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Abstract. Angiotensin-converting enzyme (ACE) is a
zinc- and chloride-dependent metallopeptidase that plays
a vital role in the metabolism of biologically active peptides. Until recently, much of the inhibitor design and
mechanism of action of this ubiquitous enzyme was
based on the structures of carboxypeptidase A and thermolysin. When compared to the recently solved structures of the testis isoform of ACE (tACE) and its
Drosophila homologue (AnCE), carboxypeptidase A
showed little structural homology outside of the active
site, while thermolysin revealed significant but less
marked overall similarity. The ellipsoid-shaped structure
of tACE, which has a preponderance of a-helices, is char-

acterised by a core channel that has a constriction approximately 10 Å from its opening where the zinc-binding active site is located. Comparison of the native protein with the inhibitor-bound form (lisinopril-tACE) does
not reveal any striking differences in the conformation of
the inhibitor binding site, disfavouring an open and
closed configuration. However, the inhibitor complex
does provide insights into the network of hydrogen-bonding and ionic interactions in the active site as well as the
mechanism of ACE substrate hydrolysis. The three-dimensional structure of ACE now paves the way for the rational design of a new generation of domain-selective
ACE inhibitors.
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Introduction
Angiotensin-converting enzyme (ACE, EC 3.4.15.1) belongs to the M2 family of zinc metallopeptidases and
catalyses the hydrolysis of dipeptides from the carboxyl
terminus of a wide variety of oligopeptides [1–4]. The
most celebrated physiological substrates are angiotensin
I, which is converted into the potent vasopressor angiotensin II by removal of the C-terminal His-Leu, and
the vasodilator bradykinin, which is inactivated by cleavage of the penultimate Pro-Phe bond. Other substrates of
ACE include gonadotropin-releasing hormone (GnRH),
or luteinising hormone-releasing hormone (LH-RH);
substance P; b-neoendorphin1 – 9; and neurotensin, but the
significance of these reactions in vivo remains uncertain.
Although ACE was discovered in equine plasma almost
half a century ago [5], it is only recently that its three-di* Corresponding author.

mensional structure has been determined by X-ray crystallography. In this review we highlight some of the structural aspects of ACE and some of its structural homologues.

Occurrence, gene and protein organisation
ACE was initially isolated from blood plasma and largely
originates from endothelial cell membranes by a proteolytic cleavage process known as shedding [6]. It represents a small fraction of the total ACE accessible to circulating angiotensin I. The enzyme has also been shown
to be present in kidney and other tissues. The lungs,
which are highly vascularised, are a particularly rich
source, as are the testes. Human somatic ACE (sACE),
comprising active N- and C-domains, is encoded by a
single gene that consists of 26 exons [7]. A smaller form
of ACE found only in adult testis (tACE) is encoded by
the same gene, but its messenger RNA (mRNA) begins
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before exon 13 and continues through exon 26 [7]. Translation of this mRNA results in a 701-residue-long ACE
that, except for the first 36 residues, is identical to the Cterminal domain of sACE [8].

Biological function
Angiotensin I originates from the precursor protein angiotensinogen, which is cleaved by renin, an enzyme that
is released by the kidney in response to stimuli such as
impaired renal blood flow, salt depletion and b-adrenergic stimulation. Activation of angiotensin I by ACE not
only causes vasoconstriction through the interaction of
angiotensin II with the AT1 receptors on vascular smooth
muscle cells, but also stimulates the production of aldosterone, which regulates fluid and electrolyte homeostasis
[9]. Bradykinin is formed from kininogen by the action
of the protease kallikrein and is inactivated by kininase I
and kininase II, the latter of which is identical to ACE.
Apart from its vasodilatory properties, bradykinin also
has cardioprotective properties, because it promotes the
formation of protective nitric oxide by the endothelium
[10].

Stucture of ACE

Crystal structure of human tACE
Crystallisation
Despite intensive efforts by several research groups over
many years, the ACE crystal structure was only determined very recently. This has largely been due to the inability to generate ACE proteins, from natural or recombinant sources, that can yield crystals suitable for structural studies using X-ray crystallography. tACE has seven
Asn-X-Ser/Thr motifs for the potential addition of Nlinked oligosaccharides, and one of the main obstacles
that has hampered crystallisation is the microheterogeneity of the oligosaccharides on the surface of the protein,
which prevents the ordered packing of the molecule into
a crystal lattice. This difficulty has been circumvented by
the expression of ACE in the presence of a glucosidase I
inhibitor yielding the simple, high-mannose oligosaccharides [16], and the mutagenesis of the N-linked aspargine
residues to glutamine [17]. The Drosophila homologue of
ACE (AnCE) has three N-linked glycosylation sites that
are important for the stability of this homologue [18].
However, nucleation and crystal lattice formation were
not adversely affected by glycosylation, and protein was
isolated from high-expression Hi5 insect cells for the Xray structure determination [19].

ACE substrates
ACE acts on a diverse range of substrates and displays
both exopeptidase and endopeptidase activity. The substrates of this remarkable zinc metallopeptidase include
the following groups: (i) biological peptides, some with
known activities in vivo and others which have an uncertain destiny at physiological concentrations (reviewed in
[3, 11]); (ii) shorter synthetic substrates, usually aryl
oligopeptides with a blocked N-terminus, that are used
for ACE activity determination; (iii) a relatively new
class of N-and C-domain-specific substrates [12]; and
(iv) one or two unique substrates that act as both substrate and inhibitor. The heptapeptide Ang1 – 7, an important regulator of cardiovascular function, is a substrate
for the N-domain and inhibits the C-domain of sACE.
This substrate is also described later in this issue [13].
Although tACE hydrolyses most of the sACE substrates,
angiotensin I is an unlikely physiological substrate for
this isoform, and indeed, the substrate(s) that may be involved in tACE’s role in fertility remains unknown. The
use of gene targeting to disrupt the gene coding for tACE
suggests that it is important for the interaction of the
spermatozoa with the oviduct epithelium and the zona
pellucida [14]. However, no difference in in vitro fertilization rate was observed in the presence of the potent
tACE inhibitor captopril [15].

Overall description of the structure
The first X-ray crystal structure of human tACE and its
complex with one of the most widely used inhibitors,
lisinopril [N2-[(S)-1-carboxy-3-phenylpropyl]-L-lysylL-proline (also known as Prinivil and Zestril)], was reported recently [20]. The structure of tACE (residues
37 – 625) is mainly helical with a central cavity or channel that extends for about 30 Å into the molecule (fig.
1 A). This cavity appears to divide the molecule into two
‘subdomains’ (fig. 1 B) [20]. The boundaries of the cavity are provided by helices a13, a14, a15, a17 and
strand b4. The three N-terminal helices that cover the
cavity contain several charged residues and restrict the
access of large polypeptides to the active site cleft. This
feature of the structure likely accounts for the enzyme’s
inability to hydrolyse large, folded substrates. In the native structure several ordered water molecules occupy
the active site pocket, which is located deep inside the
groove. Two chloride ions are bound in the interior of the
structure. Residues Asp 40 (a1) and Gly 615 (four
residues downstream of a20) define the N- and C-terminus of the ectodomain, respectively. This is in agreement
with previous tACE mutagenesis studies [21]. All six
glycosylation sites (g1 – 6) are distributed on the surface
of the tACE molecule. The locations of different sites are
shown in fig. 2.
As expected, a highly ordered zinc ion is bound at the active site (figs 1A, 3B). Helix a13 contains the signature
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Functional aspects
Inhibitor binding
The structure of tACE bound to the potent inhibitor
lisinopril (Ki = 2.7 ¥ 10–10 M) [23–25] shows that the inhibitor binds in a highly ordered, extended conformation,
with the phenyl group extended in an N-terminal direction (fig. 3B) and the lysine side chain parallel to the a13
helix containing the HEXXH zinc binding motif [20].
The lisinopril molecule is buried ~10 Å inside the
groove. No significant rearrangement of active site
residues was observed upon complex formation. The carboxyalkyl carboxylate of lisinopril is well positioned to
bind to the active site zinc ion [24, 25] and provides one
coordinating ligand. The position of the other three ligands (two histidines and a glutamic acid) is identical in
both structures. The second oxygen atom of this carboxylate is 2.6 Å away from the zinc atom and makes a H-bond
interaction with Glu 384 (OE2 atom, which appears to be
protonated, as the complex was crystallised at ~pH 4.7)
of the HEXXH motif [20]. The S1 phenylpropyl group
makes van der Waals interactions with Val 518, and the
lysyl amine forms a weak H-bond with Glu 162 (OE2
atom, 3.4 Å) at the S1¢ subsite of tACE. The C-terminal
carboxylate binds to Lys 511 as well as to Tyr 520.

Figure 1. Ribbon and surface representation (side by side) for
tACE (a, b) [20], AnCE (c, d) [19], NEU (e, f) [26], PfuCP (g, h)
[27]. In the case of NEU and PfuCP, the active site forms a deep valley, while it is covered in the case of tACE and AnCE, restricting the
access of substrates from the top.

HEXXH zinc binding motif, with its two zinc coordinating histidines (His 383 and His 387) [20]. In the native
structure, additional coordination is provided by Glu 411
on helix a14 and an acetate ion (from the crystallisation
medium). The role of a zinc ion in ACE catalysis was reported to be analogous to that in thermolysin [22] (see below).

Substrate binding
The crystal structure of tACE revealed a large central
channel, with a constriction in the middle forming the active site and dividing the channel into two chambers. It is
immediately apparent from inspection of the volume rendered structure that the access of substrate to the active
site is severely limited. Access to the channel is only possible via a small pore in the N-terminal chamber or an occluded slot in the C-terminal chamber. An almost identical conformation is observed for the AnCE structure [19]
(figs 1C, D), and it seems likely that some flexibility in
the domain movements of ACE would be required for
substrate access.
Neurolysin (NEU) and carboxypeptidase from the hyperthermophilic archaeon Pyrococcus furiosus (PfuCP) are
structural homologues of ACE, but possess a more open
conformation (fig. 1E–H) (see below). Both proteins are
split into two subdomains by a large cleft [26, 27]. The active site in both enzymes is located in the interior of the
cleft and about half-way along its length. ACE has been
placed in the metalloprotease (zincin) superfamily because
it possesses a characteristic thermolysin-like catalytic fold.
Indeed, thermolysin itself is divided into two domains by a
large cleft, and of particular interest is the recent observation that in the absence of substrate, thermolysin has an
open conformation [28]. Comparison with the structure of
the closed state demonstrates that thermolysin’s two domains undergo a 5° rotation towards each other, with
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Figure 2. Structure-based multiple sequence alignment along with the secondary structure. Conserved residues between tACE [20], AnCE
[19], NEU [26] and PfuCP [27] are marked in black. A total of 15 residues are conserved out of which 8 residues are near the active site.
Four residues, Ser 435–Gly 438, not modelled in tACE are not shown.
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Figure 3. (a) Ca superposition of tACE and AnCE structures; (b and
c) details of lisinopril binding to tACE and AnCE, respectively.

residues furthermost from the rotation axis moving by up
to 3 Å. This discovery places thermolysin in the group of
bacterial neutral proteases that undergo hinge-bending motions on substrate binding [29]. Considering the similarity
between the active site structures of thermolysin and ACE
enzymes, this level of observed flexibility suggests that
ACE might exist in a more open conformation but ‘close’
upon substrate binding, despite the crystal structures of
tACE and AnCE suggesting the contrary.
The restrictive nature of these binding clefts could significantly contribute to the specificity of peptidases, limiting their proteolytic activity to small, disordered peptides
[26]. It seems likely that this is also the case for ACE.
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Other oligopeptidases possess even more severe methods
of substrate length restriction, despite being functionally
similar [26]. Prolyl oligopeptidase and neprilysin both
have large internal cavities, which substrate molecules
can only access by threading through small pores, thus restricting peptidase activity to substrates lacking bulky
side chains. Considering the important implications that
a closed configuration holds for substrate specificity and
therefore inhibitor design, the degree of flexibility present in ACE’s subdomains requires further investigation.
Modelling of a Phe-His-Leu tripeptide substrate for tACE
with the aid of the tACE-lisinopril complex revealed a
number of insights regarding the mechanism of action
of tACE. The sequence and structural homology at the
active site of ACE favours the mechanism of action
proposed for thermolysin by Matthews [30]. The
HEXXH...E residues His 383, Glu 384, His 387 and Glu
411 in tACE have their equivalent residues His 142, Glu
143, His 146 and Glu 166 in thermolysin. Ala 354 carbonyl oxygen in tACE plays a similar role to Ala 113 carbonyl oxygen in thermolysin in stabilising the scissile
bond nitrogen of the substrate. The hydrolytic reaction
proceeds via a general-base mechanism with the attack of
a water molecule or hydroxide ion on the carbonyl carbon
of the scissile bond. Stereochemical restrictions make the
more direct nucleophilic attack by Glu 143 (Glu 384 in
tACE) unlikely. Studies on thermolysin by Hangauer et
al. [31] suggest that incoming substrate optimises its interactions with the S2, S1, S1¢ and S2¢ subsites by displacing the zinc-bound water toward Glu 143, resulting in polarisation between the negative carboxylate and the positive zinc. This enhances the nucleophilicity of the water
oxygen, promoting attack on the carbonyl carbon. The
proton accepted by the active site Glu is shuttled to the nitrogen, and as a result a tetrahedral gem-diolate intermediate is formed. Tyr 523 in tACE likely promotes formation of the intermediate similar to the role of His 231 and
Tyr 157 in thermolysin (fig. 5). Cleavage of the C-N bond
occurs with the product released in its protonated form,
and again, Glu 143 in thermolysin is responsible for the
abstraction of the second proton to the amine nitrogen.
The terminal carboxylate of P2¢ is stabilised by Lys 511
and Tyr 520, while the role of Gln 281 is not clearly understood, though it forms hydrogen bond with the P2¢ carboxylate. Since Gln 281 appears on a protruding loop, between Leu 274 and Ile 286, which can be flexible, it may
be involved in product release subsequent to hydrolysis.

Chloride activation
The activity of ACE has been shown to be activated by up
to 100-fold in the presence of monovalent anions, particularly Cl– [32, 33]. This chloride requirement is both substrate and pH dependent. Hydrolysis of some substrates,
such as angiotensin I, is highly chloride dependent,
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Figure 4. Active site similarity of tACE, AnCE, NEU, PfuCP, thermolysin (THER), neprilysin (NEP), leukotiene hydrolase A4 (LTA4H)
and carboxypeptidase A (CPA). They all form a UX motif near the catalytic site except CPA, as depicted in case of tACE.

Figure 5. Details of binding of modelled tripeptide at the active site of tACE.

whereas bradykinin, for example, is hydrolysed in the absence of anion activation. Moreover, the degree of chloride activation increases with increasing pH in class I
substrates where anion activation appeared to be a prerequisite for substrate binding [32, 33]. Chloride has different effects on the catalytic activity of the N and C domains of ACE, with the latter requiring much higher Cl–
concentrations for optimal activity [34]. The structure of
tACE revealed the location of two buried chloride ions
separated by 20.3 Å (fig. 1A). The first (Cl1, 20.7 Å away
from the zinc ion) is bound to four ligands, Arg 489
(NH1), Arg 186 (NE), Trp 485 (NE1) and water, and is
surrounded by a hydrophobic shell of four tryptophans.
The second (Cl2, 10.4 Å away from the zinc ion) is bound
to Arg 522 (NE, 3.1 Å), in agreement with a previous re-

port indicating that Arg 1098 (the analogous Arg residue
in the C domain of somatic ACE) is critical for the chloride dependence of ACE activity [35]. Tyr 224 and a water molecule serve as the other two Cl2 ligands. Thus,
binding of each chloride ion in tACE involves ligands
from both subdomains [20].
Despite knowing the exact positions of all the residues involved, the mechanism of chloride activation remains unclear. The Cl– ion might restrain Arg 522 from interfering
with the active site residues or, alternatively, keep the active site in a conformation that favours substrate binding.
In the structure of AnCE, chloride ions are not present,
despite being crystallised in the presence of 2 mM ZnCl2
[19], yet the corresponding arginine in AnCE is in the
same position as Arg 522. Interestingly, AnCE does not
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possess the chloride cavity close to the active site, rather
the position of the Cl2 ion in tACE (fig. 3B) is occupied
by the Glu 503 residue in AnCE (fig. 3C). The loss of
chloride ion interaction in case of AnCE is compensated
by the two hydrogen bonds which Glu 503 makes with
Arg 506 and Tyr 208.

Comparison with ACE homologues
Apart from the HEXXH zinc binding motif, there is little
sequence homology between ACE and other members of
the MA clan. Structural comparison of tACE with other
protein structures reveals close homology with the recently determined structure of the Drosophila homologue
of ACE (AnCE, member of the M2 family), which has
~40% amino acid sequence identity (figs 1C, D and 2)
[19]. The two structures can be superimposed with an
r.m.s. deviation of 1.2 Å for 571 Ca atoms (table 1, fig.
3A). In addition, the structure of AnCE in complex with
lisinopril (Ki 18 nM) shows that the active sites of both
tACE and AnCE have similar features, and the inhibitor
binding interactions are almost identical (fig. 3B, C) (see
below).
Comparison of the two structures also revealed that both
tACE and AnCE exhibit significant homology with NEU
[26], a protein involved in neurotensin metabolism (figs
1E, F) [36], and a newly identified carboxypeptidase
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from PfuCP (figs 1G, H) [27]. NEU is a member of the
M3 family of oligopeptidases (member of the MA clan),
and PfuCP is a member of the M32 family of carboxypeptidases. Like tACE, both belong to the family of
metallopeptidases bearing the HEXXH active site motif
(fig. 2) [2] and comprise an abundance of a-helices with
very little b-structure (fig. 1). The two proteins exhibit little amino acid sequence similarity with tACE, yet when
the two structures are optimally superimposed, there is a
noticeable match, with an r.m.s. deviation of 3.9 Å for
501 Ca atoms and 3.7 Å for 427 Ca atoms against NEU
and PfuCP, respectively (figs 1A, E, G; table 1). The core
structures for these three proteins are similar, with significant differences in loops on the outer surface. The striking similarity also extends to the active site regions in
NEU and PfuCP, which consist of deep narrow channels
with ~20% larger accessible surface areas. This analysis
shows that tACE, AnCE, NEU and PfuCP form a group
and appear to be significantly distinct from other known
metallopeptidase structures, such as carboxypeptidase A
[37], thermolysin [38, 39], neprilysin [40] and leukotriene A4 hydrolase [41], even though all of them possess
the conserved zinc coordinating motif at their respective
active sites (fig. 4). Structurally, the catalytic zinc binding
environment in all of these metallopeptidases (except in
carboxypeptidase A) is composed of a conserved two helical structure [represented by motif ‘X’, with one helix
containing the HEXXH motif and the other the 3rd zinc

Table 1. Structural alignment for tACE, AnCE, NEU, PfuCP, thermolysin and neprilysin.
RMSD Å
1O86(574*)
1J36
1I1I
1KA2
1LNF
1DMT
Z score
1O86
1J36
1I1I
1KA2
1LNF
1DMT
% identity
1O86
1J36
1I1I
1KA2
1LNF
1DMT

1J36(593)

1I1I(665)

1KA2(497)

1LNF(316)

1.2(571)

3.9(501)
3.8(502)

3.7(427)
3.6(432)
3.5(445)

4.0(174)
4.7(147)
4.3(172)
4.1(161)

4.0(157)
NC
NC
4.5(154)
3.6(145)

7.5
6.7
6.7
5.6

4.5
NC
NC
3.9
6.3

4.6
4.5
5.3
4.8
11.8
5.3

10
NC
NC
9
17

9
8
14
10
7
9

52.1

19.3
19

20.6
20.2
19.7

45

12
13

14
14
16

13
13
11
9

1DMT(696)

1HS6(610)
5.4(216)
4.4(154)
4.6(212)
3.8(149)
3.5(207)
5.4(186)

PDB codes: 1O86- tACE [20]; 1J36- AnCE [19]; 1I1I- NEU [26]; 1KA2- PfuCP [27]; 1LNF- thermolysin [38, 39]; 1DMT- neprilysin [40].
*Four residues disordered and hence not included.
Values in parenthesis (next to PDB code) indicate the number or residues in the protein chain and number of aligned pairs (next to individual r.m.s.values).
NC, not comparable (manual alignment, however, shows a degree of similarity near the active site).
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ligand (Glu)] and an anti-parallel b-sheet structure (represented by motif ‘U’), comprising a ‘UX motif’, which
is a common feature of the gluzincins. Moreover, structural comparison of tACE with thermolysin (M4 family)
revealed that there was significant, but far less striking,
structural similarity between them (r.m.s. deviation of
4.0 Å for 174 Ca atoms, table 1). The study also showed
that tACE has little structural similarity with carboxypeptidase A apart from the HXXE motif. The two
zinc ligands in carboxypeptidase A are from this motif,
and the other two additional ligands are provided by His
and Glu several residues downstream from this motif in
the primary sequence.
Mapping of subsite structures based on lisinopril binding
to tACE and comparison with AnCE, NEU and PfuCP reveal some interesting features (fig. 2, table 2). The S1 site
is not clearly defined in tACE, as it opens up into a broad
cavity. Ser 355 and Val 518 around the S1 site form the entry residues. The S1 site broadens by ~6 Å in the case of
NEU and PfuCP as compared to tACE (taking into consideration the Ca – Ca distance between Ser 355 and Val
518 in tACE and the corresponding residues in NEU and
PfuCP). The catalytic zinc binds to the carbonyl group in
between the P1 and P1¢ site (fig. 5). Noticeable differences
between tACE and AnCE in the vicinity of the S1 site are
the Asn 70 to Arg and Pro 519 to Glu substitutions. There
are some arginine residues in the case of NEU (Arg 465,
Arg 470) and PfuCP (Arg 254, Arg 261, Arg 262, Arg
311), which point towards the S1¢ site, while no such
residues were observed in tACE surrounding the S1¢ site.
Instead, negatively charged residues such as Glu 162, Glu
376 and Asp 377 surround this region. The AnCE structure portrays a similar picture to that of tACE (fig. 2, table
2). His 513 interacts with Tyr 523 OH in tACE, and the
corresponding residues adopt a similar conformation in
PfuCP (fig. 2, table 2). In the case of NEU, the His 601
and Tyr 613 (equivalent to His 513 and Tyr 523 in tACE)
both point in the opposite direction (probably because

they are free to switch over when substrate binds).
Residues His 513 and His 353, though conserved in
tACE, AnCE, NEU and PfuCP, appear to differ in their
positioning within these structures.
Structure-based drug design of new ACE inhibitors
Over the past decade structure-based design has been
used to develop drugs that target a variety of proteins,
such as proteases, kinases and receptors. Notable successes include the neuraminidase inhibitors Relenza, the
human immunodeficiency virus (HIV) protease inhibitor
Viracept and the selective COX-2 inhibitor Rofecoxib.
Within the renin-angiotensin system (RAS), renin inhibitors and aldosterone receptor antagonists have
evolved using a protein structure-based approach. A
growing awareness that the RAS is a far more complex
regulatory system than previously recognised (reviewed
in Turner and Hooper [3]); the identification of domainspecific substrates for ACE and different physiological
functions of the two domains; side effects that are currently associated with ACE inhibitors; and the extensive
clinical trials that have already been carried out on the
first generation of ACE inhibitors provide an adequate rationale for the structure-based design of the next generation of active site-specific ACE inhibitors [42]. Moreover, the structure-based design of tACE-specific ligands
to the active site and/or other regions of the germinal
form of the protein may provide important insights into
the role of ACE in reproductive biology.
Note. The structure-based amino acid sequence alignment was performed using the program ALSCRIPT [43]. The DALI server was
used for comparison of structures [44]. The visualisation of the active site residues was performed with O [45]. Diagrams were prepared using MOLSCRIPT [46]/BOBSCRIPT [47], RASTER3D
[48] and POVRAY [see http://www.povray.org]. Surface representations were prepared using GRASP [49]. Secondary structure convention was based on DSSP [50].

Table 2. Differences and similarities at the subsites S1, S1¢, S2¢ in tACE, AnCE, NEU and PfuCP
Subsite

Similarities and differences

S1

1O86 (tACE)
1J36 (AnCE)
1I1I (NEU)
1KA2 (PfuCP)
1O86 (tACE)
1J36 (AnCE)
1I1I (NEU)
1KA2 (PfuCP)
1O86 (tACE)
1J36 (AnCE)
1I1I (NEU)
1KA2 (PfuCP)

S1¢

S2¢

Ser355
Ser339
Ala427
Phe240
Glu162
Asp146
Tyr222
–
Gln281
Gln265
–
–

Val518
Val502
Tyr606
Ser416
Thr166
Glu150
Phe226
–
Asp415
Asp399
Gln507
Arg303

His353
His337
His425
His238
Ala418
Ser402
Glu510
Glu306

Asn374
Thr358
Arg465
–
Lys454
Lys438
Thr548
Val356

Glu376
Asp360
Asp467
Arg262
Phe457
Phe441
Leu551
Tyr359

Asp377
Gln361
Glu468
Thr263
Lys511
Lys495
Phe599
Asp409

Val380
Thr364
Thr471
Ser266
Tyr520
Tyr504
Tyr610
Phe420

His513
His497
His601
His411
Tyr523
Tyr507
Tyr613
Tyr423

Phe527
Phe511
Glu617
Thr427

Gln530
Gln514
Ser620
Ser430
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