deeper understanding of interactions. BioGrid [132] and IntAct [133] are 
both curated databases including around 866,000 and 750,000 human interac-
tions, respectively. The HIPPIE (Human Integrated Protein-Protein Interac-
tion rEference) database [134] contains only experimentally validated and 
confidence-scored interactions, while STRING [135][136] consists of both 
known and predicted interactions, providing easy network visualization and 
enrichment analysis. DAVID [137] allows for a wide range of functional an-
notations. Interactors listed in BioGrid were used for comparison with data 
generated in Paper I. 
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Present investigations 

As methods and instruments improve, we gain a more detailed insight into the 
complex PPI networks and understand the role specific interactions play in 
cellular processes. Motif-based interactions, however, require special tools for 
discovery and validation, as these interactions tend to be transient and have a 
low-to-mid micromolar affinity [4][53]. Often neglected, only a small portion 
of this kind of interaction is known today, despite their role in normal cell 
function (e.g. signalling [138]) and disease (viral host motif mimicking) 
[27][6].  

It is clear, therefore, that tailored techniques are needed. One of the gold 
standard methods for PPI discovery is AP-MS, in which a tagged protein is 
used to enrich its interaction partners from a protein mixture as described in 
the previous section. This, however, can be challenging in the case of low 
affinity and transient interactions, as they are easily removed during washing 
steps, which are normally used to eliminate non-binding proteins.  

During my PhD research, I focused on developing and evaluating tech-
niques for SLiM-based interaction capture for MS analysis (Paper I), inves-
tigating SLiM-based interactions between viral and human proteins (Papers 
II and III), and elucidating the change of interactome upon viral infection 
(Paper IV) 

 
 
I. Synthetic peptide-based methods for SLiM-mediated interactions 

 
In Paper I I used immobilized peptides for pulling down interac-
tors from a cell lysate. One or two repeats of a motif-containing 
peptide were used, either biotinylated and immobilized on strep-
tavidin-coated magnetic beads, or on cellulose membranes. The en-
riched proteins were determined with MS using label-free quanti-
fication. The goal of these experiments was to determine which 
capture method is preferable and also to what extent the methods 
are suitable for SLiM-based pulldowns and if there is a generic 
protocol applicable. 
 

II. SLiM-based interactions between viral and human proteins 
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To explore how RNA viruses hijack human cells using SLiM-
based interactions, large-scale screening of RNA-virus peptides 
against human domain baits was carried out using ProP-PD in Pa-
per II. Peptides from different viruses were found to interact with 
the human protein PABP (poly(A)-binding protein), which plays a 
crucial role in translation initiation. To validate this interaction and 
discover the wider interactome of the peptides, GFP-tagged viral 
peptide repeats were used for pulldowns from uninfected or virus-
infected cell lysates and analysed by AP-MS. 
In Paper III, a reversed approach was used. To determine how 
SARS-CoV-2 protein might interact with human SLiMs, a human 
disorderome phage library [53] was screened against SARS-CoV-
2 protein domains. As only a small number of hits were identified, 
the challenge was to establish if the peptides contained defined 
binding motifs. Here I used detailed SPOT peptide arrays with al-
anine scanning to determine the key residues in each peptide. 
 

III. Changes in the interactome upon viral infection 
 
Upon TBEV and LGTV infections, the cellular localization of the 
nuclear pore complex protein NUP153 (nucleoporin 153) changes 
and possibly plays a role in viral replication. To understand how 
the interactions change in the case of infection, in Paper IV EGFP 
(enhanced GFP)-tagged full-length NUP153 was used for pull-
downs from uninfected, TBEV- or LGTV-infected cell lysates, and 
the enriched proteins were analysed by MS. 

I. Synthetic peptide pulldowns (Paper I) 
For a large part of my PhD research, I worked with synthetic SLiM-containing 
peptides to pull down protein interactors. The goal was to develop a pulldown 
method more tailored toward SLiM-based interactions. A relatively quick and 
simple method for SLiM-based interaction validation is needed, as more and 
more information is available through high-throughput methods, such as 
ProP-PD. The use of synthetic peptides provides a good opportunity to prove 
that the interaction is based only on the given motif, and not other parts of the 
protein. If the interaction motif is known, the key residues can be mutated into 
alanine (or glycine) to disrupt the interaction.  

To explore if it was possible to robustly pull down SLiM-based interactors 
with varying affinity I used biotinylated peptide pulldown. I further compared 
the PRISMA assay with the peptide pulldown using the same interaction mo-
tifs, to explore if this higher throughput method could be used to reliably pull 
down SLiM-binding proteins. The PRISMA assay was introduced in 2017 
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[80] and presented a simple, cellulose membrane-based approach that could 
be used for the goals presented above.  

In both cases, the identification and relative quantification of enriched (and 
possibly interacting) proteins was done by MS, to explore if the expected bind-
ers were pulldown, and to explore if also other proteins could bind to the pep-
tides used. This way additional interactions could be elucidated. 
 
From the beginning, it was clear that the low-affinity interactions require spe-
cial handling. Below I describe how I attempted to accommodate this, what 
challenges I met during the process, and my conclusion from the analysis. 

Parameters to consider and method development 
Several parameters affect PPIs, such as local protein (and motif) concentration 
and the chemical environment (detergents, salts, pH, etc.). In the case of 
SLiM-based interactions, the flanking regions and disorder propensity may 
also affect the affinity of the interactions [21]. There are several steps in the 
pulldown workflow, therefore, that need to be optimized for higher success 
rates. Ideally, these parameters would be altered for each specific interaction. 
However, in my project, the goal was to find mostly universally applicable 
parameters. It should also be added, that these parameters are rarely discussed 
in detail in publications, even though they can critically affect the experi-
mental outcome. 

The first thing to consider is the used peptide sequence itself. Even though 
SLiMs usually contain only a few key residues, flanking regions can be also 
of importance. This should be considered when selecting the exact peptide 
sequence. In my case the source of most of the peptide sequences was phage 
display, where phage libraries displaying 16 AA long peptides were used [53], 
therefore that became my choice of length too. It is in line with the length used 
in similar approaches [139][140][141] (however, the double repeat sequence 
is longer than usually). 

Another crucial component is the cell type chosen and the lysis method 
applied to obtain proteins.  Choosing the cell type can be made based on the 
targeted interactions in question – maybe they are more relevant in a certain 
tissue. It is also important that the prey protein in question is expressed in the 
cell line used. However, it is hard to gain reliable, protein-level expression 
information for many cell lines and many proteins. RNA expression level 
available from the Human Protein Atlas (proteinatlas.org) [142] can give a 
clue but is not clearly correlating with protein expression. For this project I 
first started working with HEK293 cells, later switching to and carrying out 
all experiments with HaCat cells. HaCats were slightly easier to handle and 
grow in cell culture and also produced better results with the first tested can-
didate interaction (involving the PTAP motif) (Paper I). 
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During the lysis, it is also important to choose a method, which does not de-
nature or otherwise degrade the proteins.  Otherwise, the proteins might lose 
their ability to engage in their natural interactions. Here I employed a simple, 
minimally denaturing lysis buffer consisting of PBS, 1% NP-40 substitute 
(non-ionic detergent), and protease inhibitors, and omitted harsh physical lysis 
methods such as sonication.   

Choosing the concentration level of proteins is also important, as with very 
high concentrations false positive hits are more likely to be generated, and it 
also requires a lot of resources. Here I aimed for concentrations similar to 
those reported in the literature: 0.8 mg/ml total protein in peptide-pulldowns 
[143][144][145][146], and 4 mg/ml in the case of PRISMA [84]. As for the 
concentration of the peptide baits, on the PRISMA membrane, it was around 
7,000 times higher than on the magnetic beads (according to manufacturer 
information) for single repeat peptides. To increase the local concentration of 
the SLiMs, double repeats of the peptide sequences were also tested. 

It is also important to consider the amount of detergent used during the 
pulldown and subsequent washing steps. Higher levels of detergent in the sol-
vent can negatively affect interactions, so in the case of low-affinity interac-
tions, it should be kept at a minimum. For this reason, the original lysate was 
diluted to the preferred concentration with lysis buffer without detergent.  

One of the most crucial steps is the removal of unbound proteins after the 
pulldown. Insufficient washes result in a lot of background, non-interacting 
proteins. To be careful, these steps were carried out as fast as possible, with 
no detergent and on ice, to minimize complex dissociation.  

Furthermore, there are different approaches to elute the interacting proteins 
as well. In the beginning, I used desthiobiotinylated peptides that could be 
eluted from the streptavidin beads using biotin [147][148]. However, this 
method resulted in a lot of biotin-related contaminants in the mass spectra. 
Later, using biotinylated peptides, glycine-, urea- and SDS-based elution buff-
ers were also tested to elute proteins from the peptides, as the biotin-streptav-
idin interaction is very hard to disrupt. The glycine-based elution resulted in 
the highest amount of eluted proteins. This method is more gentle to the pro-
teins, however, a very acidic condition (pH 2.5) is required, so the eluate 
should be immediately neutralized with a suitable, high pH buffer. It is also 
possible to omit the elution step and move on with “on-bead” digestion. How-
ever, I decided to implement an elution step to avoid a high number of strep-
tavidin-related peptides after digestion. 

In the case of the PRISMA, there is no need for elution, as the peptide spots 
with the proteins interacting are punched out, and the digestion is carried out 
directly “from” the cellulose membrane. In this case, I followed the recom-
mendations of the developers of the method [84]  and used LysC in combina-
tion with trypsin, to aid the digestion. 

Usually, the amount of enzyme used for protein digestion is determined 
based on the total protein amount in the sample. However, here there was no 
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straightforward way to determine the concentration and it was estimated to be 
different in different samples by any means. Therefore, a small amount of en-
zyme was used, expecting 10 µg or less total protein in the samples. 

Limiting factors  
When working with synthetic peptides the first issue might arise right at the 
synthesis. Certain sequences are just not possible to synthesize, or cannot be 
purified to the extent needed. This we also experienced, most often with con-
trol peptide sequences that contain more alanine residues. The length of the 
peptide is also a key element, as longer sequences are harder to synthesize, 
with common peptide synthesis methods being limited to ca. 50 amino acid 
residues, although many shorter sequences may be difficult to synthesize 
[149]. This in turn affects the number of peptide repeats that can be used in 
tandem. In the case of PRISMA, the length is limited to 20-25 amino acids, so 
this is even more pronounced, and can make truncating the flanking regions 
necessary. For this approach, the peptides are synthesized directly on the 
membrane and no purification of the peptides is possible, which can result in 
noisier data. 

The peptide spots on the PRISMA membrane are quite uneven (see Figure 
9), which can influence the quantitative comparison. In comparison, even 
though some magnetic beads were lost in the sample preparation steps in the 
case of the biotinylated peptide pulldown, that error affected all samples sim-
ilarly. 

 

 
Figure 9: PRISMA membrane after punching out each spot, Ponceau S stained. 

 

It should also be mentioned, that buying purified synthetic peptides is much 
more costly than the PRISMA membranes, but it does provide enough mate-
rial for several experiments.  

In comparison to PRISMA, biotin-peptide pulldowns need a lot more 
hands-on time as well and include more steps. For the latter reason, this setup 
is not suitable for early labelling quantification methods, such as SILAC, as 
the samples could only be mixed after the elution step. 
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Another thing to consider is the expression level of the individual proteins. 
This can depend on the cell type, cell cycle stage, or external effects that could 
put the cells under stress. For this, a great example is the peptide pulldown 
done with a peptide from human TP53 that is known to bind with MDM2 
SWIB domain, which is explained below. 

Results and comparison 
The biotinylated peptide pulldown was carried out using 8 different peptides 
(both as single and double repeats), which were known to interact with 3 dif-
ferent human peptide binding domains with a wide range of affinities (KD be-
tween 15.3 µM and 0.0014 µM). Enriched proteins were detected and quanti-
fied using label-free MS, then the results from peptide and control were com-
pared using t-test and SAINT scoring. For one interaction, that consistently 
produced good results in the peptide-pulldowns, the same experiments were 
repeated using PRISMA membranes and SILAC as well as label-free quanti-
fication. 

Evaluating the results in groups based on the target proteins used revealed 
that the biotinylated peptide-pulldown is an applicable tool to validate some 
SLiM-based interactions, but also highlighted some of the parameters that can 
affect this kind of experiment, and that the approach is not applicable to all 
interactions. 

Peptide pulldown of interactions with various affinities  
The TGE motif (more completely [DNS]x[DES][TNS]GE) can be found in 
several human proteins and binds to the Kelch domain of KEAP1 
[150][151][152][153]. The motif is classified as a degron, for it is important 
in ubiquitin-dependent protein degradation. When using TGE-motif-contain-
ing peptides for pulldowns, they effectively pulled the known interactor 
KEAP1 and several known interactors of the bait protein or KEAP1 (Figure 
10). Importantly, the interaction was preserved during the pulldown over a 
wide range of binding affinities (KD between 5.7 and 0.0014 µM). The results 
showed a lower number of enriched proteins using the single repeat peptide 
versus the double repeat, which indicates that while single repeat peptides 
might give cleaner results of binary interactions, double repeats can provide 
additional information on potential interaction networks. 
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Figure 10: Volcano plots showing enriched proteins after pulldown with TGE motif-
containing peptides. A) NFE2L1228-243 peptide, single (top panel) and double (bottom 
panel) repeats B) PLEC4459-4474 peptide, single (top panel) and double (bottom panel) 
repeats C) PAK188-103 peptide, single (top panel) and double (bottom panel) repeats. 
Significance determined by permutation-based FDR<0.05 (250 permutations), S0:0.1, 
SAINT significant: SAINT score >0.85. From Paper I. 

 

The use of single or double peptide repeats matter 
Employing double repeat peptides proved to be essential in the case of the key 
interaction between TSG101 UEV domain and the PTAP motif-containing 
peptide from the GAG polyprotein of HIV-1 and HIV-2. In this case, interest-
ingly, the known interactor TSG101 was only pulled down with the double 
repeat peptide from HIV-1 GAG (Figure 11). This highlights the possible ben-
eficial effect of displaying multiple motif repeats. On the other hand, the re-
sults underline that in a pulldown, there are parameters affecting the results 
other than affinity, as seen in the case of HIV-2 GAG peptide, where despite 
higher affinity TSG101 was not pulled down. The reason for this is not evi-
dent, the interaction can be affected by the flanking regions, competing inter-
actions, or there might be reasons related to peptide synthesis or degradation. 
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Figure 11: A-B) Affinity measurements using fluorescence polarization displacement 
against TSG101 UEV domain (error bars indicating one standard deviation). KD var-
iance is shown with one SEM (standard error of the mean) A) GAG449-464 peptide 
(HIV-1) B) GAG2450-465 peptide (HIV-2) C-D) Volcano plots showing enriched pro-
teins after pulldown with TGE motif-containing peptides. C) GAG449-464 peptide, sin-
gle (top panel) and double (bottom panel) repeats D) GAG2450-465 peptide, single (top 
panel) and double (bottom panel) repeats. Significance determined by permutation-
based FDR<0.05 (250 permutations), S0:0.1, SAINT significant: SAINT score >0.85. 
From Paper I.  

 

The effect of protein abundance on pulldowns 
Three peptides were tested to pull down MDM2, originating from the human 
proteins TP53, RNF115, and NUMB and known to interact with the MDM2 
SWIB domain [154][155][53][156] . All three peptides (and their double re-
peat versions) failed to enrich MDM2, despite for example the TP53-MDM2 
interaction being very well-established. As MDM2 is low abundant in cells 
that are not under stress [157], the low local concentration of this protein was 
likely the challenging factor. To this end, MDM2 SWIB domain-spiked ly-
sates were also tested, where MDM2 was identified and enriched using the 
TP53 peptide. Thus, false negative results may be obtained from peptide-pull-
downs when aiming to validate interactions with low-abundant, or temporarily 
expressed proteins. 

Comparison of PRISMA-pulldowns and biotinylated peptide-pulldowns 
The PRISMA method offers an economical way of testing peptide-based in-
teractions with much less hands-on time. To test how it measures up against 
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the biotinylated peptide-pulldown in the case of the SLiM-based interactions, 
partly for what it developed, the same peptide sequences were used (double 
repeats had to be truncated because the maximum peptide length was 20AA). 
For benchmarking we used the KEAP1 Kelch binding PLEC4459-4474 peptide, 
which performed excellently in peptide pulldowns. First, we used SILAC-la-
beled cell lysates, as in nearly all early PRISMA publications [80][82][83], 
but failed to identify the KEAP1 in the pulldown. Then the experiments were 
repeated with an LFQ quantification approach, which has a higher dynamic 
range [158]. KEAP1 was identified only with the double repeat peptide and 
with only a few peptides showing up in the mass spectra. We also included 
GLUT1478-491 and SOS11146-1159 positive control sequences in our testing, 
which resulted in enriched proteins considerably overlapping previous results 
[84], demonstrating that the method was applied correctly. 

Noting that the motif in the PLEC4459-4474 peptide is compact (TGE), using 
the double repeat approach might be a valid approach using PRISMA for this 
particular motif, but likely not for longer motifs. These points highlight the 
moderate power of this approach compared to the peptide pulldown.  

Conclusion and outlook 
As the number of identified and predicted SLiMs grow, new and improved 
methods are needed to validate their interactions. The methods presented here 
(biotinylated peptide pulldown and PRISMA) each have their limitations, but 
they are valid approaches for at least some motifs. Further studies using the 
PRISMA approach would be of interest, in terms of what types of SLiM-based 
interactions it can capture and which interactions it fails to identify. When 
compared, PRISMA seems to be inferior to peptide pulldowns, as maybe can 
be expected for a higher throughput approach. A disadvantage of the peptide 
pulldowns is the tedious sample preparation, but this can be overcome by read-
ily available automation options using the same magnetic beads as employed 
in our study. 

II. SLiM-based interactions between viral and human 
proteins (Papers II and III) 
While there are many crucial SLiM-based interactions in healthy human cells, 
viruses also often employ SLiMs to hijack the host cell machinery. For this 
reason, we turned our attention to host-virus PPIs. We explored the topic from 
a broader perspective (Paper II) and with a SARS-CoV-2-focused approach 
(Paper III). 
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RNA-virus motifs interacting with human proteins – large-scale 
screening 
To investigate how viruses employ SLiMs across viral species, a peptide 
phage library tiling the intrinsically disordered regions of 229 RNA viruses 
was generated and screened against 139 human protein domains [23]. In total, 
1,712 possible interactions were discovered involving 1,285 medium/high 
confidence peptides. It was apparent, that most types of viruses use the SLiM-
mimicking strategy and the interactions are often with human proteins from 
specific pathways. Compelling examples were selected for further validation. 

Validations 
The ESCRT complexes are commonly targeted by viruses for essential func-
tions such as viral budding [159]. We found 64 different peptides interacting 
with four different ESCRT proteins (TSG101, ALIX, NEDD4, and CEP55). 
Affinity measurements carried out in this study revealed that the affinities be-
tween viral SLiMs and human proteins are often not higher than between the 
original human SLiM-human protein interactions, contrary to the previous no-
tion [6]. 

Secondly, the clathrin-mediated endocytosis machinery also appeared as a 
common target of viral interference through SLiM –based interactions, with 
172 viral peptides targeting clathrin or several of the adaptor proteins. Here, 
several interactions were confirmed via affinity measurements, pulldowns 
with Western blots, PLA, and the clathrin N-terminal domain (CLTC-NTD) 
was co-crystallized with two different viral peptides. 

Viruses targeting translation 
Viruses need to get access to the translational machinery to get their own pro-
teins expressed. In our screen, five different viral peptides were found to bind 
to PABPC1 PABC (Polyadenylate-binding protein 1 C-terminal domain). 
PABPC1 plays a crucial role in translation initiation, where its PABC domain 
interacts with PAIP1 or with the repressor PAIP2 while the RNA-binding do-
mains (RRMs) interact with the poly(A) tail of mRNA (messenger 
RNA)[160][161].  

The identified viral peptides contained similar recognition motifs to the en-
dogenous proteins and bound with similar or lower affinities as those (Figure 
12B).  
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Figure 12: A) “Closed loop” structure including PABP, which is needed for translation 
initiation. N=number of different interactions. The pie chart indicates the share of dif-
ferent viral types, yellow: (-)ssRNA (single stranded RNA) green: (+)ssRNA envel-
oped. B) Human and viral peptides interacting with PABPC1 PABC, with the key 
residues shown in bold. Affinities are shown as determined by competitive FP. 
Adapted from Paper II. 

 
 
The interactions were further confirmed with pulldown experiments with 
Western blot detection, and the HCoV229E N351-166 peptide was successfully 
co-crystallized with the PABC domain (PDB id: 7BN3). The crystal structure 
reinforced what was indicated before, the viral peptide occupies the same 
binding pocket as the endogenous proteins, with conserved amino acid resi-
dues in positions 1, 2, 3, 5, 8, and 10 (L[NS][PV]xAxxFx[PL]). 

Because of their interference with a key process such as translation and 
their similar binding as the translation repressor PAIP2, the viral peptides were 
investigated as possible inhibitors of viral replication. To this end, lentiviral 
constructs expressing EGFP-4x(P(HeV)183-198), also referred to as EGFP-
PABPi, and a similar control with mutated motifs was generated, which 
proved to inhibit infection in the case of almost all RNA viruses tested (Figure 
13).  
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Figure 13: Antiviral effect measured in case of different viruses. The cells were first 
transduced with lentiviral constructs of EGFP-PABPi or EGFP-PABPi mut, then in-
fected with the specific virus. The percentage of infected cells was compared. Adapted 
from Paper II.  

 

Affinity purification-mass spectrometry 
For this study, I had the opportunity to do a more classic AP-MS experiment 
using the above-mentioned lentiviral EGFP-PABPi construct and its respec-
tive control. These constructs were expressed in and used for pulldown from 
uninfected HEK293 (transiently transfected), TBEV-infected VeroB4, and 
SARS-CoV-2-infected VeroE6 cells (stably expressing). 

With this method, additional parameters have to be considered. The use of 
a larger tag, such as EGFP (26.9 kDa) [162] might disturb the function of the 
fused peptides.  However, previously, using YFP, it was shown that this ap-
proach was viable [163] and it also worked well in our hands. A great ad-
vantage here is that there is no strict limit on the length of the fusion product 
and therefore no limit on the number of peptide repeats used. Here we used 4 
peptide repeats, as it has been successfully used in other studies. 

For these pulldowns, I employed magnetic beads with immobilized anti-
GFP nanobodies (Chromotek) with glycine-HCl, pH 2.5 for elution, and then 
similar sample processing as in the biotinylated peptide pulldowns.  
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In the case of the uninfected HEK293 
lysate, the pulldown resulted in high 
enrichment of PABPC1 and its homo-
log, PABPC4, as expected. Almost all 
of the other enriched proteins were ri-
bosomal or RNA-related proteins 
(Figure 14A). 

When testing Vero cells one of the 
challenges arose from the fact that it is 
not a human cell line, but originating 
from African green monkey 
(Chlorocebus), therefore the proteome 
is not complete in the database, which 
can lead to losing some valuable hits.  

Carrying out the pulldown from 
SARS-CoV-2 infected cell lysate re-
sulted in a similar profile (Figure 
14B). The only identified viral protein 
was N (Nucleocapsid), and its previ-
ously [164] identified human interac-
tor, G3BP1 was enriched as well. 
These proteins may have been pulled 
down indirectly through RNA-medi-
ated interactions.  

The TBEV-infected lysate resulted 
in fewer significant hits, but the trends 
were similar to those above (Figure 
14C). 

The results thus confirmed that 
EGFP-PABPi interacts with PABPC1, 
and revealed that it also binds to the 
homologous protein PABPC4.  

The genetically fused EGFP-pep-
tide approach thus appears to robustly 
pull-down peptide binders.  

Figure 14: Mass spectrometry analysis of differ-
ential expression in lentivirus transduced cells 
expressing EGFP-PABPi or EGFP-PABPi mut . 
A) non-infected HEK293 cells B) SARS-CoV-
2 infected VeroE6 cells C) TBEV infected 
VeroB4 cells. Adapted from Paper II. 
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One drawback of the approach is that the peptide sequences may be toxic 
to the cell, which may limit cell viability and growth. Furthermore, the ex-
pressed peptides might degrade in the cellular environment, which is difficult 
to control for. 

Human SLiMs that interact with SARS-COV-2 viral proteins 
Viruses usually have small genomes that code only for a dozen or two pro-
teins. In SARS-CoV-2, for example, 14 open reading frames (ORFs) code for 
29 proteins in total [37]. While we usually focus on SLiM-discovery in viral 
proteins [164] here an opposite approach was used, where 25 SARS-CoV-2 
proteins or protein domains were screened using a human disorderome peptide 
phage library including around 1 million peptides [53]. 281 medium/high con-
fidence human peptide interactions were found involved with nine different 
viral proteins (Figure 15A). 

Some viral proteins were involved in a high number of interactions with 
human peptides, such as Nsp9 (118 interactions), Nsp1 (47 interactions), and 
Nsp5 Mpro (inactivated) (32 interactions). Some of these binding domains 
might be exploited as sites for inhibiting viral infection with peptide-like mol-
ecules 

 
Figure 15: A) Interacting peptides found for different SARS-CoV-2 proteins/do-
mains, and whether affinity measurements and SPOT-array validations were carried 
out. B) Selected peptide hits found to interact with Nsp9, and the enriched interac-
tion motif, key residues appear larger. Adapted from Paper III. 

 

Motif discovery and methods  
The more peptide hits that are identified as interactors of a given protein do-
main, the higher the chance to identify a consensus interaction motif. For this, 
peptides are aligned to reveal conserved residues. In the case of Nsp5 and 
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Nsp9 it was possible to define the consensus motifs: [FLM][HQ][AS] and 
G[FL]xL[GDP] (Figure 15B), respectively.  

When only a few peptides are found, determining the consensus motif 
might be more challenging.  

Here, I employed alanine scanning using SPOT arrays in order to identify 
and confirm key binding residues. This method is more straightforward and 
cost-effective than other methods used by our consortium, such as FP (high 
number of peptides to order), or AP-MS (many constructs/synthetic peptides 
would be needed and extensive instrument time).  

To highlight two different ways the SPOT arrays were useful in this study, 
I will present the cases of Nsp9 and Nsp3 ADRP.  

For Nsp9 the established motif based on ProP-PD was G[FL]xL[GDP]. By 
subjecting two peptides (LMTK322-36 and NKRF8-23) to alanine-scanning, the 
motif could be further refined. 

 

 
While the analysis of the LMTK322-36 peptide confirmed the importance of the 
first G and the following 4 residues also conformed with the identified motif 
(Figure 15), mutating the second G to A resulted in a higher signal than wt. In 
the case of NKRF8-23, the two consensus Gs were found to be crucial for the 
interaction, as expected from the consensus motif (Figure 17). The importance 
of the first I (isoleucine) also agreed with the determined motif. The second I 
was not included in the original motif, therefore the motif was adjusted to 
GΦxΦ[GDP], where Φ is a hydrophobic residue. Interestingly, this motif can 
be found in the C-terminal of Nsp9 and is known to promote dimer forming 
[165]. Via HSQC NMR experiments it was determined that the Nsp9-binding 
peptides interfere with the dimer formation of Nsp9. 

Contrary to Nsp9, there were only four peptides found to interact with Nsp3 
ADRP domain (Table 1), two of which were overlapping (MBOAT1). Thus, 
it was not possible to directly suggest a consensus binding motif. 

Figure 16: SPOT array results after incubation with purified GST-6xHis-Nsp9. A) LMTK322-

36 peptide alanine scanning, triplicates. B) NKRF8-23 peptide alanine scanning, triplicates.
Adapted from Paper III. 
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Table 1:Peptides identified in ProP-PD to interact with Nsp3 ADRP domain 

Protein Sequence KD 
MBOAT1 16-GSTYLHPLSELLGIPL-31 100 µM 
MBOAT1 18-TYLHPLSELLGIPLDQ-33 - 
AZIN2 1-MAGYLSESDFVMVEEG-16 - 
PARP10 700-DGGTDGKAQLVVHSAF-715 310 µM 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
The SPOT array analysis of MBOAT116-31 revealed that a four amino acid 
stretch (HPLSE) is critical for binding to this peptide (Figure 17). Notably, the 
AZIN2 peptide contains a similar YLSE segment, suggesting that the motif 
may be defined as ΦLSE. The PARP10700-715 peptide was also tested, however, 
possibly due to its lower affinity, no interaction was observed on the mem-
brane. The results demonstrate the intuitive and informative way SPOT arrays 
with alanine scanning can be used in situations similar to this.  

 

SARS-CoV-2 domain binding peptides as antivirals 
We further showed that several of the identified peptides have an inhibitory 
effect on SARS-CoV-2 infection. Using EGFP-4xpeptide lentiviral constructs 
proved to decrease the infection rate in VeroE6 cells (Figure 18A). This effect 
was also confirmed in the case of NOTCH41605-1620 and DYRK1B394-409 fused 
to the HIV Tat-derived sequence (YGRKKRRQRRRGSG) and used as cell-

Figure 17: SPOT array results after incubation with purified GST-
6xHis-Nsp3 ADRP using MBOAT116-31 peptide alanine scanning, 
duplicates. Adapted from Paper III. 
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penetrating peptides (Figure 18B), showing that the peptides have potential as 
starting molecules for design for SARS-CoV-2 inhibitors. 

 

 
Figure 18:Antiviral effect of lentiviral constructs including different SARS-CoV-2 
protein-targeting peptides in SARS-CoV-2 infection, compared to A) EGFP or B) 
constructs with mutated peptide sequence. 
*p<0.05,**p<0.01,***p<0.001,and****p<0.0001 showing significance determined 
by unpaired t-test. . Adapted from Paper III. 

 

Conclusion and outlook 
The two studies outlined above emphasize the value of large-scale ProP-PD 
screening for understanding host-viral interactions and for potential inhibitor 
discovery. Our work also shows how valuable information might be omitted 
when using more traditional interaction discovery approaches, such as AP-MS 
[37][166][167][168], and the need for specific methods for finding and vali-
dating SLiM-based interactions. An AP-MS approach tailored to SLiMs (us-
ing peptide repeats and suitable controls) can provide an additional layer of 
information. The simple method of SPOT array was helpful to identify and 
refine the interaction motifs.  

In both Paper II and Paper III we have identified candidate peptides that 
interfere with SARS-CoV-2 infection and can be employed as the starting 
point for antiviral development.  
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III. Changes in the interactome upon viral infection
(Paper IV)
During viral infection, the viruses rely on hijacking interactions of the host 
cell at nearly every step. This can result in immense changes in the interac-
tomes, localization as well as expression, and function of host proteins. 

One such example is NUP153, one of the members of the nuclear pore 
complex (NPC). The NPC serves as a gate between the nucleus and the cyto-
plasm, allowing for the transfer of proteins and RNA [169]. Many members 
of the NPC, such as NUP153, are highly disordered proteins, serving as “mo-
lecular filters”. Viruses rely on interactions with NPC proteins as a way of 
entering the nucleus [170]. It was shown that multiple viruses target NUP153 
and engage its disordered FG-repeats for interaction with viral proteins 
[171][172]. A great example of this is the HIV-1 CA (capsid) protein, which 
has been shown to bind to a NUP153 FG-repeat via its intermolecular N-ter-
minal/C-terminal interface [173][174]. 

NUP153 in flavivirus infection 
To investigate the role NUP153 plays in flavivirus infection, mock-infected, 
TBEV-and LGTV-infected cells were explored using different methods, such 
as immunofluorescence, pulldown and Western blot, and so on. 

Immunofluorescence and co-immunoprecipitation showed that NUP153 is 
upregulated in infected cells, and it is recruited to the viral replication site in 
the endoplasmic reticulum (ER) by viral proteins NS3 and NS5, where it binds 
viral RNA through its RNA-binding domain (Figure 19A). Partially knocking 
down NUP153 using CRISPR/Cas9 resulted in a significant decrease in 
LGTV infection, highlighting NUP153 as a pro-viral factor (Figure 19B-C). 
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Figure 19: A) Immunofluorescence recorded from A549 cells, mock-infected or in-
fected with LGTV or TBEV (MOI (multiplicity of infection)10). Shown in green: 
anti-NUP153 antibodies, red: anti-NS3. The scale bar is10 µm. B) % of NUP153 de-
tected after transient CRISPR-Cas9 knock-down of NUP153 in HEK293T cells, 
measured using GFP-conjugated anti-NUP153 antibodies and FACS analysis. Cas9 is 
used as control. Error bars show ±SEM. ****, p<0.0001, calculated with t-test. C) 
Infection rates (LGTV, MOI1 for 48 h) after knock-down using FACS analysis and 
antibody against the viral E protein. GBF1 is positive control, NUP50 is unrelated 
NPC control. Error bars show ±SEM.  ****, p<0.0001, calculated using ANOVA. 
Adapted from Paper IV. 

 

AP-MS of NUP153 in mock-infected and flavivirus-infected cells 
In order to gain insight into the potential changes in the interactome of 
NUP153 upon infection, I carried out AP-MS experiments with full-length, 
N-terminally EGFP-tagged NUP153 or only EGFP as control. HEK293T cells 
were transiently transfected to express these constructs and then either mock 
infected or infected with TBEV or LGTV.  Subsequently, pulldowns using 
anti-GFP nanobodies on magnetic beads were carried out similarly as de-
scribed in Paper II.  

Comparing the enriched proteins from TBEV- and mock-infected samples 
I found that actin-related proteins, which are mostly located in the cytoplasm 
were enriched in the NUP153 pulldown from TBEV-infected cells. I also 
found several ribosomal and RNA-processing proteins, which aligns with the 
possible function of NUP153 in viral replication. HSPA5, a protein responsi-
ble for correct protein folding in the ER lumen, was also enriched from in-
fected cell lysates (Figure 20). 
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Figure 20: Quantitative MS results after pulldown using EGFP-tagged NUP153 from 
TBEV-infected or mock-infected HEK293 cell lysate in triplicates. After filtering, the 
significantly enriched proteins were determined with a t-test using permutation-based 
FDR (250 permutations, FDR<0.05, S0:0.1). Adapted from Paper IV. 

We also searched for interactions between viral proteins and NUP153. Using 
the regular search settings, no viral proteins were found in the TBEV-infected 
samples. A special targeted viral data search was carried out, which indicated 
the presence of viral protein C, NS5, and NS3 in the TBEV-infected NUP153 
pulldown samples. NS5 also showed up with 2 unique peptides in the TBEV-
infected EGFP control samples. The LGTV-infected samples provided similar 
results in terms of pulldown and change in the interactome. The results were 
further validated by other experiments, suggesting a potential mechanism for 
translocation of NUP153 from the NPC. 

Conclusion and outlook 
In this study, we showed that NUP153 plays an important pro-viral role in 
TBEV and LGTV infections, where its expression is upregulated and it par-
tially changes localization from the NPC to the cytoplasm and ER, to the viral 
replication site. The AP-MS results are supporting this, which demonstrate 
interactions with proteins located outside of the nucleus and many of them are 
involved in RNA processing.  

Further studies of the mechanism of tick-borne flaviviruses may lead to the 
development of antivirals against these viruses, which we lack today. 
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Concluding remarks and future perspectives 

SLiM-based protein-protein interactions are crucial for cellular functions and 
common amongst host-viral interactions. Despite their importance, this cate-
gory of interactions is not well-studied and underrepresented in the literature. 
By establishing methods for SLiM-based interaction discovery and validation 
we can get a deeper understanding or interaction networks in health and dis-
ease.  

The methods I evaluated in Paper I, biotinylated peptide-pulldown and 
PRISMA were to test their suitability to carry out pulldowns using SLiM-con-
taining synthetic peptides. The peptide pulldown proved to be working over a 
range of affinities. However, the method is not very robust and in certain cases 
double repeat peptide sequences were needed to increase the local concentra-
tion of available motifs. The protein concentration in the cell lysate was also 
a crucial parameter, as we observed that the well-studied TP53-MDM2 inter-
action could only be captured when the MDM2 SWIB domain was spiked in 
the cell lysate. PRISMA, on the other hand, was not found to be a reliable 
method in our hands.  Clearly, there is room for improvements in terms of how 
to capture SLiM-based interactions for MS analysis. 

To further investigate methods for SLiM-pulldown, I also employed GFP-
pulldown using N-terminally EGFP-tagged peptide repeats to great effect (Pa-
per II). A peptide sequence from a Hendra virus protein, identified by ProP-
PD, successfully pulled down the PABP homologues and other relevant pro-
teins from cell lysate. This approach provided a setup with virtually no limit 
in the number of peptide sequence repeats.  

In another approach, I used SPOT arrays with alanine scanning to identify 
key residues within a peptide sequence (Paper III). This is of high importance 
in cases where only a handful of peptides are enriched or known. A drawback 
of SPOT arrays is that they can only be used for one protein, and extensive 
use can become fairly costly. Emerging deep mutational scanning approaches 
may turn out to be more cost efficient and informative in a future perspective. 

Lastly, I utilized the GFP-pulldown method with a full length, highly dis-
ordered protein, NUP153 (paper IV). This protein has been shown to interact 
with several viral proteins and changes its localization to the viral replication 
center in the case of Flavivirus infection. Comparing pulldowns from mock-, 
TBEV- and Langat-infected lysates, I noted shifts in the interactome of 
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NUP153. Clearly, much remains to be understood in terms of how viruses 
perturb the host cell interactome upon infection. 

By performing this research, I was looking for the possibilities and limits 
of capturing SLiM-mediated interactions and contributed to a further under-
standing of viral-host interactions.  As we learn more about protein disorder 
and SLiMs, both by high throughput experimental screens and bioinformatics 
predictions, establishing reliable and robust validation methods for PPIs be-
come more and more important. 
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Populärvetenskaplig sammanfattning 

Bakgrund 
Brukar du fundera över hur människokroppen egentligen fungerar? Det krävs 
många olika molekyler som arbetar tillsammans. I min forskning har jag tittat 
på hur proteiner interagerar med varandra och bildar livsnödvändiga nätverk 
av interaktioner. Dessa interaktioner, eller bindingar, behövs för en rad olika 
funktioner, till exempel för att förmedla information inom och mellan celler, 
för att flytta proteiner dit de behövs eller för att märka proteiner som inte 
längre behövs för destruktion. 

Interaktionerna kan ske mellan stora, strukturerade delar av proteiner (do-
mäner) eller mellan en domän och ett litet, 3–10 aminosyror långt interakt-
ionsmotiv. I min forskning har jag fokuserat på den senare kategorin, eftersom 
denna typ av interaktioner är mindre välstuderad och väldigt viktig för våra 
cellers funktion. På grund av den begränsade interaktionsytan är dessa inter-
aktioner ofta svaga och dissocierar snabbt, men just detta är också egenskaper 
som behövs i flera processer i våra celler, exempelvis cellsignalering. 

Många interaktioner mellan virusproteiner och människoproteiner är base-
rade på korta interaktionsmotiv (eng. short linear motifs, SLiMs). Virus har 
betydligt färre proteiner än oss människor. Medan vi människor har över 
20 000 proteiner, har det virus som orsakar Covid-19 bara 29. Viruset kapar 
istället våra cellers funktion för att kunna föröka sig. Det börjar med ett virus-
protein interagerar med ett människoprotein för att ta sig in i en cell. 
Med ökad kunskap om vilka proteiner som interagerar kan vi förstå hälsa och 
ohälsa bättre och utveckla läkemedel mot exempelvis virusinfektioner. 

 
Hur hittar vi interagerande proteiner? 
När vi letar efter proteiner som interagerar med varandra, använder vi oftast 
ett protein som bete, och tillsätter det till en blandning av proteiner för att se 
vilka proteiner det interagerar med (byte). Tänk på det som fiske; bytet dras 
till betet, och när de interagerar kan vi ta bort det från de andra proteinerna. 
Men vi måste vara försiktiga, för om vi drar för hårt så kan vi förlora bytet, 
särskilt när det gäller svaga interaktioner baserade korta interaktionsmotiv. 

I vissa av mina projekt använde jag antingen hela proteiner eller peptider 
(väldigt korta proteiner) som innehöll korta interaktionsmotiv som bete för att 
se om jag kunde fiska upp deras byten. I ett annat projekt undersökte jag exakt 
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vilka aminosyror som behövs i ett interaktionsmotiv genom att byta ut ami-
nosyraresterna i en peptid en efter en. 

För att ta reda på vilka proteiner som interagerar med betet använde jag 
masspektrometri. Det är en teknik som gör det möjligt att identifiera moleky-
ler baserat på massa och kan ge information om de proteiner som finns i ett 
prov. 

 
Vad har jag kommit fram till? 
Peptider som sitter fast på magnetkulor fungerar bättre som beten i våra försök 
än de som sitter fast på cellulosamembran. Jag prövade olika peptider och kom 
fram till att även svaga interaktioner fångades upp. Ibland stötte jag dock på 
utmaningar när det t.ex. inte fanns tillräckligt mycket byte i provet jag försökte 
fiska i. 

Covid-19-pandemin bröt ut inte så långt efter att jag påbörjat min dokto-
randtid. Eftersom det är vanligt med interaktionsmotivbaserade interaktioner 
mellan virusprotein och människoprotein bestämde vi oss för att titta på Co-
vid-19 och andra relaterade virus. Vi hittade 1285 peptider från olika virus 
som interagerade med humana proteiner. Vissa humana proteiner fungerade 
som byten till flera liknande peptider från olika virus. Ett exempel som vi 
följde upp visade att vissa virus använder interaktionsmotiv för att ta kontroll 
över maskineriet som tillverkar nya protein. Det är viktigt, eftersom viruset 
kan minska produktionen av cellens egna proteiner och/eller använda det för 
att producera virusprotein. 

Vi letade också efter interaktionsmotiv i människoproteiner som interage-
rar med proteiner från SARS-CoV-19. I vissa fall var vi osäkra på vilka ami-
nosyror som var viktiga för interaktionen. Genom att byta ut aminosyrarester 
i peptiden en efter en kunde jag se vilka som var de viktigaste – när de byttes 
ut försvann interaktionen. En intressant upptäckt var att vissa av peptiderna 
hade antivirala egenskaper mot SARS-CoV-19 infektion, vilket innebär att de 
skulle kunna utvecklas till läkemedel. 

Slutligen har jag studerat förändringar som sker vid infektioner med TBE 
(tick-borne encephalitis). Vi märkte att ett människoprotein, NUP153 (nuclear 
pore complex protein 153) byter plats i cellen när den infekteras, och att den 
interagerar med virusprotein. Jag hittade proteiner typiska för den nya place-
ringen som interagerade med NUP153 i infekterade prover, samt indikationer 
på virusproteiner. 
  
Varför är det här viktigt? 
Interaktionsmotivbaserade interaktioner kan vara kritiska för såväl normala 
cellfunktioner som virusinfektioner. Trots det vet vi väldigt lite om dem. Ökad 
kunskap om hur de fungerar och vilka proteiner som interagerar med varandra 
gör att vi kan göra mer för att förhindra och bota sjukdomar.  
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