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Angiotensin-1-converting enzyme (ACE) is a key enzyme in the renin—an-
giotensin—aldosterone and kinin systems where it cleaves angiotensin I and
bradykinin peptides, respectively. However, ACE also participates in
numerous other physiological functions, can hydrolyse many peptide sub-
strates and has various exo- and endopeptidase activities. ACE achieves
this complexity by containing two homologous catalytic domains (N- and
C-domains), which exhibit different substrate specificities. Here, we present
the first open conformation structures of ACE N-domain and a unique
closed C-domain structure (2.0 A) where the C terminus of a symmetry-re-
lated molecule is observed inserted into the active-site cavity and binding
to the zinc ion. The open native N-domain structure (1.85 10\) enables com-
parison with ACE2, a homologue previously observed in open and closed
states. An open S, S'-mutant N-domain structure (2.80 A) includes
mutated residues in the S, and S’ subsites that effect ligand binding, but
are distal to the binding site. Analysis of these structures provides impor-
tant insights into how structural features of the ACE domains are able to
accommodate the wide variety of substrates and allow different peptidase
activities.

Database

The atomic coordinates and structure factors for Open nACE, Open S2_S'-nACE and Native
G13-cACE structures have been deposited with codes 6ZPQ, 6ZPT and 6ZPU, respectively, in
the RCSB Protein Data Bank, www.pdb.org

Introduction

Human angiotensin-1-converting enzyme (ACE, EC 3.
4.15.1) occurs in two known isoforms, somatic (SACE)
and testis (tACE), which contain two and one catalyti-
cally active ACE domains, respectively [1-3]. The two
domains in SACE are referred to as the N- and C-do-
mains (nACE and cACE, respectively). ACE has been
classified as a zinc dipeptidyl carboxypeptidase based
on the most well-known functions of SACE in

Abbreviations

cardiovascular physiology [4]. As part of the renin—an-
giotensin—aldosterone system (RAAS), it converts
angiotensin I (Ang I) to the vasoactive peptide hor-
mone angiotensin II (Ang II) [5] and decreases vasodi-
lation by cleaving the peptide bradykinin (BK) [6].

The role of SACE has subsequently been expanded
with the discovery of a wider range of substrates,
including the ability to act as a tripeptidyl

ACE, angiotensin-1-converting enzyme; ACE2, angiotensin-1-converting enzyme 2; Ang |, angiotensin |; Ang Il, angiotensin II; BPPb,
bradykinin-potentiating peptide b; cACE, angiotensin-1-converting enzyme C-domain; nACE, angiotensin-1-converting enzyme N-domain;
RAAS, renin-angiotensin—aldosterone system; sACE, somatic angiotensin-1-converting enzyme; tACE, testis angiotensin-1-converting

enzyme.
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carboxypeptidase, endopeptidase and N-terminal pepti-
dase, and a potential role as a signalling molecule [7].
SACE has reported roles in fibrosis [8,9], myelopoiesis
[10], erythropoiesis [11], haematopoiesis [12], immunity
[13,14] and renal development and function [15]. In
addition to Ang I, peptides that have been identified
as substrates for these and potentially other roles
include N-acetyl-Ser-Asp-Lys-Pro (AcSDKP), sub-
stance P, enkephalins, luteinising hormone-releasing
hormone, kinins, the amyloid-beta peptide (A), neu-
rotensin and formyl-Met-Leu-Phe [16-21]. A recent
study which used mass spectrometry to study ACE
activity in mouse plasma identified more than 240
potential substrates or products of ACE, demonstrat-
ing the vast promiscuity of this enzyme [22]. Further-
more, ACE has been implicated in the immune
response through cleavage of Ang I as well as an
unknown substrate [23].

The promiscuity of SACE’s function can partially be
explained by the two ACE domains which share 89%
identical active-site region sequences (60% overall
sequence similarity), yet exhibit different substrate
specificities. Indeed, structurally nACE and cACE
have similar o-helical ellipsoid shapes containing a
two-lobed binding site cavity with an active-site zinc
ion bound by two histidines and one glutamate residue
located at the junction of the two lobes [24,25]
(Fig. 1A). The ellipsoid can be divided into two

Fig. 1. Schematic structure representations.
Crystal structures of (A) typical closed nACE
(PDB code-6F9V [32]). (B) open nACE. (C)
Open S,_S'-nACE and (D) native cACE. The
active-site zinc ion is depicted as a lilac
sphere, zinc-binding residues (His-, His- and
Glu-) as sticks, with a-helices and B-strands
(in panels B-D) coloured rose and dark
cyan, respectively. Panel A shows
subdomains 1 and 2 in orange (the lid-like
region in dark orange) and green colour,
respectively. Loop regions have been
smoothed for clarity. Figure was generated
using CCP4mg [47].

Structural insights into ACE substrate binding

subdomains with subdomain 1 containing a ‘lid-like’
region formed by the N-terminal 100 residues. How-
ever, it is still unclear how SACE can achieve such
variation in exo- and endopeptidase activity. To date,
all structures of nACE and cACE, whether they are
native or in complex with a peptide or inhibitor, have
adopted a ‘closed conformation’. In contrast, ACE2 (a
single-domain enzyme), which is a close homologue of
ACE, has been crystallised in both ‘closed’ and ‘open’
conformations, which explain how substrates and
products can enter and exit the active site [26]. The
two subdomains of ACE2 open in a ‘clam shell’-like
manner, resulting in a deep groove leading to the bind-
ing site. There have been several molecular dynamics
studies that have indicated that ACE is able to open
in a similar way [27-29]. In particular, the lid was
identified as one of the six hinge regions within each
domain using normal mode analysis [29]. However, the
mechanism of how ligands enter and exit the binding
site remains unclear.

Here, we present the first ‘open’ structures of an
sACE domain—both native nACE and the S, S’-mu-
tant enzyme. This nACE mutant contains eight resi-
dues mutated to their cACE equivalents (Y369F and
R381E from the S, subsite, T358V from the S,’ sub-
site, and S260T, E262S, D354E, S357V and E431D
located in the S’ lobe distal from the S, subsite),
which has previously been used to show that residues
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distal from the binding site effect ligand affinity with-
out significantly affecting nACE structure [27,30]. In
addition, we have crystallised a cACE structure where
the C terminus of a symmetry-related molecule is
inserted into the binding cavity, where it interacts with
the active-site zinc ion. Analysis of these high-resolu-
tion structures not only shows precisely how the ACE
domains of sACE structurally open, but also provides
insights into how these domains achieve catalysis of
such a wide range of substrates with exo- and
endopeptidase activity, and gives further information
on how residues at the subdomain interface can con-
tribute to domain opening and closing.

Results

Open structure of nACE

Native nACE is heavily glycosylated, with 9 of the 10
predicted N-linked sites modified. In the clone used
for crystallisation (N389-nACE [31]), six of these are
mutated to glutamine residues leaving only Asn-45,
Asn-416 and Asn-480 glycosylated resulting in an
active enzyme that readily crystallises. During a typical
cocrystallisation with inhibitor, which usually produces
chunky, rod-like crystals, a different crystal with plate
morphology was observed growing near the edge of
the hanging drop. Although this morphology had not
been seen previously, it could be repeated by seeding
of 1-day-old drops from crystals that grew after the
original crystal had been picked for X-ray diffraction
data collection. The usual rod-like crystals have a Pl
space group, with either two or four molecules in the
asymmetric unit and cell dimensions (bond length and
angles) of 73, 77, 88 A and 89, 64, 75°, and 73, 102,
115 A and 85, 85, 81°, respectively. The new plate-
shaped crystal also grew in the Pl space group with
four molecules in the asymmetric unit, but with cell
dimensions of 75, 100, 129 A and 98, 90, 111°
(Table 1). Molecular replacement using the usual
search model from nACE in complex with sampatrilat
(PDB code-6F9V) [32] gave a partial result, but it was
clear that only about half the structure fitted the elec-
tron density. Interestingly, while one subdomain fitted
the density well, the other did not, and it was clear
from the density that this was because the structure
was in a more open conformation than has previously
been observed. The molecular replacement was
repeated, but with individual subdomains given as
search models, which produced an initial model that
fitted the electron density well. After refinement, the
final model (resolution of 1.85 A, Ryork of 0.184 and
Riee of 0.214) showed typical nACE secondary

G. E. Cozier et al.

Table 1. X-ray data collection and refinement statistics. Inner shell,
overall and outer shell statistics are given in square brackets,
unbracketed and round brackets, respectively.

Open Native
Open nACE S, _S'-nACE  G13-cACE
Resolution (A) (92.26- (91.40- [84.90-8.94]
10.13] (1.88 14.55] (2.85 (2.05-2.00)
-1.85) -2.80)

Space group P1 P1 P212121
Cell dimensions (a, 74.7, 99.9, 73.7, 99.3, 58.5, 84.9,
b, o) angles (o, B, v) 1287 A 128.0 A 128.2 A

97.8, 90.2, 98.6, 89.6, 90.0, 90.0,
111.1° 111.2° 90.0°
Molecules/ 4 4 1
asymmetric unit
Total/unique 1987 984 567 969 565 562
reflections 286 723 81 448 43 959
Completeness (%) [99.7]1 97.7 [99.7] 99.0 [99.9] 100.0
(96.3) (98.1) (100.0)
Rrmerge [0.044] [0.060] [0.062]
0.134 0.264 0.301
(2.474) (1.837) (2.959)
Roim [0.018] [0.025] [0.019]
0.055 0.107 0.087
(1.010) (0.774) (0.845)
<l[o(l)> [28.8] 7.7 [16.114.9 [24.6] 6.3
(0.8) (0.8) (0.9)
CCyp [0.998] [0.998] [0.997]
0.996 0.985 0.996
(0.546) (0.617) (0.485)
Multiplicity [6.8] 6.9 [6.6] 7.0 [11.6]1 12.9
(6.9) (6.6) (13.3)
Refinement statistics
Ruwork/Riree 0.184/0.214  0.223/0.278  0.191/0.235
RMSD in bond 0.009 0.002 0.003
lengths (A)
RMSD in bond 0.773 0.526 0.642
angles (°)
Ramachandran statistics (%)
Favoured 97.92 96.30 98.11
Allowed 2.04 3.66 1.89
Outliers 0.04 0.04 0.00
Average B-factors (A?)
Protein 38.9 64.5 35.3
Ligand 58.4 73.8 57.6
Water 415 46.6 36.2
Number of atoms
Protein 20 051 19 624 4812
Ligand 520 262 157
Water 1672 55 279
PDB code 6ZPQ 6ZPT 6ZPU

structure elements being mostly a-helical and arranged
in two subdomains, but these subdomains were open
in a ‘clam shell-like’ conformation in all four mole-
cules of the asymmetric unit (Figs 1B and 2).
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Fig. 2. Surface representation of the open
nACE structure. Two views are shown
rotated 90° about the x-axis, with the
peptide chain coloured from blue (N
terminus) to red (C terminus) as indicated
by the cylinder. This shows that the two
subdomains have opened to allow access
to the binding site cavity. Figure was
generated using CCP4mg [47].

An overlay of the four molecules in the asymmetric
unit of the open nACE structure showed that in addi-
tion to the flexibility of the lid-like region that is usu-
ally observed in ACE domain structures, there is also
a small variation in the degree of openness (Fig. 3).
However, this only results in a maximum shift of
about 1 A at the most flexible regions at the lip of
subdomain 1, and the RMSD values for 605 Co atoms
observed in all structures range from 0.14 to 0.35 A.

The active-site zinc ion was coordinated in the usual
manner for ACE domains to His-361, His-365 and
Glu-389, with its coordination sphere completed by a

Fig. 3. Variation in opening of molecules on
nACE in the asymmetric unit. The four
molecules in the open nACE structure
asymmetric unit are overlaid using the
subdomain 2 residues. This highlights
differences in the subdomain 1 overlay
indicating a small variation in degree of
opening. Subdomains 1 and 2 are shown in
lighter and darker colours, respectively.
Figure was generated using CCP4mg [47].

Structural insights into ACE substrate binding

water molecule (Fig. 4). This water molecule also
interacts with the proposed catalytic Glu-362 residue,
and therefore, this structure is likely showing nACE
with the catalytic water in the resting state.

Residues GIn-259, Lys-489 and Tyr-498 form the
binding pocket for the carboxy terminus of nACE pep-
tide substrates, and even in structures without added
ligand, this pocket always binds something from
expression, purification or crystallisation reagents. In
the present open structure, a bicine molecule from the
crystallisation buffer is bound, with the carboxy group
being a peptide C terminus mimic (Fig. 4). The bicine
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molecules also form half of a coordination sphere for
a metal ion, with a calcium ion from the crystallisation
buffer fitting optimally the electron density. The elec-
tron density for the other half of the calcium’s coordi-
nation sphere shows variation between the different
molecules in the asymmetric unit, where in one mole-
cule a second bicine molecule fits well (Fig. 4), whereas
in the other molecules water molecules and a PEG
were modelled. This reflects that there is probably
mixed occupancy of molecules completing the calcium
coordination.

Typically, in nACE structures the observed glycosy-
lation electron density on Asn-45 and Asn-480 is lim-
ited to between 1 and 3 carbohydrates, whereas on
Asn-416 carbohydrates up to and beyond the branch-
ing point of the B-D-mannose can be modelled. In this
open structure, while between 1 and 3 carbohydrates
can still be modelled for the Asn-45 and Asn-480 gly-
cosylation, the electron density observed on Asn-416 is
very weak such that no carbohydrate molecule could
be confidently modelled on any of the chains in the
asymmetric unit.

A single structurally important chloride ion is always
observed bound to Tyr-202, Arg-500 and a water mole-
cule in the closed nACE structures. This has been linked
to the chloride-dependent activity of nACE with certain
substrates, possibly due to the interaction via a water
molecule between Arg-500 and the zinc-binding Glu-
389 residue. In the open nACE structure presented in
the present study, the chloride ion was observed in all
molecules of the asymmetric unit and is bound in an
identical manner. However, due to the subdomain
movement, Arg-500 no longer interacts with Glu-389
via a single water molecule, although there is a network
of three water molecules linking them. Therefore, this

G. E. Cozier et al.

Fig. 4. Open nACE structure active site.
Close-up view of the zinc and substrate C
terminus binding sites of the nACE open
structure. The zinc ion interacts with the
conserved two histidine and one glutamate
residues, with the coordination sphere
completed by a water molecule that also
binds to the catalytic Glu-362. The substrate
C terminus binding site is occupied by a
calcium ion coordinated by two bicine
molecules. a-helices and B-strands coloured
rose and dark cyan, respectively.

Figure was generated using CCP4mg [47].

closer interaction between Arg-500 and Glu-389, and
any subsequent chloride-dependent activity, requires the
enzyme to return to the closed conformation after a
substrate has entered the active site.

Structure of S,_S’-active-site mutant nACE

Previously, it had been suggested that some of the
mutated residues of the S, S’-mutant nACE (contain-
ing cACE equivalent mutations Y369F and R381E
from the S, subsite, T358V from the S,’ subsite, and
S260T, E262S, D354E, S357V and E431D located in
the S’ lobe distal from the S, subsite) could be
involved in the hinge movement of nACE [27,30].
Crystallisation trials of N389-S, S’-mutant nACE (the
same minimal glycosylation as for native nACE) using
the typical conditions used for nACE failed to produce
any crystals without added ligand, even after seeding
from native nACE crystals. Producing apo crystals,
and potentially in the open conformation, would allow
analysis of these mutated residues in order to further
examine their role in subdomain dynamics without the
interference of bound ligand. Therefore, seeding exper-
iments of the S, S’-mutant were performed using the
plate crystals of open conformation nACE. This
resulted in numerous plate crystals of the S, S’-mu-
tant, which like the native nACE open structure were
also in the P1 space group with similar cell dimensions
(lengths of 74, 99 and 128 A, and angles of 99, 90 and
111°), and there were four molecules in the asymmetric
unit (Table 1). The open structure of nACE was used
as the molecular replacement model, resulting in a
final structure at 2.80 A resolution with Ryork and
Riree 0of 0.223 and 0.278, respectively. Like nACE, the
overall structure was an open ‘clam shell-like’
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arrangement of two subdomains largely consisting of
a-helical secondary structure (Fig. 1C). There is mini-
mal variation between the four molecules in the asym-
metric unit with RMSD values for 591 Co atoms
observed in all structures ranging from 0.19 to 0.40 A.

The active-site zinc ion was observed with the typi-
cal coordination to His-361, His-365 and Glu-389,
with the probable catalytic water molecule coordinated
to the zinc ion and the catalytic Glu-362. Likewise, the
chloride ion was observed having identical interactions
with Tyr-202 and Arg-500 as observed with nACE,
although no water molecule could be modelled likely
due to the lower resolution.

A bicine molecule was identified in the prime lobe
of the binding site, similar to that observed in nACE,
with the carboxy group of bicine interacting with Gln-
259, Lys-489 and Tyr-498. A calcium ion was modelled
coordinating to the bicine, but due to the lower resolu-
tion the complete calcium coordination sphere was not
observed, resulting in only some water molecules being
included.

The glycosylation on Asn-45 and Asn-480 extended
to up to three carbohydrates, although only one or
two could be modelled. However, as with the open
structure of nACE, the electron density around Asn-
416 was very weak, and even the amino acid side chain
was poorly defined; therefore, no glycosylation could
be modelled.

Structure of novel native cACE

Native cACE is heavily glycosylated with six of the
seven predicted N-linked sites bound to glycan chains,
and similar to nACE, an active minimally glycosylated
mutant (gl3-cACE glycosylation on Asn-72 and
Asnl09) is used to aid crystallisation [29]. Like previous
cACE structures [29,32,33], the native gl3-cACE crys-
tallised in the P2;2;2; space group with one molecule in
the asymmetric unit and the resulting structure was
determined at 2.0 A resolution (Table 1). This structure
showed the typical closed conformation of a mostly a-
helical ellipsoid, with a buried two-lobed cavity in the
centre (Fig. 1D). The active site is located at the junc-
tion of these lobes with the catalytic zinc ion flanked by
the S’ and S subsites. As observed previously, the usual
two chloride ions are bound to gl3-cACE. These are
required for ACE activity and have an effect on inhibi-
tor affinity. The first of these binding sites is formed by
residues Arg-186, Trp-485 and Arg-480 and a water
molecule, whereas the second contains interactions with
Tyr-224, Arg-522 and a water molecule.

Minimally glycosylated g13-cACE has been used for
structural studies because it retains its activity and high

Structural insights into ACE substrate binding

reproducibility in crystal growth for structural studies.
Only the first (Asn-72) and third (Asn-109) of the six
glycosylation sites are retained, and both of these sites
show clear density for carbohydrates, with three and
eight sugars modelled, respectively. The C terminus of
peptide substrates and inhibitor carboxy/amide groups
bind in the S,’ subsite which is comprised of residues
GIn-281, Lys-511 and Tyr-520. In the native structure
presented here, an acetate molecule from the crystallisa-
tion conditions is observed in the S,’ subsite.

Angiotensin-1-converting enzyme substrates and inhi-
bitors bound in the active site have interactions with the
catalytic zinc ion, and in native structures, this zinc
completes its coordination sphere with molecules from
the purification/crystallisation media or water mole-
cules. Examination of the electron density adjacent to
the zinc ion in the native structure presented here
showed density for a substantial ligand extending into
the nonprime binding lobe (Fig. 5A). During refine-
ment, it became clear that this was the C terminus tail of
a symmetry-related molecule that had inserted through
a small opening into the nonprime lobe that is adjacent
to the ‘lid-like’ region (Fig. 5B). While this is likely to
be a crystallisation artefact, it does have implications
for substrate binding and potentially product release,
which are discussed in detail below.

Residues Trp-621, Thr-622 and Pro-623 (for clarity
in the following text, the C-terminal residues of mole-
cule A are shown in bold, and these insert into the
nonprime lobe of the adjacent symmetry-related mole-
cule B whose residues are shown in italics) form crystal
packing interactions on the surface of the adjacent
symmetry-related molecule B ellipsoid at the entrance
to the small hole leading into the nonprime binding
lobe (Fig. 5C). At residue Asn-624, the C terminus
begins to insert into the hole with residues Ser-625 and
Ala-626 completing the insertion through a small chan-
nel and the remaining C-terminal residues (Arg-627 to
Pro-633) are located inside the cavity. Most of the C-
terminal residues show interactions with the symmetry-
related molecule B apart from Pro-623 and Gly-630
which do not interact (Fig. 5D).

In detail, Trp-621 and Thr-622 at the channel
entrance have a hydrophobic interaction with Asn-105
and a hydrogen bond with Lys-117, respectively. Pass-
ing through the channel, Asn-624 has hydrogen bonds
with G/n-120 and Tyr-213. Ser-625 has hydrogen
bonds from its side chain and backbone oxygen atoms
with Glu-225 and Lys-118, respectively, as well as
hydrophobic interactions with Lys-118 and Phe-570.
Completing the passage through the channel, Ala-626
has two hydrogen bonds from its backbone oxygen
and nitrogen atoms with residues Lys-118 and Ser-222,
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Fig. 5. Novel cACE structure with C terminus insertion. A native G13-cACE crystal structure shows the insertion of a symmetry-related
molecule’s C terminus into the nonprime lobe and interaction with the active-site zinc ion. Zinc ions are shown as lilac spheres, with a-helices
and B-strands shown in rose and dark cyan, respectively. (A) Close-up view of the C terminus insertion overlaid with the final 2mFo —-DFc (blue,
contoured at 1o level) electron density map. (B) Arrangement of G13-cACE crystal packing showing molecule A (green worm) with its C
terminus orientated to insert into the nonprime lobe of symmetry-related molecule B. (C) Close-up view of C terminus insertion showing
interacting residues of molecule A (green worm—residues 619-633 were used to generate figure, but not all residues are visible within the
cavity) at the surface of symmetry-related molecule B. (D) Native G13-cACE LigPlot representation showing the binding of the C terminus of
molecule A (dark green) within the nonprime binding lobe of symmetry-related molecule B (light green). H-bond/electrostatic interactions are
shown in green, hydrophobic interactions in red and water molecules as red spheres. Residues solely involved in hydrophobic interactions are
represented by red, semicircular symbols. Panels A, B and C were generated using CCP4mg [47] and Panel D with LigPlot+ [49].

respectively. Arg-627 lies just inside the cavity where
its guanidine group interacts with the backbone oxy-
gen of Asp-121, its side chain has a hydrophobic inter-
action with Lys-118, and its backbone nitrogen
interacts with the side chain of Asp-121. The electron
density and B-factors show that residues Ala-626 to
Gly-630 are more flexible than residues Pro-631 to
Pro-633, and this is reflected in the number of interac-
tions observed. While both oxygens of the carboxylic
group of Glu-430 are within 3.4 A of the Ser-628 back-
bone nitrogen, only one is in the ideal orientation for
a strong interaction. In addition, the other interactions
are water-mediated hydrogen bonding between the side
chain of Ser-628 with Lys-118, Met-223 and Glu-403.
Glu-629 has a solitary hydrogen bond with Arg-124,
while Gly-630 has no interactions within the cavity. In
contrast, Pro-631 has extensive hydrophobic

interactions with Trp-357, and the side chain of Leu-
632 has a hydrophobic interaction with His-410 and
two hydrogen bonds between its backbone and the
backbone of Ala-236. Finally, Pro-633 has extensive
interactions including a bidentate interaction with the
zinc ion, another hydrogen bond with the catalytic
Glu-384 and interactions via a water molecule with
Glu-411, Arg-522 and Tyr-523.

Discussion

Analysis of subdomain dynamics for nACE
opening

The majority of nACE, cACE and ACE homologue
(AnCE, a homologue from Drosophila melanogaster,
and AnoACE2, a homologue from Anopheles gambiae)
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structures determined to date have been solved in com-
plex with substrates or inhibitors bound in the active
site. This has favoured the closed conformation of
ACE due to the number of interactions between the
ligand and residues from both subdomains. This is
particularly apparent with the zinc-binding residues
located in subdomain 1 and the substrate carboxy ter-
minus binding site in subdomain 2, where the binding
of substrate or inhibitor would help pull the two sub-
domains together into the closed conformation. The
open structure presented here for nACE has only a
water molecule bound to the zinc ion and a calcium/
bicine complex bound to the substrate carboxy termi-
nus binding site. While this fills the space between the
two subdomains, there are no strong interactions
between the two subdomains in the active-site region,
which may favour the open conformation observed. A
comparison of the open and closed nACE structures
provides information on how substrates and inhibitors
can enter the active site, and details of the subdomain
dynamics that are required during the domain open-
ing.

An overlay of the open and closed nACE structures
(Fig. 6A) shows that the two subdomains open in a
‘clam shell-like’ way, resulting in a deep groove leading
to the active site. This, and subsequent overlays, was
generated by superposing subdomain 2 of the struc-
tures (nACE residues 98-271, 418-506 and 567-601)

Fig. 6. Schematic representation showing
structural overlays. Structural overlays of (A)
closed nACE (blue) and open (green) nACE,
(B) closed nACE (blue), closed cACE
(orange) and closed ACE2 (grey), (C) open
nACE (green) and open ACE2 (magenta)
and (D) open nACE (green), open cACE
(dark red) and open ACE2 (magenta). Zinc
atoms are shown as spheres and coloured
lighter than their corresponding protein. o-
helices and B-strands are depicted as
cylinders and arrows, respectively, with
loop regions shortened for clarity. PDB
codes for closed nACE (sampatrilat
complex), closed cACE (omapatrilat
complex), closed ACE2 (MLN-4760
complex), open cACE (BPPb complex) and
open ACE2 (native) are 6F9V [32], BH5W
[37], 1R4L [26], 4APJ [34] and 1R42 [26],
respectively. Figure was generated using
CCP4mg [47].

Structural insights into ACE substrate binding

to enable visualisation of the relative movement of
subdomain 1 (nACE residues 11-97, 272-417 and 507—
566) as the ACE domain opens. Based on the overlays,
the RMSD values for the Co atoms that are observed
in each pair of structures are shown in Table 2. The
resulting open and closed nACE structures had an
RMSD of 2.39 A for 587 Co atoms of the two subdo-
mains that are observed in both structures. According
to surface depiction of the closed conformation, there
is almost no view into the binding cavity (Fig. 7A),
whereas in the open structure (Fig. 7C), there is access
across the full length of the nACE domain into both
the prime and nonprime lobes. There are some residue
side chains that appear to partially block this new
opening in the crystal structure, but they are likely to
be flexible and therefore could move to allow ligand
entry. This would enable peptide substrates or inhibi-
tors to access the binding site in an elongated linear
conformation, after which the subdomains could close
to envelop the ligand and adopt the catalytic closed
structure.

Previous work using comparison of closed cACE
structures with the open and closed ACE2 structures,
followed by normal mode analysis identified six possi-
ble groups of residues (using nACE numbering, hinges
1 to 6 were residues 71-101, 274-275, 378-387, 412—
417, 513-515 and 547-556, respectively) [29]. The new
open nACE structure presented here allows for closer

The FEBS Journal 288 (2021) 2238-2256 © 2020 The Authors.The FEBS Journal published by John Wiley & Sons Ltd on behalf of 2245

Federation of European Biochemical Societies


https://doi.org/10.2210/pdb6F9V/pdb
https://doi.org/10.2210/pdb6H5W/pdb
https://doi.org/10.2210/pdb1R4L/pdb
https://doi.org/10.2210/pdb4APJ/pdb
https://doi.org/10.2210/pdb1R42/pdb

Structural insights into ACE substrate binding

Table 2. Comparison of open and closed ACE/ACE2 structures.
RMSD values (A) for Co atoms observed in both structures of each
comparison shown in brackets. Values were generated using the
‘Structure Alignment and Superposition with Gesamt’ program on
CCP4 cloud.

cACE ACE2 nACE cACE ACE2

Closed Closed Open Open Open
nACE 1.163 2416 2.390 1.903 4.622 (570)
Closed (585) (570) (587) (562)
cACE - 1.921 2.393 0.979 4.187 (578)
Closed (578) (573) (580)
ACE2 - - 2.991 2.618 3.631 (592)
Closed (571) (566)
nACE - - - 2.250 2.875 (571)
Open (563)
cACE - - - - 4.163 (566)
Open
nACE S,_S'-nACE nACE
Closed Open Open
S,_S'-nACE 0.663 (686)  2.341 (586) 2.341 (584)
Closed
nACE Closed - 2.314 (585) 2.390 (587)
S,_S-nACE Open - - 0.425 (586)

examination of overlays to provide more accurate
identification of the hinge residues about which the
subdomains pivot. While the open nACE structure

G. E. Cozier et al.

largely agrees the hinge residues identified previously,
detailed analysis revealed some modifications (Figs 8
and 9). The two subdomains are not formed by a sim-
ple N- and C-terminal sections, but rather the peptide
chain crosses between subdomain 1 and 2 several
times. Likewise, while the overall effect of domain
opening is to separate the two subdomains, the hinge
regions are not confined to the residues on the subdo-
main junctions. When viewed from above the ‘clam
shell-like” structure (with the subdomains being the
two shell halves) and looking down into the binding
site, the hinge regions are located at the bottom part
of the structure, with the top edge of the subdomains
moving the greatest distance (Figs 6A and 9).

To describe the movement involved in the domain
opening in detail, subdomain 1 can be divided into sec-
tions that pivot away from subdomain 2 about hinge
residues (Figs 8 and 9). The lid-like region is largely
comprised of two long helices (residues 14-44 H2 and
48-77 H3). When comparing the open and closed
structures, the start of H2 (residue 14, labelled as
hinge 0 to keep consistency with previously defined
hinges 1-6) and end of H3 (residue 78) act as pivot
points for these helices such that the H2-to-H3 loop
moves by about 6.9 A (colours dark red/coral, Fig. 9).
The remaining part of the lid-like region (residues 79
and 100) also moves, although only by a maximum of

Fig. 7. Surface representation comparison
of ACE/ACE2 opening. Surface
representations of (A) closed nACE, (B)
BPPb-cACE, (C) open nACE and (D) ACE2
structures. The peptide chains are coloured
from blue (N terminus) to red (C terminus)
as indicated by the cylinder, and the active-
site zinc (if visible) is a lilac sphere. PDB
codes for closed nACE (sampatrilat
complex), open cACE (BPPb complex) and
open ACE2 (native) are 6F9V [32], 4APJ [34]
and 1R42 [26], respectively. Figure was
generated using CCP4mg [47].
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Fig. 8. N389-nACE sequence.Sequence and secondary structure (generated using STRIDE [50] from sampatrilat complex PDB 6F9V [32]) of
nACE. Helices (H) are numbered sequentially, B-strands and turns are indicated in yellow and green, respectively, and hinges are shown in
blue boxes.

2.2 A, and can be considered to complete the hinge 100. These regions are adjacent to a hole at the bot-
region (Hinge 1) for the pivot about residue 78. How- tom of the nACE structure that leads into the non-
ever, as observed in many closed ACE structures, and prime binding lobe. While only one open structure is
in particular the samASP-nACE complex structure, presented here, there is a similar, but small variation
there is a lot of flexibility in the lid-like region. In con- in the lid-like region, particularly in residues 74-96,
trast to the open/closed comparison, where the biggest between the four molecules of the asymmetric unit.
movement is between H2 and H3, the general lid-like Interestingly, the hinge region around residue 100
flexibility shown in the samASP-nACE complex was at (where the lid-like region is connected to subdomain 2)
the other end of the complex. This includes the first is consistent for both subdomain opening and general
half of H2 (residues 9-28) and residues from the end lid-like region flexibility indicating a crucial role. While
portion of H3 until H5 (76-96) showing the maximum the lid-like region has been previously described as
movement of about 3.5 A and pivoting about residue part of subdomain 1, it should perhaps be considered
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AN

\
Region 1 (272-378) )

as a subdomain in its own right. This point is high-
lighted in Fig. 1A which shows that it is separate from
the rest of subdomain 1.

The remainder of subdomain 1 can be split into 4
regions that each pivot about 2 hinge residues. The
regions at the bottom of the structure only move a lit-
tle, while the section at the top edge shows extensive
rearrangement when compared to the closed structure
(Fig. 9). At the bottom of subdomain 1, residues 552—
566 (region 4—dark grey/light grey), which includes
H26, only shift by up to 1.3 A. While this degree of
movement would not usually be significant when com-
paring structures, the shift in H26 directly matches the
changes in helices above it in the structure and can
therefore be considered as the base of the whole ‘clam
shell-like” opening of the ACE domain. Therefore,
while residues 547-556 were previously identified as
hinge 6, it can now be more accurately described as
residues 548-551, and a subtle but important new
hinge is observed around residue 567 (hinge 7).

Hinge 6 is part of subdomain 1, rather than being
on the interface with subdomain 2, and it is also the
pivot point for region 3 (residues 507-547—dark blue/
light blue), with hinge 5 (residue 507) being at the
other end. This region sits directly above region 4 and
has a larger movement of up to 3.6 A. Region 2 (resi-
dues 384-417—magenta/light pink) pivots about
hinges 3 (residues 378-384) and 4 (residue 417) giving
a maximum movement of 6.6 A, and it sits alongside
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Region 3 (507-547)

Region 2 (383-417)
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11.34 A

N

Region 4 (552-566)

Fig. 9. Mechanism of nACE opening.
Overlay of the open and closed nACE
structures highlighting the regions that
move during the domain opening. Each
moving region is also shown in isolation for
clarity with the largest movement point
marked. Subdomain 2 is shown in dark
green/light green, with the moving regions
of subdomain 1 coloured dark red/coral
(residues 11-97), orange/yellow (residues
272-378), magenta/light pink (residues 384—
417), dark blue/light blue (residues 507-547)
and dark grey/light grey (residues 552-566).
Zinc ion is shown as violet/lilac sphere.
Darker colours are the closed structure.
Figure was generated using CCP4mg [47].

3.56 A

76.95 A

region 3. It also contains Glu-389, one of the zinc-
binding residues. Hinge 3 is part of subdomain 1,
rather than at the interface with subdomain 2, and is
instead adjacent to the lid-like domain. Residue 378 of
hinge 3 as well as hinge 2 (residue 272) provide the
pivot points for region 1 (residues 272-378—orange/
yellow), which sits above regions 2 and 3. This forms
the top edge of subdomain 1 and therefore contains
the largest degree of movement of up to 10.4 A.
Region 1 contains H16 with the zinc-binding His-361
and His-365 residues, and as this is located towards
the bottom of the groove, it results in a movement of
3.75 A for the bound zinc ion.

As mentioned above, it is often possible to model
multiple sugars of the glycosylation on Asn-416 in
closed nACE structures. This appears to result from a
combination of crystal packing stabilising the positions
of the Asn-linked NAG and its 1-6 linked FUC,
which orientates the sugar chain to pack against the
protein surface residues 521-527 allowing hydrogen
bond interactions with Tyr-521, Glu-522 and GIn-527.
Molecules in the asymmetric unit that lack the crystal
packing stabilisation exhibit poorly defined electron
density. In the open nACE structure, the crystal pack-
ing does not allow for any stabilisation of the Asn-416
glycosylation. In addition, Asn-416 is located on hinge
4 causing a change in orientation of the side chain,
and residues 521-527 are located on the part of region
3 with the largest movement. These changes combine
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resulting in a highly flexible glycosylation group which,
as stated above, is not possible to model.

Comparison of nACE, cACE and ACE2 subdomain
dynamics

The structure of ACE2, the second ACE homologue
in humans, has previously been determined in both
the closed and open conformations [26]. ACE2,
nACE and cACE show 32% identity and 66% simi-
larity between their sequences. When comparing
ACE2 with the sACE domains individually, these val-
ues increase to 42% identity and 75% similarity with
nACE, and 42% identity and 76% similarity with
cACE. This high degree of sequence conservation
means it is not surprising that the closed structure of
the ACE2 domain has a similar overall secondary
and tertiary structure (mainly a-helical with two sub-
domains and a lid-like region) as nACE and cACE
(Fig. 6B). While an RMSD of 2.42 (570 Co atoms)
and 1.92 (578 Co atoms) A for nACE and cACE
(Table 2), respectively, indicates some variation, this
is largely present in the lid-like region and some other
loop regions.

The open nACE structure presented here allows for
comparison with the open ACE2 structure to deter-
mine whether they adopt the same mechanism and
subdomain dynamics to allow entry of substrates into
the binding site. In the overlay of these two structures,
we observed that the groove into the binding site of
nACE is narrower than that of ACE2 (Fig. 6C), and
this is highlighted by an RMSD of 2.88 A for 571 Cu
atoms. However, a detailed examination of the mecha-
nism of opening shows they utilise the same subdo-
main dynamics (hinges and pivoting regions).
Therefore, it can be concluded that the nACE open
structure is slightly more closed than the ACE2 open
structure. This raises the question of whether the
nACE structure presented here is fully open or
whether it crystallised in a partly open conformation.

A recent molecular dynamics study [28] using the
Ang II-cACE complex closed structure [34] showed
that when the Ang II peptide was removed prior to a
long 400-ns simulation, the cACE structure went
through various closed, partially open and fully open
conformations. The most open cACE conformation
observed was close to that of the open ACE2 struc-
ture. This suggests that the nACE structure presented
here is in fact a partly open structure, which was either
more favourable for crystallisation or was somehow
prevented from opening further. Closer examination of
the nACE open crystal structure revealed that the
degree of opening may be less due to a magnesium

Structural insights into ACE substrate binding

ion-mediated interaction between subdomain 1 Asp-
354 and subdomain 2 Glu-431 (details of this interac-
tion are described in the following Discussion section)
as well as subdomain 1 His-331 interacting with a
bicine molecule that is part of the calcium ion/bicine
complex bound in the subdomain 2 substrate C-termi-
nal binding site. Both of these interactions may com-
bine to have the effect of linking the two subdomains
and therefore help stabilise a partially open structure.

A previously reported BPPb-cACE (bradykinin-
potentiating peptide b) complex structure showed that
the zinc-binding residues (His-383, His-387 and Glu-
411) underwent a conformational change and moved
away from the usual ligand binding site, and it was
concluded this may have been due to not having an
active-site zinc ion bound [34]. These residues are all
located within subdomain 1 and can link the two sub-
domains when they bind a zinc ion through the bound
ligand. We analysed this structure and observed that
in fact there were conformational changes to the zinc-
binding residues, lid-like region and other proximal
loops which were similar, albeit smaller in magnitude,
to those seen in the nACE and ACE2 open structures.
We conclude that this cACE structure is also partially
open and this is apparent when looking at overlay of
these structures (Fig. 6D). Therefore, it can be con-
cluded that nACE, cACE and ACE2 open using the
same subdomain dynamics and that zinc ion is likely
to be important in not only the catalysis itself, but also
in forming the completely closed active conformation.
By comparing a closed nACE structure with the
BPPb-cACE, open nACE and open ACE2 structures,
we observed a gradual opening of the ACE domain
(Fig. 7). It is likely that other ACE homologues, such
as AnCE and AnoACE, are able to open in a similar
way.

Analysis of S’ subdomain interface-interacting
residues

Previous studies using the S, S’-mutant nACE have
shown that the nACE S’ Ser-260, Glu-262, Asp-354,
Ser-357 and Glu-431 residues (SEDSE which are
mutated to cACE equivalents Thr, Ser, Glu, Val and
Asp, respectively) distal from the active site are
involved in interactions between the two subdomains
and have suggested that their polar properties are
involved in driving the closing of nACE [27,30]. The
native and S, S’-mutant nACE open structures are
presented here, along with the previously published
closed structures of both, which allows closer examina-
tion of these residues at the subdomain interface for
further insights into their role.
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D

. Glu3s4

Asn263

Thr260 Ser262
Asp431

Fig. 10. Comparison of the subdomain interface region. Close-up view of the subdomain interface region of (A) typical closed nACE
structure (PDB code-6F9V [32]), (B) overlay of the four molecules in the open nACE crystal structure asymmetric unit (zinc ion and waters of
only one molecule shown for clarity) and (C) overlay of the four molecules in the open S,_S’-nACE crystal structure asymmetric unit. S,’ and

Asn263

distal S’-residues are coloured green and magenta, respectively. Figure was generated using CCP4mg [47].

In the closed conformation, all of the SEDSE resi-
dues can be involved in interactions between the two
subdomains, although the different structures solved to
date show that there is some flexibility resulting in
variation of these interactions (Fig. 10A—example of
maximum observed interactions shown in PDB 6F9V
[32]), and this is likely affected by the conditions sur-
rounding the enzyme. For example, both direct and
water-mediated interactions have been observed
between Asp-354 of subdomain 1 and Glu-262 of sub-
domain 2. Alternatively, Asp-354 and Glu-262 can be
involved in the coordination of a magnesium ion along
with another subdomain 2 residue Asn-263 (conserved
in cACE) and three water molecules, one of which is
also coordinated to subdomain 1 Ser-260. In addition,
Ser-357 of subdomain 1 and Glu-431 of subdomain 2
show a water-mediated interaction. In contrast, in the
S, _S'-mutant nACE only a single water-mediated
interaction is observed between Asn-263 and Glu-354,
which is also present in cACE [30].

In the partially open conformation of native nACE,
the greater distance between the two subdomains
results in a significant reduction in interaction between
the two subdomains through the SEDSE residues
(Fig. 10B). Asp-354 of subdomain 1 has two different
conformations observed in the four molecules of the
asymmetric unit, with either one or both of conforma-
tions observed in each individual molecule. One con-
formation of Asp-354 (C2 Fig. 10B) results in lack of
interactions between the two subdomains from the
SEDSE residues. The closest distance of SEDSE resi-
dues between subdomains results from the other Asp-
354 conformation (C1 Fig. 10B) where its carboxylic

acid side chain is 6.23 A from the side chain of Glu-
431. Therefore, the only significant interaction possible
at this distance is mediated by water or a magnesium
ion, which is in a different location to that seen in the
closed structures. It is interesting that the degree of
opening observed for nACE occurs at the point where
interaction between the subdomains through the
SEDSE residues is at its limit. This potentially shows
the importance of these residues that they may cause
this partially opened conformation to be favoured over
a more open conformation similar to ACE2, hence
aiding crystallisation of this species.

Glu-354 in the S, _S’-mutant nACE partially open
structure shows multiple conformations in the four
molecules of the asymmetric unit (Fig. 10C), indicating
that it is more flexible and less constrained than the
shorter Asp-354 in the native structure. In one mole-
cule, the distance from Glu-354 to Asp-431 is 5.86 A
and therefore closer than the 6.23 A seen in the native
open structure, while in the other conformations, the
distance is greater. There are no water/ion-mediated
interactions observed between Glu-354 and Asp-431.
While this may be partially due to the lower 2.80 A
resolution of the S, S’-mutant nACE structure com-
pared to the 1.85 A of the native open structure, it is
clear from the lack of electron density observed that
even if the interactions were present, they would be
weak.

The backbone of the closed structures of native and
S,_S’-mutant nACE overlay well in general (RMSD
0.663 A for 586 Ca atoms, Table 2) and in this region
of the subdomain interface. Considering the reduced
amount of localised subdomain interaction between
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the subdomains caused by the S’ mutations, it is possi-
bly unexpected that the backbones of the open struc-
tures of native and S,_S’-mutant nACE also overlay
closely (RMSD 0.425 A for 586 Co atoms, Table 2).
However, the secondary structure of the individual
subdomains is unlikely to be affected greatly by their
surface residues (which include the S’ mutations when
in an open conformation); therefore, it is the degree of
opening that has to be considered. The S, S’-mutant
nACE crystals were grown by seeding from the native
nACE crystals, and this could favour a similar par-
tially open conformation due to crystal packing.

With the amount of domain opening seen in these
crystal structures being at the limit of interaction of
the SEDSE residues between the two subdomains, it
seems likely that at this point, these residues in the
native structure start contributing to the subdomain
closure and this importance increases as the domain
closes further. In contrast, the SEDSE residues in the
S,_S’-mutant nACE require the subdomains to close
further before they can give their reduced contribution
at the subdomain interface that was concluded from
the previous closed structures.

ACE domain adaptations for substrate
promiscuity

As described above, both sSACE and ACE2 have been
shown to hydrolyse a range of substrates or various
lengths, with sACE also being able to catalyse both
exo- and endopeptidase mechanisms. Analysis of previ-
ous structures and those presented here can be used to
identify structural features that allow for these varia-
tions.

It has previously been suggested that the ‘lid-like’
region of the ACE domains could control entry into
the active site [24]. However, previous molecular
dynamics studies and the open structures presented
here show that the two subdomains open in a ‘clam
shell-like’ manner to allow binding of substrates and
inhibitors. This indicates that the lid-like region moves
as part of the subdomains and that its involvement in
the control of substrate entry/exit would just be a con-
tribution at the edge of the nonprime side of the
groove.

The native cACE structure presented here proves
that there is an alternative entry/exit point for peptides
into the binding site region. The small hole and short
tunnel observed here are of sufficient size for a peptide
to pass through (Fig. 5). In addition, one end of the
lid is adjacent to this entry point. This portion of the
structure shows increased flexibility compared to most
of the ACE structure; indeed, two conformations of
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this region were modelled in an nACE structure [32].
An overlay of the alternative nACE lid structure with
the native cACE structure (Fig. 11A) shows about a
3 A movement towards the inserted C terminus of the
symmetry molecule. While this movement does not
close off the entrance into the binding site, numerous
residues (nACE 80-82 and 89-97, and cACE 104-106
and 89-97) are adjacent to the hole and have the
potential to alter available space and provide interac-
tions towards a peptide. These residues could therefore
be involved in controlling the movement of peptides
into and out of the binding site, indicating that this N-
terminal lid-like region should be considered as sepa-
rate from the rest of subdomain 1. Asn-109 from the
lid-like region of cACE is glycosylated, and an exten-
sive chain is observed in the native structure presented
here where it is orientated such that it interacts with
subdomain 2. The equivalent residue is not glycosy-
lated in nACE due to it being Asp-85, and it is part of
the flexible region of the lid-like structure observed in
nACE. This suggests the possibility that this glycosyla-
tion could potentially stabilise and/or control the lid-
like region adjacent to the hole in cACE.

Most of the known substrates of ACE domains are
relatively short, around 12 residues or less, and as
shown by the 1l-mer BPPb bound to cACE and
nACE, peptides of this length can fit entirely within
the two-lobed binding site [34,35]. However, it has
been unclear how longer peptide substrates, such as
beta-amyloids, could fit into the active site of ACE.
While the open structure does show how peptide sub-
strates could enter the active site, it does not fully
explain how the long peptides could be accommo-
dated, especially in the closed conformation. The
native cACE structure presented here shows that pep-
tides are able to extend through the hole at the end of
the nonprime lobe opposite to the groove opening
shown by nACE and ACE2 that allows peptide entry
into the binding site. Long peptides could have their C
terminus binding in the usual position in the prime
lobe and their N terminus passing through the hole at
the base of the groove, allowing the excess residues to
be located outside the ACE protein.

An overlay of the BPPb peptide from a previously
published nACE complex [35] with the open nACE
structure shows that the BPPb N terminus is posi-
tioned approaching the hole in the nonprime lobe
(Fig. 11B). This is consistent with longer peptides
being able to adopt an orientation that allows them to
pass through this hole described above. However,
sACE is also known to be able to act as an endopepti-
dase for these longer peptides like AP [18,21], but the
closed structures of the sSACE domains do not have
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Fig. 11. ACE structural adaptations for substrate promiscuity. (A) Flexibility of lid-like region adjacent to C terminus insertion. Two views of
the overlay of samASP-nACE and C terminus insertion cACE structures showing how the flexibility observed in the lid-like region has an
effect on hole at the bottom of the nonprime lobe and could interact with peptides passing through this hole. The samASP-nACE alternate
lid-like conformations are shown in light and dark blue, with cACE in orange. The C terminus of symmetry-related cACE molecule is shown
as green worm. (B and C) Accommodation of variation in peptide substrate size in ACE. Schematic representation of an overlay of nACE
open structure with the BPPb peptide (yellow sticks) from an nACE complex structure (PDB 6QS1 [35]) showing (B) the hole at the base of
the nonprime lobe, and (C) highlighting the possible routes for extension of the prime binding lobe. Binding groove/cavity is shown in grey
with the active-site zinc as magenta sphere. Panel A was generated using CCP4mg [47], with B and C using pymoL [48].

much room available for further C-terminal residues
beyond the usual dipeptidase reaction. However, the
overlay of the BPPb peptide with the open structure
provides a potential explanation for this (Fig. 11C).
Firstly, a view of the groove/cavity indicates that there
is a potential tunnel from the peptide substrate C-ter-
minal binding site extending to the surface. However,
this is quite narrow and would probably require the
peptide to burrow through with some conformational
changes. A potentially easier route would be the pep-
tide substrate extending out the side of the groove on
the prime side, where there is a large hole formed in
the partially open cavity. This would require the ACE
domain to wrap around the extended C terminus of
the substrate adopting a conformational change in that
region compared to typical closed structure. Further

experimental study is required to fully understand how
the structure adapts to allow for endopeptidase
activity.

There are previously published structures where pep-
tides have been hydrolysed, either during pre-incuba-
tion with ACE or subsequent crystallisation, notably
the Ang II and AP fragment complex structures
[34,36]. The products of these reactions have been
shown bound and are either short dipeptides or tripep-
tides still bound in the prime lobe, or longer peptides
such as Ang II that are nonprime products that have
rebound after hydrolysis across both the prime and
nonprime lobes. To date, no structures have been
observed with cleaved products where the N-terminal
portion is bound solely in the nonprime lobe. We can
therefore speculate that the nonprime products are
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able to exit the binding site, while the C-terminal pro-
duct remains bound. This could be because the C-ter-
minal products are more tightly held and so remain
bound when the ACE domain opens and the N-termi-
nal product is released. Alternatively, the N-terminal
products may still be present in the nonprime lobe,
but loosely bound because of their flexibility due to a
lack of interactions and therefore not observed in the
electron density maps. However, it is interesting to
speculate that due to peptides being able to pass
through the hole at the base of the nonprime lobe, the
N-terminal products may be able to exit this way. This
could potentially mean that Ang II can be released
more quickly by ACE and go on to affect the RAAS.

Finally, the previously published cACE structure in
complex with the vasopeptidase inhibitor omapatrilat
showed that in addition to the inhibitor binding in the
usual S;.S,’ subsites, an omapatrilat dimer bound in
the nonprime lobe [37]. One half of this dimer occupies
the same region of this lobe close to the hole as the C
terminus insertion seen in this study. This supports the
suggestion that inhibitors could possibly be designed
solely targeting nonprime residues distal from the
active-site zinc ion, and due to the lower conservation
between nACE and cACE in these regions, there is the
potential for domain specificity. In addition, with the
proximity of the hinge 1 region, there is the possibility
of allosteric effects on both domain opening and the
hole into the nonprime lobe through the important lid-
like region.

Conclusion

We have crystallised the first open nACE structure
and re-analysed the previously published BPPb-cACE
structure, demonstrating that SACE opens with same
subdomain dynamics as ACE2 to give a wide groove
that allows peptides to easily access the binding site.
Human sACE hydrolyses a wide range of peptide sub-
strates of varying lengths with exo- and endopeptidase
activity. The new structures presented here shed some
light on how the ACE domains structurally achieve
this diversity of activities. The cACE structure showing
C terminus insertion from a symmetry-related mole-
cule explains how sACE is capable of cleaving long
peptides that are too big to be enclosed within the
nonprime binding lobe. This cACE structure also indi-
cates that the hole in the nonprime lobe could be an
additional exit route for N-terminal products without
the need for the enzyme to open. The open nACE
structure suggests possible binding regions beyond the
S,’ subsite that are required for the extended C-termi-
nal residues of a substrate undergoing endopeptidase
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cleavage. These regions distal from the active-site core
are potential targets for inhibitor design where they
could be domain-specific due to increased variation
between nACE and cACE away from the active site,
and also substrate-specific due to the different peptide
lengths. This targeted approach could lead to inhibi-
tors with less side effects.

The shape of the groove in the open structure
favours the peptide adopting an extended linear con-
formation, and there are likely to be interactions start-
ing near the edge of the groove that is specific for the
different peptide substrates that orientate and position
them for the different types of hydrolysis. The binding
of substrates and inhibitors to ACE domains is entro-
pic [38], likely due to the displacement of water/solvent
molecules by the ligand, and this would help drive the
closure of the subdomains. In addition, analysis of the
open native and S, S’-mutant nACE structures high-
lights how residues distal to the S,’ subsite that are
unique to nACE are able to effect affinity for some
inhibitors by providing interactions between the two
subdomains.

While these structures provide possible explanations
for the endopeptidase activity and how a long peptide
can be accommodated, it does not provide information
on how this is achieved. Long peptides like beta-amy-
loids will not readily adopt linear conformations in
order to bind, so does the C terminus unravel as it
passes through the hole in the nonprime lobe until it
reaches and binds to the active-site zinc ion and
required C terminus binding subsite? Or are the resi-
dues at the lip of the open ‘clam shell-like’ structure
that interact with the peptide able to stabilise a linear
conformation so that it can drop into the binding site?
These questions should be further examined in future
studies.

Materials and methods

Enzymes for crystallography

Minimally glycosylated N-domain (N389) and C-domain
(g13) (Ser-1 to Pro-633) human ACE proteins and N389-
S, _S'-nACE were generated by expression in cultured mam-
malian CHO cells and purified to homogeneity as described
previously [30,31,33].

X-ray crystallographic analysis

The ACE domains (8 mg-mL ! G13-cACE and 5 mg-mL™!
for both N389-nACE and N389-S, S’-nACE, all in 50 mm
Hepes, pH 7.5, 0.1 mm PMSF) were crystallised in hanging
drops with 1 pL protein mixed with equal volume of well
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buffer (¢cACE 0.1 m MIB buffer, pH 4.0, 5% glycerol and
15% polyethylene glycol 3350, nACE 30% polyethylene
glycol 550 MME/polyethylene glycol 20000, 0.1 m Tris/
Bicine, pH 8.5, and 60 mm divalent cations, Molecular
Dimensions Morpheus A9). Both proteins were then incu-
bated at 16 °C where crystals of cACE readily grew. An
atypical plate morphology crystal for N389-nACE grew at
the edge of a drop. After this was removed for X-ray
diffraction, further plate crystals grew in the same drop.
These crystals were used to hair-seed further N389-nACE
and N389-S, S’-nACE drops to produce the plate mor-
phology crystals.

X-ray diffraction data were collected on stations i03
(open nACE structure) and i04 (open S, _S-nACE and
cACE structures) at the Diamond Light Source (Didcot,
UK). Crystals were kept at constant temperature (100 K)
under the liquid nitrogen jet during data collection. Images
were collected using a PILATUS3 6M and Eiger2 XE 16M
detectors (Dectris, Baden-Daettwil, Switzerland). Raw data
images were indexed and integrated with DIALS [39] and
then scaled using AIMLESS [40] from the CCP4 suite [41].
Initial phases for the native structure were obtained by
molecular replacement with PHASER [42]. For the open
nACE structure, individual subdomains (subdomain 1 resi-
dues 11-97, 272417 and 507-566, and subdomain 2 resi-
dues 98-271, 418-506 and 567-601) of PDB code-6F9V
[32] were used as the search model, with the resulting
refined structure being used for the open S, S’-nACE struc-
ture. PDB code-6F9U [32] was used as the search model
for the cACE structure. Further refinement was initially
carried out using REFMACS [43] followed by PHENIX
[44], with Coot [45] used for rounds of manual model
building. Zinc ions, purification/crystallisation buffer
reagents and water molecules were added based on electron
density in the F,-F. Fourier difference map. MolProbity
[46] was used to help validate the structures. Crystallo-
graphic data statistics are summarised in Table 1. All fig-
ures showing the crystal structures were generated using
either CCP4mg [47] or PyMOL [48], and schematic binding
interactions are displayed using LigPlot™ [49].

Accession numbers

The atomic coordinates and structure factors of the open
native nACE, open S,_S’-nACE and native cACE from this
work have been deposited in the Protein Data Bank under
accession codes 6ZPQ, 6ZPT and 6ZPU, respectively.

Acknowledgements

We thank the scientists at stations 103 and 104 (Pro-
posal Number mx17212) of Diamond Light Source,
Didcot, Oxfordshire (UK), for their support during X-
ray diffraction data collection. We also thank Sylva
L.U. Schwager for the expression and purification of

G. E. Cozier et al.

G13-cACE. This work was supported by the Medical
Research Council (UK) Research Grant MR/
MO026647/1 (to KRA) and the National Research
Foundation (South Africa) CPRR Grant 13082029517
(to EDS). The work was supported by U.K. Global
Challenge Research Fund Grant: START—Syn-
chrotron Techniques for African Research and Tech-
nology (Science and Technology Facilities Council
grant ST/R002754/1) (to LL and EDS).

Conflict of interest

The authors declare no conflict of interest.

Author contributions

GEC performed all the crystallographic analysis and
wrote the manuscript. LL carried out the cloning,
expression and purification of the S, S’-mutant nACE
and edited the manuscript. EDS edited the manuscript.
KRA supervised the study, analysed the data and edited
the manuscript. All authors reviewed the manuscript.

References

1 Ehlers MR, Fox EA, Strydom DJ & Riordan JF (1989)
Molecular cloning of human testicular angiotensin-
converting enzyme: the testis isozyme is identical to the
C-terminal half of endothelial angiotensin-converting
enzyme. Proc Natl Acad Sci USA 86, 7741-7745.

2 Soubrier F, Alhenc-Gelas F, Hubert C, Allegrini J,
John M, Tregear G & Corvol P (1988) Two putative
active centers in human angiotensin I-converting
enzyme revealed by molecular cloning. Proc Natl Acad
Sci USA 85, 9386-9390.

3 Wei L, Alhenc-Gelas F, Corvol P & Clauser E (1991)
The two homologous domains of human angiotensin I-
converting enzyme are both catalytically active. J Biol
Chem 266, 9002-9008.

4 Das M & Soffer RL (1975) Pulmonary angiotensin-
converting enzyme. Structural and catalytic properties. J
Biol Chem 250, 6762-6768.

5 Skeggs LT Jr, Kahn JR & Shumway NP (1956) The
preparation and function of the hypertensin-converting
enzyme. J Exp Med 103, 295-299.

6 Yang HY, Erdos EG & Levin Y (1970) A dipeptidyl
carboxypeptidase that converts angiotensin I and
inactivates bradykinin. Biochim Biophys Acta 214, 374—
376.

7 Bernstein KE, Ong FS, Blackwell WL, Shah KH, Giani
JF, Gonzalez-Villalobos RA, Shen XZ, Fuchs S & Touyz
RM (2013) A modern understanding of the traditional
and nontraditional biological functions of angiotensin-
converting enzyme. Pharmacol Rev 65, 1-46.

2254 The FEBS Journal 288 (2021) 2238-2256 © 2020 The Authors.The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies


https://doi.org/10.2210/pdb6F9V/pdb
https://doi.org/10.2210/pdb6F9U/pdb
https://doi.org/10.2210/pdb6ZPQ/pdb
https://doi.org/10.2210/pdb6ZPT/pdb
https://doi.org/10.2210/pdb6ZPU/pdb

G. E. Cozier et al.

8

10

11

12

13

14

15

16

17

18

19

The FEBS Journal 288 (2021) 2238-2256 © 2020 The Authors.The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Rasoul S, Carretero OA, Peng H, Cavasin MA, Zhuo J,
Sanchez-Mendoza A, Brigstock DR & Rhaleb NE
(2004) Antifibrotic effect of Ac-SDKP and angiotensin-
converting enzyme inhibition in hypertension. J
Hypertens 22, 593-603.

Xu H, Yang F, Sun Y, Yuan Y, Cheng H, Wei Z, Li S,
Cheng T, Brann D & Wang R (2012) A new antifibrotic
target of Ac-SDKP: inhibition of myofibroblast
differentiation in rat lung with silicosis. PLoS One 7,
e40301.

Lin C, Datta V, Okwan-Duodu D, Chen X, Fuchs S,
Alsabeh R, Billet S, Bernstein KE & Shen XZ (2011)
Angiotensin-converting enzyme is required for normal
myelopoiesis. FASEB J 25, 1145-1155.

Cole J, Ertoy D, Lin H, Sutliff RL, Ezan E, Guyene
TT, Capecchi M, Corvol P & Bernstein KE (2000)
Lack of angiotensin II-facilitated erythropoiesis causes
anemia in angiotensin-converting enzyme-deficient mice.
J Clin Invest 106, 1391-1398.

Hubert C, Savary K, Gasc JM & Corvol P (2006) The
hematopoietic system: a new niche for the renin-
angiotensin system. Nat Clin Pract Card 3, 80-85.
Bernstein KE, Khan Z, Giani JF, Cao DY, Bernstein
EA & Shen XZ (2018) Angiotensin-converting enzyme
in innate and adaptive immunity. Nat Rev Nephrol 14,
325-336.

Sherman LA, Burke TA & Biggs JA (1992)
Extracellular processing of peptide antigens that bind
class I major histocompatibility molecules. J Exp Med
175, 1221-1226.

Krege JH, John SW, Langenbach LL, Hodgin JB,
Hagaman JR, Bachman ES, Jennette JC, O’Brien DA
& Smithies O (1995) Male-female differences in fertility
and blood pressure in ACE-deficient mice. Nature 375,
146-148.

Azizi M, Rousseau A, Ezan E, Guyene TT, Michelet S,
Grognet JM, Lenfant M, Corvol P & Menard J (1996)
Acute angiotensin-converting enzyme inhibition
increases the plasma level of the natural stem cell
regulator N-acetyl-seryl-aspartyl-lysyl-proline. J Clin
Invest 97, 839-844.

Erdos EG (1990) Angiotensin I converting enzyme and
the changes in our concepts through the years. Lewis
K. Dahl memorial lecture. Hypertension 16, 363-370.
Oba R, Igarashi A, Kamata M, Nagata K, Takano S &
Nakagawa H (2005) The N-terminal active centre of
human angiotensin-converting enzyme degrades
Alzheimer amyloid beta-peptide. Eur J Neurosci 21,
733-740.

Rousseau A, Michaud A, Chauvet MT, Lenfant M &
Corvol P (1995) The hemoregulatory peptide N-acetyl-
Ser-Asp-Lys-Pro is a natural and specific substrate of
the N-terminal active site of human angiotensin-
converting enzyme. J Biol Chem 270, 3656-3661.

Federation of European Biochemical Societies

21

22

23

24

25

26

27

28

29

30

31

Structural insights into ACE substrate binding

Skidgel RA & Erdos EG (1985) Novel activity of
human angiotensin I converting enzyme: release of the
NH2- and COOH-terminal tripeptides from the
luteinizing hormone-releasing hormone. Proc Natl Acad
Sci USA 82, 1025-1029.

Zou K, Maeda T, Watanabe A, Liu J, Liu S, Oba R,
Satoh Y, Komano H & Michikawa M (2009) Abeta42-
to-Abeta40- and angiotensin-converting activities in
different domains of angiotensin-converting enzyme. J
Biol Chem 284, 31914-31920.

Semis M, Gugiu GB, Bernstein EA, Bernstein KE &
Kalkum M (2019) The plethora of angiotensin-
converting enzyme-processed peptides in mouse plasma.
Anal Chem 91, 6440-6453.

Shen XZ, Li P, Weiss D, Fuchs S, Xiao HD, Adams
JA, Williams IR, Capecchi MR, Taylor WR &
Bernstein KE (2007) Mice with enhanced macrophage
angiotensin-converting enzyme are resistant to
melanoma. Am J Pathol 170, 2122-2134.

Natesh R, Schwager SL, Sturrock ED & Acharya KR
(2003) Crystal structure of the human angiotensin-
converting enzyme-lisinopril complex. Nature 421, 551
554.

Corradi HR, Schwager SLU, Nchinda AT, Sturrock
ED & Acharya KR (2006) Crystal structure of the N
domain of human somatic angiotensin I-converting
enzyme provides a structural basis for domain-specific
inhibitor design. J Mol Biol 357, 964-974.

Towler P, Staker B, Prasad SG, Menon S, Tang J,
Parsons T, Ryan D, Fisher M, Williams D, Dales NA
et al. (2004) ACE2 X-ray structures reveal a large
hinge-bending motion important for inhibitor binding
and catalysis. J Biol Chem 279, 17996-18007.

Lubbe L, Sewell BT & Sturrock ED (2016) The
influence of angiotensin converting enzyme mutations
on the kinetics and dynamics of N-domain selective
inhibition. FEBS J 283, 3941-3961.

Vy TT, Heo SY, Jung WK & Yi M (2020) Spontaneous
hinge-bending motions of angiotensin I converting
enzyme: role in activation and inhibition. Molecules 25,
1288.

Watermeyer JM, Sewell BT, Schwager SL, Natesh R,
Corradi HR, Acharya KR & Sturrock ED (2006)
Structure of testis ACE glycosylation mutants and
evidence for conserved domain movement. Biochemistry
45, 12654-12663.

Cozier GE, Lubbe L, Sturrock ED & Acharya KR
(2020) ACE-domain selectivity extends beyond direct
interacting residues at the active site. Biochem J 477,
1241-1259.

Anthony CS, Corradi HR, Schwager SL, Redelinghuys
P, Georgiadis D, Dive V, Acharya KR & Sturrock ED
(2010) The N domain of human angiotensin-I-
converting enzyme: the role of N-glycosylation and the

2255



Structural insights into ACE substrate binding

crystal structure in complex with an N domain-specific
phosphinic inhibitor, RXP407. J Biol Chem 285, 35685—
35693.

32 Cozier GE, Schwager SL, Sharma RK, Chibale K,
Sturrock ED & Acharya KR (2018) Crystal structures
of sampatrilat and sampatrilat-Asp in complex with
human ACE - a molecular basis for domain selectivity.
FEBS J 285, 1477-1490.

33 Gordon K, Redelinghuys P, Schwager SL, Ehlers MR,
Papageorgiou AC, Natesh R, Acharya KR & Sturrock
ED (2003) Deglycosylation, processing and
crystallization of human testis angiotensin-converting
enzyme. Biochem J 371, 437-442.

34 Masuyer G, Schwager SL, Sturrock ED, Isaac RE &
Acharya KR (2012) Molecular recognition and regulation
of human angiotensin-I converting enzyme (ACE) activity
by natural inhibitory peptides. Sci Rep 2, 717.

35 Sturrock ED, Lubbe L, Cozier GE, Schwager SLU,
Arowolo AT, Arendse LB, Belcher E & Acharya KR
(2019) Structural basis for the C-domain-selective
angiotensin-converting enzyme inhibition by
bradykinin-potentiating peptide b (BPPb). Biochem J
476, 1553-1570.

36 Larmuth KM, Masuyer G, Douglas RG, Schwager SL,
Acharya KR & Sturrock ED (2016) Kinetic and
structural characterization of amyloid-beta peptide
hydrolysis by human angiotensin-1-converting enzyme.
FEBS J 283, 1060-1076.

37 Cozier GE, Arendse LB, Schwager SL, Sturrock ED &
Acharya KR (2018) Molecular basis for multiple
omapatrilat binding sites within the ACE C-domain:
Implications for drug design. J Med Chem 61, 10141—
10154.

38 Andujar-Sanchez M, Camara-Artigas A & Jara-Perez V
(2004) A calorimetric study of the binding of lisinopril,
enalaprilat and captopril to angiotensin-converting
enzyme. Biophys Chem 111, 183—189.

39 Waterman DG, Winter G, Gildea RJ, Parkhurst JM,
Brewster AS, Sauter NK & Evans G (2016) Diffraction-
geometry refinement in the DIALS framework. Acta
Crystallogr D Struct Biol 72, 558-575.

40

41

42

43

44

45

46

47

48

49

50

G. E. Cozier et al.

Evans PR & Murshudov GN (2013) How good are my
data and what is the resolution? Acta Crystallogr D
Biol Crystallogr 69, 1204-1214.

Collaborative Computational Project Number 4 (1994)
The CCP4 suite: programs for protein crystallography.
Acta Crystallogr D Biol Crystallogr 50, 760-763.
McCoy AJ, Grosse-Kunstleve RW, Adams PD, Winn
MD, Storoni LC & Read RJ (2007) Phaser
crystallographic software. J Appl Crystallogr 40, 658—
674.

Murshudov GN, Vagin AA & Dodson EJ (1997)
Refinement of macromolecular structures by the
maximum-likelihood method. Acta Crystallogr D Biol
Crystallogr 53, 240-255.

Adams PD, Afonine PV, Bunkoczi G, Chen VB, Davis
IW, Echols N, Headd JJ, Hung LW, Kapral GJ,
Grosse-Kunstleve RW et al. (2010) PHENIX: a
comprehensive Python-based system for
macromolecular structure solution. Acta Crystallogr D
Biol Crystallogr 66, 213-221.

Emsley P & Cowtan K (2004) Coot: model-building
tools for molecular graphics. Acta Crystallogr D Biol
Crystallogr 60, 2126-2132.

Chen VB, Arendall WB 3rd, Headd JJ, Keedy DA,
Immormino RM, Kapral GJ, Murray LW, Richardson
JS & Richardson DC (2010) MolProbity: all-atom
structure validation for macromolecular
crystallography. Acta Crystallogr D Biol Crystallogr 66,
12-21.

McNicholas S, Potterton E, Wilson KS & Noble ME
(2011) Presenting your structures: the CCP4mg
molecular-graphics software. Acta Crystallogr D Biol
Crystallogr 67, 386-394.

Schrodinger, LLC. The PyMOL molecular graphics
system, Version 2.0.

Laskowski RA & Swindells MB (2011) LigPlot+:
multiple ligand-protein interaction diagrams for drug
discovery. J Chem Inf Model 51, 2778-2786.

Frishman D & Argos P (1995) Knowledge-based
protein secondary structure assignment. Proteins 23,
566-579.

2256 The FEBS Journal 288 (2021) 2238-2256 © 2020 The Authors.The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies



	Outline placeholder
	febs15601-aff-0001
	febs15601-aff-0002

	 Intro�duc�tion
	febs15601-fig-0001

	 Results
	 Open struc�ture of nACE
	febs15601-tbl-0001
	febs15601-fig-0002
	febs15601-fig-0003
	 Struc�ture of S2_S&prime;-ac�tive-site mutant nACE
	febs15601-fig-0004
	 Struc�ture of novel native cACE

	 Dis�cus�sion
	 Anal�y�sis of sub�do�main dynam�ics for nACE open�ing
	febs15601-fig-0005
	febs15601-fig-0006
	febs15601-tbl-0002
	febs15601-fig-0007
	febs15601-fig-0008
	febs15601-fig-0009
	 Com�par�ison of nACE, cACE and ACE2 sub�do�main dynam�ics
	 Anal�y�sis of S&prime; sub�do�main inter�face-in�ter�act�ing residues
	febs15601-fig-0010
	 ACE domain adap�ta�tions for sub�strate promis�cu�ity
	febs15601-fig-0011

	 Con�clu�sion
	 Mate�ri�als and meth�ods
	 Enzymes for crys�tal�log�ra�phy
	 X-ray crys�tal�lo�graphic anal�y�sis
	 Acces�sion num�bers

	 Acknowl�edge�ments
	 Con�flict of inter�est
	 Author con�tri�bu�tions
	febs15601-bib-0001
	febs15601-bib-0002
	febs15601-bib-0003
	febs15601-bib-0004
	febs15601-bib-0005
	febs15601-bib-0006
	febs15601-bib-0007
	febs15601-bib-0008
	febs15601-bib-0009
	febs15601-bib-0010
	febs15601-bib-0011
	febs15601-bib-0012
	febs15601-bib-0013
	febs15601-bib-0014
	febs15601-bib-0015
	febs15601-bib-0016
	febs15601-bib-0017
	febs15601-bib-0018
	febs15601-bib-0019
	febs15601-bib-0020
	febs15601-bib-0021
	febs15601-bib-0022
	febs15601-bib-0023
	febs15601-bib-0024
	febs15601-bib-0025
	febs15601-bib-0026
	febs15601-bib-0027
	febs15601-bib-0028
	febs15601-bib-0029
	febs15601-bib-0030
	febs15601-bib-0031
	febs15601-bib-0032
	febs15601-bib-0033
	febs15601-bib-0034
	febs15601-bib-0035
	febs15601-bib-0036
	febs15601-bib-0037
	febs15601-bib-0038
	febs15601-bib-0039
	febs15601-bib-0040
	febs15601-bib-0041
	febs15601-bib-0042
	febs15601-bib-0043
	febs15601-bib-0044
	febs15601-bib-0045
	febs15601-bib-0046
	febs15601-bib-0047
	febs15601-bib-0048
	febs15601-bib-0049
	febs15601-bib-0050


