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Abstract

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) enters cells by binding to the
angiotensin-converting enzyme 2 (hACE2) receptor. This process is aided by the transmembrane
protease serine 2 (TMPRSS2), which enhances entry efficiency and infectiousness by cleaving the SARS-
CoV-2 surface glycoprotein (Spike). The cleavage primes the Spike protein, promoting membrane
fusion instead of receptor-mediated endocytosis. Despite the pivotal role played by TMPRSS2, our
understanding of its non-protease distinct domains remains limited. In this report, we present
evidence indicating the potential phosphorylation of a minimum of six tyrosine residues within the
cytosolic tail (CT) of TMPRSS2. Through the use of TMPRSS2 CT phospho-mimetic mutants, we
observed a reduction in TMPRSS2 protease activity, accompanied by a decrease in SARS-CoV-2
pseudovirus infection, which was found to occur mainly via the endosomal pathway. We expanded our
investigation beyond TMPRSS2 CT and discovered the involvement of other non-protease domains in
regulating infection. Our co-immunoprecipitation experiments demonstrated a strong interaction
between TMPRSS2 and Spike. We revealed a 21 amino acid long TMPRSS2-Spike-binding region (TSBR)
within the TMPRSS2 scavenger receptor cysteine-rich (SRCR) domain that contributes to this
interaction. Our study sheds light on novel functionalities associated with TMPRSS2's cytosolic tail and
SRCR region. Both of these regions have the capability to regulate SARS-CoV-2 entry pathways. These
findings contribute to a deeper understanding of the complex interplay between viral entry and host

factors, opening new avenues for potential therapeutic interventions.
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Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative agent
behind the outbreak of the coronavirus disease 19 (COVID-19). Since its initial emergence in
Wuhan in December 2019, millions have succumbed to the effects of COVID-19 4. SARS-CoV-
2 represents the third coronavirus outbreak characterized by a high mortality rate, following
the occurrences of SARS-CoV-1 and the Middle East respiratory syndrome coronavirus (MERS-

CoV). This situation raises alarms about the potential for future coronavirus pandemics. >’.

SARS-CoV-2 gains entry into cells through its surface glycoprotein, Spike, by attaching to its
receptor, angiotensin-converting enzyme 2 (hACE2). To facilitate the fusion of the virus
membrane with the host cell or endosome membrane, Spike must undergo cleavage at two
distinct sites: the polybasic cleavage site (51/S2) and the transmembrane serine protease 2
(TMPRSS2) cleavage site (S2'). This cleavage process leads to the release of the Spike fusogenic
peptide >#10. The hACE2 receptor alone is sufficient to enable SARS-CoV-2 infection. In the
absence of TMPRSS2, SARS-CoV-2 virions enter the cells through the endosomal pathway,
where Spike gets cleaved by endosomal cathepsin-L. However, in the presence of TMPRSS2,
the membrane fusion entry pathway becomes predominant due to Spike cleavage at the cell
surface. This entry process is faster than the endosomal pathway, resulting in an increased
infection kinetics and higher viral load ®1713, Furthermore, TMPRSS2 facilitates syncytia

formation, thereby enhancing virion-free cell-to-cell spread 4%,

Interestingly, in TMPRSS2-positive cells, the compound camostat, which inhibits TMPRSS2
enzymatic activity, effectively inhibits SARS-CoV-2 infection via both the membrane and the
endosomal cell entry routes. Therefore, it has been proposed that both entry pathways,
namely TMPRSS2-mediated membrane fusion and TMPRSS2-independent receptor-mediated
endocytosis, are mutually exclusive. However, the underlying mechanism remains enigmatic
91116 Notably, since TMPRSS2 is highly expressed in lung cells, this may explain why the
exclusive endosomal entry inhibitor hydroxychloroquine (HCQ) failed in treating COVID-19

patients 17721,

In addition to the critical role of TMPRSS2 protease activity, we hypothesized that other
domains of this protein may play roles in regulating the viral entry pathway into cells. Here,
we report that the cytosolic tail (CT) of TMPRSS2 can undergo posttranslational tyrosine

phosphorylation. Intriguingly, when we engineered a phosphomimetic TMPRSS2-CT mutant,
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we observed a significant reduction in TMPRSS2 enzymatic activity. This reduction in
enzymatic activity, in turn, resulted in a marked decrease in SARS-CoV-2 pseudovirus infection,
specifically through the endosomal pathway. Consequently, we proposed the hypothesis that
TMPRSS2 physically interacts with Spike in a manner to limit its accessibility to the endosomal
pathway. We found a 21-amino acid (aa) region within the scavenger receptor cysteine-rich
domain (SRCR) of TMPRSS2 that binds to Spike. Our analysis revealed that TMPRSS2-Spike
physical interaction facilitates membrane infection provided that TMPRSS2 is enzymatically

competent.
Results

Tyrosine phosphorylation of TMPRSS2 cytosolic tail reduces its protease activity

Compared to other virus-entry-associated serine proteases such as TMPRSS4 and TMPRSS11a

(https://www.uniprot.org), TMPRSS2's cytosolic tail (CT) is distinguished by its abundance of

tyrosine residues 272>, According to data from Phosphosite.org, specific tyrosine residues
within TMPRSS2 CT, namely Y44, Y45, and Y52, have been identified as phosphorylation sites.
Notably, this region contains an Abelson kinase (Abl)-specific Y45xxP motif as well as two PxxP
motifs. The Y45xxP motif is well-suited for possible Abl1/2 phosphorylation, while the
presence of the two PxxP motifs suggests their potential to interact with Abl1/2 (fig. 1a) 2. To
explore this possibility, we transfected HEK293T with either constitutively active A81Abl1 ?’
or Abl2 along with TMPRSS2-Flag. Subsequent immunoprecipitation (IP) of TMPRSS2-Flag
demonstrated the formation of a complex between Abll and TMPRSS2 (fig. 1b).
Immunoblotting (IB) of IP samples with PY20, a phosphorylated tyrosine-specific antibody,
revealed TMPRSS2 tyrosine phosphorylation. As positive controls, we used the yes-associated
protein (Yap), a reported Abll substrate %8, and cortactin, a reported Abl2-substrate >3,

TMPRSS2 was tyrosine phosphorylated by Abll but poorly, if any, by Abl2.

To pinpoint the tyrosine residues that undergo phosphorylation, we employed mutagenesis
by substituting tyrosine with phenylalanine (Y->F). Phenylalanine shares a similar chemical
structure with tyrosine but lacks the ability to be phosphorylated. We observed a significant
reduction in the tyrosine phosphorylation of TMPRSS2, specifically when six residues were
Y->F mutated (fig. 1a and 1c). As expected, phosphorylation was inhibited by imatinib, an Abl
kinase inhibitor. The TMPRSS2 CT region is highly disordered, rendering it accessible to the
relevant tyrosine kinases (fig. 1d). These findings suggest that TMPRSS2 is susceptible to
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tyrosine phosphorylation and point towards Abl1 as a potential tyrosine kinase involved in this

process.

To evaluate the impact of TMPRSS2 CT tyrosine phosphorylation on TMPRSS2 protease
enzymatic activity, phospho-mimetic (Y->D) or phospho-dead (Y->F) TMPRSS2 mutants were
overexpressed in HEK293T cells and purified via Flag-IP. Next, the purified protein samples
were mixed with the serine-protease-sensitive BOC-QAR-AMC, a synthetic serine protease
substrate emitting fluorescence signal upon its cleavage, and measured fluorescence intensity
(fig. 1e) 3132, All TMPRSS2 Y=>F and the 2xD mutants were enzymatically active (fig. 1f).
However, only poor enzymatic activity was observed with the TMPRSS2-6xD mutant. These
data suggest that tyrosine phosphorylation of TMPRSS2 CT modulates TMPRSS2 protease

enzymatic activity.
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102 Figure 1: Abll can phosphorylate up to six tyrosine residues within TMPRSS2 cytosolic tail and decrease its
103 enzymatic activity. a) The membrane protein TMPRSS2 consists of 492 amino acids (aa) and has several
104 functional regions. The N-terminus 1-84 region is the cytosolic tail (CT) followed by the transmembrane domain
105 (TM). The 112-149 region is the LDL-receptor class A domain (LDL), and the 149-242 region is the scavenger
106 receptor cysteine-rich domain (SRCR). The catalytic domain (CD), 256-489 region, is the serine protease domain
107 of the S1 family 3 TMPRSS2 CT contains eight tyrosine residues (Y; underlined) and two potential Abl1/Abl2
108 binding motifs PxxP (yellow). Consensus Abl1/Abl2 phosphorylation motif YxxP is highlighted by cyan. Y residues

109 that were either Y= F or YD mutated are shown by circles. The numbers in the circles classified the 2x, 3x, and
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110 6x Y>F or Y->D mutants. b) TMPRSS2 is phosphorylated by Abl1, but not Abl2. HEK293T were transfected with
111 the respective plasmids, and extracts of the transfected cells were immunoprecipitated with anti-Flag beads and
112 immunoblotted (IB) with the respective antibodies 2.5 d later. Yap and cortactin served as positive control for
113 Abll and Abl2 substrates, respectively. PY20 is a phosphorylated tyrosine-specific antibody. The result was
114 confirmed in an additional experiment. c) Abl1 phosphorylates up to six TMPRSS2 CT tyrosine residues. HEK293T
115 were transfected with the indicated TMPRSS2 mutants shown in panel a, and after 24 h were treated with DMSO
116 or 20 uM imatinib. Next day, cells were harvested and analyzed as above. Result was confirmed in two additional
117 experiments. d) TMPRSS2 structure was taken from a prediction model of alphafold.ebi.ac.uk and modified with
118 PyMol. The disordered CT region is highlighted in blue, the TM in dark gray, the LDL in bright green, the CT in
119 dark green, and the CD in orange. The discussed tyrosine residues are highlighted in red. e) Scheme of serine-
120 protease-assay. Cells were transfected with TMPRSS2-Flag mutants, harvested after 1.5 d, and TMPRSS2-Flag
121 mutants were purified using Flag-beads. The purified TMPRSS2-mutants were mixed with serine-protease-
122 sensitive fluorogenic peptide substrate, BOC-QAR-AMC. The released fluorogenic signal was measured every 15
123 min and represents levels of enzymatic activity. f) TMPRSS2 mutant 6xD has low enzymatic activity. HEK293T
124 were transfected with indicated TMPRSS2-Flag mutants and treated as described above. The increase of
125 fluorescence rate was determined for each mutant and subsequently converted to the ratio of wtTMPRSS2 at
126 180 min. The graph represents three experiments and was statistically analyzed by two-way-ANOVA with multi-
127 comparison and Tukey post-test. * p<0.05; ** p<0.01; ***= p<0.001

128  TMPRSS2-6xD mutant poorly supports Spike-mediated infection and membrane fusion entry

129  Next, we investigated the effect of TMPRSS2-6xD on pseudo SARS-CoV-2 infection. We
130 infected HEK293T-hACE2 expressing the corresponding TMPRSS2 mutants with SARS-CoV-2
131  pseudovirus 34 and evaluated the infection rate after 2 days. TMPRSS2-6xD infection efficacy
132 was lower than that of TMPRSS2-negative cells (fig. 2a), attributing a suppressive role to this
133  mutant. These results suggest that TMPRSS2 phospho-mimetic mutant suppresses SARS-CoV-

134 2 pseudovirus infection.

135  Given the reduced enzymatic activity of TMPRSS2-6xD, the efficacy of camostat in preventing
136  lenti-Spike infection is expected to be minor. Indeed, pretreatment with camostat led to a
137  decrease in lenti-Spike infection in wild-type TMPRSS2 cells, while it did not affect infectivity
138 in cells lacking TMPRSS2 or expressing TMPRSS2-6xD (fig. 2b). Interestingly, TMPRSS2-6xD-
139  mediated low level of infection was markedly sensitive to the endosomal cathepsin-L inhibitor
140  E64d %, suggesting that lenti-Spike enters TMPRSS2-6xD cells through endocytosis instead of
141  membrane fusion (fig. 2c). Under this condition, a residual level of infection was maintained

142  that might result from the involvement of some other proteases or even TMPRSS2-6xD itself.
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143  Cell-cell-fusion rate, as measured by bimolecular fluorescence complementation (BiFC)
144  approach 34, was lower in TMPRSS2-6xD compared with wtTMPRSS2 cells (fig. 2d). However,
145 it was significantly higher compared to TMPRSS2-negative cells, possibly because TMPRSS2-
146  6xD maintained low level of enzymatic activity. These results suggest that TMPRSS2-6xD

147  poorly supports SARS-CoV-2 membrane fusion entry.

a) b) c) d)
1.4 * 1.47 1.4
-——1
% @ 110
' I cd 22 1.0 £ 1.0 = & 9] = Tmerss2e
1.0 A s N c2 g D5 g
s - Il 28 23 22 *
g 08 82 08 $2 081 g5 707
£ Eg - E3g Fi 60
2 064 . 22 064 23 06+ il @ 50
0 5 E -1 E Q.2 40
» @z 25 X3
= 0.4+ Z 2 041 2 2 044 - L2 307
e 3 5 > 2 20
0.2+ 0.2 0.2 X 10— . 1
wkk % o : :
0.0- N o 0.0~ 0.0~ 00 05 10
TMPRSS2 @ wt 2xD 6xD 2xF 6xF TMPRSS2 @ wt 6xD TMPRSS2 @ wt 6xD Time in h
149 50 pM Camostat 25 yM E64d

150 Figure 2: The TMPRSS2-6xD phospho-mimetic mutant, reduces SARS-CoV-2 pseudovirus infection and does not
151 support membrane-fusion entry a) The presence of TMPRSS2 increases infection of lenti-Spike, but it is
152 compromised in TMPRSS2-6xD cells. HEK293T-hACE2 were transfected with indicated TMPRSS2 mutants and
153 selected with 1.2 uM puromycin after 1.5 d. Next day, cells were infected with SARS-CoV-2 pseudovirus and
154 medium was changed to fresh growth medium after 8 h. After 1.5 d, cells were treated with Hoechst, and
155 infection efficiency was calculated by the ratio between all cells (blue) and infected cells (green) by microscope
156 and Image) analysis 3*. The infectivity was normalized to cells with wtTMPRSS2. b) Lenti-Spike infection in
157 HEK293T-hACE2-TMPRSS2-6xD is not inhibited by camostat. HEK293T-hACE2 were transfected with respective
158 TMPRSS2 construct and selected with 1.2 uM puromycin. Cells were treated with DMSO or 50 uM camostat for
159 two h and were then infected with lenti-Spike. Further treatment and calculation of infection rate followed the
160 same protocol as above. c) Lenti-Spike infection in HEK293T-hACE2-TMPRSS2-6xD follows endocytosis pathway.
161 The experiments were constructed as the previous experiment, but cells were treated either with DMSO or 25
162 UM E64d 2 h before lenti-Spike infection. d) TMPRSS2-6xD led to reduced fusion efficiency compared to
163 WtTMPRSS2. HEK293T-hACE2 cells were transfected with wtTMPRSS2 or TMPRSS2-6xD and Jun-YFP,, while
164 HEK293T cells were transfected with Spike and Fos-YFP.. After 1.5 d, cells were mixed in a 1:1 ratio, and images
165 were taken with the IncuCyte system at half-hour intervals. IncuCyte Software determined the total YFP area
166 (um?/Image), and the obtained data were normalized to 3 h of wtTMPRSS2 cells. The area under the curve was
167 calculated for statistical evaluation, and the graph summarizes three biological replicates. For statistical

168 evaluation, we used student-T-test. * = p<0.05; ** = p< 0.01; *** = p< 0.001

169
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170  TMPRSS2 physically interacts with Spike

171  In search of additional TMPRSS2 regulatory regions we asked whether TMPRSS2 physically
172  interacts with Spike. To this end, we constructed several TMPRSS2 C-terminal truncation
173  mutants for co-immunoprecipitation experiments (fig. 3a). Interestingly, a robust binding
174  between TMPRSS2 and Spike was revealed (fig. 3b). The TMPRSS2 amino acid 1-405 region
175  exhibited comparable efficacy to the wild type in its ability to immunoprecipitate Spike. In
176  contrast, the regions 1-316 and 1-170 demonstrated reduced effectiveness but still managed
177  to pull down certain levels of Spike. However, no Spike IP was evident by the TMPRSS2 1-159
178  region. Similar results were obtained in a reciprocal experiment using Spike to bring down
179  TMPRSS2 and the corresponding truncated mutants (fig. S1). These results suggest that
180 TMPRSS2 binds Spike, and an extended TMPRSS2 region is required for achieving maximal

181  binding.

182  Inspection of the TMPRSS2 protein via uniport.org revealed its cysteine-rich nature supports
183  multiple disulfide bridges interlinking nearly all regions of the protein, except for a 21 aa region
184  within the identified area, which we designate as TMPRSS2-Spike-binding-region (TSBR) (fig.
185  3c). Next, the 21aa long TSBR was deleted to construct TMPRSS2-A149-170. Surprisingly,
186  unlike the wt, the TMPRSS2-A149-170 mutant was inactive in cleaving Spike to form the
187  TMPRSS2-specific S2’ Spike fragment (fig. 3d). Notably, the expression level of TMPRSS2-A149-
188 170 mutant was much higher than that of wt TMPRSS2 and accompanied by a slight increase
189 in Spike expression. Despite the high level of TMPRSS2-A149-170 the level of co-
190 immunoprecipitation was comparable to that of wt TMPRSS2 (fig. 3d). These data suggest that
191  TMPRSS2-A149-170 mutant displays a diminished binding to Spike, highlighting an inefficiency
192  intheirinteraction. Structural prediction analysis has unveiled that the region spanning amino
193  acids 149 to 170 is prominently exposed on the protein surface, facilitating interaction with

194  potential binding partners (fig. 3e).

195  Next, we assessed the TMPRSS2-A149-170 on supporting infection. The transduction of Spike-
196 lenti pseudovirus was significantly increased in the presence of TMPRSS2 (fig. 3f). In contrast,
197 TMPRSS2-A149-170 did not increase transduction efficiency. These data suggest that TSBR
198 deleted TMPRSS2 poorly supports infection. To investigate the route of infection of the
199 TMPRSS2-A149-170 mutant, cells were E64d treated, the inhibitor of the endosomal pathway

200 35 While the transduction of the wt TMPRSS2 cells was E64d refractory, a marked reduction
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201  was observed in cells expressing TMPRSS2-A149-170 (fig 3f). These results suggest that TSBR
202  mediating Spike interaction regulates TMPRSS2 enzymatic activity and membrane route of

203 infection.
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205 Figure 3: TMPRSS2 physically interacts with Spike. a) Scheme of the constructed TMPRSS2 C-terminal truncation
206 constructs. b) Mapping the Spike-TMPRSS2 interacting region. HEK293T were transfected with the indicated
207 plasmids and immunoprecipitated with Flag-beads, SDS-page on a 12% gel, and IB was performed as above. Red
208 arrow shows the expected location of Spike-HA band within IP-Flag blot. ¢) Scheme of TMPRSS2 protein and
209 reported disulfide bridges by cysteine. Uniprot.org describes 9 different disulfide bonds within TMPRSS2 protein
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210 represented by black lines within the scheme. The 21 aa long TSBR lacks interconnection by cysteine bridges. d)
211 TSBR deleted TMPRSS2 is active in Spike-binding. HEK293T were transfected with the indicated constructs. HA-
212 beads were used for IP of the Spike protein followed by SDS-PAGE and WB. Two additional experiments verified
213 the results. The measurements represent the ratio of band intensity between wt and A149-170 TMPRSS2. Band
214 intensities of the three experiments were measured via ImageJ, and adjusted to the respective actin band,
215 normalized to wtTMPRSS2, and compared to the IP/Total ratio. e) TSBR is located on the cell surface. TMPRSS2
216 structure was taken from an alphafold.ebi.ac.uk prediction and modified with PyMol. For better visualization,
217 the TMPRSS2 CT and TM were removed. While the color code represents the same pattern as above, the TSBR
218 within TMPRSS2 SRCR is highlighted in purple. f) Cells expressing the TMPRSS2-A149-170 mutant did not increase
219 SARS-CoV-2 pseudovirus infection. HEK293T-hACE2 were transfected with the indicated plasmids and E64d
220 treated. The infectivity was normalized to wt TMPRSS2 cells. Student-t-test was used for statistical evaluation. *

221 =p<0.05.

222  TMPRSS2-6xD physically interacts with Spike.

223 We next asked whether the TMPRSS2-6xD suppressive effect on infection could derive from
224  abortive Spike interaction. We addressed this possibility by investigating Spike-TMPRSS2
225  binding. HEK293T were transfected with Spike and TMPRSS2 constructs and harvested for
226 TMPRSS2-IP and IB 1.5 days later. Neither the TMPRSS2-specific cleavage pattern of Spike nor
227  the amount of TMPRSS2-Spike associated proteins were substantially changed (fig. 4a).
228  Remarkably, both Spike-TMPRSS2 and TMPRSS2-6xD robustly bind Spike even after Spike
229 cleavage, as evident from the appearance of Spike S1/S2 and S2’ fragments in TMPRSS2-IP

230 lysate.

231  To confirm that TMPRSS2-6xD is properly localized in the cells and extracellularly exposed, we
232 conducted experiments to show whether it binds Spike at the cell surface like wtTMPRSS2. To
233  this end, we performed attachment assays where HEK293T cells overexpressing Spike were
234  mixed with HEK293T-hACE2 overexpressing TMPRSS2 in a ratio of 1:1. After a short incubation
235 time, 1 h, extracts were prepared and subjected to HA-Spike-IP (fig. 4b). The incubation for
236  this short period assures investigation of the attachment process, without further processing,
237 inline with cell-cell fusion assays described above (fig. 2d). Both, wt TMPRSS2 and TMPRSS2-
238  6xD were comparably immunoprecipitated (fig. 4c). Moreover, the levels of expression of
239  TMPRSS2-6xD and wtTMPRSS2 were found to be similar, consistent with the IB data presented
240  above (fig. 4a). These results suggest TMPRSS2-6xD and wtTMPRSS2 are similar at the levels

241  of cleavage pattern, expression, Spike interaction, and cellular localization.
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243 Figure 4: TMPRSS2-6xD mutant binds Spike. a) HEK293T were transfected with Spike-HA together with either
244 wtTMPRSS2-Flag or TMPRSS2-6xD-Flag. About 1.5 d later, cells were harvested, immunoprecipitated using anti-
245 Flag, and afterwards subjected to SDS-PAGE and IB. Highlighted band S0 indicates full-length Spike, while $1/52
246 indicates the truncated C-terminal Spike peptide cleaved by furin or cathepsin-L and S2’ by TMPRSS2. Result was
247 confirmed in two additional experiments. b) Scheme of attachment assay. HEK293T-hACE2 were transfected with
248 TMPRSS2-Flag, and HEK293T were transfected with Spike-HA and harvested after 2.5 d. Cell suspensions were
249 centrifuged down, and the pellets were resuspended in growth medium before mixing in a 1:1 ratio. After an
250 hour, cells were harvested with RIPA buffer, and their extracts were subjected to IP and IB. c) Both wt TMPRSS2
251 and TMPRSS2-6xD are located at the outer cell membrane and attached to Spike. HEK293T-hACE2 and HEK293T
252 were treated as described above. Result was verified with an additional experiment and measurements of band

253 intensities were done like above, representing the IP/Total ratio normalized to wt TMPRSS2.

254  Omicron Spike Y655 residue reduces TMPRSS2 binding

255  Omicron exhibits reduced TMPRSS2-dependency, enabling infection of TMPRSS2-positive cells
256  through both entry pathways, facilitated by the presence of Omicron-specific Spike Y655
257  residue (fig. 5a). However, the precise underlining mechanism remains elusive 33637, To
258 investigate whether the diminished Omicrons reduced TMPRSS2-dependency might stem
259 from a decreased binding between Omicron-Spike and TMPRSS2 due to the Y655 residue,
260  HEK293T were transfected with Omicron-Spike wt and Y655H mutant, along with a reciprocal
261  experiment involving Delta-Spike wt and H655Y. The aim was to assess the impact of these
262  mutations on TMPRSS2 binding. Analysis of HA-TMPRSS2 immunoprecipitation revealed the
263  levels of the Omicron Y655H mutant were elevated, while the Delta H655Y mutant exhibited
264  reduced levels relative to its wt counterpart (fig. 5b). These results strongly indicate the

265  participation of the wt Spike residue H655 in binding to TMPRSS2. Consequently, these
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266  findings point towards a significant role of the interaction between TMPRSS2 and the H655
267  residue of the Spike protein in defining TMPRSS2-dependency. Furthermore, they suggest that
268  arobust binding between Spike and TMPRSS2 counteracts the endosomal entry of the SARS-
269  CoV-2virus (fig. 5c).

a)
b) +24% -25% c)
+11 +3 N z X i
H H S.ARS Coy 2 . SARS. CoV-2
250 IB:Sl(f)Iag Spike: Omicron Spike: Omicron Y655H
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19(5) : «—S1/S2 IP-HA route route route route
75 — 52 (TMPRSS2)
Cells Cells
50 — . W IB:HA +hACE2/TMPRSS2 +hACE2/TMPRSS2
250 - IB: Flag (Spike-TMPRSS2- (Spike-TMPRSS2-
150 - A ud S0 Binding = LOW) Binding = HIGH)
100 -
75 - ¢—51’/SZ
” 2| Total SARS-CoV-2 SARS-CoV-2
i Spike: Delta Spike: Delta H655Y
IB: HA
50 — mn s o - + Actin endosomal | | membrane endosomall lmembrane
route | | route route | | route
37 -
TMPRSS2-HA + + + + + Cell Cells
Spike-Flag €lls
Omicron wt - + - - = +hACE2/TMPRSS2 +hACE2/TMPRSS2
Omicron Y655H - -+ - - (Spike-TMPRSS2- (Spike-TMPRSS2-
Deltawt - = ~ % = Binding = HIGH) Binding = LOW)
Delta H655Y - = = n

270

271 Figure 5: Spike residue Y655 determines affinity to TMPRSS2. a) The Omicron Spike Y655 is highlighted on the
272 Spike structure in red. Spike Omicron trimer structure was predicted by Ye et al. and was edited by us with PyMol
273 38 Spike N-terminal domain is highlighted in green, the receptor-binding domain in blue, the fusion peptide in
274 orange, and both heptad repeats in yellow. b) Spike residue Y655 determines affinity to TMPRSS2. HEK293T-
275 hACE were transfected with TMPRSS2 and respective Spike constructs. HA-IP to pulldown TMPRSS2 was
276 performed, and samples were treated as described above. Omicron-Spike Y655H mutation increases TMPRSS2
277 binding while Delta-Spike H655Y mutation decreases TMPRSS2 binding compared to respective wt. Band
278 intensities of the three replicates from panel 3c were measured via ImageJ, and adjusted to the respective actin

279 band. The Omicron samples were normalized to band intensity of wt Delta-Spike and Delta samples to wt
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280 Omicron-Spike. Afterwards, the ratio of IP/Total was compared between respective wt Spike and belonging
281 mutant. c) Scheme of SARS-CoV-2 routes of infection in different conditions. SARS-CoV-2 enters hACE2-positive
282 cells through receptor-mediated endocytosis and shifts entirely to membrane-fusion route when TMPRSS2 is
283 additionally present. Omicron and respective subvariants are the only variants known to infect TMPRSS2-positive
284 cells via both entry routes due to Omicron-Spike-specific Y655 residue. The extent of Spike-TMPRSS2 interaction

285 determines the route of infection.

286

287 Discussion

288  Here, we elucidate the role of TMPRSS2 non-protease domains in regulating SARS-CoV-2 lenti-
289  Spike infection. While the catalytic domain of TMPRSS2 is well-documented for its pivotal role
290 in mediating SARS-CoV-2 membrane route of infection, the significance of other regions within
291  TMPRSS2 has received limited attention ®3°-41, Given that TMPRSS2 plays a crucial role in
292  facilitating the cellular entry of various viruses, including but not limited to influenza,
293  parainfluenza, hepatitis C, and multiple coronaviruses, conducting examination of TMPRSS2's
294  distinct domains bears significant relevance in understanding and combating these viral

295 infections 4042744,

296  We have identified TMPRSS2 cytosolic tail (CT) as a putative substrate for phosphorylation by
297  tyrosine kinases. Through a phosphomimetic mutation approach, our study demonstrates that
298  tyrosine phosphorylation of the TMPRSS2 CT can downregulate its enzymatic activity. This
299  allosteric regulation of TMPRSS2 activity via modification of its cytosolic tail might have some
300 implications in the development of new antiviral strategies. While camostat and nafamostat
301 are general serine protease inhibitors >, targeting TMPRSS2 phosphorylation may offer a
302 more virus-specific approach. This is particularly relevant since other virus-associated
303  proteases, such as TMPRSS4 and TMPRSS11a, have limited phosphorylatable amino acid
304 residues in their cytosolic tails 2#%°. Furthermore, it's worth noting that TMPRSS2-ERG fusion
305 transcripts are frequently described in prostate cancer. In these cases, the N-terminal portion
306 of TMPRSS2, including the cytosolic tail but not the catalytic domain, is commonly fused to
307 the ERG transcription factor in cancer patients 4%, This underscores the importance of a
308 comprehensive understanding of the interplay between tyrosine kinases and TMPRSS2, which
309 could pave the way for innovative treatment strategies targeting both viral infections and

310 cancer.

13


https://doi.org/10.1101/2023.10.01.560357
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.01.560357; this version posted October 2, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

311  The authenticity of endogenous Abl1 as the genuine TMPRSS2 kinase is currently uncertain,
312  given that our study relied on the over-expression of an overactive A81-Abll mutant. The
313  definitive identification of the genuine tyrosine kinase responsible for TMPRSS2
314  phosphorylation remains a topic for future investigations. In our prior study 3% we
315 documented the reduction of SARS-CoV-2 infection with the use of imatinib in an Abl1/Abl2-
316 independent process. In this study, we demonstrate that imatinib effectively inhibits Abl1-
317 mediated hyperphosphorylation of TMPRSS2, suggesting an enhancement in SARS-CoV-2
318 infection control. However, it's worth noting that imatinib's inhibitory effect primarily occurs
319 at the level of Spike protein by direct imatinib-Spike interaction 34, which is an upstream
320 process. This overrides the significance of TMPRSS2 phosphorylation in the context of SARS-

321 CoV-2 infection.

322  SRCR domains are known to interact with extracellular proteins and molecules, but this
323  domain is not well characterized in the context of TMPRSS2 3348, Interestingly, TMPRSS2 gene
324  single-nucleotide polymorphism (SNP) rs12329760 causing V160M mutation in TMPRSS2-
325 SRCR domain is associated with severe COVID-19 disease progression, suggesting that the
326 SRCR domain impacts SARS-CoV-2 pathogenicity 4°°°. We describe here that TMPRSS2
327  robustly binds Spike. Truncated deletion mutant analysis revealed that the aa 149-170 region
328  within the TMPRSS2-SRCR domain plays a role in Spike binding. However, given that the
329 TMPRSS2-A149-170 deletion mutant continues to bind Spike, we hypothesize that the
330 TMPRSS2 binding region may be more extensive, possibly encompassing an additional binding
331 region. This putative second binding region is likely situated between TMPRSS2 amino acids
332 316 and 405, as its deletion resulted in reduced binding. It would be intriguing to investigate
333  whether TMPRSS2 can bind to the surface proteins of other TMPRSS2-dependent viruses,

334 potentially establishing a broader role for the Spike-binding domain in viral infection.

335 A mediator of TMPRSS2 interaction with SARS-CoV-2 Spike protein is the H655 residue. The
336  observation that Omicron infection is only partially dependent on TMPRSS2 might be
337 explained by the weakened TMPRSS2 interaction due to the Omicron Spike Y655 residue
338 133751 Considering the observed correlation between TMPRSS2 affinity for Spike and the
339 infection pathway through the cell membrane, we hypothesize that the physical interaction
340 between these two proteins reduces the utilization of the endosomal route for SARS-CoV-2

341  Spike-mediated entry (fig. 6).
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343 Figure 6: A summary model. SARS-CoV-2 binding to hACE2 enables two distinct entry routes: receptor-
344  mediated endocytosis and membrane fusion. The presence of TMPRSS?2 tilts the preference towards
345 the membrane fusion pathway, likely facilitated by the physical binding of Spike. In contrast, the
346  phosphorylation of TMPRSS2's CT region by tyrosine kinases, such as Abll, reduces TMPRSS2's
347  enzymatic activity. This, in turn, inhibits the membrane fusion pathway, leading to a decrease in the

348 rate of SARS-CoV-2 infection.
349 Methods

350 Cell culture

351  Human embryonic kidney cells expressing SV40 large T-antigen (HEK293T, ATCC®) were
352  cultured in Dulbecco’s modified eagle’s medium (Gibco®) supplemented with 100 units/ml
353  penicillin and 100 pg/ml streptomycin (pen/strep; Biological Industries®) and 8 % fetal bovine
354  serum (Gibco®). Via transduction of hACE2-4xMyc gene in HEK293T and selection with 15
355  pg/ml blasticidin, we received HEK293T-hACE?2 as previously described 34. To create HEK293T-
356  hACE2 with the constructed TMPRSS2-mutants, HEK293T-hACE2 were transfected with the
357 plasmids 48 hrs before experimental setting. Cells were non-enzymatically harvested with
358 phosphate-buffered saline (PBS) containing 1 mM EGTA before every experiment. Between

359  passages, cells were harvested with Trypsin B solution (Biological Industries®).

360 Plasmids and cloning

361 The plasmid pCG1-SARS-CoV-2-Spike-HA was generously provided by the Stefan P6himann
362 lab, while the pCMV3-SARS-CoV-2-Spike plasmid was kindly gifted by the Ron Diskin lab. In the
363 case of various TMPRSS2 constructs, the pEFIRES-TMPRSS2-Flag plasmid served as the

364 foundational backbone. PCR products were designed to overlap with either the beginning or
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365 the end of the respective cloning/mutation site. These PCR products were then employed as
366 templates for a second round of PCR to generate a complete TMPRSS2-Flag product, complete
367  with the desired mutations. The Nhel and Xbal restriction sites were utilized for the cloning of
368 the TMPRSS2 construct back into the pEFIRES plasmid. The procedures for cloning pBiFC-Jun-
369  YFPn and pBiFC-Fos-YFPc have been previously documented 34, All used oligos can be found in

370 supplement table 1.

371  Transfection and transduction

372 The transfection methods were previously described 3*. In brief, the calcium-phosphate
373  (CaP04) method was employed for all transfections. For 6 cm plates, the prepared DNA mix
374  consisted of 8 ug of DNA and 25 pl of 2.5 M calcium chloride (CaCl2) in a total of 250 pl of
375 water. In the subsequent step, the DNA mix was vortexed, and 250 pul of HEPES-buffered saline
376  (HBS2x) were added dropwise. After a one-minute incubation, the transfection mix was
377 introduced to cells that were 80% confluent. The medium was replaced with fresh growth
378  medium after eight hours. In cases where transfection was later utilized for transduction, the
379  virus-containing medium was filtered through a 0.45 um membrane filter (Sartorius®) after
380 2.5 days. Cells transduced with Lenti-Spike were treated with 5 pug/ml Hoechst solution
381  (Molecular Probes®) before being analyzed under a microscope. The ratio of Hoechst-stained
382  nuclei (representing all cells) to GFP-emitting cells (indicating infected cells) was quantified

383  using a previously described Image) macro 34,

384 Immunoprecipitation (IP) and immunoblotting (IB)

385  Cells were harvested using ice-cold PBS and then centrifuged at 1500 g for 5 minutes. The
386  resulting pellet was resuspended in RIPA buffer containing both protease inhibitors
387 (ApexBio®) and tyrosine-phosphatase inhibitors (Sigma®) at a 1:100 concentration ratio each.
388  After a 15-minute incubation on ice, the cell lysate underwent a 15-minute centrifugation at
389 maximum speed. The supernatant was subsequently combined with a three-times

390 concentrated Laemmli buffer at the appropriate concentration.

391  For IP, the supernatant was mixed with antibody-conjugated beads (Sigma®) and incubated
392  for 4 hours at 4°C on a rotator. Subsequent washing steps and elution (Sigma®) were carried
393  out following the manufacturer's protocol to separate HA- or Flag-tagged proteins and their
394  respective interacting partners from other proteins. After an additional brief centrifugation at

395 13000 rpm, the IP samples were mixed with Laemmli buffer.
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396 The IB samples were boiled for two minutes prior to being loaded onto a 8% gel, if not
397 described differently. Subsequently, standard procedures for SDS-PAGE, blotting, and
398 antibody treatment were followed as previously reported °2. For enhancing the signal of
399  horseradish peroxidase-conjugated secondary antibodies (Jackson Immuno Research
400 Laboratories®) and visualization, EZ-ECL kit (Biological Industries®) was used. IB-signal was
401 recorded by ImageQuant LAS 4000 (GE Healthcare). We used primary antibodies against c-
402 abl-K12, phosphorylated-tyrosine/PY20 (Santa Cruz®), Abl2 (Biolegend®), tubulin
403  (Sigma®), actin, HA, Flag (Sigma®) and Myc (9E10; Weizmann Institute, Rehovot, Israel).

404 Serine protease enzymatic assay

405 The TMPRSS2-IP lysate was combined with PBS supplemented with a fluorogenic peptide
406  substrate, BOC-QAR-AMC (100 mM), in a total volume of 50 ul within the wells of a 96-well
407  plate. Fluorescence was continuously monitored for three hours at five-minute intervals, using

408  an excitation wavelength of 365 nm and an emission wavelength of 410 nm.

409  Graphs and statistics

410 GraphPad Prism software was utilized for generating all graphs and conducting statistical
411  analyses. Error bars in the graphs represent the standard error of the mean (SEM). Unless
412  otherwise stated, all experiments report the mean of three independent biological
413  experiments. To perform statistical tests, the standard deviation of the reference bar (control
414  bar) was calculated from the three technical replicates of each biological experiment. All

415 Student's t-tests were two-tailed.

416 Structure modeling

417  All structural models were visulaized by PyMol software. The structure of TMPRSS2 protein
418  was downloaded from alphafold.ebi.ac.uk and represents a computational prediction model.
419  The Spike Omicron structure was shared by the National Center for Biotechnology Information

420  (NCBI) under the PDB-ID: 7TGW, and is based on a cryo-EM structure from Ye et al. 38,
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Supplementary tables

Name

Sequence

TMPRSS2_Fw_Nhel
TMPRSS2_Rv_Flag_Xbal

TMPRSS2_Rv_HA-tag_Xbal

TMPRSS2-
1347_Rv_Flag_Xbal
TMPRSS2-
1215_Rv_Flag_Xbal
TMPRSS2-
1083_Rv_Flag_Xbal
TMPRSS2-948_Rv_Flag_Xbal

TMPRSS2-513_Rv_Flag_Xbal
TMPRSS2-477_Rv_Flag_Xbal
TMPRSS2-444_Rv_Flag_Xbal
TMPRSS2-411_Rv_Flag_Xbal

TMPRSS2_dAA149-170_Fw
TMPRSS2_dAA149-170_Rv
TMPRSS2_Rv-YY-FF_P-dead
TMPRSS2_Fw-YY-FF_P-dead
TMPRSS2_Rv-YY-DD_P-mim
TMPRSS2_Fw-YY-DD_P-mim
TMPRSS2-Y52_Fw-Y-F
TMPRSS2-Y52_Rv-Y-F
6xf-TMPRSS2-Fw_Nhel

6xf-TMPRSS2-Rv
6xd-TMPRSS2-Fw_Nhel
6xd-TMPRSS2-Rv
Spike_Fw_Nhel_pcDNA3.1

Spike-
Flag_Rv_Xhol_pcDNA3.1

AATTGCTAGCGGGCCCACCATGGCTTTGAACTCAGGGTCACC
AATTTCTAGATTACTTGTCGTCATCGTCTTTGTAGTCGCCGTCTGCC
CTCATTTGTCGATA
AATTTCTAGATTAtgcataatccggaacatcatacggataGCCGTCTGCCCT
CATTTGTCGATA
CCAATTTCTAGATTACTTGTCGTCATCGTCTTTGTAGTCCTTCGAAGT
GACCAGAGG
CCAATTTCTAGATTACTTGTCGTCATCGTCTTTGTAGTCAATGAZAAG
CAccTTGGC
CCAATTTCTAGATTACTTGTCGTCATCGTCTTTGTAGTCCACTAGGTC
GTTGAAAGT
CCAATTTCTAGATTACTTGTCGTCATCGTCTTTGTAGTCTCTCAAAAT
CCCCGCAAA
CCAATTTCTAGATTACTTGTCGTCATCGTCTTTGTAGTCAGGGTGCC
AGGACTTCCT
GGGCCCTCTAGATTACTTGTCGTCATCGTCTTTGTAGTCCTGAAGG
ATGAAGTTTGG
GGGCCCTCTAGATTACTTGTCGTCATCGTCTTTGTAGTCACACCGAT
TCTCGTCCTC
CCAATTTCTAGATTACTTGTCGTCATCGTCTTTGTAGTCTGACACGC
CATCACACCA

GGACGAGAATCGGTGTGTGTGCCAAGACGACT
AGTCGTCTTGGCACACACACCGATTCTCGTCC
CACGGGGGACGGGaAGaACTGAGCCGGATG
CATCCGGCTCAGTtCTtCCCGTCCCCCGTG
ACGGGGGACGGGTcGTcCTGAGCCGGATGCAC
TGCATCCGGCTCAGgACgACCCGTCCCCCG
CCCGTGCCCCAGTtCGCCCCGAGGGTCCTG
GACCCTCGGGGCGaACTGGGGCACGGGGGA
CTATAGgctagcGGGCCCACCATGGCTTTGAACTCAGGGTCACCAC
CAGCTATTGGACCTTtCTtTGAAAACCATGGA
GACCCTCGGGGCGaACTGGGGCACGGGGGACGGGAAGAACTGA
GCCGGATGCACCTCGaAGACAGTGGGGAC
CTATAGgctagcGGGCCCACCATGGCTTTGAACTCAGGGTCACCAC
CAGCTATTGGACCTgACgATGAAAACCATGGA
GACCCTCGGGGCGTcCTGGGGCACGGGGGACGGGTcGTeCTGAGC
CGGATGCACCTCGTcGACAGTGGGGAC
aagctggctagcatgttcgtgttect
ATGCCCctcgagTCActtgtcgtcatcgtctttgtagtctgtatagtGeagtttgacg
ccctte

Supplement Table 1: List of Primer used for cloning of described constructs.

21


https://doi.org/10.1101/2023.10.01.560357
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.01.560357; this version posted October 2, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

548  Supplementary figures

549

IB: HA

IP-HA

- Spike
37 IB: Flag [Spike)

150 - IB: HA

. Total
56 IB: Flag

5 m
50 —
37 -

s -

s |B: Actin

Spike-HA + + o+ + + +
550 TMPRSS2-Flag - wt 405 316 170 159

551 Figure S1: The reciprocal experiment from WB fig 3.1d Mapping the Spike-TMPRSS2 interacting region. HEK293T
552 were transfected with the indicated plasmids and IPed with HA-beads and WB were performed as above. Red
553 arrow shows the expected location of the 1-159-TMPRSS2-Flag band within IP-Flag blot.

554
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555

556 Figure S2: Original western blot image from Flag-IP figure 1b. Blots were incubated and re-stained in following
557 order for Flag-IP blot: 1) Anti-mouse-PY20, 2) Anti-mouse-Flag (TMPRSS2, Yap or Cortactin), 3) Anti-mouse-Abl1
558 and for the total blot: 1) Anti-mouse-Flag (TMPRSS2, Yap or Cortactin), 2) Anti-mouse-Abl1, 3) 2) Anti-mouse-
559 Abl2 and 4) Anti-mouse-Actin
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561 Figure S3: Original western blot image from Flag-IP figure 1c. Blots were cut between lane 75 kDa and treated

562 with indicated antibodies. The Flag-IP blot was cut after analysis of PY20 antibody treatment.
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564 Figure S4: Original western blot image from Flag-IP figure 2b. Blots were cut between lane 75 kDa and the upper
565 blots were treated with Anti-mouse-HA (TMPRSS2) antibodies while lower blots was treated with Anti-rabbit-
566 Flag (Spike) and two days later with Anti-mouse-Actin antibodies.
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568 Figure S5: Original western blot image from Flag-IP figure 2d. Blot was incubated and re-stained in following
569 order: 1) Anti-mouse-HA (Spike), 2) Anti-rabbit-Flag (TMPRSS2) and 3) Anti-mouse-Actin.
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572 Figure S6: Original western blot image from Flag-IP figure 4a. Dashed box shows excluded lanes from figure 4a
573 in main text. Blots were incubated and re-stained in following order: 1) Anti-mouse-HA (Spike), 2) Anti-rabbit-
574 Flag (TMPRSS2) and 3) Anti-mouse-Actin.
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Figure S7: Original western blot image from Flag-IP figure 4c. Blots were cut between lane 75 kDa and the upper
blots were treated with Anti-mouse-HA (Spike) and anti-Myc (hACE2) antibodies while lower blots was treated
with Anti-rabbit-Flag (TMPRSS2) and with Anti-mouse-Actin antibodies. Result was verified with an additional

experiment.
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581 Figure S8: Original western blot image from Flag-IP figure 5b. Dashed box shows excluded lanes from figure 5b
582 in main text. Blots were incubated and re-stained in following order: 1) Anti-rabbit-Flag (Spike), 2) Anti-mouse-
583 HA (TMPRSS2) + Anti-mouse-Actin.
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