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Measurement of Angiotensin Converting Enzyme 2 Activity
in Biological Fluid (ACE2)

Fengxia Xiao and Kevin D. Burns

Abstract

Angiotensin-converting enzyme 2 (ACE2) is a recently described member of the renin-angiotensin system
that hydrolyzes angiotensin (Ang) II to Ang-(1-7), and may thereby protect against cardiovascular and
renal diseases. ACE2 is a type 1 integral membrane protein and contains a catalytically active ectodomain
that can be shed from the cell surface into the extracellular space, via cleavage by a disintegrin and metal-
loproteinase-17 (ADAM-17). ACE2 enzymatic activity and protein can be detected in biological fluids,
including urine, plasma, and conditioned cell culture media. We present a detailed method for measure-
ment of ACE2 activity in biological fluids, using hydrolysis of an intramolecularly quenched fluorogenic
ACE2 substrate, in the absence or presence of the ACE2 inhibitors MLN-4760 or DX600. Recombinant
human or mouse ACE2 is used to generate standard curves for this assay, with ACE2 detection ranging
from 1.56 to 50 ng/ml. While MLLN-4760 potently inhibits the activity of both human and mouse ACE2,
DX600 (linear form) only effectively blocks human ACE2 activity in this assay. In biological samples of
human and mouse urine, cell culture medium from mouse proximal tubular cells, and mouse plasma, the
mean intra- and inter-assay coefficients of variation (CVs) of the assay range from 1.43 to 4.39 %, and from
7.01 to 13.17 %, respectively. We present data on the time and substrate concentration dependence of the
assay, and show that exogenous d-glucose, creatinine, urea, and albumin do not interfere with its perfor-
mance. In biological fluids, this assay is a simple and reliable method to study the role of ACE2 and its shed
fragments in cardiovascular and renal diseases.
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1 Introduction

Angiotensin-convertingenzyme 2 (ACE2), azinc-metallopeptidase,
is a recently identified member of the renin-angiotensin system
that degrades angiotensin (Ang) II to Ang-(1-7) [1, 2]. ACE2 is
also a receptor for the coronavirus that causes severe acute respira-
tory syndrome (SARS) [3]. Although ACE2 is found in many tis-
sues, it is highly expressed in the kidney, particularly within cells of
the proximal tubule [4, 5]. Because it decreases levels of the vaso-
constrictor Ang II and generates the vasodilator Ang-(1-7), ACE2
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may protect against hypertension [6] and renal disease [7, 8].
ACE?2 has also been shown to prevent acute lung injury [9].

ACE2 is shed at its carboxy-terminus from the plasma mem-
brane in cells via “a disintegrin and metalloproteinase-17” (ADAM-
17) pathway [10, 11]. Recently, soluble ACE2 has been detected
in certain biological fluids, including urine, plasma, and cell culture
medium, by enzyme-linked immunosorbent assay (ELISA),
enzyme activity assay, or western analysis [10, 12, 13]. In this
chapter, we describe a detailed method for measurement of ACE2
enzyme activity in biological fluids using a commercially available
synthetic fluorogenic substrate for ACE2. We provide a practical,
cost-eftective, and high-throughput method to study the potential
role of ACE2 shedding in renal and cardiovascular disease.

2 Materials

The following reagents must be prepared and brought to room
temperature before starting the assay.

1. Assay buffer: 50 mM 2-( N-Morpholino)ethanesulfonic acid
(MES), 300 mM NacCl, 10 pM ZnCl,, adjust pH to 6.8. Store
at 4 °C when not in use.

2. Fluorogenic ACE2 substrate: Mca-Ala-Pro-Lys(Dnp)-OH
(AnaSpec, San Jose, CA, USA, Catalog Number: 60757),
reconstitute in 1% NH,OH to 15 mM. Aliquoted samples can
be stored at —20 °C for at least 3 months or —80 °C for at least
6 months.

3. Protease inhibitors. N-cthylmaleimide (NEM, 100 mM stock
in double-distilled H,O [ddH,O]) and phenylmethylsulfonyl
fluoride (PMSF, 100 mM stock in ethanol). Aliquot and store
at —20 °C.

4. ACE2 inbibitor: MLN-4760 (10° M stock in ddH,0, also
called GL1001, provided by Ore Pharmaceuticals, Cambridge,
MA, USA, and commercially available from Calbiochem, San
Diego, CA, USA, Catalog Number: 530616) or DX600 (lin-
ear form, 10-° M stock in ddH,0, AnaSpec, Catalog Number:
62337).

5. ACE inhibitor: Captopril (10-* M stock in ddH,O, Sigma-
Aldrich, St. Louis, MO, USA).

6. ACE2 Standard: Recombinant human ACE2 (human rACE2,
R&D Systems Inc., Minneapolis, MN, USA, Catalog Number:
933-ZN) and recombinant mouse ACE2 (mouse rACE2,
R&D Systems Inc., Catalog Number: 3437-ZN). Reconstitute
with phosphate-buftered saline (PBS) to 10 pg/ml. Aliquots
are stable for at least 3 months at —20 °C and at least 6 months
at —80 °C.
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7. 96-well Microplate (black).

8. Fluorvescence Microplate Reader: We use the FLUOstar Galaxy
fluorometer (BMG Labtechnologies, Durham, NC, USA),
detecting emission at 405 nm with excitation at 320 nm.

3 Methods

3.1 Generation
of Standard Curves
Using Human or
Mouse rACE2

3.1.1  Preparation
of ACE2 Substrate/Assay
Buffer Solution

3.1.2  Preparation
of ACE2 Standard Dilutions

Table 1

In the following section, we describe the ACE2 activity assay. First,
we present the generation of the standard curve (Subheading 3.1),
followed by measurement of ACE2 activity in biological fluids
(Subheading 3.2).

Calculate the amount of working reagents to use. Add fluorogenic
ACE2 substrate and protease inhibitors to the assay buffer (see
Subheading 2, item 1) immediately before each experiment, to
generate the ACE2 substrate /Assay buffer solution, to achieve
concentrations as follows: 15 pM ACE2 substrate, 1 mM NEM,
and 1 mM PMSF (Table 1). Seventy-five micro liter of the ACE2
substrate /assay buffer solution will be used in each reaction (see
below Subheading 3.1.3). The protease inhibitors are added to
prevent substrate hydrolysis in biological solutions [14]. For the
standard curve generation, we also routinely add protease inhibi-
tors to the assay buffer.

Dilute 10 pg/ml stock of human or mouse rACE2 1:30 in assay
buffer to a concentration of 333.33 ng/ml for standard #1
(Table 2). Perform 1:2 serial dilutions of the preceding ACE2
standard in assay bufter for standards #2-6, with the lowest con-
centration at 10.42 ng/ml. Standard #7 is a blank that should con-
tain no rACE2 (instead add 15 pl assay bufter alone). Add 15 pl/
well of the serially diluted ACE2 standards into a total volume of
100 pl of ACE2 enzymatic reaction solution (see Table 2) to

ACE2 substrate/assay buffer solution?

Components (stock solutions) Volume () Conc. in substrate/assay buffer mix
ACE2 substrate (15 mM in 1% NH,OH) 1 15 pM

NEM (100 mM in ddH,0) 10 1 mM

PMSEF (100 mM in ethanol) 10 1 mM

Assay buffer (see Subheading 2, item 1) 979 -

Total volume (pl)

1000

NEM N-ethylmaleimide, PMSF phenylmethylsulfonyl fluoride, Coznc concentration
21000 pl provides sufficient buffer for 3 measurements performed in duplicate (75 pl per well)
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Table 2

Components of ACE2 activity standard curve solution (per well)?

Diluted ACE2 inhibitor® Final
rACE2 rACE2 or ddH,0 rACE2
rACE2  conc. (ng/ volume/well volume/well ACE2 substrate/ Total volume/ conc.
standard ml) (ul) (ul) assay buffer (ul) well (jul) (ng/ml)
1 333.33 15 10 75 100 50
2 166.66 15 10 75 100 25
3 83.33 15 10 75 100 12.5
4 41.67 15 10 75 100 6.25
5 20.83 15 10 75 100 3.13
6 10.42 15 10 75 100 1.56
7 0 154 10 75 100 0

7ACE2 recombinant ACE2, ddH20 double-distilled H,O, Conc concentration

“The volume of each component listed is for each well, to give a total volume of 100 pl of ACE2 enzymatic reaction
solution, on a 96-well microplate. Each reaction is performed in duplicate

"ACE2 inhibitor: MLN-4760 or DX600

For each dilution, one duplicate reaction is performed in ddH,O (10 pl), and another duplicate is performed with the
addition of ACE2 inhibitor MLN-4760 or DX600 (10 pl, from stock of 10-° M)

dStandard #7 is a blank, with the addition of assay buffer alone, instead of rACE2

3.1.3 Measurement
of ACE2 Activity
in Standard Dilutions

achieve final ACE2 concentrations of 50, 25, 12.5, 6.25,3.13, and
1.56 ng/ml.

Set up the plate configuration on a 96-well black microplate: the
standards are run in duplicates, along with a blank control that
contains no rACE2. For each concentration of ACE2 standard,
two wells are used for total ACE2 activity, and two wells are used
for measurement of activity in the presence of the ACE2 inhibitor
MIN-4760 or DX600. The volumes of each individual compo-
nent per well are shown in Table 2. The final volume of the ACE2
enzymatic reaction is 100 pl/well, and the sequence of addition of
components to the plate is as follows:

1. Add 10 pl of ddH,O into each of the total enzymatic activity
reaction wells of a 96-well microplate. For the inhibitor wells,
instead add 10 pl of ACE2 inhibitor solution (105 M MLN-
4760 or 105 M DX600 stock).

2.Add 75 pl of the ACE2 substrate/assay buffer (see
Subheading 3.1.1) to all wells.

3. Add 15 pl of diluted ACE2 standards to each well, thereby
achieving a total reaction volume of 100 pl for each well.

4. Cover the plate with microplate sealing film, followed by alu-

minum foil to prevent access to light, and incubate the plate at
room temperature for 16 h on a plate shaker.



3.1.4 Generation
of Standard Curves

3.2 Measurement
of ACE2 Activity
in Biological Fluids

3.2.1 |Initial Preparation
of Biological Samples
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5. Read the 96-well plate on a fluorescence reader with excitation
wavelength of 320 nM and emission wavelength of 405 nM.

6. For determination of the percentage of inhibition of ACE2
activity by MLN-4760 or DX600, subtract the Relative
Fluorescence Unit (RFU) reading of the substrate blank from
the readings for each well. The ACE2-specific activity for each
standard is determined by subtracting the RFU obtained in the
presence of MLN-4760 or DX600 from the reading in the
absence of inhibitor.

Construct a standard curve by plotting the known concentrations
(X axis) of rACE2 standards versus the REUs (7 axis) of rACE2
standards (Fig. 1). A highly linear relationship is observed between
the RFU and rACE2 concentration for both human rACE2
(R*=0.9998, p<0.001 for MLN-4760, R?=0.9999, p<0.001 for
DX600, Fig. 1a) and mouse rACE2 (R?=0.9976, p<0.001 for
MLN-4760, Fig. 1b), with a range of ACE2 detection from 1.56
to 50 ng/ml. The linear equations generated for human and mouse
rACE2 are used to convert the RFU to ACE2 concentrations in
human or mouse biological fluids, respectively. In our hands, the
RFU signal reaches saturation when the rACE2 concentration is
greater than 50 ng/ml. The RFU signal becomes very weak or
undetectable when the rACE2 concentration is less than 1.56 ng/
ml. This range approximates the detection limits for human ACE2
using a commercial ELISA, which we previously reported to range
from 0.39 to 25 ng/ml [13].

Using this assay, we have measured ACE2 activity in human urine
samples collected from renal transplant recipients [13]. We have
also measured ACE2 activity in urine samples from male FVB/N
mice, with and without streptozotocin (STZ)-induced diabetes,
and in conditioned culture medium collected from primary cultures
of' mouse proximal tubular (PT) cells, after up to 72 h incubation in
medium. Mouse proximal tubule (PT) cells derived from C57BL6
mice were grown in a defined medium of DMEM-F12 (1:1), sup-
plemented with insulin (5 pg/ml), transferrin (5 pg/ml), selenium
(5 ng/ml), hydrocortisone (50 nM), and 3,3’,5-triiodo- L-thyronine
(2.5 nM), without fetal bovine serum (FBS). Serum has previously
been demonstrated to contain ACE2 enzymatic activity, and should
be avoided in this assay [15]. All biological samples are collected
and placed on ice, aliquoted and then centrifuged at 12,000 x g for
5 min at 4 °C. Supernatants are collected, and stored at —80 °C
until the assay is performed.

We also have measured ACE2 activity in plasma, from mice
with or without STZ-induced diabetes [8]. Blood is collected in
chilled eppendorf tubes, and plasma is separated by centrifugation
at 3000 xg for 10 min at 4 °C, and stored at —80 °C until time of
the assay.
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3.2.2 Assay Conditions
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Fig. 1 Standard curves for ACE2 activity assay. The assay was performed for 16 h
incubation. Graph shows the concentrations of recombinant ACE2 (rACE2) versus
the ACE2 activity (RFU). (a) Standard curves generated for human rACE2. The
ACE2 inhibitors MLN-4760 (10-¢ M) or DX600 (10~ M) were used. The relation-
ship is highly linear for rACE2 concentrations between 0 and 50 ng/ml
(RP=0.9998, p<0.001 for MLN-4760, R2=0.9999, p<0.001 for DX600). (b)
Standard curve generated for mouse rACE2. The ACE2 inhibitor MLN-4760
(10-% M) was used. A highly linear relationship exists for rACE2 concentrations
between 0 and 50 ng/ml (R?=0.9976, p<0.001)

1. We dilute urine samples at least 1:2 and plasma samples 1:7.5
with assay buffer. For conditioned cell culture medium, undi-
luted samples are used. For each well on the 96-well plate, use
15 pl of diluted urine (e.g., 7.5 pl urine plus 7.5 pl assay buf-
fer), 15 pl of diluted plasma (2 pl plasma plus 13 pl assay buf-
fer), and 15 pl undiluted culture medium in a final volume of
100 pl of enzymatic reaction. If ACE2 activity falls outside the
detection limits of the assay, a lower or higher dilution may be
required.



3.2.3 Intra- and Inter-
Assay Coefficients

of Variability (CV)

in Biological Fluids
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2. Measure the ACE2 activity (RFU) in biological fluids by fol-
lowing the same experimental procedure described for ACE2
standards (see Subheading 3.1.3).

3. Calculate the ACE2 concentrations from the RFU in biologi-
cal fluids using the linear equations generated for human or
mouse rACE2, as appropriate (Fig. 1). The ACE2 concentra-
tions must be corrected for the dilution factor to obtain the
actual concentrations in the undiluted samples. ACE2 concen-
tration in biological fluids is typically expressed as ng,/ml.

4. The amount of urinary ACE2 can be corrected for the creati-
nine concentration in the urine samples, as a control for uri-
nary dilution, and reported as ng/pg creatinine. ACE2 activity
in culture medium can be corrected for the cell protein amounts
on the culture dishes, and reported as ng/pg protein.

We have determined the intra- and inter-assay CVs of the ACE2
activity assay for biological samples, and the results support the
reliability of this assay. Three samples each of human and mouse
urine, mouse PT cell culture medium, and mouse plasma were
assayed on six separate occasions in duplicate. The mean intra-assay
CV for the assay is 4.39+0.74% in human urine, 3.04+0.61% in
mouse urine, 1.43 +0.20 % in cell culture medium, and 3.84 +0.63 %
in mouse plasma. The mean inter-assay CV value is 13.17+0.77%
in human urine, 7.01 £ 1.04 % in mouse urine, 9.47 +0.22 % in cell
culture medium, and 10.92 +1.88 % in mouse plasma (Table 3).

4 Notes

We have determined the extent of inhibition of ACE2 activity by
MLN-4760 (10-° M) or DX600 (10° M, linear form, AnaSpec),
using human and mouse rACE2. Specificity can also be assessed,
and in this regard we have used the ACE inhibitor captopril. At
concentrations of human and mouse rACE2 ranging from 0 to
400 ng/ml, ACE2 enzymatic activity (measured after 16 h) is not
blocked by captopril (10-> M) (Fig. 2). Indeed, as an internal con-
trol, one may add captopril (10-> M) or another ACE inhibitor to
each reaction well (as a component of the assay buffer) in the
ACE2 assay.

Both MILN-4760 and DX600 strongly inhibit the activity of
human rACE2 over a wide range of concentrations of the recom-
binant enzyme (1.56—400 ng/ml), with the degree of inhibition
ranging from 74.5 to 99.0% for MLN-4760, and from 62.2 to
100% for DX600 (Fig. 2a). At high concentrations of human
rACE2 (100-400 ng/ml), MLN-4760 has a more potent inhibi-
tory effect (98.7-99.0%) compared to DX600 (62.2-90.0%).
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Table 3
Intra- and inter-assay coefficients of variability (CV)

Volume/well  Mean ACE2 Intra-assay CV  Inter-assay

Samples (1) activity (ng/ml)  (%)? CV (%)°
Human urine 1 7.5 57.65 5.87 11.70

2 7.5 167.28 3.64 14.29

3 7.5 151.49 3.67 13.51

Mean +SE 4.39+0.74 13.17£0.77
Mouse urine 1 7.5 402.82 1.86 552

2 7.5 159.50 3.36 6.49

3 7.5 175.34 3.90 9.01

Mean +SE 3.04+0.61 7.01+£1.04
Culture medium 1 15 74.76 1.76 9.38

2 15 69.35 1.06 9.88

3 15 100.72 1.49 9.14

Mean +SE 1.43+0.20 9.47+0.22
Mouse plasma 1 2 420.47 4.99 8.88

2 2 400.10 3.69 9.20

3 2 162.49 2.83 14.67

Mean +SE 3.84+0.63 10.92+£1.88

CV coeflicient of variability, SE standard error of the mean

*The intra-assay CV is an average value of the individual CVs for the duplicates in six measurements

"The inter-assay CV is calculated for each sample by dividing the standard deviation of six measurements by the mean
ACE2 activity of six measurements

It is important to note that only MLLN-4760 (and not DX600)
significantly blocks the activity of mouse rACE2, with the degree
of inhibition ranging from 87.6 to 98.2% (Fig. 2b). DX600 exerts
no inhibitory effect on mouse rACE2 activity in this assay. Indeed,
DX600 (10-¢ M) actually enhanced RFU at lower levels of mouse
rACE2 (3.13-50 ng/ml). In this regard, Pedersen et al. [16] mea-
sured the dissociation constant (Ki) between DX600 and human
or mouse ACE2 in activity assays with the same ACE2 substrate,
and reported the Ki for human ACE2 to be significantly lower
(0.040+0.005 pM) than the Ki for mouse ACE2 (0.36+0.03 uM),
suggesting that DX600 has higher affinity for human ACE2. The
inhibitory effect of another commercially available conformational
variant of DX600 (cyclic form) on ACE2 has not yet been tested in
our assay. However, Ye et al. have reported that the disulfide
bridged cyclic variant of DX600 (Bachem) had no inhibitory effect
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Fig. 2 Effect of ACE2 inhibitors MLN-4760 (105 M), DX600 (105 M), and ACE
inhibitor captopril (10-5 M) on ACE2 enzyme activity. The assay was performed
for 16 h incubation. Graph depicts the concentrations of recombinant ACE2 ver-
sus the Relative Fluorescence Units (RFU). A background RFU value (67.5 RFU for
a, 62.0 RFU for b) of the substrate blank control was subtracted from the read-
ings for each well. (a) Effect of MLN-4760, DX600, and captopril on human rACE2
activity. (b) Effect of MLN-4760, DX600, and captopril on mouse rACE2 activity

on mouse or rat ACE2, even at high concentrations, but effectively
inhibited human rACE2 [17].

We have also examined the dose-dependent effects of MLN-
4760 and DX600 (linear form) on ACE2 activity (measured at
16 h), using mouse rACE2 at concentrations from 0 to 50 ng/ml.
An increase in MLLN-4760 concentration from 107 to 10-° M does
not significantly enhance the assay characteristics (97.1-100 % inhi-
bition for 10 M, 95.0-99.3% for 10-¢ M). Indeed, a highly linear
relationship between the ACE2 activity (RFU) and mouse rACE2
concentration is observed for both concentrations of MLLN-4760
(R?=0.9950, p<0.001 for 105 M; R?=0.9954, p<0.001 for
10 M). In contrast, DX600 has no significant inhibitory effect on
mouse rACE2 activity even at concentrations as high as
10-° M. Similarly, two groups have reported that 10* M DX600



110

Fengxia Xiao and Kevin D. Burns

(purchased from Phoenix Pharmaceuticals, Belmont, CA, USA)
only partly (and ineftectively) blocks mouse recombinant or mouse
kidney ACE2 activity [16, 17]. However, significant inhibition of
mouse ACE2 has been observed with DX600 at 10° M using an
assay buffer maintained at pH 6.5 (16). In rat PT segments, we
have used the linear form of DX600 (10-° M) (obtained from
Phoenix Pharmaceuticals) to demonstrate inhibition of Ang-(1-7)
formation from Ang-(1-10), suggesting inhibition of rat ACE2
[5]. In rat kidney cortex, Ye et al. showed that DX600 (10-¢ M)
only partly inhibited ACE2 activity, measured at pH 6.5 [17].
Accordingly, because of the relatively poor inhibition of rodent
ACE2 by DX600, for mouse biological samples we use 10° M of
MILN-4760 for all experiments. For the ACE2 activity assay in
human biological fluids, either MILN-4760 or DX600 can be used.

To determine if concentrations of ACE2 fluorogenic substrate
lower than 11.25 pM can be used for the assay, we have studied the
effect of various substrate concentrations (ranging from 1.41 to
11.25 pM) on mouse rACE2 enzyme activity (Fig. 3). At low sub-
strate concentrations (1.41 pM and 2.81 pM), mouse rACE2
activities are reduced to only 0-25 % of values obtained at 11.25 pM
substrate concentration (Fig. 3a). On the other hand, a highly lin-
ear relationship between the activity (RFU) and rACE2 concentra-
tion is observed for substrate concentration of 5.63 pM or
11.25 pM (R?=0.9994, p<0.001 for 11.25 pM; R?*=0.9903,
$<0.001 for 5.63 pM), with the same detection limits (1.56—
50 ng/ml) (Fig. 3b). Accordingly, in our assays with biological
samples, we routinely use at least 11.25 pM of the ACE2 substrate,
although use of 5.63 pM substrate concentration would be accept-
able. However, we would not recommend use of ACE2 substrate
concentrations lower than this.

Is it necessary to incubate samples for 16 h prior to measure-
ment of fluorescence? We have addressed this question by measur-
ing ACE2 activity at different time points (2, 6, 16, and 24 h
incubation), with mouse rACE2 concentrations ranging from 0 to
200 ng/ml (Fig. 4a). A time-dependent increase in ACE2 activity
is observed for all mouse rACE2 concentrations. By 16 h of
incubation, the RFU signal has reached saturation for mouse
rACE2 concentrations between 100 and 200 ng/ml. The linear
detection range for ACE2 with 16 h incubation is between 1.56
and 50 ng/ml (Fig. 4b). In contrast, for a 2 h incubation time, a
linear relationship still exists between ACE2 activity and ACE2
concentration for mouse rACE2 between 100 and 200 ng/ml
(Fig. 4a). Thus, the detection limit of the assay for 2 h incubation
is extended between 1.56 and 200 ng/ml (R?=0.9981, p<0.001),
although RFU values are significantly lower at all ACE2 concentra-
tions (see Fig. 4). In our lab, we routinely select 16 h as an
incubation time for the assay, since ACE2 activity in most biologic
samples we have studied is within the 16 h detection limit (i.e., up
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Fig. 3 Effect of substrate concentrations on ACE2 activity. (a) The assay was
performed with different ACE2 substrate concentrations (11.25, 5.63, 2.81, and
1.41 pM) for 16 h incubation using mouse rACE2 concentrations between 0 and
200 ng/ml. Graph depicts the concentrations of mouse rACE2 versus the activity
(RFU) at different substrate concentrations. (b) Standard curves generated for
mouse rACE2 with 11.25 or 5.63 uM ACE2 substrate concentrations. A highly
linear relationship between mouse rACE2 and the RFU exists for both substrate
concentrations (R2=0.9994, p<0.001 for 11.25 uM; R2=0.9903, p<0.001 for
5.63 uM)

to 50 ng/ml). If there is a relatively high ACE2 protein level in the
biological fluid of interest, the incubation time can be reduced to
as short as 2 h.

As noted, using this assay we perform endpoint RFU measure-
ments, calculate the ACE2 protein concentrations from standard
curves, and typically record this value in ng/ml for biological flu-
ids, and not as ACE2 activity per se. ACE2 activity can also be
reported as RFUs per volume of sample per unit time (REU/ml/
min or REU/ml/h). To present data as ACE2 enzymatic activity,
the 96-well plate should be read on a fluorescence reader in kinetic
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Fig. 4 Time course of ACE2 activity assay. ACE2 activity was measured for 2, 6,
16, and 24 h incubation, with mouse rACE2 concentrations ranging from 0 to
200 ng/ml. Graph depicts the concentrations of mouse rACE2 versus the ACE2
activity (RFU) at different time points. (a) Standard curve generated for mouse
rACE2 for 2 h incubation. A highly linear relationship exists for rACE2 concentra-
tions from 0 to 200 ng/ml (R#=0.9981, p<0.001). The area marked with dashed
lines is shown in b. (b) Standard curve generated for mouse rACE2 for 16 h
incubation. The relationship is highly linear for rACE2 concentrations between 0
and 50 ng/ml

mode. The maximum velocity ( V.., RFU/min) in each sample
can be determined, and adjusted for the inhibitor-containing wells.
Specific ACE2 activity (pmole/min) is then calculated from the
adjusted V., using a conversion factor (pmol/RFU), determined
from a calibration standard curve constructed using a fluorescent
peptide fragment (MCA-Pro-Leu-OH, Bachem, Bubendorf,
Switzerland, Catalog number M-1975). Final ACE2 enzymatic
activity in biological fluids can be corrected for the sample dilution
factor, and expressed as pmole,/ml/min.

Pedersen et al. [ 16] have reported that activity assays of human,
rat, and mouse ACE2 are highly pH-dependent, with maximal
hydrolysis rate of ACE2 substrate at assay buffer pH 6.5, and
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minimal activity at pH 8.0 [16]. We use an assay buffer at pH 6.8
for our ACE2 activity assay, and we recommend measuring the pH
of biological samples prior to conduct of the assay. To limit any
effect of pH of biological samples on the assay, we advise diluting
samples with the assay buffer as much as possible.

For measurement of plasma ACE2 activity, avoidance of chela-
tors such as EDTA in the blood collection tubes is recommended,
since chelation could inhibit the activity of the metallopeptidase
ACE2.

Urine samples may have significant background fluorescence at
405 nm. For example, in undiluted urine samples from mice with
gene deletion of ACE2, we typically obtain background fluores-
cence readings greater than 2000 RFU for 7.5 pl urine in the assay.
Because such autofluorescence may interfere with the fluorescence
signal and reduce the ability to detect ACE2, we suggest dilution
of urine samples (e.g., in wild-type mice we typically dilute the
urine sample 1:15 with assay buffer to 15 pl/well).

Does freeze /thaw of biological fluids affect ACE2 activity? We
have measured ACE2 activity in samples of human and mouse
urine, and mouse PT cell culture medium after as many as three
freeze /thaw cycles. Interestingly, we found no significant difter-
ence in ACE2 activity between any freeze /thaw cycle for all three
sample categories (data not shown, p>0.05). Nonetheless, for bio-
logical samples it is likely prudent to restrict use of repetitive
freeze /thaw for this assay. Furthermore, we do not recommend
repetitively freezing and thawing recombinant ACE2 protein, as
we found that ACE2 activity can be significantly lost after a second
freeze-thaw cycle.

In previous studies, we reported that urinary ACE2 activity is
enhanced in renal transplant patients with diabetes, using this
enzyme activity assay [13]. In preliminary data, we also found that
incubation of mouse PT cells with high glucose concentrations
enhances ACE2 activity in the culture medium, suggesting
increased shedding of ACE2 from the cell membrane (data not
shown). Accordingly, we have determined if high glucose concen-
trations alone can affect the assay. As shown in Fig. 5a, ACE2 activ-
ity in mouse PT cell culture medium with a high d-glucose
concentration (25 mM) is not significantly different from that in
the same medium with a normal d-glucose concentration (7.8 mM)
(p>0.05, n=3).

We have also studied the effect of increasing concentrations of
creatinine (Sigma-Aldrich) and urea (Sigma-Aldrich) on the assay,
since these substances are relatively abundant in urine. Using
mouse rACE2, we found that neither creatinine (0.01-3.75 mM)
nor urea (1.5-300 mM) had any significant effect on ACE2 activ-
ity when added to assay buffer (Fig. 5b, c).

Finally, since we reported a correlation between urinary pro-
tein and urinary ACE2 levels [13], we have examined the effect of
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Fig. 5 Effect of potential modulators on ACE2 activity assay. The assay was performed for 16 h incubation. (a)
Graph shows ACE2 activity in defined medium (not incubated with mouse PT cells), and culture medium col-
lected from primary cultures of mouse PT cells after 72 h incubation, in the presence of normal (7.8 mM) or
high concentrations of d-glucose (HG, 25 mM). No ACE2 activity is detected in the defined medium. Results are
means + SEM; p> 0.05, culture medium vs culture medium +HG; n=3. (b) Graph depicts the effect of addition
of various concentrations of creatinine on ACE2 activity (RFU) at different mouse rACE2 concentrations. Results
are means = SEM; p>0.05 for all graphs; n=3. (c¢) Graph depicts the effect of addition of various concentra-
tions of urea on ACE2 activity (RFU) at different mouse rACE2 concentrations. Results are means + SEM;
p>0.05 for all graphs; n=3. (d) Graph depicts the effect of addition of exogenous albumin on ACE2 activity
(RFU) at different mouse rACE2 concentrations. Albumin at the indicated concentrations was added to urine
samples (1 pl) from mice with gene deletion of ACE2. Results are means + SEM; p> 0.05 for all graphs; n=3

exogenous albumin on the ACE2 activity assay. For these experi-
ments, increasing concentrations of albumin (Cohn Fraction V,
Sigma-Aldrich, Catalog number A8806) were added to urine sam-
ples (1 pl/well) from C57BL6 mice with ACE2 gene deletion, and
ACE2 activity was measured following incubation with increasing
concentrations of mouse rACE2 (0-25 ng/ml). For these experi-
ments, the average albumin concentration in the urine samples
from mice with ACE2 gene deletion was 0.15 pg/ml. As shown in
Fig. 5d, addition of exogenous albumin (0.75-750 pg,/ml) had no
effect on rACE2 activity.
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