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Abstract 
 
 

Monoclonal antibodies (MAbs) that retain neutralizing activity against distinct coronavirus (CoV) 

lineages and variants of concern (VoC) must be developed to protect against future pandemics.  

These broadly neutralizing MAbs (BNMAbs) may be used as therapeutics and/or to assist in the 

rational design of vaccines that induce BNMAbs.  1249A8 is a BNMAb that targets the stem 

helix (SH) region of CoV spike (S) protein and neutralizes Severe Acute Respiratory Syndrome 

Coronavirus 2 (SARS-CoV-2) original strain, delta, and omicron VoC, Severe Acute Respiratory 

Syndrome CoV (SARS-CoV) and Middle East Respiratory Syndrome CoV (MERS-CoV).  To 

understand its mechanism of action, the crystal structure of 1249A8 bound to a MERS-CoV SH 

peptide was determined at 2.1Å resolution.  BNMAb 1249A8 mimics the SARS-CoV-2 S loop 

residues 743-749, which interact with the C-terminal end of the SH helix in the S postfusion 

conformation.  The crystal structure shows that BNMAb 1249A8 disrupts SH secondary 

structure and packing rearrangements required for CoV S to adopt its prefusion conformation 

that mediates membrane fusion and ultimately infection.  The mechanisms regulating BNMAb 

1249A8 CoV S specificity are also defined.    This study provides novel insights into the 

neutralization mechanisms of SH-targeting CoV BNMAbs that may inform vaccine development 

and the design of optimal BNMAb therapeutics. 
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Introduction 
 
Coronaviruses (CoV) infect animals and humans causing respiratory disease with varied 

severity.  Endemic human CoV, such as OC43 and HKU1, often cause cold-like symptoms [1-

3].  In contrast, three CoV have crossed the animal-human species barrier, generating highly 

pathogenic viruses responsible for large numbers of human fatalities.  Severe Acute Respiratory 

Syndrome CoV (SARS-CoV) emerged in China in 2002 and was responsible for 774 human 

fatalities [4, 5].  In 2012, the Middle Eastern Respiratory Syndrome CoV (MERS-CoV) emerged 

on the Saudi Arabian Peninsula, spread to 27 countries, and caused 791 human fatalities as of 

2018 [6].  MERS-CoV continues to circulate with the latest fatality reported in May, 2022 [7].  In 

addition to these epidemics, Severe Acute Respiratory Syndrome CoV-2 (SARS-CoV-2) 

emerged in the city of Wuhan, China in 2019 and has been responsible for the Coronavirus 

Disease 2019 (COVID-19) pandemic that, to date, has claimed the lives of over six million 

people worldwide [8, 9].   

  

Significant genome diversity has been observed in beta-coronaviruses (β-CoV) that infect 

humans.  OC43 and HKU1 belong to lineage A, SARS-CoV and SARS-CoV-2 to lineage B, and 

MERS-CoV to lineage C β-CoV [10, 11].  Sequence analyses strongly suggest SARS-CoV, 

SARS-CoV-2, and MERS-CoV originated in bats [12-15], while civets (SARS-CoV and SARS-

CoV-2) and dromedary camels (MERS-CoV) are intermediary hosts that transmit the viruses to 

humans [15, 16].  CoV with sequences related to SARS-CoV (e.g. SARSr-CoV) have been 

found in bats located across Asia [17].  More recently, SARSr-CoV sequences, containing all 

the genetic elements required to form SARS-CoV, were isolated from bats found in a single 

cave in Yunnan province, China [18].  Identifying one location containing extensive SARS-CoV 

genetic diversity, combined with the ability of CoV to undergo recombination [19, 20], suggests 

hotspots exist that are poised for generating future zoonotic CoV [16].  In summary, all evidence 

suggests CoV spillovers into humans will occur in the future [15, 21, 22] and the development of 
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broadly neutralizing antibodies against these CoV, and vaccines that induce such antibodies, 

will be important for future pandemic preparedness. 

 

The CoV spike (S) protein is responsible for viral entry into host cells.  S adopts a homotrimer 

where each subunit consists of two domains, S1 and S2 [23-25].  Viral attachment to host cells 

is mediated by S1, through the receptor binding domain (RBD), while the S2 domain mediates 

membrane fusion.  On the viral surface, S adopts a mushroom shaped pre-fusion (PreF) 

conformation, with S1 RBDs located furthest away from the viral membrane [26, 27].   Host 

receptor binding requires the RBDs to undergo conformational changes that, along with 

protease cleavage events, allow the meta-stable S2 domain to refold into a low energy rod-

shaped coiled-coil structure, called the post-fusion (PostF) S conformation [26].  Structures of 

preF and postF S provide the beginning and end conformations of S that lead to membrane 

fusion [26].    

 

Sequence and structural variation among CoV lineages and variants is not equivalent 

throughout the S polypeptide.  S1 exhibits high sequence, structure, and functional diversity 

(e.g. required to bind distinct host receptors), while the S2 domain is more conserved.  

Variability in S1 alters cell tropism and/or receptor binding affinity to improve viral fitness.  For 

example, SARS-CoV-2 S1 has rapidly acquired amino acid changes, resulting in viruses defined 

as variants of concern (VoC), that have altered pathogenesis and transmission properties, 

relative to the initially isolated Wuhan virus [28].  S1 is also under intense host immune 

pressure, where studies estimate ~75%-90% of the humoral immune response is targeted to S1 

[29, 30].  As a result, most neutralizing monoclonal antibodies (MAbs) and vaccines that target 

SARS-CoV-2 S1 N-terminal and RBD regions, exhibit reduced neutralizing potency to evolving 

VoC and little to no efficacy against different CoV lineages, including SARS-CoV and MERS-

CoV [31, 32].   
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In contrast to S1, S2 exhibits higher sequence and structure conservation across β-CoV 

lineages and has not undergone significant antigenic drift between SARS-CoV-2 VoC.  This 

suggests epitopes within the S2 domain may be optimal targets for the development of BNMAbs 

against diverse present-day and future emerging CoV.  To address this hypothesis, we 

previously reported a series of human S2-targeting neutralizing MAbs [33].  One MAb, 1249A8, 

was found to neutralize SARS-CoV-2 and VoC (delta and omicron), SARS-CoV, and MERS-

CoV [33].  BNMAb 1249A8 targets the stem helix (SH) region of β-CoV S protein and is the only 

human SH MAb [34-37] reported to neutralize MERS-CoV [33].  

 

To understand the structural basis for 1249A8’s broad specificity and potency, the crystal 

structure of BNMAb 1249A8 Fab, in complex with a stem helix peptide (SHp) from MERS-CoV 

S, was determined at 2.1Å resolution. The structure identifies the unique specificity 

determinants of the 1249A8-MERS-CoV SH interaction required for broad CoV binding and 

suggests 1249A8 inhibits membrane fusion by disrupting SH secondary structure 

rearrangements and sterically occluding SH-CH/HR1 interactions that are required for preF S to 

transition to its postF conformation.   

 
Results 
 
Structure of the 1249A8/MERS-CoV SH complex.  
 
The crystal structure of 1249A8 Fab bound to a MERS-CoV S SHp, residues 1,223 to 1,245, 

was solved at 2.1Å resolution (Fig. 1, Supp. Table 1).  Of the 23 residues in the peptide, 

electron density was observed for 12 SHp residues (1,230-1,241) that form an amphipathic α-

helix that binds in a groove between heavy and light chain CDRs of 1249A8.  The MERS-CoV 

SHp sequence corresponds to SARS-CoV-2 residues 1,147-1,158.  Three structures of human 

NAbs binding to the SARS-CoV-2 SH have been determined (Fig. 1, and refs. [34-39]).  Fab-

SHp structure comparisons reveal 1249A8, S2P6 and CC40.8 exhibit similar, but distinct,  

.CC-BY-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted September 14, 2022. ; https://doi.org/10.1101/2022.09.14.507947doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.14.507947
http://creativecommons.org/licenses/by-nd/4.0/


Figure 1.  Structure of 1249A8/MERS-CoV SHp complex and related SH-targeting NMAbs. (a) 
Ribbon diagram of the 1249A8/MERS-CoV SHp complex and other human NMAb/SHp 
complexes.  1249A8 heavy and light chains are colored yellow and green, respectively.  The 
MERS-CoV SHp is rainbow colored from the N-terminus (blue) to the C-terminus (red).  Other 
NAb-SHp structures are colored as described for 1249A8.  Labels for each NMAb-SH complex 
contain the designation of C1 (class-1) or C2 (class-2) to distinguish their epitopes.  The linear 
SH epitope for each NMAb is shown on the MERS-CoV (black) and SARS-CoV-2 (red) 
sequences as a colored bar.   Conserved residues in the linear sequence are bolded.  The 
invariant core-SH region is highlighted by the black bar.  (b)  NMAb binding epitopes are 
superimposed on a model of the SARS-CoV-2 pre-fusion S trimer (6xr8) and the extended C-
terminal helix residues 1,171-1,203 (pdbid 6lvn).  NMAbs are color coded as shown in (a). 
 
 
epitopes, defined as class-1 (C1) NAbs, that bind predominantly to the hydrophobic surface of 

the SH.  Based on the cryo-EM structure of SARS-CoV-2 S, derived from the native S sequence 

[26], the C1 NAb epitope is buried in the center of the trimeric SARS-CoV-2 pre-fusion S coiled-

coil (CC) domain (Fig. 1b).  In contrast, CV3-25, defined as a class-2 (C2) NAb, targets 

exposed hydrophilic residues on SH and exhibits a distinct binding orientation, relative to the 

other NAbs (Fig. 1b). The C1 NAbs bind to SH using CDRs from their H and L chains, while the 

C2 CV3-25 binds almost exclusively (95%) through H chain CDR residues. 

 
Superposition of 1249A8, and other C1 NAbs, onto the SH region of the preF S (pdbid 6xra) 

results in numerous steric clashes between S and Fab, suggesting that distortion / disruption of 

the trimeric CC region of S is required for NAb binding (Fig. 1b).  Cryo-EM of the S2P6-SARS-

CoV-2 S complex, a C1 SH-targeting NAb, clearly supports this hypothesis [34].  In contrast, the 
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surface exposed binding site of CV3-25 would induce limited distortion of the CC region (Fig. 1b 

[37] ).  Structures of S from MERS-CoV, HKU1, SARS-CoV and SARS-CoV-2 (WA-1 strain) 

show the SH/CC region is disordered in 2P proline-stabilized S structures [23-25, 40, 41].  

Furthermore, tomograms of SARS-CoV-2 particles reveal the SH / CC region of S undergoes a 

variety of bending motions that are presumably important in the membrane fusion process [42, 

43].  Together, these data suggest both C1 and C2 human NAb SH epitopes are at least 

temporarily accessible in the preF S conformation.    

 
1249A8 exhibits higher affinity for SH peptide than prefusion S  
 
We previously defined the affinity of 1249A8, and other SH-targeting NAbs, for the SARS-CoV-2 

PreF S [33].  Here, we defined the affinity of 1249A8 to a SARS-CoV-2 SH peptide (residues 

1,131-1,171) to determine the role of S structure on 1249A8 binding (Fig. 2).  1249A8 bound 

preF S ~8-fold weaker (KD = 3.29nM) than the SH peptide (KD = 0.42nM).  1249A8 exhibited 

the highest affinity for SH peptide, when compared to S2P6, CV3-25, and CC40.8, although the 

differences were small (~2-fold), relative to NAb affinity differences observed when binding to S  
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Figure 2.  NMAb binding to SH peptides and SH within CoV S proteins. Fractional binding of SH 
peptide (A) and CoV S proteins: SARS-CoV-2-2P omega B.1.1.529 S (B) MERS-CoV S (C) and 
SARS-CoV-2-6P omega B.1.1.529 S (D). 
 

Table 1.  NAb Binding Parameters 

SARS-CoV-2 Sa ka kd 
KD 

(nM)   SH-FC ka kd 
KD 

(nM) 

1249A8 1.62 x 105 5.31 x 10-4 3.28   1249A8 6.18 x 105 2.57 x 10-4 0.42 

S2P6 3.21 x 105 1.03 x 10-2 32.00   S2P6 4.63 x 105 3.57 x 10-4 0.77 

CV3-25 8.69 x 104 1.15 x 10-3 13.20   CV3-25 2.44 x 105 2.55 x 10-4 1.05 

CC40.8 1.46 x 105 9.73 x 10-4 6.69   CC40.8 3.90 x 105 3.06 x 10-4 0.78 

a, S binding data from reference 33. 
 

monomer (~10-fold, Table 1).   The higher binding affinity of the NAbs to the SH peptide may be 

at least partially due to avidity, as the SH peptide was expressed as an FC fusion protein.  In 

addition to affinity, SH epitope accessibility in S trimers could influence NAb binding and 

function.  To address this possibility, C1 and C2 NAb binding levels to various S proteins were 

determined (Fig. 2).  Proteins evaluated in the study included the SH peptide, trimeric SARS-

CoV-2 omicron VoC, expressed as a 2P or 6P stabilized S, and trimeric MERS-CoV S.  

Different omicron S proteins were evaluated since it has been reported that the 6P variant is 

more stable than the 2P form of S [44].   The resulting surface plasmon resonance (SPR) data 
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was consistent with previously determined affinity and specificity data of 1249A8, relative to 

other C1 and C2 NAbs.  Specifically, 1249A8 exhibited the highest binding levels to the SH 

peptide, SARS-CoV-2 omicron-2P S, and MERS-CoV S.  However, C2 NAb CV3-25 exhibited 

the highest binding to level to SARS-CoV-2-6P, while the three C1 NAbs all exhibited lower 

binding levels that were similar to each other.  This data is consistent with the surface 

accessibility of the CV3-25 epitope, relative to the C1 NAbs (Fig. 1b). 

 
 
1249A8/MERS-CoV SHp Interface 
 
The MERS SHp α-helix buries 614Å2 of accessible surface area into 1249A8, which is 

distributed between heavy (368 Å2) and light (246 Å2) chain CDRs. Hydrophobic residues F1231 

L1235, and F1239 bury the greatest amount of surface area into 1249A8 (Fig. 3, supplemental 

Fig. 1).   
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Figure 3. Details of the 1249A8/MERS-CoV SHp epitope.  (a) Surface representation of 
1249A8 with heavy and light chains colored as in Figure 1, with the MERS-CoV SHp shown in 
magenta.  Optimized views of the MERS-CoV SHp interacting with the 1249A8 heavy (b) and 
light (c) chains.  (d)  Superposition of SARS-CoV-2 SHp (7rnj) onto the MERS-CoV SHp.  The 
superimposed SHps are shown with the 1249A8 Fab surface showing that both SHps fit in the 
1249A8 binding pocket without steric clashes.   
 

Other SHp residues with hydrophobic and hydrophilic chemistries also bury significant amounts 

of surface area into 1249A8.  However, these residues remain partially accessible to the solvent 

to accommodate alternative amino acid residues found in other CoV SH regions.  A total of six 

hydrogen bonds are made between 1249A8 CDRs and the MERS-CoV SHp (Figs. 3b, c, Table 

2).  Four are with heavy chain residues and two are with the light chain.  Five of the six 

hydrogen bonds are formed with four N-terminal residues (1,231-1,234) of the epitope.  Thus, 

while the 1249A8 epitope consists of residues 1,231-1,239, critical 1249A8 binding contacts are  

Table 2.  Hydrogen bonds in the 1249A8 / MERS-CoV SHp complex 

  

Chain  # MERS SHp Atom Dist. [Å] 1249A8 Atom 

HC 1  PHE1231[ N    ]  2.80  SER 101[ O  ]  

HC 2 GLN1232[ N    ]  2.86  SER 101[ O  ]  

HC 3 GLN1232[ NE2]  2.71  ASP  31[ O  ]  

HC 4  ASP1236[ OD1]  2.50  TYR  33[ OH ] 

LC 5  GLU1234[ OE1]  2.45  SER  94[ OG ]  

LC 6  GLU1234[ OE2]  2.24  TYR  33[ OH ] 

 

 

concentrated into the four-residue segment, residues 1,231-1,234.  Two of the six hydrogen  

bonds are formed between the carbonyl oxygen of CDRH3 S101 and the backbone nitrogen 

atoms of SHp F1231 and Q1232.  To form these hydrogen bonds, CDRH3 is positioned 

beneath the N-terminal end of the helix, effectively “capping” the SHp.  While less pronounced, 

other C1 NAbs share a similar binding mode, suggesting C1 NAbs require the full length preF α-

helical SH to unwind and/or bend to allow NAb binding.  
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Molecular Basis for 1249A8’s Broad Specificity 
 
While all reported SH-targeting human NAbs bind to the SARS-CoV-2 SH, 1249A8 is the only 

NAb that also exhibits high affinity binding (KD = 0.58nM) to the MERS-CoV SH and 

neutralizing activity against MERS-CoV [33].  The six amino acid differences between the 

MERS-CoV and SARS-CoV-2 SH epitopes have limited impact on 1249A8 interactions because 

they are either fully (D1229S, D1233E, E1237K, V1242H), or partially (Q1232K and F1238Y), 

accessible to solvent when bound to 1249A8.  The QMERS-CoV1232KSARS-CoV-2 mutation is the only 

residue substitution that alters the hydrogen bonding found in the 1249A8-MERS-CoV SHp 

complex (Fig. 3d).  1249A8 CDRH1 accommodates both Q and K sidechains by forming a 

hydrogen bond between Q1232 and the mainchain carbonyl of D31, while SARS-CoV-2 K1149 

is positioned to interact with the negatively charged D31 sidechain (Fig. 3b).  In both cases, the 

common aliphatic regions of MERS-CoV Q1232 and SARS-CoV-2 K1149 sidechains bury 

significant amounts of surface area into the 1249A8 interface to maintain high affinity binding.  

In contrast to 1249A8, other C1 NAbs exhibit weak (S2P6, KD 8.5nM) or essentially no affinity 

(CV3-25 and CC40.8) for the MERS-CoV SH.  Analysis of modeled S2P6/MERS-CoV SH and 

CC40.8/MERS-CoV SH complexes show replacement of K1149 with Q induces steric clashes 

within the S2P6 and CC40.8 binding sites, consistent with their low or absent affinity for MERS-

CoV SH (Fig. 3d).  Q1232 cannot be responsible for CV3-25’s inability to bind to MERS-CoV 

SH, since the residue is not part of the binding epitope.   However, 12 additional SARS-CoV-2 

SH residues that form the CV3-25 binding epitope are different in the MERS-CoV SH (Fig. 1) 

and all could impact CV3-25/MERS-CoV SH interactions.  

 

1248A8 CDRH3 mimics the SARS-CoV-2 S 3-helix motif  
 
Based on the static preF SARS-CoV-2 S structure, optimal 1249A8 binding requires dissociation 

of trimeric S to remove Fab-S steric clashes and expose the 1249A8 epitope (Fig. 1b).  In 

addition to trimer dissociation, 1249A8 cannot bind efficiently to the full-length α-helical SH 
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(residues 1,141-1,161) due to steric clashes with CDRH3, which binds across the N-terminal 

end of SH residue F1148 (Fig. 3b).  Thus, optimal 1249A8 binding requires the preF SH to 

unwind. SH unwinding occurs naturally as S transitions from its preF to postF conformation (Fig. 

4a), changing from a 21-residue α-helix in preF S to a 7-residue core α-helix (core-SH, residues 

F1148-K1154) in the postF S (Figs. 1, 4b).  The core-SH is structurally conserved in preF and 

postF S conformations, exhibits high sequence conservation across CoV lineages, and contains 

the essential five 1249A8 binding residues required to form all six hydrogen bonds with 1249A8.  

This suggests 1249A8 is optimized to bind the postF SH.  Superposition of 1249A8-SHp 

complex onto the core-SH in the postF S (6xra) reveals CDRH3 mimics the loop structure  

(residues 743-749, CGDSTEC) found in the 3-helix region (residues 737-769) of the postF S, 

where D745 caps the N-termini of the SH (Fig. 4c).   
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Figure 4.  SARS-CoV-2 pre- and post-fusion structures and mimicry by 1249A8.  (a)  
Location of the SHps in the structures of the SARS-CoV-2 pre-fusion (6rx8+6lvn) and post-
fusion (6xra) S structures.  The location of 6HB1 and 6HB2 are shown on the post-fusion S. (b) 
Packing of the SHp (pink) with the 3-helix region (cyan) against the CH region. (c) 1249A8 
(yellow) mimics the SARS-CoV-2 S 3-helix region loop (residues 743-749), which caps the N-
terminal end of the post-SH core helix. (d) Distinct SH binding epitopes that target the N-
terminal of end of SH (1249A8) and the C-terminal end of SH (CV3-25). 

 

This data suggests 1249A8-mediated neutralization occurs by blocking 6HB1 assembly (Fig. 

4a), and ultimately disrupting formation of the postF S structure required for membrane fusion.  

All C1 NAbs bind the N-terminal end of the postF core-SH and are hypothesized to neutralize 

virus by sterically interfering with 6HB1 formation as described for 1249A8.  In contrast, C2 
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CV3-25 binds to the C-terminal end of the postF core SH on the accessible surface of the helix 

(Fig. 4d).  As a result, CV3-25 does not block the SH/3-helix interaction and makes only minor 

steric clashes to prevent core-SH packing with CH/HR1 to form the 6HB1.  In comparison to C1 

NAbs, CV3-25 would be predicted to have limited ability to disrupt the formation of the postF S, 

if steric disruption of 6HB1 formation was the only mechanism used by SH-targeting NAbs.   

 

1249A8 disrupts post-fusion SH secondary structure 
 
The SARS-CoV-2 SH makes an extensive transition from a preF 21-residue helix to a postF 

extended structure that retains a 7-residue α-helical core-SH, which changes the length of SH 

by 16Å (Fig. 5).   

Figure 5.  1249A8 locks SH in a pre-fusion α-helical conformation.  (a) Ribbon diagram with 
pre- and post-fusion SH regions (residues 1139-1162) from pdbids 6xr8 and 6xra superimposed 
onto the 1249A8 binding epitope (SARS-CoV-2 SH residues 1147-1158, red).  Boxed residues 
highlight the residues mimicking the post-fusion core α-helix (1147-1154) and the end of the 
epitope (1158). (b)  Superposition of (a) is shown in the context of the 1249A8 Nab surface, 
which shows 1249A8 cannot bind to the full-length pre-fusion α-helix and how 1249A8 disrupts 
the secondary structure of the post-fusion SH, locking it into the pre-fusion conformation.  
 

1249A8 binding disrupts this SH transition by locking the SH in a pre-fusion α-helical 

conformation.  1249A8 forms all hydrogen bonds with the naturally occurring postF core-SH 

(F1148-K1154).  However, the remainder of the 1249A8 epitope (Y1155-N1159) retains an α-
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helical conformation observed in the preF SH, while the same residues in postF SH adopt an 

extended conformation required for proper postF S refolding (Fig. 5b).  Thus, 1249A8 binding 

disrupts SH secondary structure transitions required for SH and HR2 regions to properly pack 

against HR1 (Figs. 4,5).  Thus, 1249A8 is predicted to disrupt postF S 6HB1 and 6HB2 

formation using steric and disrupted SH secondary structure mechanisms.  All SH-targeting 

NAbs are expected to neutralize CoVs using similar mechanisms. 

 
DISCUSION 
 
 
Given the likelihood of future pandemics, including those caused by CoV, there is a great need 

to develop BNMAbs against current and future CoV lineages and optimal vaccines that elicit 

them.  1249A8 is a human BNMAb that targets the SH region of S and neutralizes β-CoV from 

two lineages (B SARS-CoV-1 and SARS-CoV-2, including VoC, and C MERS-CoV), extending 

the breadth of protection realized with current human BNMAb therapies [33].   While 1249A8 is 

the only human SH-specific BNMAb that neutralizes MERS-CoV, murine-derived SH-targeting 

NAbs (1.6C7, 28D9, Fab22, B6) with activity against MERS-CoV have been isolated [45-47].  

The murine NAbs were generated by immunizations with full-length preF S, or stabilized preF 

S2, and not SH peptides, further establishing the immunodominance of β-CoV SH region in 

mice and humans [48, 49].  Overall, the data suggests SH is an important target for the 

development of broad specificity NAbs and a target for vaccine optimization. 

 

It has been difficult to rationalize the proposed neutralization mechanisms of SH-targeting NAbs 

with their binding and structural attributes.  For example, structural studies demonstrate the 

murine NAbs, Fab22 and B6, target a similar buried hydrophobic MER-CoV SH epitope as 

1249A8 (e.g. C1 NAbs).  However, Fab22 and B6 neutralize MERS-CoV pseudo-typed (PT) 

virus but cannot neutralize SARS-CoV or SARS-CoV-2 PT viruses [45, 46].  In contrast, 1249A8 

neutralizes all three of the live viruses [33].  Both 1249A8 and B6 bind in the nanomolar range to 
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SARS-CoV and SARS-CoV-2 S proteins, suggesting low S binding affinity is not responsible for 

B6’s inability to neutralize B-lineage viruses.  In addition, SARS-CoV-2 PT virus neutralization 

assays were performed with B6 concentrations as high as 1mg/mL [45], a concentration 

>6,500x higher than B6’s KD for B-lineage virus S proteins, yet no neutralizing activity was 

observed [45].    

 

How does one reconcile the apparent high NAb binding affinity for S proteins and peptides in 

vitro, with the inability to neutralize select CoV?  We suggest that despite generally similar 

membrane fusion strategies, CoV S protein fusion mechanisms are unique amongst different 

CoV lineages.  As a result, different viruses are more, or less, sensitive to different NAb 

neutralization mechanisms.   For example, MERS-CoV is inhibited by C1 human (1249A8) and 

murine (B6, Fab22) NAbs that exhibit binding specificity for the MERS-CoV SH.  These three 

NAbs all sterically disrupt 6HB1 formation and bind in similar orientations on the SH.  However, 

analysis of the murine B6-SHp structures shows B6 does not lock the SARS-CoV-2 SH into a 

pre-fusion SH conformation.  Thus, B6 is not expected to disrupt SH secondary structural 

changes required for SARS-CoV-2 S to transition from its PreF to PostF conformation, providing 

a possible explanation for B6’s inability to block SARS-CoV-2 PT viral infections.  Thus, 1249A8 

is unique in its ability to neutralize MERS-CoV, SARS-CoV, and SARS-CoV-2 through both 

steric and secondary structural disruption of S required for membrane fusion.  

 

Although the SHp is small linear epitope, our study suggests SH-targeting NAbs may neutralize 

distinct CoV lineages using different molecular mechanisms.  This idea has implications for 

immunization strategies that seek to induce BNAbs against multiple CoV.  At least in mice, 

immunization with MERS-CoV S and SARS-CoV-2 S did not result in NAbs that neutralize both 

viruses [45, 46].  It remains unclear if this was due to the murine immune repertoire, the S 

antigens used in the vaccination experiments, the dosing regimens, or other unknown factors.  
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In humans, the history of endemic viral infections and their relationship to BNAb generation 

remains poorly characterized.  Overall, our work suggests additional studies are required to 

define optimal vaccine strategies that induce BNMAbs against different CoV lineages, including 

those targeted by 1249A8. 

 

 
Methods 
 
Protein Expression and Fab generation 
 
1249A8 NAb was expressed in Expi293 cells (Thermo Fisher, GIBCO) using manufacturer’s 

instructions and purified from the culture media using protein A affinity chromatography using 

MAbs select protein A resin (Cytiva).  Fab was generated by papain (Sigma) digestion of 

1249A8.  Following digestion, the Fc was removed from the reaction using protein A resin.  

1249A8 Fab was further purified by gel filtration chromatography.  Purified 1249A8 Fab was 

incubated with a 5x molar excess of MERS-CoV SHp residues 1223-1245 for 30 minutes and 

the complex was concentrated to 10mg/mL for crystallization. 

SPR   

SPR experiments were performed on a Biacore T200 (Cytiva) at 25°C using a running buffer 

consisting of 10mM HEPES, 150mM NaCl, 0.0075% P20.  Binding studies were performed by 

capturing the hmAbs to the chip surface of CM-5 chips using a human antibody capture kit 

(cytiva). Kinetic binding parameters were derived by SPR using previously described SH-FC 

consisting of SH residues 1131-1171 [33]. SH-FC was injected over NAbs at four concentrations 

(25 nM, 6.125 nM, 1.56 nM, and 0.391 nM) with a contact time of 240 seconds and a 300 

second dissociation time.  All SPR experiments were double referenced (e.g., sensorgram data 

was subtracted from a control surface and from a buffer blank injection).  The control surface for 

all experiments consisted of the capture antibody.  Sensorgrams were globally fit to a 1:1 model, 

without a bulk shift correction, using Biacore T-200 evaluation software version 1.0.  Fractional 

binding of SH-FC and CoV S proteins to NAbs was performed using the same injection 
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parameters as for the kinetic experiments.  Experiments were repeated at 25C, 30C, and 37C 

and due to minimal differences, analyzed as 3 replicates.  S binding levels in RU, were 

converted to a fractional Rmax value by dividing RUobs by RUmax, where RUmax = NAb 

captured (RU) * [MW of S or SH-FC / 150,000], where the MW of all trimeric S proteins was 

fixed at 525,000 and the MW of SH-FC was 54,000.  S proteins used in the study were SARS-

CoV-2 S GCN4-IZ-2P (10561-CV, R&D Systems), SARS-CoV-2 B.1.1.529 S GCN4-IZ-2P 

(11061-CV, R&D Systems), MERS-CoV S GCN4-IZ-2P (R&D Systems), and SARS-CoV-2 

B1.1.529 S (40589-V08H26, Sino Biological).   

 
Crystallization and Structure Determination 
 

Crystals of the 1249A8 Fab / MERS-CoV SHp complex (in 20 mM NaPO4, pH 7,4, 100 mM 

NaCL, 10 mg/mL), were obtained from sitting drop vapor diffusion experiments, performed at 

20C.  All crystallization screens were performed using a Mosquito robot (SPT Labtech).  

Crystals were obtained in 200 nL drops consisting of 100 nL of complex with 100 nL well 

solution consisting of 0.2 M MgCl2•6H2O, 0.1M Tris, pH 8.5, 20% PEG-8000.  Crystals, 

measuring 50 µm in each direction, were flash frozen in 25% glycerol 150 mM MgCl2•6H2O, 75 

mM Tris, pH 8.5, 15% PEG-8000.  Data were collected at the SER-CAT beamline 22-ID, 

Argonne National lab.  The data were indexed, integrated, and scaled at 2.1Å resolution using 

DIALS [50], in the CCP4 package [51].  The structure was solved by molecular replacement 

using a model of 1249A8 Fab in Phenix.  Model building was initially performed with ArpWarp 

[52, 53] and final modeling building and refinement was performed using Coot [54] and Phenix 

[55], respectively.   
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Data Availability 
 
Data and materials used and/or analyzed in this study are available from the corresponding 
author on reasonable request. 
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