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Abstract

Angiotensin-converting enzyme 2 (ACE2) has been investigated for its ability

to beneficially modulate the angiotensin receptor (ATR) therapeutic axis to

treat multiple human diseases. Its broad substrate scope and diverse physiolog-

ical roles, however, limit its potential as a therapeutic agent. In this work, we

address this limitation by establishing a yeast display-based liquid chromatog-

raphy screen that enabled use of directed evolution to discover ACE2 variants

that possess both wild-type or greater Ang-II hydrolytic activity and improved

specificity toward Ang-II relative to the off-target peptide substrate Apelin-13.

To obtain these results, we screened ACE2 active site libraries to reveal three

substitution-tolerant positions (M360, T371, and Y510) that can be mutated to

enhance ACE2's activity profile and followed up on these hits with focused

double mutant libraries to further improve the enzyme. Relative to wild-type

ACE2, our top variant (T371L/Y510Ile) displayed a sevenfold increase in Ang-

II turnover number (kcat), a sixfold diminished catalytic efficiency (kcat/Km) on

Apelin-13, and an overall decreased activity on other ACE2 substrates that

were not directly assayed in the directed evolution screen. At physiologically

relevant substrate concentrations, T371L/Y510Ile hydrolyzes as much or more

Ang-II than wild-type ACE2 with concomitant Ang-II:Apelin-13 specificity

improvements reaching 30-fold. Our efforts have delivered ATR axis-acting

therapeutic candidates with relevance to both established and unexplored

ACE2 therapeutic applications and provide a foundation for further ACE2

engineering efforts.
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1 | INTRODUCTION

Angiotensin-converting enzyme 2 (ACE2) is a zinc-
dependent mono-carboxypeptidase found in both

membrane bound and freely circulating forms that plays
a central role in multiple peptide hormone signaling
pathways in humans (Marquez et al., 2021). ACE2
cleaves the terminal phenylalanine residue from
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angiotensin-II to produce angiotensin (1–7), resulting in
downstream vasodilation and increased salutary blood
flow (Shenoy et al., 2011), suppressed inflammation (Hay
et al., 2019), and attenuated pathological tissue remodel-
ing after acute injury (Shenoy et al., 2011). These benefi-
cial physiological responses have motivated clinical
researchers to pursue ACE2 as an agent for treating respi-
ratory viral infections (Zoufaly et al., 2020), acute respira-
tory distress syndrome (Khan et al., 2017), and diabetes
(Batlle et al., 2012).

While therapeutically administered ACE2 has great
potential to modulate the angiotensin-II (Ang-II) axis for
treating human disease, this enzyme also acts on at least
eight additional peptide hormones found in circulation
and/or tissues (Vickers et al., 2002; Zhong et al., 2017).
Apelin peptides are major off-target substrates to consider
due to their key role in the cardiovascular system, ACE2's
high catalytic activity toward multiple Apelin isoforms
(Vickers et al., 2002; Wang et al., 2016; Zhong
et al., 2017), and the fact that Apelin peptides are found
at concentrations 1–2 orders of magnitude higher than
Ang-II in human blood and tissues (Chappell, 2016;
Sullivan et al., 2015; van Kats et al., 2001; Yavuz &
Sevinc, 2015). ACE2-mediated inactivation of Apelins
reduces their important cardioprotective effects (Wang
et al., 2016) and could trigger myocardial dysfunction
when administered therapeutically. ACE2's broad sub-
strate scope and distributed physiological roles greatly
limit its potential to specifically cleave Ang-II for thera-
peutic applications.

In this work, we engineer ACE2 variants with tailored
substrate profiles that enable specific cleavage of Ang-II
with little or no concomitant effect on off-target peptide
signaling pathways such as those involving Apelins. We
designed site-directed ACE2 libraries to target key sub-
strate recognition pockets and applied high-performance
liquid chromatography (LC)-based screening on mixtures
of peptide substrates to mimic heterogeneous in vivo con-
ditions and to identify variants possessing the desired
substrate cleavage profiles. After two rounds of directed
evolution, we identified ACE2 variants with substantially
improved activity and specificity toward Ang-II over
Apelin-13. Our leading variant (T371L/Y510Ile) displayed
a sevenfold increase in its turnover number (kcat) toward
Ang-II and also increased Ang-II:Apelin-13 specificity by
up to 30-fold at physiologically relevant substrate concen-
trations. We also found that our engineered ACE2s dis-
play high specificity for Ang-II relative to other peptide
hormones that were not directly assayed in our library
screening, suggesting a highly focused substrate scope
that may allow independent modulation of the Ang-II
therapeutic axis. The outcomes presented here will have
an important impact on current and future clinical

applications of ACE2 for the prevention and treatment of
human disease.

2 | RESULTS

2.1 | Yeast surface display-based directed
evolution of ACE2 for enhanced activity
and specificity

ACE2 acts on different peptide substrates to regulate
multiple peptide hormone signaling pathways in vivo
(Figure 1a). We sought to engineer ACE2 variants with
focused substrate scopes that will allow modulation of
Ang-II levels independent of changes in concentrations
of other wild-type ACE2 peptide substrates. We devel-
oped a streamlined ACE2 screening platform and per-
formed active site-targeted directed evolution to discover
new ACE2 variants with enhanced activity and specificity
toward Ang-II.

Our ACE2 screening platform leverages yeast surface
display (YSD) (Chao et al., 2006; Cherf & Cochran, 2015)
to express active ACE2 enzymes on the yeast surface
(Figures S1 and S2), allowing subsequent enzyme purifi-
cation by simple centrifugation and resuspension into
assay buffer. We then add individual peptides or mixtures
of peptides to the ACE2-expressing yeast and monitor
hydrolysis reactions via LC. The combination of yeast dis-
play and LC-based screening enables rapid testing of
ACE2 variants' substrate hydrolysis profiles.

We tested our yeast display-LC screening platform on
Ang-II, angiotensin-I (Ang-I), and Apelin-13 peptide sub-
strates (Figure 1b). We found wild-type ACE2-displaying
yeast hydrolyze more than 95% of both Ang-II and
Apelin-13 peptides during a 2.5-h room temperature reac-
tion but do not measurably hydrolyze Ang-I. This out-
come was expected given that ACE2's catalytic efficiency
(kcat/Km) for Ang-I is nearly 1000-fold lower than those
for Ang-II and Apelin-13 (Vickers et al., 2002). We also
tested our assay using a mixture of Ang-I, Ang-II, and
Apelin-13 peptides to understand ACE2's behavior in a
more physiologically relevant substrate environment. We
found that Ang-I acts as an inhibitor of ACE2-mediated
Ang-II and Apelin-13 hydrolysis under these mixed sub-
strate conditions, with Ang-II and Apelin-13 hydrolysis
reduced approximately fivefold.

We next designed site-directed ACE2 libraries to tar-
get key residues controlling substrate preference. We
examined both the ACE2 crystal structure and a
sequence alignment of related peptidases to identify
ACE2 residues in the substrate binding pocket that dis-
play variation across homologs (Towler et al., 2004; Yan
et al., 2020). ACE2's S1 subsite binds and recognizes the
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main portion of the peptide substrate N-terminal to the
cleavage site, while the S10 site accommodates the C-
terminal residue (Figure 1c). We focused on residues

R273, F504, Y510, and R514 from the S1 subsite and resi-
dues E145, N149, T347, M360, K363, and T371 from the
S10 subsite. We created 10 individual degenerate NNB

FIGURE 1 Directed evolution of angiotensin-converting enzyme 2 (ACE2) as a therapeutic agent. (a) Key ACE2 peptidase reactions

relevant to the Ang-II/ATR therapeutic axis. Green background denotes hydrolysis reaction with beneficial in vivo effects. Red background

denotes hydrolysis reaction with detrimental effects. Yellow background indicates unknown and potential for detrimental and/or beneficial,

that is, reduction in amount of Ang-I hydrolytic conversion to Ang-II by the ACE dipeptidase, effects. (b) LC chromatograms showing

peptide hydrolysis by ACE2-displaying yeast. Our ACE2 system shows high peptidase activity on Ang-II and Apelin-13 substrates, and

undetectable hydrolysis of Ang-I. We used horseradish peroxidase-displaying yeast as a negative control. (c) The ACE2 substrate binding

pocket is composed of two subsites: S1 that encases the substrate residue N-terminal to the cleavage site and S10 that accommodates the final

C-terminal residue. The labeled residues correspond to positions for which we constructed and screened yeast-displayed NNB mutant

libraries. The three circled residues indicate amino acid positions where mutations enhanced activity and/or specificity. (d) Overview of the

directed evolution process. The Ang-II hydrolysis and specificity values were determined using mixed substrate assays from the YSD library

screen. Specificity is defined as the ratio of moles Ang-II hydrolysis product to moles Apelin-13 hydrolysis product for the variant ACE2

divided by that same ratio for wild-type ACE2. The numbers reflect single or duplicate measurement from the YSD screen.
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(N denotes all four nucleotides while B denotes C, G, or
T) codon libraries at each of these ACE2 positions.

We screened between 5 and 15 clones for each of the
10 site-directed ACE2 libraries using a mixed substrate
assay (25 μM Ang-I, 25 μM Ang-II, and 25 μM Apelin-13)
to identify variants with improved Ang-II activity and
specificity. Given our focus on achieving an initial dem-
onstration of the ability to evolve ACE2 variants with
increased activity and/or specificity toward Ang-II,
exhaustive screening of these libraries, which would
require a considerable amount of time and labor due to
the LC screening method's moderate throughput, was not
required to realize the goal for this initial ACE2 directed
evolution effort. A majority of the sampled clones from
the R273, T347, F504, and R514 libraries had diminished
Ang-II activity (Table S1), while most of the clones from
the E145, N149, and K363 libraries possessed substrate
hydrolysis profiles similar to wild-type ACE2. The
remaining M360, T371, and Y510 libraries all contained
multiple clones with improved Ang-II hydrolysis and
Ang-II:Apelin-13 specificity. We identified M360P,
T371D, and Y510Ile as the top sampled single mutants at
these three sites (Figure 1d).

We next constructed six second-generation libraries
using M360P, T371D, and Y510Ile as parents: M360P
with NNB at positions 371 or 510, T371D with NNB at
360 or 510, and Y510Ile with NNB at 360 or 371. We
screened five randomly sampled clones from each library
to assess the relative proportions of functionally impaired
and improved variants (Table S2). We found the M360P/
T371NNB, Y510Ile/M360NNB, and Y510Ile/T371NNB
double mutant libraries warranted further screening by
virtue of containing high fractions of active clones. We
then screened 18–25 additional clones from these three
libraries and identified four leading double mutants:
M360P/T371S, M360P/Y510Ile, M360L/Y510Ile, and
T371L/Y510Ile (Figure 1d).

2.2 | Engineered ACE2s display
enhanced kinetic properties

Our improved ACE2 variants were engineered in a yeast
display format where they were fused to cell adhesion pro-
teins on the yeast cell surface. To fully characterize the
ACE2 variants' enzymatic activities in a soluble format,
which is the format in which they would be administered
as therapeutics, we cloned wild-type ACE2 and the leading
single and double mutants into a soluble secretion vector
(Chan et al., 2020), expressed the enzymes in human
embryonic kidney (HEK) cells, and purified the enzymes to
greater than 90% homogeneity using Ni-NTA chromatogra-
phy (Figure S3). Post-purification ACE2 yields were
approximately 1 mg/L HEK culture supernatant.

We performed initial enzyme activity assays and
found that any variant containing the M360P substitution
had undetectable activity when expressed in soluble for-
mat (Figure S4). These results indicate that our initial
hits containing M360P were dependent on fusion to the
yeast surface and that the observed activity profile
enhancements cannot be translated to soluble ACE2
enzymes. Given this finding, we did not further pursue
any variants containing the M360P substitution.

We performed Michaelis–Menten kinetic studies on
wild-type ACE2, Y510Ile, M360L/Y510Ile, and T371L/
Y510Ile with the substrates Ang-II, Apelin-13, and Ang-I
(Figure 2a). The three engineered variants displayed
Ang-II turnover numbers (kcat) at least fourfold greater
than wild-type ACE2, but also had increased Michaelis
constants (Km). The T371L/Y510Ile variant showed a 25%
increase in Ang-II catalytic efficiency over wild type. In
the context of Apelin-13 substrate hydrolysis, the engi-
neered variants showed wild-type-like turnover numbers
but also had Michaelis constants that were increased
between 5 and 13-fold, resulting in greatly diminished
catalytic efficiencies. Wild-type ACE2 and the three vari-
ants all hydrolyzed the Ang-I substrate at very slow rates,
indicating that the mutations carried by the variants did
not increase activity toward Ang-I.

We also evaluated the enzymes' kinetic rates at very
low substrate concentrations that reflect the ranges found
in human blood and tissues (Chappell, 2016; Sullivan
et al., 2015; van Kats et al., 2001; Yavuz & Sevinc, 2015)
(Figure 2b). The three engineered variants showed wild-
type or near-wild-type Ang-II hydrolysis rates for Ang-II
concentrations in the 0.25–1 μM range. The engineered
enzymes had almost no activity toward Apelin-13 at sub-
strate concentrations at or below 1 μM and were at least
10-fold less active than wild-type ACE2 in reactions car-
ried out with higher Apelin-13 concentrations. All reac-
tion rates measured on Ang-I were 2–3 orders of
magnitude lower than those for Ang-II hydrolysis and
are thus too slow to be of physiological relevance.

We evaluated wild-type ACE2's and the engineered
variants' substrate hydrolysis rates in reactions contain-
ing equimolar mixtures of Ang-II, Apelin-13, and Ang-I
to understand substrate preferences and potential inter-
actions between substrates (Figure 2c). Across all mixed
substrate concentrations tested, the leading T371L/
Y510Ile ACE2 variant has Ang-II hydrolysis activity
equal to or greater than wild-type ACE2 and a fivefold or
greater decrease in activity toward Apelin-13. Mixed sub-
strate conditions can cause negative interactions between
substrates when one substrate acts as an inhibitor for
another. As such, we compared results for single and
mixed substrate hydrolysis assays and found that the
presence of multiple substrates reduces hydrolysis rates
for both Ang-II and Apelin-13 (Figure S5). Ang-II
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hydrolysis rates are reduced between two and threefold
while Apelin-13 hydrolysis rates are reduced between
three and ninefold. Given the results presented in
Figure 1b, which indicate that Ang-I inhibits ACE2
hydrolysis of Ang-II and Apelin-13, it appears likely that
the presence of Ang-I in the mixed substrate reactions is
a substantial contributor to the observed reductions in
Ang-II and Apelin-13 hydrolysis rates.

2.3 | Engineered ACE2s retain specificity
against other off-target substrates

Given the desire to enhance ACE2's therapeutic util-
ity by narrowing its substrate specificity to enable
focused hydrolysis of Ang-II, we were motivated to
explore the possibility that evolving ACE2 for
increased specificity toward Ang-II relative to

FIGURE 2 Kinetic properties of engineered ACE2 variants. (a) Initial rate plots for single substrate hydrolysis of Ang-II, Apelin-13, and

Ang-I peptides. Error bars denote standard deviations for duplicate measurements and the absence of error bars for some data points

indicates a standard deviation less than height of data point marker. The lines depict nonlinear regression fits to the Michaelis–Menten

equation and the kinetic parameters are reported in Table 1. (b) Initial rate plots zoomed in to lower substrate concentrations that are

relevant for physiological functioning in vivo. (c) Relative amounts of Ang-II and Apelin-13 hydrolysis products formed in mixed peptide

substrate assays. Ang-I, Ang-II, and Apelin-13 were present at identical concentrations in each reaction and incubated with 250 pM purified

ACE2. Activity values are normalized to one for wild-type ACE2. Error bars denote standard deviations (SDs) for duplicate measurements.

Error bars for wild-type ACE2 values reflect SD in unnormalized hydrolysis product values for two trials. Error bars for mutant ACE2 values

reflect SD in normalized hydrolysis product values. The slow rate of Ang-I hydrolysis relative to Ang-II and Apelin-13 hydrolysis precludes

detection of the Ang-I hydrolysis product formation. aAn additional P235Q mutation was observed in the T371L/Y510Ile variant due to

polymerase error during cloning. This mutation is located at a surface position distal to the ACE2 active site and has been found to not affect

enzyme activity or specificity.
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Apelin-13 could simultaneously lead to improve-
ments in specificity relative to other native ACE2
peptide substrates that were not included in the
ACE2 mutant library screens. Our finding that all
three engineered variants had strongly diminished
activity (Figure 3) toward Des-Arg9-bradykinin
(dR9-bk), a known ACE2 substrate with sequence
RPPGFSPF (Sodhi et al., 2018; Vickers et al., 2002)
that was not among the peptides included in library
screens, shows that evolving ACE2 for increased
specificity relative to one off-target substrate can
concomitantly give rise to improvements in specific-
ity relative to other off-target peptides.

To address the possibility that the variants had
acquired undesired activity toward nonnative substrates,
we measured the activities of these novel enzymes toward
Ang1-9, a nonapeptide with sequence DRVYIFPFH that
is not hydrolyzed by wild-type ACE2 (Vickers
et al., 2002). We found that none of the ACE2 variants
exhibited activity toward this peptide in LC assays
(Figure S6). Taken with the above observations of mutant
ACE2 activities toward Ang-I and dR9-bk, these Ang1-9
hydrolysis assay outcomes suggest that ACE2's activity
profile with respect to Ang-II and Apelin-13 hydrolysis
can be enhanced without concomitant compromise of
specificity toward off-target substrates other than Apelin-
13 (Figure 3).

2.4 | Structural rationale for enhanced
activity and specificity

We examined the crystal structure of ACE2 (Lubbe
et al., 2021) to postulate the mechanisms by which the
M360L, T371L, and Y510Ile substitutions influence

ACE2's hydrolytic activity and specificity. Y510 resides in
the S1 subsite of ACE2's substrate binding pocket
(Figure S7). ACE2 substrates, with the exception of the
slowly hydrolyzed Ang-I peptide, feature residues with
small sidechains at the P1 position; both Ang-II and
Apelin-13 carry proline at this position.

The Y510Ile substitution increases both kcat and Km

for Ang-II hydrolysis. This coupled increase suggests that
the substitution may enlarge the S1 subsite such that sub-
strate binding is weakened. Reduced binding strength
would increase Km but also increase the energy state of
the enzyme-substrate complex and thus reduce the tran-
sition state energy barrier (Snider et al., 2004). This
reduced energy barrier would be reflected by an increase
in kcat. Ang-II and Apelin-13 have the same residues at
the P1 and P10 positions and thus any specificity differ-
ences are likely to be influenced by interactions N-
terminal to the P1 position. Y510Ile's enhanced Ang-II
specificity is either a result of direct interactions between
Ile510 and these upstream substrate residues or possibly
subtle conformational rearrangements that better accom-
modate the Ang-II substrate.

The sidechains of M360 and T371 line the interior of
ACE2's S10 subsite. This subsite accommodates the C-
terminal phenylalanine of both Ang-II and Apelin-13.
The similarity in sidechain size among Met, Leu, and Thr
suggests that sidechain hydrophobicity, rather than size,
at these positions may contribute to the increased Ang-II
specificity that arises from the M360L and T371L muta-
tions. Given that Ang-II and Apelin-13 are identical at
the P1 and P10 positions, there must be some indirect,
longer-range effect, either caused by (1) differences in
substrate positioning due to substrate residues N-
terminal to P1 or (2) by structural changes induced by
substitutions at sites 360/371.

FIGURE 3 Peptide specificity profiles of engineered ACE2 variants. Purified ACE2s were incubated with 1 μM of peptide substrates in

single substrate hydrolysis experiments. The engineered variants retain wild-type-like Ang-II hydrolysis, while having substantially reduced

activity on Apelin-13 and dR9-bk. Error bars denote standard deviation for duplicate measurements.
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3 | DISCUSSION

Although ACE2's ability to regulate Ang-II concentra-
tions in blood and tissues makes the enzyme a candidate
for treating a range of diseases, its activity toward numer-
ous other peptides involved in multiple cell signaling
pathways limits the degree to which this protein can be
utilized in clinical settings. In this work, we sought to
augment ACE2's clinical potential by using structure-
guided directed evolution as an approach for developing
ACE2 variants that hydrolyze Ang-II with high specificity
and at high catalytic rates.

Our leading ACE2 variant carried T371L and Y510Ile
substitutions that resulted in a sevenfold increase in the
Ang-II turnover number (kcat), a sixfold diminished cata-
lytic efficiency (kcat/Km) on Apelin-13, and an overall
decreased activity on other ACE2 substrates that were
not directly assayed during the enzyme engineering pro-
cess. This variant is particularly improved relative to
wild-type ACE2 in terms of specificity toward Ang-II rel-
ative to Apelin-13; the variant's 25% percent increase in
kcat/Km (Table 1) relative to wild type is modest in com-
parison to the markedly increased specificity illustrated
in Figures 2 and 3. This outcome is unsurprising given
that enhancements in enzyme specificity are generally
more readily attained than are increases in activity
toward native substrates (Bar-Even et al., 2011;
Khersonsky et al., 2006). The variant achieved the above
desirable functional changes with only two amino acid
substitutions, making it nearly identical to wild-type
ACE2 and reducing the likelihood that it would induce
an undesired immune response when administered as a
drug. Taken together, the enzyme enhancements listed
above suggest that the T371L/Y510Ile variant would

outperform wild-type ACE2 derivatives that have been
evaluated in clinical trials.

We developed a YSD-based workflow that enabled
streamlined ACE2 variant expression, purification, and
screening. This system allowed us to screen 50 ACE2 var-
iants per day with detailed LC-based readouts of sub-
strate hydrolysis profiles. A caveat of this approach is
that it assays variants tethered to the yeast cell surface
and therefore may identify variants that function only in
this context. This caveat is evidenced by our finding that
all variants containing the M360P mutation appeared as
the top hits in the YSD screen but did not have detectable
activity when expressed as soluble enzymes. This loss of
hydrolytic activity is not without precedent; display on
the yeast surface has been observed to stabilize active
conformations of protein mutants that are prone to tak-
ing on inactive conformations when free in solution
(Burns et al., 2014; Shusta et al., 1999). Given this result
with the M360P mutation, there is clearly a need to con-
sider multiple diverse variants when conducting soluble
enzyme activity assays to validate YSD screening results.
If we had simply chosen the top variants that contained
M360P, the desirable effects of the T371L and Y510Ile
substitutions in the context of soluble ACE2s would have
been masked by the highly deleterious mutation at posi-
tion 360.

We performed our ACE2 variant screening with a
mixture of three ACE2 substrates to enable simultaneous
evaluation of enzyme activity and specificity and to engi-
neer ACE2 under conditions that are more representative
of the in vivo environment than is the case for screens
carried out with a single substrate. In addition to provid-
ing this more highly representative substrate environ-
ment, the mixed substrate format provides a more

TABLE 1 Ang-II, Apelin-13, and Ang-I hydrolysis kinetic parameters for wild-type and mutant ACE2s.

ACE2 Wild type Y510Ile M360L/Y510Ile T371L/Y510Ile

Ang-II kcat (s
�1) 2.1 ± 0.2 13.2 ± 0.7 8.4 ± 0.1 15.3 ± 0.3

Ang-II Km (μM) 7.2 ± 2.8 60.4 ± 10.7 35.9 ± 2.1 42.1 ± 2.5

Ang-II kcat/Km (s�1 � M�1) 2.9 � 105 2.2 � 105 2.3 � 105 3.6 � 105

Apelin-13 kcat (s
�1) 10.3 ± 1.2 23.1 ± 0.6 10.4 ± 0.3 8.6 ± 0.3

Apelin-13 Km (μM) 25 ± 10 330 ± 20 200 ± 12 130 ± 15

Apelin-13 kcat/Km (s�1 � M�1) 4.1 � 105 7.0 � 104 5.2 � 104 6.7 � 104

Ang-I kcat (s
�1) N/D 0.018 ± 0.02 0.019 ± 0.01 N/D

Ang-I Km (μM) N/D 6.4 ± 2.9 8.6 ± 2.5 N/D

Ang-I kcat/Km (s�1 � M�1) N/D 2.8 � 103 2.2 � 103 N/D

Note: Parameter estimates obtained by using nonlinear fits to initial rate data that appears in Figure 2a. N/D denotes not determined due to the maximum
Ang-I concentration assayed (500 μM) being well below the concentration needed to reach the enzyme's maximum hydrolysis rate; this phenomenon precludes

accurate kinetic parameter estimation.
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stringent screen for ACE2 activity because the presence
of multiple substrates reduces the individual reaction
rates by several folds (Figure S5). These rate reductions
are the result of the mixed substrate conditions causing
the ACE2 active site to be occupied by multiple different
peptides that each effectively act as competitive inhibitors
for the other substrates' hydrolysis reactions. In addition
to causing inhibition, the interactions among substrates
give rise to subtle shifts in substrate specificity due to the
differing kcat and Km across different substrates. Collec-
tively, the above observations highlight the importance of
screening ACE2 variants under mixed substrate
conditions.

In this work, we performed an initial shallow screen
to show that ACE2 variants with improved activity and
specificity can be engineered. A more comprehensive
screen of our 10 current ACE2 single site saturation
libraries and other site-directed libraries would likely
uncover ACE2 variants superior to our leading T371L/
Y510Ile double mutant. The best mutant in each NNB
site-directed library can be identified 95% of the time by
screening only 90 clones (Nov, 2012). Given our LC
method's screening capacity of approximately 50 clones
per day, 90 clones from all 10 active site saturation
mutant libraries could be screened in less than 1 month.
The leading single mutants could then be used to design
focused double mutant libraries in which one mutation is
fixed and a second amino acid position is varied by intro-
duction of a NNB codon. Twenty additional double
mutant libraries could be screened with 95% coverage in
less than 2 months. These deeper sequence space
searches would almost certainly uncover variants that are
markedly improved relative to T371L/Y510Ile.

The clinical potential of our engineered ACE2s could
be further enhanced by increasing enzyme activity at
lower Ang-II concentrations and directly screening
against known off-target ACE2 substrates including des-
Arg9-bradykinin and Dynorphin-A. Mutants arising from
such additional engineering efforts could be character-
ized in pharmacokinetics, biodistribution, toxicity, and
pharmacodynamics studies with wild-type mice. This ini-
tial in vivo ACE2 variant profiling would provide a foun-
dation for follow-on studies with mouse models of
specific diseases and subsequent advancement to human
trials.

Our directed evolution method has enabled isolation
of ACE2 variants with potential to outperform wild-type
ACE2 as protein therapeutics. This outcome is important
for advancing current ACE2 therapeutic applications,
such as treating respiratory distress associated with trau-
matic injuries or viral infection (Zoufaly et al., 2020), and
giving rise to new ACE2 biomedical uses including Alz-
heimer's disease therapy (Evans et al., 2020).

Furthermore, these results provide a foundation for
developing additional directed evolution methods, such
as microfluidics droplet-based screening to augment
ACE2 activity and specificity (Holstein et al., 2021), that
facilitate sampling larger swaths of ACE2 sequence space
and thus further enable ACE2 to realize its potential as
an agent for treating and preventing a wide range of
health conditions.

4 | MATERIALS AND METHODS

4.1 | ACE2 library generation and
screening

Residues 18–615 of the human (UniProt Q9BYF1) ACE2
gene was synthesized as a yeast codon-optimized gBlock
(Integrated DNA Technologies, Coralville, IA) and
ligated into the yeast display vector VLRB.2D-aga2 (pro-
vided by Dane Wittrup, MIT); this vector fuses the aga2
protein to the C-terminus of ACE2 (Figure S1). Site-
directed mutant libraries were constructed via overlap
extension PCR. Oligonucleotide primers carrying NNB
base triplets were purchased from Integrated DNA Tech-
nologies. The degenerate “B” base is comprised of a mix-
ture of C, G, and T bases while the degenerate “N” base
is composed of all four nucleotide bases. Primers CDspLt
(50-GTCTTGTTGGCTATCTTCGCTG-30) and CDspRt (50-
GTCGTTGACAAAGAGTACG-30) were used as outer
primers for ACE2 gene amplification reactions. Overlap
extension PCR products were digested and ligated into
the YSD vector. Total colony counts for each single site-
directed mutant library ranged from 500 to 2000.

DNA was harvested from Escherichia coli cultures
and transformed into the EBY100 YSD strain (Chao
et al., 2006) that had been made chemically competent
using the Frozen EZ-Yeast Transformation II Kit (Zymo
Research). Individual yeast colonies were picked into
4 mL of pH 4.5 Sabouraud Dextrose Casamino Acid
media (SDCAA: components per liter—20 g dextrose,
6.7 g yeast nitrogen base [VWR Scientific, Radnor, PA],
5 g Casamino Acids [VWR], 10.4 g sodium citrate, and
7.4 g citric acid monohydrate) and grown overnight at
30�C and 250 rpm. For induction of ACE2 display, a
5 mL pH 7.4 SGCAA (components per liter—8.6 g NaH2-

PO � H2O, 5.4 g Na2HPO4, 20 g galactose, 6.7 g yeast
nitrogen base, and 5 g Casamino Acids) culture was
started at an optical density, as measured at 600 nm, of
0.5 and shaken overnight at 250 rpm and 20�C.

For LC determination of yeast-displayed ACE2 pepti-
dase activity �0.05 OD � mL of induced yeast were
resuspended in 400 μL of ACE2 reaction buffer (50 mM
2-[N-morpholino]ethanesulfonic acid [MES], 300 mM
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NaCl, 10 μM ZnCl2, 0.02% w/v Hen Egg Lysozyme
[Sigma-Aldrich, St. Louis, MO] as carrier protein, pH 6.5)
containing 25 μM each angiotensin-I (Anaspec, Fremont,
CA), angiotensin-II (Anaspec), and Apelin-13 (Bachem,
Torrance, CA) and tumbled in microfuge tubes at room
temperature for 2.5 h. Reactions were centrifuged to pel-
let yeast and supernatants withdrawn for LC analysis.

LC analyses were performed on a Shimadzu 2020 LC–
MS. Reaction supernatants were injected onto a
3 � 150 mm, 100 Å, 5 μm Polar C18 Luna Omega col-
umn (Phenomenex, Torrance, CA). Mobile phase A con-
sisted of 0.02% (v/v) trifluoroacetic acid in water, and
mobile phase B consisted of 0.016% (v/v) trifluoroacetic
acid in acetonitrile. Area under the LC chromatogram
curve, that is, UV detector millivolts multiplied by elu-
tion timespan in seconds, was used as the metric for
amount of product formed during the hydrolysis
reaction.

For construction of ACE2 double mutant libraries
that used leading single mutant clones, that is, clone
360-7, 371-11, and 510-11 as described in Section 2, plas-
mids were rescued from yeast liquid culture using the
Zymo Research Yeast Plasmid Miniprep II Kit. Rescued
plasmids were used as templates for overlap PCR reac-
tions carried out to introduce NNB codons, at the posi-
tions noted in Section 2, into the three respective single
mutant ACE2 parent genes. Double mutant library plas-
mid construction and yeast transformation were carried
out as described above for site-directed ACE2 single
mutant libraries. Sequences for leading ACE2 double
mutants were obtained by rescuing plasmids, amplifying
mutant ACE2 genes using primers CDspLt and CDspRt,
and sequencing the PCR products using primers CDspLt,
CDspRt, and SqHmFw (50-GGACTTTCAGGAAGA-
CAACG-30).

4.2 | Soluble expression and purification
of wild type and ACE2 variants

Plasmid pcDNA3-sACE2(WT)-8his (Chan et al., 2020),
which encodes human ACE2 residues 1–615 with native
human codon representation and appends the gene with
a C-terminal His8 tag, was used as template for creation
of ACE2 genes carrying hydrolysis profile-modifying
mutations identified during yeast displayed-ACE2 library
screening. Mutant genes were constructed by overlap
extension PCR using outer primers SqLtPck (50-
CGTGGATAGCGGTTTGACTCAC-30) and PckRvSq (50-
CCTACTCAGACAATGCGATGC-30), and ligated into
pcDNA3-sACE2(WT)-8his. Mutant ACE2 gene sequences
were verified using primers SqLtPck, PckRvSq, and
PckF260 (50-GTTACTGATGCAATGGTGGACC-30).

HEK 293T cells (Product #CRL-3216, ATCC, Manas-
sas, VA) were grown in DMEM (ATCC) supplemented
with 10% fetal bovine serum (FBS), 2 mM L-glutamate
(Invitrogen, Carlsbad, CA), and 1� penicillin–
streptomycin (Invitrogen). Cells were transfected with
ACE2 expression plasmid DNA using jetPRIME transfec-
tion reagent (PolyPlus, Illkirch-Graffenstaden, France).
Following the 4-h transfection interval DMEM contain-
ing DNA and transfection reagent was replaced with
10 mL of OptiMEM (Invitrogen) supplemented with 1�
Pen–Strep and ACE2 expression was allowed to proceed
for 40–48 h.

Culture supernatants were syringe filtered using
0.22 μm polyethersulfone (PES) Whatman PuraDisc fil-
ters (Cytiva, Marlborough, MA) with concentration and
buffer exchange into pH 7.4 PBS subsequently performed
using 30-kDa MWCO VivaSpin20 centrifugal concentra-
tor units (Cytiva). His8-tagged ACE2 proteins were puri-
fied from buffer-exchanged supernatants using Qiagen
Ni-NTA resin. Purified ACE2 proteins were buffer
exchanged into 25 mM Tris–HCl, pH 7.5 containing
10 μM ZnCl2 using Zeba Spin desalting columns (Fisher
Scientific, Waltham, MA) and protein concentrations
determined using the Pierce Coomassie Protein Assay kit
(Fisher Scientific).

4.3 | Activity and specificity profiling of
purified ACE2 proteins

Peptide substrate hydrolysis assays were carried out at
room temperature and 150 μL scale in 96-well plates
using 50 mM MES, 300 mM NaCl, 10 μM ZnCl2, 0.01%
(v/v) Brij-35 (Sigma-Aldrich) as reaction buffer. Reactions
were halted by addition of 1M EDTA solution, pH 8, after
intervals, which ranged from 3 min to 2.5 h, during
which less than 15% of the input peptide substrate had
been hydrolyzed. ACE2 concentrations added to assays
for the various peptide substrates evaluated were as fol-
lows: Ang-I/1.75 nM, Ang-II/700 pM, Apelin-13/1.4 nM,
des-Arg9-bradykinin/700 pM, Ang (1–9)/700 pM, Multi-
plex/250 pM. Des-Arg9-bradykinin and Ang1-9 were pur-
chased from Anaspec and ApexBio (Houston, TX)
respectively.

Moles of product formed in hydrolysis reactions used
for ACE2 activity and specificity quantification was deter-
mined by comparing area under the curve for LC chro-
matograms to chromatogram areas in which >95% input
substrate conversion was achieved by incubation of sub-
strate with 25 nM recombinant human ACE2 commer-
cial standard (BioLegend, San Diego, CA) for between
1 and 4 h pending substrate used. Kinetic parameters for
Ang-I, Ang-II, and Apelin-13 hydrolysis were determined
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by fitting initial rates data using GraphPad Prism soft-
ware (GraphPad, San Diego, CA).
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