OPEN ACCESS
Jacobs Journal of Enzymology and Enzyme Engineering

Research Article

Structural Characterization and Enzymatic Activity of the Recombinant Ala®>° To
Ser%¢ Region of Human Ace

Caroline Cristina Eliasa', Larissa Miranda Pereira'?, Danielle S. Aragdo? Dulce E. Casarini?, Regina Affonso!*

'Centro de Biotecnologia, Instituto de Pesquisas Energéticas e Nucleares, Sdo Paulo, Brazil

*Departamento de Medicina, Disciplina de Nefrologia, Universidade Federal de Sdo Paulo, Escola Paulista de Medicina, Sdo Paulo,
Brazil

!These authors contributed equally to the work,

*Corresponding author: Dr. Regina Affonso, Biotechnology Center, IPEN-CNEN, Av. Prof. Lineu Prestes, 2242, Cidade Universitdria,
05508-000, Sdo Paulo, Brazil. Tel: 55 21 11 31339707; E-mail: reginaffonso@yahoo.com.br

Recerved: 11-10-2016

Accepted: 03-06-2017

Published: 28-06-2017

Copyright: © 2017 Regina Affonso

Abstract

Angiotensin-converting enzyme catalyzes the conversion of angiotensin I to the vasoconstrictor angiotensin II and the hydroly-
sis of bradykinin (BK). Human somatic angiotensin-converting enzyme has two homologous domains (N and C) that share 60%
identity. Although these two regions have high homology, the catalytic site of the C-domain exhibits three-fold greater activity
than the N-domain in the hydrolysis of angiotensin I in vivo. The present study aimed to obtain the Ala®’ to Ser!°% catalytic region
of the C-domain of angiotensin-converting enzyme in a structural conformation that resembles its native form. We amplified the
324-bp sequence corresponding to the catalytic site of C-domain of angiotensin-converting enzyme and cloned this sequence
into a pET28 vector. The catalytic site of C-domain of angiotensin-converting enzyme peptide was expressed in a bacterial sys-
tem, and its purification was performed in one step using a His-tag affinity column. Structural analysis by circular dichroism and
fluorescence confirmed that the purified protein is correctly folded, and catalytic site of C-domain of angiotensin-converting
enzyme possesses enzymatic activity and is inhibited by lisinopril. This peptide can be used to test new inhibitors and C-domain

of angiotensin-converting enzyme substrates because this peptide is easy to produce and this has proven efficient link with these
molecules.
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Introduction

Angiotensin-converting enzyme [ (ACE) is a membrane-bound,
zinc-dependent dipeptidase that catalyzes the conversion of
angiotensin I to the potent vasopressor angiotensin II. ACE is
a key part of the renin-angiotensin system, which regulates
blood pressure and is widely distributed throughout the body

[1].

There are two isoforms of human ACE, including the somatic
ACE (sACE) present in somatic tissue and the testicular ACE
(tACE) present in male germinal cells (Figure 1a). The tACE
isoform is similar to the C-domain of sACE [2]. The sACE iso-

form possesses two catalytic sites which exhibit 60% sequence
identity but catalyze the cleavage of angiotensin I and brady-
kinin with different efficiencies. The C-domain is the main
catalyst responsible for angiotensin conversion in the body
and the regulation of blood pressure. The N-domain is typi-
cally associated with the metabolism of biologically active
peptides [3]. The two domains differ in terms of chloride-ion
activation profiles, rates of peptide hydrolysis, and sensitivities
to various inhibitors [1]. A more detailed analysis shows that
these regions are composed of HEMGH and EAIGD sequences
that bind zinc ions to facilitate catalytic activity, Figure 1a [4].

Extensive research over the past 30 years has been achieved
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Figure 1. a) Schematic of the primary structural domains of somatic and testicular ACE. The cytoplasmatic region spans 28 aa, the C-terminal
membrane anchor consists of 22 aa, and the locations of the active-site zinc-binding motif id indicated by HEMGH and EAIGN, in detail in the
lower left corner - blue circle (modified from various authors, and the sequences numbers were obtained from Acharya et al. [4]).

b) Schematic of the ACE active site showing the relationships between the substrate sites (s,, s’, and s’)) and inhibitors (p,, p’, and p’,), dashed
gray lines. The red lines represent the binding between Zn?* and the catalytic site HEMGH and E, and the dashed red lines represent the binding
between Zn** and specific inhibitor regions, captopril or lisinopril (modified from various authors).

Abbreviations: aACE, somatic angiotensin-converting enzyme; tACE, testicular angiotensin-converting enzyme; mb, cytoplasmic membrane;

aa, amino acids; H, histindine; E, glutamic acid; M, methionine; G, glycine.

through the pioneering inhibitor studies of Ferreira et al., [5]
and Ondetti et al. [6]. These researchers showed that the ven-
om of a Brazilian pit viper contains a factor that greatly en-
hances the smooth muscle relaxation caused by the nonapep-
tide bradykinin and inhibits ACE [7].

Synthetic ACE inhibitors, such as captopril, have been used
for more than 30 years in medicine. Currently, there are
many commercial inhibitors, including benazepril, enalapril,

fosinopril, and lisinopril. Inhibitors that are commonly used to
study sACE binding include captopril, lisinopril and enalapril.
The striking difference between these inhibitors is that coor-
dination with zinc occurs at a sulfhydryl group of captopril
and a carboxyl group in lisinopril, Figure 1b. Captopril interac-
tions with the protein are held in place at only two additional
positions: P,'~S "and P,’~S_". In contrast, interactions between
lisinopril and the ACE occur at three positions: P,~S,, P'~S’
and P,'~S’ [2].
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Many studies investigated the conformational features that in-
fluence ACE catalytic activity. These studies often begin with
the solid-phase synthesis of a 36-residue peptide that contains
the amino acid composition and sequence of the ACE active-site
fragment. This ACE active-site fragment is the zinc-binding
sequence which comprises a fragment that contains three
proposed protein binders, these are His361/959, His365/963
and Glu389/987, these correspond the two zinc binding sites:
HEMGH and EAIGD (somatic isoform numbering; N- and C- do-
mains, respectively), Figure 1a [7-10]. The synthetic form of
this ACE peptide provides very important information about
data as: correct sequence, structure, modeling, conformational
and binding with zinc analysis [7,11]. Moreover, the use triflu-
oroacetic acid (TFA) or trifluoroethanol (TFE) can reduce the
pH of a peptide preparation, and thus may alter the pH of sub-
sequent assays, especially the activity assays [12].

Protein expression in the bacterium E. coli has been the most
popular means of producing recombinant proteins for over
three decades. E. coli is a well-established host that offers short
culturing time, easy genetic manipulation and low cost media
[13,14]. Additionally, E. coli has a long history of being able to
produce a wide variety of different types of proteins [14]. Vam-
vakas et al. [9,10], produced the ACE peptide in the E. coli ex-
pression system with production in inclusion bodies. The ACE
peptide after the purification it was refolded with TFE, which
prevents the activity assay.

In a similar strategy, our current study obtained the Ala®*° to
Ser!%6 catalytic region of the C-domain of sACE (sACEC) in a
structural conformation that more closely resembles the na-
tive fold. Expression of this region was performed in soluble
form and in a bacterial system. The final product possessed
the expected a-helix and B-strand structure, bound zinc ions,
cleaved the Hippuryl-His-Leu (Hip-His-Leu) substrate, and its
enzymatic activity was inhibited by lisinopril.

Materials and Methods
Cloning and Expression of the Recombinant Protein

The cDNA of the human zinc catalytic site of cs-ACE_was ampli-
fied from a pcDNA3.1-sACE construct (the plasmid was kind-
ly provided by Dr. Pierre Corvol from the Institut National de
la Santé et de la Recherche Médicale, College de France, Paris,
France). The amplification was completed using PCR with the
Taq polymerase enzyme and the following primers: forward
NC 5’ catgccatggcctcggectgggac 3’ (the restriction site Ncol is
underlined) and reverse C 5’ ggaattcgctgaaggggataaagg 3’ (the
restriction site EcoRI is underlined). The following PCR condi-
tions were used: 95°C for 1:30 min, 30 cycles of 95°C for 15 sec,
55°C for 15 sec and 72°C for 15 sec (Taq polymerase, Ludwig
Biotec, Brazil). The pET28a vector (Novagen, Darmstadt, Ger-
many) and cDNA were digested using Ncol and EcoRI restric-

tion enzymes (Thermo Scientific, Massachusetts, USA). Next,
the digested products were ligated (T4 DNA Ligase, Ludwig
Biotec, Brazil) and the product was cloned into E. coli BL21.
The transformed E. coli BL21 culture containing the pET28cs-
ACE, plasmid was grown in LB medium (10 g/L tryptone, 5
g/L yeast extract, 10 g/L NaCl) supplemented with kanamycin
(50 pg/mL) at 37°C while shaking at 180 rpm. When the 0D,
reached 0.4-0.8, protein expression was induced with 0.5 mM
isopropyl-B-D-thiogalactoside-IPTG (Ludwig Biotec, Brazil)
[15], and expression cultures were incubated for 5 h and 16 h
at 37°C with shaking at 180 rpm. The cultures were then cen-
trifuged at 1,750 x g for 10 min at 4°C, and the pellets were
processed or stored at -20°C [16].

cs-ACE_ Protein Isolation

All of the pellets were processed using the same protocol. The
pellet from the induced culture was resuspended in 20 mM
Tris-HCI and 100 mM NacCl buffer, pH 7.5. The suspension was
sonicated seven times for 30 s on ice and centrifuged at 9,500
x g for 10 min at 4°C. The supernatant was stored on ice in
0.1 mM phenylmethylsulfonyl fluoride-PMSF (Sigma-Aldrich,
Missouri, USA). The induced culture and supernatant were an-
alyzed via sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) [17].

SDS-PAGE and Dot Blotting Analyzes

The E. coli samples transformed with pET28cs-ACE_ were cul-
tured with different lengths of induction. Samples of: induced
cultures, supernatants of the induced culture after of the cen-
trifugation, purification and concentrated were analyzed by
SDS-PAGE using a 15% denaturing polyacrylamide gel [17].
The gels were stained with Coomassie blue (Sigma-Aldrich,
Missouri, USA). For dot blotting analyzes, the samples were
dropped onto a nitrocellulose membrane (20 pL). The mem-
brane was incubated with polyclonal goat anti-ACE_ antise-
rum (Abcam, UK) at a 1:500 dilution and then incubated with
horseradish-peroxidase- conjugated anti-goat IgG (1:5000 di-
lution). An ECL Advance Western Blotting Detection Kit (GE)
was used for visualization [15].

Protein Purification

The expressed cs-ACE_ was purified from the induced culture
using immobilized metal-ion affinity (His Trap FF, General
Eletric, USA) with an AKTA Protein Purification System (Gen-
eral Eletric, USA). The elution buffer contained 20 mM Tris-
HCI, 100 mM NacCl and 0.5 M imidazole, pH 7.5. Linear and
step gradients were used for elution with flow of 1 mL/min/
fraction. The purification samples were analyzed via SDS-PAGE
and dot blotting.
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Protein Quantification

The protein concentration of the samples containing 6.0 M
guanidine hydrochloride (Sigma-Aldrich, Missouri, USA) was
determined by measuring the absorbance at 280 nm. The
equation used for measuring the concentration of a protein in
solution using absorbance spectroscopy is A = €% L ¥ ¢, where
A is the absorbance, € is the molar absorption coefficient, I is
the sample-cell path length and c is the molar concentration of
the sample (according to the Beer-Lambert Law [18]). The ab-
sorbance was measured using a NanoDrop 2000 spectrometer
(Thermo Scientific, Massachusetts, USA).

Circular Dichroism (CD) Spectroscopy

After purification of cs-ACE , protein samples were concentrat-
ed and dialyzed against a 20 mM Tris-HCI and 100 mM NaCl
buffer, pH 7.5, to remove imidazole. Next, samples (1.8 pM)
were analyzed by circular dichroism. Far-ultraviolet CD spec-
tra were obtained with a Jasco ]J-810 (Hachioji, Tokyo, Japan)
spectropolarimeter using a 0.1-cm light path at 20°C. The el-
lipticity was recorded from 200 to 260 nm, and the scan was
repeated four times. The signals from reference samples with-
out protein were always subtracted. Temperature-dependent
far-ultraviolet CD spectra analysis of cs-ACE_ was carried out
in the same aforementioned buffer over a temperature range
of 20°C to 90°C. The temperature was controlled using a Pel-
tier-type TPC-423S/L Jasco temperature-control system (Ha-
chioji, Tokyo, Japan), and the heating rate used was 5 or 10°C/
min. Profiles were obtained using the program CDNN [19].

Fluorescence Spectroscopic Analyses

The tertiary structure of the cs-ACE_ protein (1.8 uM) was an-
alyzed. The data were obtained for wavelengths ranging from
308 to 430 nm in an AB2 Luminescence Spectrometer (Ther-
mo Scientific, Massachusetts, USA). Analyses of Zn?* ion incor-
poration were conducted with 50 pM ZnCl, and a 30 minute
incubation period at 25°C [16].

Enzymatic Activity Awssay

The cs-ACE, activity was measured fluorimetrically using Hip-
puryl-His-Leu (Hip-His-Leu) as a substrate, as described by
Friedland and Silverstein [20]. A sample of cs-ACE_ (50 pL.- 1.8
uM) was incubated with 200 uL of assay solution containing
5 mmol/L Hip-His-Leu in 100 mmol/L potassium phosphate
buffer, pH 8.3, 300 mmol/L NaCl and 0.1 mmol/L ZnSO, for 18
h at 37°C. The enzymatic reaction was stopped by the addition
of 1.5 mL of 280 mmol/L NaOH. The solution was then incu-
bated with 100 uL o-phthaldialdehyde (20 mg/mL in metha-
nol) for 10 min. The fluorescent reaction was stopped by the
addition of 200 pL 3 N HCI. The liberated dipeptide His-Leu
was measured fluorimetrically (excitation 360 nm, emission
500 nm) using a Hitachi fluorimeter (Hitachi, Tokyo, Japan). To

measure lisinopril inhibition, cs-ACEC was pre-incubated with
the inhibitors for 30 min at 37°C. Next, Hip-His-Leu was added,
and the aforementioned protocol was completed [21,22]. The
standard curve was obtained using varying concentrations of
L-His-Leu (0 - 5.5 mM) in the blank reaction mixture. The stan-
dard curve obtained showed a linear relation between relative
fluorescence and His-Leu concentration [21].

Results
Cloning and Expression of Recombinant cs-ACE_

Catalytic site expression was first performed using the
p1813cs-ACE, vector because this vector has been shown to
produce 376 mg of hRPL10 protein per liter of induced bacte-
rial culture [16]. However, the cs-ACE_ protein did not express
well under the induction conditions. As a result, the pET28a
vector was used because this vector contains a histidine se-
quence that is useful in purification. The cloning product was
confirmed with sequencing (data not shown).

The expression of pET28cs-ACE_ was determined by incubat-
ing cultures at 37°C for 5 h and 16 h with 0.5 mM of IPTG. Next,
the cultures were centrifuged, and the pellets were resuspend-
ed and sonicated. The supernatant of the sonicated pellet con-
tained the protein of interest in a soluble form. After activation,
the bacterial culture absorbance was approximately 1.0 unit,
and the expression of the protein of interest was low. To solve
this problem, we increased the volume of the expression cul-
ture to 0.8 L and extended the expression time.

Several reviews on E. coli production systems suggest that an
increase in the production of recombinant protein may oc-
cur with increased expression times [23,24]. In this study, we
cultivated E. coli at reduced temperatures at 18°C, 25°C and
30°C with shaking of 150 rpm for 16 h [16]; however, cs-ACE,
showed very low production (data not shown).

Purification of cs-ACE_ Protein

The supernatants obtained after sonicating the induced
cultures (5 h and 16 h) were analyzed by Ni-IMAC affinity
chromatography using a His Trap column. For purification,
the cs-ACE_ protein was eluted with 180 mM of imidazole
buffer in a linear gradient; however, the protein eluted with
many bacterial contaminants. The strategy used to purify the
protein involved a step gradient, in which the protein was elut-
ed in 100 mM of imidazole buffer. After purification, the sam-
ples were analyzed using SDS-PAGE. Figure 2a shows the 5 h
samples, and 2b shows the 16 h samples. As shown in Figure
2b, high-molecular weight contaminants were observed in all
purification samples eluted. In contrast, the cs-ACE_. sample
shown in lane 3 of Figure 2a was pure.
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Figure 2. Analysis of cs-ACEc by SDS-PAGE and blotting

Analysis of cs- ACEc samples expressed in cultures of p ET28-csACEc-transformed E.coli. Culture were induced for 5 h (a, ¢) and 16 h (b) at 37°C
using 0.5 mM of IPTG and cs-ACEc was purified by immobilized metal-ion affinity- His Trap FF of 1 mL. SDS-PAGE:

a) Lane M, protein molecular weight; lane 1, culture induced; line 2, sup ematant after of the centrifugation of the sample 1; line 3, fractions

eluted with 20% imidazole step (100mM).

b) Lane M, protein molecular weight; lane 1, culture non induced; line 2, culture induced 1; line 3, sup ematant after of the centrifugation of the

sample 2; line 4 to 6, fractions eluted by linear gradient.

Dot blotting c) Lane 1, culture non induced; line 2, culture induced; line 3, purified and concentrated sample; line 4, mouse mesangial cells as

positive control.

Our SDS-PAGE results showed that cs-ACE_ had an expected
molecular weight of 12 kDa. Figure 2a (lanes 2 and 3) and
Figure 2b (lane 4, 5 and 6) show a protein with a molecular
weight between 10 and 15 kDa. Dot blotting immunological
assay confirmed the identity of the protein as cs-ACE_ in the
samples, Figure 2c.

cs-ACE_ Quantification

The quantification was determined by absorbance of 280 nm.
The data used in the Beer-Lambert Law calculation included
an € = 0.77 and I = 1 mm (web.expasy.org/protparam). The
results show that the concentration of pure cs-ACE_ was 2.3
mg of protein per liter of induced bacterial culture, after the
purification. However, the total of cs-ACE_ protein expressed
was 5 mg per liter of induced bacterial culture, this result was
obtained with the culture of 5h, whereas for the culture of 16
h was lower.

Circular Dichroism Spectroscopy (CD) Analyses

The purified cs-ACE_ sample was concentrated and dialyzed
to remove imidazole because this reagent causes problems in
CD and fluorescence measurements [25]. The CD analysis was
used to confirm the presence of secondary structures in the
recombinant protein, which presented well-defined minimum
peaks at 208 nm and 222 nm, Figure 3a.

Table 1 contains the percentages obtained in the CD analysis.
The protein consisted of 76.7% alpha helices and 14.9% be-
ta-strands. These data suggest that the protein has the correct
structure. Our structure-based sequence comparison with the
tACE catalytic site region and these regions were aligned [26],
Figure 4a. In this figure there are three alpha helices long (a15,
al7 and a19) and two small beta sheets only, this confirms our
results data.
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Figure 3. Circular dichroism analysis of the secondary structure of cs-ACEc (1.8 uM).
a) The data were obtained at 200c, and the profile was obtained with CDNN software.
b) The structure of cs-ACEc was analyzed at temperature ranging from 20° to 90°c.
c) Fluorescene emission spectral analysis of the cs-ACEc protein (1.8 pM).

The spectra corresponding to Zn ion incorporation into the cs-ACEc protein: solid line, 0 uM ZnCl, and dashed line, 50 uM ZnCl,
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CD is a good tool to assess the conformation loss associated
with a temperature increase. In this work, this analysis was
applied to the cs-ACE_ protein. The CD data obtained for cs-
ACE, under different temperatures are shown in Figure 3b.
The profiles were obtained at temperatures ranging from 20°C
to 90°C. We observed a strong alteration in the 60°C profile.
The CD data shown in Table 2 were analyzed using the CDNN
program. We found that there was an increase in the random
coil percentage at 60°C (9.8% to 14.6% at 50°C and 60°C,
respectively). At these same temperatures there was a signifi-
cant increase in 3-strands from 15.6% to 18.4%.

Random
o-Helix | p-Sheet | B-Turn
c-ECA Coil
(“o) (%) (%) (%)
Expressed
76.7 4.1 10.8 9.2
for 5h

Table 1. Percentage of secondary structural elements in cs-ACE_.. The
data were obtained at 20°C. The spectra were fitted using standard
CDNN software. (available at http://bioinformatik.biochemetech.uni-
halle.de/cd spec/cdnn).

The values obtained using this software can deviate between 5% and
10%.

Figure 4. Schematic of the putative secondary and tertiary structures of cs-ACEc.

a) Alignment of the amino acids of tACE and cs-ACEc. The Zn-binding sites HEMGH in a15 and EAIGD in a17 are depicted in red, and the tryp-
tophan residue in 34 is depicted in blue (modified from Corradi et al. [26]).

b) Illustration of the tertiary structure of the cs-ACEc protein. The tryptophan residue is shown in pink (RasMol software).
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Random

CECA o-Helix | p-Sheet | p-Turn Coil

(%) (%) (%) (%)
30°C 78.1 3.8 10.4 9.3
40°C 76.1 43 10.8 9.7
50°C 74.7 4.4 11.2 9.8
60°C 65.9 6.3 12.1 14.6
70°C 65.2 6.8 12.5 16
80°C 56.9 8.8 133 20.4
90°C 45.8 11.9 14.8 25.7

Table 2. CD data of cs-ACEC at various temperatures using CDNN
software.

The values obtained using this software can deviate between 5% and
10%.

Fluorescence Spectroscopy Analyses

The tertiary structure of cs-ACE_ was evaluated using fluores-
cence spectroscopy (Figure 3c). The cs-ACE. sequence con-
tains one tryptophan (W) and six tyrosine (Y) residues and
exhibited a maximum intrinsic fluorescence at 280 nm and an
emission peak red-shifted to 335.4 nm (Figure 3c, solid line).
ACE active sites possess the characteristic HEXXH zinc-bind-
ing motif, and the two His residues comprise the first two zinc
ligands sites [11]. The third zinc ligand site, glutamic acid, is
situated 23 residues toward the C-domain in the second char-
acteristic sequence, EAXGD [7]. The fourth zinc ligand site is a
water molecule [11]. The sequence analyzed in our work con-
tains three zinc-binding residues, including His 988, His 992
and Glu 1016. Zinc is essential for catalytic site function, and
the chemical shift perturbation mapping observed by Spyrou-
lias et al. [7] proved that addition of the Zn ion in peptide solu-
tions induced structural changes. The amino acids identified
with potential zinc ligands are located in HEMGH and EAIGD
sequences, and these two regions are localized in the two cen-
tral a-helices (Figure. 4a, a15 and al7, respectively).

The zinc binding of cs-ACE_ was assessed by the addition of
ZnCl,, which causes a change in the tryptophan spectroscopic
properties, Fig 3¢, dashed line. Specifically, fluorescence spec-
troscopic analysis of cs-ACE_ with bound zinc ions revealed
the displacement of the tryptophan maximum emission from
335.4 to 336.4 nm. This coincided with a significant decrease
in intensity (from 1287.3 to 855).

cs-ACE_ Activity

After confirmation of structure and zinc binding, we analyzed
the enzyme activity of cs-ACE. The activity of cs-ACE_ was in-
ferred by measuring the degradation of the natural substrate
molecule, Hip-His-Leu. This molecule was used in a Michaelis
complex simulation. The cs-ACE_ specific activity obtained was
20.4 £ 1.5 nM/min.

The K|, value obtained for cs-ACE_ was 2.4 mM with the Hip-
His-Leu substrate (Figure 5a).

Figure 5. Activity assay of cs-ACEc (1.8 uM).

a) K, cs-ACEc profile for the hydrolysis of the Hip-His-Leu
(HHL) substrate (0 - 5.5 mM) (n=3).

b) Measurement of cs-ACEc activity using the Hip-His-Leu
(5 mM) (grey) and cs-ACEc + lisinopril (0.1 pM) (light grey)
(n=3).

Studies on the inhibition activity of ACEs show that there is
a trend in the relative potencies of lisinopril, enalaprilat and
captopril for the C-domain (L > E > C) [27]. This trend cor-
relates with the number of interactions observed in the crystal
structure complexes with tACE [28].

In the present work, we measured the activity of cs-ACE_ in the
presence of lisinopril, which owns a Ki six times less than the
obtained with captopril, to C-domains [27]. We demonstrated
that the addition this inhibitor resulted in lower activity, Fig-
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ure 5b. The inhibition percentage was approximately 59% af-
ter lisinopril addition, 12.4 + 2.5 nM/min.

Discussion

Antihypertensive drugs, in addition to their main activities, ex-
hibit beneficial lateral effects on the prevention of cardiovas-
cular disease, heart failure, post-myocardial infarction and di-
abetic nephropathy in various classes of hypertensive patients
[22]. Expanding on previous studies of inhibitor activity, our
work focused on the production of the recombinant zinc cata-
lytic site of the C-domain of sACE in its active form.

In the literature, the catalytic site of sACE, N- and C- domain,
were described its production in recombinant form or synthe-
sized, and their conformational structures analyzed by CD and
Nuclear Magnetic Resonance. However, these peptides did not
have your activity evaluated. In present work, the cDNA to cs-
ACE_ peptide was cloned, and its expression in bacterial sys-
tem was of 5.0 mg per liter of culture. The concentration of
the peptide pure and soluble was 2.3 mg per liter of culture,
which was induced for 5h. This concentration was approxi-
mately half of the total production of the peptide. Vamvakas et
al. [9,10] obtained 12 mg of the N-catalytic site and 6 mg of the
C-catalytic site per liter of induced bacterial culture after puri-
fication. We believe that despite the pET28 to be of the same
series as pET3, the cs-ACE_ total production was about 5 mg of
protein per liter of induced bacterial culture, almost the same
obtained by these authors [9]. However, the expression of this
protein in soluble form enables completion of the solubiliza-
tion/purification steps without the need for refolding.

Pereira et al. [16] had success obtaining soluble hRPL10 pro-
tein with decrease of bacterial growth temperatures. In the
present work, the use of different temperatures did not con-
tribute to increase the soluble forma of the cs-ACE . Extended
activation times decrease the available oxygen in the cultures
and increase the protein contaminants in the sample due to
the expression of more than 200 genes related to the meta-
bolic capacities of the cell [24]. A longer period of expression
produced the same quantity of cs-ACE, but it also produced
more contaminants. This result may be due to the production
of more bacterial proteins over the course of 16 h [13,24].

Vamvakas et al. [10] proposed a different strategy for expres-
sion of cs-ACE_. The authors expressed the protein in a pET3
vector in inclusion bodies, and solubilization and refolding
were performed using a chemotropic agent and TFE, respec-
tively. Chaotropic agents promote the disaggregation of the
inclusion bodies; however, removal may cause aggregation or
misfolding [29]. These authors used TFE to obtain the o he-
lix conformation and then they could not make the enzymatic
assay. Pereira et al. [16] demonstrated that inclusion bodies
are formed by a tangle of soluble and aggregated protein; and

we solved this problem by using a different expression vector,
which expressed the csACEC in inclusion bodies, and the solu-
ble form was isolated successful.

The CD analysis was vital for determining the secondary struc-
ture of recombinant cs-ACE_ protein. Previous studies created
the catalytic sites of ACEN and ACEC by synthesizing and fold-
ing the protein constructs with TFA or TFE to promote helix
formation. Spyroulas et al,, [7] and Spyranti et al.,, [11] synthe-
sized ACE catalytic site with a length of 36 aa and 37 aa, respec-
tively. The region is composed only of an a-helix; thus, the use
of TFE was to promote the native conformation because TFE
has the ability to promote structure formation in peptide skele-
tons with high helix propensity. In the study with ACEN, Spyra-
nti etal. [11] reported a 57% o-helix structure using 67% TFE.
Vamvakas et al. [10] obtained a 41.1% o-helix structure using
the maximum TFE concentration of 80%, with the same amino
acids sequence of our work. Although TFE promotes the for-
mation of a-helices, previous studies have reported lower per-
centages structure in a-helices, in peptide only formed by this
structure, these measures could not be representing the real
structure of the peptide.These results contradictory can be by
the fact that the folding of certain proteins can form transient
structures of non-native helices; this formation was described
by Ikeguchi [28] with B-lactoglobulin. While B-lactoglobulin is
a predominantly 3-sheet protein, the protein has been shown
to form non-native helices in early stages of folding with TFE.
The presence of TFE or TFA could cause the formation of only
a-helixes in the ACE peptide, which could compromise of sub-
sequent CD analyzes. Finally, TFA/TFE can reduce the pH of a
peptide preparation to ~2 to 3, thus may alter the pH of subse-
quent assays, and undertake experiments as the activity of pH
8.3 [12]. The cs-ACE_ construct consists of amino acid residues
959 to 1066 in the sequence. These amino acids are arranged
in four alpha helices (a15, a17, a18 and al9), one 3 short
helix (H16) and two antiparallel -strands (4 and 85), Fig. 4a.
In this figure, the alpha helices and f-strands position are as
described in the work Corradi et al. [26] and it confirmed with
RasMol software analysis. Therefore, we expressed cs-ACE_ in
soluble form to ensure correct folding.

Analyses by circular dichroism collected as a function of tem-
perature were made to determine the thermodynamics of
protein unfolding. The data suggest that a significant change
occurred in the cs-ACE_ structure at this temperature range
because the (-strands are more exposed. Andrade et al. [1]
detected significant alterations in the conformation of all rat
ACE isoforms with the loss of a-helix structure at tempera-
tures ranging from 40°C to 50°C, and the loss of structure was
followed by the loss of activity. Analyses using temperature
scanning of bovine ACE observed that the denaturation tem-
peratures of the N- and C-domains were 55.3°C and 70.5°C,
respectively [31]. These previous studies corroborate our re-
sults.
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Fluorescence spectroscopy is widely used to study the struc-
ture of proteins and the dynamic properties that are directly
related to their biological functions, such as specific binding
[32]. Zinc is essential for catalytic site function, and the chemi-
cal shift perturbation mapping observed by Spyroulias et al. [7]
proved that addition of the Zn ion in peptide solutions induced
structural changes. The amino acids identified with potential
zinc ligands are located in HEMGH and EAIGD sequences, and
these two regions are localized in the two central a-helices
(Figure 4a, a15 and al7, respectively).

Spyroulias et al. [7] analyzed the 36-residue peptide struc-
ture (from the HMEGH to the EAIG site) that contains the two
zinc-binding motifs. This peptide contains only a-helixes. The
authors observed that minor conformational differences be-
tween the free and zinc-bound peptides could be identified by
changes in the secondary structure of the first binding motif
(constituting the first pentapeptide fragment). The conforma-
tional freedom of the first zinc ligand residue, His 1, may be
responsible for this structural variation, and supports the pre-
diction of a helical structure at this region.

In our study, the peptide contains one tryptophan residue in $4
and this residue is located between 5 and a15, Figure 4b. We
believe that when the zinc ion binds to the HEMGH and EAIG
sites, the structural conformation of the molecule changes.
Specifically, 34 is rotated toward the outside of the molecule
because the zinc-binding sites are found in al5 and a17 of the
HEMGH and EAIG, respectively. This conformational change
was observed by the decrease in intensity that corresponds to
the tryptophan exposition. When tryptophan is placed in a hy-
drophilic environment (exposed to solvent), the quantum yield
of the amino acid decreases and leads to low florescence inten-
sity [33]. Our cs-ACE_ analyses were made in Tris-HCl and NaCl
buffer, which are both hydrophilic environments.

As far the activity of the peptide, this was analyzed by hydro-
lysis of the substrate Hip-His-Leu and the KM value obtained
was 2.4 mM. The KM data obtained are similar to sACE results
in Wistar rats [34] and humans [35] and recombinant human
SACEC [27]. The affinity of ACE for the Hip-His-Leu substrate is
variable (Table 3). This variation may be due to several factors,
such as the use of cell or bacterial culture expression systems,
the type of cell culture or expression vector, and the type of
buffer used, including borate, phosphate or Tris-HCl [36].

Studies on the inhibition activity of ACEs show that there is
a trend in the relative potencies of lisinopril, enalaprilat and
captopril for the C-domain (L > E > C). This trend correlates
with the number of interactions observed in the crystal struc-
ture complexes with tACE [28].

Km
ACE Class Origin Reference
(mM)
.0* Serum rat
sACE ) [37]
wistar
R 1 sk
Wild-type
.54
C-fragment Human
recombinant | [27]
C-frag - D362
.59 (CHO)
C-frag -
K361/365 .59
3 Human
sCAE i [35]
Guinea pig
.8
sACE P Human
i recombinant | [38]
C-Domain p CHO
Rat wistar
sACE Culture
medium [34]
Mesangial
sACE
cell
Premature
sACE . . [39]
infants urine
sACE 0 Bovine [31]
C-Domain ; Human [40]
Human
sACE Pericardial [41]
fluid
C-domain s Human [42]
Human Current
cs-ACEc
4 recombinant | study

*0.1 M Potassium phosphate with 0.3 M NaCl buffer
**0.4 M Sodium borate with 0.9 M NaCl buffer

Table 3. Kinetic parameters of ACE activity for the hydrolysis of
Hip-His-Leu substrate using a Michaelis complex simulation.
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Interactions with the inhibitor as indicated in Fig.1b, the phe-
nyl ring of the lisinopril interacts with the probable S1 subsite
in the active site, the lysine interacts with the S1’ subsite and
the proline occupies the S2’ subsite. When the lisinopril is not
bound, ACE cleaves the bond between residues of a substrate
that occupy the S1 and S1’ subsites [43].

The binding between the catalytic site ACEC and lisino-
pril occurs via the zinc ligands His383/988, His387/992,
Glu411/1016 (tACE/cs-ACE ), and the C4 carboxylate oxygen
1 (01) of lisinopril or enalapril [44]. The low activity of the cs-
ACE_ in the presence of lisinopril, 59%, was also obtained by
Andrade et al. [34,45], who reported values of 64% and 60% in
Wistar and spontaneously hypertensive rats, respectively.

ACE inhibitors were the first drugs to be widely prescribed for
the treatment of cardiovascular diseases. However, these in-
hibitors are not well-tolerated by 10-20% of patients due to the
development of a persistent dry cough or angioedema (0.3%)
[46]. These effects are likely caused by an increase in bradyki-
nin levels. When the C-domain region of ACE was inactivated
in a mutant mouse, the hydrolysis of Ang I and II was reduced,
while the peptides (1-7) and (1-9) derived from bradykinin
showed no significant changes. This experiment showed that
inhibitors that bind only the C-domain can maintain bradyki-
nin hydrolysis and blood pressure regulation [47,48]. In our
study, the results with lisinopril were in agreement with the
previously reported data.

Conclusion

In the present work, we have established an efficient proto-
col for obtaining the zinc catalytic site in the Ala®*® to Ser!°®®
region of recombinant SACEC. The strategy for producing
pure cs-ACE_ in the correct structural conformation involves
a single purification step. This result shows that recombinant
cs-ACE_ has an a-helix and B-strand structure, which zinc ion
(essential for its activity) binds to cs-ACE_, and in agreement
with the results the enzymatic activity of the protein this was
inhibited by lisinopril. Obtaining this cs-sACEC region in the
correct structural conformation is critical for studying inhibi-
tor binding, and our results provide a new approach to obtain
the catalytic site region with activity, it facilitating the studies
with novel inhibitors.
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