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Engineered trimeric ACE2 binds viral spike protein and
locks it in “Three-up” conformation to potently inhibit
SARS-CoV-2 infection
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Dear Editor,
Coronavirus disease 2019 (COVID-19) caused by severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2) has resulted in
a severe global pandemic. Following SARS-CoV, SARS-CoV-2 is yet
another emergent beta-coronavirus threatening human health.1

However, seventeen years after the SARS pandemic, no targeted
vaccines or therapeutics have been approved for SARS, while some
of them might have held promise for treating COVID-19. Many
neutralizing antibodies against SARS-CoV-2 are currently being
developed. However, RNA viruses are known to have high mutation
rates. Many SARS-CoV-2 mutations have already been identified
such as D614G,2 and these resultant mutation strains might escape
the effects of the current SARS-CoV-2 neutralizing antibodies. The
appearance of COVID-19 after SARS indicates the likely emergence
of other coronavirus pandemics in the future. Thus, therapeutics
broadly effective against SARS-CoV-2 and mutants, even other SARS-
CoV-2-related coronaviruses (SARSr-CoVs), are highly desirable. Both
SARS-CoV-2 and SARS-CoV bind ACE2 for cell entry, suggesting a
general use of ACE2 by SARS-CoV-2 mutants and future related
coronaviruses. Therefore, proteins engineered based on wild-type
ACE2 might exhibit the best broad neutralizing activity and avoid
the mutational escape.
Coronavirus infection can cause shedding of ACE2 resulting in a

decreased level of ACE2 expression.3,4 This phenomenon is closely
related to acute lung injury, and replenishing soluble ACE2 could
alleviate acute respiratory distress syndrome (ARDS).3,4 It has been
shown that recombinant soluble ACE2 could inhibit SARS-CoVs
infection in cells and organoids.5,6 One clinical trial (NCT04335136)
was also registered to use recombinant ACE2 to treat COVID-19.
However, recombinant soluble ACE2 inhibits viral infection at
relatively high concentrations,5,6 therefore, it may not be an optimal
inhibitor. Since spike proteins of SARS-CoVs function as trimers,7 we
reasoned that an engineered trimeric ACE2 protein could potentially
bind up to three receptor binding domains (RBD) on the spike
protein, which would dramatically increase binding affinity and thus
potently inhibit SARS-CoVs (Supplementary information, Fig. S1).
To develop such trimeric ACE2 proteins, we chose a C-terminal

domain of T4 fibritin (foldon),8 or a three helix bundle (3HB).9 We
also analyzed the reported SARS-CoVs spike protein structures and
estimated that distances between RBDs on the same spike protein
could range from 60 to 100 Å when these three RBDs are in the
three up conformation.7,10 We then chose a flexible (GGGGS)5 linker,
or a more rigid (EAAAK)5 linker, to construct four trimeric ACE2
proteins: ACE2-flexible-3HB, ACE2-rigid-3HB, ACE2-flexible-foldon
and ACE2-rigid-foldon.11 In addition, we constructed two trimeric
ACE2 proteins with a short linker GGGS (ACE2-short-3HB, ACE2-
short-foldon) and a monomeric ACE2 as control (Supplementary
information, Fig. S2).
Binding affinities between ACE2 proteins and the prefusion

stabilized trimeric SARS-CoV-2 spike protein ectodomain (S-ECD)

were determined by ELISA (Supplementary information, Fig. S3).7

ACE2 monomer binds S-ECD with IC50 of 27 nM. Significant
enhancement of the binding affinity was observed for trimeric
ACE2 proteins, and the rigid linker constructs showed the
highest binding affinities, including ACE2-rigid-3HB and ACE2-
rigid-foldon, which both bound S-ECD with IC50 of 30 pM. Trimeric
ACE2 proteins with short linkers had lower binding affinities
(Supplementary information, Fig. S3).
Biolayer interferometry was used to further analyze the binding

affinity between ACE2 proteins and S-ECD (Fig. 1a–e). Trimeric ACE2
proteins again exhibited dramatically increased binding affinities. KD
for ACE2-flexible-3HB/S-ECD was 4.4 nM while KD for ACE2-flexible-
foldon/S-ECD went down to 0.34 nM. Both ACE2-rigid-3HB and
ACE2-rigid-foldon bound S-ECD extremely tight, with KD < 1 pM.
Further decreasing loading of S-ECD on streptavidin sensors did not
affect ACE2 proteins binding, suggesting intramolecular avidity
binding between trimeric ACE2s and S-ECD (Supplementary
information, Fig. S4).
Next, we assessed the inhibitory activities of these trimeric ACE2

decoy proteins using SARS-CoV-2 and SARS-CoV pseudotyped
viruses (Fig. 1f, g). ACE2 monomer can only inhibit SARS-CoV-2
pseudotyped virus at high concentration with IC50 > 50 nM. As
expected, trimeric ACE2 with flexible linkers showed much better
inhibitory activities. ACE2-flexible-3HB inhibited SARS-CoV-2 infec-
tion with IC50 of 3.46 nM, while ACE2-flexible-foldon had better
inhibitory activity with IC50 of 1.58 nM. Rigid-linker trimeric ACE2
proteins again displayed the highest inhibitory activities. ACE2-rigid-
3HB and ACE2-rigid-foldon showed similar IC50 of 0.40 and 0.48 nM,
respectively. Short-linker trimeric ACE2 proteins did not show potent
inhibitory activities (Supplementary information, Fig. S5). Similar
results were observed with SARS-CoV pseudotyped virus inhibition,
and ACE2-rigid-foldon had the best inhibitory activity with IC50 of
2.41 nM. Thus, the ACE2-rigid-foldon construct is the most potent
trimeric ACE2, which is designated T-ACE2 hereafter.
We then asked whether T-ACE2 could also inhibit SARS-CoV-2

mutants and SARSr-CoVs. We tested T-ACE2 inhibitory activities on
eight naturally occurring SARS-CoV-2 mutants, including seven
RBD domain mutants12 and D614G mutant, and two SARSr-CoVs
(WIV1 and Rs3367). We found that T-ACE2 could potently inhibit
all these viruses at low concentrations (nM to sub-nM IC50, Fig. 1h;
Supplementary information, Fig. S6). The observed inhibitory
activities prompt us to speculate that T-ACE2 might inhibit more
SARS-CoV-2 novel mutants. We further tested the inhibition of
authentic SARS-CoV-2 infection by T-ACE2 (Fig. 1i, j). Importantly,
we found that T-ACE2 could also potently inhibit SARS-CoV-2
infection with IC50 of 1.88 nM, which is consistent with our binding
affinity and pseudotyped virus inhibition results.
We hypothesized that properly designed trimeric ACE2 might

engage more than one RBDs from the trimeric spike protein and
thus dramatically increase binding affinity through avidity effect.
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Fig. 1 ACE2 proteins binding affinities, virus inhibitory activities and T-ACE2/S-ECD complex structure. a–e Binding affinities measured
using biolayer interferometry between ACE2 proteins and S-ECD. f ACE2 proteins inhibition of SARS-CoV-2 pseudotyped virus. g ACE2
proteins inhibition of SARS-CoV pseudotyped virus. h ACE2-rigid-foldon (T-ACE2) inhibition of SARS-CoV-2 mutants and SARSr-CoVs
pseudotyped viruses. i ACE2-rigid-foldon (T-ACE2) inhibition of SARS-CoV-2 virus. Vero E6 cells were infected with authentic SARS-CoV-2
(MOI= 0.0033), and inhibitory effects were evaluated using quantitative real-time PCR (qPCR). j Immunofluorescence microscopy of SARS-
CoV-2 infection upon treatment of T-ACE2 or ACE2 monomer. k Cryo-EM structure of the T-ACE2/S-ECD complex. The domain-colored cryo-
EM map of the complex is shown on the left. Two perpendicular views of the overall structure are shown on the right. The three ACE2
monomers from T-ACE2 are colored blue, green and violet, respectively. The RBDs of the S-ECD are colored orange. Distances between each
ACE2 C-terminus within T-ACE2 are colored red.
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To further validate this hypothesis, we determined the T-ACE2/S-
ECD complex structure using cryo-electron microscopy (cryo-EM)
(Supplementary information, Figs. S7–S9 and Table S1). Strikingly,
in the complex, the spike protein adopts only one conformation:
the “three-up” RBD conformation. The complex has a nearly
perfect three-fold symmetry. Most importantly, all three RBDs bind
to three ACE2s simultaneously (Fig. 1k). The binding interactions
between ACE2 and RBD essentially agree with previous studies,
and the three copies from the complex are well aligned
(Supplementary information, Figs. S9, S10).13 But our spike protein
conformation is very different from the previously reported
prefusion stabilized spike protein structures where only one or
no RBD is in the up position. Recent complex structures between
SARS-CoV-2 spike protein and ACE2 monomer indicate that
monomer ACE2 binding can induce conformational changes of
spike protein and that some spike proteins can have two or three
RBDs in the up position to bind up to three ACE2s.14 In our
structure, the unique “three-up” RBD conformation in all the spike
proteins should have been induced by our T-ACE2.
Whether this T-ACE2-induced spike protein conformation change

represents a transition state during virus infection needs to be
further elucidated. Full-length ACE2 protein functions as a dimer,13

the two monomers from this ACE2 dimer are related by two-fold
symmetry, which are situated close in space, with the distance
between each D615 being about 53 Å. Thus, the native dimeric ACE2
is unlikely to engage more than one RBD from the same spike
protein without substantial conformational changes. It is however
possible that ACE2 dimers on the cell surface might further cluster to
induce more RBDs to adopt up conformation and help virus to
transit from the prefusion state to the postfusion state.
In summary, we engineered trimeric ACE2 proteins based on

wild-type ACE2 and showed that T-ACE2 could bind spike protein
with extremely high affinity to potently inhibit all tested
pseudotyped viruses including SARS-CoV-2, SARS-CoV, eight
naturally occurring SARS-CoV-2 mutants, two SARSr-CoVs as well
as authentic SARS-CoV-2. Carrying these advancements a few
steps beyond, the modular design of T-ACE2 demonstrates that
other oligomerization motifs and linkers could be further explored
to improve the properties of T-ACE2 or higher oligomeric ACE2s.
We believe that T-ACE2 represents a promising class of proteins to
broadly inhibit SARS-CoVs and to treat virus-infected patients.
Finally, the high binding affinity between T-ACE2 and spike
protein suggests that T-ACE2 could also be useful for virus
detection. The fact that T-ACE2 was engineered based on native
ACE2 sequence renders such detection methods potential
application for all SARS-CoVs and related viruses.
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