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ABSTRACT 25 

The recently discovered Middle East Respiratory Syndrome Coronavirus (MERS-CoV) 26 

continues to infect humans with high mortality. Specific, highly effective therapeutics and 27 

vaccines against the MERS-CoV are urgently needed to save human lives and address the 28 

pandemic concerns. We identified three human monoclonal antibodies (mAbs), m336, m337 and 29 

m338, targeting the receptor (CD26/DPP4) binding domain (RBD) of the MERS-CoV spike 30 

glycoprotein from a very large naive antibody library (size ~ 1011). They bound with high 31 

affinity – equilibrium dissociation constants equal to 4.2, 9.3 and 15 nM, respectively, as 32 

measured by Biacore for Fabs binding to RBD. The avidity for IgG1 m336, m337 and m338 was 33 

even higher – 99, 820 and 560 pM, respectively. The antibodies bound to overlapping epitopes 34 

which overlap with the receptor binding site on the RBD as suggested by competition 35 

experiments and further supported by site-directed mutagenesis of the RBD and a docking model 36 

of the m336-RBD complex. The highest affinity mAb, m336, neutralized both pseudotyped and 37 

live MERS-CoV with exceptional potency: 50% neutralization at 0.005 and 0.07 µg/ml, 38 

respectively, likely by competing with DPP4 for binding to the S glycoprotein. The exceptionally 39 

high neutralization activity of these antibodies and especially m336 suggests that they have great 40 

potential for prophylaxis and therapy of MERS-CoV infection in humans and as a tool for 41 

development of vaccine immunogens. The rapid (several weeks) identification of potent mAbs 42 

suggests a possibility to use the new large antibody library and related methodology for quick 43 

response to public threat resulting from emerging coronaviruses. 44 

 45 

 46 

 47 



 

IMPORTANCE 48 

A novel human coronavirus, the Middle East Respiratory Syndrome Coronavirus (MERS-CoV) 49 

was found to infect humans with a high mortality rate in 2012, just a decade after the appearance 50 

of the first highly pathogenic coronavirus, SARS-CoV. There are no effective therapeutics 51 

available. It is highly desirable to find an approach for rapidly developing potent therapeutics 52 

against MERS-CoV, which can not only be implemented for MERS treatment, but can also help 53 

to develop a platform strategy to combat future emerging coronaviruses. We report here the 54 

identification of human monoclonal antibodies (mAbs) from a large non-immunized antibody 55 

library that target the MERS-CoV. One of the antibodies, m336, neutralized the virus with 56 

exceptional potency. It therefore may have great potential as a candidate therapeutic and as a 57 

reagent to facilitate the development of vaccines against MERS-CoV. 58 

 59 
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INTRODUCTION 71 

In September 2012, a novel human coronavirus, the Middle East Respiratory Syndrome 72 

Coronavirus (MERS-CoV), was isolated from a Saudi Arabian patient suffering from severe 73 

pneumonia who later died of respiratory and renal failure (1). Following that, a cluster of 23 74 

laboratory-confirmed cases of MERS-CoV infections were identified between April 1 and May 75 

23, 2301 and investigated including full-genome sequencing of MERS-CoV from four patients 76 

(2). As of March 27, 2014, 206 infections, including 86 deaths, had been reported 77 

(http://www.who.int/csr/don/2014_03_27_mers). Although past outbreaks have been contained, 78 

more clusters and sporadic cases have originated from multiple sources, indicating a natural 79 

animal reservoir and the potential for future outbreaks (3-5). It is also notable that the clinical, 80 

epidemiological, and virological features of MERS-CoV are similar to that of the severe acute 81 

respiratory syndrome coronavirus (SARS-CoV), which is the first highly pathogenic coronavirus  82 

appeared about a decade ago and caused a global pandemic with more than 800 deaths 83 

worldwide within a few months. A number of new coronaviruses have been identified since the 84 

outbreak of SARS, and accumulating evidences indicate that coronaviruses are able to rapidly 85 

and stably adapt to new host species (6). These findings indicate that SARS-CoV and MERS-86 

CoV-like novel coronaviruses are highly likely to continue to emerge and pose a serious threat to 87 

human health in the near future.    88 

There are currently no effective therapies against MERS-CoV. Recently, a study reported 89 

that rhesus macaques treated with IFN-α2b and ribavirin, which does not directly target the virus 90 

but reduces damaging inflammation of the lung, exhibited reduced MERS-CoV replication and 91 

an improved clinical outcome (7). However, the treatment was initiated soon (8 hours) after 92 

challenge and the disease in the macaques was at best mild to moderate in severity, so whether 93 



 

the drug cocktail would work when faced with severe human disease, which may take longer to 94 

develop, remains unclear. Broad-spectrum antivirals have not proven to be effective in the clinic, 95 

and in fact there are currently no approved antiviral treatments for any human coronavirus 96 

infections. Thus, it is urgent to find an approach to rapidly develop potent therapeutics against 97 

MERS-CoV, which can not only be implemented for the treatment of MERS, but can also help to 98 

develop a platform strategy against emerging coronaviruses in the future. 99 

Monoclonal antibodies (mAbs) are enjoying significant success in the clinic and have 100 

been used for the effective treatment of a number of diseases, in particular, cancer and immune 101 

disorders (8-11). Although more than 40 mAbs have been approved for clinical use, the 102 

humanized mAb Synagis (palivizumab) (12) remains the only mAb approved by the FDA for use 103 

against a viral disease. However, an increasing number of mAbs against emerging viruses, as 104 

well as against HIV-1 and other viruses, have been developed. Some of these mAbs are 105 

promising candidate therapeutics and some were used on compassionate basis for prophylaxis of 106 

humans exposed to virus (13-15). 107 

We previously developed an mAb, m102.4 against the emerging viruses Hendra (HeV) 108 

and Nipah (NiV) which was administered on a compassionate basis to humans exposed to HeV 109 

based on its efficacy in vitro and in animals (16-19). We have also discovered mAbs against 110 

SARS-CoV which exhibited potent neutralization of SARS-CoV isolates (20). In this study, we 111 

constructed a novel very large (size ~ 1011) IgM library by using B cells from the blood of 40 112 

healthy donors in order to enhance selection of high-affinity antibodies with minimal divergence 113 

from their germline predecessors, and engineered a fragment containing the MERS-CoV S 114 

protein receptor binding domain (RBD), which is a major MERS-CoV neutralization 115 

determinant. This RBD was used as a selecting antigen for panning of the library. A panel of 116 



 

antibodies were identified and characterized. Here we present evidence that three of these 117 

antibodies have exceptionally potent neutralization activity against MERS-CoV. These 118 

antibodies could be useful for prophylaxis of MERS and treatment of MERS-CoV infected 119 

patients and as reagents to facilitate development of therapeutics and vaccines as well as to help 120 

understand their mechanisms of action.  121 

 122 

MATERIALS AND METHODS 123 

Generation, Expression and Characterization of MERS-CoV RBD, RBD Mutants and 124 

Truncated S Proteins. The MERS-CoV S gene segments were synthesized by Genscript 125 

(Piscataway, NJ). The plasmid encoding residues 360-601 fused with Avi-tag was transfected 126 

into 293 Freestyle cells (Invitrogen) for transient expression and used for biopanning. Plasmids 127 

encoding residues 18-725, 18-353, 358-588, 377-588, 377-662, 726-1295 fused with the Fc 128 

fragment of IgG1 were also transfected into 293T cells (ATCC). Point mutations were generated 129 

at specific residues of the MERS-CoV RBD (residues 377-588) using QuikChange II XL site-130 

directed mutagenesis kit (Stratagene). The RBD protein and its mutants were expressed and 131 

analyzed as described previously (21).  132 

 133 

Generation of a large Phage-displayed IgM Fab Library, and Selection, Expression, 134 

and Purification of the RBD-specific Fabs and Conversion to IgG1s. A large phage display 135 

library was constructed by using PBMC cDNA from 40 healthy volunteers as templates for 136 

cloning the expressed antibody gene repertoire. The library was panned using MERS-CoV RBD 137 

(residues 360-601) conjugated to magnetic beads (Invitrogen). Amplified libraries of 1012 phage-138 

displayed Fabs were incubated with 5, 3, 3 and 1 μg of RBD for 2 h at room temperature during 139 



 

the first, second, third and fourth rounds of biopanning, respectively. Clones that bound to RBD 140 

were identified from the third and fourth rounds of panning by using monoclonal phage ELISA. 141 

The VH and VL domains of these clones were sequenced, and twelve dominant clones were 142 

identified. For conversion to IgG1, the heavy and light chains of Fabs m336, m337 and m338 143 

were amplified and re-cloned into the pDR12 vector (provided by D. Burton, Scripps Research 144 

Institute, La Jolla, CA). Both Fabs and IgG1s were expressed and purified. Protein purity was 145 

estimated as >95% by SDS-PAGE and protein concentration was measured 146 

spectrophotometrically (NanoVue, GE Healthcare). 147 

 148 

ELISA. The MERS-CoV RBD (residues 360-601) protein was coated on a 96-well plate 149 

(Costar) at 50 ng/well in PBS overnight at 4oC. For phage ELISA, phage from each round of 150 

panning (polyclonal phage ELISA) or clones randomly picked from the infected TG1 cells 151 

(monoclonal phage ELISA) were incubated with immobilized antigen. Bound phage were 152 

detected with anti-M13-HRP polyclonal Ab (Pharmacia, Piscataway, NJ). For the soluble Fab 153 

binding assay, HRP-conjugated mouse anti-FLAG tag Ab (Sigma-Aldrich) was used to detect 154 

Fab binding. For the IgG1 binding assay, HRP-conjugated goat anti-human IgG Ab (Sigma-155 

Aldrich) was used for detection. For the competition ELISA, 20 nM of Fabs were incubated with 156 

serially diluted IgG1s, and the mixtures were added to RBD-coated wells. After washing, bound 157 

Fabs were detected by HRP-conjugated mouse anti-FLAG tag Ab (Sigma-Aldrich). For 158 

inhibition of MERS-CoV RBD binding to DPP4, recombinant soluble DPP4 was coated on plate. 159 

The MERS-CoV RBD (residues 377-588)-Fc fusion protein was incubated with serially diluted 160 

m336, m337 or m338, and the mixtures were added to DPP4-coated wells. After washing, bound 161 



 

RBD-Fc fusion protein was detected by HRP-conjugated goat anti-human IgG Ab (Sigma-162 

Aldrich). 163 

 164 

Surface Plasmon Resonance. Binding of Fabs and IgG1s to the RBD was assayed using 165 

a BiacoreX100 instrument. Purified RBD was diluted in 10 mM sodium acetate buffer, pH 5.0, 166 

and immobilized on a CM5 sensor chip with an amine coupling kit. The reference flow cell was 167 

treated with the amine coupling reagent without exposure to the RBD. The running buffer was 168 

HBS-EP (10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.05% surfactant P20). The 169 

chip was regenerated with 10 mM glycine pH 2.5, and 1 M NaCl. The sensorgram was analyzed 170 

with BiaEvaluation software, and data were fitted to a 1:1 binding model. 171 

 172 

MERS-CoV Pseudovirus Neutralization Assay. MERS pseudovirus bearing MERS-173 

CoV S protein and a defective HIV-1 genome that expresses luciferase as reporter was prepared 174 

by co-transfecting 293T cells with the plasmid pNL4-3.luc.RE (encoding Env-defective, 175 

luciferase-expressing HIV-1) and pcDNA3.1-MERS-CoV-S plasmid. To detect the inhibitory 176 

activity of mAbs on infection by MERS pseudovirus, DPP4-expressing Huh-7 cells (104/well in 177 

96-well plates) were infected with MERS-CoV pseudovirus in the presence or absence of RBD-178 

specific mAbs m336, m337 and m338 at indicated concentrations. The culture was re-fed with 179 

fresh medium 12 h post-infection and incubated for an additional 72 h. Cells were washed with 180 

PBS and lysed using lysis reagent included in a luciferase kit (Promega). Aliquots of cell lysates 181 

were transferred to 96-well flat-bottom luminometer plates (Costar), followed by addition of 182 

luciferase substrate (Promega). Relative light units were determined immediately using the Ultra 183 

384 luminometer (Tecan USA). 184 



 

 185 

MERS-CoV Neutralization Assay. A clinical isolate of MERS-CoV was kindly 186 

provided by R. Fouchier, A. Zaki, and colleagues. The isolate was cultured in Vero cells with 187 

DMEM medium at 37°C. Two or 3 days after virus inoculation, culture supernatants were 188 

collected. Serial two-fold diluted mAbs m336, m337 and m338 were prepared in duplicate in a 189 

96-well tissue culture plate in MEM medium supplemented with 1% FCS. An equal volume of 190 

MERS-CoV working stock containing 200 TCID50 was added, and the antibody-virus mixture 191 

was incubated for 2 h at 37oC. Antibody-virus mixtures were added into a 96-well microtitre 192 

plate (Costar) containing equal volume of confluent Vero cells. After incubation at 37oC for 3 193 

days, the plate was observed for cytopathic effect.  194 

 195 

Molecular Modeling and Docking. The prediction of immunoglobulin structures (PIGS) 196 

server (22) was used for automated construction of the three-dimensional (3D) structures of Fv 197 

regions of mAbs m336, m337 and m338, using a canonical structure based approach for CDRs, 198 

L1-L3, H1 and H2, and grafting of the HCDR3s from known structures. Different criteria for 199 

light/heavy chain template selection such as “Same Antibody” and “Best H and L chains” were 200 

explored. The conformations of side chains were maintained as long as those residues were 201 

conserved between the target and the template while side chains from other residues were 202 

modeled using SCWRL 3.0 as implemented. Finally, the 3D models of mAbs from Fv m336, 203 

m337 and m338 were selected without any steric clashes at the VH/VL interface. The ZDOCK 204 

3.0.2 program (23) was employed to dock the mAbs onto the MERS-CoV RBD for which a 205 

crystal structure is available. The docking output was filtered by selecting at least one potential 206 

contacting residue on the RBD, for example D539 in RBD, and a residue from the center of the 207 



 

antigen combining site of mAbs, an Arg residue in the torso region of HCDR3 of m336.  The top 208 

10 MERS-CoV RBD docked complexes among the predictions were visually scrutinized. 209 

Docked models with the most compatibility to general aspects of antibody-antigen structural 210 

features such as hydrogen bonds, salt bridges and other interactions at the interface without any 211 

highly unusual features or clashes were selected.  212 

 213 

RESULTS 214 

Selection of high-affinity Fabs to the MERS-CoV RBD from a very large naïve human 215 

phage displayed antibody library. To select high-affinity antibodies without additional 216 

maturation we constructed a very large (size ~ 1011) phage-displayed antibody Fab library made 217 

by using B cells from the blood of 40 healthy donors. Preliminary characterization of this library 218 

indicated very high diversity demonstrated also by identification of high-affinity binders towards 219 

various viral and cancer-related antigens. This library was panned against recombinant MERS-220 

CoV RBD developed in our laboratory (FIG 1). Panning resulted in significant enrichment after 221 

3-4 rounds. Screening against the same protein led to the identification of a panel of 12 Fabs 222 

which bound with varying affinities to the RBD as demonstrated by ELISA and Biacore (FIG 1, 223 

2). Three Fabs designated as m336,7,8 had the lowest concentrations of 50% binding (EC50s). 224 

Interestingly, we found that all three mAbs emerged from the common germline VH gene 1-69 225 

(Table 1). 226 

 227 

Generation of full-size antibodies in IgG1 format and their binding to the RBD. The 228 

Fabs m336,7,8 were selected for further characterization and converted to an IgG1 format. The 229 

mAbs bound with high (pM) avidity (Kd 9.94 × 10-11 to 8.23 × 10-10 M) to RBD as measured by 230 



 

Biacore (Table 1) but the negative control IgG1, m610.27, which has the same constant domains 231 

as m336,7,8 did not (data not shown). Their high affinity/avidity and specificity suggest 232 

potential use as research reagents for exploring mechanisms of viral entry and for diagnosis of 233 

MERS-CoV infections. 234 

 235 

Neutralization of MERS-CoV infection by RBD-specific mAbs. The neutralization 236 

activity of IgG1s m336, m337 and m338 against MERS-CoV were first evaluated by using a 237 

pseudovirus system. Single-round HIV luciferase reporter viruses pseudotyped with MERS-CoV 238 

S protein were tested for neutralization sensitivity against increasing concentration of mAbs. As 239 

shown in FIG 3A, all three RBD-specific mAbs exhibited exceptionally potent 240 

neutralizationactivity with 50% inhibitory concentration (IC50) ranging from 0.005 to 0.017 241 

µg/mL. Notably, the most potent mAb, m336, inhibited >90% MERS-CoV pseudovirus infection 242 

at a concentration of 0.039 µg/mL, while the negative control IgG1 m610.27 was unable to 243 

inhibit the infection (data not shown). 244 

We next tested the neutralization activity of the mAbs with live MERS-CoV virus (FIG 245 

3B). Similarly, m336 showed the most potent neutralization activity with IC95 of 1 µg/ml and 246 

IC50 of 0.07 µg/ml. To our knowledge these are the first fully human mAbs known to neutralize 247 

both pseudotyped and live MERS-CoV with such high potency. 248 

 249 

RBD-specific mAbs competed with the MERS-CoV receptor DPP4 for binding to 250 

the virus. We used several S1 fragments, a soluble DPP4 (sDPP4), alanine mutagenesis and 251 



 

molecular modeling to define the epitopes of the antibodies and elucidate the mechanism of 252 

neutralization.  253 

MERS-CoV S fragments S18-725, S18-353, S358-588, S377-588, S377-662, S726-1295 254 

fused with the Fc fragment of IgG1 were generated (FIG 4A). As shown in FIG 4B-D, m336, 255 

m337 and m338 bound potently to fragments containing the RBD (S18-725-Fc, S358-588-Fc, 256 

S377-588-Fc, and S377-662-Fc), but not to fragments lacking the RBD (S726-1295-Fc and S18-257 

353-Fc). These data confirm that the binding sites of these mAbs are within the MERS-CoV 258 

RBD and, specifically, in the residues 377-588 region.  259 

We next evaluated whether mAbs m336, m337 and m338 were capable of inhibiting the 260 

binding of MERS-CoV RBD to the receptor DPP4. We first confirmed that the three mAbs 261 

competed with each other for binding to the MERS-CoV S1 glycoprotein (FIG 5A). 262 

Furthermore, as shown in FIG 5B, all the IgG1s potently inhibited the binding of RBD to the 263 

soluble DPP4 receptor. Consistent with the neutralization results, m336 IgG1 was slightly more 264 

potent that m337 and m338 in blocking the binding of RBD to the receptor. The 50% inhibitory 265 

concentration (IC50) of m336, m337 and m338 were 0.034, 0.044 and 0.041 µg/mL, respectively. 266 

Taken together, these results suggest that the mAbs neutralize the virus by competing with the 267 

receptor for binding to the RBD and have overlapping epitopes.  268 

To further localize the mAbs epitopes, a panel of RBD alanine-scanning mutants was 269 

developed guided by structural information available for the RBD. Binding of mAbs to the 270 

mutants were measured by ELISA (FIG 6). Binding of m336 to RBD with mutated residues 271 

L506A, D510A, E536A, D539A, W553A, and V555A was considerably reduced, as was binding 272 

of m337 to mutants L506A, D510A, E553A, and V555A, and m338 to mutants D510A and 273 

W553A. These results indicate that the three RBD-specific mAbs possess overlapping but 274 



 

distinct epitopes. In addition, the most potent mAb, m336, uniquely lost binding to the 275 

E536/D539 mutant, indicating that these RBD residues are crucial for interactions with m336 276 

and could be part of a promising template for the development of vaccine immunogens. In 277 

contrast, residues D510 and W553 appear to be important for RBD binding to all three mAbs. 278 

 279 

Molecular modeling of RBD-specific mAbs and docking with the MERS-CoV RBD. 280 

We used the mutagenesis data and the RBD crystal structure (24, 25) to build docking models 281 

(FIG 7). Both the Fv regions of light and heavy chains of mAbs, m336, m337 and m338, were 282 

modeled using the best matches with highest sequence identities of known templates from 283 

different structures. All the CDRs except the HCDR3 were modeled based on canonical 284 

conformations defined for those particular canonical structure classes. Although there are such 285 

no canonical structures for HCDR3, HCDR3 of RBD-specific mAbs were grafted from 286 

structurally known antibodies with the same HCDR3 lengths. This combined approach resulted 287 

in the 3D models of RBD-specific mAbs as shown in FIG 7A-C. In the case of m336, the 288 

HCDR3 template (PDB code: 3EYF) also had a centrally located cysteine residues that form 289 

disulfide bond which could be used to stabilize the conformation of HCDR3 with a length of 18 290 

amino acids in m336. The other two mAbs, m337 and m338, had multiple tyrosine residues 291 

within the HCDR3s that might be of structural significance as well as active antigen recognition 292 

sites. For docking simulations, at least one of the HCDR3 residues well solvent-exposed and 293 

located at the middle of the antigen combining site was considered as a contacting residue in 294 

m336. Similarly, one of the most prominent residues identified from the site-directed 295 

mutagenesis experiment as well as located at the RBD surface was considered as a contacting 296 

residue in the MERS-CoV RBD. The similar docking constraints for m337 and m338 helped in 297 



 

selecting the docked complexes that might predict potential binding residues at the interface of 298 

MERS-CoV RBD-mAbs complexes (Table 2). The known crystal structure of MERS-CoV RBD 299 

bound to DPP4 (24, 25) was superimposed to each of three mAbs by aligning the RDB region as 300 

shown in FIG 7D. These results indicated a possible dominant role of the heavy chain in the 301 

mAb paratopes and putative epitope forming RBD residues (Table 2), showing the overlap 302 

between the mAb epitopes and the receptor binding site (FIG 7D) and molecular details of the 303 

mAb-RBD interactions which may have implications for design of vaccine immunogens and 304 

small molecule drugs.  305 

 306 
 307 
DISCUSSION 308 
 309 
The major results of this study are the identification and characterization of novel human mAbs 310 

against the recently emerged MERS-CoV which bind to the MERS-CoV RBD with very high 311 

affinity (pM) and inhibit infection with exceptional potency. We attempted to test the antibody 312 

inhibitory activity in mice but the level of virus was very low likely due to the inefficient or 313 

lacking virus entry mediated by the mouse DPP4 (26). Therefore, a better model should be used 314 

to evaluate the antibody potency in vivo. Interestingly, the IGHV genes of m336,7,8 originated 315 

from IGVH1-69. It is noted that the IGHV1-69 gene is also preferentially utilized by other anti-316 

viral antibodies including HIV-1 (27), influenza (28) and hepatitis C virus (29).  317 

We found that that the three mAbs compete with each other and with the receptor DPP4 318 

for binding to the S glycoprotein, suggesting a competitive mechanism of virus neutralization. 319 

Several other mAbs against emerging viruses including SARS-CoV and henipaviruses have been 320 

previously identified which exhibited high potency in vitro and in animal models of infection 321 

(18-20), and used in humans exposed to Hendra virus (30). Because they competed with the 322 



 

receptors and some bound to the receptor binding site (RBS) they were highly cross-reactive. For 323 

example, m102.4 inhibited both Hendra and Nipah viruses which use the same receptor for entry 324 

into cells. Therefore, one can expect that the newly identified antibodies will be effective against 325 

many if not all MERS-CoV isolates. We analyzed the sequences of a total of 11 MERS-CoV 326 

strains, and found that overall their sequences are highly conserved. Only 5 residues out of the 327 

MERS-CoV S1 glycoprotein (725 residues in length) and only one in the RBD region contained 328 

any variation at all. In addition, one could expect that emergence of resistant viruses if any will 329 

exert a toll on the virus fitness because the mutant virus may have lower affinity for the receptor. 330 

However, further experiments to test the m336 against different isolates as well against 331 

emergence of resistant mutants are needed to confirm this possibility.  332 

These newly identified mAbs are promising candidate therapeutics against the MERS-333 

CoV because of their exceptionally high neutralization activity which could accelerate their 334 

further development for prophylaxis and therapy of MERS-CoV infection in humans. We also 335 

expect their uses as a reagent to facilitate the development of highly immunogenic vaccines 336 

against MERS-CoV. We have found that significant neutralizing antibody responses could be 337 

induced by immunizing BALB/c mice with purified MERS-CoV RBD protein (31). Taken 338 

together, these results suggesting that RBD, especially the epitopes that targeted by these 339 

exceptionally potent RBD-specific mAbs, has great potential to be developed as a highly 340 

effective MERS-CoV vaccine. Additionally, the rapid (several weeks) identification of three 341 

potent mAbs described in this work suggests a possibility to use the large non-immune antibody 342 

library and related methodology for quick response to public threat resulting from emerging 343 

SARS-like or MERS-like coronaviruses, which are highly likely to continue to emerge and pose 344 

a serious threat to human health in the near future. MERS CoV continues to cause major illness 345 



 

and even has killed a number of people in close contacts of patients as have been reported (2, 32). 346 

These mAbs may help treat patients in similar situations and can be life-saving intervention for 347 

those who have been infected and at the risk of MERS CoV infections. 348 

 349 
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FIGURE LEGENDS 472 
 473 
 474 
FIG 1 (A) Schematic structure of MERS-CoV S subunit and RBD(360-601)-avi tag. SP: signal 475 
peptide. RBD(360-601)-avi tag was constructed by fusing MERS-CoV residues 360-601 of S1 476 
with Avi-tag. (B) Polyclonal phage ELISA showing the binding of the first to fourth rounds of 477 
phage to RBD. Bound phage were detected with anti-M13-HRP polyclonal Ab. (C) Binding of 478 
m331 to m342 Fabs to RBD. HRP-conjugated mouse anti-FLAG tag Ab was used to detect Fab 479 
binding.   480 
 481 
FIG 2 Binding of Fabs m336, m337 and m338 to MERS-CoV RBD measured by BIAcore. RBD 482 
was immobilized on a CM5 chip. The analytes consisted of serial dilution of proteins between 483 
0.5 µM and 0.8 nM. The chip was regenerated with 10 mM glycine pH 2.5, 1 M NaCl. 484 
 485 
FIG 3 Potent in vitro neutralization of MERS-CoV by RBD-specific mAbs. (A) Neutralization 486 
of viruses pseudotyped with the MERS-CoV S glycoprotein. Pseudotyped virus was incubated 487 
with IgG1s before infection of DPP4-expressing Huh-7 cells. Luciferase activities were 488 
measured and percent neutralization was calculated. (B). Neutralization of live virus. MERS-489 
CoV was incubated with IgG1s before infection of Vero cells. Cytopathic effects were measured 490 
and percent neutralization was calculated. 491 
 492 
FIG 4 Binding of Fabs to different MERS-CoV S segments. (A) Schematic structure of MERS-493 
CoV S subunits S18-725, S18-353, S358-588, S377-588, S377-662, S726-1295 fused with the 494 
Fc fragment of IgG1. m336 (B), m337 (C) and m338 (D) bound to S18-725-Fc, S358-588-Fc, 495 
S377-588-Fc, S377-662-Fc, but not to S726-1295-Fc, S18-353-Fc. 496 
 497 
FIG 5 mAbs competed with the MERS-CoV receptor DPP4 for binding to RBD. (A) m336,7,8 498 
competed with each other for binding to the MERS-CoV RBD. Fabs were incubated with serially 499 
diluted IgG1s, and the mixtures were added to RBD-coated wells. After washing, bound Fabs 500 
were detected by HRP-conjugated mouse anti-FLAG tag Ab. (B) The MERS-CoV RBD-Fc 501 
fusion protein was incubated with serially diluted IgG1s, and the mixtures were added to DPP4-502 
coated wells. After washing, bound RBD-Fc fusion protein was detected by HRP-conjugated 503 
goat anti-human IgG Ab.   504 
 505 
FIG 6 Binding of Fab m336 (A), m337 (B) and m338 (C) to different MERS-CoV RBD 506 
mutants. 507 
 508 
FIG 7 Docked complexes of MERS-CoV RBD with mAbs (A) m336, (B) m337 and (C) m338. 509 
(D) Superposition of the docked complexes of RBD-m336,7,8 and the crystal structure of the 510 
RBD-DPP4 complex. 511 



Table 1 Gene usage and binding kinetics features of MERS-CoV RBD-specific Fabs and 

IgG1s. 

   m336   m337    m338 

Gene usage 

VH   1-69*06  1-69*06, 08 or 14  1-69*09 

DH   2-2*03   3-22*01    3-22*01   

JH   J3*02   J3*02    J3*02    

VL
†
   1-17*01  2-28*01, 2D-28*01  3-11*01 

JL   4*01   4*01    1*01 

Fabs 

kon (Ms
-1

)                   4.50 × 10
6                           

 4.49 × 10
4
                                3.68 × 10

4
 

koff (s
-1

)                      1.92 × 10
-2                          

 4.19 × 10
-4

                               5.54 × 10
-4

 

Kd (M)             4.27 × 10
-9                         

 9.34 × 10
-9

                               1.51 × 10
-8

 

IgG1s 

kon (M
-1

s
-1

)                 1.66 × 10
6                           

 1.87 × 10
5
                                3.55 × 10

5
 

koff (s
-1

)                      1.65 × 10
-4                          

 1.54 × 10
-4

                               1.98 × 10
-4

 

Kd (M)             9.94 × 10
-11                        

 8.23 × 10
-10

                             5.59 × 10
-10

 

 † 
All three are kappa light chains

 

 

 

 



Table 2 Putative binding residues predicted from the docked complexes of MERS-CoV RBD-

m336,7 8. H and HS indicate possible hydrogen bonds and hydrogen bonds/salt bridges across 

the molecular interface. 

MERS-CoV 

RBD 

mAb 

m336 

MERS-CoV 

RBD 

mAb 

m337 

MERS-CoV 

RBD 

mAb 

m338 

 (VH)  (VH)  (VH) 

Lys493 Thr28 Phe467 Ser31H Leu495 Ser31 

Leu495H Ser30 Asn501 Tyr32 Ile529 Arg50 

Lys496 Tyr32 Lys502H Ile52H Ser532H Ile52 

Y499 Tyr101 Leu506 Phe55 Pro531 Leu55 

Asn501 Ser104 Asp510H Thr57H Thr533 Ile57 

Thr533 Thr105 Arg511H Asn59 Trp535H Asn59 

Trp535 Arg109HS Glu513S Gln65H Glu536H Asp102 

Glu536HS Ala111H Pro531 Leu100 Asp539 Ser104H 

ASP537 Asp113H Trp535 Asp105 Tyr540 Tyr106 

Asp539HS Ile114 Glu536HS Tyr110 Tyr541 Tyr107 

Tyr540 (VL) Asp539H (VL) Arg542H Arg108 

Arg542 Tyr49 Tyr540H Gln27 Lys543 (VL) 

Val561 Gln55 Arg542HS His31S Gln544H Gln27 

Met563 Ser56 Lys543 Leu97 Trp553 His31S 

Glu565  Gln544H Gln98  Leu97 

  Trp553 Thr99  Gln98 

     Thr99 

 

 





B

C












