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Abstract
Small structural E protein of coronaviruses uses its C-terminal PDZ motif to compromise the cellular PDZ interactome. In 
this work we compared core PDZ interactivity of small (seven amino acids) peptide PDZ motifs, originating from the enve-
lope proteins of recently transmitted coronaviruses SARS-CoV, SARS-CoV2, and MERS-CoV. As the interaction targets 
we used 23 domains of the largest PDZ proteins MUPP1/MPDZ and PATJ/INAD. Results revealed exceptional affinity and 
interaction promiscuity of MERS-CoV PDZ motif in vitro, suggesting an increased probability of potential PDZ targets 
in vivo. We hypothesize that together with its known ability to enter the cells from both apical and basolateral sites, this 
might further contribute to its elevated disruption of cellular PDZ pathways and higher virulence.
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1  Introduction

Coronaviruses create a diverse family of enveloped, positive-
sense RNA viruses that infect birds and mammals. While 
the alpha- and betacoronaviruses mainly circulate in bat and 
rodent reservoirs, the gamma- and deltacoronaviruses have 
birds as their main reservoir species [1, 2]. Recently, great 
interest is focused mainly on pathogenic human coronavi-
ruses MERS-CoV, SARS-CoV, and SARS-CoV2, due to 
their recent zoonotic transmissions [3–5]. The CoVs genome 
comprises 6–10 open reading frames (ORFs) involved in 
encoding 16 non-structural proteins (NSP 1–16), four major 
structural proteins—spike (S), envelope (E), membrane (M), 
and nucleocapsid (N) protein and five to eight accessory 
proteins [6].

The envelope glycoprotein (E) is the smallest structural 
component of SARS-CoVs and plays an essential role in 
the viral replication, beginning from envelope formation to 
assembly. It is abundantly expressed in an infected cell, but 

only a small portion is incorporated into the virion enve-
lope [7, 8]. High expression of protein E, its ability to cre-
ate homopentameric cationic channels allow viruses to take 
control over the membrane permeability of endoplasmic 
reticulum-Golgi complex, which stimulate the virus propa-
gation [9, 10].

Protein E contains a short 3–4 amino-acid long PDZ-
binding motif (PBM), allowing its interaction with a con-
served module of PDZ (PSD-95/Discs-large/ZO-1) protein 
domains [11], present in a large number of mainly regulatory 
proteins [12]. PDZ domain is a structurally highly conserved 
globule of approximately 90 amino acids folded into six 
β-sheets (βA–βF) and two α-helices (αA–αB) [13]. PBM is 
often but not always found at the carboxyl terminus of pro-
teins [14]. Typically major PDZ interaction between motif 
and domain occurs in the PDZ interaction cavity created by 
βB sheet, αB helix and carboxylate binding loop [13]. The 
PDZ domain protein family plays a key role in multicellu-
lar organisms, where the PDZ domains are often found as 
components of multidomain scaffolding proteins involved in 
cell polarity and intercellular interactions [15, 16]. The PDZ 
domains are often embedded in proteins present in epithe-
lial junctions [17], neuronal postsynaptic densities [18], and 
immunological synapses of T cells [19].

The presence of the PDZ binding motif represents the 
common strategy of viruses that can bind directly to mul-
tiple cellular PDZ proteins to increase viral replication 
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and spread, and represents a determinant of viral patho-
genesis [20, 21]. The proteins containing PBMs encoded 
by different viruses such as influenza A virus, tick-borne 
encephalitis virus (TBEV) and human papillomavirus 
(HPV) enhanced virus pathogenesis by interacting with 
cellular proteins containing PDZ domains, by altering pro-
cesses such as apoptosis, cell polarity, or innate immune 
responses [20]. Although the exact role of these interac-
tions in SARS and MERS infections is not well estab-
lished, there is evidence about SARS-CoV E protein PBM 
as a virulence factor [21]. In the infection with recombi-
nant viruses lacking an E protein, PBM was attenuated in 
mice, which was accompanied by a decreased expression 
of inflammatory cytokines during infection, and a substan-
tial increase of survival [21].

Several PDZ binding partners of SARS-CoV and 
SARS-CoV2 protein E have been previously identified. 
One of the protein E interaction partners of SARS-CoV 
is the cellular protein syntenin 1 [21]. This interaction 
activates the overexpression of inflammatory cytokines 
and SARS-CoV lacking E protein PDZ binding motif has 
decreased expression of inflammatory cytokines, which 
attenuates virus pathogenicity [21]. Another target of the 
E protein PDZ binding motif is PALS1, a protein that 
belongs to the polarity complex Crumbs [22–26]. The E 
protein relocalizes PALS1 outside the tight junction, alter-
ing polarity establishment in epithelial cells. The interac-
tion between PALS1 and protein E could play a key role 
in the SARS-CoV pathology by altering the integrity of 
the lung epithelial cells [27, 28]. In addition to the above-
mentioned interactions, PDZ tight junction protein ZO1 
has been recently identified as a SARS-CoV2 protein E 
interaction partner [29]. Caillet-Saguy et al. [30] used 
a high-throughput approach to reveal some additional 
SARS-CoV2 protein E PDZinteractions.

In this article, we probed MUPP1 also named MPDZ pro-
tein [31] and its homologue PATJ/INAD [32, 33] for their 
potential PDZ interactivity with the SARS-CoV, SARS-
CoV2, and MERS-CoV protein E PDZmotifs. Our previ-
ous results showed that a core PDZ motif interactivity is 
relatively promiscuous, suggesting that in vivo might be 
switched on/off by so far unidentified allosteric structural 
changes of protein complexes [34]. To identify as many 
PDZ interactions as possible, regardless of their occurrence 
in vivo; we used last seven amino acids of the C-terminus of 
the viral E protein. As a source of library of PDZ domains, 
we used the largest multi-PDZ proteins PDZ domain pro-
teins, MUPP1 and PATJ, because of the large number of 
heterologous PDZ domains accumulated in their molecules. 
We thought that these domains likely represent a wide spec-
trum of PDZ interactivity, which might help characterize the 
potency and promiscuity of core viral PDZ motifs which 
might have relationship with their virulence.

2 � Materials and methods

2.1 � Preparation of PDZ Domain Fusion Proteins

For the expression of mouse MUPP1, PATJ, and human 
MUPP1 PDZ domains, mostly EcoRI/SalI (E/S) PCR frag-
ments were inserted into pGEX-5X-1 plasmid (GE Health-
care, Freiburg, Germany) or pGEX-P15A [35] in frame 
with the glutathione-S-transferase (GST) coding sequence. 
In the case of the present EcoRI or SalI in internal parts 
of cloned regions, EcoRI/XhoI (E/X) or BamHI/SalI (B/S) 
restriction enzyme pairs were used instead. GST fusion 
proteins containing mouse MUPP1 PDZ domains were 
used as previously described [36]. For mouse, MUPP1 
PDZ domains and regions contained the following amino 
acid regions: PDZ1(E/S)(G133–P232), PDZ2(E/S)
(S231–S347), shorter form, equal to human PDZ2(E/S)
(Q254-T342), PDZ3(E/S)(T351–S466), PDZ4(E/S)
(K533–I631), PDZ5(E/S)(M667–L782), PDZ6(E/S)
(Q990–H1081), PDZ7(E/S)(A1130–R1235), PDZ8(E/S)
(L1332–V1429), PDZ9(E/S)(S1464–S1560), PDZ10(E/S)
(F1598–P1699), PDZ11(E/S)(E1702–S1812), shorter form 
equal to human PDZ11(E/S)(C1706-F1796), PDZ12(E/S)
(A1839–H1941), PDZ13(E/S)(T1953–S2055), tandem 
of the first five domain mMUPP1N(PDZ1-5)(E/S)(M1-
D794), tandem of last five domains mMUPP1(PDZ9-13)
(E/S)((S1464-S2055) (Used numbering is: UniProtKB: 
Q8VBX6 (MPDZ_MOUSE)).

For the GST fusion proteins containing human MUPP1 
PDZ domains, total human cDNA was prepared by RT-
PCR amplification from human neuroblastoma cells (SH-
SY5Y). PCR DNA fragments corresponding to human 
MUPP1 protein sequences were obtained by PCR ampli-
fication as follows: PDZ1(E/S)(R133-L228), PDZ2(E/S)
(Q253-R341), PDZ3(E/S)(S373-E467), PDZ4(E/S)
(Y549-T638), PDZ5(E/S)(E695-S790), PDZ6(E/S)
(S1004-H1093), PDZ7(E/S)(N1147-R1247), PDZ8(E/S)
(G1346-N1437), PDZ9(E/S)(K1479-Q1568), PDZ10(E/S)
(G1625-K1716), PDZ11(E/S)(C1721-F1811), PDZ12(E/S)
(Q1858-V1952), PDZ13(E/S)(P1983-S2070), tandem 
of the first five domains hMUPP1N(PDZ1-5)(E/S)(M1-
D801), tandem of last five domains hMUPP1(PDZ9-13) 
(E/S)(K1479- S2070) and tandem of domains 9–11(E/S)
(K1479-F1811). (Used numbering is: UniProtKB: O75970 
(MPDZ_HUMAN)).

For the GST fusion proteins containing mouse PATJ 
(INAD) PDZ domains, total mouse cDNA was obtained 
by RT-PCR amplification from mouse neuroblastoma 
cells (N2a). PCR DNA fragments corresponding to mouse 
PATJ PDZ domains protein sequences were obtained by 
PCR amplification as follows: PDZ1(E/S)(E117-V221), 
PDZ2(B/S)(P238-T338), PDZ3(E/S) (Y364-K453), 
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PDZ4(E/X)(E528-L641), PDZ5(E/S)(L679-P774), 
PDZ6(E/S)(P1072-S1166), PDZ7(E/S)(P1240-M1334), 
PDZ8(E/S)(E1470-E1555), PDZ9(E/S)(N1563-R1650), 
PDZ10(E/S)(P1707-N1796). (Used numbering is: Uni-
ProtKB: Q63ZW7 (INADL_MOUSE).

2.2 � Preparation of Fusion Proteins Containing Viral 
Protein E PDZ Motifs

Complementary EcoRI-SalI flanked DNA oligonucleotides 
coding for 7 amino acids viral PDZ motifs SARS-CoV(-
GVPDLLV), SARS-CoV2(-RVPDLLV), and MERS-
CoV(-LPPDEWV) were synthesized and equimolar 
amounts of them were annealed by boiling for 5 min and 
stepwise cooling to room temperature. Complementary 
strands were designed in such a way that after anneal-
ing DNA duplex contained digested EcoRI in the begin-
ning and digested SalI in its end, with preceding TAG 
protein stop codon. EcoRI/SalI flanked DNA fragments, 
coding for peptides corresponding to the C-terminus of 
the SARS CoV2 E protein peptide 1 (-PSFYVYSRVKN-
LNSSRVPDLLV) and peptide 2(-VSLVKPSFYVYS-
RVKNLNSSRVPDLLV) were prepared by stepwise PCR 
extension of short primers. The sequence of SARC CoV2 
corresponds to sequence entry: NCBI Reference Sequence: 
NC_045512.2. It contains a single introduced mutation 
T198C to eliminate EcoRI in the original sequence, which 
did not change the protein-coding. DNAs were inserted 
into EcoRI/SalI digested, frame shifted, pET34b(+) (The 
original plasmid was +1 frame-shifted by insertion of one 
cytosine residue between BamHI and EcoRI) or pGEX-
P15 [35]. Constructs were transformed into E. coli BL21.

2.3 � Protein Expression and Purification

E. coli BL21 transformed with plasmid DNA were inoc-
ulated into a small volume (20 ml) of LB and shaken 
(180 rpm) overnight at 37 °C. Culture (3 or 6 ml) was then 
inoculated into a larger 100 or 250 ml volume of LB. After 
shaking 2 h at 37 °C (180 rpm) incubation temperature was 
decreased to 16 °C, and after 30 min, IPTG was added to 
the final 0.3 mM. Afterward, the culture was shaken over-
night. The next day, cells were centrifuged, suspended in 
lysis buffer A (25 mM Tris–HCl pH7.4, 150 mM NaCl, 
5 mM EDTA pH 7.5, 1% Triton X-100), and sonicated. 
Following centrifugation, the supernatant was either used 
as an extract for the pull-down interactions or isolation of 
fusion proteins on glutathione affinity resin (GST-fusion 
proteins) or microcrystalline cellulose (CBD-fusion pro-
teins) according to [36].

2.4 � Pull‑Down Assay from Bacterial Extracts

Crude, overnight induced E. coli protein extract was 
obtained as a supernatant after centrifugation (15 min at 
13,000×g at 4 °C) of induced and sedimented cells disrupted 
by sonication in buffer A. For the interaction, 0.03 ml of 
50% GST resin was incubated with 1 ml of crude extract 
for 1 h at room temperature (25 °C). The resin was washed 
with 4 × 1 ml of interaction buffer A and interaction com-
plexes were eluted by the addition of equal amount of 2× 
SDS sample buffer (100 mM Tris–HCl pH 6.8, 4% SDS, 
20% glycerol, 25 mM EDTA, 0.04% Bromphenol Blue, 2% 
2-mercapto ethanol). Samples were resolved in 12% PAGE 
(Acrylamide/BIS 19:1) and visualized by the hot colloidal 
Coomassie G-250/HCl solution according to [37]. In some 
cases, the gels were scanned, and the relative intensities of 
scanned Coomassie-stained protein bands were quantified 
using UN-SCAN-IT, Silk Scientific Inc. Utah, USA. The 
interaction was subsequently analysed and plotted as CBD/
GST fusion proteins signal ratio with GraphPad Prism 4.00 
for Windows, GraphPad Software, and San Diego, CA, USA. 
Results represent mean ± SD values from at least three inde-
pendent experiments.

2.5 � MUPP1 Pull‑Down Assay from Neuroblastoma 
N2a Cells

DNA fragment of mCherry protein [38] was obtained by 
PCR using forward BamHI primer (5'-tggggatcctatggtgag-
caagggcgaggag-3') and EcoRI reverse primer (5'-gatagga-
gaattccttgtacagctcgtccatgc-3'). Following digestion, DNA 
fragment was cloned into BglII/EcoRI digested pEDFPN1D 
[39]. Ligation compatible BamHI/BglII sites are eliminated 
during the ligation. Subsequently, mouse MUPP1 Uni-
ProtKB—Q8VBX6 (MPDZ_MOUSE) DNA (M1-S2055) 
was cloned in frame with mCherry protein into this plas-
mid as EcoRI/SalI fragment, using forward EcoRI primer 
(5'-acgaattcacgccaccatgttggaaaccatagacaaaaatcg-3') and 
reverse SalI primer (5'-ctggcgtcgacttcaagagagaaccatgagggt-
gac-3'). N2a cells (mouse neuroblastoma cell lines obtained 
from the American Type Culture Collection Rockville, 
Maryland, USA, maintained in high glucose DMEM with 
glutamine) were transfected with linear PEI [40]. A 10 cm 
plate of exponentially growing N2a cells were transfected 
with 15 µg of plasmid DNA, and the next day medium was 
exchanged. On the following day, cells were washed with 
physiological saline and scratched into 2 ml of buffer A 
containing (25 mM Tris–HCl pH 7.5, 150 mM NaCl, 5 mM 
EDTA pH 7.4, 1% Triton X-100). After 1 h of incubation 
on ice, the extract was centrifuged for 15 min at 13,000×g 
at 4 °C. The extract was pre-absorbed 15 min with 0.1 ml 
of glutathione sepharose at room temperature (25 °C). The 
extract was then divided into two 1 ml aliquots and rotated 



	 M. Baliova et al.

1 3

on a rotator for 5 h at 25 °C, either with 0.03 ml interac-
tion resin (GST-PSFYVYSRVKNLNSSRVPDLLV) or con-
trol GST resin. Following washing with interaction buffer, 
proteins were eluted with SDS buffer, resolved on gradient 
4–12% polyacrylamide gel, and immunoblotted with rabbit 
anti-MUPP1C antibodies (Thermo Fisher Scientific) and 
anti-GST antibodies (Sigma-Aldrich).

3 � Results

In this work, we investigated the interactions of PDZ motifs 
of proteins E from SARS-CoV, SARS-CoV2, and MERS-
CoV coronaviruses with all 23 PDZ domains of proteins 
MUPP1 and PATJ. For this purpose, we adapted a previously 
developed assay system [36], consisting of a set of GST 
fusion proteins containing PDZ domains and CBD fusion 
proteins, linked with the C-terminal PDZ peptide motifs 
of the E protein of the coronaviruses. The size of the PDZ 
domains polypeptide chains was chosen in such a way that 
it contained all structural elements necessary for the forma-
tion of functional PDZ domain globule [36]. It is generally 
accepted that only the last three amino acids of PDZ motifs 
are directly involved in the interaction with the PDZ domain 
cavity [15]. In the majority of investigated interactions, we 
used the last seven amino acids of the C-terminus of the 
protein E. Such a length of peptide motif should already 
contain some additional structural information influencing 
PDZ interaction of the core PDZ motif [41, 42], but it is 
largely free of high order structural restrains (Fig. 1). The 
affinity of the interacted proteins was large enough to be 
detected by Coomassie staining, following the resolution of 
the interaction complexes in protein SDS gel.

Most of the isolated fusion proteins contained a small 
number of degradation products. They did not interfere with 
our pull-down assay, because the amount was either low, 
or the running position was sufficiently different from the 
interacting CBD-PDZ motif fusion protein on SDS pro-
tein gel (Fig. 1 D, H). Human MUPP1 PDZ domain 7 GST 
fusion protein in addition to its intact form contained a sig-
nificant amount of second unidentified protein band marked 
in Fig. 1E-H by an asterisk. Both these proteins were anti-
GST positive (not shown), indicating that they represent 
an intact and truncated version of the same GST-hPDZ7 
protein. Despite the running position of the second (upper) 
band, does slightly coincide with the position of lower inter-
acting MERS-CoV (CBD-LPPDEWV) fusion protein, the 
specific interaction can be clearly distinguished also in this 
case (Fig. 1G).

As shown in Fig. 1, in mouse PDZ motifs of SARS-CoV 
and SARS-CoV2 interacted with stepwise growing intensity 
with the first three domains and domain 11.

In human MUPP1, SARS-CoV and SARS-CoV2 PDZ 
motifs interacted mainly with domains 3 and 11. The interac-
tions with human domain 2 was in comparison with mouse 
homolog significantly weaker. Even though here used PDZ 
domains contain all structural elements necessary for fold-
ing, a flanking regions of here used human domain 2 are 
significantly shorter when compared with mouse domain 
2 prepared previously [36], (see material and methods). 
The length of flanking regions is however, unlikely respon-
sible for species interaction differences because they were 
observed at the level of single, equivalently sized, mouse 
and human domains 2 (not shown), as well as, equivalently 
sized, larger mouse and human MUPP1 N-terminal region 
containing the first five domains (Fig. 2A). The mouse/
human amino acid differences are located outside of the 
PDZ2 interaction cavity. Possible species interaction differ-
ences are therefore likely caused by long-distance sterical 
effects. MERS-CoV interacted individually with all first 
five domains, domain 7, 10, 11, and domain 13 of mouse 
and human MUPP1 (Fig. 1C, G). MERS-CoV PDZ motif 
showed strong association with the N-terminal domain of 
both mouse and human MUPP1 containing tandem of first 
five PDZ domains (2A). The interaction was significantly 

Fig. 1   The PDZ interactions of viral protein E C-terminal peptide 
motifs with the individual MUPP1 domains. The interaction of mouse 
and human MUPP1 GST-PDZ domains (1–13) with SARS-CoV 
(CBD-GVPDLLV) (A, E), SARS-CoV2 (CBD-RVPDLLV) (B, F), 
and MERS-CoV (CBD-LPPDEWV) (C, G) protein E PDZ motifs 
fused with CBD protein. Filled arrows indicate GST-PDZ domain 
(1–13) fusion proteins. The position of the interacting CBD protein 
band and its running control (Ct) in the first line isolated on micro-
crystalline cellulose is indicated by open arrows. D and H show non-
interacted control. A significant degradation product in human PDZ 
domain 7 marked by the asterisk (E–H)
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stronger when compared with SARS-CoV and SARS-CoV2 
(2A).

In the region of domains 9–13, both mouse and human 
MUPP1 interacted with SARS-CoV and SARS-CoV2 PDZ 
motif mainly through domain 11, but MERS-CoV interacted 
in addition with the mouse domains 10 and 13 and human 
domain 13 (Fig. 1C, G). The tandem of human C-termi-
nal domains 9–13 revealed much stronger interaction with 
SARS-CoV and SARS-CoV2 PDZ motifs when compared 
with mouse homologue (Fig. 2B). On the contrary, MERS-
CoV showed slightly weaker interaction with the human 
MUPP1 (9–13) region when compared with mouse homo-
logue (Fig. 2B). GST fusion protein containing tandem of 
human PDZ domains 9–13 has a significant amount of deg-
radation product (in Fig. 2B marked by the asterisk). Mobil-
ity of degradation product of GST-hMUPP1(9–13) in SDS 
protein gel is slower than GST-hMUPP1(9–11), indicating 
that degradation product still contains PDZ domain 11 (not 
shown). We therefore adjusted the amount of interacting 
protein to the summarized amount of intact and degraded 
protein. Results, however, still suggested the higher affin-
ity of SARS-CoV and SARS-CoV2 PDZ motifs to human 
MUPP1 domains 9–13 in comparison with mouse domains 
9–13 (Fig. 2B). Enhanced degradation of human MUPP1 
C-terminus containing tandem of PDZ domains 9–13 indi-
cates the presence of sequence/structural determinant mak-
ing this protein accessible to unknown proteolytic system of 
E. coli. This sequence/structural determinant seems to be not 
present in mouse MUPP1 C-terminus, and it might result in 
human MUPP1 specific sterical constraints, explaining the 
species difference in the interaction between SARS-CoV and 
SARS-CoV2 PDZ motifs possibly existing in vivo.

In subsequent work, we decided to investigate the 
interactions of PDZ peptide motifs of coronaviruses 
with MUPP1 homologue PATJ/INAD [32], which is 
similar to MUPP1 associated with epithelial tight junc-
tions through its non PDZ interaction with PALS1 [33]. 
Similar to MUPP1, PATJ interacted with SARS-CoV and 

SARS-CoV2 PDZ motif mainly through PDZ domains 2 
and 3, and domain 9, which is the homologue of MUPP1 
domain 11 (Fig. 3). MERS-CoV PDZ motif interacted with 
PATJ domains 1, 2, 3, 5, 6, and 9. Except for PATJ PDZ 
domain 4, which differs significantly from the MUPP1 
equivalent, the interactions were also very similar, since 
PATJ domains 6 and 9 are homologues of MUPP1 domains 

Fig. 2   The PDZ interactions of viral protein E C-terminal peptide 
motifs with the tandems of MUPP1 domains. The interaction of 
CBD proteins fused with SARS-CoV, SARS-CoV2, and MERS-CoV 
PDZ motifs with the GST fusion proteins containing mouse (m) and 
human (h) equivalently sized MUPP1 N-terminal fragments bear-
ing first five domains [GST-mhMUPP1N(PDZ1-5)] (A) and MUPP1 
C-terminal fragment bearing last five (9–13) PDZ domains [GST-
mhMUPP1(PDZ9-13)] (B). The asterisk in B show the position of a 
degradation product of GST-mhMUPP1(PDZ9-13). The labels C- and 
int-indicate control and interacted sample, respectively. Filled arrows 
indicate GST fusion proteins. The position of the interacting CBD 
protein band and its running control isolated on microcrystalline cel-
lulose is indicated by the opened arrows. The GST and CBD fusion 
protein interaction partners were quantified by scanning of the stained 
protein bands and plotted as CBD/GST ratio (see materials and meth-
ods for details). Results represent mean ± SD values from three inde-
pendent experiments

▸
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7 and 11, respectively (Fig. 3). Summary of the obtained 
PDZ interactions (Figs. 1, 3) is show on Table 1.

GST and CBD fusion proteins used in this work might 
introduce unpredictable sterical constraints, which either 
increase or block the accessibility of PDZ motifs and domains. 
To investigate if the extension of the 7 amino acids PDZ motif 
to a longer peptide region and switching the fusion partner 
will affect the PDZ interaction with MUPP1, we extended 
the sequences to 22 and 27 amino acids of SARS-CoV2 pro-
tein E C-terminus. While the CBD fusion proteins with these 
peptides were very poorly expressed, their fusion with GST 
protein as well as a fusion of CBD protein with MUPP1 PDZ 
domain 3 was expressed well. Results revealed that in this 
approach out of 7, 22, and 27 amino acids extensions, GST 
fusion with 22 amino acids extension exhibited the best acces-
sibility of the protein E PDZ motif for the interaction with 
MUPP1 PDZ domain 3 fused to CBD protein (Fig. 4A). This 
GST fusion was also able to pull-down intact MUPP1 protein 
from the protein extract of N2a cells transfected with MUPP1 
(Fig. 4B).

Fig. 3   The PDZ interactions of viral protein E C-terminal peptide 
motifs with the individual of PATJ/INAD domains. The interaction 
of mouse PATJ GST-PDZ domains with SARS-CoV (CBD-GVP-
DLLV), SARS-CoV2 (CBD-RVPDLLV), and MERS-CoV (CBD-
LPPDEWV) protein E PDZ motifs fused with CBD protein. Filled 
arrows indicate GST fusion proteins. The position of the interacting 
CBD protein band and its running control isolated on microcrystal-
line cellulose is indicated by the opened arrows. The low panel shows 
non-interacted controls
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4 � Discussion

In this work, we show that minimal PDZ motifs represented 
by last 7 amino acids of protein E C-terminus from SARS-
CoV, SARS-CoV2, and MERS-CoV coronaviruses bind 
to several PDZ domains of proteins MUPP1/MPDZ and 
PATJ/INAD in vitro (Figs. 1,3, Table 1). The specific inter-
action of short viral PDZ motifs coupled to bacterial CBD 
with PDZ domains GST fusion proteins indicates that both 
motifs and domains were in our experimental conditions 
freely accessible, folded as functional structural elements 
allowing specific PDZ interaction to take place. Even though 
some of the interactions reported here might be prevented by 
high order macromolecular assemblies of proteins in vivo, 
their interaction capability might be on the contrary also 
significantly increased in favor of the PDZ interaction in 
various cellular and protein conditions. This might include 

allosteric changes of the accessibility by additional interact-
ing partners or proteolysis leading to the presence of protein 
E C-terminal peptide fragments in vivo.

In this content, it is worth mentioning that SARS-CoV 
protein E is produced in the infected cell in large excess, 
and only a small portion is incorporated into virion [7]. A 
quick turnover has been reported for SARS-CoV protein 
E [43], suggesting the possible existence of short peptide 
PDZ motifs. Some in silico algorithms predict the presence 
of calpain cleavage sites, and all here investigated viral E 
proteins contain cleavage sites for trypsin. Trypsin cuts pep-
tide chains mainly at the carboxyl side of the amino acids 
lysine or arginine not followed by proline [44]. The search 
of SARS-CoV2 protein sequence indicates potential trypsin 
cleavage sites in positions 38, 61, 63 and 69. The sites 61, 
63, and 69 are located in the distal protein E C-terminus, 
releasing the peptides 6, 12 and 14 amino acid long, follow-
ing potential trypsin cleavage. Their size is close to the here 
used PDZ peptide motifs. Expression of trypsin by epithelial 
cells of various tissues, leukocytes, and neurons in human 
and mouse has been previously reported [45]. SARS-CoV2 
infects intestinal epithelial cells [46], and gastrointestinal 
involvement, likely including virus replication, has already 
been reported for other coronaviruses, including SARS-CoV 
[47] and the Middle East Respiratory Syndrome (MERS) 
[48, 49].

Numerous PDZ domains present in multiple PDZ pro-
teins MUPP1/MPDZ and PATJ/INAD interact with several 
regulatory molecules, including tight junction components, 
kinases, neurotransmitter receptors and others [50]. Cur-
rently, it is therefore difficult to predict the effects of these 
interactions on cellular systems. For example, spread of 
coronaviruses, proteins or their fragments by exosomes and 
extracellular vesicles has been previously proposed by some 
authors [51, 52]. Additionally, human neuronal cells, nor-
mally nonpermissive to endocytic infection, were infected 
by coculturing them with SARS-CoV2 permissive infected 
epithelial cells. This happened by the SARS-CoV-2 induced 
formation of tunneling nanotubes (TNTs) [53].

Shepley-McTaggart et al. [29] previously reported the 
interaction of SARS CoV2 protein E, biotinylated C-ter-
minal peptide (Biotin-SRVKNLNSSRVPDLLV-COOH) 
with the PDZ tight junction protein ZO1. The array used 
in the interaction also contained GST fusion proteins of 
MUPP1 with domains 5, 10, 11, 12, and 13, but none of 
these domains interacted in their assay with the SARS-
CoV2 PDZ motif. With exception of MUPP1 PDZ domain 
11, none of these domains interacted in our assay as well 
(Fig. 1, Table 1). The authors did not specify the chemistry 
used for coupling the fusion proteins to the array and the 
length of the PDZ domains polypeptides used. We think that 
possible differences in these parameters might modify the 
accessibility of ligand and explain the discrepancy in the 

Fig. 4   The PDZ interactions of extended SARS-CoV2 protein E 
C-terminal peptides motifs. The interaction of mouse MUPP1 PDZ 
domain 3 (marked by filled arrow) fused to CBD (CBD-PDZ3) with 
last 7 (-RVPDLLV), 22 (-PSFYVYSRVKNLNSSRVPDLLV), and 27 
(-VSLVKPSFYVYSRVKNLNSSRVPDLLV) amino-acids of SARS-
CoV2 protein E C-terminus fused with GST protein (A). The interac-
tion of mCherry tagged whole mouse MUPP1 (CH-mMUPP1 marked 
by empty arrow) expressed in N2a cells with the last 22 amino acids 
(-PSFYVYSRVKNLNSSRVPDLLV) of SARS-CoV2 protein E 
C-terminus fused with GST protein (B). The PDZ binding motif is 
underlined
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interaction of domain 11. Recently Caillet-Saguy et al. [30] 
identified specific interaction of PDZ domain 2, present in 
LNX2 (Ligand of Numb Protein-X) protein with biotinylated 
12 amino acids C-terminal peptide containing PDZ motif of 
SARS-CoV2 protein E. Four domains of LNX2 are known to 
be homologues of the last four domains (10–13) of MUPP1 
[54]. LNX2 domain 2 is a homologue of MUPP1 domain 11 
and PATJ domain 9. LNX2 domain 2 [30], MUPP1 domain 
11, and PATJ domain 9 (this work) all interact with SARS-
CoV2 (Fig. 1,3, Table 1), which suggests that these interac-
tions might be meaningful.

5 � Conclusion

The purpose of this study was to investigate the promiscu-
ity and affinity of minimal PDZ binding motifs of protein 
E originating from SARS-CoV, SARS-CoV2, and MERS-
CoV. The used library of 23 PDZ domains was derived from 
the largest multi-PDZ proteins MUPP1 and PATJ. Results 
revealed significantly higher affinity and promiscuity of 
the MERS-CoV core PDZ motif in comparison to SARS 
variants. Even though due to size limitation of PDZ motifs 
not all here identified interactions might occur in vivo, we 
believe that these differences reflect an increased probabil-
ity of potential PDZ targets in vivo. We hypothesize that 
together with the ability of MERS-CoV to enter the cells 
from both apical and basolateral sites [55], this might con-
tribute to its elevated disruption of cellular PDZ pathways 
and higher virulence. Here used assay can be potentially 
used to explore the affinity and promiscuity of other viral 
PDZ motifs and correlate them with their virulence.
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