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Abstract

SARS-CoV Spike (S) protein shares considerable homology with SARS-CoV-2 S,
especially in the conserved S2 subunit (S2). S protein mediates coronavirus receptor
binding and membrane fusion, and the latter activity can greatly influence coronavirus
infection. We observed that SARS-CoV S is less effective in inducing membrane fusion
compared with SARS-CoV-2 S. We identify that S813T mutation is sufficient in S2
interfering with the cleavage of SARS-CoV-2 S by TMPRSS2, reducing spike
fusogenicity and pseudoparticle entry. Conversely, the mutation of T813S in SARS-
CoV S increased fusion ability and viral replication. Our data suggested that residue
813 in the S was critical for the proteolytic activation, and the change from threonine
to Serine at 813 position might be an evolutionary feature adopted by SARS-2-related
viruses. This finding deepened the understanding of Spike fusogenicity and could

provide a new perspective for exploring Sarbecovirus’ evolution.

Author Summary
The Spike strain of SARS-CoV-2 has accumulated many mutations during its time in
circulation, most of which have occurred in the S1 region, and more specifically in the

RBD, in an effort to either improve the virus's affinity for the receptor ACE2 or to
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enhance its ability to evade the immune system. Mutations in the Spike S2 region have
more far-reaching effects than those in the S1 region because it is more conserved
across sarbecoviruses. By comparing SARS and SARS2, we found that an important
substitution at amino acid position 813 in the S2 region (T813S) disrupts the utilization
of TMPRSS2 and can significantly influence viral entry into cells. This discovery
deepens our knowledge of S proteins and provides new prospects for tracing the

evolution of Sarbecoviruses.

Introduction

Since its outbreak, SARS-CoV-2 (SARS2) has caused hundreds of millions of
illnesses and fatalities globally, making it by far the worst public health catastrophe of
the 21st century [1]. SARS2 was the seventh human coronavirus and likely originated
in a bat host [2,3], belonging to the Sarbecovirus subgenus of betacoronavirus [4,5],
along with SARS-CoV (SARS), which caused an outbreak in 2002-2003 [6]. Spike (S),
as the surface glycoprotein, facilitates virus’ cell entry through host receptor binding
with its S1 subunit (S1) and membrane fusion mediated by its S2 subunit (S2) [7,8].
The receptor-binding domain (RBD) is located towards the C-terminus of S1 and is
responsible for binding to the receptor, angiotensin-converting enzyme 2 (ACE2) [9,10].
RBD is the primary focus of vaccine designing [11-13] and neutralizing antibody
screening [14-16] despite being highly genetically variable among variants [17-19].

After spike binding to ACE2, conformational change of S2 is triggered and this
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conformational change facilitates fusion between the viral and host cell membranes
[20], this process is believed to be highly modulated by proteolysis.

Spike protein contains multiple proteolytic sites, while a single arginine is usually
located at the S1/S2 boundary and susceptible to trypsin-like protease cleavage. It is
unique among Sarbecovirus spikes that SARS2 S contains a multi-basic cleavage site
(681-PRRA-684), between the S1 and S2 subunits [21]. It has been proposed that
cleavage at the S1/S2 site facilitates S priming and promotes membrane fusion but is
not essential to membrane fusion [22]. Spike S2 contains a S2’ site for cellular protease
cleavage [23,24]. It has been proposed that the S2’ site must be cleaved to fully initiate
the fusion process, by either transmembrane serine protease 2 (TMPRSS2) [25] on the
cell surface or by cathepsin L (CTSL) [26] in the endosomes. S2 consisted of 3 key
motifs for membrane fusion: fusion peptides (FPs) and heptad repeat 1 (HR1) and 2
(HR2). HR1 and HR2 form a six-helix bundle fusion core in post-fusion S [27]. FPs are
pivotal in viral entry and highly conserved between B-coronaviruses [23]. However, the
exact sequence of “fusion peptide” has not yet been determined [28-31]. In a previous
study, two FP candidates have been identified based on cleavage sites [28], FP1 (Animo
acid (AA) 788-806) located behind S1/S2 and the extremely conserved FP2 (AA815-
833) located behind S2’ site.

The membrane fusion process is crucial to viral infection. Despite sharing about
76.47% amino acid identity on S protein [32], SARS and SARS2 have generated
extremely distinct infection events: The SARS-CoV-2 pandemic has lasted for more

than three years and the virus is likely to remain circulating. In contrast, the 2003
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89  SARS-CoV world-wide outbreak was quickly eradicated. The exact reason for the
90 transmissibility difference between the two related viruses is likely to be complex and
91 yet to be understood. The ability to use ACE2 efficiently has been proposed to be a key
92  prerequisite for viral infection [33]. It has been reported that SARS2 S binds to ACE2
93  with 10- to 20-fold higher affinity than SARS S [34], but another research showed
94  similar affinities between SARS and SARS2 RBD binding with ACE2 [35]. Although
95  receptor binding is an essential step for virus cell entry, the subsequent S2 mediated
96 membrane fusion is also essential [36]. In this study, we investigated the fusogenic
97  activities of S2 using a split-GFP system, and we found that SARS2 S2 mediates more
98  robust membrane fusion than SARS S2. We further demonstrated that the threonine to
99  serine substitution at residue 813 in S2 significantly enhance membrane fusion and

100  probably enhance the spread of Sarbecovirus.

101

12 Results

103 SARS2 S2 induced more syncytia formation than SARS S2

104  To investigate the role of S2 in SARS?2 infection, we constructed a chimera SARS2-S

105  protein bearing SARS S2 (¢cSARS2-S2sars, spike2), and a chimera SARS-S protein

106  bearing SARS2 S2 (¢cSARS-S2sars2, spike4) (Fig 1A). Fluorescence-activated cell

107  sorting (FACS) experiments showed that the surface expression levels were the same

108  between the chimeric S and their parents (Figs 1B and 1C). Western blot (WB) analysis

109  showed no significant difference in cleavage efficiency between chimeric S and their

110  parents with or without trypsin (Fig 1D). However, we found that the cleavage
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111 efficiency of SARS2 S was higher than that of SARS S, and trypsin treatment increased
112 the cleavage of SARS S significantly (Fig 1D). In the following membrane fusion
113 assays, we treated all S proteins expressed on cells with trypsin.

114 To assay the membrane fusion activities of these chimeric S proteins, we utilized
115  a green fluorescent protein (GFP)—Split complementation system [37, 38], in which
116  GFP is split into two non-fluorescent parts, GFP1-10 and GFP11, and the reassembly
117  of GFP1-10 and GFP11 reconstitutes a functional chromophore. With transfection, we
118  introduced GFP1-10 and GFP11 into the donor cells transiently expressing various S
119  proteins and the acceptor cells stably expressing ACE2 (hACE2) and TMPRSS2,
120  respectively. The spike-mediated fusion of donor and acceptor cells could lead to the
121 formation of syncytia. Thus, GFP1-10 and GFP11 were present in the same intracellular
122 environment and formed a functional chromophore. The fluorescence from the
123 chromophore reflects the fusion activities of these S proteins (Fig 1F). Two hours after
124  the coculture of donor and acceptor cells, the cell fusion accompanied by the GFP was
125  observed under microscopy, and the green fluorescence positive area increased rapidly
126 with more cell fusion (Fig 1E). In this work, we quantified cell fusion activity by
127  calculating the area ratio of GFP to DAPI. We observed that the rate and size of
128  syncytium formation were affected by various S proteins. SARS2-S was more effective
129  at cell fusion than SARS-S, which is consistent with their spread ability. Of note, we
130  found the cell fusion ability of S proteins were mainly correlated with the S2. When
131 replaced with SARS2 S2, the fusogenicity of chimeric protein cSARS-S2sars2 was

132 remarkably improved compared with its parent, SARS; the fusion rate and size all
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133 increased; on the other side, after replacing SARS S2, the chimera S protein cSARS2-
134  S2sars lost most of its cell fusion ability, the fusion rate and size reduced significantly
135  (Figs 1E and 1G).

136 Collectively, these results suggest that S2 plays an important role in SARS2
137  infection, and its alternation it could affect the fusogenicity of S protein significantly.
138

139  The Spike fusogenicity is dependent on the Internal Fusion Peptide
140 (IFP)

141 To further identify key functional domains or motifs in S2 for increased spike
142 fusogenicity, we divided S2 into three parts based on their functions [23, 39] and
143 constructed chimeric Spike5 (SARS F1, AA668-816), Spike6 (SARS F2, AA817-966),
144  Spike7 (SARS F3, AA967-1214) and SpikelO (SARS2 F1, AA686-833), Spikell
145  (SARS2 F2, AA834-984), Spikel2 (SARS2 F3, AA985-1213) by directly replacing
146  amino acids of the corresponding regions on Spikel and Spike3, respectively, as shown
147  in Figs 2A and 2G. Via FACS and WB assay, we confirmed no significant difference
148  in cell surface expression of these S proteins (Figs 2B and 2H); and the unchanged
149  CL-S ratio for most chimera S, except for Spike 6, with increased cleavage; and Spike
150 5, with decreased cleavage (Figs 2C and 2D). Subsequent membrane fusion assays
151  showed that swapping of F1 regions significantly affected the fusogenicity of the
152  chimeric S proteins. The area of GFP decreased after introducing SARS F1 into
153  SARS2-S (Spike 5, Figs 2E and 2F), while GFP signal increased significantly when

154  SARS2 F1 was introduced into SARS1-S (Spike 10, Figs 2K and 2L). The swapping
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155  of F2 and F3 between SARS-S and SARS2-S failed to produce a similar significant
156  alternation in the fusogenicity of S proteins as F1.

157 We further divided F1 into two portions based on whether they contained FPs or
158 not. We define the Non-Fusion Peptide (NFP) fragment at the N-terminus and the
159  Internal Fusion Peptide (IFP) fragment at the C-terminus. IFP fragment contained FP1
160 and FP2. Following the similar abovementioned strategy for swapping mutant S
161  proteins, we constructed following chimeric S constructs. We found that after swapping
162  NFP (Spike8, SARS AA668-769; Spikel3, SARS2 AA686-787) and IFP (Spike9,
163  SARS AA770-816; Spikel4, SARS2 AA788-833), the surface expression of chimeric
164 S was the same as the parents (Spikel and Spike3) (Figs 2B and 2H), while the cleavage
165  ability had a difference. We found that introducing SARS IFP into SARS2-S and
166  introducing SARS2 NFP into SARS-S could affect the expression of S protein and
167  decreased spike cleavage respectively (Figs 2C and 2D; Figs 2I and 2J), these results
168  suggested direct motif replacement might affect the cleavage of S, and SARS2 FP,
169  especially IFP, might enhance the ratio of CL-S. Subsequent membrane fusion assays
170  showed that IFP was the key factor of S fusogenicity, replacing SARS IFP alone to
171 SARS?2 backbone (Spike9) was able to reduce S protein’s membrane fusion capacity
172 significantly and vice versa (Spikel4) (Figs 2E and 2F, Figs 2K and 2L). We also found
173 that SARS2 F2 fragment (Spike 11) promoted fusion and this might be related to the
174  increased S expression.

175 To further validate the role of IFP in S fusogenictiy, we directly replaced fragments

176  on Spike2 and 4 for chimeric plasmid construction (S1 Figs A and F) and further
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177  assayed cell membrane fusion ability. We found that the surface expression (S1 Figs C
178  and H) and the CL-S ratio (S1 Figs B and G) of most chimera S was the same, except
179  for the reduction in Spike20 and the enhancement of Spikel9 and 22 (S1 Figs B and
180 @), this results further proved SARS2 IFP enhanced the cleavage of S protein. The
181 membrane fusion results showed that introducing SARS2 F1 or IFP moderately
182  enhanced the fusion ability of Spike2 (S1 Figs D and E), but substitution of SARS F1
183  and IFP significantly inhibited the fusion ability of Spike4 (S1 Figs I and J), these
184  results confirmed that the backbone of chimeric protein might affect S fusogenicity, but
185  IFP was the importance.

186 Collectively, these results showed that although there was some variation across
187  chimera S, IFP was the most critical factor affecting fusion.

188

189 IFP S813T mutation reduced the cell membrane fusion ability of
190  SARS-CoV-2 S protein significantly.

191 The IFP sequence is relatively conserved between SARS S and SARS2 S, with
192  only six different amino acid. To investigate whether these amino acids influence the
193  fusogenicity of S protein, we investigated the impact of each amino acid on cell
194 membrane fusion by introducing mutations on each of them in Spike9 (Figs 3A and
195 3F). WB and FACS assays revealed no significant differences in expression and
196  cleavage of each mutant S protein, except for Spike29, which is poorly expressed (Figs
197 3B and 3C). Subsequent membrane fusion assays revealed that only the T813S mutation

198  significantly increased the chimeric protein’s fusion capability (Figs 3D and 3E).

9
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199 Similar experiments were performed on Spikel4. The expressions and cleavages
200 of all mutant, Spike31-36, were comparable to that of the parent S protein, spikel4
201 (Figs 3G and 3H). Despite Spike31 (I1788M) and Spike32 (P793T) showing mildly
202 reduced fusion activities, subsequent experiments showed that only the S813T mutation
203  reduced the membrane fusion properties of the S protein significantly (Figs 31 and 37J).
204  These findings corroborated that the mutation of serine to threonine on residue 813
205  dramatically reduced the fusion ability of chimeric S proteins, suggesting that residue
206 813 plays a pivotal role in SARS and SARS2 S2 mediated-fusogenicity.

207

208  S813T mutation disturbed the Sarbecovirus’s membrane fusion and infection
209  significantly.

210  To further consolidate the above findings, we introduced S813T mutation in S proteins
211 of SARS2 and its variants of concern (VOC) strains (Spike37-41), and T813S mutation
212 inthat of SARS. As shown in Figs 4A and 4B, the membrane fusion activities of spikes
213 with S813 were significantly higher than those spikes with T813 in both ACE2-293T
214  and Caco2 cells, and this trend was independent of the native membrane fusion
215  capability of the S protein. The FACS assay confirmed no significant difference in the
216  expression of various S proteins. Even though the levels of S protein cleavage varied
217  between strains, S813 and T813 S proteins of the same strain had roughly the same
218  level of cleavage, with only S813 S proteins of SARS2 and Delta, T813 S protein of

219  SARS having noticeably stronger levels of cleavage than their counterparts. As a result
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220  of this finding, it appeared that the promotion of S813 on membrane fusion originated
221  from a mechanism independent of S1/S2 cleavage.

222 Considering the pivotal role of S813 in the membrane fusion properties of the S
223 protein, we next interrogated S813 for its possible role in viral infection. We rescued
224  single-cycle infectious SARS viruses by coexpressing the SARS2 replicon [68] and
225  various S genes in package cells. The viruses with various S proteins were used to infect
226 ACE2-293T and Caco2, and the replication products, subgenomic RNAs, were
227  quantified with RT-qPCR. As shown in Fig 4E, the transduction activity of the mutant
228  with S813 S was significantly higher than that of T813 S in SARS2, SARS, or VOC
229  strains. These results indicated that S§13T can affect virus entry by modulating the
230  membrane fusion properties of S protein.

231

232 The S813T mutation has no effect on S protein interactions with ACE2.

233 Toinvestigate how S813T mutation alters S fusogenicity, we used a competitive ELISA
234 assay to examine the role of residue 813 in interactions between S protein and ACE2.
235  S813 S and T813 S was separately expressed firstly (Figs 6A). In our study, SARS2 S
236  contained six proline substitutions to generate stabilized and soluble prefusion form
237  [40-42]; SARS S also contained two stabilizing proline mutations in S2 subunit
238  according to an effective stabilization strategy [43, 44]. The results showed that S§13
239  Sand T813 S proteins had similar affinities towards the ACE2 receptor, indicating that
240  S813T mutation had no effect on S protein receptor binding (Fig 6B). We further

241  verified this finding by assessing the neutralization of RBM-targeting antibodies, which
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242 directly blocked the interaction between S protein and ACE2. In this study, we used
243 antibody m396 [45] for SARS, and X65 [15] for SARS2; we found that the
244  representative antibodies showed similar neutralization efficiencies against VSV
245  particles pseudotyped (VSVpp) with parental and mutant S proteins (Fig 5C). In
246 summary, we confirmed that the S813T mutation did not affect S protein interactions
247  with ACE2 and RBD antibodies.

248

249  S813T mutation reduced the use of TMPRSS2 by S protein.

250  Proteolytic activation of S is critical in the process of CoV entry into cells [46]. It has
251  been reported that efficient infection of SARS and SARS2 requires sequential cleavage
252 of S by furin at the S1/S2 site and then by TMPRSS2 at the S2’ site or by CTSL at two
253  specific sites [47] in endosome when TMPRSS2 expression is repressed (Fig 6A). We
254  noticed that S2’ site is highly conserved in Sarbecovirus spikes and residue 813 is
255  located in close proximity to the S2’ site, highly conserved in Sarbecovirus spikes, and
256  therefore the 813 change could potentially affect cleavage by TMPRSS2.

257 To test this hypothesis, we investigated the impact of S813T mutation on the S2’
258  site cleavage of spike on VSVpp. WB analyses showed that S813T mutation had the
259  most significant effect on S2' cleavage compared with other point mutations in IFP (Fig
260 6B). At the same time, we overexpressed TMPRSS2 in ACE2-293T cells firstly (S2
261  Fig C) and then used the GFP-split system to compare the fusion activities of S813 S
262 and T813 S. We found membrane fusion activities of S813 S and T813 S increased with

263  increasing level of TMPRSS2 expression and both plateaued to similar levels (S2 Figs

12


https://doi.org/10.1101/2023.01.15.524170
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.15.524170; this version posted January 17, 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 4.0 International license.

264 A and B), this phenomenon was observed for most VOC strains, with only Delta S813
265 S being stronger than T813 S (Figs 6C and 6D), indicating that increasing TMPRSS2
266  expression restored the S813T mutation to interfere with S proteins, in other words, the
267  S813T mutation likely reduced S protein sensitivity to TMPRSS2.

268 To further investigate this possibility, we used the TMPRSS2-specific inhibitor
269  Camostat and examined its effect on membrane fusion under various concentrations,
270  the results (Figs 6E-6G) show that when Camostat concentration was low (10 uM),
271  there was no discernible difference in the ability of S813 S and T813 S in the ACE2-
272 293T/TMPRSS2 system; however, when the Camostat concentration was increased, the
273 difference gradually became apparent, eventually showing that S813 S was
274  significantly higher than T813 S (Figs 6E and 6F). The effect of CTSL inhibitor E-64d
275  was also tested and the results revealed that it had a modest, concentration-independent
276  inhibitory effect in the ACE2-293T/TMPRSS2 system, but did not affect the fusion
277  ability between S813 S and T813 S, suggesting the effect of CTSL on S protein
278  activation was diminished in the presence of TMPRSS2.

279 Based on these results, it is suggested that the S§13T mutation has an effect on S
280  protein fusion pathway modulated by TMPRSS2 by reducing TMPRSS2 cleavage at
281  the S2’ site. S813 S protein had higher utilization and could complete cleavage under
282  lower TMPRSS2 conditions; whereas the T813 S protein used lower and required
283  increased amounts of TMPRSS2 to complete cleavage.

284

285  Evolution AA 813 on Spike in Sarbecovirus.
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286  Considering the significance of residue 813 in the S protein activation process, we
287  reconstructed an evolutionary tree using the S protein sequences of representative
288  SARS, SARS2 and SARS-relative (SARST) strains to observe their evolutionary trends
289  in Sarbecovirus. At position 813, we observed mostly threonine and serine; threonine
290  was almost only present in two major lineages of SARSr strains, including human
291  SARS-CoV and related viruses; while serine was found in human SARS-CoV-2 strains,
292  bat and pangoline associated SARS-like strains related to SARS2 (such as RaTG13
293 discovered in 2013 and SL-CoVZXC21 discovered in 2015), as well as a lineage basal
294  to all members of Sarbecovirus (Fig 7A). Meanwhile, the mutation frequency of the
295 amino acid at position 813 was calculated with 114 unique SARSr sequences and
296 10060583 unique SARS2 sequences (GISAID 2020-2022.5.31), respectively. We
297  discovered that in SARS, T813 accounted for 96.49% of the total and S813 accounted
298  for 2.63%; however, in SARS2, S813 accounted for as higher as 99.9%, while T813
299  accounted for only 0.01% (Fig 7B). Therefore, for SARS-CoV-2 T813 S was likely to
300 be a random mutation that occurred in only a few individuals, without major sustained
301  circulation in human population. Intriguingly, we discovered that other than SARS-
302 CoV and related viruses, the rest of the B-cov, which included highly pathogenic
303 MERS-CoV and SARS2, and the less pathogenic OC43-CoV and HKU1-CoV, were
304  all predominantly serine (Fig 7C).

305

306 Discussion
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307 Previous research has proposed that ACE2 binding efficiency [34] and polybasic
308 cleavage site “RRAR” at S1/S2 boundary [31,48] were the primary causes. SARS and
309  SARS?2 recognized the same receptor- ACE2 in Humans. The previous study has shown
310 that mutations in the SARS2 RBD make it more accessible to the N-terminal end of
311  ACE2 and stabilize two virus-binding hotspots at SARS2 RBD/ACE?2 interface [49].
312 The polybasic cleavage site of SARS2 has been demonstrated to act as a determinant
313  of transmission [50]. Studies found that the site sensitized SARS2 S protein to fusion-
314  activating proteolysis during virus-cell entry [51]. In this study, we examined the
315 membrane fusion activity of chimeric proteins with various S2s. Our results showed
316 that the activity of S proteins bearing SARS2 S2 is significantly higher than that bearing
317  SARS S2, suggesting that alternation of S2 is sufficient to change the membrane fusion
318 activity of S proteins without disturbing the RBD/ACE2 interaction. We narrowed
319  down the functional domains of S2 to IFP, which is essential for the membrane fusion
320  activity of S protein. Furthermore, we identified the key residue serine 813, as indicated
321 by the data that a single mutation of T813S in SARS S protein could enhance membrane
322 fusion in cell-based membrane fusion assays and viral entry in a single-cycle infectious
323 SARS virus system.

324 Residue 813 is located immediately upstream of S2’ site (Figure 3A & 3F) and is
325  conserved in various coronavirus strains (Figure. 7C). A recent study proposed that the
326  replication-competent VSVAG-SARS?2 S would especially harbor the S813Y mutation,
327  which reduced the enzymatic activity of TMPRSS2 and increased the stability of S

328  protein for better vaccine design [52]. This unexpected discovery was in agreement
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329  with our finding and highlighted the importance of S813 in S protein fusion activity.
330 However, it should be noted that S813Y mutation is not observed in known viral
331  genomic sequences. In contrast, S813 and T813 used in our study are from the SARS2
332  and SARS sequences, respectively. Thus, our findings were relevant to understanding
333 the real function role of residue 813 during viral entry into the cell.

334 Host proteases, including furin, TMPRSS2, and CTSL work together to modulate
335 coronavirus S protein-mediated cell fusion [53]. TMPRSS2 is a type Il
336 transmembrane protein with serine protease activity and is required to trigger cell-cell
337  fusion, it has been reported that TMPRSS2 knock-out 293T cells are unable to form
338  syncytia [54]. TMPRSS2 has been proved to have stronger proteolytic activity against
339  SARS2 S than SARS S. A study has shown that this is due to the multibasic site at
340  S1/S2 boundary, when introduced it into SARS S or ablated it from SARS2 S, the
341  difference can be diminished [36,55]. Here we found that the S2 also affected the
342  utilization of TMPRSS2, the cleavage activity of TMPRSS2 on S813 S was
343  significantly higher than that of T813 S in both SARS and SARS2, and the effect of
344  S813T mutation decreased with increased TMPRSS2 expression. Our data suggested
345  that residue 813, in addition to the multibasic site at S1/S2, could somewhat affect the
346  activity of TMPRSS2 on S protein.

347 Our study demonstrated that S§13T mutation affect the usage of TMPRSS2, did
348  residue 813 impact the function of Furin and CTSL? Furin is ubiquitously expressed in
349  cells [56] and for SARS-CoV-2 S the cleavage site is located in the S1/S2 boundary

350 [54]. Recently, a study found that K814A mutation significantly reduced furin-
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351  mediated cleavage of SARS2 S and antagonized pseudovirus transduction, while the
352 S813A had no effect [57]. This work suggests that residue 813 is unlikely to affect furin
353 cleavage. CTSL is a member of the lysosomal cysteine protease and was highly
354  expressed in most human tissues, including the respiratory system, gastrointestinal tract,
355  kidney, and urogenital system [58]. Previous studies have shown that CTSL played a
356  role in the proteolysis of SARS S [59,60] and SARS2 S [26], and the cleavage site of
357 CTSL in SARS S was at (near) S1/S2 [59], while in SARS2 S, it was at two distinct
358 conserved locations in the S1 subunit [47], suggesting residue 813 did not affect CTSL
359  cleavage.

360 SARS-CoV-2 is a fast-evolving virus, with rapid nucleotide substitution and
361 recombination to generate new strains of altered virulence [61]. A most well-known
362  example was the SARS2 D614G strain rapidly replaced the original virus strain and
363  became the dominant variant [62]. Further studies showed that D614G substitution
364 favored an open conformational state of S protein [63] and promoted syncytium
365 formation through enhanced furin-mediated S cleavage [64]. Through phylogenetic
366  analysis of representative Sarbecovirus S sequences from SARS outbreak in 2002 to
367 the emergence of COVIDI19 in 2022, we determined that threonine and serine are the
368 only two potential amino acids at position 813 in Sarbecovirus, however, T813S
369 mutation enhanced the S protein membrane fusion function, which might be likely
370  leading to the emergence of SARS-CoV-2 in nature.

371 In summary, our study demonstrated that residue 813 was a key determinant of S

372 protein fusogenicity and infectivity. The selection and increasing frequency of S813 S
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following the evolution of Sarbecovirus suggested that the T813S mutation was
associated with an improvement of viral fitness through an increased S protein
processing and fusogenic potential. These findings have important implications for

understanding of the viral S fusogenicity.

Materials and methods

Cells and agents

Human embryonic kidney 293T (HEK293T) cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco) supplemented with 10% fetal bovine serum
(FBS), 100 units/ml penicillin, 100 pg/ml streptomycin, and 2 mM L-glutamine.
HEK293T cells that stably express human ACE2 (ACE2-293T) were cultivated in the
presence of 2 pg/ml puromycin (Invivogen). Caco2 (human epithelial colorectal
adenocarcinoma) cells were cultivated in DMEM (Gibco) containing 20% FBS
(TransGen Biotech), 100 pg/ml streptomycin (biosharp), 100 U/ml penicillin (biosharp),
1 mM Non-essential amino acids (NEAA, Gibco). All Cell cultures were incubated at

37°C and 5% CO..

Plasmids
The pcDNA3.1(+) plasmid backbone was appended with a FLAG-tag sequence
(DYKDDDDK) at the C-terminal. The spike coding sequences were all codon

optimized for human cells. For the construction of recombinant S plasmids. S2 subunit
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394  of SARS-CoV and SARS-CoV-2 VOC strains were amplified by PCR and appended
395  with other regions of the target spike backbone to facilitate In-Fusion cloning.

396 pQCXIP-BSR-GFPI11 and pQCXIP-GFP1-10 were from Addgene (68715,68716);
397  Human TMPRSS2 was amplified from Caco2 cells and cloned into pcDNA3.1(+) with
398 a C-terminal FLAG-tag. All DNA constructs were verified by Sanger sequencing
399  (ACGT).

400

401 Fluorescence-activated cell sorting (FACS)

402  We conducted FACS using a Beckman CytExpert (Beckman) and data was analyzed
403  with FlowJo software. 293T cells transfected with S proteins for 36h were performed
404  in PBS with 1% BSA. Cells were incubated with primary antibodies on ice for 1h and
405 washed twice with PBS, then incubated with FITC goat anti-human IgG(H+L)
406  (Southern Biotechnology Associates,1:400 ) for 45 min on ice. Transfection efficiency
407  was assessed by staining with SARS-CoV-2 RBD specific antibodies: s309 [65]
408  (sotrovimab), which had been proved to pan-bind with SARS-CoV-2 VOC strains.
409

410 Western blot analysis

411  Western blot analysis was performed as previously described procedures [66]. Briefly,
412  cells were washed with ice-cold PBS and soluble proteins were extracted with cell lysis
413 buffer (100mM Tris-HC] pH=8.0, 150mM NaCl, 1% NP-40, phosphatase and protease
414  inhibitor cocktail tablets (Abcam)) according to the manufacturer’s protocol. For the

415  analysis of S protein processing in VSV pseudotyped particles (VSVpp), we loaded 10
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416 ml VSVpp onto 500 pl of a 20% (w/v) sucrose cushion and performed high-speed
417  centrifugation (25000 g for 120 min at 4°C), the concentrated particles were re-
418  suspended in 50 pl PBS. Equal amounts of protein samples were separated by 8%
419  sodium dodecyl sulfate-polyacrylamide gel -electrophoresis (SDS-PAGE) and
420 transferred to nitrocellulose filter (NC) membranes. Mouse monoclonal antibodies
421  targeting FLAG tag, B-actin (TransGen Biotech, 1:5000) were used as primary
422  antibodies, horseradish peroxidase-conjugated (HPR) goat anti-mouse IgG antibody
423 (Southern Biotechnology Associate, 1:10000) was the second antibody. The
424  quantitative result of the ratio of cleaved to a full-length spike in immunoblots was
425  analyzed by Image J software.

426

427  Fusion assay

428  This assay utilized a dual split protein (DSP) encoding the GFP gene, and the respective
429  split proteins, DSP1-10 and DSP11, were expressed in effector and target cells by
430 transfection [38]. For cell-cell fusion activity, hACE2-293T or Caco?2 cells transfected
431 with pQCXIP-BSR-GFP11 were prepared as target cells; HEK293T expressing the
432 wild-type (WT) or chimera S proteins and pQCXIP-GFP1-10 were prepared as effector
433 cells. In brief, the 293T cells were grown to 80% confluence in a 12-well plate and
434 transfected with 1 pg pQCXIP-GFP1-10 and 1pg pcDNA3.1(+)-SARS2 S-FLAG (WT
435  or chimera), the hACE2-293T or Caco2 cells in a 12-well plate were transfected with
436 1pg pQCXIP-BSR-GFP11. After 24h, the target cell and effector cell populations were

437  washed and resuspended in DMEM 10% FBS, mixed at a 4:1 ratio in different
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438  combinations, plated at 3x 10° cells per well in a 96-well plate, and the fluorescence
439  images were taken at the indicated time point using a Zeiss LSM800 confocal laser
440  scanning microscope and a Keyence all-in-one Fluorescence microscope BZ-X800.
441  The GFP area was quantified on Image J, and the expression levels of surface S proteins
442  were analyzed using FACS, and the GFP area was normalized to the mean fluorescence
443 intensity (MFI) of surface S proteins, and the normalized values were shown as fusion
444  activity.

445

446  Pseudotyped particles assay

447  HEK293T cells were transfected with 72 ug WT or chimera S plasmid into a 15 cm cell
448  culture dish. After 24 h, the cells were washed twice and inoculated with VSV* A G-
449  Luc at a multiplicity of infection of 0.1 for 1h. After the inoculum was removed, the
450  cells were washed 5 times using PBS with 2% FPS and further cultured with a DMEM
451  culture medium for 36h. The supernatant was harvested and centrifuged at 3000 rpm to
452  free cellular debris, filtered through a 0.45 um syringe filter, and stored at — 80°C in
453  small aliquots.

454 To detect the neutralizing activity of antibodies, serial dilutions (1:3) of mAbs were
455  mixed with an equal volume of 200 50% tissue culture infectious doses (TCID50)
456  SARS2 and SARS VSVpp into a 96 well-plate and incubated for 1 h at 37 °C, and then
457  ACE-293T cells (100 pl, 2 x 10° in DMEM) were added to all wells and incubated for

458  further 24 h at 37 °C. Luciferase activity was analyzed by the luciferase assay system
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459  (Promega). IC50 was determined by a four-parameter logistic regression using
460  GraphPad Prism 8.0 (GraphPad Software Inc.)

461

462  Proteins and Monoclonal antibodies expression and purification

463  Proteins and antibodies were generated as described previously [67]. In brief, for S
464  proteins and ACE2, target genes were firstly amplified and subcloned to pcDNA3.1(+)
465  vetor, and after performing Site-Directed Mutagenesis, plasmids were transfected into
466  HEK293T cells using polyethylenimine (PEI) and cultured for 5 days. The supernatant
467  was collected and purified using Ni-sepharose. For antibodies, the single B cells of
468  COVIDI19 convalescents were obtained and then sorted into 96-well plates, and the IgG
469 heavy and light chain variable genes were amplified by reverse transcriptase
470  polymerase chain reaction (RT-PCR) and cloned into human IgG1 expression vectors
471  and co-transfected into HEK293T cells with equal amounts of heavy/light-chain
472 plasmids. Five days post-transfection, the supernatants were collected and purified
473  using protein A agarose beads.

474

475  Rescue and infection of recombinant SARS-CoV/SARS-CoV-2 virus
476 2x10% HEK293T cells were seeded in a 6-cm plate. After recovery for 24 h, HEK293T
477  cells were transfected with three pg Rep (ref) and three pg plasmids encoding various
478 S genes using Hieff TransTM Liposomal Transfection Reagent (Yeasen Biotech,

479  Cat#40802ES03, Shanghai, China). Six h post-transfection, the medium containing the
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480  mixture of DNA/transfection reagent was replaced with fresh medium. After recovery
481  for 36 to 48 h, the supernatants were collected for further use.

482 2x10° HEK293T-ACE2 cells were seeded in one well of a 6-well plate. After
483  recovery for 24 h, the HEK293T cells were infected with recombinant SARS-
484  CoV/SARS-CoV-2 viruses, and two h post-infection, the viruses-containing medium
485  was replaced with fresh medium. 24 h post-infection, the cells were collected for the
486  extraction of total RNA and/or protein.

487

488 Enzyme-linked immunosorbent assay (ELISA) to detect Spikes
489  binding ability to ACE2

490  ELISA was performed as described previously [67]. High-protein binding microtiter
491  plates (Costar) were coated with 2 pug/ml human ACE2 protein in PBS overnight at 4°C
492  respectively. After 3% BSA in PBS blocking, serially diluted S proteins 1:3 starting at
493 50 ng/pl were incubated for 1h at 37°C. After washing 6 times with PBST, a S2 antibody
494  from our lab, 124, was incubated at 10 pg/ml at 37°C for 1h, after washing again, the
495  HPR-conjugated goat anti-human IgG antibody (Jackson Immuno Research, 1:2000)
496  was incubated for another 1h at 37°C. The plate was developed with Super Aquablue
497  ELISA substrate (eBiosciences). Absorbance was measured at 405 nm on a microplate
498  spectrophotometer (BioTek).

499

so0 Effect of drug treatment on fusion ability and cell viability assay.
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501  Camostat and E64d were diluted at different concentrations first and then added to the
502  cell mixture for fusion assay in a 96-well plate. The cell mixture was then —mixed
503  gently and cultured in a 5% CO, environment at 37°C for subsequent testing.

504 The effects of Camostat and E64d on cell viability were measured by CCKS assay.
505  293T cells were seeded into a 96-well plate and were left untreated or treated with
506  different concentrations of drugs for 24 h. After treatments, CCK8 was added into the
507  culture medium and incubated for 1 h at 37 °C to measure the absorbance at 405 nm.
508

509 Phylogenetic analyses.

510 We selected representative sequences from the NCBI taxonomy Sarbecovrius
511  grouping and compared them using mafft software. We then used fasttree software to
512  construct a phylogenetic tree based on SARS-like S proteins.

513

514  Statistical analysis

515  The Prism software (Graphpad Version 8.0) was used for all statistical analyses. The
516  significance of differences between the two groups was determined with a two-tailed
517  Student's t-test. One-way or two-way analysis of variances with Bonferroni correction
518  was employed for multi-group comparison. For all analyses, only a probability (p) value
519  0of 0.05 or lower were considered statistically significant (p > 0.05 [ns, not significant],
520 p % 0.05[*], p % 0.01 [**], p % 0.001 [***]).

521

522 Supporting information
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523  S1 Fig. Reversing IFP motif of S2-chimera Spike influenced the fusogenicity
524  significantly. (A and F) Schematic diagram of the S2 motif chimera Spike. The S2 was
525  divided into 3 parts as Figure2 and to replace the corresponding area in turn. The F1
526  was further divided into two parts just as Figure2 did. The numbers in parentheses are
527 identical to those in Figure3B-3E, 3F-3]J. (B and G) Western blot. A representative blot
528  of S-expressing cells (top) and quantified band intensity (the ratio of CL-S to the FL-S
529  plus CL-S proteins) (bottom) are shown. (C and H) FACS. The summarized results of
530 the surface S expression were shown. s309 antibody and mouse anti-human IgG-FITC
531  were used respectively. (D and I) Spike-based fusion assay. The fusion activity was
532  quantified by measuring the ratio of GFP+ area to DAPI area by imaging at different
533  times (2, 6, 12 and 24hpt). The results for SARS2, Spike4, 15-19 or SARS, Spike2, 10-
534 14 were shown as Saffron and grey lines, respectively. (E and J) Representative images

535  of cell-cell fusion. Scale bar: 500 pm.

536  Results are means +/- SD from at least three fields per condition. Results are
537 representative of at least three independent experiments. In B and G, statistically
538 significant differences between parental S (Spike2 or Spike4) and chimeric Spikes were
539 determined by a two-sided paired t test (*: p<0.05). In D and I, statistically significant
540 differences between parental S (Spike2 or Spike4) and chimeric Spikes were
541  determined by Student’s test at each point (*: p<0.05, **: p<0.01).

542

543  S2 Fig. The Influence of TMPRSS2 on Spike fusogenicity. (A) Spike-based fusion

544  assay. The fusion activity was quantified by measuring the ratio of GFP+ area to DAPI
25
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545 area by imaging at different concentration of TMPRSS2 (0, 0.5, 1 and 2 ng). The results
546 for SARS2 and SARS were shown as Red and grey lines, respectively. (B)
547  Representative images of cell-cell fusion. Scale bar: 500 um. (C) Western blot. A
548  representative blot of 293T cell lysates expressing TMPRSS2 with various
549  concentrations. Beta-actin was used as a control. (D) Cell viability assay. The cell

550 viability with different doses of Camostat and E64d was evaluated by CCK8 assay.

551 Results are means +/- SD from at least three fields per condition. Results are
552  representative of at least three independent experiments. Statistically significant
553  differences (**: p<0.01) between S813 Spike and T813 Spike were determined by
554  Student’s test at each point (C, F and G).

555

556 S3 Fig. Genomic description of AA 813 in Spike of Sarbecovirus. (A) The
557  phylogenetic tree based on Sarbecovirus S proteins (SARS-like strains, n=24 genomes;
558  SARS strains, n=13 genomes; SARS2 strains, n=6 genomes). All strains invariantly
559  containing serine at position 813 were marked red while containing threonine were
560 marked mazarine. Color coding as indicated according to species. (B) Amino acid
561 frequency of site 813. 114 complete spike protein sequences of SARS were collected
562  from NCBI and 10,060,583 complete spike protein sequences of SARS2 (2020-2022)
563  were collected from GISAID. The method of analysis was performed as previously
564  described [69]. Briefly, After removing redundant sequences with 100% sequence
565 identity and multiple sequence alignment (MSA), site 813 based on the reference

566  sequence of SARS2 was derived and the amino acid frequency of site 813 can be
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calculated based on the un-redundant dataset of SARS and SARS2, respectively. (C)
Phylogenetic tree of Human coronavirus. The representative strains of 7 human
coronaviruses were clustered by amino acid sequence phylogeny and observed the
diversity of AA 813. In a-CoV (229E and NL63), there was only Alanine, while in -
CoV, Serine was in SARS2, MERS, OC34 and HKU1; threonine only in SARS. We
used the WAG+F+I+G4 optimal model of the Iqtree software to construct a
phylogenetic tree based on S proteins. The right-hand sequence mapping was based on
texshade software for mapping. The secondary structure, i.e. the membrane fusion

region, was predicted using the PSIPRED web page.
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Fig 1. Replacement of S2 subunit affected the fusogenicity of S protein. (A)
Schematic diagram for the construction of the S2-chimeric Spike. The Saffron graph
depicts SARS2 S, which has the multibasic motif (RRAR) at the S1/S2 Cleavage Site;
the grey graph represents SARS S. The numbers in parentheses are identical to those in
Figures 1B-1G. TM, transmembrane domain; CP, cytoplasmic domain. (B and C)
FACS. After transfection, the expression of surface S proteins was detected using s309

antibody which binds RBD efficiently and mouse anti-human IgG-FITC, respectively
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610 (B) and the summarized results are shown (C). MFI, mean fluorescent intensity. (D)
611  Western blot. Representative blots of cell lysates showing spike cleavage in parental
612  and chimeric Spikes with or without trypsin treatment. Immunoblots were probed with
613  anti-Flag tag Abs, the full-length (FL) and cleaved (CL) S protein were marked as
614  indicated; Beta-actin was probed as a loading control. The band intensity was
615  densitometrically calculated using Image J, and the ratio of Cleaved-S/total S (%) was
616  shown. (E-G) Spike-based cell-cell fusion assay. A schematic diagram showing the
617  GFP-split system for Spike-ACE2 mediated cell fusion (F), and representative images
618 at 2, 12, 24, 48 h post-transfection (E). The summarized results of the ratio of fusion
619  were shown (G). Scale bar, 500 um.

620 Results are means +/- SD from at least three fields per condition. Results are
621  representative of at least three independent experiments. Statistically significant
622  differences between parental S (Spikel or Spike3) and chimeric S (Spike2 or Spike4)
623  were determined by a two-sided Student’s t test (C and D, ns: non-significant), or two-
624  sided paired t test (G, *: p<0.05, **:p<0.01).

625

626  Fig 2. Replacing IFP motif of parental Spike influenced the fusogenicity
627  significantly. (A and G) Schematic diagram of the S2-chimeric Spike bearing swapped
628  motif. The S2 was divided into 3 parts according to the structure and function: F1 (686-
629  833), F2 (834-984) and F3 (985-1170) of SARS-CoV-2 (A); F1 (655-802), F2 (803-
630  953), F3 (954-1182) of SARS-CoV (F). Then replacing the corresponding parts with

631  the others separately. Further, the F1 was divided into two parts: FP (686-787) and IFP
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632  (788-833) of SARS2 (A), or FP (655-756) and IFP (757-802) of SARS (F). The
633  numbers in parentheses are identical to those in Figure 2B-2F, 2G-2L. (B and H) FACS.
634  The summarized results of the surface S expression were shown. s309 antibody and
635 mouse anti-human IgG-FITC were used respectively. (C, D and I, J) Western blot. A
636  representative blot of cell lysates showing spike cleavage. FL-Spike and CL-Spike were
637 marked as indicated. Beta-actin was used as a control. The band intensity was
638  densitometrically calculated using Image J, and the ratio of Cleaved-S/total S (%) was
639 shown. (E and K) Spike-based fusion assay. The fusion activity was quantified by
640  measuring the ratio of GFP+ area to DAPI area by imaging at different times (2, 6, 12
641  and 24hpt). The results for SARS2, Spike4, 10-14 were shown as Saffron lines and
642  SARS, Spike2, 5-9 were shown as grey lines, respectively. (F and L) Representative
643  images of cell-cell fusion. Scale bar: 500 pm.

644  Results are means +/- SD from at least three fields per condition. Results are
645 representative of at least three independent experiments. Statistically significant
646  differences between parental S (Spikel or Spike3) and chimeric Spikes were
647  determined by two-sided paired t test (D and J, *: p<0.05, **: p<0.01), or Student’s
648  test at each point (E and K, *: p<0.05, **: p<0.01).

649  See also Figure S1.

650  Fig 3. S813T mutation affected the cell membrane fusion ability of IFP-chimeric
651  Spike. (A and F) Schematic diagram of the IFP-chimeric Spike mutants and the
652  numbers in parentheses are identical to those in Figure3B-3D and 3G-31. Align the

653  sequence of AA 788-833 in SARS2 with SARS (AA 770-815). Residue numbering is
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654  shown according to SARS2 S. The mutation sites were marked in red or blue, and the
655  S2’ cleavage sites were in Green. (B and G) FACS. The summarized results of the
656  surface S expression were shown. s309 antibody and mouse anti-human IgG-FITC were
657  used respectively. (C and H) Western blot. Left panel: A representative blot of cell
658 lysates from WT and mutant chimera-Spike expressing 293T cells, FL-Spike and CL-
659  Spike were marked as indicated. Beta-actin was used as a control. Right panel:
660  quantified band intensity using Image J to analyze the protein expression and the ratio
661  of Cleaved-S to the total S. (D and I) Spike-based fusion assay. The fusion activity was
662  quantified by measuring the ratio of GFP+ area to DAPI area by imaging at different
663  times (2, 6, 12 and 24hpt). The results for mutant Spike9 and 14 were shown as yellow-
664  green, Spike25-30 as blue lines, and Spike31-36 as red lines, respectively. (E and J)
665  Representative images of cell-cell fusion. Scale bar: 200 pm.

666  Results are means +/- SD from at least three fields per condition. Results are
667  representative of at least three independent experiments. Statistically significant
668  differences between parental S (Spike9 or Spikel4) and mutants were determined by
669  Student’s test at each point (D and I, *: p<0.05, **: p<0.01).

670

671  Fig 4. Spike S813T mutation disturbed the membrane fusion and infection of
672  Sarbecovirus significantly. (A) Spike-based fusion assay. The fusion activity was
673  quantified at different times (2, 6, 12 and 24hpt). ACE2-293T (Red) and Caco2 (Green)
674  were used, the results of S813 Spike were shown as full lines and T813 Spike as dotted

675 lines. (B) Representative images of cell-cell fusion. Scale bar: 200 pm. (C) FACS. The
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676  summarized results of the surface S expression were shown. s309 antibody and mouse
677  anti-human IgG-FITC were used. S813 S and T813 S were shown as saffron and
678  magentas, respectively. (D) Western blot. Top panel: A representative blot of cell
679 lysates from S813 and T813 Spike expressing 293 T cells, FL-Spike and CL-Spike were
680 marked as indicated. Beta-actin was used as a control. Bottom panel: quantified band
681 intensity using Image J to analyze the protein expression and the ratio of Cleaved-S to
682  the total S. (E) Pseudovirus assay. The replication of Pseudovirus with S813 or T813
683  Spike in ACE2-293T and Caco?2 cells was determined by RT-qPCR, and the infectivity
684  percentage normalized with that of the virus pseudotyped with Spike1 was shown. S813
685  Sand T813 S were shown as saffron and magentas, respectively.

686  Results are means +/- SD from at least three fields per condition. Results are
687  representative of at least three independent experiments. Statistically significant
688  differences (*: p<0.05) between S813 S and T813 S were determined by Student’s test
689  at each point (A), or two-sided paired t test (D and E).

690

691  Fig 5. The S813T mutation has no effect on S protein interactions with ACE2. (A)
692  SDS-polyacrylamide gel electrophoresis (PAGE) of SARS2-6P, SARS-2P and Residue
693 813 substitution S variants. Molecular weight standards are indicated at the left in KD.
694  (B) Competitive ELSIA to detect the binding affinity between S proteins and ACE2.
695 Red line indicated SARS2, and blue line indicated SARS. (C) Neutralization curves for

696  RBD representative antibodies, m396 and X65, with the VSVpp containing parent and
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697  mutant S proteins. Each point represents the mean and standard error of 2 independent
698  measurements.

699  Fig 6. S813T mutation reduced the use of TMPRSS2 by S protein. (A) Schematic
700 illustration of SARS S and SARS2 S including proteolytic cleavage sites: S1/S1, S2’
701  and CTSL cleavage sites in S1. Residue 813 was indicated as red. Arrow heads
702  indicated the cleavage site. (B) Western blot. Top panel: A representative blot of
703  VSVpp digested with TPCK-trypsin (2 pg/ml at 37°C for 30 min), FL-Spike (S) and
704  CL-Spike (S2 and S2’) were marked as indicated. Bottom panel: quantified band
705 intensity using Image J to analyze the protein expression and the ratio of S2 and S2’ to
706  the total S. (C) Spike-based cell-cell fusion assay. With the overexpression of
707 TMPRSS2 (purple) in ACE2-293T, the fusion activity was quantified at different times
708 (2, 6, 12 and 24hpt). The results of S813 S were shown as full lines and T813 S as
709  dotted lines. (D) Representative images of cell-cell fusion. The area of cell fusion was
710  shown as green (up) and black (bottom). Scale bar: 500 um. (E-G) Fusion inhibition of
711  Camostat and E-64d in ACE2-293T+TMPRSS2. A schematic diagram showing the
712 GFP-split system with the inhibitor Camostat and E-64d for Spike-ACE2/TMPRSS2
713 mediated cell fusion (E). After being pre-incubated with the indicated concentration (0,
714 10, 50, 100 um) of Camostat (F) and E-64d (G), the fusion activity was quantified at
715  different times (2, 6, 12 and 24hpt), and the results of Camostat were shown as purple
716  and E-64d as blue.

717  Results are means +/- SD from at least three fields per condition. Results are

718  representative of at least three independent experiments. Statistically significant
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719  differences (*: p<0.05) between S813 Spike and T813 Spike were determined by

720  Student’s test at each point (C, F and G).

721
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