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N-te:rmnal region 

C domain 

r--~~.""r~--l Juxtamembrane stalk 

somatic ACE (sACE) 

fLLLLL'WJ..W.llllU.\ T .. ansmembldne region} "J.llllIIUWW~UU.~ 
Cytosolic tail } 

COOH 

'I = Nlinked glycan 

Figure 1.2. Diagrammatic representation of testis ACE (tACE) 
and sACE. tACE, with the exception of a 36-residue N-terminal 
region, is identical to the C domain of sACE. 

- 6 -

Both domains contain a characteristic HEMGH zinc-coordinating motif, crucial 

for the peptidyl peptidase activity of the enzyme (Wei et al., 1991; Jaspard et al., 

1993). Here, two histidines together with a glutamate, occurring 24-residues 

downstream, constitute the zinc coordinating ligands (Williams et at., 

1994)(Appendix 1, Figure 1.2). 

The gene encoding sACE comprises 26 exons. With the exception of exon 13, 

which is removed via splicing of the primary 4.3 kb mRNA transcript, all are 

transcribed into mRNA (Hubert et al., 1991). sACE is transcribed from exons 1-

26, with exons 4-11 and 17-24 encoding the N- and C domains respectively 

(Figure 1.3.). The sACE promoter is located 5' to the first exon (Hubert et at., 

1991) and the region upstream of the transcription start site contains both positive 

and negative regulatory elements (Testut et al., 1993). A soluble form of sACE, 

lacking the transmembrane region has been reported and is thought to arise from 

alternative mRNA splicing (Sugimura et at., 1988). 

Alternate transcription from exons 13-26 Via the interaction of an internal 

promoter and intron 12 within the sACE gene (Howard et al., 1990) has given rise 

to a smaller 701 amino acid, 90-110 kDa testicular isoforrn of the C domain, testis 

ACE (tACE) (Figure 1.2. and 1.3.). The tACE promoter, which contains a cAMP­

responsive element, is active in a stage-specific manner in germinal cells (Nadaud 

et al., 1992; Kessler et al., 1998). 
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sACE 

Figure 1.3. Alternate transcription from a somatic and germinal promoter within 
the ACE gene has given rise to two physiological isoforms, sACE and tACE 
Arrows indicate the secretase cleavage site within the juxtamembrane stalk, TM: 
transmembrane region. 

Like its larger somatic isoform, tACE is a type I transmembrane glycoprotein with 

a C-terminal cytosolic domain, a hydrophobic transmembrane region, a 

juxtamembrane stalk but with a single ectodomain which, with the exception of a 

36-residue N-terminal region, is identical to the C domain of sACE (Kumar et al., 

1989; Ehlers et al., 1989). Thus, tACE possesses only one active site per molecule 

(Ehlers et al., 1989) (Figure 1.2.). 

tACE is expressed exclusively in male spermatozoa (Langford et ar, 1991; Kohn 

et al., 1998) and has been localised to the plasma membrane of the post-acrosomal 

region as well as the midpiece and neck of normal spermatozoa (Nikolaeva et aI., 

2006). tACE expression is under hormonal control (Cushman and Cheung, 1971; 

Strittmatter el al., 1985; Velletri et al., 1985) with maximal expression taking 

place during the acrosome phase (Sibony et al., 1994). 
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Figure 1.4. Crystal structures of tACE (PDB: 1 08A; Natesh et ai., 2003); ACE2 
(PDB:IR42; Towler et ai., 2004); P. furiosus carboxypeptidase (PDB: lKA4; 
Arndt et ai., 2002); Drosophila AnCE (PDB: 1138; Kim et ai., 2003); Neurolysin 
(PDB: IIII; Bro\\'u et ai., 2001); Thermolysin (PDB: ITHL; Holland el ai., 1995) 
as well as a homology model of the sACE N domain. 

The ~ 60% sequence identity between tACE and the N domain has enabled 

homology modelling of the N domain structure (Tzakos et ai., 2003). 

Furthermore, the three-dimensional N domain crystal structure has also been 

recently determined (Corradi el ai., in press). Primary sequence differences are 

well distributed over the length of the two mainly helical proteins and their overall 

structures are very similar (Appendix 1, Figure 1.2). Both have an ellipsoid shape 

with a central groove that extends into the protein molecule, separating it into two 

subdomains I and II. In tACE, there are seven cysteine-residues, six of which 

form three adjacent disulfide linkages in an aabbcc pattern. An unpaired cysteine 

residue, Cys496 is present in the reduced form and is located between the second 

and C-terminal disulfide bonds (Sturrock et ai., 1996). The number and position 

of these cysteine residues are conserved both within the N domain as well as 

across species suggesting that they play an important role in enzyme structure and 

function (Sturrock et ai., 1996). Moreover, the formation of disulfide linkages in 

both tACE (C domain) and the N domain is suggestive of independent folding 

within the sACE molecule. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 1: Review of the Literature - 12 -

Helices cd -3 form an N-tenninal lid partially concealing the active site channel 

(Figure 1.5.). This lid, comprising several charged residues, may regulate access 

of inhibitors and polypeptide substrates to the active site cleft. Notable differences 

exist in the charge and hydrophobicity of residues comprising the lid in tACE and 

the N domain, this region being more negatively charged in the N domain 

(Acharya et ai., 2003). 

Figure 1.5. The three-dimensional crystal structure of tACE in complex with the 
inhibitor, lisinopril [From Natesh et ai., 2003]. The structure shows the two 
subdomains I and II, represented in green and cyan, the two bound chloride ions 
in red, the catalytic zinc in light green and the bound inhibitor in yellow. 

The majority of sequence differences in the substrate-binding channels of the N­

and C domains occur in non-helical areas (Tzakos et ai., 2003) and these 

differences are explored in more detail in chapters 2-4 with respect to their 

influence on the substrate and inhibitor specificity of the two domains. Notably, 

significant differences are observed in the charge of the binding grooves with the 

N-domain binding groove being more positively charged than that in tACE (C 

domain). 

Both tACE and the N domain possess two gluzincin zinc-coordinating motifs, 

HEXXH and EXXXD separated by a 23-residue spacer containing two proline 

residues. In tACE, the zinc-coordinating motif (H383EMGH387) is located on helix 

al3 while the additional zinc-coordinating GIU411 is located on helix a14. 
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Both domains of sACE as well as tACE display a general base-type mechanism of 

substrate hydrolysis where the catalytic zinc stabilizes a bound water/hydroxide 

and 'or activates the scissile carbonyl of the substrate (Figure l.6.). Glu960 of the C 

domain HEMGII motif assists in the nucleophilic attack of the activated 

water/hydroxide on the carbonyl forming a tetrahedral intermediate. 

Angl H 

Figure 1.6. The mechanism of of Ang r hydrolysis by the C domain of sACE 
[From Fernandez eta!., 2001]. 

This Glu-residue thus acts as a general acid/base shuttling the hydrogen from the 

activated water to the scissile amide nitrogen of the substrate making it a better 

leaving group and facilitating cleavage of the amide bond. His 1089(C domain) 

stabilises the scissile carbonyl bond during transition state binding (Fernandez et 

al., 2001). The tetrahedral intermediate is further stabilised by Tyr l096 in the 

presence of chloride ions, which orientates Arg l098 away from Aspl041resulting in 

decomposition of the intermediate into product (Matthews, 1988). 

ACE cleaves oligopeptides with free carboxyl groups, with the exception of Pro at 

the PI' position and Asp or Glu at the P2' position. The enzyme demonstrates 

broad substrate selectivity (Rohrbach et al., 1981) acting both as an exo- and 

endocarboxypeptidase (Figure 1.7.). For substrates like Substance P (SP) and 

luteinizing hormone-releasing hormone (LHRl-I) also known as gonadotropin 

releasing hormone (GnRH), where the C-termini are amidated, sACE not on 1) 

acts as a dipeptidyl carboxypeptidase but also as an endopeptidase (Erdos, 1990: 

Hooper, 1991). Naqvi et aI., (2005) recently characterised the molecular basis of 

the exopeptidase activity of the sACE C domain. 
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Chloride activation is both substrate- and pH-dependent (Shapiro and Riordan, 

1984; Ehlers and Kirsch, 1988). For Ang I it is high and for BK it is low while for 

Abz-peptidyl-EDDnp substrates the chloride-dependence is higher than for Abz­

peptidyl-K(Dnp )P-OH substrates (Araujo et at., 2000). 

1.3.4. ACE inhibitors 

BK potentiating peptides (BPPs) were the first naturally occumng ACE 

inhibitors, isolated from the venom of the Brazilian snake Bothrops jararaca 

(Ferreira and Rocha e Silva, 1965; Ferreira, 1965). BPPs are pyroglutamyl, 

proline-rich oligopeptides characterised by their ability to potentiate the effects of 

BK (Murayama et at., 1997; Cotton et at., 2002; Hayashi and Camargo, 2005). 

The discovery of BPPs lead to the development of the first non-peptidic ACE 

inhibitor, captopril (D-3-mercapto-2-methyl-propanoyl-L-proline) 1D 1977 

(Cushman et at., 1977; Ondetti et at., 1977; Cushman et at., 1999). Captopril is an 

N-thioalkyl derivative mimicking the two carboxy-terminal Ala-Pro residues of 

the substrate with its thiol functionality coordinating the zinc atom in the ACE 

active site (Tzakos et at., 2005)(Figure 1.8.). 

A B 
Sz SI S· I S2' SI SI' 

• • 
cr"H~ C( 

Llslnopril ~ N (N 
I A H 0 OOH RXP4D7 ~~

eOOH OHJy 0 

~'-/~ ~~ 
H ! g ; NH2 

0) 0 = 
Ph 

C8ptoprll Hs~l? 
0 eOOH 

Keto-Aa' Phl~Q 
§ [eOOH 

Ph/ 

Figure 1.8. ACE inhibitors lisinopril, captopril and the keto methylene derivative, 
keto-ACE and their binding to the ACE active site (A). N domain-selective 
RXP407 (Dive et at., 1999) and C domain-selective RXPA380 (Georgiadis et at., 
2004) phosphinic peptide inhibitors and their binding to the ACE active site (B). 
The blue oval represents the catalytic zinc ion. 
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Figure 2.1. The manunalian N-linked glycosylation pathway occurs in the ER and 
Golgi apparatus. Processing of N-linked glycans to complex and hybrid-type 
structures may be inhibited in the ER by glucosidase inhibitors such as NBDNJ 
and in the Golgi apparatus of glycosylation-deficient Lec3.2.8.l cells [Figure 
adapted from Heleruus and Aebi, 200 1]. 

Glycoform heterogeneity is dependent upon local conformational properties of the 

polypeptide, the availability of monosaccharide precursors and the expression 

pattern of various modifying enzymes in the glycosylation pathway (Paulson and 

Colley, 1989). The glycosylation heterogeneity of ACE has hampered attempts at 

its crystallisation and structure determination. Partial or complete deglycosylation 

has thus been considered an appropriate strategy in producing proteins amenable 

to crystallisation and various approaches in this regard have been attempted. 

While the expression of rabbit tACE in E.coli generated completely 

deglycosylated protein that was catalytically-inactive (Sadhukhan and Sen, 1996), 

expression of partially glycosylated ACE in both yeast and HeLa cells generated 

active enzyme. 

Protein expreSSIOn ill glycosylation-deficient cells or in the presence of 

glucosidase inhibitors limits glycan processing to simple forms, which are 

sensitive to endo H cleavage between the two GlcNAc residues. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

-29-

1 a N-

IS to 

1 

N-butyl (NBDNJ) is a 

was 

structure as a 

structure 

structure et III 



Univ
ers

ity
 of

 C
ap

e T
ow

n

2: 30-

were: 

1. on 

mutants as as 

2. To 

3. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

seven 

1 

mutants 

mutants 

2: 

"", ... v, .. was 

et 

- 31 -

36 

as a 

rate 

was < 10%. 

1 



Univ
ers

ity
 of

 C
ap

e T
ow

n

(n): 1 2 3 4 5 6 1 

36 72 90 109 155 337 596520 TM 
NH, eOOH tACE 

NH, eOOH tACEll36 

NH, eOOH tACEA36NJ 

NH, (OOH tACEll36-g1234 

NH, COOH tACEll36-g123 

NH, (OOH tACE1I36-g23 

NH; COOH tACE1I36-g13 

NH, (OOH tACEA36-g12 

NH, COOH tACE.!'!36-g3 

NH, COOH tACEA36-g2 

NH" COOH tACEA36-91 

'~'JA~U on a Cary 

constants were non-

4.01) 

constants a mass 1 

N 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 2: The role of .V-linked glycosylation - 33 -

The homology modelled N domain structure was viewed using SwissPDBViewer 

(Schwede et ul., 2003), PyMOL (DeLano Scientific LLC) and DS Viewer Pro 

(Accelerys) and compared to that of the tACE-lisinopril complex (PDB: 

l086A)(Natesh et al., 2003). The presence of ,V-linked glycosylation sites in the 

N domain was predicted using the NetNGlycl.O server (Gupta, in preparation). A 

threshold of 0.50 was used for N-glycosylation potential. 

2.2.3. Cloning of a truncated soluble N domain 

The plasmid pECE-ACED629 encoding soluble N domain plus linker region and 

part of the C domain (L 1_D 629
) was a gift from Prof. Sergei Danilov, University of 

Illinois, Chicago (Balyasnikova et al., 2003). ACED629 cDNA (1.994 kb) was 

excised from the vector pECE using Xba! and EcoR! and subcloned into 

Bluescript II SK + (Stratagene). Sequenced ACED629 cDNA was then subcJoned 

into the expression vector pcDNA3.1(+)(Invitrogen) using Xba! and EcoRI. 

ACED629 was then subcloned from pcDNA3.1(+) into the GS-MSX 

amplification vector pEE14 (Celltech), using Hindll! and EcoR! (Figure 2.3.) 

(Appendix 2.4.). 

ACED629 

p::CE 
2.9 kb 

pECE-ACEC629 
4.908 kb 

ArnpR 

Hind;; f ,11'18'1 

pEE 14 
9."1kb 

pEE 14-ACED629 
1l."1kb 

GS rnirigene 

Hindfff XlA51 

~ ~ 

Xbal EcoRl 

Ec(,")l(1 .. Xbdl 

pcDNA.3 1 ( + ) 

S.4kb 

pcDfx1A.3.1( + Y'£ED629 
7."1 kb 

Figure 2.3. Subcloning ACED629 cDNA into mammalian expressIOn vectors 
pcDNA3.1(+) and pEF14. 
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2.2.4. Site-directed mutagenesis of N domain N-linked 

glycosylation sites 

Based upon the localisation of predicted N-linked glycosylation si tes in the N 

domain homology model, a site-directed mutagenesis app roach was employed in 

the step-wise mutation of Asn9
; Asn2S

; Asn45
; Asn82

; Asn 117
; Asn lJI

; Asn289
: 

A < 16 d 480 d· GI ·d A 494 h· h d' sn an Asn to con'espon mg n rest ues. sn , w IC was pre Icted to 

be 110n-glycosylated, was not mutated (Figure 2A.). 100 ng of pBS-ACED629 

DNA template was amplified with OA mM of each dNTP, 200 nM of forward and 

reverse mutagenic primer and 3U Plu DNA Polymerase (Promega)(Appendix 

2:>.). 

(n): 1 2 3 4 5 6 7 8 9 ill 

9 2S 45 82 117 131 2m 416 48J 494 

NH • • • I. • • • • Q--coOH Ndomain 

NH • I • •• • • • Q--COOH Ndoml-8 

NH • I • •• • • Q--COOH Ndoml-7 

NH; • • • •• • D--COOH Ndoml-6 

NH • I I .1 D--COOH l\Jdoml-5 

M-< • I I • Q--COOH Ndoml-4 

~~H ' • I • D--COOH Ndoml-3 

NH • Q--C00H Ndoml 

NH • D-- COOH Ndom3 

NH • I Q--COOH Ndoml,3 

NH· I I D--COOH Ndom2,3 

Figure 2.4. Site·directed glycosylation mutants of the N domain. Asn<9< is not 
glycosylated and was not mutated based upon NetNGlycl.O prediction data. 
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2.3.3. The N domain homology model. 

Primary sequence alignment of the N domain and tACE revealed that while 

certain N-linked glycosylation sites occurred at corresponding positions, other 1\'­

linked glycosylation sites occurred at unique positions both within the]\; domain 

as well as in tACE (Figure 2.5.). 

tACE/C domain 

72 90 109 155 
Actlve 

337 Site 

NHz ~I ~-•• ~--.~.----

N domain 
9 25 45 82 117 131 

~ unique C domain/tACE Nlink ed glycosylation sites 

EJ unique 1\1 domain Nllnked glyo)syl800n sites 

• Sh.3red :Vlinked glycosylation sites 

289 

~~~~I 36-reSldue Oglycosylated i\J-terrninal region 

5B6 620 

eOOH 

Ttl! 

416 480 494 

r-----COOH 

Figure 2.5. Distribution of N-linked glycosylation sites in tACE and the N 
domain (primary sequence numbering). Active site: HEMGH motif; TM: 
transmembrane region. 

Alignment of the N domain (D I_p 583
) with the crystal structure of tACE in 

complex with lisinopril (D4o_p617)(PDB: I 086A) generated a homology model of 

RMSD= O.lSA (Figure 2.6.). 
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Figure 2.6. Homology modelled structure of the N domain (A) and the crystal 
structure of the tACE-lisinopril complex (PDB 1086A)(B) showing the surface 
localisation of N-linked glycosylation sites (spheres in red, grey and purple). 
Lisinopril (yellow), zinc atom (magenta) and chloride ions (green). 

The structure of tACE and the homology-model of the N domain indicated that all 

of the predicted N-linked glycosylation sites were surface localised (Figure 2.6.). 

Asn494 and Thr496 of the N domain (primary sequence numbering), which formed 

part of the N-linked glycosylation sequon N494Vr96p predicted to be non­

glycosylated, occurred within 6 A (hydrogen-bonding distance) of the PI 

phenylalanine functionality of the lisinopril molecule (Figure 2.7. A). The 

corresponding residues forming part of the tACE SI subsite, Ser516 and Val5l8
, 

occurred at similar distances from the lisinopril PI group (Figure 2.7. B). 
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A B 

Figure 2.7. Interactions of the PI Phenylalanme fimctionality of lisinopril 
(yellow) with the N494VT sequon of the N domain (A) and corresponding residues 
of the tACE S I subsite pocket (B). 

2.3.4. Expression and activity of N domain site-directed 

glycosylation mutants 

Based upon the localisation of predicted N-linked glycosylation sites in the N 

domain homology model, N-linked glycosylation sequons were mutated in a step­

wise manner to GIn residues. Asn494
, predicted to be non-glycosylated, was not 

mutated. The expression and activity of mutant proteins was assessed via Western 

blot and the hydrolysis of Z-FHL. Western blot analysis detected the presence of 

all N domain glycosylation mutants in CHO-Kl cell lysates, where a correlation 

existed between electrophoretic mobility and the extent of site-directed 

deglycosylation (Figure 2.8.A). A doublet occurring below each mutant protein 

band in the cell lysate samples and a single protein band with a higher mobility 

than the N domain in the culture medium was taken to be the result of non-

specific binding of the ACE polyclonal antibody. 
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Figure 2.8. Western blot of N domain glycosylation mutants in cell Iysates (A) 
and culture media (B). Activities of N domain glycosylation mutants in culture 
media of CHO-Kl cells were determined via hydrolysis with 1.0 mM Z-FHL (C) . 
Arrow indicates the position ofN domain gJycosyJation mutants. 
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CHO-Kl Lec3.2.8.1 

MW + + NBDNJ 

97 

66 

45 

30 

Figure 2.9. 10% SDS-PAGE of N domain expressed in CHO-KI cells and 
Lec3.2.8.l cells in the presence of (+) 1.5 mM NBDNJ (CHO-KI cells) or 0.5 
mM NBDNJ (Lec3.2.8.1 cells). MW: molecular weight marker. 

In the presence of 1.5 mM NBDNJ, N domain expression in CHO-KI cells was 

reduced by ~63 % (Table 2.4). When N domain was expressed in Lec3.2.8.l cells 

in the presence of 0.5 mM NBDNJ, no such reduction in expression was observed 

(data not shown). The Z-FHLfHHL ratio of ~6.5 was characteristic of N domain 

activity and was in the same range as that previously reported in the literature 

(Danilov et al., 1994). 

Table 2.4 Effect of 1.5 mM NBDNJ on the expression of the N domain in CHO­
KI cells. 

N domain in CHO-Kl cells Z-FHL HHL 

% activity % activity 

2% FCS 100 

2% FCS + 1.5 mM NBDNJ 36±1.7 

100 

38±12.1 

Z-FHLIHHL* 

mUlml ratio 

6.4±1.8 

6.5±2.9 

* Z-FHLfHHL ratio was calculated based on N domain activity (mU/ml) 
determined in culture medium using Z-FHL and HHL as substrates. 
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domains and their interactions within sACE 

3.2. Materials and Methods 

3.2.1. Construction of soluble sACE 

Full-length, membrane-bound sACE is poorly shed (Woodman et al., 2005) . In order to 

facilitate purification of sufficient quantities of sACE from CHO cell culture medium, 

a soluble sACE construct was generated as follows: A NotI site at position 3742 within 

the human sACE cDNA sequence was selected in order to achieve truncation of the 

cDNA at Ser1211 . This truncation, 7 residues downstream of the R-S (Arg I20J _Ser I204 , 

human sACE numbering) secretase cleavage site, occurs within the juxtamembrane 

stalk region thereby eliminating the transmembrane and cytosolic regions. Full-length 

sACE (4.020 kb) sequenced in pBluescript II SK+!- (Stratagene) was digested with 

XbaI and NotI and sub-cloned into similarly-digested expression vector, pcDN A3 .1 (­

)(5.428 kb)(Invitrogen). The identity and correct orientation of the construct 

pcDNA3 .1-sACE 1211 was checked by restriction mapping using Xbal, EcoRi and Bglli 

(Figure 3.1.) (Appendix 2.4.). 

sACE 
4.02Okb Ewr<I 

pBSUSK +/ -
2.96 kb 

'''off. 

pcDNA3.1 (-) 
S.4kh 

Figure 3.1. Generation of soluble sACE I211 and cloning into the expression vector 
pcDNA3 .1 (-) . 
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3.2.2. Domain swop-over mutants 

Domain swop-over mutants, in which the relative NH2- and COOH-terminal 

orientations of the C- and N domains are swopped (CNdom-ACE) or in which two C 

domains are duplicated in tandem (CCdom-ACE) have been described previously by 

Woodman et at., (2005) and they are shown in Figure 3.2. 

Ndomaln C domain 

'~rterd~n~ ''','' 'M c, 

n I Somatic ACE 
L 1 P602 0616 P11S9 S1277 

n f-- sACEI.1I 

SI21 I 

~ D iI Testis ACE 

P623 S7O'i 

I n H () m CCdom-ACE 
L 1 Sl177 

r1l n H • II CNdom-ACE 
s, $1277 

Figure 3.2. CCdom-ACE and CNdom-ACE constructs. TM: Transmembrane region; 
CT: cytosolic tail. 

N dOrM in C domain TM CT 

Somatic ACE I • I () I--D-
Ll P602 D616 P1199 51277 

Testis ACE I?J ! l t----D-
P623 5701 

Cl - l63 Ndom-ACE I ! ) t---m-

Cl64-416 Ndom-ACE r:iil -. r---m-
C417-579 Ndom-ACE I'2l n t----m-
C583-623 Ndom-ACE ~ D • III 

Figure 3.3. tACE-N domain chimeras were generated by substituting regions of tACE 
(white box) with corresponding N domain sequence (coloured boxes). The substituted 
regions (tACE numbering) are highlighted in colour on a ribbon representation of the 
three-dimensional structure of tACE (Natesh et at., 2003). 
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Ndomain 1180.7±118.6 5.0±O.5 73.2±5.8 1.0±O.1 O.O6±O.Ol O.2±O.O 

tACE 318.35±11.8 3.3±O.5 107.0±3.l 20.6±O.5 O.34±O.O2 6.3±l.O 

406.8±75.2 3.6±O.3 116.9±3.4 13.3±O.49 O.29±O.O6 3.7±1.7 

CNdom-ACE 158.4±16.4 4.7±1.4 106.6±2.6 19.2±2.8 O.68±O.O5 4.1±2.0 

CCdom-ACE 357.6±89.7 5.0±O.8 255.3±113 69.4±5.7 O.71±1.3 13.9±7.l 

as mean ± 
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300 
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0 
't 1-

"0 I" 
~., 

<:S 

<}. ". 

?(I 

~ 1'\ 

"" % ... 
" 

[6 Z·FHL 

2xk",,(tACl:) 

• AbzLFK(Dnp)·OH 

. 2xk t(tACl:) 

. k,,,.{tiI.CE)+ ked' (N domain) 

Figure 3.4. Comparative rates of hydrolysis of Z-FHL (hatched bars) and 
AbzLFK(Onp)-OH (black bars). For sACE l211 and CNdom-ACE, threshold of 
independent hydrolysis = kcattACE + kcatNdomain (dashed llnes) for both substrates. 
Negative cooperativity: kcat< kcattACE + kcatNdomain. For CCdom-ACE, threshold 
of independent hydrolysis = 2xkcattACE (dashed lines) for both substrates. Positive 
cooperativity: kcat>2xkc3ttACE. 

To investigate the -effect of the replacement of specific regIons of tACE with 

corresponding N domain sequence, the kinetic parameters of tACE-N domain chimeras 

were determined with respect to the hydrolysis of Z-FHL and AbzLFK(Onp )-OH as 

well as HHL, which is preferentially hydrolysed by the C domain (Wei et al., 1991). 

The Z-FHLlHHL kcat ratio, characteristic of the N domain or C domain, was consistent 

with that previously reported (Williams et al., 1996) (Table 3.2). C417-579Ndom-ACE 

demonstrated an elevated Km and reduced kcat for both these substrates suggesting its 

acquisition of N-uomain-like catalytic properties (Table 3.2). C I - 163 NdomACE and 

C 583.1i2J NdomACE exhibited rates of Z-FHL hydrolysis tending to that of the N 

domain, with HHL specificity constants in the same range as that of the N domain. In 

order to confirm these observed shifts in substrate specificity, hydroJysis of the highly 

C domain-specific FRET peptide AbzLFK(Onp)-OH was assessed. 
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Ndom-ACE 
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N domain 

Ndom-ACE 
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O.24±O.97 0.0 14±O.02 6.5 
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was more N UVl.UUU 
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Moreover, the substituted N domain sequence contained two additional N-linked 

glycosylation sites at N9 and N25 as well as a significantly higher proline content 

(4.3%) and helix content (67.6%) as compared with the corresponding tACE sequence 

(1.9% and 51.9% respectively). 

In C 164-416 Ndom-ACE, the substituted region spanned the two sub-domains of testis 

ACE including the active site (Figure 3.6.). Although secondary structure predictions 

did not reveal significant differences in proline or helix content, an N-linked 

glycosylation site at N337 within helix al2 was eliminated and an N-linked 

glycosylation site was introduced at N289 in helix all. Homology modelling revealed 

that N289 occurred at the N terminus of the C-terminal sub-domain and that the Sl' 

pocket residues n377, yJ79, and yJ80 were changed to Q355, SJ57, and TJ58 respectively 

(Figure 3.7A and B). Furthermore, the chloride-binding residue Rl86 was replaced by 

Hl64. 

Figure 3.6. Ribbon representation of the tACE-lisinopril crystal structure showing 
substituted N domain regions. C l -163NdomACE (yellow); CI64-416Ndom-ACE (blue); 
C417-579Ndom-ACE (red) and C58J-62JNdom-ACE (green). 
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tACE-lisinopril complex 

A 

B. 

tACE-lisinopril complex 

C. 

D. 

Figure 3.7. Sl and SI' subsite pockets of C 164-4l6Ndom-ACE (A, B right) and C 417-
579Ndom-ACE (C, D right) respectively showing alterations in their Sl' and Sl residues 
respectively as compared with the tACE-lisinopril complex (A-D left). Substituted N 
domain residues are according to N domain numbering. 
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CCdom-ACE displayed a similar thennal denaturation profile to that of tACE with a 

rapid loss of residual activity after 5 minutes. CNdom-ACE, while having a markedly 

lower thermal stability than sACE 121l after 5 minutes, retained more of its activity 

following subsequent inactivation periods as compared with CCdomACE and tACE 

(Figure 3.8.). 

110 

100 

90 

• testis ACE (C domain) 
eo • N domain 

>-
• somatic ACE (soluble) 

;t:: 70 
CN dom - ACE > 

~ CC dam -ACE u 
III !iO 

iii 
:J 

"C 50 

'm ... 
";f!. 40 

3J 

20 

o 5 10 15 20 26 3J ~ 40 45 60 55 60 !iii 
t(min) 

o min 5 min 15 min 30 min 60 min 

Testis ACE 100% 12.4±1.4 0.6±0.05 0.2±0.09 0.4±0.3 

Ndomain 100% 39.6±3.1 11.5±2.4 1.9±0.6 2.8±1.9 

sACE1211 100% 25.5±1.5 15.1±1.8 10.6±2.3 6.6±0.6 

CNdom-ACE 100% 12.6±2.1 2.8±1.5 3.0±1.1 1.0±OA 

CCdom-ACE 100% 11.1±5.0 0.3±0.1 1.0±0.5 0.3±0.3 

Figure 3.8. Thennal denaturation profiles oftACE, N domain, sACE 12I1
, CNdom-ACE 

and CCdom-ACE showing percentage residual enzyme activity with AbzYRK(Dnp)P 
following inactivation at 55°C for 0-60 minutes. Assays were conducted in triplicate. 
Data shown are the mean values ± SEM. 
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N domain 100% 

C 1-/63 Ndom-ACE 100% 

C 4J7-579 Ndom-A CE 100% 

C 583-623 Ndom-ACE 100% 

• testis ACE (C domain) 
• N domain 

C 1-163N do m-AC E 
C417-579Ndom-ACE 

• C583-623NdomACE 

30 40 50 60 

t(min) 

5 min 15 min 30 min 

12A±lA 0.6±0.OS 0.2±0.09 

39.6±3.1 11.S±2A 1.9±0.6 

16.1±S.2 l1A±OA 13.7±3.3 

26.0±8.7 4.6±1.6 2.7±1.6 

36.5±10.5 10.1±3.8 5.9±2.9 

70 

60 min 

OA±0.3 

2.8±1.9 

10.9±OA 

1.8±0.9 

4.7±1.2 

Figure 3.9. Thennal denaturation profiles of tACE, N domain and tACE-N domain 
chimeras showing percentage residual enzyme activity with AbzYRK(Dnp)P following 
inactivation at 55°C for 0-60 minutes. Assays were conducted in triplicate. Data shown 
are the mean values ± SEM. 

This data suggested that the thennal stability of sACE1211 arose from unique stabilising 

interactions between the N- and C domains and that these interactions are dependent 

upon the relative NH2 and COOH-tenninal orientations of the two domains. These 

stabilising interactions are reduced when the orientations of the domains are changed 

and do not take place when two identical C domains are present in tandem. 
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Chapter 4: Inhibitor selectivity of the N- and C domains ofsACE - 78 -

A. 

B. 

c. 

Figure 4.1. Interactions of lisinopril (yellow) with the SI (A), SI' (8) and S2' (C) 
subsites oftACE. The catalytic zinc atom is shown in purple. 
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Chapter 4: Inhibitor selectivity of the N- and C domains of sACE - 90 -

In the N domain, Val379 and Val380 are replaced by polar residues Ser357 and Thr358 

while Asp 453 in the C domain is replaced by a less polar Glu43 I in the N domain. 

J F-' 
B 

~ 

/' 
( P, 

,." 

Figure 4.2. Interaction of compound 7 PI, P2 and P2' functionalities with residues 
of the tACE active site (A). Binding of the P2' tryptophan moiety of compound 7 
to the S2' pocket of tACE (B). 

B 

GIu"'" 

Figure 4.3. Interaction of compound 13 residues of the S I, S l' and S2' subsites of 
tACE (A). A surface representation of the S2' substrate-binding pocket of tACE, 
accomodating the P2' tryptophan moiety of compound 13 (B). 
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1 MGAASGRRGP GLLLPLPLLL LLPPQPALAL DPGLQPGNFS ADEAGAQLFA QSYNSSAEQV 
61 LFQSVAASWA HDTNITAENA RRQEEAALLS QEFAEAWGQK AKELYEPIWQ NFTDPQLRRI 
121 IGAVRTLGSA NLPLAKRQQY NALLSNMSRI YSTAKVCLPN KTATCWSLDP DLTNILASSR 
181 SYAMLLFAWE GWHNAAGIPL KPLYEDFTAL SNEAYKQDGF TDTGAYWRSW YNSPTFEDDL 
241 EHLYQQLEPL YLNLHAFVRR ALHRRYGDRY INLRGPIPAH LLGDMWAQSW ENIYDMVVPF 
301 PDKPNLDVTS TMLQQGWNAT HMFRVAEEFF TSLELSPMPP EFWEGSMLEK PADGREVVCH 
361 ASAWDFYNRK DFRIKQCTRV TMDQLSTVHH EMGHIQYYLQ YKDLPVSLRR GANPGFHEAI 
421 GDVLALSVST PEHLHKIGLL DRVTNDTESD INYLLKMALE KIAFLPFGYL VDQWRWGVFS 
481 GRTPPSRYNF DWWYLRTKYQ GICPPVTRNE THFDAGAKFH VPNVTPYIRY FVSFVLQFQF 
541 HEALCKEAGY EGPLHQCDIY RSTKAGAKLR KVLQAGSSRP WQEVLKDMVG LDALDAQPLL 
601 KYFQPVTQWL QEQNQQNGEV LGWPEYQWHP PLPDNYPEGI DLVTDEAEAS KFVEEYDRTS 
661 QVVWNEYAEA NWNYNTNITT ETSKILLQKN MQIANHTLKY GTQARKFDVN QLQNTTIKRI 
721 IKKVQDLERA ALPAQELEEY NKILLDMETT YSVATVCHPN GSCLQLEPDL TNVMATSRKY 
781 EDLLWAWEGW RDKAGRAILQ FYPKYVELIN QAARLNGYVD AGDSWRSMYE TPSLEQDLER 
841 LFQELQPLYL NLHAYVRRAL HRHYGAQHIN LEGPIPAHLL GNMWAQTWSN IYDLVVPFPS 
901 APSMDTTEAM LKQGWTPRRM FKEADDFFTS LGLLPVPPEF WNKSMLEKPT DGREVVCHAS 
961 AWDFYNGKDF RIKQCTTVNL EDLVVAHHEM GHIQYFMQYK DLPVALREGA NPGFHEAIGD 
1021 VLALSVSTPK HLHSLNLLSS EGGSDEHDIN FLMKMALDKI AFIPFSYLVD QWRWRVFDGS 
1081 ITKENYNQEW WSLRLKYQGL CPPVPRTQGD FDPGAKFHIP SSVPYIRYFV SFIIQFQFHE 
1141 ALCQAAGHTG PLHKCDIYQS KEAGQRLATA MKLGFSRPWP EAMQLITGQP NMSASAMLSY 
1201 FKPLLDWLRT ENELHGEKLG WPQYNWTPNS ARSEGPLPDS GRVSFLGLDL DAQQARVGQW 
1261 LLLFLGIALL VATLGLSQRL FSIRHRSLHR HSHGPQFGSE VELRHS 

1 MGAASGRRGP GLLLPLPLLL LLPPQPALAL DPGLQPGNFS ADEAGAQLFA QSYNSSAEQV 
61 LFQSVAASWA HDTNITAENA RRQEEAALLS QEFAEAWGQK AKELYEPIWQ NFTDPQLRRI 
121 IGAVRTLGSA NLPLAKRQQY NALLSNMSRI YSTAKVCLPN KTATCWSLDP DLTNILASSR 
181 SYAMLLFAWE GWHNAAGIPL KPLYEDFTAL SNEAYKQDGF THTGAYWRSW YNSPTFEDDL 
241 EHLYQQLEPL YLNLHAFVRR ALHRRYGDRY INLRGPIPAH LLGDMWAQSW ENIYDMVVPF 
301 PDKPNLDVTS TMLQQGWNAT HMFRVAEEFF TSLELSPMPP EFWEGSMLEK PADGREVVCH 
361 ASAWDFYNRK DFRIKQCTRV TMDQLSTVHH EMGHIQYYLQ YKDLPVSLRR GANPGFHEAI 
421 GDVLALSVST PEHLHKIGLL DRVTNDTESD INYLLKMALE KIAFLPFGYL VDQWRWGVFS 
481 GRTPPSRYNF DWWYLRTKYQ GICPPVTRNE THFDAGAKFH VPNVTPYIRY FVSFVLQFQF 
541 HEALCKEAGY EGPLHQCDIY RSTKAGAKLR KVLQAGSSRP WQEVLKDMVG LDALDAQPLL 
601 KYFQPVTQWL QEQNQQNGEV LGWPEYQWHP PLPDNYPEGI DLVTDEA 

1 MGQGWATAGL PSLLFLLLCY GHPLLVPSQE ASQQVTVTHG TSSQATTSSQ TTTHQATAHQ 
61 TSAQSPNLVT DEAEASKFVE EYDRTSQVVW NEYAEANWNY NTNITTETSK ILLQKNMQIA 
121 NHTLKYGTQA RKFDVNQLQN TTIKRIIKKV QDLERAALPA QELEEYNKIL LDMETTYSVA 
181 TVCHPNGSCL QLEPDLTNVM ATSRKYEDLL WAWEGWRDKA GRAILQFYPK YVELINQAAR 
241 LNGYVDAGDS WRSMYETPSL EQDLERLFQE LQPLYLNLHA YVRRALHRHY GAQHINLEGP 
301 IPAHLLGNMW AQTWSNIYDL VVPFPSAPSM DTTEAMLKQG WTPRRMFKEA DDFFTSLGLL 
361 PVPPEFWNKS MLEKPTDGRE VVCHASAWDF YNGKDFRIKQ CTTVNLEDLV VAHHEMGHIQ 
421 YFMQYKDLPV ALREGANPGF HEAIGDVLAL SVSTPKHLHS LNLLSSEGGS DEHDINFLMK 
481 MALDKIAFIP FSYLVDQWRW RVFDGSITKE NYNQEWWSLR LKYQGLCPPV PRTQGDFDPG 
541 AKFHIPSSVP YIRYFVSFII QFQFHEALCQ AAGHTGPLHK CDIYQSKEAG QRLATAMKLG 
601 FSRPWPEAMQ LITGQPNMSA SAMLSYFKPL LDWLRTENEL HGEKLGWPQY NWTPNSARSE 
661 GPLPDSGRVS FLGLDLDAQQ ARVGQWLLLF LGIALLVATL GLSQRLFSIR HRSLHRHSHG 
721 PQFGSEVELR HS 
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5 U 518 5%2 

tACE TIIQfQnu: ALCQAAGHrGPLHKCD I YQ3KEAGQRLAT 564 
C rI I Q fQrm: ALCQAAGJ!TGP LlG(CD IYQSKEAGQPl. Ar 1 1.010 

lid.", I'I.J1. QTQrRE ALCl<EAG'II1:GPLflQCD IVRSTRAG.a.KL1\J( 542 
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~ 27 
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-- -- --PLPDN---'iPEGIDL I.JTDEA- ---------------------------------

RRSHGFQr&SEUELRHS 701 
RRSHGPQTGSEIlELRHS 1277 

68" 
lUO 
618 

Figure 1.2. Sequence alignment of tACE, C domain and N domain showing N­
linked glycosylation sequons (yellow); chloride-binding residues (pale blue); zinc­
coordinating motif (purple); other subsites and catalytic residues (light green) and 
secretase clcavage site (red). Numbers above certain key residues are according to 
tACE numbering. 
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2.5.2.Dpn I method 

Primers, complimentary to opposite strands of the vector, are extended using 
a high fidelity Pfu polymerase. Primer incorporation generates mutated 
plasmid with staggered nicks. Dpn T, specific for methylated DNA is used to 
digest methylated parental DNA template. Nicked vector, incorporating the 
desired mutations is transformed into competent E.coli. 

Asn'·GIrI' 
MluN 

S'CCCCGGGCTGCAGCCTGGCC TTITCTGCTGACGAG3' F 
3'=CCCGACGTCGGAC '.AAAAGACGACTGCTC 5' J't 

Sacl 
S'GC TCTICGCGAAGAGCT AC CAGCTC=GAACAGGTGCTGTTC 3'F 
3'CGAGAAGCGCTICTCGAT TCTCGAGGCGGCTIGTCCACGN:;AAG 5 R 

Real 
S'GGCCGCCAGCTGGGCTCATGACACC.-GA TCACCGCGGAGIv\TG 3 F 
3'CCGGCGGTCGACCCGAC1'ACTGTGGGTC TAGTGGCGCCTCTTAC S' R 

Asrl'l-Gln"' -5'GGAGCTGTATGMCCCATATGG l:iCAGTTCACGGACCCGCAG3' F 
3'CCTCGACATACTIGGGTATACC:: CGTCAAGTGCCTGGGCGTC 5' R 

Af1II 
S'CAGC.OGTACAACGCCCTCTIAAGo- '"ATGAGCAGGATCT ACTC 3' F 
3'GTCGTCATGnGCGGGAGAATTCG~ 'C TACTCGTCCTAGATGAG 5' J't 

AsnrJ'--GInrl! 

8l1VII 
!i'OCCAAGGTCTGCCTCCCC_ AAGACTGCCACCTGCTGG 3'F 
3'CGGTTCGAGI\CGGP,GGGG<., C TICTGACGGTGGACGACC 5"R 

Asn"'.Ql2IO 

N<lP/ 
5'GCTGCAGCAGGGCTGGC.~Gc.cACGCATATGTICCGGGTGGCAG 3'F 
3'CGACGTCGTCCCGACCGTLCGGTGCC1'ATACAAGGCCCACCGTC S'R 

Asn"'''-GW-

Pvul 
SCAAAATCGGCCTGCTCCATCGTGTCACC::.ACGACACGGAOJIGTG 3' F 
3'GTTTTAGCCGG.>CGAGCTAGCACAGTGGGr~CTGTGCCTTTCAC s· R 

MWI 
S'GGATCTGTCCTCCTGTT ACGcc;r ....ACGAAACCCACTTTGATGCTG 3'F 
3'CCTAGACAGGAGGACAATGC GCA'" .cTTTGGGTGAAACT /lCGAC 5'R 

Figure 2.6. Site-directed mutagenesis primers. Codons highlighted in yellow 
encode mutant Gill. Bases in bold are restriction enzyme recognition sequences. 
Restriction enzymes are indicated in italics above each primer pair. 

2.6. Tissue culture 

2.6.1. Media and buffers 

2.6.1.110% Foetal Calf Serum (FCS) medium 
50 ml contains: 
21.5 ml Dulbecco's Modified Eagles Medium (DMEM)(Gibco-BRL) 
21.5 ml HAMS-F12 (Gibco-BRL) 
5.0 ml ofFCS heat inactivated at 56°C for 30 minutes (Gibco-BRL) 
1.0 ml1M HEPES, pH 7.5 
Filter sterilised using a 0.2 micron filter. 

2.6.1.2. 30% Foetal Calf Serum (FCS) medium 
10 rnJ contains: 
3.15 rnJ Dulbecco's Modified Eagles Medium (DMEM)(Gibco BRL) 
3.15 m! HAMS-F12 (Gibco-BRL) 
3.33 rnJ FCS heat inactivated at 56°C for 30 minutes (Gibco-BRL) 
200.0 ).!l 1M HEPES, pH 7.5 
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