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Abstract
Understanding the factors that contribute to antibody escape of SARS-CoV-2 and its variants is key 
for the development of drugs and vaccines that provide broad protection against a variety of virus 
variants. Using microfluidic diffusional sizing, we determined the dissociation constant (KD) for the in-
teraction between receptor binding domains (RBDs) of SARS-CoV-2 in its original version (WT) as well 
as alpha and beta variants with the host-cell receptor angiotensin converting enzyme 2 (ACE2). For 
RBD-alpha, the ACE2-binding affinity was increased by a factor of ten when compared with RBD-WT, 
while ACE2-binding of RBD-beta was largely unaffected. However, when challenged with a neutralizing 
antibody that binds to both RBD-WT and RBD-alpha with low nanomolar KD values, RBD-beta displayed 
no binding, suggesting a substantial epitope change. In SARS-CoV-2 convalescent sera, RBD-binding 
antibodies showed low nanomolar affinities to both wild-type and variant RBD proteins—strikingly, the 
concentration of antibodies binding to RBD-beta was half that of RBD-WT and RBD-alpha, again indi-
cating considerable epitope changes in the beta variant. Our data therefore suggests that one factor 
contributing to the higher transmissibility and antibody evasion of SARS-CoV-2 alpha and beta is a larg-
er fraction of viruses that can form a complex with ACE2. However, the two variants employ different 
mechanisms to achieve this goal. While SARS-CoV-2 alpha RBD binds with greater affinity to ACE2 and is 
thus more difficult to displace from the receptor by neutralizing antibodies, RBD-beta is less accessible 
to antibodies due to epitope changes which increases the chances of ACE2-binding and infection. 

Introduction
The spread of SARS-CoV-2 is governed by a combination of efficient transmission of the virus, and 
its ability to resist virus neutralization. Therefore, to successfully fight the SARS-CoV-2 pandemic it is 
crucial to fully understand the receptor recognition mechanisms, as this interaction regulates transmis-
sion, pathogenesis and host range1. 

The hallmark of the adaptive immune response towards SARS-CoV-2 resides in the generation of neu-
tralizing antibodies (NAbs) that prevent the virus from binding to the angiotensin-converting enzyme 2 
(ACE2) receptor on the host cell. Cell entry is driven by the SARS-CoV-2 spike protein, a trimeric trans-
membrane glycoprotein comprising S1 and S2 subunits, with the S1 subunit mediating viral binding to 
ACE22. Given that the spike protein has become a prime target for vaccines, the development of muta-
tions within the antigenic sites of the S1 receptor binding domain (RBD) raises significant concerns of 
viral escape of humoral immunity.

The rapid global spread of SARS-CoV-2 has seen significant changes in viral fitness, and more than 4,000 
variants have been reported to date3. The emergence of B.1.1.7 (SARS-CoV-2 alpha) and B.1.351 (SARS-
CoV-2 beta) SARS-CoV-2 variants in the United Kingdom and South Africa, respectively, have raised 
specific concerns given that mutations in their respective spike-protein sequences have not only led to 
an increase in transmission, but both mutant strains have also become impervious to multiple NAbs 
that target both the RBD and N-terminal domain (NTD) of the original spike protein4.

The alpha and beta variants share a N501Y mutation which is of particular importance considering that 
amino acid N501 is thought to be instrumental in stabilizing the interaction between the viral spike pro-
tein and the ACE2 receptor1. With the N501Y mutation, the altered interface seems to be accompanied 
by a change in the interaction network, with an increase in the number of hydrogen bonds and van der 
Waals contacts and leading to an increase in the binding affinity between the viral RBD region and the 
ACE2 receptor5,6. Interestingly, the N501Y mutation only showed a modest impairment on the efficacy 
of late-stage clinical trial monoclonal antibodies (mAbs) REGN10933 and REGN10987 (Regeneron) and 
AZD1061 and AZD8895 (AstraZeneca)7. Furthermore, pseudoviruses with the N501Y mutation exhib-
ited a similar neutralization potency to wild-type SARS-CoV-2 when exposed to vaccinated and conva-
lescent serum samples4. Although the neutralization potential of these currently administered mAbs 
and vaccines is unaffected by SARS-CoV-2 alpha, not all mAbs raised against the wild type are effective 
in neutralizing this variant. In the structures of 38 antibody fragments (Fabs) in complex with RBD, the 
complementarity-determining regions 1 for 47% of these Fabs were in direct contact with N501, and as 
a result the neutralization efficacy of various mAbs were affected by this mutation8. 
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In contrast to the alpha variant, the RBD of the beta variant has additional K417N and E484K mutations, 
raising specific concerns regarding viral antibody escape. This is supported by observations of pseudo-
viruses with a triple spike mutation (N501Y, K417N, E484K) which either abrogated or significantly re-
sisted neutralization in convalescent and post-vaccinated sera8,9. Interestingly, pseudoviruses carrying 
only single E484K, K417N or double K417N/E484K mutations showed only two-fold increases in trans-
mission rates relative to wild-type pseudoviruses4. Yet, when combined with N501Y these mutations 
exhibited higher transmission rates, with N501Y/E484K showing a 13-fold increase relative to wild-type 
pseudoviruses. Interestingly, E484K and N501Y/E484K pseudoviruses partly resisted neutralization by 
post-vaccinated sera, but pseudoviruses with the K417N/E484K or the triple mutation exhibited the 
highest resistance to neutralization4. The ramification of these variants was highlighted in a trial which 
revealed that the double dose of AZD1222 vaccine only had a 10.4% efficacy at preventing mild to mod-
erate symptoms induced by the beta variant9.

In this study, we have used RBD-WT, RBD-alpha, and RBD-beta to quantify the impact of various RBD 
mutations (N501Y, K417N and E484K) on the binding affinity to ACE2 and a monoclonal Nab raised 
against the original SARS-CoV-2 (Wuhan-Hu-1 sequence). Then, we evaluated the same wild-type and 
variant RBDs in microfluidic antibody affinity profiling (MAAP) to measure affinity and concentrations 
of anti-RBD antibodies in convalescent serum obtained from individuals that recovered from an infec-
tion with the original SARS-CoV-2 variant. Unlike measurement of titers, determination of both affinity 
and concentration allows us to distinguish changes in affinity across the entire antibody population 
from loss of binding of a subset of antibodies. Correlating these serum-antibody affinities and concen-
trations with their ability to disrupt ACE2/spike S1 complexes enabled us to quantify the response of 
anti-RBD-WT antibodies in serum when challenged with RBD-alpha or RBD-beta. Our results suggest 
that while the anti-RBD-WT antibodies are effective against RBD-WT, they are less effective against 
both RBD-alpha and RBD-beta variants. More importantly, RBD-alpha and RBD-beta follow different 
approaches to evade the immune response. For RBD-alpha, antibody escape is mainly driven by an in-
crease in the binding affinity to the ACE2 receptor, while RBD-beta seems to prevent antibody binding 
by changing key epitopes on the surface of the protein. As a result, both variants are more effective in 
binding to ACE2 on the surface of host-cells thus increasing their chance of successful cell-entry 

Results and Discussion
Antibody escape by SARS-CoV-2 variants can be achieved by different mechanisms including an in-
creased binding affinity to ACE2 or through the alteration of key NAb binding epitopes on the spike 
surface. To deconvolute these two escape mechanisms, we measured the ACE2 binding affinity of RBD-
WT, RBD-alpha, RBD-beta, RBD-K417N, and RBD-E484K (Figure 1A, Table 1) and then investigated bind-
ing affinities of the same RBDs to a monoclonal NAb that was obtained from a patient infected with 
the original SARS-CoV-2 variant (Wuhan-Hu-1 sequence; Figure 1B, Table 1). The KD of ACE2 binding to 
RBD-WT was 46 nM (CI 95%: 28–74), which is in line with previously observed values10–15. RBD-alpha 
showed a considerably higher ACE2-binding affinity than RBD-WT with KD being reduced approximate-
ly by a factor of 10. For RBD-beta and the single mutant RBD-K417N, the ACE2-affinties were within 
experimental error of the RBD-WT KD. However, E484K binding to ACE2 has a KD that is approximately 
8 times higher than for RBD-WT resulting in weaker binding affinity. The triple mutant RBD-beta there-
fore combines mutations that promote ACE2 binding (N501Y) with some that either have a limited 
effect (K417N) or even impede ACE2 binding (E484K), rationalizing the fact that the overall binding 
affinity of RBD-beta is comparable to the WT. Thus, an increase in ACE2 binding affinity is unlikely to be 
the main mechanism of immune escape for SARS-CoV 2 beta and it must draw additional advantages 
from carrying these mutations.

To investigate the effect of the alpha and beta variant mutations on antibody binding, we used MDS 
to measure affinities to a monoclonal NAb that was obtained from a patient infected with the original 
SARS-CoV-2 variant (Figure 1B). RBD-WT and RBD-alpha displayed similar KD values (5.7 nM (CI 95%: 
2.2–11.8) and 8.8 nM (CI 95%: 4.4–15.8), respectively). For RBD-E484K, KD increased by a factor of 4 
as compared with RBD-WT, resulting in a considerably reduced binding affinity to this antibody. Re-
markably, the Nab did not show any binding to RBD-K417N up to the maximum tested concentration 
of 1 µM. Consequently, the triple mutant RBD-beta which contains K417N was also not bound. This 
suggests that RBD-beta mutations K417N and E484K do not increase the binding affinity to ACE2 but 
rather cause some antibodies to lose their ability to bind to the RBD domain.
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This was further confirmed by a recent study that combined kinetic binding experiments by surface 
plasmon resonance (SPR) with structural data obtained by cryo-electron microscopy 16. In this study, 
monoclonal antibodies targeting epitopic region RBD217 did not bind to RBD-beta, while antibody af-
finity to RBD-alpha was found to be similar to RBD-WT16. In addition, the ACE2 binding affinity was in-
creased for RBD-alpha while there was no difference between RBD-beta and RBD-WT16. The structural 
data also suggested that N501Y increases ACE2 affinity due to a hydrophobic interaction between Y501 
and Y41 in ACE2, accompanied by cation-π interactions with K353 in ACE216. In contrast, the RBD-beta–
ACE2 complex lacks salt bridges between RBD-beta K417 and ACE2 D30 and between RBD-beta E484 
and ACE2 K31, which seems to counteract the increased ACE2 affinity mediated by N501Y16.

Figure 1. Dissociation constants, KD, of different variants of SARS-CoV-2 RBD binding to (A) ACE2 and (B) a neutralizing mono-
clonal antibody. Equilibrium binding was measured by microfluidic diffusional sizing for various concentrations of fluorescent-
ly labeled RBD variants and unlabeled ACE2 or unlabeled NAb. KD values were determined from modes of posterior probability 
distributions obtained by Bayesian inference18,19. Error bars are 95% credible intervals. Refer to Table 1 for nomenclature of 
RBD proteins. 

Next, we investigated how our observations on recombinant proteins translate to three convalescent 
serum samples from individuals who had been infected with the original SARS-CoV-2 variant. We used 
microfluidic antibody affinity profiling (MAAP)18–20 followed by an in-solution receptor-binding compe-
tition assay19,20 using RBD-WT, RBD-alpha and RBD-beta. While MAAP quantifies the affinity and the 
concentration of the polyclonal antibody mixture against RBD, the in-solution receptor-binding compe-
tition assay identifies NAbs that can displace spike S1 from the ACE2 receptor.

In all three serum samples, antibodies bound tightly to each of the three different RBDs with KD in a 
range of 1–4 nM (Figure 2A). The concentration of antibody binding sites varied over one order of 
magnitude from 10 nM to 100 nM. Thus, all three serum samples contained antibodies that were able 
to bind to all three variants of RBD with high affinity. Overall, sample 3973 contained the highest con-
centration of antibodies binding to all three types of RBD, followed by sample 3541 and sample 3707.  
Similar concentrations of binding antibodies against RBD-WT and RBD-alpha were found in each of the 
three serum samples, whereas the concentration of antibodies that bind to RBD-beta were lower than 
the other RBDs in two samples and higher in one sample, again highlighting that there may be signifi-
cant differences in the binding epitope for RBD-beta.  

Through an in-solution receptor-binding competition assay20 (Figure 2B), we found that the antibodies 
in sample 3541 were unable to displace any of the three different S1 domains (WT, alpha, beta) from 
the ACE2 receptor, which suggests that the majority of antibodies in this sample do not target the 
receptor binding motif of the RBD and are thus unable to outcompete ACE2. Out of the other two 
serum samples, 3973 showed slightly increased displacement for all types of S1, an effect which is 
likely caused by the overall higher antibody concentration in sample 3973 (Figure 2A). Interestingly 
however, samples 3973 and 3707 displayed the strongest displacement efficacy for S1-WT while both 
S1-alpha and S1-beta showed reduced displacement from ACE2 in line with increased transmission of 
the variants.
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Figure 2. Microfluidic antibody-affinity profiling and in-solution receptor-binding competition assay in SARS-CoV-2 convales-
cent serum. (A) Equilibrium binding was measured by microfluidic diffusional sizing for various concentrations of fluorescently 
labeled RBD variants and dilutions of convalescent sera. KD values and antibody concentrations were determined from modes 
of posterior probability distributions obtained by Bayesian inference18,19. Error bars are 95% credible intervals. (B) In-solution 
receptor-binding competition assay identifies polyclonal antibodies that displace spike S1 from the ACE2 receptor. At normal-
ized Rh = 0, all S1 was displaced from ACE2, and the measured Rh is the same as for free ACE2. At normalized Rh = 1, S1 was not 
displaced from ACE2 and the measured Rh is the same as for ACE2/S1 complex. Error bars are standard deviations obtained 
from triplicate measurements.

Based on these observations, we argue that for RBD-alpha, the reduced ability of serum antibodies to 
outcompete ACE2 binding to RBD can be explained by the increased affinity of the RBD for the ACE2 
receptor (Figure 1A). Quantitatively, the inhibition of spike/ACE2 binding by NAbs is described by a 
ternary equilibrium in which antibodies compete with ACE2 for the binding to spike20. The parameters 
that govern this ternary equilibrium are the KD of spike/ACE2 binding, the KD of antibody/spike binding 
and the total concentrations of spike, ACE2, and antibodies. Our data suggest that the affinity and the 
concentration of antibodies against both RBD-WT and RBD-alpha in convalescent serum are largely 
similar (Figure 2A). Consequently, amongst the parameters tested, for RBD-alpha only the affinity of 
RBD to ACE2 was increased, leading to the formation of a higher proportion of RBD/ACE2 complexes 
as compared with RBD-WT. During a SARS-CoV-2 infection, re-infection, or infection of vaccinated indi-
viduals, the same ternary equilibrium composed of serum antibodies, spike protein and ACE2 governs 
the amount of virus that binds to host cells. Thus, with the same level of anti-RBD antibodies and the 
same number of virus particles, SARS-CoV-2 alpha can attach to more ACE2 receptors (i.e., host cells) 
and therefore be more transmissible than the WT variant.  

By contrast, the reduced displacement efficacy for RBD-beta can be explained by a lower number of 
serum antibodies that are able to bind to RBD-beta as compared with WT. We have found a reduced 
concentration of antibodies binding to RBD-beta in serum samples 3973 and 3707 in comparison with 
RBD-WT and RBD-alpha. In contrast to RBD-alpha, both the affinity for ACE2 as well as the affinity of 
the polyclonal antibody response was largely unaffected for RBD-beta. In terms of the ternary equi-
librium of spike/ACE2 and antibodies, a reduction in anti-RBD antibody concentration again leads to 
a higher proportion of RBD/ACE2 complexes and higher occupancies of host-cell receptors and, thus, 
might be related to increased transmission. 
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Conclusion
Our data provides insights into the different strategies adopted by the SARS-CoV-2 alpha and beta 
variants to evade antibodies generated during an earlier infection with SARS-CoV-2. We argue that 
one of the mechanisms by which SARS-CoV-2 can boost its transmission is by increasing the fraction of 
virus particles that occupy the surface of host cells. This can be achieved either through higher-affinity 
binding to the host-cell receptor or through mutations in antibody binding epitopes on the surface of 
the spike protein in order to prevent antibody binding. Our data provide quantitative evidence that 
the SARS-CoV-2 alpha and beta variants adopt different strategies to achieve higher occupancy on the 
surface of host cells. RBD-alpha shows a ten times higher binding affinity to ACE2 than RBD-WT with 
little effect on affinities and concentrations of binding antibodies contained in SARS-CoV-2 convales-
cent serum. Thus, to boost its transmission, SARS-CoV-2 alpha seems to take the approach of increasing 
its binding affinity to ACE2. On the other hand, the two additional mutations (K417N and E484K) in 
SARS-CoV-2 beta do not seem to be beneficial for ACE2 binding, instead reducing its affinity back to the 
levels seen for WT. However, in SARS-CoV-2 convalescent serum, the concentration of antibodies able 
to bind RBD beta is two-fold lower than that of antibodies binding RBD WT. Thus, during re-infection, 
SARS-CoV-2 beta potentially evades the initial antibody response by interfering directly with antibody 
binding rather than by an increased binding affinity to ACE2.

Our data provides quantitative insights on the molecular mechanisms of antibody escape employed by 
SARS-CoV-2 variants of concern. Such quantitative data are essential to understand how new virus vari-
ants evolve and can pave the way towards the development of broad therapeutics and vaccines that 
are not only effective against a wide range of existing viral variants but also cover the development of 
any future versions of the virus that may evolve. 
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Materials and Methods
Table 1. Summary of recombinant proteins.

SARS-CoV-2 proteins

Protein name SARS-CoV-2 
variant

Pango 
lineage Vendor Article number Amino-acid se-

quence Mutated amino-acid residues

RBD-WT Original A Sino Biological 40592-V08H R319-F541

RBD-alpha Alpha B.1.1.7 Sino Biological 40592-V02H1 R319-F541 N501Y

RBD-beta

Beta B.1.351

Sino Biological 40592-V08H85 R319-F541 K417N, E484K, N501Y

RBD-K417N Sino Biological 40592-V08H59 R319-F541 K417N

RBD-E484K Sino Biological 40592-V08H84 R319-F541 E484K

S1-WT Original A Acro Biosystems S1N-C52H4 V16-R685

S1-alpha Alpha B.1.1.7 Acro Biosystems S1N-C52Hg-
100ug

V16-R685 N501Y

S1-beta Beta B.1.351 Sino Biological 40591-V08H10 M1-R685 K417N, E484K, N501Y, D614G

Host-cell protein

Protein name N/A N/A Vendor Article number Amino-acid se-
quence N/A

ACE2 Acro Biosystems AC2-H52H8 Q18–S740

Recombinantly produced neutralizing monoclonal antibody

Protein name N/A N/A Vendor Article number N/A N/A

NAb Acro Biosystems SAD-S35

Fluorescent labeling of proteins

Recombinant proteins were labeled with Alexa Fluor™ 647 NHS ester (Thermo Fisher) as described 
previously.20 In brief, 50 µg of protein solution was mixed with dye at a three-fold molar excess in the 
presence of NaHCO3 (Merck) buffer at pH 8.3, incubated at 4  °C overnight, and unbound label was 
removed by size-exclusion chromatography (SEC) on an ÄKTA pure system (Cytiva). SEC runs of RBD 
proteins were performed on a Superdex 75 Increase 10/300 column (Cytiva), while S1 and ACE2 were 
run on a Superdex 200 Increase 3.2/300 column (Cytiva). Labeled and purified proteins were stored at 
−80 °C in PBS pH 7.4 containing 10% (w/v) glycerol as cryoprotectant. 

Equilibrium affinity measurements by microfluidic diffusional sizing

Binding affinity of RBD–ACE2 and RBD–NAb was measured on a Fluidity One-W Serum (Fluidic Analytics) 
as described previously.19,20 In brief, various concentrations of fluorescently labeled RBD and unlabeled 
ACE2 or NAb were mixed and incubated on ice for 1 h. The change in hydrodynamic radius (Rh) upon 
binding was measured in duplicate. KD values were determined by Bayesian inference as described 
previously.18,19

Origin of serum samples.

Anti-SARS-CoV-2 seropositive human serum samples (convalescent) were obtained from BioIVT. BioIVT 
sought informed consent from each subject, or the subjects legally authorized representative, and 
appropriately documented this in writing. All samples are collected under IRB-approved protocols. 
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Microfluidic antibody-affinity profiling (MAAP) 

MAAP on a Fluidity One-W Serum was used to determine concentration of antibody-binding sites and 
KD of antibodies against RBD in serum samples of SARS-CoV-2 seropositive individuals as described 
previously.19,20 In brief, various concentrations of fluorescently labeled RBD and convalescent serum 
were mixed and incubated on ice for 1 h. The change in Rh upon binding was measured in duplicate. 
Concentration of antibody binding sites and KD values were determined by Bayesian inference as 
described previously.18,19

Serum-antibody mediated displacement of ACE2 from S1 by using microfluidic diffusional sizing

Displacement of ACE2 from SARS-CoV-2 S1 was measured on a Fluidity One-W Serum as described 
previously.19,20 S1 is used to improve S/N as S1 binding induces a larger size change than RBD upon 
binding to ACE2. In brief, labeled ACE2 (10 nM) and unlabeled S1 (30 nM) were mixed with convalescent 
serum (90%) and incubated on ice for 30 min. The change in Rh upon displacement of S1 was measured 
in triplicate. The Rh of unbound labeled ACE2 at a concentration of 10 nM and ACE2–S1 mix (10 nM 
and 30 nM, respectively) in the absence of convalescent serum were used as reference values for 100% 
displacement and 0% displacement, respectively. 
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