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SARS-CoV-2 variant prediction and antiviral drug
design are enabled by RBD in vitro evolution

Jifi Zahradnik ®1, Shir Marciano’, Maya Shemesh’, Eyal Zoler', Daniel Harari', Jeanne Chiaravalli?,

Bjorn Meyer®3, Yinon Rudich®©#, Chunlin Li#, Ira Marton'4, Orly Dym>, Nadav Elads,
Mark G. Lewis @7, Hanne Andersen®’, Matthew Gagne?, Robert A. Seder®8, Daniel C. Douek® and
Gideon Schreiber®

SARS-CoV-2 variants of interest and concern will continue to emerge for the duration of the COVID-19 pandemic. To map
mutations in the receptor-binding domain (RBD) of the spike protein that affect binding to angiotensin-converting enzyme
2 (ACE2), the receptor for SARS-CoV-2, we applied in vitro evolution to affinity-mature the RBD. Multiple rounds of random
mutagenic libraries of the RBD were sorted against decreasing concentrations of ACE2, resulting in the selection of higher
affinity RBD binders. We found that mutations present in more transmissible viruses (S477N, E484K and N501Y) were prefer-
entially selected in our high-throughput screen. Evolved RBD mutants include prominently the amino acid substitutions found
in the RBDs of B.1.620, B.1.1.7 (Alpha), B1.351 (Beta) and P.1 (Gamma) variants. Moreover, the incidence of RBD mutations
in the population as presented in the GISAID database (April 2021) is positively correlated with increased binding affinity to
ACE2. Further in vitro evolution increased binding by 1,000-fold and identified mutations that may be more infectious if they
evolve in the circulating viral population, for example, Q498R is epistatic to N501Y. We show that our high-affinity variant
RBD-62 can be used as a drug to inhibit infection with SARS-CoV-2 and variants Alpha, Beta and Gamma in vitro. In a model of
SARS-CoV-2 challenge in hamster, RBD-62 significantly reduced clinical disease when administered before or after infection.
A 2.9 A cryo-electron microscopy structure of the high-affinity complex of RBD-62 and ACE2, including all rapidly spreading
mutations, provides a structural basis for future drug and vaccine development and for in silico evaluation of known antibodies.

inhalation of airborne viral particles or by touching con-

taminated surfaces. Structural and functional studies have
shown that a single RBD of the SARS-CoV-2 homotrimer spike
glycoprotein interacts with ACE2, which serves as its receptor'”’.
Binding of spike (S) protein to ACE2 and subsequent cleavage by
the host protease transmembrane serine protease 2 (TMPRSS2)
results in cell and virus membrane fusion and cell entry’. Blocking
of the ACE2 receptor by specific antibodies prevents viral entry"*
°. In vitro binding measurements have shown that SARS-CoV-2
S protein binds ACE2 with an affinity of around 10 nM, which is
about tenfold tighter than the binding of the SARS-CoV § pro-
tein®"°. It has been suggested that this is, at least partially, respon-
sible for the higher infectivity of SARS-CoV-2’. Recently, three
major SARS-CoV2 variants of concern have emerged and muta-
tions in the RBD of the spike proteins of these variants have fur-
ther strengthened this hypothesis. Deep-mutational scanning of
the RBD domain showed that the N501Y mutation in the Alpha
variant to enhances binding to ACE2’. The Beta variant has three
altered residues in the ACE2-binding site (K417N, E484K and
N501Y), and has spread extremely rapidly, becoming the dominant
lineage in the Eastern Cape and Western Cape Provinces within
weeks®. The Gamma variant, with independent K417T, E484K and
N501Y mutations, similar to the B.1.351 variant is spreading rap-
idly from the Amazon region’. Another S mutation associated with

| | umans can be infected by SARS-CoV-2 either through

increased SARS-CoV-2 infectivity is S477N, which became domi-
nant in many regions'’.

Efficacious vaccines are now being administered'’. However,
especially when a large fraction of the global population remains
unvaccinated, the potential of the continuously mutating virus to
become at least partially resistant to vaccines means that drug devel-
opment must continue. Potential therapeutic targets that block viral
entry include molecules that block the spike protein, the TMPRSS2
protease or the ACE2 receptor'’. Multiple high-affinity neutralizing
antibodies have been developed". Soluble forms of the ACE2 pro-
tein'*"” or engineered parts or mimics have also shown efficacy'®"".
In addition, previously developed TMPRSS2 inhibitors have been
repurposed for treatment of COVID-19".

The development of molecules to block the ACE2 protein has not
received much attention. One potential caveat with this approach is
the importance of ACE2 biological activity, both as a carboxypepti-
dase removing a single C-terminal amino acid from angiotensin II
to generate angiotensin-(1-7) and in the regulation of amino acid
transport and pancreatic insulin secretion'®"’. Dalbavancin is a drug
that blocks the spike protein—ACE2 interaction, however it does so
with low affinity” (approximately 130 nM).

We hypothesized that the RBD domain of SARS-CoV-2 could
be used as a competitive inhibitor of the ACE2 receptor binding
site. However, this would probably require an RBD with picomolar
affinity for ACE2. We recently developed a yeast display strategy,
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Fig. 1| SARS-CoV2 RBD in vitro selection. Six consecutive libraries were
created by error-prone PCR (inserting 1-5 mutations per gene) to increase
RBD domain stability and binding to the ACE2 receptor. Libraries STand

S2 were selected for higher expression at 30 °C and 37 °C, respectively.

A single clone, 1358F, was identified (Extended Data Fig.1). Based on this
stabilized RBD, we created libraries B3-B5, randomizing residues 431-528.
From each selected library, the pool of enriched clones was used as a
template for the subsequent library. The last library B6(FA) was created by
pre-equilibrium selection of randomly mutated residues 336-528. Multiple
clones from each library were sequenced and monitored for affinity and
stability (Tables 1and 2).

based on carboxy- and amino-terminal fusions of extremely bright
fluorescent moieties, which can report expression at extremely low
levels, enabling selection down to picomolar concentrations?'.

SARS-CoV-2 has sampled an enormous sequence space, owing
to more than 180 million infections globally. Among the huge num-
ber of mutations, a very limited number have emerged multiple
times and become fixed in the population, indicating that these
mutations have a strong adaptive advantage. Here we mutated and
affinity-matured SARS-CoV-2 S RBD to characterize the adaptive
advantage of RBD mutations and inform epidemiology and risk
assessments of variants, and to identify RBD variants that might
function as effective drugs to treat COVID-19.

Results

RBD domain mutations recapitulate steps in SARS-COV-2 evo-
lution. For in vitro evolution, we took advantage of an enhanced
yeast surface display protocol we developed recently using two dif-
ferent detection strategies, eUnaG2 and DnbALFA?'. Before library
construction, we tested various RBD lengths for optimal surface
expression and stability (Supplementary Table 1). Subsequently,
we chose RBDcon2 for yeast display and RBDcon3 for protein
expression (see Methods). Libraries were constructed in a step-
wise manner. Variants from libraries S1 and S2 were screened for
stability-enhancing mutations, followed by ACE2 binding (B3-B5),
and finally for fast association (B6(FA)) (Fig. 1). All libraries were
constructed by error-prone PCR random mutagenesis of the RBD,
introducing 1-5 mutations per clone (Fig. 1). Libraries S1 and S2
converged towards the I358F mutation, with the phenylalanine resi-
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due fitting into the hydrophobic pocket formed in the RBD domain
(Fig. 1 and Extended Data Fig. 1). This mutation nearly doubled the
fluorescence signal intensity and was used to construct library B3
(Fig. 1), in which mutations were restricted to the receptor bind-
ing motif (RBM) (residues G431-K528) (Fig. 1). The B3 library
was expressed at 37°C to maintain pressure on protein stability,
and yeast cells were selected by fluorescence-activated cell sort-
ing (FACS) against decreasing concentrations of ACE2 labelled
with CF640R succinimidyl ester (1,000, 800 and 600 pM and 4h
of incubation). Library enrichment was achieved by selecting the
top 3% of binding cells (Fig. 1 and Extended Data Fig. 2; Methods).
Plasmid DNA was isolated from selected yeast cells in the sorted
library and transformed into Escherichia coli for preparation of a
new library (B4). This approach, which mimics natural virus evolu-
tion, enriches the subsequent library with multiple selected muta-
tions and purges non-beneficial mutations, enabling the screening
of a wider sequence space and epistatic mutations, with multiple
trajectories being sampled. Thirty single-colony isolates were used
for sequencing to monitor the enrichment process and subsequently
for screening of binding affinity. Analysis of the selected B3 library
yielded two dominant mutations appearing in more than 70 %
of clones: E484K and N501Y. In addition, multiple minor muta-
tions: V483E, N481Y, 1468T, S477N, N448S and F490S were found
(Table 1, Fig. 2a,b and Extended Data Fig. 3). The analysis of library
B4 (selected against 600, 400 and 200 pM ACE2) showed absolute
domination of E484K and N501Y mutations. Besides the dominant
clones, mutations N460K, Q498R and S477N increased to frequen-
cies above 20%, and new minor populated mutations were identi-
fied: G446R, 1468V, T478S, F490Y and S494P (Table 1, Fig. 2 and
Extended Data Fig. 3).

Among the mutations selected and fixed in the yeast population
during these initial steps of affinity maturation were three mutations
that came to prominence®'” in clinical samples of SARS-CoV-2:
S477N, E484K and N501Y. In addition, the yeast selection probed
the most abundant naturally occurring variants in positions 468,
490 and 494, which were not fixed in yeast selection (Table 1).
Indeed, analysis of the [468T and S494P on their own show them
to be nearly neutral with respect to ACE2 binding or yeast surface
expression (Fig. 2b,d). The stringency of our selection process is
likely to be responsible for the fixation of variants with the largest
contribution to the binding affinity, whereas other factors are also
important for viral evolution.

RBD affinity mutants compared with variants identified in
GISAID. To evaluate why some mutations were prevalent in
SARS-CoV-2 patient samples and also selected by yeast display, while
others were not, we plotted the occurrence of all single-amino-acid
mutations in the GISAID database® with respect to the apparent
change in the RBD-ACE2-binding affinity (Kp,,,) as estimated
by the frequency of given amino acids within a mutant library at
a given concentration (that is, using the deep-mutational scanning
approach’). Figure 2e (black dots) shows that the more prevalent
mutations in GISAID have a higher binding affinity in our assays. To
quantify these results, we measured the binding of recloned isogenic
variants of the most prevalent mutations from library B3 and the
mutations that appear most frequently in SARS-CoV-2. The Ky,
values calculated here for the single mutations from full titration
curves (Fig. 2 and Extended Data Fig. 4) are shown as blue squares
in Fig. 2e. Overall, K, ,,, and Ky, yp, values for the different mutants
change in a coordinated way—however, the fold-change relative to
wild type (WT) is higher for Ky, (Extended Data Fig. 5a), as indi-
cated by a larger slope for the regression of the blue squares com-
pared with the black dots.

The tightest binding clone of library B3 is the E484K/N501Y
double mutant (RBD-33) (Fig. 2a), which has an affinity of 204 pM
and includes the core mutations in the B.1.351, P.1 and P.3 variants.
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Table 1| RBD domain mutations selected by in vitro evolution for higher affinity versus those spreading in SARS-CoV-2

In vitro evolution

RBD position* 358 445 446 448 460 468 470 477 478 481 483 484 490 493 494 498 501
WT residue | Vv G N N | T S T N Vv E F Q S Q N
Library S2 F
Library B3 F S T N Y E K S Y
Library B4 F R K \4 N S K Y P R Y
Library B5 F R K Vv N K Y H P R Y
Library B6(FA) F K K T M N K P R Y
Clone B62 F K K T M N K R Y
SARS-CoV2variant  Lineage?
B.1.160
B.1.1.317 N
Alpha B1.1.7 Y
Beta B.1.351 K Y
Gamma P K Y
Theta P.3 K Y
All mutations ° T, FETLLV.KLR SA YS ¢, QADYILR LK), ®P, HP RT
K.S,C LM, (N), G, LR K, AG GRV LV, H R I, LA F(R) SK
V) RA TK (K), DT LI L& (S EP RT M, E H,
(N H H PL (Y

Amino acids in bold are dominant, that is, they account for more than 50% of selected clones; underlined amino acids are minor, that is, they account for fewer than 50% of clones at a given position.
Emerging mutations that are present both in clinical samples and in yeast display experiments occur at positions 477, 484 and 501. 2Lineage designation by Rambaut et al.**; alternative strain designation
proposed by NextStrain initiative*”: 20E/EU1 (B.1.160), Alpha (B.1.1.7, 201/501YV1), Beta (B.1.351, 201/501Y.V2) and Gamma (P.1, 201/501Y.V3). °The most abundant mutation at a given position is shown
in parentheses. Mutations that were detected by yeast display affinity maturation are in bold. Insertion-deletion mutations were not included (GISAID database (13 April 2021)). Biophysical and binding
parameters of multiple selected mutants and RBDs from different virus lineages are shown in Table 2 and Fig. 2.

For comparison, the single N501Y mutant (B.1.1.7) has an affinity
of 500pM and the S477N mutant has an affinity of 963 pM (com-
pared to 1.7nM for the WT) (Fig. 2c and Extended Data Fig. 3). In
addition to E484K/N501Y, the B.1.351 and P.1 variants include a
mutation in residue K417 to N and T, respectively. As residue 417
is not in the RBM, it was not included in the region mutated in
libraries B3-B5. Therefore, we introduced the K417N and K417T
mutations (K417N/T) by site-directed mutagenesis in addition
to E484K/N501Y and measured its contribution to binding and
expression. On their own, both K417N and K417T decrease binding
but increase expression on the yeast surface (Fig. 2¢,f). However, on
the background of E484K/N501Y, K417N/T does not affect binding,
but increases the yeast surface expression of RBD E484K/N501Y
to nearly that of the WT RBD (RBD-WT) (Fig. 2f). Calculating
double-mutant cycles between E484K/N501Y and K417N/T indeed
shows positive cooperativity between these residues (Fig. 2g). These
data explain why K417N/T mutations convergently emerged in
B.1.351 and P.1 variants.

The most abundant naturally occurring mutations in the RBD*
1022 were selected by yeast display, and are present in library B3. We
next explored whether higher affinity binding was achievable by
applying additional selections.

Characterization of ACE2-RBD affinity limits. Based on the
observation that tighter binding clones were selected in our assay,
the selection of such binders might predict future SARS-CoV-2
variants. Furthermore, a tight binder could be used to block ACE2
and thereby inhibit SARS-CoV-2 infection. We therefore created
library B5 (Fig. 1) and selected it using 200, 50 and 30 pM ACE2.
Sorting with less than 100 pM bait was done after overnight incuba-
tion to reach equilibrium in 50 ml solution in order to prevent the
ligand-depletion effect (as the number of ACE2 molecules becomes
much lower than the number of RBD molecules). B5 resulted in the
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fixation of mutations E484K, Q498R and N501Y in all sequenced
clones (Extended Data Fig. 6). Mutations N460K, S477N and S494P
were present with frequencies higher than 20%. Additional muta-
tions identified were G446R, 1468V and F490Y. Representative
clones with different mutational profiles were subjected for detailed
analyses (Table 2 and Extended Data Figs. 3 and 5).

The final selection aimed to achieve faster association rates by
using pre-equilibrium selection®. Library B6(FA) (Fig. 1) was cre-
ated by randomizing the full-length RBD gene, using the enriched
B5 library as template. B6 was pre-selected with 30pM ACE2 for
8h (reaching equilibrium after overnight incubation), followed by
90 min incubation before selection. This procedure resulted in the
accumulation of additional mutations: V445K, I468T and T470M,
and the fixation of the previously observed S477N mutation in all
sequenced clones. Five minor mutations, N354E, K417T, V367W,
S494P and S514T, with only a single sequence each, were also iden-
tified. Among them K417T was also present in the P.1 variant,
indicating that it may confer an advantage for the virus, as well as
in yeast display selection’. It should be noted that V445K/T470M
requires two nucleotide changes, demonstrating the utility of using
multiple rounds of library creation on top of previous libraries (and
not single clones). Interestingly, these mutations were not located at
the binding interface, but rather at the periphery, in line with pre-
viously described computational fast-association design, in which
peripheral mutations had key roles®. From the B6(FA) library, we
determined the isogenic binding for 4 different clones, with RBD-
62 showing the highest affinity of 3.5+ 1.8 pM (Fig. 2a and Table 2).
To validate the Ky, values, we purified RBD clones WT, 36, 48,
52,521, 62, 614 and 71 expressed in Expi293F cells (Supplementary
Fig. 1). Measuring the binding affinity to ACE2 using the Biacore
S200 (GE Healthcare) resulted in an affinity of 17nM for RBD-WT
and 16pM for RBD-62 binding to ACE2, a 1,000-fold increase
in affinity over the WT (Fig. 2h and Table 2). While most of the
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Fig. 2 | In vitro evolution of spike protein RBD. a, Binding titration curves for the highest affinity binding variant in each successive yeast library. The
mutations in each of the variants are shown in Table 2. b, Binding titration curves for selected single mutations that occur frequently in both yeast display
selection and in evolving SARS-CoV-2 variants. ¢, Comparison of binding affinities for selected mutants and RBD variants. Data are shown as individual data
points and mean values +s.e.m. d, The effect of the isogenic mutations identified in RBD-62 on binding to ACE2 and expression level on the yeast surface
(n>3; data are mean +s.e.m.). e, Apparent binding affinities for ACE2 of single-amino-acid mutations as calculated from deep-mutational scanning of the
RBD domain’ (K, 4, black dots) or from yeast titration done in this study (Kyyp, blue squares) plotted against their frequency in the GISAID database®”.
Mutations with fewer than ten sequences were not included in the analysis. f, The effect of the most prevalent mutations in and variants of SARS-CoV-2
RBD on ACE2 binding and yeast surface expression combined with the frequency of variants. The K417N/T mutations occur in the B.1.351 and P.1 variants
in combination with N501Y/E484K. The K417N/T occur independently only infrequently. Red circles show the affinity and expression of the single Q498R
mutation on top of the B.1.351, P.1and P.3 variants. g, Double-mutant cycle calculations showing interaction energies (AAG,,) between selected residues,
suggesting independent or cooperative behaviour. Standard errors were calculated from 3-6 repeats of individual measurements (details in Methods).

h, Surface plasmon resonance binding sensorgrams for RBD-WT (top) and RBD-62 (bottom) at six concentrations of analyte (5-160 nM). The black line is
the global fit using the instrument’s built-in function.

improvement came from reduced k., k,, increased tenfold, from (R*=0,89; Extended Data Fig. 5c); however, absolute affinity val-
4.5%10° to 44x10°M's™! for RBD-62 (Table 2). The other vari- ues differed by tenfold on average (Table 2). Differences in absolute
ants had affinities in between these two extremes (Extended Data  binding affinity (K},) values are common between different tech-
Fig. 5 and Table 2). The increase in affinity as determined using niques, whereas relative values are much more stable’. Measuring
the Biacore S200 correlates with those measured by yeast titration its thermostability showed that RBD-62 was more stable than the
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Table 2 | Binding affinities and thermostability of the mutant clones selected by yeast display

Clone Library  Plasmid®  Mutations T, (°C)

RBD-WT pJYDC1 Residues 336-528 53.9

RBD-32 B3 pJYDC1 I358F, S477N, N501Y ND

RBD-33 B3 pJYDCI I358F, E484K, N501Y ND

RBD-36 B3 pJYDCI I358F, 1468T, N481Y, 54.6
N501Y

RBD-48 B4 pJYDC3 I358F, E484K, Q498R,  54.8
N501Y

RBD-52 B5 pJYDCI I358F, N460K, E484K, 619
S494P, Q498R, N501Y,
A520G

RBD-521 B5 pJYDC1 I358F, N460K, E484K,  58.3
Q498R, N501Y

RBD-62 B6(FA)  pJYDC3 I358F, V445K, N460K,  57.6
1468T, T470M, S477N,
E484K, Q498R, N501Y

RBD-614 B6(FA)  pJYDC3 I358F, V445K, N460K,  58.5
E484K, S494P, Q498R,
N501Y

RBD-71 pJYDC3 I358F, V367W, R408D, 63.5

K417V, V445K, N460K,
1468T, T470M, S477N,
E484K, Q498R, N501Y

Koyo (PM)* Ko (M)? ko, (M's7h) Kose (57D Chi? (RU?)
1,700 £137 1.7x10-8 4.5x%x10° 7.6x1073 0.222
[8]

348+35[3] ND

204+88[4] ND

268 +35[3] 1.0x10-8 21x10° 2.2%x1073 0.119
55+23[4] 1.7x107° 1.0x10° 1.7x10~* 0.182
40+16 [5] 2.4%x1071° 3.8%x10° 9.0x10-° 0.0515
14+3[3] 1.7x10-"° 9.0x10° 1.6x10-4 0.0562
3.5+1.8[4] 1.6x10~" 4.4x10° 6.8%10~° 0.42
21+6.2[3] 1.9x10-° 6.8x10° 1.3x10* 0.0488
85+2.5([3] 1.6x10-1° 1.2x10° 2.0x10~* 0.104

Underlined clones have the highest affinity among the clones of a given library, and their representative binding curves are shown in Fig. 2a. ND, not determined; RU, response units. 2pJYDC1 (plasmid
162458) uses the intrinsic eUnaG2 reporter; pJYDC3 (plasmid 162460) contains the DnbALFA reporter?’. ®Melting temperature (T,)) as measured by differential scanning fluorimeter Tycho NT.6
(NanoTemper Technologies). °K;, values measured between yeast surface-exposed RBD variants and the monomeric extracellular portion of the ACE2 receptor (residues G17-Y613). The number of
biological replicates is shown in square brackets. “Measured by the Biacore S200 (GE Healthcare) using a series S sensor chip protein A (GE Healthcare) activated with Fc-ACE2?” (Methods). The
sensorgrams are shown in Fig. 2h (WT and RBD-62) and Extended Data Fig. 5. Values were calculated from global fitting of the data. k,, and k., association and dissociation rate constants, respectively;

Chi?, Chi squared test value.

WT by 4°C, probably due to the introduction of the I358F, 1468T
and S477N stabilizing mutations (Extended Data Fig. 7).

To further increase RBD-62 affinity and stability, we prepared
a site-directed mutagenesis library using RBD-62 as template, and
included the 15 beneficial mutations suggested by deep-mutational
scanning’, most of which require more than one nucleotide change
to be reached. None of these mutations alone increased the affin-
ity towards RBD-62. However, a combination of three of mutations
(V367W, R408D and K417V) stabilized RBD-62 by 5°C, creating
RBD-71, but at the cost of decreased binding affinity (Table 2 and
Extended Data Fig. 7). This demonstrates the limitations of using
single-amino-acid changes from deep-mutational scanning to
obtain high-affinity RBD binders.

Cryo-electron microscopy structure of RBD-62 complexed with
ACE2. We determined the cryo-electron microscopy (cryo-EM)
structure of the N-terminal peptidase domain of ACE2 (G17-
Y613) bound to RBD-62 (T333-K528) (Fig. 3ab) (Electron
Microscopy Data Bank accession EMD-12187, Protein Data Bank
(PDB) ID: 7BH9). Details of sample preparation, data acquisi-
tion and structure determination are described in Methods. The
cryo-EM data collection and refinement statistics are summarized
in Supplementary Table 2 and Supplementary Figs. 2-4. Structure
comparison of the ACE2-RBD-62 complex and the ACE2-WT
complex (PDB ID: 6MO0J) revealed their overall similarity, with a
root mean squared deviation of 0.97 A across 586 amino acids of
ACE2 and 0.66 A among 143 amino acids of the RBD (Extended
Data Fig. 8). Three segments; R357-S371 (B2 and a2), G381-V395
(x3) and F515-H534 (p11) are disordered in RBD-62, and thus not
visible in the density map (blue cartoon in Extended Data Fig. 8).
These segments are situated opposite to the ACE2-binding interface
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and are therefore not stabilized and rigidified by ACE2 contacts. All
mutations (except I358F) are present in the density map. Mutations
V445K, N460K, 1468T, T470M, S477N, E484K, Q498R and N501Y
are part of the receptor-binding motif (RBM) that interacts directly
with ACE2 (Fig. 3a,b, orange spheres). The RBM, including residues
$438-Q506, shows the most pronounced conformational differ-
ences compared with RBD-WT (Fig. 3¢ and Supplementary Fig. 5,
black circle). Out of the nine mutations introduced in the RBM, four
mutations create new intramolecular interactions, thus stabilizing
the RBD-62 structure, including hydrogen-bond contacts between
K460 and D420, and between T468 and R466. Interestingly, these
are contacts that are gained in library B6(FA).

The mutations S477N, Q498R, N501Y form new contacts with
ACE2. Y501 makes a m-interaction with Y41 and positions R498 to
make a hydrogen bond and salt bridge with Q42 and D36 of ACE2,
forming a strong network of new interactions, thus supporting the
impact of these residues on affinity (Fig. 3d). Calculating the electro-
static potential of the RBD-62 in comparison with RBD-WT shows
that RBD-62 has a much more positively charged surface, which is
complementary to the negatively charged RBD-binding surface on
ACE2 (Fig. 3e). In addition, mutation N477 interacts with S19 of
ACE2 (Fig. 3c). The ACE2-RBD interface involves the interaction
of amino acid residues from the N-terminal segment (Q24-Q42),
K353 and D355 of the ACE2 domain and residues from the RBM
domain of the RBD. The S477N, Q498R and N501Y mutations in
RBD-62 are situated at the two extremes of the RBD-ACE?2 inter-
face, and thereby stabilize the complex (Fig. 3b).

RBD-62 inhibits SARS-CoV-2 infection without affecting enzy-
matic activity of ACE2. One aim of our study was to generate a
tight inhibitor drug to compete with host cell ACE2 binding by
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Fig. 3 | Cryo-EM structure of the ACE2-RBD-62 complex at 2.9 A resolution. a, Cartoon representation of the Cryo-EM structure of ACE2 (cyan) in
complex with RBD-62 RBM (magenta) with the RBD-62 mutations resolved in the density (orange spheres). b, The S477N, Q498R and N501Y mutations
depicted in the RBM (orange spheres) interact with S19, Q42 and K353 of ACE2 (cyan spheres), respectively. These interacting residues are located at the
two extremes of the RBD-ACE?2 interface, stabilizing the complex. ¢,d, Molecular details of selected interactions depicted in the left (¢) and right (d) grey
boxes in b contributing to higher affinity. ¢, The presence of E484K and S477N causes repositioning of the RBD-62 loop between amino acids 475 and 487.
The loop of RBD-WT is shown for comparison (PDB ID 6M17 in white and 6MO0J in pale yellow). The change of main chain positions moves F486 to the
optimum position for methionine-aromatic interaction®. d, The interaction network formed between RBD-62 mutated residues and ACE2. e, Open book
presentation of ACE2 and RBD-WT and RBD-62. The electrostatic potential was calculated using the program UCSF Chimera v1.13, with negative potential
in red and positive in blue. Electrostatic complementarity between RBD and ACE2 is strengthened in RBD-62 by positive charges at V445K, N460K,

E484K and Q498R. The black line on ACE2 indicates the RBD-binding site.

SARS-CoV-2. Any ACE2-binding moiety might affect the enzy-
matic activity of ACE2, which is important for the renin-angio-
tensin system'®". To determine whether RBD-62 affects host cell
ACE2, we assayed the impact of RBD-WT and RBD-62 proteins on
ACE2 activity. We found no effect, using either in vitro experiments
or assays using various cell lines expressing ACE2 (Fig. 4a).

The effect of RBD-WT and RBD-62 on viral entry was first
explored using lentivirus pseudotyped with spike protein vari-
ant” SAC19. Results in Supplementary Fig. 6a show that the
half-maximum effective concentration (EC,) was reduced from
88nM for RBD-WT to 5.1nM for RBD-62. Next, RBD-WT and

NATURE MICROBIOLOGY | VOL 6 | SEPTEMBER 2021 | 1188-1198 | www.nature.com/naturemicrobiology

RBD-62 were evaluated for their potency in inhibiting SARS-CoV-2
infection of Vero E6 cells (Fig. 4b). We determined inhibition of
the WT strain (BetaCoV/France/IDF0372/2020), as well as B.1.1.7,
B.1.351 and P.1 virus variants with RBD-62 and RBD-WT. The
half-maximum inhibitory concentration (IC;)) and 90% maxi-
mum inhibitory concentration (IC,,) values were 100- to 1,000-fold
lower for RBD-62, with concentrations in the pM range for all
variants (whereas high nM concentrations were required using
RBD-WT). RBD-62 completely blocked viral entry and replication
at concentrations in the 10nM range (Fig. 4b, grey zone), whereas
RBD-WT reduced viral load by only 2-3 orders of magnitude at a
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Fig. 4 | RBD-62 treatment inhibits SARS-CoV-2 entry and reduces infection in a hamster model. a, Enzymatic activity of ACE2 (in vitro or on cells) in the
presence of RBD-WT and RBD-62 (100 nM) or absence (positive control) as assayed using the Sensolyte 390 ACE2 Activity Assay Kit, which measures
fluorogenic peptide cleavage. The activity rate is indicated by the slope of the plot (product/time). An ACE2 inhibitor, provided with the kit, was used as
the negative control. AU, arbitrary units. b, Inhibition of infection of Vero E6 cells by SARS-CoV-2 WT, B.1.1.7, B.1.351 and P.1 variants by RBD-WT and RBD-
62 proteins. Data are mean +s.e.m. of 6 repeats. The number of viruses was determined by plaque assay (Methods). Curves were fitted to the [agonist]
versus response variable slope function in Prism. The grey area is below the limit of detection. ¢, Syrian hamsters (Mesocricetus auratus) were infected with
SARS-CoV-2 at t=0. RBD-62 (100 ug) was administered by aerosol inhalation, either Th before or 8 h after viral challenge (grey band) or 24, 32 and 48 h
after viral challenge (pink area). Each group comprised three male and three female hamsters. Control hamsters were treated with PBS. Body weight is
shown normalized to the body weight at day zero. Differences were tested with the two-sided linear mixed-effects model, and P values were corrected for

multiple comparisons by Tukey's test. P values are shown.

much higher concentration (1 uM). RBD-62 is therefore a promis-
ing drug candidate.

RBD-62 efficacy in Syrian hamster challenge model. We mea-
sured the capacity of RBD-62 to block SARS-CoV-2 infection in vivo
using a highly pathogenic challenge model in golden Syrian ham-
sters (M. auratus)*. Hamsters were infected intranasally with 5x 10°
plaque-forming units (PFU) of SARS-CoV-2 USA-WA1/2020, and
RBD-62 was administered via inhalation using an Aerogen Solo

194

nebulizer. Hamsters were treated either twice on the day of challenge
(1 h before and 8h after challenge (-1, 8 h regimen)) or 3 times over
the following 48h (24, 32 and 48h after challenge). One-hundred
micrograms of RBD-62 was delivered intranasally by aerosol at each
time point. Figure 4c shows that the —1, 8h regimen resulted in a
significant reduction in weight loss for both male and female ham-
sters and that this protection lasted for the entire 5d time course
compared to the PBS controls. The post-challenge-only treatment
regimen (24, 32 and 48h) also resulted in a significant reduction
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in weight loss, but only in males. The difference in protection
between male and female hamsters is probably due to documented
gender-specific differences, with more severe disease in male ham-
sters after SARS-CoV-2 infection®. We also determined viral loads
using oral swabs 2d after infection (Supplementary Fig. 6b,c), and
found a reduction (although below statistical significance) for the
post-infection treatment. Oral swabs may not be ideal to determine
viral loads in the lungs, which are mostly inhibited by inhalation
of RBD-62. The improved infection outcome in hamsters following
treatment with RBD-62 is supportive of our in vitro data and sug-
gests that this approach may be of therapeutic value to block infec-
tion in humans.

Discussion

During the first year of the SARS-CoV-2 pandemic, a small subset
of mutations have been shown to have an adaptive advantage. Here
we report the application of an in vitro evolution method to select
for higher affinity binding of the SARS-CoV-2 spike RBD to the host
cell receptor ACE2. We found mutations selected by natural infec-
tion, S477N, E484K and N501Y, among the first selected by yeast
surface display affinity maturation of RBD against ACE2 (Table 1).
Moreover, the E484K/N501Y variant was the tightest binding muta-
tion emerging from the B3 library. These two mutations evolved
independently, but merged quite rapidly into single clones (Table 1
and Extended Data Fig. 6). The S477N mutation was selected in B3,
but was fixed only in B6(FA). This is related to the smaller gain in
affinity with S477N compared with N501Y (Fig. 2c). In vitro selec-
tion is expected to follow the affinity gain, but it was surprising to
observe that natural SARS-CoV-2 selection follows the same path.

In 2020, the SARS-CoV-2 D614G mutation emerged, and is now
prevalent. Then, the more infectious B.1.1.7, B.1.351 and P.1 vari-
ants were detected”. Among 42 non-synonymous mutations delin-
eating the latter variants (PANGO lineages (https://cov-lineages.
org/)), N501Y is fixed, whereas the K417N/T and E484K mutations
are only found in the B.1.351 and P.I variants. Recently, an addi-
tional virus variant named P.3 was detected in the Philippines with
the same combination of E484K and N501Y mutations. Although
our results (Fig. 2¢,g) showed the cooperative effect of the K417N/T,
reversions of K417N/T are also frequent in both the B.1.351 (for
example, Finland/THL-202109511/2021) and P.1 strains (for exam-
ple, Brazil/SP-770679-NBD14/2021) suggesting ongoing pressure
for strain optimization. Extended Data Fig. 9 shows how B.1.1.7
(Alpha) outcompeted the WT (20A), D614G (20B) and S477N
(20C) variants in the UK and how B.1.351 (Beta) outcompeted 20B
in South Africa. Most interesting is the P.1 (Gamma) lineage, which
outcompeted all the other variants, including B.1.1.7 in Brazil,
strongly suggesting that its higher affinity provides the variant with
an advantage in infectivity.

The main advantage of in vitro evolution is that it can mimic
natural evolution but on a much faster timescale. We pooled the
selected clones from each library to construct a new library, result-
ing in parallel sampling of a large sequence space in multiple tra-
jectories (Fig. 1). This strategy enabled the emergence of epistatic
mutations. The use of random, rather than saturation mutagene-
sis, mimics virus evolution for tighter binding during infection of
naive hosts.

RBD-62, which has an affinity 1,000-fold higher than that of
RBD-WT, was the tightest binding clone that we identified. As shown
in Table 1 and Extended Data Fig. 6, many mutations were transient
during the selection process, whilst a small number persisted (as is
also observed in SARS-CoV-2 isolates). Q498R was first observed in
library B4, but established itself only in B5. This mutation emerges
only together with N501Y, suggesting that there may be an epistatic
effect between the two mutations. Indeed, deep-mutational scanning
of single RBD mutations’ showed Q498R to negatively affect both
protein stability and binding, while we show that in combination
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with N501Y binding, affinity is increased by approximately fourfold
above that of N501Y alone. The epistatic effect is also confirmed by
calculating the interaction energy between the two residues using a
double-mutant cycle (Fig. 2g) and by the RBD-62-ACE2 complex
structure, where Y501 positions R498 to form multiple interactions
(Fig. 3d). Single-mutation scanning does not account for this coop-
erativity, which has a crucial role at protein—protein interfaces®. The
rapid spread of N501Y in the population increases the likelihood of
the emergence of the Q498R mutant, which may have higher infec-
tivity. Unlike Q498R, the N501Y and E484K mutations established
themselves independently (their coupling energy is not significant;
Fig. 2g), allowing for their rapid in vitro selection and emergence in
SARS-CoV-2. Owing to the spread of the B.1.1.7, B.1.351, P.1 and
P.3 variants, the Q498R mutation may emerge in future, on top of
these mutations; the synergism of Q498R with N501Y and E484K
in our assays increased ACE2 binding by around 50-fold compared
with the WT. Another mutation that emerged late in yeast display
is N460K. Both Q498R and N460K are located in a hypervariable
region of the RBD (Supplementary Fig. 5), suggesting that their
emergence is not constrained.

Infectivity is one concern for emerging mutations, but equally
important is their potential for immune evasion, both from the
resistance provided by previous infections of the WT virus and
from vaccination. To evaluate the effect of these RBD mutations on
antibody binding, we inspected 92 antibody-RBD (nanobody-S)
structures for clashes in silico, replacing RBD-WT with the RBD-62
structure, as determined in complex with ACE2 using Cryo-EM.
Twenty-eight of the antibodies bind outside the RBM, and 8 interac-
tions are not affected by the mutations on RBD-62. However, inter-
action was compromised for 56 antibodies, and major clashes with
RBD-62 were identified for 9 antibodies (Extended Data Fig. 10).
Notably, E484K and Q498R caused most of the observed effects on
predicted antibody binding.

RBD-62 has potential as a drug, as it blocks ACE2 with very high
affinity, while leaving ACE2 functionality unaffected. It completely
inhibited SARS-CoV-2 infection of Vero E6 cells, including by the
most common SARS-CoV-2 variants, at a picomolar concentra-
tion. Furthermore, we tested the efficacy of RBD-62 in blocking
COVID-19 in a highly pathogenic hamster challenge model, and
found a reduction in disease (with weight loss as the proxy) when
RBD-62 was administered either before or after infection. With
post-infection treatment, significant differences were observed only
for male hamsters, which exhibit more severe disease than female
hamsters®. The main advantage of blocking host cell ACE2 is that
it is not affected by viral escape mutations, which evolve continu-
ously. A follow-up primate experiment using RBD-62 to block
SARS-CoV-2 was approved by the Animal Care and Use Committee
of the Vaccine Research Center, National Institute of Allergy and
Infectious Diseases, National Institutes for Health.

Knowing the enemy provides an advantage to the defender.
Using in vitro evolution, we have successfully delineated the path-
way of SARS-CoV-2 variant emergence. Although SARS-CoV-2
must evolve under multiple selection pressures (such as shown
for the D614G mutation of the spike protein), we found that an
increase in RBD-ACE2 binding affinity can be replicated using
affinity-binding selection pressure alone. We advise that sequenc-
ing of the RBD of SARS-CoV-2 natural isolates will be a crucial
tool in the early identification of variants with greater infectivity.
Moreover, such knowledge may enable shortened timelines to vac-
cine and drug countermeasure development and deployment. We
note that the methods applied in our study could be generalized for
other viruses once their evolutionary path is identified.

Methods

Cloning and DNA manipulations. The RBD domain variants (Supplementary
Table 1) were PCR amplified (KAPA HiFi HotStart ReadyMix, Roche, catalogue
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(cat.) no. KK3605) from codon-optimized SARS-CoV-2 Spike protein gene

(Sino Biological, SARS-CoV-2 (2019-nCoV) cat. no. VG40589-UT; GenBank:
QHD43416.1) using appropriate primers (Supplementary Table 3). Amplicons
were purified using NucleoSpin Gel and PCR Clean-up kit (Nacherey-Nagel, cat.
no. 740609.50) and eluted in double-distilled water. Yeast surface display plasmid
pJYDCI1 (Adgene ID: 162458) and pJYDC3 (162460) were cleaved by Ndel and
BamHI (NEB, cat. no. R0111 and R0136) restriction enzymes, purified, and tested
for non-cleaved plasmids via transformation to E. coli Cloni 10 G cells (Lucigen).
Each amplicon was mixed with cleaved plasmid in the ratio: 4 ug insert:1 ug
plasmid per construct, electroporated in Saccharomyces cerevisiae EBY100°', and
selected by growth on SD-W plates (for detailed composition see ref. *').

Cloning of the ACE2 extracellular domain (amino acids G17-Y613) and RBDs
into vectors pHL-sec”” were done in two steps. Initially, the RBD gene was inserted
in helper vector pCA by restriction-free cloning®. pCA is a pHL-sec derivative
lacking 862 bp in the GC rich region (nucleotides 672-1534). In the second step,
the correctly inserted, verified by sequencing, RBD coding sequence with flanking
sequences was cleaved using restriction enzymes Xbal and Xhol (NEB, cat. nos
R0145 and R0146) and ligated (T4 DNA ligase, NEB, cat. no. M0202) in cleaved
full-length plasmid pHL-sec.

Site-directed mutagenesis of RBDs was performed by restriction-free cloning™.
Megaprimers were amplified by KAPA HiFi HotStart ReadyMix (Roche), purified
with NucleoSpin Gel and PCR Clean-up Kit (Nachery-Nagel), and subsequently
inserted by PCR in the destination using high fidelity Phusion (NEB) or KAPA
polymerases. The parental plasmid molecules were inactivated by Dpnl treatment
(1h, NEB, cat. no. R0176) and the crude reaction mixture was transformed into
electrocompetent E. coli Cloni 10 G cells (Lucigen). The clones were screened by
colony PCR and their correctness was verified by sequencing. All primers used in
this study are listed in Supplementary Table 3.

DNA libraries preparation. SARS-CoV-2 RBD gene libraries were prepared

by MnCl, error-prone mutagenesis* using Taq Ready-mix (Hylabs, cat. no.
EZ3006). The mutagenic PCR reactions (50 ul) were supplemented with increasing
MnCl, concentrations: 0.05, 0.1, 0.2, 0.4, 0.6, 0.8 and 1.0 nM. Template DNA
concentration ranged between 100 and 400 ng per reaction and 20-30 reaction
cycles were applied. The amplified DNA was purified, pooled and used directly
for yeast transformation via electroporation. The whole gene randomization
amplicon comprised the whole RBD gene (amino acids 336-528, pJYDC1 vector).
Libraries B3, B4 and B5 were prepared by homologous recombination of an
invariant fragment of RBD with necessary overlaps (amino acids 336-431) and the
mutagenized library fragment (amino acids 431-528). The mutagenic fragments
were prepared by the same error-prone PCR procedure (20 cycles).

Yeast transformation, cultivation and expression procedures. The procedures
and the enhanced yeast display platform have been described in detail elsewhere®’.
In brief, plasmids were transformed into EBY100 S. cerevisiae’*. Single colonies
were inoculated into 1.0 ml liquid SD-CAA medium*' and grown overnight at
30°C (220 rpm). The overnight cultures were centrifuged (3,000¢, 3 min) and the
exhausted culture medium was removed before 1:9 dilution in the expression
medium®' to an optical density of approximately 1. Expression cultures were grown
at 20, 30 or 37°C for 8-24h at 220 rpm, depending on the experimental setup. The
expression co-cultivation labelling was achieved by the addition of 1 nM DMSO
solubilized bilirubin (pJYDC1, eUnaG2 reporter holo-form formation, green/
yellow fluorescence (excitation 498 nm, emission 527 nm), Sigma, cat. no. B4126)
or 5nM ALFA-tagged mNeonGreen (pJYDC3, DnbALFA). Aliquots of cells

(100 pl) were collected by centrifugation (3,000¢, 3 min) resuspended in ice-cold
PBS with 1 g1~ BSA (PBSB), passed through a nylon membrane cell strainer

(40 M, SPL Life Sciences) and analysed.

Binding assays, affinity determination and selection for tighter binding clones
using yeast surface display. Aliquots of yeast expressed and labelled cells ready
for flow cytometry analysis were resuspended in analysis solution with a series of
labelled ACE2 concentrations. The concentration range of CF640 R succinimidyl
ester (Biotium, cat. 92108) labelled ACE2 extracellular domain (amino acids
Q18-5740) was dependent on the protein analysed (0.1 pM - 50nM). The volume
of analysis solution (between 1 and 100 ml to avoid ligand depletion (>10%)) and
the time needed to reach the equilibrium (1h - 12h, 5rpm, 4°C)** were adjusted
for each experiment according to the expected K, After the incubation, samples
were collected (3,000g, 3 min), resuspended in 200 ul of ice-cold PBSB (200 ul),
passed through a cell strainer, and analysed. The expression and binding signals
were determined by flow cytometry using BD Accuri C6 Flow Cytometer (BD
Biosciences). The cell analysis and sorting were done by S3e Cell Sorter (BioRad,
USA). The analysis was done by single-cell event gating (Extended Data Fig. 2),
the green fluorescence channel (FL1-A) was used to detect RBD-expressing cells
(RBD™) via eUnaG2 or DnbALFA, and the far-red fluorescent channel (FL4-A)
recorded CF640 R-labelled ACE2-binding signals (CF640*). The eUnaG2 signals
were automatically compensated by the ProSort Software and pJYDNp positive
control plasmid (Adgene ID 162451)*'. The mean FL4-A fluorescence signal values
of RBD* cells, subtracting the fluorescence of RBD~ cells, was used to determine
the binding constant K, yp,. The standard non-cooperative Hill equation was fitted
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using a nonlinear least-squares regression in Python 3.7. The total concentration
of yeast exposed protein was fitted together with two additional parameters
describing the given titration curve’.

The FACS selection and gating strategy is shown in Fig. 1 and Extended Data
Fig. 2. Every library was selected by three consecutive rounds of FACS. In the first
selection round, less stringent conditions were applied, with the 3% best binding
cells sorted. Selected cell populations were cultivated and expressed before the next
sorting round. In the next two rounds, the sorting threshold was strengthened to
select the top 0.1-1% of yeast cells. A minimum of 20,000 cells was sorted.

Double-mutant cycle calculations. Ky, values were used to calculate coupling
free energy between pairs of amino-acids, using the double-mutant cycle method
using the following equation, AAG,,= AG,;,+AG4-AG,-AG,, where a and b are
the WT residues and ¢ and d are the mutant residue. Each of the AG values was
calculated from Kp,yp, according to AG = -RTln Kj, yp,, where R is the gas constant
and T the absolute temperature. The standard errors were calculated from the 3-6
repeats of independent Kj,y;, measurements, from which the standard error shown
in Fig. 2g was calculated.

Production and purification of RBD and ACE2 proteins. The extracellular part
of ACE2 (Q18-S740) and RBD protein variants were produced in Expi293F cells
(ThermoFisher). Pure DNA was transfected using ExpiFectamine 293 Transfection
Kit (ThermoFisher) using the manufacturer’s protocol. Seventy-two hours after
transfection, the cells were centrifuged at 1,500 rpm for 15min. The supernatant
was filtered using 0.45 um Nalgene Rapid-Flow sterile single-use vacuum filter
units (ThermoFisher, cat. no. 564-0020) and the pellet was discarded. The filtered
supernatant was loaded onto a 5ml of HisTrap Fast Flow column (Cytivia (GE
Healthcare), cat. no. 17-5255-01). AKTA pure (Cytivia) was used to purify the
protein. The column was washed in 25 mM Tris, 200 mM NaCl 20 mM imidazole
pH 7.2, then the protein was eluted using gradient elution with elution buffer
containing 25mM Tris, 200 mM NaCl 1 M imidazole pH 7.2. Buffer exchange

to PBS and the concentration of the protein were done by using Amicon
concentrators (3 K MWCO, Merck Millipore, cat. no. UFC900324).

Cryo-electron microscopy. Sample preparation. ACE2-RBD-62 complex (2.5l
at 3.5mgml~) was transferred to glow-discharged UltrAuFoil R 1.2/1.3 300 mesh
grids (Quantifoil, cat. 4976G-FA), blotted for 2.5s at 4°C, 100% humidity, and
plunge frozen in liquid ethane cooled by liquid nitrogen using a Vitrobot plunger
(ThermoFisher Scientific).

Cryo-EM image acquisition. Cryo-EM data were collected on a Titan Krios

G3i transmission electron microscope (ThermoFisher Scientific) operated at
300kV. Movies were recorded on a K3 direct detector (Gatan) installed behind

a BioQuantum energy filter (Gatan), using a slit of 20 eV. Movies were recorded

in counting mode at a nominal magnification of X165,000, corresponding to a
physical pixel size of 0.53 A. The dose rate was set to 16.2 e~ pixel's™, and the
total exposure time was 1.214s, resulting in an accumulated dose of 70 e~ A2 Each
movie was split into 57 frames of 0.021 s. The nominal defocus range was —0.7 to
—1.1pm, however, the actual defocus range was larger. Imaging was done using an
automated low-dose procedure implemented in SerialEM*. A single movie was
collected from the centre of each hole using image shift to navigate within hole
arrays and stage shift to move between arrays. The ‘multiple record setup’ together
with the ‘multiple hole combiner’ dialogues were used to map hole arrays of up to
3% 3 holes. Beam tilt was adjusted to achieve coma-free alignment when applying
image shift.

Cryo-EM image processing. Image processing was performed using CryoSPARC
software™ v3.0.1. The processing scheme is outlined in Supplementary Fig. 2. A
total of 4,470 acquired movies were subjected to patch motion correction, followed
by patch contrast transfer function estimation. Of these, 3,357 micrographs having
contrast transfer function fit resolution better than 5 A and relative ice thickness
lower than 1.07, were selected for further processing. Initial particle picking was
done using the ‘blob picker’ job on a subset of 100 micrographs. Extracted particles
were iteratively classified in 2D and their class averages were used as templates for
automated particle picking from all selected micrographs, resulting in 2,419,995
picked particles. Particles were extracted, binned 6 x 6 (60-pixel box size, 3.18 A
per pixel), and cleaned by multiple rounds of 2D classification, resulting in
1,649,355 particles. These particles were used for ab initio 3D reconstruction with
5 classes. Out of the 5 classes only one, containing 552,575 particles, refined to
high resolution. Two additional classes may show ACE2 in a closed conformation
(containing 249,841 and 503,670 particles), however, they did not refine, partially
because of preferred orientation. The 3D class containing 552,575 particles was
refined as follows: particles were re-extracted only from micrographs with defocus
lower than 1.7 pm, binned 2 X 2, and subjected to homogeneous refinement
(355,891 particles, 200-pixel box size, 1.06 A per pixel). The particles were then
sub-classified into 2 classes, and particles from the higher-resolution class were
re-extracted without binning in 680-pixel boxes, subjected to per-particle motion
correction, followed by non-uniform refinement” with per-particle defocus
optimization. The final map, at a resolution of 2.9 A (Supplementary Fig. 3), was
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sharpened with a B-factor of —83 before atomic model building. In the final map,
the RBD is only partially resolved at the distal region from the ACE2 interface. To
better understand the reason for the missing density, we subjected the particles
from the well-refined 3D class (355,891 particles) to variability analysis*’, with a
binary mask imposed on the RBD region (Supplementary Fig. 4). Classification
into five distinct classes based on three eigenvectors, revealed variable density at
the RBD distal region, which could not be modelled reliably. The cryo-EM data
collection process and refinement statistics are summarized and visualized in
Supplementary Figs. 2—4 and Supplementary Table 2.

Model building. The atomic model of the ACE2-RBD-62 was solved by docking
into the Cryo-EM maps the homologous refined structure of the SARS-CoV-2
spike receptor-binding domain bound with ACE2 (PDB ID 6MO0J) as a model,
using the Dock-in-Map program in PHENIX*'. All steps of atomic refinements
were carried out with real-space refinement in PHENIX*. The model was built
into the cryo-EM map by using the COOT program®. The ACE2-RBD-62 model
was evaluated with the MolProbity program*. ACE2 (G17-Y613) contains one
zinc ion linked to H374, H378 and E402 and three N-acetyl-B-glucosaminide
glycans linked to N53, N90 and N546. In the RBD-62 structure (T333-K528)
three fragments-R357-S371 (2, «2), G381-V395 (a3) and F515-H534 (f11)
are disordered, and thus not visible in the density map. Details of the refinement
statistics of the ACE2-RBD-62 structure are described in Supplementary Table 2.
Three-dimensional visualization and analyses were performed using UCSF
Chimera* and PyMol (Schrodinger, 2.4.0).

Analysis of RBD circulating virus variants. All amino acid substitutions in the
RBD (116) were downloaded from the GISAID database (13 April 2021)* with
the corresponding numbers of sequences and regions and plotted against the
binding (Alog,,(Kp, 4,) OF Kpyyp), or expression (Alog,\MFI) extracted from the
RBD deep-mutational scanning dataset’. We gratefully acknowledge all GISAID
contributors and Starr et all for sharing their data.

Biacore S200 ACE2-RBD binding measurements. The Biacore S200 (GE
Healthcare) was used for real-time binding determination. In brief, 10 pugml™' of
Fc-ACE2, provided by R. Diskin (Weizmann Institute)*” was bound to a series

S sensor chip protein A (Cytivia (GE Healthcare), cat. no. 29127557) in PBST
and 0.02% (w/v) sodium azide buffer, leaving a free channel for non-specific
binding subtraction. Fusion proteins were first immobilized at a coupling
density of ~700 RU; the RBD was then injected at 0, 5, 10, 20, 40, 80 and 160 nM
concentrations at a flow rate of 30 plmin~". The sensor chip was regenerated using
10mM glycine-HCI pH 1.5 buffer. For data evaluation, the no Fc-ACE2 channel
and the zero RBD measurement were subtracted from the sensorgram. The six
concentrations were fitted using the built-in global fitting routine, using a 1:1
model using $200 Evaluation Software 1.1.

Pseudovirus production and inhibition of infection by RBD. Pseudovirus
production: SARS-CoV-2-Spike pseudotyped lentivirus was produced by
co-transfection of HEK 293T cells pPCMV ARS.2, pGIPZ-GFP, (26) and pCMV3
SACI19 at a ratio of 1:1:1. Twenty-four hours before the transfection, 1 x 10° cells
were seeded into a 10 cm plate. On the day of the transfection, cells were washed
with Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, cat. no. 11965092)
and 5ml of Opti-MEM (Gibco, cat. no. 11058021) was added to the plate. Ten
micrograms of plasmids mix was transfect using Lipofectamine 2000 transfection
reagent (ThermoFisher, cat. 11668027) according to the manufacturer’s
instructions. After 4h, the medium was replaced with 9 ml of fresh medium. The
supernatant was collected 72 h after transfection, centrifuged (1,000g, 5min), and
filtered to remove all residual debris (Millex-HV Syringe Filter Unit, 0.45 um,
Merck, cat. no. SLHVM33RS).

RBD inhibition assay: HEK 293T cells stably expressing hACE2 (GenScript, cat.
no. M00770) were seeded into a 24-well plate at an initial density of 6 x 10* cells per
well. The following day, cells were pre-incubated with serial dilutions of RBDs (1h)
and then the pseudotyped lentivirus was added. After 24h, the cell medium was
replaced with fresh DMEM, and cells were grown for an additional 24 h. After this
procedure, cells were collected and the GFP signal was analysed by flow cytometry
(BD Accuri C6 Plus Flow Cytometer, BD Biosciences).

Inhibition of SARS-CoV-2 infection. The WT and three major variants of
SARS-CoV2 were used: strain 2019-nCoV/IDF0372/2020 (WT) was supplied
by the National Reference Centre for Respiratory Viruses hosted by Institute
Pasteur (Paris, France) and headed by S. van der Werf. The human sample
from which strain 2019-nCoV/IDF0372/2020 was isolated was provided by X.
Lescure and Y. Yazdanpanah from Bichat Hospital. The B.1.1.7: hCoV-19/France/
IDF-IPP11324/2021 and B.1.351: hCoV-19/France/PDL-IPP01065/2021 were
supplied through the European Virus Archive goes Global (EVAg) platform. The
P.1: hCoV-19/Japan/TY7-501/2021 virus was provided by J. Vanhomwegen (Cellule
d’Intervention Biologique d’Urgence (CIBU), Institut Pasteur).

Plaque assay was performed to determine the viral load in each sample (six
replicates). Vero E6 cells were seeded in 24-well plates at a concentration of
7.5%10* cells per well. The following day, serial dilutions were performed in
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serum-free Minimum Essential Medium (MEM, Merck, cat. no. M5650) medium.
After 1h absorption at 37°C, 2x overlay medium was added to the inoculum

to give a final concentration of 2% (v/v) FBS in MEM and 0.4% (w/v) SeaPrep
Agarose (Lonza, cat. no. 50302) to achieve a semi-solid overlay. Plaque assays were
incubated at 37°C for 3 d. Samples were fixed using 4% formaldehyde solution
(approximately 10% formalin solution) for histology (Merck, cat. no. 1.00496) and
plaques were visualized using crystal violet solution (Merck, cat. no. C0775).

ACE2 activity assay. Human ACE2 activity was evaluated using SensoLyte

390 ACE2 Activity Assay Kit (AnaSpec, cat. no. 72086) according to the
manufacturer’s protocol, with the following changes: the assay was performed in
384-well plates with a ratio of 1:5 of the recommended volume of buffer, substrate
and inhibitor. The activity was measured on either purified ACE2 (0.75ng; Abcam,
cat. no. aB351852) or the following cell lines—HeLa cells transiently transfected
with ACE2 (6,000 cells per assay), HEK 293T stable transfected with ACE2
(GenScript, cat. no. M00770, 8,000 cells per assay), Caco2 cells (40,000 cells per
assay). RBD-WT or RBD-B62 were added at a concentration of 10 nM before
activity measurement. The activity rate is indicated by the slope of the

plot (product/time).

Golden Syrian hamster challenge experiments. Golden Syrian hamsters

(M. auratus) were housed at Bioqual. Hamsters were 6-8 weeks old on the

day of infection and were randomized into groups of 3 female and 3 male
hamsters each per group. Hamsters were infected with 100 ul of 5 10° PFU
(USA-WA1/2020; BEI: NR-52281) intranasally on day 0. Hamsters were weighed
daily and weight loss was measured as percent change from the baseline weight
on day 0. Hamsters were treated with RBD-62 via an Aerogen Solo Nebulizer
(Aerogen). RBD-62 was prepared in 100 pg aliquots in 1.5 ml of 0.5x PBS with
2mgml~! gelatin (Merck, cat. no. G1890). Gelatin (2mgml') in 0.5X PBS was
administered via inhalation to hamsters in the PBS control group. Oral swabs
were collected 2 d after challenge and immediately placed in 1 ml PBS and frozen
at —80°C until RNA extraction. Specimens were thawed at 50 °C, and the swab
was removed. The remaining PBS was mixed with 2 ml RNAzol BD (Molecular
Research Center, cat. no. RB 192) and 20 pl acetic acid. Total RNA was extracted
as described previously*.

Defining the RBD domain for yeast display and protein expression. To

optimize the RBD for yeast display affinity maturation, we screened multiple
different constructs for yeast surface expression. RBDs with different starting

and termination positions were cloned in a pJYDCI vector and their impact on
expression, stability and ACE2 binding were determined (Supplementary Table 1).
RBDconl was the shortest construct, lacking the last C-terminal loop of the RBD
domain (516-528) and including one unpaired cysteine. This resulted in poor
expression and binding. RBDcon2 and RBDcon3 included this loop, resulting in
domain stabilization and an increase in both binding and expression. Although the
RBDcon4 (published by Kramer and colleagues*’) construct demonstrated high
expression yields both in yeast and Expi293F cells, as well as good thermostability,
we decided to not use it in yeast display, since one unpaired cysteine (C538) is close
to its C terminus and the construct contains part of the neighbouring domain.

We continued with the RBDcon2 and RBDcon3 constructs for yeast display and
protein expression in Expi293F cells, respectively.

Statistics and reproducibility. Unless stated otherwise, three independent
biological replicates were used for measurement. Data are reported as mean

values +s.e.m.. Differences in Syrian hamster weight were tested with two-sided
linear mixed-effects model, with treatment, sex, day, treatment X sex interaction
and treatment X day interaction as fixed factors, and animal ID as a random factor.
Specific contrasts were tested by estimated marginal means, and P values were
corrected for multiple comparisons by Tukey’s test. Analysis was done in R, v. 4.0.4,
using the packages Ime4, ImerTest and emmeans.

Reporting Summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

Cryo-EM data have been deposited in the Electron Microscopy Data Bank with
accession codes EMD-12187 and PDB ID: 7BH9. Source data are provided with
this paper.
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Extended Data Fig. 1| The I358F mutation, selected by yeast surface display, increases protein stability and expression. (A) The position of the I358F
(bright yellow) mutation in the RBD structure (PDB ID 6M17) and the neighboring residues within 5A distance (pale yellow). (B) Shows the residues
involved in the formation of the hydrophobic cavity around the I358F mutation predicted from the X-ray structure. Additional residues that are involved:
K356, R357, S359, V395, Y396. (C) The spherical representation of the predicted position of the phenylalanine mutation inside the hydrophobic cavity
(yellow) and wild-type residue (isoleucine, orange).
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Extended Data Fig. 2 | Gaiting and selection strategies for in vitro evolution of the SARS-CoV-2 RBD domain. (A, B) Gating strategy for FACS sorting. In
the first step, yeast cells were isolated by their FSC-A and SSC-A properties (A). In the second step (B), single cells were isolated by their FSC properties
(area and height) on the diagonal plot. The Green area represents the gated region. (C) Selection strategy for affinity maturation. The library was titrated
with a range of ACE2 concentrations to select the concentration with limited signal (inset 1). Under such conditions, the tighter binding clones gain

the highest advantage over the parental population. Using less stringent selection (insets 2 - 4) reduces the advantage of the tighter binders. Using
sub-optimal concentrations of ACE2 protein will also result in loss of selectivity. (D) Affinity maturation library after 3 sorts, where the separation between
parental and tighter binding population is well defined. The top 0.1- 0.3 % of cells were sorted - green region. (E) Fast-association selection strategy. The
library was incubated with a constant concentration (30 pM) of ACE2 for different times. The time with minimal signal was determined and used for the
selection of clones with faster association (library B6(FA)). The same shape of the sorting region as in (D) was applied.
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Library Clone nr;:it Plasmid  Clone specific mutations I?g*p?i{[:ﬁgg;
WT 0  plyDCl 1700 = 137 8]
B3  RBD-3I 3 pIYDCI  I358F ,N448S, N5O1Y 907 + 112 3]
B3 RBD-32 3 plYDCI I358F, S477N, N501Y 348 + 35 [3]
B3 RBD-33 3 plYDCI1 I358F, E484K, N501Y 204 + 88 [4]
B3 RBD-34 4 plYDC1 I358F, 1468T, E484K, N501Y 644 1]
B3  RBD-312 3 plYDCl  I358F, V483E, N501Y 4421]
B3 RBD-36 4 plYDCI I358F, I468T, N481Y, N501Y 268 + 35 [3]
B3 RBD-310 4 plYDC1 [358F, N4488S, E484K, N501Y 607 [1]
B3 RBD-316 3 plYDC1 [358F, N448S, E484K, F490S, N501Y 722 [1]
B4 RBD-41 4 plYDC3 I358F, S477N, E484K, N501Y 104 + 28 [3]
B4 RBD-47 4 pIYDC3 I358F, N460K, E484K, N501Y 96 + 14 [3]
B4 RBD-48 4 plYDC3 I358F, E484K, Q498R, N501Y 55+23[4]
BS RBD-51 6 plYDC1 [358F, N460K, S477N, E484K, Q498R, N501Y 11 +£4[3]
BS RBD-S2 7  pIYDCI  I358F, N460K, E484K, S494P, Q498R, N501Y, A520G 40+ 165
BS RBD-53 6 pIYDCI 1358F, N460K, T478S, E484K, Q498R, N501Y 22 +4[3]
B35 RBD-57 6 plYDC1 I358F, G446R, E484K, F490Y, Q498R, N501Y 35 (1]
B5 RBD-520 5 pJYDC1 [358F, 1468V, E484K, Q498R, N501Y 31 [1]
BS  RBD-521 5  pJYDCI  I358F, N46OK, E484K, Q498R, N5O1Y 143 3]
B6(FA) RBD-62 9 pIYDC3 g:ggf{,\;fs‘tﬂ% N460K, 1468T, T470M, S477N, E484K, 35+ 1.8[4]
B6(FA) RBD-610 7y plYDC3 [358F, N460K, S477N, T478S, E484K, Q498R, N501Y 10 £ 5 [3]
B6(FA) RBD-611 8 pIYDC3 IS3551%:"_"]: N460K, S477N, E484K, S494P, Q498R, N501Y, 268 [3]
B6(FA) RBD-614 7 plYDC3 [358F, V445K, N460K, E484K., S494P, Q498R, N501Y 21 £6.2 [3]
RBD mutant clones not from library selection
- RBD-BRY 3 plYDC1 [358F, K417T,E484K, Q498R, N501Y 84 + 28 [5]
- RBD-MBRY 6  pJYDCI  I358F, K417T, T470M, E484K, Q498R, N501Y 56+ 8 [3]
- RBD-477RY 4 plYDCI I358F, S477N, Q498R, N501Y 46 £ 6 [3]
- RBD-478RY 4 plYDCI1 I358F, T478I, Q498R, N501Y 93 £ 8[3]
- RBD-SARY 3 plYDC1 [358F, K417N, E484K, Q498R, N501Y 68 £ 22 [3]
: . 5 pIYDCl  I358F, S477R, E484K, Q498R, NSO1Y 30 +3[3]
- RBD-RYM 5 plYDCI [358F, T470M, E484K, Q498R, N501Y 39 +£2[3]
- RBD-RY 3 plYDCI I358F, Q498R, N501Y 65+ 13 [3]
) RBD-71 12 pIYDC3 I358F, V367W, R408D, K417V, V445K, N460K, 1468T, 8.5+2.5 3]

T470M, S477N, E484K, Q498R, N501Y

Extended Data Fig. 3 | ACE2 binding affinity of yeast display selected clones and designed variants. " The affinity was determined by CF640-ACE2
titration (Fig. 2a) at 12-16 concentrations, binding to yeast expressing clones. Shading tones are according to library progression. The standard error values
calculated from multiple measurements (number of repeats in brackets) are shown. Curve fitting errors did not exceed + 10%.
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Extended Data Fig. 4 | Binding titration curves and binding affinities of isogenic variants. A single binding curve is shown here. The mean values and
number of replicates are given in Fig. 2 and Source Data Fig. 2.
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Extended Data Fig. 5 | Comparison between different methods for KD assessment. (a) Correlation between the herein measured mean K, (Fig. 2 and
Extended Data Fig. 3) and deep-mutational scanning data Ky, ,,,”. (b) Correlation between mean fluorescent intensity MFI obtained here (Fig. 2) by using
enhanced yeast display’' and obtained from deep-mutational scanning (ALog10(MFI)*)". (¢) Correlation between mean Kp,, values obtained by yeast
surface display titration (Fig. 2 and Extended Data Fig. 3) and SPR Biacore S200. (d) Biacore S200 sensorgrams for different RBD variants at 5, 10, 20, 40,
80, 160 nM concentration binding to immobilized ACE2. The black line is the global fit using the build-in function.
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WT DSEKVGENYNYLYRLFRKSNLKPFERD! STELYQAGSTPCOCN FNCYFPLAQSYGF T VEYQPYRVYVVVLSFELLHAPATVYCGPRK
>RB0-31 DSKVGGSYNYLYRLFREKSNLEPFERDI STEI YOQAGSTPCN FNCYFPLAOSYGF T VGYQPYRVVVLSFELLHAPATVCGPK
>RBD-32 DS KVGGNYNYLYRLFRKSMNLEPFERDI STEI YOAGNTPCN FNCYFPLAOSYGF T VEYQPYRVVVLSFELLHAPATVCGPK
>RBD-33 DSKVGGNYNYLYRLFRKSNLEKPFERD! STEI YQAGSTPCN FNCYFPLOSYGF T VEY QP YRVYVLSFELLHAPATYCGPK
>RBD-34 DEKVGGNYNYLYRLFRKSNLKPFERDIESTEI|I YQAGSTPCOCN F NEXF P LG5 &GF T VEYOQOQPYRVYVVYLSFELLHAPATVCGPK
>RBD-36 DSKVGGNYNYLYRLFRKSNLEKEPFERDESTEI YQAGSTPCH FNCYFPMLOQSY GF T8 VGYQPYRVVVLSFELLHAPATVYCEPRK
»RED-39 D5 KVGGHNYNYLYRLFRKSNLKPFERDISTE|I YQAGSTPCN FNCYFPLOSYGF T VGYQPYRVVVLSFELLHAPATYCGPK
>RBO-310 DS KVGGSYNYLYRLFRESNLEPFERDI STEI YQAGSTPCN FNCYFPLOSYGF T VGYQPYRVVVLSFELLHAPATVCGPEK
SRBD-312 DS KVGGNYNYLYRLFREKESNLKPFERDI STEI YOAGSTPCN FNCYFPLQSYGF T VEYOQPYRVVYLSFELLHAPATVYCGPK
>RBD-316 DS KVGGSYNYLYRLFREKESNLKPFERDISTEI|I YOQAGSTPCN FNCYSPLOSYGEF T VEYOQPYRVYVVYVYLSFELLHAPATYCGPK
>RBD-317 DS KVGGNYNYLYRLFRKSNLKPFERDTSTEI YQAGSTPCN FNCYFPLOQSYGF T VEYOQPYRVVVLSFEJELHAPATVCGEGPK
>RBD-318 DS KVGGNYNYLYRLFRESNLKPFERDISTE| YQAGSTPCN FNCYFPLOSYGF T VGYOQPYRVVYVVLSFELLHAPATVCGPK
»RED-323 DS KVGGNYNYLYRLFREKESNLKPFERDISTEI|I YQAGSTPCN FNCYFPLQSYGEF T VGYQPYRVVVLSFELLHAPATVCAPK
>RED-41 DSKVGGN\'NVLVHIFRKSNLKPFERUISTEIVQAGwIPCN FNCYFPLAOSYGF TR VEYQPYRVVVLSFELLHAPATVCGPK
>RBO-42 DSKVGGS\'NVLYRLFRKS&LKPFE&D|STE|YQRGSIPCN FNCYSPLAOSYGF TERGYVGEGYQPYRVYVLSFELLHAPATYCGPK
>RBD-43 DEKVGGNYNY LYRLFAKSNLEKEPFERDERESTEI| ¥ QAGS TP CH FNCYFPLOQSYGFOQPTEGVEYQPYRVVYVLSFELLHAPATVYCGPK
>RBD-47 DSK\"GGN‘I’NYLYRlFRKS@LKPFERD|5TE|YQAGSTPCN FNCYFPLOSYGFOQPTEGVGEYOQPYRVVYVYLSFELLHAPATVCGEGPRK
=RED-48 D5 KVGGNYNYLYRLFRKSNLKPFERDISTE|I YQAGSTPCN FNCYFPLOSYGF PTEGVGYOQPYRVVVLSFELLHAPATYCGPEK
>RED-49 DSKVGGN\'N\'LYRI.FRFsNLKPFERD|STEI\'QRGx'PCN FNCYFPLOASYGF PTHGVYGYQPYRVVVLSFELLHAPATVCGPK
>RED410 DS KVGGNYNYLYRLFRESNLEPFERDI STEI YQAGSTPCN FNCYFPLOQSYGF PT GYGEYQPYRVVVLSFELLHAPATVCGRK
>RBO-411 DSKVGGN\'N?LYRLFRKS@LKPFERDVSTE|\'Q»QGSIPCN FNCYFPLOSYGFQPTEGVGEYQPYRYVYYVYLSFELLHAPATYCGPK
>RBD-414 DS KVGGNYNYLYRLFRKSNLKPFERDISTEI|I YOAGSTPCN FNCY¥PLOSYGFQP GVGEGYQPYRYVVLSFELLHAPATYCGPK
>RBD-418 DS KVGGNYNYLYRLFREKSNLKPFERDISTEI|I YQAGSTPCN FNCYFPLOQRYGFAQP GYVEYQPYRVVVLSFELLHAPATVYCGPK
RED-41% DS KVGGNYNYLYRLFRKSNLEKPFERDISTEI YQAGSS5PCN FNC\'FPLQSYGF%P GVGYQPYRVVVLSFELLHAPATVYCGPK
>RED-420 DSK\"RGN\'NYLYR{FRKSNLKPFERD|5TE|YQRG@TPCN FNCYFPLOSYGEF GYGYQPYRVVVLSFELLHAPATVYCGPK
SRED52 DS KVGGNYNYLYRLFREKS] KPFERDISTE|I YQAGSTPCN FNCYFPLAQPYGEF GYVGYQPYRVVVLSFELLHGPATVYCGPK
=RBD-53 DSKVGGNYNYLYRLFREK KPFERDI STE| YOAGSEPCN FNCYFPFLOSYGF WMEGVEYQPYRVVYLSFELLHAPATVCGPK
>RBD-57 DSKVRGNYNYLYRLFREK KPFERD] STEILYOQAGSTP C:N F NCYMPLOQSY GF GYVEYOQPYRVYVVLSFELLHAPATVYCGPRK
*RBD-520 DS KVGGNYNYLYRLFREK KPFFERDMIS TE| YQAGSTPCN FNCYFPLOQSYGF fEVGYOQPYRVYYLSFELLHAPATVCGPK
>RBD-521 DS KVGGNYNYLYRLFREK KFFERDI STE| YQAGSTPCN FNCYFPLOQSYGF GYEYOQPYRYVVLSFELLHAPATVYCGPK
»RBD-522 DS KVGGNYNYLYRLFREK KPFERDISTEI|I YQAGSTPCN FNCYFPLQSYGF GVGYOPYRVVVLSFELLHAPATVCGPK
>RBD-534 DS KVGGNYNYLYRLFREK KPFERDISTGI YQRAGSTPCN FNCYFPLAQSYGF GVGYQPYRVVVLSFELLHAPATVCGPK
>RBD-547 DS KVGGNYNYLYRLFREK KPFERDISTEI|I YQAGSTPCN FNCYFPLHSYGF GYVEYQPYRYVVLSFELLHAPATVYCGPK
>RBD-62 05K§GGNVNYLYRLFRK KPFERDTSTMI YQOAGMITPCN FNCYFPLOQSYGF GVEYQPYRYVVLSFELLHAPATVCGPK
>RBD-610 D 5 K GNYNYLYRLFREK KFFERDI STEI| ¥ QAGEESPCN F NCYFPLASYGF GVGYQPYRVYVVLSFELLHAPATVCGPK
*RED611 DS KVGGNYNYLYRLFREK KPFERDISTE| YQAGETPCN FNCYFPLAQPYGF GYGYQPYRVVVLIEFELLHAPATVYCGPK
>RED-614 Ds‘&GGNTN\'L\‘HlFRK KPFERDI STEI YQAGSTPCN FNCYFPLQPYGFE GYVGYQPYRVVVLSFELLHAPATYCGPEK

Extended Data Fig. 6 | Amino-acid sequences of non-redundant clones isolated during the RBD affinity-maturation process. Rare/transient mutations
are in light blue. Important changes are highlighted in dark blue. Except the stabilizing mutation I358F, no additional mutations were identified outside the
mutagenized region AA442 - 528.

NATURE MICROBIOLOGY | www.nature.com/naturemicrobiology


http://www.nature.com/naturemicrobiology

NATURE MICROBIOLOGY ARTICLES

A RBD-62 7 -
(E)K484R
(Q)R498H N b1 4

Y505W

-03 -0,2 -0,1 [ L

Bi417702 ©

AlogMFl 04930 .91 4

-0,2 4

o
w
i

o
Y
1

A'—olgm{Kn,mp)

=)
w
L

Binding norm.

Y453F

(N)YS01F

@ K417V

© R408D
Y365W
(]

L517M

N354E

03 04 0,5
® V3ETW
@ Q414A
S494P

RBD-71

L455R

10 10
ACE2 concentration [pM]

1000

S 3
§ First derivative (ratio 330/350 norm.)

55 60 65
Temperature [°C]

Extended Data Fig. 7 | Site—directed mutagenesis of RBD-62, using the affinity-enhancing mutations. Fifteen mutations were predicted to enhance
RBD-ACE2 binding or stability®. Mutation K417T (grey) was introduced from the B6(FA) library. These mutations were evaluated for enhancing the affinity
of RBD-62 towards ACE2 and their effect on stability. Single measurements only. (A) Impact of mutations, on top of RBD-62, on ACE2 binding (y-axis)
and yeast surface expression. Three mutations (orange circles), which had the highest impact on expression, were combined in RBD-71 (red triangle). (B)
Localization of stabilizing (yellow) and binding-enhancing mutations depicted in the RBD structure (PDB ID 6m17, best rotamer is shown). (C) Binding
curve of RBD-71 with RBD-62 binding curve fit (in grey) for comparison. All data points, taken in three independent repeats, are shown. (D) Normalized
protein melting curves for RBD-WT, RBD-62, RBD-52, and RBD-71 measured using the Tycho NT.6 (NanoTemper).
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Extended Data Fig. 8 | Global comparison between RBD-WT and RBD-62 shows overall similarity. (A) RBD-62 preserves its typical twisted fivestranded
antiparallel p sheet (1, p3-p5, and B10) with an extended insertion containing the short p5-p9 strands, a4, and 13 helices and loops. The biggest
differences are pronounced between M470 and F490 (black circle). (B) The upper part comprising of three segments: R357-S371 (f2, «2), G381-V395
(a3), and F515-H534 (B11) is not resolved in the density map (blue ribbon, added from PDB ID: 6MOJ).
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Extended Data Fig. 9 | Emergence and frequencies over time of new SARS-CoV2 virus variants in different countries. Data were reproduced from
https://nextstrain.org/ (16.4.2021)*°. The lineage designation by Rambaut et al.>® is given below the strain designation proposed by NextStrain or WHO.
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Extended Data Fig. 10 | RBD-62 mutations interfere with binding to multiple antibodies. The RBD-62 (magenta, mesh surface) was structurally overlaid
with RBD-WT (white). S477N, E484K, Q498R, and N501Y RBD mutated residues were analyzed for disruption of wild-type contacts (orange dashed line)
and clashes with corresponding binding antibody/nanobody (green) in relation to RBD-WT. Four examples, A) PDB ID: 6YZ5, B) PDB ID: 7CAN, C) PDB
ID: 7JVB, D) PDB ID: 7CHE, where the mutations resulted in a dramatic impact, are shown.
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|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Sample preparation is described in detail in the Method section. S.cerevisiae EBY100 cells expressing the RBD variant/s were
washed by an ice-cold PBSB buffer (PBS with 1 g/L BSA) and incubated with various concentrations of CF-640 labeled ACE2
protein. The sample volume was adjusted (1 — 100 ml) to avoid the ligand depletion as well as an equilibrium incubation time
(1—-12 h). The cells were subsequently washed (PBSF), passed through the cell strainer, and analyzed by cytometry.

The HEK293T cells were washed twice with PBS (Biological Industries, REF 02-023-1A) and directly analyzed on BD Accuri™ C6
Plus Flow Cytometer, BD Biosciences, USA. The gating strategy is shown in Figure S2.

Instrument The sorting experiments were performed on S3e Cell Sorter (BioRad, USA, serial no 777BR2079). The binding data were
acquired on S3e Cell Sorter (BioRad, USA) and BD Accuri™ C6 Flow Cytometer (BD Biosciences, USA).

Software Analyses were done by ProSort™ Software (v. 1.6) or by CFlow Plus Software (v. 1.0.227.4)

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Gating strategy Gating strategies are described in detail in the Supplementary material Figure S2.

IXI Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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