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ABSTRACT

The Structure of Testis Angiotensin-Converting Enzyme
(tACE-g13) in Complex with the Inhibitor RXPA380

|. Chitapi

M.Sc. minithesis, Depaitinent of Molecuiar & Cell Biology, University of Cape
Town

Angistensin-converting cnzymo {ACE) a zinc metalioprotease, iz a key
regulator of the mammalian renin-angiotensin system (RAS) Primarily, ACF
's a dipeptidy|l pepiidase which cieaves angiotensin | to praduce angictensin
Il. a potent vasoconstrictor. By the same enzymatic mechanism, ACE also
nactivates the vasodilator bradykiniin. The main overall effect of these actions
15 an increase in blood pressure. Several ACE inhibitors have been developed
as drugs for the treatmemt of myocardial infarction, hypertension, kidney

faiture and heart failure.

There are two major isaforms of ACE, somatic and tcstis ACE (sACE and
tACE. respectively). Somatic ACE consists of a C- and N-domain, while testis
ACFE is essentially identical to the C-domain. Both forms of ACF are heavily
glycosylated, a fact that has complicated the structural determination of the
enzyme. Discovery of the two-domain structure of sACFE led © the realisation
that the two domains had different i vivo functions, and that the selective
regulation of these domains by drugs might lead to improved efficacy and
reduced unwanted effects. The side effects of treatment with ACE nhibitors
have ingluded angicedema and cough. and have been attributed ta the

accumulation of bradykinin.

There is ample evidence to suggest that the selective inhibition of cnly the C-
domain may lead to the desired reduction in hlood nressure and leave the M-
domain unhindered to continue funchioning physiclogically (for example,

clearing bradykinin}.



The three-dimensional structural information on tACE and the N-domain. as
well as other ACE homelogues, has allowed hoth insights into and speculation
about the differences {putative and observed} between the N- and C-domains
A better understanding of the determinants of domain selectivity is the major
goal of this project. The C-domain-selective inhibitor, RXPA3B0, is one of the
most C-domain-selective compounds currently available (K (C-domain = 2
ni; of K (N-domain) = 10000 nM).

The co-crystallisation of tACE-g13. a tully functionzal glycosylation mutant of
tACE . with RXPA3B0 has enabled the determination by X-ray crystallography
of the structure of the tACE-g13-RXPA380 complex, 1o a resolution of 2.7 A
This provides new information on the binding of the carboxybenzyl P2 group.
The set of interactions hetween the 52' residues and the PZ tryptophan side
chain appears to be. as predicted, the major determinant of the selactvity of
RXPA3E0. as comparisons with the M-domain suggest In particular, the
interactions of the indole ring with two valine residuss, and of the indeole
nirogen with a water molecule that also has a hydrogen bond to a glutamic
acid appear to be the main stabilising interactions. The in sifico modelling of
the IACE-RXPA3B0 complex gives an inhibitor confarmation that, for the most
art, caresponds well to the crystal structure

The determimation of the structure of tACE-g213 compiexed with this inhibitor
confirms the utility of the glycosylation mutant as a structural togl in drug-
tinding studies. ki alsc provides important insights into the determinants of
selectivity, and thus may aid the design of next-generation inhibitors that are
domain-selective. tight-binding and physiclogically applicable.
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1. LITERATURE REVIEW



1.1. General biochemistry & substrates

Angiotensin-converting enzyme (ACE} is a vital catalytic component of the
mantmalian renin-angicotensin system (RAS). a coordinated hormonal
cascade that controls bigod pressure. renal function, and fivid and eiectrolyte
homeostasis {(Skeggs, Jr. et al. 1856; Erdos & Skidgel. 1887: Ehlers &
Riordan, 1989). Briefly, ACE cleaves the cligopeptides angiotensin | {Ang [}
and bragdykinin (BK) to produce angioctensin H {Ang |l vasocenstrictor) and
bradykinin,.; (BK4;. inactivated vasodilator} {Fig. 1-2). The inhibition of ACE
activity has been known for 2 long fime to result in the alleviation of
hypetension (Erdos & Skidgel, 1987). ACE occurs in most fissues, but is
primarily found in the vascular tissues of lungs and kidneys (Ehlers & Rigrdan,
1991, Ehlers et al., 19910} The role of ACE in the RAS and the interplay
between the local RAS and circulating RAS have been previously reviewed
(Campbell. 1957 Dzau, 1388; Danser et al., 1999).

The gene coding for ACE has two promoter sites {Soubrier et al.. 1993} ACE
is a membrane-anchored zinc metalloprotease with two homologous domains,
aach contamning an active site (Soubrier et al, 1988, Wer et al, 19811 Itis 2
dipeptidyl peptidase, cleaving the penultiimate peptide bond from various
oligopeptide substrates (or their analogues) and releasing a shortened
oligopeptide and a C-terminal dipeptide.

The aim of this review is to describe the basic biochemical and catalytic
properties of ACE. evaiuate the insights gained from structural studies of ACE
and related metalloproteases, and propose a line of investigation that will
further the understanding and application of domain-selective ACE inhibitors.

1.1.1. ACE isoforms

The non-vertebrate isoforms of ACE. such as the Drosophila melanogastor
AnCE . generally lack membrane anchors and are therefore soluble (Coates et
al., 2002, There are two majer 'soforms of mammalian ACE, somatic ACE
(sACE) and testis ACE (tACE). Somatic ACE is found primarily on the luminai
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surface of vascular endothelial cells. in lung capiliary cells. and in the brush
Border {epithelium) of kidney tubules. while testis ACE is found in male
germinal cells (Erdos & Skidgel, 1987; Baudin, 2002) (Fig. 1-1). Both isoforms
are expressed from a single ACE gene. Somatic ACE is the fuli protein with
1306 amino acids (but excluding exon 13), and includes a 28-aming acid N-
terminal signal peptide {(Scubrier et al.. 1988}, On the other hand tACE is
identical to the C-terminal demain of sACE but for its own 31-amine acid M-
terminal =ignal seguence plus the unique O-glycosylation-nich N-terminal
sequence encoded by exon 13 (Baudin, 2002). Somatic ACE is shed by
pretealysis from the cell membrane into the bloodstream. Testis ACE 13
cleaved more efficiently, suggesting some sort of regulatory role for the N-
domain {Sadhukhan et al.. 1998 Woodman et al., 2000). The cleavage site is
located at the R*'.8%*hond {Ehlers et al., 1998; Woodman et al., 2000).

although the identity of the shedding enzyme(s) is unknown.

Testis ACE (tACE) Somatic ACE (sACE)_ Say

=\

MH-

[T. M. region |

. Cyluslic ldii‘:

Cool OoH

Figurc 1-1. Schematic represcntation of tACE and <ACE isoforms.  M-linked
glycosylation sites are representad by Y-shanad symbols.

Two further forms of human ACE have been isclated: N-domain ACE from
ilzal fluid (Deddish et al, 1994 gnd N-domain ACE from the urine of mild
hyperensive patients (Casanm et ai.. 2001). The latter finding, of a 80 kba
form of N-domain ACE. has also been confirmed in spontanecusly
hypertensive rats. and has besen considered for use as a possible genetic
marker for hypertension (Bueno et af. . 2004 1t is proposed that these forms



of ACE are produced by proteciytic cleavage after release of the full length
ACE from the membrane (Deddish et al., 1994; Bueno et al.. 2004).

Angiotensin-converting enzyme (I (ACEZ} is a recernfly discovered
carboxypeptidase that removes only the C-termeinal residue from Ang 1. giving
angictensing.y. 1t is transcnbed from a different gene and has a single catalytic
site (Crackower et al | 2002, Oudit et al., 2003}

1.1.2. Glycosylation

ACE is heavily glycosylated, with up to 30% of the molecular weight of tACF
being due to N-linked and O-linked glycans (Ehiers et al 18992) O-
giycosylation occurs in the N-terminal region that is unique to tACE, and could
play a role in the binding of sparm to oviduct epithelium during the process of
fertilisation. However, this region 15 not crtical to its structure or enzymatic
function (Ehlers et al., 1992: Kasturi et al., 1994, Baudin et al.. 1997).

M-linked glycosylation occurs by means of a highly regulated series of
enzymatic reacticns. The N-linkage is between the side-chain amide af an
asparagine residue and the designated C1 of N-acaty! glucosamine, which is
in turn typcally linked to @ series of other glycan residues. This glycosylation
can only occur at asparagine {N) residues that are found in the "ghycosylation
seguan” N-X-5/T, where X is any amino acid except prolineg (Ronin et al.
1981).

In mammalian cells, highly diverse chains of N-linked glycans may oceur, with
the resuit that the surfaces of ctherwise identical meolecules can be highly
neterogeneous. Somatic ACE comtains 17 potential N-linked glycosylation
sites. 7 of which are in the C-domain. The C-terminal site is not glycosylated
while sites 4-& are partialiy {i.. in some instances} glycosylated, and sites 1-3

are fully (i e invariably) glycosylated (Yu et al . 1997) {(Fig. 1-1).

A minimal level of giycosylation protects the enzyme from intraceilular
degradation while targeting it for extracellular  secretion, and the
ungivcosylated enzyme is rapidly degraded {Kasturi et al.. 1994; Baudin et al.
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1997). The solubility in extracellular medium may also be dependent on the
presence of sufficient glycans on the surface of the enzyme {Baudin et al.
184971 Studies using synthetic membranes have also revealed a likely role of
carbohydrates in mediating the dimerisation of ACE {kost et al.. 1998, Kost et
al.. 2000).

Maost criticaliy to structural studies, the glycosylation of ACE has presented a
major obstacle in the elucidation of its three-dimensional structure (Gordon et
ak, 2003, Sturrock et al., 2004). Because glycosylation as a process is not as
strictly controlied as code-directed polypeptide synthesis  there 15 a high
degree of ciigosaccharide helerogeneity amongst molecules at identical
glycosylation sites (Yu et al. 1997} This means that crystallisation. which
reguires regular packing of identical structures, is very difficult to achieve to
the standard required for structurai analysis using X-ray crystallography. Two
successful approaches fo reducing the heterogeneity and aiding crystallisation
have been a-glucosidase | inhibition to produce uniform, truncated N-iinked
glycan chains (Yu et al, 1897}, and the mutagenssis of some asparagine
residues to glutamine thus preventing N-glycosylation (Gordon et al.. 2003)
The tACE-lisinopril structure {identical to the C-domain} solved by means of
the fanmer approach was the first published structure of any ACE isoform. and
reveated that in fact all the putative N-linked glycan chains were at the surface
of the enzyine (Natesh =t al., 2003} More recently. the structure of the ACE
N-domain, expressed in the presence of a-glucosidase | inhibitor M-
butyldeoxynojirimycin {NECNJ). has been reported. revealing similar surface
glyvcosyiation (Corradi et ai., 2008). Watermeyer et ai. (2006) have solved the
first tACE mutant structure, using a form of tACE (named tACE-g13) in which
all but the first and third glycosyiation sites have been removed by
asparagine-to-ghutamine mutagenesis. In addition, the structure of Drosophifa
anatogue AnNCE (using hbaculovirus expression in insect celis) has been
determined with only two of three possible glycosylation sites intact (Kim et
al., 2003), although it is known that AnCE = aclive even when unglycosylated
iWhlliams et al., 1886} A third approach, the expression of tACE in insect cells
using Baculovirus infection (Willlams et al. . 1994) has also yielded protein that

may be amenable to crystallisation for structural studies.
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1.1.3. Chloride activation

It has long been known that ACE is activated by monovalent anions, in
particular chloride. which is the anion typically found associated with ACE
under physiological conditions (Bunning & Riordan, 1983). The dependence
of ACE on chloride was found to vary with substrate structure, so that for
example, angiotensin 1 hydrolysis is more dependent on chloride than is
bradykinin hydrolysis (Shapiro & Rigrdan, 1984). [t has been suggested that
the presence of positively charged residue (KIR) at the C-terminus of a
peptide  results i greater ndependence  from  chloride.  Thus, BKs-
accumulates in the absence of chloride, whereas in presence of chicnide both
BK,; and BK.s are produced The dependence of the two domains on
chloride also difters, The C-demain is significantly more dependsnt on
chiloride activation than the M-domain {Jaspard et zl, 1993) K, inhibition
valuss for three commercial inhibitors of ACE in differing  chioride
concentrations  {(Wei et al, 1592} suggested a chloride-induced
conformational change that occurs in the C-domatn {and therefore tACE] but
not in the M-domain {Natesh et al., 2004} pH is also a determining factor in
the chionde activation (Wer et al., 15981 Bersanetti et al., 2004). The 3-
dimensiocnal structure of tACE revealed the locations of two chloride ions
huried in the interior of ACE (Matesh ef al. Z003). Their mechanism of
activation of ACE remains elusive, and appears to be indirect as Cl' ang CI

are 2007 A and 10.4 A from the catalytic zinc. respectively.

1.1.4. ACE substrates

In the 1850s, ACE was identified 3s a factor in horse bicod that cleaved
angiotensin | to produce the vasocactive angictensin Il {Skeggs, Jr et al.
1956}, and independently as a bradykinin-inactivating enzyme, kinipase
(Erdos & Yang. 1967} {reviewed by Erdos & Skidgel, {1887)). It has since
been found to cleave several other groups of substrates (Sturrock et al |
2004} which will also be described nefly hers.
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ACE

DRVYIHPF gHL angiotensin I
DRVYIHP JFH angiotensin, g
RPPGFSP |FR bradykinin

RPPGF |SP bradykinin, -

RPKPQOQFFG , substance P

RPKPQQFF |GLM, substance P
LEHW [SGLRPG, GNRH

Figure 1-2. Natural ACE substrates and their cleavage sites. |, indicates protection hy
amidation,

1.1.4.1. Angiotensin

Angiotensin | (a decapepbde, sequence DEVYIHPFHL) is the best-known
substrate of ACE. Angiotensin [l type | (ATq) receptors {mainly in heart and
vascular smooth muscle cells) are the primary mediators of the vasooressor
effects of angiotensin Hl which result in the upregulation of systemic ood
pressure (Erikssont et al, 2002, Turner & Hooper, 2002; Baudin, 2002)
Angiotensin Il also bings AT; receptors. which may counter the effects of AT,
receptors, and are also considersd responsible for cell proliferation,
differentiation and angiogenesis (Turner & Hooper. 2002). After the discovery
of the two-domain nature of the enzyme (Soubrier et al | 1988, Soubrier et al |
1993), it was observed that both domains catalyse the cleavage of the F-H

16



peptide bond in angiotensin |, releasing angictenzin 1 and the C-terminal HL
dipeptide. There i= an absolute zine requirement by both domains, as
indicated by EDTA inhikition, and affinity (indicated by . wvalues) for
angictensin | is similar in both domains (Wei et al., 1991}, However there arg
significant differences in their catalytic rate, chlonde activation, and pH
dependency (Wei et al, 1991, Wei et al 19892 laspard et al, 1993)
Cieavage of angiotensin 1 is more chloride-dependent than that of bradykinin
{Shapirg & Riordan, 1984; Jaspard et al., 1993). Additionally, for angiotensin |
hydrolysis, the N-domain is considerably less dependent on chlonde
activation, whareas the C-domamn has an absclute reguirement for chioride,
and functions optimally at a chlonide concentration that is inhibitory to the N-
domainn {(Wei et al., 1991 Jaspard et al, 1993). Taken together, these
observations indicate that the C-domain is responsible for mast of the in vilro
hydrolysis of angiotensin 1. Experiments using highly seleclive inhibitors
against the C- and N-domains have confirmed that this is also the case i vive
{Geoigiadis et al.. 2003} Interestingly, it was also found that in wivo there
seems to be a3 measure of cooperativity belween the two domaing. since
gither an N-domain-specific or a C-domain-specific inhibitor reduced Ang |
hydrolysis o negligibie levels. akin to the effect of double inhibition
(Georgiadis et al., 2003y In addition strong evidence for negative
cooperativity between the domains has also been found in bovine somatic
ACE. although this was with the artificial substrate FA-Phe-Gly-Gly (Binevski
et al, 2003).

1.1.4.2. Bradykinin

Bradykinin (BK) is a nonapeptide (RPPGFSPFR) whose segquential dipeptidyl
hydrolysis by ACE leads to the production of two inactivated peptides. BKy
{(RPPGFSP) and BKis (RPPGF) (Ehters & Riordan, 198%). After
carboxypeptidase activity has removed the C-terminal arginine, ACE is able to
cleave the C-terminal tripeptide (SPF} from the octapeptide, thus performing
an endopeptidaze function (Erdos & Skidgel, 1987, Haudin, 2002). Jaspard
and colleagues {1993} found that both N- and C-domains catalytically cleave
BK about 10 times faster than Ang | This was consistent with prior results of
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Bunning and co-workers (1983} As with angiotensin hydrolysis, the C-domain
was found to be more chlonde-dependent, although the extent of BK-
hydrolysis dependence on chicride was less than that of Ana |,

1.1.4.3. MN-domain preferred substrates

A5 saon as the presence of two active sites in ACE was confirmed (Wet et al.,
15991) studies were carried out to investigate the differences in their substrate
selectivity and catalytic efficiency. There were already hints that differences
may exist, based on studies dore on well-known substrates as wel! as
artificial  substrates  of ACE  Goradetropin-releasing  hormene  {GnREH,
sometmes called Luteinising hormone-releasing hormone (LHRHY in oldar
literature), acts on the pituitary gland to increase the reiease of gonadotropin
ard follicle stimutating hormone. GnEH was found to bind sACE somewhat
mnefficiantly {Ky—-187 pM) (Skidgel & Erdes, 19851 but the N-domain
dermonstrated greater catalytic activity with this substrate {Jaspard et al.
1983, ACE releazes tripeptides froem both the MN-terminal and C-terminal
ends. It can aiso seqguentially cleave dipeptides from the C-erminus after
release of the C-terminal trpephidyl to produce the M-terminal tripeptide
{Skidge! & Erdos, 1985).

N-acetyl-seryl-aspartyl-lysyl-pralire  {Ac-SDKP) s & natural tefrapeplide
involved in the regulation of haematopeietic stem cell preiiferation. It inhibits
the entry of these pluripotent cells into 5-phase (ONA replication) and thus
restricts  proliferation It may alse be an mmportant endogenous negative
regutater of fibroblast proliferation in the heart. thus reducing fibrosis and
plaving a cardioprotective role (Rhaleb et al | 2001) Ac-SDKP is cleaved by
ACE at the D-K bond to release Ac-SD and KP. More specifically. it was found
that the hydrolysis of Ac-SDKP occurs primarily at the N-domain, which is 50
tmes more catalytically efficient than the C-domain for the substrate
{Rousseau et al, 1985) Captopril is an effective inhibitor of this hydrolysis,
toth in vitro {Rousseau et al.. 1995) and i wivo (Azizi et al | 19963

Angs., is a produgt af Ang | metabolism via several different pephidases, such
as neprilysin (but excluding ACE) (Ferrario & lyer. 1998} This peptide has
18



pesn found to play a sigmficant role in the regulation of angiotensin
metabelism, primarity as it competitively inhibits the somatic ACE C-domain.
In addition, Angq7 is cleaved by the ACE N-domain to give Ang.s (Deddish et
al.. 1998}

1.1.4.4. C-domain preferred substrates

Substance P is a neurcpeptide with the sequence RPKPQQFFGLM,, (Erdos &
Skidosi 1987) ACE cleaves the C-terminal dipeptide and tripeptide from His
undecapeptide. although the physiclagical significance of this is unclear. The
C-domain demonstrates four-fold higher catalysis to the {ripephde against
both its production of the dipeptide and the N-domain's production of the
tripeptide. The C-terminal methioning residue is said to be protected by
aredation (Erdes & Skidgel, 19871 |1t has been propesed that the presence of
an amide group on the C-terminus of Substance P, GnRH and other
substrates provides feeway for the peptide substrate to “slip’, aliowing
cleavage of the C-terrminal tripeptide rather than or in addition to the dipeptide
(Kim etai., 2003}

ACE has alsc been found io cleave other neuropeptides in wvitro, such as

neurgtensin. as weall as savaral enkephaling (Erdos & Skidgel, 1887).

1.1.4.5. Artificial substrates

A number of antificial substrates have been developed for enzymaological
studies of ACE, Thesa tend to be shorter than natural peptide substrates, and
typically contain pephdas or peptidomimetic residues linked to & meiety that is
detectabie by fluorimetric, radiometric. photometric, or other means for
enzyme assays (Baudin. 2002 They are often commercially available and
easier to acquire than some peplide substrates. These include Z-Phe-His-
Leu, hippuryl-histidylHeucine (HHL), and furylacryloyl-phenylatanyl-glyeyl-
alycine (FA-Phe-Gly-Gly). The |after two demaonstrate the pattern of
dependency an chlaride shown by Ang | (Baudin 2002). with an optimai
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chloride concentration for HHL hydrolysis by the N- and C-domains of 10 and
800 mM respectively (Wel et al |, 1997

In a fascinating study Araujo and colleagues (2000} used fluorescence
resonance energy transfer and several peptide sequences to determine some
of the amino acid preferences of the C- or N-domain. particularly at the P1°
position. With g similar protocol, Bersanetti et al. (2004} have developed a
series of short fluorogenic peptide substrates, one of which (peptide sequence
LFK} has shown {~70-fold) selectivity for the C-domain.

1.1.5. Enzyme mechanism

fn hoth the N- and C-domains of ACE, there 1s a conserved catalytic
sequence that is characteristic of the gluzincin family of zinc metalloproteases
{Hoaper, 1994} The consensus sequence consists of the HEXXH motif, the
two histidines of which coordinate the zine atom. and a giutamic acid, {24

residues downstream}, which is the third zinc-coordinating residue.

The mechanism of actian of ACE was thought to mimic that of the prototypical
zinc metalloprotease thermolysin. whose mechanism of action was elucidated
i several studies and summarised by Matthews (Fig. 1-3} (Matthews. 1988).
Briefly, the reaction in ACE proceeds as a fairly typical general-base catalysis.
A water molecule associated to the zinc attacks the carbonyl carbon of the
scissile bond of the substrate. The glutamic acid (E™") of the metalloprotease
signature HEXXH motif acts as the acceptar of a protan from the water. The
negatively charged oxygen resulting from the binding of OH is stabilised by

the zing. as well as Y™

ard @ water in this intermediate (in thermolysin these
correspond to a histidine and tyrosine, respectively) As the reaction
proceeds. the E** releases itz proton to the amine nitragen, thus destabilising
the scissile bond. This bond's nitrogen atom is stabilised by electrostatic
interactions with the backbone carbonyis of A and S$*° The consequent
charge repulsion between the new amino terminal and zinc, as weli as the
stabilisation of the C-lerminal by the same. leads io separation of the
products,

20



* 4304 . A5 4L 5 ana
3% > M A e A T s AP S e
e oy Wt e ] i . i
Y i i
" WM i AL e > o BN LR
T . S L= —i = e —— L —N—C— ~+ —E— I e
] i & 5y =l - I L; & E‘- % &
' : e g g
o i o HH ST e R ]
PEEY o i ¥R2E HELE =k 180 YEES B
| TR 5

Figure 1-3. Catalytic mechanism of tACE, adapted from Matthows (1988).

1.2. ACE inhibitors

The first ACE inhibiters were discavered as bradykinin-potentiating peptides
from the venom of the Scuth American snake Bethrops jararaca. as well as
other venomous snakes {Cushman et al |, 1577 Cushman & Ondetti. 1985}
Based on these, a good understanding of the carboxypeptidase A active site,
and some modest computer modeliing capabilities, Cushmarn and co-workers
develcped captepri which became the first clinically-approved inhibitor of
ACE (Cushman et al, 1877; Ondetti et al.. 1977} Many different ACE
infubitors have been designed since then — as of 2002 there were seventeen
differert inhibiters of ACE in clinical use (Zaman &t al., 2002). The inhibitcrs
can be categorised inta majar types determined by the number of amino acid
substituent groups Type | inhibitors have four aming acd (substituent)
aroups, designated P2, P11 {on the N-terminal side of the zinc-kinding group),
F1' and PZ (C-terminal groups) (Schechter & Berger, 1967). Type B inhibitors
have P1 P71 and P2' groups oniy. while Type Il consist only of the C-terminal
F1' and P2' groups and the zinc binding group (Fig. 1-4} An alternative
classification promotes the chemical character of the zinc-binding motif as the
majcr criterion for classification. By this means, compounds can be clustered
into six classes (Redelinghuys et al., 2003) —
=  Sulphydryle — captopril s the prototype member of this group The
inhibitor's coordination with the catalylic zine atom is via a C-terminal —
SH group. These inhibitors are also known as Type |l inhibitors, as
they only have P1' and P2' substituents.

21




Ketones — this group of compounds includes both Type | and Type 1l
molecules. Coordination to the zinc atom is by means of the ketone
functional group.

Carboxylates — as the name suggests the carboxylate maiety is
responsible for binding to zinc. Many of the clinical inhibitors belong to
this group, and as they tend to be peptides or peptide analogues theay
ara often delivered to the body as esters to improve bicavailability. This
greup includes enalaprl and lisimopril, two well-established anti-ACE
drugs,

Hydroxamates - Turbanti and coworkers {(Turbanti et al, 1953
pioneered the deveiopment of Type Il nhibitors with a new zinc-
binding moiety. the hydroxamic acid functional group. The non-arminag
acid nature of the compounds and the stereochemistry potential play a

role it making the hydroxamates an alternative group of interest.

Silanedicls — these compounds take advantage of the ability of silicon
to form a stabie diatkyisilanediol (Kim & Sieburth. 2004). Since silicon
aoes not form double bonds except under duress, this form can act as
a stable [unhydraolysable) mimic of the tetrahedral intermediate that
forms during substrate catalysis. In addition. silanedicls are neutral at
physiclogical pH, unlike hydrated carbonyl isosteres {(Kim & Sieburth
2004, Kim et al_, 2005;

Phosphinates — this functicnal group of compounds has been long
known as potent inhibitors of zine metalloproteases (Yiotakis et al |
t1984). Recently domain-selective Type | inhibitors have been
developed that show nanomolar inhibition constants selectively for one
or other of the domains of ACE (Dive et al, 1999 Junot et al., 2001;
Dwve et al | 2004 Georgiadis et al., 2004}
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Figure 1-4. Chemical structures and inhibitor types of a range of ACE inhibitors, The
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1.3. Three-dimensional structure of Angiotensin-

converting enzymes and related metalloproteases

1.3.1. Introduction — metalloproteases

The prototypical metalloproteases for ACE in terms of tertiary structure have
been thermolysin and carboxypeptidase A {(Colman et al.. 1972, Lipscomb.
1983). The structures of these two metalloproteases have both heen known
far over 20 years, and indeed the active site of carboxypeptidase A was used
as a modet for ACE in the early days of inhibiter design (Cushman et at.,
1977 Ondetti et al., 1977). Structures of other metalloproteases have been
elucidated. Both leukotriene 44 hydrolasefaminopeptidase (Thunnissean et al |
2002) and neutral endopeptidase or neprilysin (Oefner et al.. 2000) have
catalytic sites that are notably similar to that of tACE.

The structure of neuralysin. a representative of the M3 family of
metallopeptidases. reveated an elliptigal protein containing a narraw channel
that limits access to the active site (Brown et al.. 2001} This discovery helpad
to explain the size range restricion of neuralysin substrates. Like ACE,
neuratysin is able to hydrolyse a range of substraies. but its major
physiokygical  substrate is the  important  neuropeptide  neurotensin
GELYQONKPRRPYIL], from which the C-terminal tripeptide is cleaved Apart
from the zing-binding motif. there is na significant sequence similarity between
rneurolysin and ACE: however, the three-dimensional structures of the two

metalloproteases are quite similar (Acharya et al | 2003).

The structure of a carbowypenptidase from the extreme thermonhile
Pyrococcus furiosus, was found to bear a striking resemblance to the
neurclysin structure, and therefore to tACE (Arndt et al |, 2002). This enzyme
functions optimally at a temperature between 50°C and 100°C, and maore

uriusual is that it is inactive when zinc is bound to the active site, but shows
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activity when various other metals, such as cebalt. are bound {Cheng et al,
1959).

It sppears that the overall architecture of the zinc metalloproteases allows for
a variety of corformations and diverse sequences for differing environments

ard particular functions, with 3 premium conservation of the catalytic motif.

1.3.2. ACE structures — C-domain/tACE

Several crystal structures  of  angictensin-converting  shzyme  and  its
homalogues have been solved recently. The following sections describe these
crystal  structures. Al the angictensin-converting enzyme homologues
{truncated to exclude trans-membrane and irtracellular domains in the case of
tACE and ACEZ2) have overal ellintical structures. The active site s contained

within 3 cavity or groove at or near the centre of the molecule.

g e 2l 1 Testis ACE {108a) and tACE-lisinopril {1086)

Testis ACE was expressed and crystallised in the presence of an o-
glucosidase | inhibitor {Gordont et al.. 2003) The three-dimensional structure
was determined by X-ray diffraction. The molecule 1s a predominantly heiical
structure, with only a few shert B-strands interrupting the deminant helices (20
a- and 7 3'"“-helices) that are separated by short loops {Natesh et al., 2003)
(Fig 1-5, Fig 1-6) The o-helices 1 and 2 comprise the “top lid" at the N-
terrminal end of the maolecule. preventing access of large substrates to the
active site (Fig 1-8) A central groove extending about 30 A into the molecule
divides it into 2 sub-domains (Natesh et al., 2003}

25



o i s

ACE M-

m.,E M=o
ArlE
ACED:

tACEASE
Al H-odar
A

Acz2

TROCZANE
ROE Meododn
AulE

ATER

O B
AHZE H-aom
Hn1lE

ACE!

LACZAsa
A w—odam
Al

TEMELYNRTIT 5-- SRR
LOWEHTCWHEYF LEIWYFECID Bl

awerrnni e 5------——- B

~KMAFVERET-TWERY Bl-—w—w-o {10k

Figure 1-5, Sequence&tructure allgnment of human tACE. N-domain ACE, ACEZ and
Orosaphifa AnCE, generated with CLUSTALW (Chenna et al., 2003). The HEXXH catalytic
zine-binding motif and zinc-coordinating glutamate are shown in red font; M-linked
glycosylation sequons are in boid bilue italics; residues likely to interact with ligand
{distance < 5 A} are bold and underlined. Secondan_.r structure is indicated by highlighting:
o-helices in green, f-strands in purple, and 3" halices in pale blue.
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The zinc-binding motif, HEXXH {in tACE XX = MG) with a downstream E residue
{24 residues after the second histiding) firmly places ACE with thermuolysin in the
gluzincin family of zinc-coardinating metalloproteases {Rigrdan, 2003;. although
it shares neither sequence nar structural similarity outside the active site with

tharmaolysin.

The zinc ion at the active site of the native structure of tACE was found to be
coordinated with the two histidines of the HEXxXH zinc-binding motif, the
downstream glutamate (E*'7) and an acetate ion, which prokably came from the
crystatlisation buffer (Natesh et al., 2003} (Fig. 1-7)

Large-scale motion between the apvenzyme and the inhitwtor-bound form was
not evident from the two structures, although the presence of the acetate
malecule as 3 ligand in the native structure may have prevented such an
observation. Madelling and analysis of the normal modes of tACE have revealed
that there is a likely opening and closing motiun about a hings regian. similar to
that found in ACE2 (Tawler et al | 2004, Watermeyer et al. | 20061 Without this
motian it is cifficult 10 envisage how large substrates can gain access to the

gncinsed active site,

Lisinopril iz a substituted M-carbaxyatkyl dipeptide (Patchett et al., 1980} with
ACE K values in the sub-nanomaiar range (Wei et al. 1992: Jaspard &t al |
1943). In the lsinopril-bound structure of tACE, the inhikitor molecule 15 Round in
an extended conformation, with the zinc atom in this complex coordinated by
oxygen of the phenyl carboxylate group. which also forms a hydregen bond with
the hydraxyl of Y*° The other axygen of this carboxylate forms a hydrogen bond

with the carboxylic adid side chain of E°*

iprokakly protonated as crystallisation
was carried out at pH 4.7). The nhibitor residuss (or analogues thereof) are
named using the nomenclature first proposed by Schechter and Burger
{schachter & Berger. 1967). The phenylpropyl group {P1} is closest to the M-
terminal lid helices. and makes wan der Waals' contacts with hydrophobic
residues The lysyl group (P17 is parallel to the HEXXH-containing helix (o-13).
The carbonyl group of the lysyl residus has ciear hydrogen bonds to two

histidinas, H™™ and H*™, whils its amino nitrogen is H-bonded to the carbonyl of
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A (Fig. 1-T). The lysyl side chain amine interacts with side-chain carboxylates
of the 51' subsite wia waler molecutes (Matesh et al | 2004}, The carboxyl group
of the orolyl (P2} meiety faces away from the zinc-coordinatian site and is H-
banded to the hydraxyt graup of Y>* and side chain amine of K*'' {Fig. 1-7). The
prolyt group fits into the rather large hydrophobic 527 subsite surrounded by
hydrophobic residue side-chains Y™, F** and F*%". Residues E¥7 v¥% ang v,
which are on the same 0-13 helix as the HEXXH-motif aiso occcur in the vicinity

of the 52° subsite occcupled by the P2’ prolyl.

Figure 1-6. Three-dimensional structure of tACE-AIENJ complexed with lisinopril (purplo
sticks) (pdb code 1086, (Matesh et al, 2003)). Tho certoon representation is coloured in
rainbow sequence (M-terminus dark blue, C-terminus in red). The catalytic zing and bound
chigride ions are represanted az metallic blue and green spheres, respactively. Some of
the a-helices are labelicd, inciuding the two lid helices at the top of the figure, and a-holix
13 that contains the catalytic histidines.
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1.3.2.2; tACE-captopril {(1uzf) & tACE-enalaprilat (1uze)

The structure of the same minimatly glycosytated tACE complexed with captaprii
has also been determined {Natesh et al. 2004) Captoprii {D-3-mercapto-2-
methyl-propancyl-L-preline) was one of the first inhibiters of angiotensin
converting enzyme to be approved clinically and commercially marketed as an
antihypertensive drug (Cushman et al.. 1877, Ondetti et ai., 1577 Cushman &
Ondetti, 19801 It is ane of the smaller ACE inhibitors available, cococupying onby
the zinc-binding site and the S1' and 82 subsites. but 1t binds very strongly with 2
Ki in the nangmalar range (Cushman & Ondetti. 1880 for both domains (Wei et
al., 1992},

Hi87 Y. . F354 H383 A

Figure 1-¥. Alignment of ACE inhibitors lisinopril {orange), enalaprilat {purple) and
captepril (blue) {structures from pdb files 1086, 1uze and 1uzf respectively). The
enalaprilat ks just visible as an almost-perfect superimposition on lisinopril. Active site
residues and catalytic zinc (sphere) are taken from the native tACE structure (pdb code
1oBa).

The binding of the captopril molecule at the active site accurs wia the sulphydryl
and the zinc ion. Since this is not a carboxyl {as in the case of lisinapril}, there is
no additional cocrdination ta Y. As with lisinopril, the carbonyi group of the P

rasidue {alanine. in the case of capiopril} coordinatas with the histidines H** and
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H*'* The C-terminal carboxylate has much the same coordination as lisinopril.
Because of its small size, the captopril molecule makes muczh less use of the
contacts available in the 51 and 52' subsiies than inhibitors such as lizinopril,

and trandolapritat.

Enalaprilat, a compound that is identical to lisinopril on the N-terminal side (e at
the F1 groupl has the binding interactions that would be expected of the P
phenylpropyl, the phenyicarboxylate and the P1' carhonyl aroups Enalaprilat is
also identical to captopril on the C-terminal side (from the alanineg side chain in

51", and so the same interactions are found.

1.3.3. ACE structures — N-domain

The N-domain of ACE has been found to have different substrate and inhibitor
selectivities and binding characteristics (descrnbed in the relevant sections).
Experimental structures of the ACE N-domain — the native form and in compiex
with lisinopril — have besn recantly pubiished (Corradi et al., 2006}, Prior to this, a
number of groups attempted to predict the N-doemain structure. basad on the
structure of tACE (Tzakos et al.. 2003; Fernandez et al.. 2003} {see modelling

section).

The three-dimensional structure of the N-domain to 3 A revealed a very similar
overall structure to the C-domain. Consistent with the knowledge that the N-
domain 15 less chicride-dependent (Wet et al., 19930 only zne chilgride ion
position was found in the structure, and this site corresponds tc that of chioride [
i tACE. The largest N-terminal helices form a lid structurg with closaly
associated glycan residues, similar to that found in tACE No conformation
difference was found between the apoenzyme and the liganded form. probably
for the same reascn as with tACE — the presence of an acetate molecule in the
native enzyme active site. The differences between the N- and C-domain active
sites were found to be attributable not only to differing residues at corresponding
positions (Table 1], especially in the 51" and 52' sub-sites, but also due fo slight
shifts in helical positions and residue side-chain orientations. For example, R™"

of the N-domain might interfere with the lysyl group of bound iisinoprii were it
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arientated the same way as the corresponding T¥% of 4ACE, This provides jusi a
hint that domain selectivity may invoive the interplay of severai levels of related

determinants. of which predicted confermational fit may be just one.

Table 1, Active site residues that differ between ACE N- and C-domains (Corradi et al,
2008}

52 tACE/C-dormain B9 Pl 51 RSl =
N—dr::umain HH'.H Y:nr—;n -|-45E:i
.5_1_ taCE/C-domain VMH Srﬂﬁ EHE N\
N-domain TR e e
S1' ACECdemaln £7F N B LR2 NV B [T oy
N 'dﬂ‘maln D1 a9 DE::E F_EGE R&E{l !—352 D354 N355 T.?-EH-
CLHTIRNICUR Y Gy g oo o . 2. . R

the enzyme is relevant to its intracellular protection and staility (Wilhams et al.|
1996

Biochemical studies have indicated that AnCE may resemble the C-domain
rather than the N-domain of ACE. For example, the AnCE hydrolysis kinetics of
Ac-oDKP {a predominantty N-domain substraie) resemble those of the -
domain. and the chloride deperdence with Hip-HL as substraie 5 like that of the
C-damatin (Williams et al . 1998). In additicn, it appears to play a role in fertility
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since knocking out the AnCE gene has 3 nagative effect on fenility {Tatei 2t al

1995).

The structure of AnCE, a homologue of ACE faund in Drosophila mefanogaster,
was published soon after the tACE structure had been solved {(Kim et al.. 2003,
The structure of AnCE is averall similar {0 tACE in that it is giobular, hydrophobic
and praedominantly a-belical. AnCE shares just 42% sequence identity with tACE:
Fowever this figure exceeds 70% in the areas arcund the active site of the
enzyme (for both tACE and the ACE N-damain) (Fig. 1-5). The catalyflic residues,
structure (and presumably mechanism) are conserved between the two enzymes

(Williams et al., 1996: Brew. 2003 Kim et at.. 2003).

Figurg 1-&. The 51" pocket of ACE. N-domain {groen, pdb code 2cEn} and tACE {blug, pdb
code 1oB6) aligned, with residues differing between domaips labelled with appropriate
calour. The two aligned hsinopril molecules are shown as thick sticks
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The structure of AnCE (Kim et al., 2003) revealed a large internal channel
running along the length of the entire molecule. As in tACE, the channel is
composed of two chambers of unequal size, with the catalytic zinc occurring at
the narrow segment between the two chambers.

The zinc ion in the native state is penta-coordinated to two water molecules, the

H3® and H3®

conserved histidines (tACE numbering) and the downstream
glutamate E*'" of the HEXXH...E gluzincin motif. By means of hydrogen bonding,
D*'% coordinates the zinc indirectly via H®® (Kim et al., 2003). Captopril binds
ANnCE with a similar nanomolar K; to ACE. As with tACE, the sulphydryl group
binds to the zinc atom, completing the distorted tetrahedral geometry with the
active site histidines and glutamate. The carbonyl of the alanyl (P1') residue
coordinates with two other histidines, H**® and H® as well as with Y°%. The
carboxyl group of the P2' proline residue is held by hydrogen bonds and ionic
interactions with Q%!, K5'" and Y®%. All of these are conserved in both domains
of sACE. It has been proposed that this “locking mechanism” restricts ACE to
dipeptidase activity, except in the case of substrates that are amidated at the C-
terminus (Kim et al., 2003). ACE can release the C-terminal tripeptide from such
substrates, for example substance P and GnRH (Erdos & Skidgel, 1987; Ehlers
& Riordan, 1989), suggesting that the peptide substrate slips in the absence of

sufficient bonds to hold the carboxy group firmly in place (Kim et al., 2003).

Lisinopril binds to AnCE with a Ki of 18nM (cf. lisinopril-binding to tACE:
K=0.2nM) (Williams et al., 1996, Kim et al., 2003). There is a similar penta-
coordination found in this complex as in the enalaprilat complex, with the two
oxygens of the carboxylic group coordinating zinc with the active site histidines
and glutamate. The phenyl group is extended towards the N-terminal lid of the
enzyme, and interestingly occurs close (3.78 A) to an arginine residue (which
was expected to be glycine, based on the enzyme sequence). This non-ideal
association may partly explain the reduced lisinopril affinity of AnCE compared to
tACE. The same main chain coordination occurs with lysyl in lisinopril as with
alanyl in enalaprilat. The lysine side chain has water-mediated hydrogen bonds
with T9* and D%, which are vV and E*® in tACE, and ionic interactions with
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D¥° D™8 and E'®. These correspond to E¥®, E'? and T'% in tACE (Fig. 1-5),
and are thus conservative changes.

Interestingly, though V% is usually considered to play a role in the binding of the
substrate via the S2' pocket, it appears that the side chain may have freedom to
swing round to form part of the S1' pocket (Fig. 1-8).

1.3.4.2. ACE2 (Homo sapiens)

The ACE2 protein is a human homologue of ACE that has been found to play a
crucial role in the regulation of heart function (Crackower et al., 2002; Danilczyk
et al., 2003; Oudit et al., 2003). The ACE2 structure was determined in the
absence and presence of a specific inhibitor, MLN-4760 ((S, S)-2-{1-carboxy-2-[3-
(3,5-dichlorobenzyl)-3H-imidazol4-yl}-ethylamino}-4-methylpentanoic acid)
(Towler et al., 2004). Like the tACE structure, the enzyme can be divided into two
sub-domains between which runs the deep cleft in which the substrate binds. In
the case of ACE2, the substrate binds at the bottom of this cleft — the cleft does
not run through the entire molecule length. The two structures suggested the
occurrence of a significant hinge-bending motion between the two subdomains
on the binding of the inhibitor (or also, presumably, substrate).

The absence of an apparent similar hinge-bending motion between the unbound
and ligand-bound tACE (Natesh et al., 2003) has been suggested to be an
artifact of the experimental conditions of the crystallisation process. The native
structure, determined using tACE with no subsfrate nor inhibitor, does not have
an unoccupied active site: there appears to be an acetate molecule coordinated
to the zinc, as well as an unknown molecule modelled as an N-carboxyalanine.
These two molecules, bound in an orientation analogous to the inhibitor lisinopril,
can be considered ligands of the native structure, and therefore preventing a true
view of the unbound tACE (Towler et al., 2004).



Figure 1-9, Alignment of tACE and ACE2 showing how the 52 site is vccluded by R in
ACEZ The tACE active site surface is shown in white/pale grey. along with some active
site residues [lines, white © atoms) and lisinopril {sticks, orange  atoms). ACEZ residues
havn grecn © atoms. The clash between R* and the C-terminal carboxylate of lisinopril
indicates clearly why tACE inhibitors are ineffoctive against ACEZ.

The ACEZ and tACE structures are readily superimposable (rmsd = 1.80 A}
(Towler et al., 2004). At the active site, many residues are conserved; however,
there are significant differences. some of which can be understocd to contribute
to the difference in function and specificity of the enzymes. For example, R in
MALEZ stabilises the C-terminal carboxylate of the inhibitor MLN-4760 in the 51
pasition. This residue is replaced by a glutaming in tACE {G*®"), which also
coordinates the C-terminal carboxylate of substrate or inhibitor (at S2' of the
enzyme). The much greater size of the arginine residue in ACEZ (compared to
glutamire ir tACE) means that the potential S52' pocket in ACEZ is occluded., as
shown in superimposition of tACE and ACEZ active sites (Fig. 1-8) This offers a
good explanation for the carboxypeptidase activity of ACE2, as opposed to the
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peptidyl dipeptidase cleavage by tACE (Crackower et al., 2002; Oudit et al.,
2003). This change in the geometry of the $2' pocket also accounts for the
ineffectiveness of tACE inhibitors against ACE2 (Tipnis et al., 2000; Towler et al.,
2004).

1.3.5. In silico modelling structures

1.3.5.1. Background

Over the past three decades there have been rapid improvements in computer
processing capacity and abilities to map chemical and conformational space.
These have enabled the generation of reasonable models of enzymes and
enzyme-inhibitor complexes based on experimentally determined structures and
prior databases of chemical interactions and parameters.

The conformations of inhibitors at the active site of ACE were predicted nearly
two decades ago using available data from the structures of several known active
inhibitors (Mayer et al., 1987). Recently, it was shown that the active site model
prediction was indeed highly accurate, when compared to the published ACE-
inhibitor complex structures (pdb codes 1086, 1uze, 1uzf — ACE-isinopril, -
enalaprilat and -captopril, respectively). It was suggested to be the earliest
example of such validation, and exemplified in support of the methodology of
active site mapping using known active analogues/inhibitors. Active site mapping
is a most useful approach in the absence of three-dimensional structural
information about a protein target. If a set of inhibitors of sufficient chemical
diversity has been characterised, then important geometric parameters of the
active site can be accurately estimated. This is based on the assumption of the
narrow geometric constraints present at active sites, enabling substrates to be
held in particular conformation for catalysis (Kuster & Marshall, 2005).

The development of numerous software applications specific to biological
macromolecules has resulted in the rapid growth and progress of the field of
molecular modelling. CLUSTALW is an example of a program that allows
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alignment of protein domains with high homology (Chenna et al., 2003) (Fig. 1-5).
Software applications such as MODELER (Sali & Blundell, 1993) or CHARMM
(Brooks et al.,, 1983), can be used to construct models of the sample protein
based on its sequence and determined similarity to a template. In the case of
docking of small molecules - typically inhibitors ~ there are many software suites,
such as AutoDock (Goodsell et al.,, 1996) and ZDOCK (Chen et al., 2003), that
facilitate (amongst other things) the creation, and docking of molecules into
macromolecules, and subsequent refinement of the interaction between them.

1.3.5.2. ACE-inhibitor docking and modelling

Various docking software suites have been employed fo support or rationalise
experimentally determined inhibition data, or to motivate for the modification of
well-established inhibitors in order to promote domain selectivity. In this quest the
Accelrys package INSIGHT Il (Accelrys, San Diego CA, USA) has been used
successfully in our laboratory in modelling the conformations of various inhibitors
bound to the active sites of ACE (Nchinda et al., 2006a, 2006b). Other groups
have used CHARMM (Brooks et al., 1983) to surmise about the interactions of
the C-domain selective RXPA380 with ACE (Georgiadis et al, 2004) and
MODELER (Sali & Blundell, 1993; Marti-Renom et al., 2000) to achieve results
that have provided molecular insights into the determinants of selectivity in the
binding of a range of current and potential clinical inhibitors of ACE (Tzakos &
Gerothanassis, 2005).

1.3.5.3. ACE N-domain docking and modelling

The model of ACE N-domain bound to lisinopril indicated a similar binding
structure for the two ACE domains (Fernandez et al., 2003). The zinc ion is
penta-coordinated o the conserved active-site histidines and glutamate, as well
as the carboxylate oxygens of the inhibitor or substrate. The glutamate residue
occurring in the active site HEXXH motif (E*?, standard N-domain numbering
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according to Corradi et al. (2006)) plays a role in coordinating the catalytically
important water molecule (water385), as well as the lisinopril carboxylate.

As in the C-domain crystal structures, the P1 phenyl group interacts via aromatic

F* (corresponding to F*'? in tACE). The lysyl

stacking with the side chain of
main chain amine binds the carbonyl of an alanine residue; the prolyl side chain
fits easily in the large hydrophobic S2' pocket, while its carboxylate is coordinated
to K*® (K5'") and Y*® (Y°"). The major differences occur in the binding of the
lysy! side chain, where the D*7 and E'®? of tACE are replaced by Q**°, D** and
D' (Fig. 1-8). The distance between lysyl and side chains is greater, so these

interactions are likely water-mediated (Fernandez et al., 2003).

From their structure, Tzakos et al. (2003) also speculated that a series of
significant residue changes in the S1 and particularly S1' pockets may contribute
significantly to the substrate and inhibitor specificities. In addition they found a
more positively charged binding groove for N-domain, based on surface potential
calculations.

1.3.54. C-domain ACE-inhibitor models

Although the crystallisation and structure determination of ACE complexed with
three inhibitors has been demonstrated, it has so far proved to be a difficult
procedure to reproduce. It must also be noted that at least 17 ACE inhibitors
have been approved for clinical use (Zaman et al., 2002). Therefore details of the
mode of binding have only been elucidated for a small fraction of commercially
available inhibitors. It is expected that such detailed information would be
particularly useful in the modification of current inhibitors in the quest to obtain
domain-selective inhibitors ~ it would allow the delineation of the factors to be
exploited in order to attain domain selectivity. Understanding these factors can
guide the design of second-generation domain-selective inhibitors.

With this in mind, Tzakos and Gerothanassis (2005) have determined the binding
modes of a number of ACE inhibitors in complex with both the C-domain and the
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N-domain (generated using MODELER). The resuits for the calculated complex
of C-domain ACE and lisinopril agreed well with the experimentally determined
structure, giving credence to the results for the other docked structures.

1.4. Rationale of the Study

1.4.1. Domain-selective inhibition

Most commercially available inhibitors were designed before the discovery of the
two domains, and have turned out to be efficient at inhibiting both domains to
roughly similar extents.

Since the discovery of the two domains of ACE, studies that have strongly
suggested that C-domain inhibition is both necessary and sufficient to produce
an anti-hypertensive effect have encouraged investigations into the development
of C-domain selective inhibitors. For example, Bernstein and others have shown
in mice that the N-domain alone cannot restore low blood pressure to normal
levels (Esther et al., 1997), while the administration of an N-domain specific
inhibitor, RXP407, had little effect on angiotensin hydrolysis by sACE (Dive et al.,
1999; Junot et al., 2001). Furthermore, C-domain-selective inhibition will allow
BK degradation by N-domain, preventing BK accumulation seen in angioedema.
Finally, because BK potentiation via B2 receptor resensitisation is highest when
both domains are inhibited, an inhibitor targeting the C-domain may have a lower
proclivity for excessive BK stimulation (Acharya et al., 2003).

1.4.2. Structural determinants of selectivity

The lysyt side chain of lisinopril makes contact with acidic residues in the S1'
pocket. The S1' pocket does not appear to be of major importance for domain
selectivity, for the following reasons. Lisinopril is roughly equally effective against
both domains. In addition, the S1' residues are moderately conserved between
C- and N-domains: D¥’Q and E'®D. Inhibitors such as RXPA380 have been
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developed with special consideration given to S2' pocket-based (C-domain)
selectivity (Acharya et al., 2003; Georgiadis et al., 2004). Trandolaprilat, whose
design (before the discovery of the two-domain nature of ACE) was based on
enalaprilat, also has a bulky aromatic group (indole ring) at its P2’ position, and
this inhibitor was also found to be moderately C-domain selective (Wei et al,,
1992).

The inhibitor RXP407 demonstrated a 1000-fold selectivity for the N-domain,
while RXPA380 has shown a 3300-fold selectivity for the C-domain (Dive et al.,
1999; Junot et al., 2001; Georgiadis et al., 2003; Georgiadis et al., 2004).

The remarkable selectivity of RXPA380 seems to have its basis in the
interactions with the enzyme that occur in the P2' position, occupied by a
tryptophan residue (Fig. 1-10). Mere replacement of the tryptophan side chain
with a methyl group or pseudo-arginine (to form the analogue Compounds 8 and
11, respectively) reduced selectivity in both cases from 3300-fold to 22-fold, fully
two orders of magnitude. The analogue Compound 9, with methyl groups at both
P1'" and P2, despite showing high affinity for ACE, exhibits no selectivity
whatsoever. Furthermore, the carboxybenzyl moiety that occupies the S2 pocket
of the enzyme appears important for binding, but does not seem to play a direct
role in the selectivity of the inhibitor, as modifications of inhibitor structure at the
P1 and P2 positions appear sufficient to eliminate or enhance C-domain
selectivity (Georgiadis et al., 2004).
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V380

Figure 1-10, Prediction of 52" pockat configuration hy Georgiatl[@r et al. Of the 12 residues
predicted to be within 5 A of RXPA380 tryptophan side chain, D*'° and F*™ are not shown.
K*'" iz shown for clani ty{Georgiadis ct at., 2004).

Modelling of RXPAZS0 docked into the active site of tACE-lisincpril structure
(reptacing lismaprify has suggested that the interactions of the tryptanhan at P2’
are specifically crtical to selectivity. The lysine residue at P1' in lisinopnl of the
tACE-lisinopril structure {108a} has been found to have unusual phi and psi
angies that are in fact typicat for a proline residue. This chservation is supparted
by the ease with which the pseudo-proline at P1' in RXPAZE0 15 modelled - the
teo rasidues corréspond closely. The interactions of the pseudo-proline are with
A% and H™ which come from a highly conserved region of ACE, and therefore

it appears that these interactions cannot explain domain selectivity.

On the other hand, of twelve residues defined by Georgiadis cf al (2004) as

comprising the 52' subsite five differ between N-domain and tACE [C-domain]
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The major differences are the replacements of hydrophobic valines V¥"® and V3%
by serine and threonine, respectively, and the conversion of acidic residues —
E¥D and D*°E. These changes may sterically interrupt the possible H-bond
interaction between the nifrogen of the indole ring of the P2’ tryptophan and the
D*3 carboxylate in tACE.

1.4.3. Project Aims

Although these findings provide some explanations, further structural data are
required in order to gain definitive insights into the interactions mediating such
selectivity, and these data may even point to mechanisms associated with the
selectivity. There are at least two currently tractable ways to achieve these
insights: co-crystallisation of RXPA380 with tACE or the C-domain of ACE, or
structural determination of a tACE [C-domain] mutant containing N-domain
residues in the key positions, preferably co-crystallised with lisinopril or
RXPA380. We have adopted the former approach, and expect this to shed light
on the factors determining selectivity in the C-domain.

Therefore the aims of this project are:

1. Determination of the conditions that are conducive to the production of
diffraction-quality and -size crystals of minimally glycosylated tACE-
inhibitor complexes;

2. Co-crystallisation of tACE with the C-domain-selective inhibitor RXPA380,
X-ray diffraction data collection, and solution and refinement of the
structure of tACE complexed with RXPA380;

3. Modelling in silico of the tACE-RXPA380 interaction for comparison of the
modelled interactions with those in the crystal structure.
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2. MATERIALS AND METHODS
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2.1. Protein expression

Testis ACE (1ACE) mutants with reduced glycosylation were previously
produced by site-directed mutagenesis and stably transfected into Chinese
Hamster Ovary (CHO) cells (Gordon et al., 2003). The mutants used in this
work were the tACE-g13 and tACE-g3 mutants, which have only two (1% and
3" and one (3") glycosylation sequons intact, respectively. CHO cells were
cultured in medium composed of equal amounts of Dulbecco’s Modified Eagle
Medium (DMEM) and Ham’s F12 (Highveld Biological, Lyndhurst, RSA), 2%
foetal calf serum (Gibco BRL, Life Technologies, UK), and 0.02M HEPES as
described previously (Ehlers et al., 1991a). The medium was harvested at ~3
day intervals for 14-16 days after the first induction with ZnCl,. After the first
two passages with 2% FCS medium some of the T150 flasks were exposed to
2% FCS medium containing the a-glucosidase | inhibitor N-
butyldeoxynojirimycin (NBDNJ). The bulk of the medium was stored at -20°C,
with 1 mL aliquots removed in order to carry out ACE activity assays.

2.2. Purification by affinity chromatography

Medium containing tACE-g13 mutant protein was passed over a lisinopril-
Sepharose affinity column at a rate of 1.1 mL/min using a Gilson Minipuls2
pump (Viliers-le-Bel, France). The entire flow-through was retained and
assayed for ACE activity. The column was washed overnight with wash buffer
(20 mM Hepes, pH 7.5 containing 0.3 M NaCl) and eluted with 50 mM sodium
borate (pH 9.5). An in-line spectrometer (D-Star Instruments, VA, USA)
measured absorbance of the eluted fractions at a wavelength of 280 nm.

2.3. Enzyme activity assays

The eluted fractions were pooled and dialysed against 5 mM HEPES pH 7.5
containing protease inhibitor (0.1 mM PMSF, Roche Diag. GmBH, Germany)
for 24-36 hours.
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The enzyme activity of the dialysate was measured using hippuryl-histidyl
leucine (HHL) as substrate (Friedland & Silverstein, 1976). Briefly, dialysate
aliquots were incubated at 37°C for 15 minutes with the substrate HHL. The
reaction was stopped by placing the tubes on ice and adding 750 ul of 0.28 M
NaOH. 50 ul of 8 mM o-phthaldialdehyde was added, and the sample was
left for 10 min to allow formation of the fluorescent adduct from the reaction
between the o-phthaldialdehyde and the primary amine of the histidyl moiety
of HL that results from ACE activity.

The dialysate (or aliquot of each fraction, or of harvested medium) was diluted
appropriately so that the fluorescence reading would fall within the acceptable
detection range. In the case of the medium activity assays, five- or ten-fold
dilutions were carried out in order to minimise the effect of quenching of the
fluorescence signal due to the presence of many other proteins and other
organic material in the harvested medium samples.

2.4. Protein concentration

A 4mL volume ultracentrifuge tube (Millipore, MA, USA) was washed with
5mM HEPES. The dialysate was placed into the tube over the filter, and
centrifuged at 4500 x g until the desired concentration was reached. The
protein content was determined using a standard Bradford assay (BioRad
Laboratories GmbH, Germany). The concentrated ACE was stored at 4°C. To
check the purity of the concentrated enzyme, between 3 yg and 20 pg of the
sample wés electrophoresed on 10% SDS-PAGE.

2.5. Crystallisation

2.5.1. General crystallisation conditions

Crystallisation (or reservoir) buffer was prepared as done previously (Gordon
et al., 2003; Watermeyer et al., 2006). The buffer solution consisted of 15%
polyethylene glycol (PEG) 4000 (Fluka Chemie GmbH, Switzerland), 50 mM
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hydrated sodium acetate (Merck, Darmstadt, Germany), and 10 uM hydrated
zinc sulphate. The pH of the buffer was adjusted to between 4.4 and 5.0 with
HC! and NaOH using a Beckman pH machine (Beckman, Irvine CA, USA).
The buffer was filter-sterilised (0.22 um filter) and stored at 4°C.

Typically, drops of volume 4 ul. were placed onto each cover slip (2 uL protein
or {(protein + inhibitor) mixed into 2 pL reservoir buffer) and inverted over a 1
mL reservoir buffer volume (the hanging drop method). This was optionally
overlaid with 0.5 mL of a 1:1 mixture of silicon:paraffin oils (Hampton
Research, Aliso Viejo CA, USA).

Crystallisation trials were set up at an ambient temperature of 18-21°C in an
attempt to minimise condensation on the cover slips. Plates were placed in a
low-temperature incubator (United Scientific, Cape Town, RSA) at 16°C, atop
three layers of packing foam (~4 cm total thickness) in order to minimise
interference with crystal formation by vibrations of the incubator.

2.5.2. Initial tACE-g13-RXPA380 co-crystallisation
conditions

The range of inhibitor concentrations used initially was such that a final (in-
drop) concentration of between 3 nM and 1 uM was used in the crystallisation
trials. The final in-drop protein concentration was either ~0.75 mg/mL or ~1.65
mg/mL., which correspond to approximately 10.5 uM and 23 uM, respectively.

2.5.3. Final tACE-g13-RXPA380 co-crystallisation
conditions

Crystals of native tACE-g13 (the original in-drop concentration was 1.65
mg/mL) were dissolved by transferring the cover slip to a well containing only
distilled water. After 24 hours, 1 pl of 0.46 mM RXPA380 was added to the 4
pL, drop. This resulted in an effective concentration of ~0.1 mM of the
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inhibitor. The cover slip was then re-transferred to the well containing the
appropriate reservoir buffer, as before.

2.6. Data collection and processing

Crystals were visually inspected for quality, and their dimensions were
measured using an in-lens graticule on a stereomicroscope (Leica
Microsystems, Wetzlar, Germany). Images were acquired on a Leica Z16
APO (KLIS00 LCD) stereomicroscope connected to a computer, using the
IM500 program (Leica Microsystems, Wetzlar, Germany).

2.6.1. In-house data collection and processing

Preliminary diffraction data from the best crystal produced using the initial co-
crystallisation conditions were collected on the in-house X-ray diffraction
machine at the University of Western Cape, South Africa. The X-ray diffraction
machine consists of a Rigaku RUH3R copper rotating-anode X-ray source
operated at 40 kV, 22 mA,; a Rigaku R-axis IV+ image plate camera (Rigaku
MSC, Tokyo, Japan); an X-stream 2000 low-temperature system (Rigaku
MSC, Houston TX, USA); and an AXCO PX50 glass capillary optic with a 0.1
mm focus (Australian X-Ray Capillary Optics, Parkville VIC, Australia).

Images were collected between 0° and 180°, with an oscillation angle of 0.5°
per frame, to make a total of 360 data frames. The exposure time for each
frame was 600 s. The detector-to-crystal distance was set at 100 mm, and
later refined to 102 mm.

The image frames collected were indexed and integrated with Denzo and
scaled and merged with SCALEPACK (Otwinowski & Minor, 1997). Molecular
replacement using EPMR v2.5 (Kissinger et al., 1999) and the structure of
native tACE-g13 (Watermeyer et al., 2006) as starting model was carried out
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to obtain an initial model with phases. Data in the resolution range 15 - 4 A
were used in the evolutionary search procedure.

Model refinement was carried out using input scripts (modified as required) of
the Crystallography and NMR System (CNS) v1.1 (Brunger et al., 1998).

2.6.2. Synchrotron data collection and processing

Testis ACE-g13-RXPA380 co-crystals, produced using the final co-
crystallisation conditions, were transported in trays to the European
Synchrotron Radiation Facility (ESRF) at Grenoble, France. The crystals were
observed again under a microscope to ensure that there had been no loss or
damage in transit. The selected crystal was picked and soaked briefly in a
mixture containing 80% reservoir buffer and 20% glycerol, acting as
cryoprotectant. Each crystal was then placed in a special labelled vial
containing liquid nitrogen. Ten of these vials were slotted into a cartridge (or
“puck”) for storing the crystals within the microdiffractometer.

Diffraction data were collected on the BM14-UK beamline at ESRF, using
radiation of wavelength of 1.033 A with maximum intensity of ~7.5 x 10"
photons. The beam had a focal area of 0.25 mm?. Diffraction images were
recorded on the MARMOSAIC225 charge-coupled detector, and had an area
of 225 mm x 225 mm. Images were collected between 0° and 144° with an
oscillation angle of 1.0° per frame, to make a total of 144 data frames. The
exposure time for each frame was 40 s. The detector distance was set at
193.8 mm.

The image frames collected were indexed, integrated, scaled and merged
with HKL2000 (Otwinowski & Minor, 1997). Molecular replacement using
EPMR v2.5 (Kissinger et al., 1999) was carried out to obtain an initial model
with phases. The structure of native tACE-g13 (Watermeyer et al., 2006) was
used as a starting model. Data in the resolution range 15 ~ 4 A were used in
the evolutionary search procedure.
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2.7. Structure refinement

Model refinement was carried out using input scripts (modified as required) of
CNS v1.1 (Brunger et al., 1998). An initial B-factor correction was employed in
each refinement round, with a low-resolution limit of 6.0 A. A general bulk
solvent correction was also automatically determined and used. Coordinate
minimisation was carried out using a maximum likelihood target with structure
factor amplitudes. A relative weighting for the X-ray term was automatically
determined and applied. An automatic weighting term was also applied during

B-factor minimisation.

Difference Fops —Fcaic and 2Fqps ~Fcac maps were calculated using coefficients
calculated from sigmaa weighting. A test set of 776 reflections (3.7% of the
total) was excluded from all refinements, and was used to calculate the Rpee
statistic. Inspection of maps and models and model building was all carried
out in O (v10.0) (Jones et al., 1990).

After the first round of refinement, the program Mapman (Kleywegt & Jones, -
1996) was used to locate the zinc and chloride ion peaks. These locations
were confirmed by inspection in O. Group B-factors were refined (with each
residue treated as two parts, main chain and side chain). Water molecules
were added gradually to the model with Mapman and generally searching for
peaks above 40 in the Fops —Fcae map. These were confirmed or added to
using the CNS script water_pick.inp, and checked in O, by ensuring that
reasonable hydrogen bond donors and acceptors were available to the
putative waters. In later rounds of refinement some peaks above 30 and 2.5¢

were also used.

In order to obtain coordinates for the glycan residues, a Cq-alignment of the
model to a complete native tACE-g13 structure was made. Glycan residues at
N (g1, one glycan) and N'* (g3, up to five glycans) were then adjusted to fit
the observable difference density. Later on in refinement, the glycan at N7
and one of the outermost glycan residues at N'® (a mannose) were removed
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because of unclear density and very high B-factors suggesting only partial
occupancy or a high degree of flexibility.

The inhibitor RXPA380 (Georgiadis et al., 2004) was built from the available
chemical structure and stereochemical details using the ProDRG server
(Schuttelkopf & van Aalten, 2004). The server also generated the molecule’s
topology and parameter files for use in CNS, and minimised the structure for
the first manual “docking” into the active site. The minimised structure was
then manually placed into the active site using tools in O. Permitted torsion
angles of the molecule were adjusted in order to fit the electron density as

seen in the difference map.

In subsequent model building the cis- and trans- conformations of the peptide
bonds were checked, although the peptide torsion angles were not altered.
The inhibitor was fitted until no positive peaks above 1.80 in the Fops —Fcarc
map remained, and no significant negative density peaks (indicating atoms in
the model not accounted for by the density map) were discernible.

The cycles of refinement were concluded when they resulted in no further
substantial improvements in the map phasing and no further decrease in both

2.8. Structure validation and analysis

The MolProbity server was used to switch asparagine, glutamine and histidine
side chains by 180° where the analysis of nearby contacts and hydrogen
bonding network supported such a switch (Davis et al., 2004).
Ramachandran, rotamer and Cg plots were also generated and checked.
PROCHECK was used to generate Ramachandran plots and other
stereochemical plots that give indication of the quality of the model
(Laskowski et al., 1993).

Alignments of the ACE-RXPA380 model with previously determined structures
were carried out using PyMOL (Delano, 2002).
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The CASTp server was used to calculate the volume of the active site cavity
in tACE-g13-RXPA380 with a probe size of 2.5 A (Binkowski et al., 2003).
This was compared with the N-domain structure.

2.9. Modelling: Docking and molecular dynamics of
RXPA380 in active site of tACE

Files of the testis ACE complexed with lisinopril (1086.pdb) and of the N-
domain complexed with lisinopril (2c6n.pdb) were used as the starting points.
These were accessed and processed on a Silicon Graphics (SG) Octane
workstation (Silicon Graphics, Mountain View, CA, USA) using INSIGHT i
version 2000 (Accelrys, San Diego, CA, USA).

Files were prepared for cycles of energy minimisation and dynamics by
appropriate adjustment using the Builder module of INSIGHT Il. Atom
hybridisation and potential values were set appropriately. The consistent
valence force field (CVFF, filename cvff.frc) was applied. Because INSIGHT i
is not set up to recognise and incorporate the Zn®' in its calculations, an
appropriate substitute ion was chosen — Mg?". In order to fix its position, the
active site cation was bonded to the coordinating histidines, H*? and H®.

The phosphinate inhibitor RXPA380 (Dive et al., 1999; Dive et al., 2004) was
built into the active site with lisinopril as the starting template and using the
INSIGHT |l Builder module. Measure functions in the Viewer module were
used to identify probable steric clashes between new inhibitor structures and
the protein. The inhibitor moieties were then manually adjusted so as to be in
as sterically favorable orientations as possible.

The inhibitor and metalloprotease were combined into a single assembly for
the molecular modelling steps. The Discover_3 module was used for all
energy minimisation and molecular dynamics steps. The protocol used was
the following:
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= 2000 steps of Polak-Ribiere conjugate gradient minimisation

» 2000 cycles of molecular dynamics using Velocity-Verlet integration
method (time-step = 1 fs)

= Compilation of a history of the configurations at an interval of 10 cycles,
i.e. 200 frames

= Determination of average conformation from history trajectory;

= 3000 steps of Polak-Ribiere conjugate gradient minimisation applied to
this average conformation.

All experiments were carried out at constant volume (NVT), at a constant
temperature of 300 K, with a dielectric constant of 1, and in vacuo. Water
molecules were also excluded. The non-bonded cut-off for molecular
dynamics was 9.5 A (Nchinda et al., 2006a, 2006b).

The output conformation was written out fo a pdb file for further analysis.
Ramachandran plots were drawn using MolProbity (Davis et al., 2004) and
PROCHECK (Laskowski et al., 1993). To aid with evaluation, these were
compared to corresponding analyses of tACE-lisinopril (pdb code 1086) and
ACE N-domain-lisinopril (2c6n) (for C- and N-domains, respectively). An all-
molecule Cqalignment to the ACE C-domain (1086) was then carried out and
a rm.s.d. value was calculated. An active-site alignment, using the 20 active
site residues within 5 A of lisinopril in the PDB structure, was also carried out
in order to provide a comparable illustration of the inhibitors bound in the
active site. All alignments and molecular figures were generated using PyMOL
(DeLano, 2002).

The key residues surrounding the inhibitor side chain groups at each subsite
were consequently determined.
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3. RESULTS AND DISCUSSION
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3.1. Protein expression & purification

Mediun harvested from tACE-g13 and tACE-g3 CHO cells was assayead
using HHL as substrate. The specific activity of the medium was 142 mUimL
{total volume = 340 mL} and 89 ml/mL (iotal volume = 450 mL) for tACE-g13
and tACE-g3 respectively (1 mlJ defined as 1 nmol HL produced per minutg).

tACE-913 and tACE-g3 were purified from cuiture medium using a lisinopril-
Sepharose column. The pre-columa and post-cofumn aliguots wers assayed
in order to determine ACE yields. For bath tACE-g3 and tACE-g13 the yields
were over 50%, indicating recovery of sufficient tACE to proceed with

crystallisation experiments.
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Figure 3-1. 10% S505-PAGE showing effect of removal of glycosylation sites from tACE.
Between 10 and 20 pg of protein was |oaded per lane. Marker lane (M) molecular
weights are in kDa. Lanes 1-2: 10 pg and 15 pg tACE-g3, respectively. Lanes 3-5: 20 g
per lane of different preparations of tACE-g13. Lane &: 20 pg fully glycosylated tACE.
The faint bands below the major bands collectively comprised fess than 5% of the
protein loaded per lane.

The protein concentrations of the post-column fractions after dialysis were
0.158 mg/ml (total of 1 42 mg} and 0 181 mg/mil (total of 1.20 mg) for tACE-
013 and tACE-g3, respectively. SD5-PAGE showed the dominant tACE-g13
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protein had a molecular weight of 72 kDa (Fig. 3-1, lanes 3-5) which was
slightly lower than the fully gycosylated tACE (Fig. 3-1, lane 6). The tACE-g3
protein bands (Fig. 3-1, lanes 1 & 2) also ran lower than the fully glycosylated
tACE band, indicating similarly reduced glycosylation as expected. Minor
proteins comprised <5% of the total protein. The tACE protein recovered in
dialysate after purification gave a final yield of 4.2 mg/L and 2.7 mg/L for
tACE-g13 and tACE-g3, respectively.

3.2. Crystallisation

Initial parameters for crystallisation conditions were obtained from previous
work successfully carried out on tACE-g13 (Gordon et al., 2003; Watermeyer
et al., 2006).

3.2.1. Crystallisation of tACE-g3

Aliquots of tACE-g3 were concentrated to 2.0 mg/mL and 4.2 mg/mL, as
determined by Bradford assays. The final concentration of tACE-g3 in the
drop was 2.1 mg/mL. Clusters of needles, or alternatively, microcrystal
showers were obtained (Fig. 3-2). Seeding was found to be a promising
approach for increasing the size of tACE-g3 crystals; however, these
experiments failed to yield diffraction quality crystals.

3.2.2. Initial co-crystallisation of tACE-g13-RXPA380
complex

Aliquots of tACE-g13 were concentrated to various extents, from 0.5 mg/ml to
6.6 mg/mL, as determined by Bradford assays. Production of native tACE-g13
diffraction-size crystals was achieved with final (i.e., in-drop) protein
concentrations ranging from ~0.25 mg/mL to 3.3 mg/mL. Crystals appeared
gradually between 2 and 7 days after screens were set up. A fine precipitate
was consistently observed to form before any crystals and remained after
crystallisation had occurred.
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Figure 3-2, Microcrystals of tACE-g3 {1.4mgimL) together with a considerable amount
of precipitato. Scale bar indicates 0.2 mm.

A 1.6 mg/mb final concentration of protein {23 pM} was used for the enzyme-
inhibiter co-crystallisation screens Inhibitor concentrations varned from 2 oM
ithe K; value for RXPA3BD) to 1 pM (a 333-fold excess of the inhibitor), The
larnest crystals were typically about 0.35 mm = 0.04 mm in the wvisible

dimensicns.

3.2.3. Final co-crystallisation of tACE-g13-RXPA380
complex

The concentration of the inhibitor in the co-incubation was incieased. There s
precedent for this approach — the co-crystals of tACEAZGNS with lisinoprii
{(~180 uM) and with enalaprilat (13 mM) and captoprit {10 mM) used for
structural determination all had excesses of inhibitor at least five orders of
magnitude higher than their inhibition constants (Natesh et ai., 2003, Natesh

et al . 2004)
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Figure 3-3. Re-crystallisation of tACE-g12 crystals in presence of RXPASED. A. 1ACE-
13 native crystals. B. The crystals had dissolved 48 hours after replacing reservoir
buffer with water. <. Within four days of the addition of 460pM RXPAJIB0 and
replacement of water with the regular reservoir buffer {15% PEGA40G). 50mM MNa-
acetate, 10pM Zni-sulphate), crystals had re-formed. D. Magnification of quadrant of
crystallisation drop (from C). Substantial precipitate is easily observed along with well-
formed needlo -shaped crystals. (Bottom right is a fibre, probably from clgthing)
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The concentration of RXPA380 used in the enzyme-inhibitor incubation was
therefore increased to give a final in-drop concentration of 92 uM, which is a
~30700-fold excess relative to the K; value, and an inhibitor-enzyme molar
ratio of 4:1. This was achieved by dissolution and re-crystallisation of native
protein crystals in the presence of 0.46 mM RXPA380. This approach was
used, rather than using fresh protein sample, as this protein was clearly
amenable to crystallisation. Soaking was not used as it is thought that
substrate/inhibitor access occurs via a conformational change (by hinge
movement) that is both masked and prevented by crystallisation, so that
inhibitor may not have access to the active site after crystallisation (Towler et
al.,, 2004; Watermeyer et al., 2006). The crystals produced were noticeably
smaller than the original crystals, with dimensions of approximately 0.2 mm x
0.02 mm for the largest crystals (Fig. 3-3).

3.3. Data collection and processing

3.3.1. In-house data collection and processing

In total 424220 diffraction spots were recorded, and these data were indexed,
integrated, scaled and merged with Denzo and SCALEPACK programs
(Otwinowski & Minor, 1997) to yield 104529 reflections to 2.8 A. 17739 unique
reflections were obtained, with Rsynm = 26.1%, /o = 3.4, mosaicity = 0.68.

The structure was solved using molecular replacement with EPMR v2.5
(Kissinger et al., 1999), with a correlation coefficient of 0.713 and R-value of
0.575. A view of the initial Fourier difference Fgps — Fcac Map gave no
discernible evidence for the presence of the inhibitor bound to the tACE active
site. Therefore structure refinement was discontinued for these data.

58



3.3.2. Synchrotron data collection and processing

After two months of storage in crystallisation trays at 16°C the crystals were
transported to the European Synchrotron Radiation Facility (ESRF) at
Grenoble, France.

gy e g Statistics by resolution shells.

Lower Upper Redund.” Intens® o(l) i o) x2 Rsymm (%) No. refl. g
50.00 5.81 5.4 243.0 9.5 256 0.61 47 2113
5.81 4.82 87 186.2 11.7 168 069 8.9 2000
4.62 4.03 57 2231 15.5 144 091 12.2 1893
4.03 3.66 5.1 252.2 236 10.7 147 18.1 1931
366 3.40 4.8 165.8 256 65 1.14 231 1678
340 3.20 8.7 108.0 17.3 8.2 071 258 1959
3.20 3.04 5.6 804 174 47 070 324 1949
3.04 2.9 55 59.4 17.0 35 068 427 1931
2.91 2.80 54 48.1 16.5 29 070 50.7 1940
2.80 2.70 52 316 13.7 23 071 61.3 1929
All shells (50-2.7) 54 141.7 16.5 86 082 18.3 19423

¥ Redund. = Data redundancy; Intens. = Signal intensity; No. refl. = Number of reflections

Altogether 144 diffraction images were collected, each to a resolution limit of 2
A (Fig. 3-4). A total of 525398 diffraction spots to 2.7 A were indexed,
integrated and scaled to 105024 reflections. The symmetry-related reflections
were merged, fo give a total of 19423 unique reflections. The two major
quality measures, l/o (8.6), and Rsymm (18.3%), were satisfactory for the set of
reflections. In particular the l/o ratio, although being somewhat low for
expected signal-to-noise ratios in crystallographic datasets, was considerably
higher than the corresponding figure for the P2412124 space group’s systematic
absences (/o = 0.16). Although the outermost shell (2.8-2.7 A) had Rsymm =
61.3%, these data were included on the basis of high completeness (99.2% —
although HKL programs do not reject observations (Gewirth & Majewski,
2003); Table 3), good redundancy (5.2) and acceptable signal-to-noise (2.3)
ratios. The ¥ value (0.82) for the set of reflections is somewhat lower than
unity, the ideal value, so the error model should have been adjusted during
processing. However, since x° is proportional to the square of the errors (o),
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even a deviation of 20% from 1.0 for ¥° represents just a 10% adjustment in o,
which is accepiable {Gawirth & Majewsk:. 2003 The data collection statistics
by resolution shells are shown in Table 2.

) i

Figurc 3-4. Diffraction image collected for tACE-g13-RXPAIE0 co-crystals at BM14-UK,
ESRF.

The dark rings are due to ice and perhaps frost on the swface of the trystals

(Glagser et al, 2000} Due to the particularly dark innermost ring, the
af that shell was lower than all the other shells (4.8 vs average 5.4. Table 2).

However this redundancy still indicated the coilection of sufficieni data in the

shell for data collection and subsequent stiucture aolution.
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Table 3. Crystallographic data statistics. Values in parentheses refer to the last shell
(2.80-2.70 A).

Diffraction data Value
Unit cell (lengths in A, angles in °) =59.89, b=85.15, ¢=135.32; a=90,

8=90, y=90
Space Group P242424
Mosaicity 0.42
Resolution range 50-2.7 A
Total No. of reflections 105024
No. of unique reflections 19423
Completeness ® (%) 98.2 (99.2)
Redundancy 5.4 (5.2)
Vo 8.6 (2.3)
Rsymm (%) 18.3 (61.3)
X 0.82 (0.71)

“Completeness data from HKL2000 include those reflections (2044, i.e. 10.4%) which were
subsequently found to have <> 5 (. Taking these data into accourt, the final completeness
figures were overall = 89.6%, outer shell = §1.3%.

3.4. Structure solution and refinement

Molecular replacement using EPMR v2.5 (Kissinger et al., 1999) and a native
tACE-g13 structure (Watermeyer et al., 2006) as a starting model yielded a
solution after just 2 cycles. The correlation coefficient was 0.693, with only
one molecule in the asymmetric unit.

The first B-factor correction was in effect the initial assignment of B-factors to
the atoms, and this resulted in a significant decrease in the R-factors (Fig. 3-
6).

After the first round of refinement (comprising a given number of cycles of
conjugate gradient minimisation with maximum likelihood targets — see Fig. 3-
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5], the active site zinc and 2 chloride lons were located and added to the
madel. The sites of these ions were found at over 50 in the Foes — Foae Fourier
difference maps. Further model building and refinemeant led to the addition of
the glycan residues at N and N'™ Throughout the model buillding the glycan
chain at N did not visibly extend beyond the first N-acetyl glucosaming
linked to the asparaging. and eventually even this was removed from the
madel. At N'™ however, several residues were visibie, and most of these
were refained in the final model Waters were also gradually added as
refinement proceeded. Most of these were added aftar inspaction of the active
site and subsequent modelling of the inhibitor.

A 2F s — Foae Composite omit map was calculated in order to reduce model
bias. However this was found to be so similar to the 2F... — Fooe that it gave

essentially the same information, and so its use was discontinued.

- H383
Hsai [ ’ \
Q#ll ﬁ ’ i‘
e =, : / R : A

:ﬂ; “F j sl § ’ ~ ¥ .

o £ ' el £

IHSIH f i :',

kst ' /

5 )

Figure 2-5. Stereo representation of active site of model with Fouriar difference (F..; —
Foacl Map contoured at 2.50 level, before modelling of the inhibitar, The zinc atom is
shown as a sphere.

Aftar several rounds of refinement, the Fu. — Fo.. map of the active site was
examined at 2.50 (Figs. 3-5, 3-6). This clearly indicated continuous density,
suggesting a molecule coordinated to the zinc in an orientation similar to
lisinaoril and ather inhibitors. A crude alignment of a model of the RXPA3S0-
tACE complex (Fig. 3-17) with the present mode! and electron density map
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showed that the RXPA380 molecule could account completely for the as yet
unassigned density.

RXPA380 was successfully built with the correct stereochemistry and
minimised using the ProDRG server (Schuttelkopf & van Aalten, 2004). This
first structure was placed into the active site of the tACE-g13 model and
adjusted, primarily by altering permitted torsion angles appropriately. Density
for the pseudo-proline and the C-terminal tryptophan residue (particularly its
side chain indole ring) could be seen very clearly between the zinc-
coordinating region (occupied by the phosphiny! group) and the known C-
terminus-coordinating residues K*'', Q?®' and Y®%°. On the other side (the pre-
scissile bond side) the relative positions of pheny! ring and the carboxybenzyl
group were easily distinguished by size, and fitted accordingly. After a round
of refinement the overall position of the inhibitor was in accordance with the
2Fops — Feare electron density, although the C-terminus (particularly the
tryptophan indole ring) required further attention.

Once the inhibitor model was built into the active site in a conformation that
satisfied the constraints of the torsion bonds and the electron density, a final
check of the model was carried out, with the addition of further water
molecules and the modification of glycan residues and the side chains of
other residues. In total 109 water molecules were included. A last round of
restrained refinement saw the Rcyst and Riee values drop to 23.69% and
27.97%, respectively (Fig. 3-6). This improvement in phasing did not lead to
any significant alterations in the density maps to allow further improvement of
the model, particularly at the glycan chains or the active site. The residues
435-438 in a flexible loop and 618-623 at the C-terminus, for which
continuous density could not be determined, even for the main chains, were
truncated from the final model. This truncation resulted in slight increases in
Reryst 10 23.70% and Riee 10 28.17%, since these residues were accounting for
the observed data, however insufficiently. The data refinement statistics are
shown in Table 4.
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Table 4. Refinement statistics.

Parameter Value
Resolution range (outer shell) 50.0-2.7 A (2.8-2.7 A)
Reryst (outer shell) % 23.7 (36.6)
Riee (outer shell) % 28.2 (40.3)
No. of protein atoms 4736
No. of solvent atoms 103
No. of inhibitor atoms 44
RMS deviations from ideality

Bond lengths 0.009 A
Bond angles 1.5°
Dihedral angles 20.9°
Improper angles 1.1°
Estimated coordinate error 0.37 A
B-factors (A%

Overall mean B-factor 29.6
Protein main chain B-factor 29.8
Protein side chain B-factor 31.3
Solvent atoms 21.2
Inhibitor atoms 23.2
Zinc atom 13.9
Chiloride atoms (CL1, CL2) 12.4, 18.4
Ramachandran analysis

Residues in favoured regions (%) 533 (93.5)
Residues in allowed regions (%) 36 (6.3)
Residues in disallowed regions (%) 1(0.2)

Reyst = Zp {{Fops) = |Feaicl} / Zn |Fovs|, Where Fops and Fege are the observed and
calculated structure factor amplitudes of the reflection h.

Rirse = Zp {Fobs] — |Feaic]} / Zn |Fonsl, where Fops and Feac are as above, for a test set of
3.7% of the reflections that were unused in refinement.
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Step  Action i -
1 fi-tactor carracticn
2 10x restrained refinarmant
3 lzrms added; Group B-factar refinameant
4 Meodel-buwild, 12= restrained refinement
5 Viiatars in, model-build, 20% restrained refinament
= Model inspection, 32x restrainad refimement &« f-factor refinement
T Watars adied, 4 restrained refinement, 7» S-factor refinemeant
B Inkibiter added. 12= restrainad refinerment
4 Inhikitar pesition improved; 16= restrained refinemeant. 8% 5-factor refinemeant
10 Inhibitor tryptophan positionad; 24 = restrained refinemant
11 Waters in, 2 glycans oud; 29% restraned refinement
12 H M, CHlgs rotamer cullbers adiusted: 13= restramad refinement, 3= D-facter refinameant
13 VWaters . g7 glycan out, mredel inspecticn: 27 = restrainad refinemant, &x» B-factor refinemeant
14 Chosordarad regions (434-437, 57 8-G23) remaved

Figure 3-6. Progression of R-factors with model building and refinemeant, with
appended table gutining refincment actian.
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The side chains of three N, nine Q and three H amino acid residues were
“flipped” by the MolProbity server (Davis et al., 2004), in order to improve the
probable hydrogen-bonding network of the molecule. These flipped N
residues did not include N7 or N'®, as these are the sites of glycosylation,
and have fixed side chain orientations.

Table 5. Comparison of unit cell dimensions of tACE structures determined to date.

Structure (pdb code) a(A) bA) c(A Unit cell volume (A°)

Native tACE (108a) 56.62 85.06 133.79 8443458
tACE-lisinopril (1086) 56.47 8490 133.99 642388.7
tACE—captopril (1uzf) 56.65 8490 133.50 642079.6
tACE—enalaprilat (1uze) 56.72 85.35 133.73 647393.9
tACE-g13 2 5081 8490 13599 690539.4
tACE-g13-RXPA380 50.89 8515 135.32 690060.2

“J.M. Watermeyer (2004).

3.5. Structure validation

MolProbity Cg and rotamer plot checks revealed no structural anomalies
requiring urgent attention (Davis et al., 2004). Ramachandran plots and other
analyses indicated satisfactory geometry. A few outliers flagged in the
MolProbity-generated Ramachandran plot were checked and adjusted
accordingly. These included A% whose carbony! oxygen has been shown to
coordinate the lysyl amine nitrogen in the tACE-lisinopril complex (Natesh et
al., 2003).

The final structure (after the truncations) was not minimised because the
changes to which the penultimate model was subjected were collectively
minor, and the Rgee value, in remaining constant or increasing with more
cycles of minimisation, indicated that over-refinement was a distinct
possibility.
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Fingl Ramachandran plots from MaoiFrobity (Davis et al| 2004y and
PROCHECK (Laskowski et al., 1993) for this final adjusted madel indicated
that almost ali residues had satisfactory phir and psi angles (Fig. 3-7, Tablie 4).
The only non-glycing exception was A'% which is marginally an outlier
according to MaolProbity. This can be attributed to the fact that this residue
follows a proline in sequence, and occurs effectively at the junction between

loop and a-helix 4.

b s

-
1501 | o B 11 104

Figure 3-¥. Ramachandran plots. Left: PROCHECK Ramachandran plot of final model.
Only 8 few glycine residues {represented by triangles), are to be found in the
disallowed regions, shown in white. Right: MolProbity Ramachandran plot of final
maodel, excluding glycine and proline residues,

3.6. Structural analysis

3.6.1. Overall structure of tACE-g13-RXPA380 complex

Like other t&CE struciures. the present structure reveals a predominantly
helical protein, elliptical in shape and containing a buried active site between
two sub-domains The tACE-g13 unit celt is marginally larger than the
tACEA3BN. from the dimenstons of both the native structure and this ligand-

bound structure (Tabkle 5}
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Figlire 3-8, Sterec view of final modelled position of RXPA33S0 {purple carbons,
phosphorus in orange) in tAGEﬁgﬂ active site and its fit with experimental density
map. The catalytic triad !_HSB:". HY E'm:l is ghown in groon lines. The ging ion and a C-
termingl carboxylate-coordinating water are shown as metailic blue and red sphetres,
respectively, Density map s 2F .. — F.. contoured at 1.3 0.

Both domains contribute residues to the active site (Natesh et al.. 2003). The
atignmernt of tACE-g13-RXPAZE0 with the other structures reveals almost no
difference between them (rms.d. values = 024 A ACE-lisinopr], 0.26 A
fACE-enalaprilat], 0.26 A [tACE —captopril]. Fig. 3-9; Fig. 3-14).

Figuie 3-2. Stere¢ diagram of all-C. alignment of tACE-inhibitor complexes:
tACEA3GNJ—enakaprif {(1uze, purple], tACEA3ZSNJ—captopril (1uzf, biue), tACEAENJ-
lizinopril (1086, yellow) and tACE-g13—-RXPA3ED (green). Inhibitors are shown as sticks
in corresponding colours, The zine and chloride ions are shown as purple and hot pink
sphoras, respectivoly.
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(33). As with the previously determined native tACE-g13, the extent of
glycosylation that can be comelated with contintous electron density from
difference or omit maps is greater at N'™ (Fig. 3-10}. In this case. no density
could be interpreted even for the ring partion of the first V-acetyi giucosamine

residue linked to N7

Figure 3-18. Glycosylation of tACEg13-RXPAIBD at N109, residues shown as sticks .
Density map is 2F,u. — Foe at 1.20, The penuitimate residue {mannose), for which
sufficient difference density could not he discerned, is renderad as lines.

The glycosylation at N appears to be more extensive than that which

accurs at N in tACE-g13 (Watermeyer et al | 2008), at least with respect to
those glycan residues whose occupancy s sufficiently high and temperatire
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factors sufficiently low to allow their incorporation into the model. The N72
glycosyiation site has been shown to occupy a larger water channel than that
taken up by N' which could explain the greater degree of order abserved at
the N'™ site. This sale glycosylation site, alang with the rest of the tACE

surface, is sufficient for intermolecular contacts that facilitate crystallisation
(Watermeyer et at | 2006).

Figuro 3-11. Chlorida binding sites of tACE-gl3-RYPA280. A CI' site with water
channel. The tryptophan residues making up the hydrophobie shell are shown as kines
{except the chloride ligand W‘m"}. 2F . — Foae density maps are contouraed at 1.20.

The chioride sites {Fig. 3-11) werg easily discermible, a3 they were iccated
(together with the zinc ion) as peaks above 50 in a Fourer difference map.
The B-factors were refined to 124 A® and 184 A® for CI' and CF
respectively. The binding site of CI' ooours within a fydrophobic shell of four
tryptophan residues (W' 7% 485455 ane of which (W*) is also a chloride
ligand. In addition. two arginine residues, R'™ and R*™ coordinate the
chlorige from 3.2 A and 34 A, respectively. The fourth iigand, a waier
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molecule, could not be located with certainty at this resolution, although there
is a water molecule 5 A away that seems to form the end of a system of water
residues leading to the channel.

At CI?, the three ligands of the anion were side chains of R (N, atom) and
Y??* (0, atom). The presence of a water channel from the milieu into the CI?
site has been postulated by Tzakos and colleagues (2003), but strong
evidence for this was not observed at the site.

3.6.3. Binding of RXPA380 to tACE-g13

3.6.3.1. Overall

RXPA380 has been shown to bind to the C-domain of ACE with a K; of 3 nM,
comparable with the most tightly binding inhibitors of ACE (Wei et al., 1992;
Georgiadis et al., 2004). This inhibitor binds to tACE-g13 in an extended
conformation with its central phosphinate group coordinated to the catalytic
zinc (Fig. 3-8). Three residues, K°'', Q®' and Y*%, coordinate and stabilise
the C-terminal carboxylate from 2.6, 3.0 and 3.8 A, respectively. A water
molecule, wat11, appears to be coordinated to both oxygens of the
carboxylate. The zinc atom is penta-coordinated (Ts, trigonal bipyramidal
configuration) to the catalytic triad and the two phosphinyl oxygens (Fig. 3-
12). The two phosphinyl oxygen-zinc bonds are distinctly different in length,
at 256 A (Zn-0"") and 1.84 A (Zn-OPY, as is the case with other
phosphinate-metalloprotease complexes. In the bidentate coordination one of
the bonds is usually longer than the other, on average 2.54 A and 2.14 A in
the case of carboxypeptidase A- and leucine aminopeptidase-phosphonate
complexes (Kim & Lipscomb, 1990; Strater & Lipscomb, 1995; Alberts et al.,
1998). Stromelysin-3, or matrix metalloprotease 11, also has unequal
bidentate coordination phosphinate bonds in its complex with a phosphinic
inhibitor (means of 2.89 A and 2.33 A for the two P-O bonds in the six
molecules of the asymmetric unit) (Gall et al., 2001). A general feature of the
binding site of RXPA380 to tACE-g13 is the considerable space between sub-
site residues and the inhibitor. Only 12 atoms (from 8 amino acid residues,
and including zinc and a water) are found within 3 A of any inhibitor atoms.
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This 15 comparable with 10 atoms {of 6 amine acids, plus three waters and
zineh within 3 A of lisinopril in 1086, despite the fact that RXPA380 {44 non-H
atoms) is a considerably larger molecule than lisinopril (29 non-H atoms).

Figure 3-12. Sterao view of catalylic zinc penta-coordination in the active site of tACE-
13 complexed with RXPAIS0. Distances between zinc and coardin ating atoms shown
in Angstrims,

3.6.3.2. 52 sub-site

Positioning of an inhibitor sub-group at the 52 position has not been
previously observed in tACE-inhititor complexes, as the inhibitors were all
Type Il or Type Il inhibiters (Fig. 1-4). The benzene ring has hydrophobic
interactions with H*'™ and F*', the only side chains that are within 4 A of it
(Fig. 3-13). A hydrogen bond between the amine nitrogen of A and the
caroonyl oxygen of the Cbz group (2.46 A) likely prevents any flexible motion
of the Chz moiety, keeping # fixed in the side pocket (Fig. 3-13).

3.6.3.3. 51 sub-site

The hydrophobic phenyl ring in the P1 position interacts with the Cp of g
proximally, and with F*% and v*™ distal to the P2 and zinz-binding groups.
Nothing else in the 51 pocket is close enough to make significant interactions
with the ring. All of the previously determined ACE-inhibitor complexes [with

the exception of tACE—cantopril, 1uzf) have this phenvl ring. also referred to
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as a phenvlpropvl group, and i ocours in essentially the same arientation i all

of them (Fig 1-7, 3- 14) . e
(™ ;d ﬁ'\a
H410 @f” \k o, A \

Fl_gﬂure 313, 52 and 31 residues of tACE -g13—-RXPAIED. Residue side chains {except
and A 'r have been omitted for clarity.

3.6.3.4. S1' sub-site

This sub-site is occupied by a pseudo-praline moiety. Le. g nroline with the
amine nitrogen substituted by a carbon, desciibed as the C. carbon. This
carbon iz in the R sterec-configuration. in contrast with the adjacent C,
carbon, which is 5, as would be expected in protine. An alignment of active
site residues from 1086 and the tACE-g13 — RXPAZEB0 complex confirms the
prediction that the R-configuration of the C. carbon. together with the essential
S-configuration at the P1' C, (Cushman et ai., 1977). allows the prolyl ring to
adopt the same directional conformation as the lysyl chain in tACE lisincpril
(Geargiadis et al , 2004) (Fig. 3-14) Notably, the carbonyl oxygen of A*™ is
marginally displaced away frem the inhibitor (relative to the corresponding C-
O bond in tACE-isinopril), probably due tc the presence of a carbon atom
(C,} in place of the H-bond donor. In tACE-lisinopril this carbony! oxygen

farms a hydrogen bond with the main chain N
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Figure 3-14. Stereo view of Ca alignment of tACEA3IENJ-lisinopril (yellow) and tACE-
g13-RXPAZED (purple, rm.sd. = 0.24 A)] produces substantial cortespondence
betwaen inhibitor residues. Enalapril and captopril are essentially fully superimposabie
ovar lisinopril. The overlapping zinc cations are shown in mauve [that of tACE-g13—
RXPAIE0 iz lighter in shade).

3.6.35. 32" sub-site

The 52' pocket of tACE-g13-RXPA380 complex 15 a large binding pocket
(Fig. 3-15). There are 10 residues within 5 A of the tryptophan side chain
(Table &) In addtion. there are two water molecules, wat11 that is
coordinated to the C-termina! carboxylate, and wat13d. which mediates the
interaction between the tryptophan N. and the E¥" side chain.
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Figure I-15. Stereo view of tACE-g13 52" pockct containing RXPA3JS0 tryptoghan
resndue The 10 amino acid residuas within 5 A of the P2 tryptophan as well as E*" and
D** are shown in ball-and-stick notation, Water molecules are shown as Maroon

spheres. Selectad distances {in A) between the tryptophan and tACE-g13 residues are
lahelled.
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D*3 whose side chain is further than 6 A from RXPA380, forms a hydrogen
bond with a water molecule in the upper recesses of the S2' pocket; this
interaction is likely to keep the side chain in an angled conformation, away
from the P2’ tryptophan.

3.6.4. tACE-g13-RXPA380 vs ACE N-domain sub-sites

A C, alignment (544 atoms, r.m.s.d. = 0.77 A) of tACEg-13—-RXPA380 and the
ACE N-domain complexed with lisinopril (pdb code 2c¢6n, A chain) allows a
comparison of the sub-sites of the two domains (Fig. 3-16).

The major difference in the S2 pocket is the presence of tyrosine in place of
F3%1 of tACE. This may provide opportunity for a weak (due to length: 3.57 A)
hydrogen bond between the tyrosine hydroxyl and carboxy group of Cbz. At
P1 the slight shift of the phenylpropy! ring is consistent with the presence of a
polar threonine residue in place of V*'® (Fig. 3-16). Both these substitutions
are consistent with the selectivity of the N-domain for RXP407, which has a N-
terminal aspartate residue.

The differences between N- and C-domain S1' pockets have been described
previously (Natesh et al., 2003; Corradi et al., 2006). One noteworthy point is
that the alignment of the A chain of N-domain-lisinopril reveals particularly
close contact between the carbonyl oxygen of A (equivalent to A®* in
tACE) and the Cs of the pseudo-proline (2.0 A; ¢f 2.9 A in tACE-g13~
RXPA380). In the lisinopril complexes this oxygen forms a hydrogen bond
contact with the lysyl amine nitrogen. The variance in length of this H-bond
between the domains (2.6 A N-domain-lisinopril vs 2.9 A tACE-lisinopril),
together with the clash already mentioned, suggest that there may be
conformational restraints on the N-domain that prevent it from easily
accommodating the constrained pseudo-proline.
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The S2' pocket comparisons reveal several differences. The replacement of
V378 and V3 with S%7 and T°°8 in the N-domain increases the polar nature of
the pocket, and reduces the possibility of stabilising van der Waals'
interactions with the indole ring. D**® in the C-domain is replaced by a
clutamate. whose side chain faces away from the P2' residue, precluding any
reorientation occurs at the site of another conservative substitution. in tACE
wat13 is H-bonded to both E>™® and the indole nitrogen. This connectivity is
not possible in N-domain due to replacement of the E by D**. Not only is this
side chain shorter than that of glutamate, but it also faces into the protein, well
away from the inhibitor. (it must be noted, however, that both chains of the N-
domain structure contained no modelled water residues in the region of the
P2' pocket, most likely due to lower resolution of 3.0 A) Taken together, these
changes allow the S2' pocket to be considered as the major determinant sub-
site in the difference in binding affinity of RXPA380 to the C- and N-domains.

Analysis of the internal pockets in tACE-g13-RXPA380 and the N-domain—
lisinopril structure (pdb code 2¢6n, A chain) uncovers substantial differences
in the overall conformation of the S1' and S2' pockets. CASTp analysis
(Binkowski et al., 2003) revealed that the N-domain S1' and S2' pockets are
effectively contiguous when probed with a 2.5 A-radius probe, forming a large
cavity of volume 1152 A% By contrast, although the pocket comprising the
tACE-g13 S2' residues also incorporates a number of the S1' residues, at 857
A3 this pocket is much smaller than that found in the N-domain. This
difference in volumes and the substitution of S2' C-domain residues by
smaller residues in the N-domain (T2%2S, V®7°s, V3T E35D), together point
to the availability of fewer residues in the N-domain for interaction with the
inhibitor.
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Figure 3-16. Sterec view comparison of tACE-g13 {EC-domain) {purple) and ACE N-
domain {gold) sub-=ite residues, with particular amphasis on 52° pockat, and with
RXPA3ZE0 in the activa site. tACE numbering is used, sites where N-domain residues
differ are indicated with gold letters. Selected distances {in A) indicated with yellow
dottad lines. All water molecules {rad spheres) are from tACE-g13-RXPAJRD structura.

The overall stabilisation of the RXPA380 molecule by means of interactions at
the 52° pocket and the rigid conformation maintained due to the R-=
configuration of the pseudo-proling together seem to make the difference with
respect to selectivity. Compound 9, an RXPA3380 analogue n which pseudo-
proline and tryptophar are replaced by pseudo-alanine and alanine, has
identical K values for the M- and C-domains, ndeed. the measiured K values
{08 nht in each case! were lower than that of RXPA380 with C-domain
{Georgiadis et al | 2004), suggesting that the sub-site interactions do not
necessarily enhance binding. but merely provide a means for discrimination
between the two domains, 1t may be speculated that the 52 pockst is
sufficiently large to allow binding of various sizabie P2' constituents. For
example, compound 11 is another RXPA380 analogue, which has pseudo-
arginine in PZ" and is otherwise identical to RXPA380. K binds C-domain with
K = 9 nM which is quite similar to that of RXPA280 (Georgiadis et al., 2004}
But the interaciions of this group with the S2° pocket of N-domain appear not
to be as non-complementary as those of the indole ring, since K, = 200 nl for
the N-domain. Therefore differences in the S2' pocket distinguish the two

domains without necessarily resuiting in tighter binding.



3.6.5. Comparison of experimentally determined tACE-
RXPA380 and modelling predictions

In light of the difficulties faced in terms of obtaining co-crystals of tACE-g13
and RXPA380, the in silico docking and modelling of tACE and RXPA380 was
undertaken concurrently. In the event of the successful co-crystallisation of
the complex and subsequent structure solution and refinement, it is
worthwhile to compare the experimental sfructure with the structure predicted
from in silico modelling.

The energy-minimised tACE-RXPA380 molecular model (RXPA380MM) was
found to have more residues found in the generously allowed/outlier regions
of the Ramachandran plot. This was not considered to be a serious mark
against drawing conclusions about the possible binding of inhibitors at the
active site of the models. The minimisation algorithm allows the free
movement of atoms to attain the most overall energetically stable state, and
no constraint was imposed on phi and psi angles during the iterative
minimisations. Nevertheless, the Ramachandran plot of the residues of the
active site (residues wholly or partially within 5 A of the inhibitor) was
preferentially examined carefully in order to ensure that no gross distortions of
the active site region were overlooked.

The C, alignment of tACE-g13-RXPA380 and RXPA380MM revealed an
rm.s.d. of 1.55 A Alignment of residues within 5 A of the tACE-g13~
RXPA380 gave an r.m.s.d. of 1.15 A. Immediately evident in this alignment
was the general correspondence of all atoms with the clear exception of the
inhibitor's P2 Cbz group. The pseudo-proline rings were also not so well
aligned, especially at the C, carbon. The P2' tryptophan side chain and the P1
phenylpropyl group aligned particularly well. The all-inhibitor alignment
(rm.s.d. = 1.07 A) and the same alignment excluding the Cbz group beyond
the amine nitrogen (r.m.s.d. = 0.61 A) indicate the level of similarity between
the predicted orientation and that of the experimental structure (Fig. 3-17).
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Table 6. Predictions of tACE-RIPA3B0 conformation at $2' pocket compared with
experimentally determined structure. Distances of 12 residues (in bold) predicted to be
within 5 A of RXPA380 (Georgiadis et al., 2004). Tryptophan — $2° side chain distances
are measured in current modelled structure (RAPA3IBOMM) and experimental structure
{tACE-g13-RXPA380). Additional residues within 8 A are included. Shortest inter-
atomic distance between residue and tryptophan side chain is given in Angstréms.

Residues ® RXPA380MM prediction tACE-g13-RXPA380

o 3.5 Nz - Cs1 3.1 Nz - Cs
T282 3.5 Cy2 — Nes 4.3 Cy2 — Net
E*" 6.5 Og2 — Ny 6.1 Ocz — N1
vare 43Cy~Cp 4.8 Cyt —Cp2
v3eo 41 Cy~Cp 48Cp~Cp
p4® 4.7 Os2~Cp3 3.7 Op1 — Ci3
D** 5.3 Os - Cp2 6.2 Og2 ~ Nes
F47 3.1C¢~Cg 35C—Cg
480 6.5 Cez — Cs1 6.5Ce2~Cp
ys2 3.80,-Cs 3.30,~Cp
Yy 3.8Cs2—Cp 37Cs-Cs
Fo2 3.9C;—~Cp2 45C;~Ceg
Hes 3.8Cy—Cqs 3.7Cy~Czp
Wat11 ~ 4.50-Csp
Wat13 ~ 3.4 O~ N

* residues in bold are S2' residues from Georgiadis ef al. (2004). In each column the first-

named atom is from the residue side chain, and the second atom is of the RXPA380
tryptophan residue. The italicised residues are those more than 5 A from the RXPA3B0

tryptophan.

Equally significant are the discrepancies between the positions of important
residues in the P2' pocket. The prediction underestimates the distances
between valines 379 and 380 and the tryptophan residue by 0.5 and 0.7 A,

T282, F457 F527

respectively (Table 6). The predicted positions of , and also

collectively reduce the volume of the P2' pocket (Fig. 3-17, Table 6).
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Figure 3-17, Stereoscopic view of alignment of insight H-generated tACE-RXPA3S0
model (arange) and experimentally determined tACE-g13-RXPA3ED {purple). 32
inhibitor atoms (the Chz group was exciuded) were aligned with r.ms.d. = 0.61 A, All
water melecules ired spheres} are from the tACE-g13-RXPA3ED structure.

The consistent valence force field {CVFF) has its iimitations with regard to its
applicability to systems with bonded metals. |t is g clagsical force field, and
has beern parameterisad for aming acids, proteins and smali molecutes. As
dascribed in Materials and Methods, this force field is not parametenised to
recognise Zinc andg therefore the solution around this was o Use Magresium
instead, However, the parameters assigned to the metal as a result are
automatically generated, and thus not fully appropriate. The extensible
systematic force field (ESFF} is a more approprigte force field to yee, as it
both recognises zinc explictly and relies on atomic parameters that are
combined with empirically derived rules, which are used to generate force

field parameters,

Another criticism of the RXKPA380MM lies in the method of generation of an
average structure. The use of an average conformation may result in 3 highby
distorted starting model for minimisation, and ultmately a distorted final
madel, particularly if the minimisation 15 not allowed to go on to convergence

{as was the case) (Dr Jodi Shaulsky, persanal communication).
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These criticisms aside, the model-generated structure bore substantial
similarity to the experimentally determined structure. The previously unseen
P2 group is the notable exception, as it was not in the correct position. It
appears that the orientation of this group may have been much closer to that
of the tACE-g13-RXPA380 complex if the methylphenyl group had been
attached to the other oxygen of the carboxy group during the building of the
inhibitor. (But there was no obvious reason to choose one oxygen over the
other.) Put another way, it may be that the modelling allows too much
flexibility in this region where it appears that the spatial constraints imposed
by the protein are reduced. The crystal structure B-factors of the inhibitor
atoms (all below 30 A?) give no evidence of such a reduction, and therefore
do not support much flexibility for the P2 group.

In any case, optimisation of the protocol, particularly in terms of the use of the
best force field, ESFF, may allow for the confident generation of more putative
ACE-inhibitor complexes that give insight to domain-selective binding without
the difficulties attendant to co-crystallisation.
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4. CONCLUSIONS
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4.1. Protein expression, purification and

crystallisation

The expression and purification of the glycosylation mutant tACE-g13 has
proved to be a solid foundation upon which to extend structural investigations
of angiotensin-converting enzyme in our laboratory. Completed and ongoing
work has seen the stable expression of tACE-g13 in Chinese hamster ovary
cells, the crystallisation and structure determination of native tACE-g13
(Gordon et al., 2003; Watermeyer et al., 2006), and now the co-crystallisation
of tACE-g13 with the potent C-domain-selective inhibitor RXPA380. The co-
crystallisation conditions were essentially identical to those for native enzyme
crystallisation, with the addition of a 4-fold molar excess of inhibitor yielding
co-crystals.

4.2. Data collection, structure solution, refinement

and analysis

The successful use of the protein crystallography beamline BM14-UK at the
ESRF in Grenoble, France, is a milestone for South African structural biology.
The structure of tACE-g13—-RXPA380 has been solved to 2.7 A resolution by
molecular replacement, and refined in CNS.

The structure of tACE-g13—-RXPA380 represents the structure determination
of an ACE-type | inhibitor complex; that is, of an inhibitor with a P2
constituent group. All published structure complexes are of ACE with type 1l or
type lll inhibitors. This P2 group occupies a large pocket and interacts
hydrophobically with nearby residues.

The P1 phenylpropyl group and P1' pseudoproline groups are in close

alignment to the corresponding P1 phenylpropyl and P1' lysyl groups of the
tACE-isinopril complex.
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The P2' group has been considered the determinant of C-domain selectivity.
The interactions revealed by the three-dimensional structure firmly support
this hypothesis, particularly in view of the interactions of hydrophobic V*"® and
V3 with the tryptophan indole ring, and of the water molecule that is H-
bonded to both the indole nitrogen and E*®. The shorter aspartate residue in
the N-domain replaces this glutamate, and so the interaction is in all likelihood

lost.

4.3. Comparison of modelled tACE-g13-RXPA380
predictions with experimental structure

The modeliing of the interaction between tACE and RXPA380 provided an
opportunity to assess the quality of the predicted model with respect to the
experimentally determined structure. The INSIGHT ll-generated model agreed
well with the experimental structure, with the explainable exception of the P2
group. It appears that the inversion of the carboxyl moiety of the P2 group
could not be corrected during the INSIGHT I dynamics run.

Thus the structure has revealed a binding mode very similar to predictions
made by the synthetic chemists responsible for RXPA380 (Georgiadis et al.,
2004), and in modelling experiments carried out locally. These results suggest
that one can look with confidence upon modelling predictions, aithough there
were a number of methodological issues to consider. The appropriate choice
of force field was the most important of these.

4.4. Directions for future work

Now that the hypothesis that the S2' pocket interactions are the maijor driver
of selectivity has been confirmed, it remains to be seen just how the
RXPA380 molecule interacts with the N-domain. In conjunction with such
putative crystallographic work, it would also be useful to attempt co-
crystallisation of the N- and C-domains with the other phosphinate inhibitors
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synthesised by Dive and colleagues (Dive et al., 1999; Dive et al.,, 2004,
Georgiadis et al., 2004). The data they hléve already collected on inhibition,
together with the current study, point to thé likelihood that although C-domain
selectivity can be gained or lost by a P2' #hange alone, the selective binding
of an inhibitor is due to subtler cumulative effects at the binding site and
possibly beyond that. The dynamic aséects of enzyme catalysis have

historically proven difficult to elucidate. For example, nuclear magnetic
resonance spectroscopy studies (Galanis et!I al., 2003) have not yet provided a
view of the entire enzyme in solution (the ﬂrogress is reviewed by Spyroulias
et al. (2004)). In addition, although normal-n‘\wode analysis work has suggested
a mechanism by which the enzyme may opén to allow in substrate or inhibitor
(Watermeyer et al., 2006), the access;ibilitg}l of the active site has not been

systematically examined, and this may play La more important role than is yet
understood.

l
|
Another useful direction to explore H\; the kinetic and structural
characterisation of tACE-g13 active site mu&ants, particularly at the S1' and
S2' sub-sites. This work is ongoing in our I‘pboratory, and may bring some
insight into the individual contributions of residlues to the selectivity.

|
The modelling protocol has proved to be usef?ﬂ, although it is not yet optimal.
After optimisation of the protocol the modelling and analysis of binding for

other phosphinate inhibitors is also likely to su?gest ways in which to enhance
C-domain selectivity. |

|
|
1
|
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