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Abstract 

The angiotensin-converting enzyme 2 (ACE2) is a novel component of the renin­

angiotensin system (RAS). Advances in ACE2 research have suggested a role of 

ACE2 as a major regulator of angiotensin IT in the RAS, and ACE2 activities in 

various tissues has been reported to cause beneficial tissue protective effects. Despite 

the knowledge gathered to date for ACE2, the physical controls of ACE2 activity at 

the protein-structure level and the expression level remain poorly understood. To 

address this, the active site structure-function and potential transcription regulators of 

ACE2 were investigated in this thesis. 

The inhibitory action of the novel ACE2 inhibitor 416F2 on soluble ACE2 was 

determined by two different inhibition kinetic analyses, namely the dose-dependent 

response plot and the direct linear plot. Utilizing synthetic fluorogenic substrates of 

ACE2 (Mca-APK-Dnp and Mca-YVADAPK-Dnp), inhibition constants of low 

nanomolar range were elucidated, indicative of tight binding of 416F2 to ACE2. 

Subsequently, the structure of 416F2 was used as the ligand in an in silico molecular 

docking simulation to identify ACE2 residues that interact with the P2-leucyl side 

chain of 416F2. In the docked model, no interaction was observed between the ACE2 

active site residues and the P2-leucyl group of 416F2, and hence the S2 sub-site was 

not identified. However, a hydrogen bond between the Tyr510 terminal hydroxyl 

group and the acetyl-carbonyl group of 416F2 was seen in the docked model. 

Investigation of the structure-function significance of Tyr510 showed that mutation of 

Tyr510 to a threonine residue abolished ACE2 activity, while ACE2 activity was 

retained in the Tyr510 to phenylalanine mutant. This finding suggested that Tyr510 is 

a critical residue for ACE2 activity, owing to its bulky hydrophobic component, and 

its terminal hydroxyl component exerts a more subtle effect on the enzymatic activity 

of ACE2. 

The control of ACE2 activity through its transcription regulation was investigated by 

analysis of the region immediately upstream of the ACE2 translation start codon. 

Truncated mutants of the immediate upstream region of the ACE2 gene were 
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subjected to transcription activity assays, and the presence of negative transcription 

elements in the -742 to -704 region upstream of the ACE2 translation start codon was 

revealed. Bioinformatics search through the -742 to -704 region for putative 

transcription factor binding sites elucidated the presence of multiple sites. Results 

from transcription activity assessments of putative binding site mutants and in vitro 

binding experiments confirmed the binding of two transcription factors, name ZEB 1 

and ZNF202, to the -742 to -704 region upstream of the ACE2 translation start codon 

to repress transcription activity. It was concluded that ZEBI and ZNF202 are 

potential transcription repressors of ACE2 and contribute towards the regulation of 

ACE2 transcription in development and vascular maintenance respectively. 
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Chapter 1 

Introduction 

1.1. The renin-angiotensin system 

Chapter 1 

The renin-angiotensin system (RAS) plays a major role in blood pressure and fluid 

homeostasis. The metabolism of a series of angiotensin peptides by the various RAS 

enzymes results in effective blood pressure regulation (Fyhrquist and Saijonmaa, 

2008; Acharya et al., 2003). The enzyme renin, secreted by the juxtaglomerular 

apparatus of the kidney. is responsible for the conversion of the angiotensin peptide 

precursor, angiotensinogen. to the biologically inactive angiotensin I (Angl). A zinc 

dipeptidyl carboxypeptidase. angiotensin-converting enzyme (ACE). converts Angl to 

angiotensin II (Angll) through the removal of the C-terminal histidyl-Ieucine 

dipeptide. Angll is a potent vasopeptide which mediates its physiological function 

through the angiotensin II receptors. and AngIT induced responses associated with 

blood pressure elevation are mediated through the angiotensin II type 1 (ATl ) receptor. 

The typical responses elicited by activated AT 1 receptors are aldosterone and 

vasopressin release. as well as vasoconstriction. Aldosterone and vasopressin release 

results in the retention of salt and water by the kidney. which in effect increases the 

volume of the blood and leads to increased blood pressure. In addition. the AT 1 

receptor has also been shown to mediate cell proliferation responses (Hansen et al .• 

2008). Angll has also been shown to stimulate the angiotensin type II type 2 receptor 

to elicit physiological effects such as vasodilation and inhibition of cell proliferation 

(Igarashi et al .• 2007; Hsieh et al., 2005; Carey and Padia. 2008). Through the 

generation of Angll, ACE plays a critical role in the regulation of blood pressure and 

influences cell proliferation, and thus ACE is an obvious target for therapeutic 

intervention in the treatment for hypertension-related cardiovascular and cardiac 

remodelling diseases. 

While inhibitors that block Angll production have been successfully designed and 

employed as treatment for various cardiovascular diseases, an Angll metabolizing 

enzyme within the RAS was unknown until the discovery of the ACE homologue 
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termed angiotensin-converting enzyme 2 (ACE2) (Tipnis et al. 2000; Donoghue et aI. 

2000). The discovery of ACE2 led to the elucidation of a new axis in the RAS that 

serves as a regulatory mechanism of ACE activity. ACE2 acts as a monopeptidyl 

carboxypeptidase on AngII to form the vasopeptide angiotensin 1-7 (Angl-7) 

(Fig. l. l). Many recent studies have uncovered information showing that Angl-7 

mediates various responses such as vasodilation and anti-cell proliferation by binding 

to the Mas receptor (Santos et al., 2003; lusuf et al., 2008). ACE2 also acts on Angl 

to form angiotensin 1-9 (Angl-9) (Donoghue et al., 2000; Vickers et aI., 2002). The 

function of Angl-9 is to date still unknown. Angl-7 is also generated from Angl-9 

through the dipeptidyl carboxypeptidase action of ACE. The ability of ACE2 to 

metabolize both Angl and AngII allows ACE2 to regulate the ACE-axis of RAS 

through two different avenues: ACE2 lowers the level of AngII by metabolising 

AngII to Angl-7, and Angl-7 subsequently mediates responses countering those of 

AngII; secondly, ACE2 directly competes with ACE for the substrate Angl. 

[ n ". I. 11 .1 • 1 0 • I 

......... 1 .... 11. n 11111 II ... 

'n ",' IS II; ~I 
nde', II. .,la41121_'-'- .... 1I110. 

-... --..... _I_~·~_·--·~~···~·t~·~·-·~··'~'''~''-:~L;~:~~~'~-~::: L 
DIlL .... I"" I • • SzP P .. I 1 ,I. 

FIg.t.t. Schematic overview of the role of ACE2 in the processing of various 
vasopeptides of the RAS and KKS. In the RAS, ACE2 activity on Angl and AngII 
counter-regulates that of ACE. In the KKS, ACE2 degrades the vasoconstrictor des­
Arg9 bradykinin. 
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In addition to the RAS, it has also been documented that ACE2 is involved in the 

kinin-kallikrein system (KKS) (FigJJ). In the KKS, ACE2 deactivates des-Arg9 

bradykinin (Donoghue et al .• 2000; Vickers et al .• 2002). Des-Arg9 bradykinin is a 

kinin peptide which elicits inflammation as well as a hypertensive response by 

binding to the bradykinin Bl receptor (Ni et al .• 2003). Given the participation of 

ACE2 in the metabolism of numerous hormone peptides, combined with its identity 

as a novel homologue to the well studied ACE, ACE2 soon attracted immense 

research attention. 

3 
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1.2. Physiological role of ACE2 

1.2.1. ACE2 and cardiac function 

As a novel component of the RAS and a homologue of ACE, ACE2 was immediately 

associated with blood pressure homeostasis when it was cloned in 2000 (Donoghue et 

al., 2000; Tipnis et al., 2(00). The finding of highly localized expression of ACE2 in 

the heart and kidney provided support for such thinking (Tipnis et al., 2(00). The very 

first role of ACE2 suggested by animal knock-out (KO) studies was cardiac protection. 

In 2002, Crackower and colleagues reported that disruption of the ACE2 gene in mice 

resulted in the thinning of the left ventricular wall and reduced contractility of the left 

ventricle (Crackower et al., 2(02). The introduction of an ace deletion to an ace2 KO 

background resulted in the rescue of the impaired heart phenotype, which suggested 

ACE is at least partially responsible for the dysfunctional cardiac phenotype that was 

prevented by ACE2. Crackower and colleagues also reported that the loss of ACE2 

was not associated with an increase in blood pressure despite elevated levels of Angll 

were detected in the heart, kidney and plasma. Instead, a modest drop in blood 

pressure was detected in six-month ace2-null male mice and the authors reasoned that 

this was a result of weakened cardiac function (Crackower et al., 2002). 

Although the findings presented by Crackower et al. suggested ACE2 was critical for 

normal development of the heart in mice, later studies presented conflicting data. The 

ace2-null mice generated by Yamamoto and colleagues displayed nearly identical 

heart weight, cardiac function, basal blood pressure and Angll levels in the heart and 

kidney to that observed in wild-type mice (Yamamoto et al., 2006). However, under 

pressure overload condition produced by transverse aortic constriction (TAC), cardiac 

hypertrophy was more severe in ace2-null mice when compared with wild-type mice, 

with the left ventricle of ace2-null mice exhibiting a significant dilatation and 

decreased contractility (yamamoto et al., 2006). Additionally, a greater increase in 

Angll levels in the heart and plasma after TAC was observed in ace2-null mutant 

mice than wild-type mice. 

In a separate study by Gurley and colleagues, nearly identical cardiac physiology 

between ace2-null and wild-type mice was again reported (Gurley et al., 2006). 

4 
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Although the ace2-null mice displayed nonnal cardiac physiology. variable systolic 

blood pressures were measured for different cohorts of ace2-null mice. The mixed 

genetic makeup of the ace2-null mice was thought to be an attribute responsible for 

the variation in blood pressure (Gurley et al .• 2006). The findings reported by Gurley 

and colleagues suggested ACE2 is not directly involved in the maintenance of normal 

cardiac physiology or systolic blood pressure regulation. but exerts an effect on 

systolic blood pressure when associated with other genetic factors. In addition. ace2-

null mice were more vulnerable to Angll induced hypertension as the elevation in 

blood pressure after Angll infusion was more exaggerated in ace2-null mice (Gurley 

et aI., 2006). The enhanced response to Angll infusion shown by ace2-null mice, and 

the occurrence of severe cardiac hypertrophy and cardiac fibrosis in ace2-null mice 

after TAC (Yamamoto et al., 2006), collectively implied that ACE2 acts to preserve 

normal cardiac physiology under pathological conditions. 

1.2.2. ACE2 and renal function 

Although early ace2 KO studies focused on the elucidation of the role of ACE2 in 

cardiac tissues, the first evidence of ACE2 function in the kidney came from a KO 

study where the loss of ACE2 resulted in progressive development of kidney injury 

(Oudit et aI., 2006). In young male mice, loss of ACE2 did not result in obvious 

abnormalities in kidney structure and function. However, deposition of fibrillar 

collagen. which is an indication of mesangial injury, was detected under electron 

microscopy. In male mice of twelve months. ace2-null mutants displayed diffused 

glomerulosclerosis and increased level of albumin in the urine which indicated kidney 

dysfunction (Oudit et al .• 2006). The observed kidney injury associated with loss of 

ACE2 was shown to be Angll-dependent, as treatment of the ace2-null mice with the 

AT 1 receptor blocker irbesartan prevented the development of glomerulosclerosis 

(Oudit et al .• 2006). 

The protective role of ACE2 in the kidney was demonstrated by an investigation into 

the effect of ACE2 KO on diabetic kidney injury. A link between ACE2 and diabetic 

kidney pathology was established by the discovery of decreased ACE2 levels in 

kidneys of streptozocin-induced diabetic rats (Tikellis et al .• 2(03). In a study by 

Wong et al .• deletion of ace2 in mice carrying typel diabetes mellitus (insWTIC96Y
) 
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genotype potentiated the excretion rate of urinary albumin, which was indicative of 

worsened kidney injury, even though similar blood glucose levels were detected 

between ace2'/Y insWTIC96Yand ace2+/Y insWT1C96Y mice (Wong et aZ., 2(07). Further 

evidence of accelerated kidney injury in the diabetic mouse model came from the 

observation of increased immunostaining of fibronectin and a-smooth muscle actin in 

the glomeruli of ace2'/Y insWUC96 mice. Similar to the Oudit study, a dependency of 

accelerated kidney injury on AngII was implicated by the reduction in albumin 

excretion rate of the ace2-/Y insWUC96Y mice to that of ace2+/Y insWfIC96Y mice after 

treatment with the ATl receptor blocker irbesartan (Wong et al., 2(07). Furthermore, 

inhibition of ACE2 with the inhibitor MLN4760 potentiated glomerular injury in 

streptozotocin-induced diabetic mice (Soler et aZ., 2007). Although the exact 

mechanism implemented by ACE2 to achieve its protective role in kidney injury 

remains unclear, these ACE2 KO studies strongly suggest the involvement of RAS 

activity, particularly AngII metabolism. 

1.2.3. ACE2 and pUlmonarv function 

In 2003, Li et aZ. revealed a function for ACE2 as a potential receptor of the SARS 

coronavirus (CoV) in the lung (Li et al., 2(03). It was later confirmed that ACE2 is 

crucial for the development of SARS CoY-induced acute respiratory distress 

syndrome (ARDS) in vivo, as reduced levels of viral titre and SARS CoY Spike RNA 

were detected in the lungs of ace2-null mice (Kuba et aZ., 2(05). At the same time, 

ACE2 was shown to contribute towards protection against severe acute lung injury 

(Imai et al., 2(05). In mice, acute lung injury induced by acid aspiration was 

associated with increased lung elastance, lung oedema, infiltration of inflammatory 

cells and hyaline membrane formation. These conditions were found to be potentiated 

in mice lacking ACE2. ACE2 KO mice also suffered similar worsened loss of lung 

function, pulmonary oedema and leukocyte accumulation in the lung when subjected 

to sepsis-induced acute lung injury (Imai et aZ., 2(05). Interestingly, injection of 

recombinant human ACE2 into acid-treated mice was able to dampen the severity of 

lung injury in ACE2 KO mice, while wild-type mice injected with recombinant 

human ACE2 resulted in the reversal of lung dysfunction and pulmonary oedema 

(Imai et al., 2(05). 
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Since the protective effect was only observed in mice that were injected with 

catalytically active recombinant human ACE2, it was suggested that ACE2 activity 

contributes significantly towards the protection against acute lung injury. Furthermore, 

inactivation of the ACE gene improved the pathogenesis of acid aspiration induced 

lung injury in both wild-type and ace2-null mice (lmai et al., 2(05). Given the key 

roles of both ACE and ACE2 in the metabolism of AngII, it appears that the increased 

levels of Angll observed post acute lung injury in the absence of ACE2 are at least 

partly responsible for the aggravated disease in ace2-null mice (Imai et al., 2005; 

Kuba et al., 2(05). In support of this view, mice treated with ATl receptor antagonist 

also showed reduced severity of lung injury (lmai et aI., 2005; Kuba et ai, 2(05). 

Collectively these findings provided evidence for a protective role played by ACE2 in 

acute lung injury, and the protective function is mediated through the metabolism of 

AngII. 

1.2.4. ACE2 and blood pressure 

Although an abundance of evidence for ACE2 serving a tissue protective role has 

been accumulated thus far, there is a scarcity of definitive findings regarding the exact 

role played by ACE2 in blood pressure homeostasis. There is inconsistency amongst 

reports of basal blood pressures observed for ace2-null mice (Crackower et al., 2002; 

Gurley et al., 2006; Yamamoto et al., 2006). The interplay between ace2 KO 

mutation and other background genetic factors has been suggested as a contributing 

factor for the inconsistency in reported studies (Gurley et al., 2006). In addition, 

ACE2 activity seems to contribute little towards the modification of basal blood 

pressure as similar basal plasma levels of AngII have been reported for wild-type and 

ace2-null mice (Gurley et al., 2006; Yamamoto et al., 2006). An examination of 

ACE2 expression in the kidney of spontaneous hypertensive rats (SHR) provided 

clues to the involvement of ACE2 in blood pressure regulation. Prior to the onset of 

hypertension, the ACE2 expression level in SHR was similar to that found in the 

normotensive Wistar Kyoto (WKy) rats (Tikellis et al., 2006). In older animals, a 

reduction of ACE2 expression was correlated with the onset of hypertension. The 

authors concluded such developmental alteration in ACE2 expression is linked to the 

disruption of RAS and adult-onset hypertension, albeit further research is necessary 

for the full elucidation of the role played by ACE2 in blood pressure homeostasis. 
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1.3. ACEl .trucn.,.~ 

1 ).1 . Overall s\QIcture ofACE2 

Thus fal. ACE2 has been identified as tile sole ACE homologue e'pn:s~ed in humans. 

while llie gene for anQlhel ACE homologue, ACE3. has been describe-d (Rella <'I 0/ •• 

2(07). ACE2 shares u 42% amioo Hcid sequence identity with ils RAS counterpart 

ACE and Ihen; is a greater simi laril}" belween tile N·dornain of ACE and ACE2 

(Donoghoe ~I III .• 2000: lipnis .. I ul .. 2000). Like ACE. ACE2 is a Iype I 

II"'Jnsmembrane glyooproJein which oonsiM of aN-terminal cctudumain exposed 10 Ihe 

extracellolar environment and anchored by Il si ngle trnnsme mbrnnc region that 

extends inlo Ihe c}1usolic C -Iennin:tl l.:Iil (Fig.I .2). '!be C-tcrminus of ACE2 is highly 

homologous to colkctrin. ~ non-calal>lk membrane gly~"OproJein which has been 

impJicak-d in proper renal absorplion of amino acids (Danilczyk .. I al .• 20(6). Within 

lhe N-Ierminal I!Ctudumain. Ihl' ACE-Iikl' catalytic domain is (unher divided illlo t"·o 

suh-domains C(lilnected ntttle floor of the acrive site ca\'iIY (TOVo' ler el 01 .• 20(4). The 

Calal)1ic 7inc and the N-Ierminus of the cmal)1ic domain are located ill sub·domain I 

whereas ~ub-dom!J.in II contains tile C-terminus of the cata lytic domain. The two sub­

domains have been discovered to make a hinge-li~e movement upon ligand binding 

(Towkl CI al .• 2(04) (Fig. 1.3). 

= [ ]. ' .•. 

- ]" ...... ...... 
]e", .. ",_ ... 

fig.I.2. Schl'fT\.ltic r~pn:senlalion of the O\'eraH structure of ACE2. Tile ACE-like 
c:lIal}·tic domain which fonns part of the ectodomain i ~ divided into suh-dornoin I 
(orange) and sub·domain II (green). The colJectri n· li ke domain makes up the reSI of 
Ihe enzyme thai is OOt catal >·ti cally acJive (n:d). which includes tlk: transmembrane 
region and the C-tennin31 cytosolic tai l. 

• 
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Fig.I.3. Ribbon rcprcsentatinn, of the x·r~y crystal struc ture of ACE2 tctodomain. 
showing the lIinge·like movement of ttle sub-domain_ upon ligand binding. A. Crystal 
Structure of MlJ'.I4760-bouoo ACE2 (PDB code: J R4L). U. Cry.(~l muclurc of 
ligand·free ACE2 (PDB code: lR42). Sub·domain I of the ACE2 c:nalytic domain is 
shown in or~nge. and sub-domain II is shown in green. The inhibitor MLN4760 is 
.hown as stick model in yellow. The active sile catalytic zinc is shown as sphere in 
darl.: gray. Image. were generated using PyMol Molecular Viewer (D.:Lano Scientific 
l lC.). 

1.3.2. Modelling of ACE2 acti"e site 

As a "linc mctalloproteas.c. till: consen,us zinc binding sequence HEXXH ;5 conserved 

in the amino acid ~ucnce of ACE2. An additional gluI~male resid ue (Glu4(2). 

which servcs as the third zinc coordinating residue (cOITe,ponding 10 Glu389 in the 

N·domain illld Glu987 in the C·doman of wffi;llic ACE). is alw conserved in ACE2 

(Tipnis l'1111., 2(0)). Several residue substitutions wilhin lhe Sz' rcgion accoun t for the 

difference in the sub>lrate s.cJeetivil~ be tween ACE and ACE2, 3, revealed by a 

cOlllparmive modelling study where 3 model of ACE2 active site wa~ built using the 

crystal structure dma of the testicular iwfoml of ACE (Guy l'r 01., 2003). The 

SUbstitu tion of Gln28 1 in testis ACE with Arg!73 in ACE2 prevents the 

accommodation of a Pl' substrate '1:sidue by ACE2. The arginine residue was 

modelled to interact " 'ith the substnte C·termin:1l carboxylate and thus limits the 

ability of the ACE2 active site to accommodate more than one n'$idu~ on the primed 

, 
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side (Fig.IA). The ACE2 acti "c sitt model also suggt"~ted thn\ rcspttti ,·c substitution 

of LysS tl , Tyr5!O and Thr282 in testis ACE ,,·jth Lcu50}. Phc512 and Phc274 in 

ACE2 rcsul1ed in the occlusion of the Sl' sub-sitt (Fig. 1.4 ). On the: unpri rned ,ide of 

the: activc site. the modelled S t sub-site of ACE2 was expttted to be smaller than that 

of !estis ACE, as Va!5!8 in testis ACE is .• ubstilU\cd by a larger Tyr510 in ACE2 

(Guy t"I al .. 2003). 

t1g. I.4. Schematic representation of the ACE! acti \'e site model built using the aclhe 
&ite structure of testis ACE. The modelled hydrogen bond inlCJactions (<k>lted lines) 
between the ACE2 acl; ve sile residues and lhe inhibitor lisinoprillll'C shown. Residues 
localed within the varioos sub-.ites ure li,1<!d in boles. The Pl' prolyl group of 
lisinopril is nOI shown in lhis model as the S/ binding sile is absent in ACE2. Figure 
taken from (Guy el nl., 2oo}). 

The modelled ACE2 active site not only pro~idcd nn explunation for the inability of 

ACE inhibitors to act on ACE2. but als" !;cnermed insights into the substrate 

preference of ACE2, The model pr(l\'jded suppon for the conSl:nsu~ SUb.trdtc 

se<]uence fPro-Xaall .JI- Pro-hydrophobic residue] derived from a sequence comparison 

of ,'arious biological substrJ\cS of ACE2 (Vid:ers el (ll .. 2002). In the- ACE2 active 

site model. lhe small S, sub-site of ACE2 fonncd by hydmphobic residues offered 

only sufficient splICe to accommodate small hydrophobic subs\Tlltc residues and not 

bulk)' residue-so This notion supponcd the observed conSl:rvatioD of 3 P, prolyl residue 

t D biological pc:p1idcs most effI'Ctivcly cleaved by ACE2 (Vicke", e/ af .. 2002). 

" 
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1.3.3. ACE2 ~ctiv~ site cIT'lal Slructure 

Elucidation uf the r.-rvstal structure of ACE2 (PDB code: I R4L & I R42) (Tuwler 1'1 

"I., 2<X») nO!. only confimloo the in\olvemCnl of the residues proposed by the 

previous ACE2 aClive site model in subslrate binding (Guy ell,l., 2(03). but also sh{""d 

light on th~ ACE2 active ~ite structure-fundion rdationships. In the ligand bound 

crystal structure of ACE2 (PDB code: IR4L), the inhibitor ML'14760 was bound in 

the reverse ori~mation to whJt WJS amicip~ted from its dc.illll and the previous 

modelling 'lUdy ( Dale~ t'f al., 2002: Guy 1'1 al .. 2003). Imerestingly. the large 3, 5-

dichlorobcnzylimidazole did not occupy the 5, and S, sub-sites of ACE2 as expt'Cled, 

but instead occupied the S, sub-site. There was a switch of carbox)'latcs as the 

terminal carboxylate became the zinc rourdinating group, nnd the original zinc 

coordinating carboxylate was found to internct with Arg27) as the lennin:.1 

carboxylate (fowler 1'1 nl., 2<X» ). In addition 10 ArIl27J. the lenninaJ carboxylme of 

MLN4760 was also coordinated by His505 and His345 through hydrogen-bonding 

(Fig. I .5.A). as proposed by lhe muddkd ACE:! active site (Guy 1'1 ", •• 2003). 

In the crystal structure. thc S, sub·s ite of ACE2 i. made up of Arg5 14. Thr347 and 

IWO bulky hydrophobic Pbe5Q..l and TyrS IO (Fig. I.S.B). The T}T510 residue is 

po;rsitionoo such that tbe hydrophobic ring Forms the roof of the S, sub-site (Towler ~I 

<II .. 1<X»). The substmle scl.'ctivity conferred by the small S, sub-.ite is evident from 

the. inability of ACE2 to cleave biological SUbstrnlCs with a tyrosine or phenylalanine 

in the P, position (Vickers t'I (1/ .• 2002). 

" 
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Fig. 1.5. Scl\emal;c rcpresel\taliOI1~ of th~ ;lCli\'e Si ll' crystal muC'ture of AeEl (POB 
eo<k: I Rot!.). The camlytic zinc is ~ho"'''n as grey 5fllJerc:- A. The C'lcrminal 
cQtooxyJalC of Ihe Inhibitor fo, l l,N476(l (yellow) .... as cuordinaled b) Arg273. His505 
IlIld lI is345 by hydro,~'Il bond inlcractioo~ IdaslKd lines). D. The residLleS making up 
1111.' 5 , sub·sile arc Th047. 1'111:504. T)'. 510 and A1J514. The swface representation of 
tile 51 sub-si Ie reSIdues i. also shown. Jmagl!ll ... ·ere IICner.lled using PyMol Molecular 
Vkower (DeLano Scientific U£,). 

flg. I .6. 5,' ~site crystal structure of ACE2/POB code: I R4L), The res idues ~lIown 
In green pro,-ilie a hydrophobic environment which con r"r'li s.eICClh"i1)" for 
lIydrophobic substrate l'C5idues. Thc =idul'S sllo .... n in mug~n\a confer sehlcti>'uy for 
basic substrate reidllc:s. Th<: inhibilor MLN4760 is sllown in yellow, and the calal)1ic 
ZInc IS shown a~ grey splk'n:. [mage Wall gcncnued usinJ! PyMol Molecular Vic ..... cr 
(DeLano Scientific LLC.). 

While !he S, ~ub-site of ACE2 active site is tnad<> up of re!;iduC"lo !,muped to wb· 

domUln II Qf 1he ACE2 catulytic domain. tile much larger 5,' sub·site is fomled u p3I1 

of thr clel"! betw~..,n the two sub· domains. In the crystal strUcture, the large 3, 5-

dlchJorobcn1ylimiduwl~ is well accommodated by !he S,· sub-silC (Fig 1.6) "The 
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hydrophobic environment created by Phe274, Pr0346. Thr371. Met360 is particularly 

noteworthy. as it confers a substrate selectivity for a hydrophobic Pt' substrate residue 

(Vickers et al .• 2002). Additionally. the presence of Glu145. Asn149. Lys363 and 

Asp368 allows for the fitting of basic Pt' residues into the St' sub-site (Towler et aI., 

2004) (Fig. 1.6). Collectively these factors explain the substrate preference of ACE2 

for large hydrophobic or basic residues at the Pt' position (Vickers et aI., 2002). 

While it is clear that active site sub-sites detennine the substrate selectivity of ACE2, 

structural attributes at the single residue level were also found to significantly affect 

the enzymatic activity of ACE2. In 2005, Guy et al. identified several active site 

residues to be essential for the catalytic activity of ACE2 (Guy et al., 2005). Mutation 

of Arg273 to either a glutamine or a lysine led to complete abolition of ACE2 activity 

on a synthetic substrate, as did the replacement of His345 and His505 with an alanine 

or leucine (Guy et al., 2005). In the case of Arg273, a positive charge at the correct 

distance was suggested to be crucial for proper binding of the substrate C-tenninal 

carboxylate, as both the removal of the positive charge by a glutamine substitution 

and altered positioning of the positive charge by a lysine substitution resulted in the 

disruption of ACE2 activity (Guy et al., 2005). In the MLN4760-bound ACE2 crystal 

structure, the C-tenninal carboxylate of the inhibitor was coordinated by Arg273, 

His345 and His505 (Fig.1.5.A) (Towler et al., 2004). and mutation of either histidine 

residues resulted in dramatically reduced activity (up to 300-fold) when compared to 

that of wild-type ACE2 (Guy et al., 2005). The identification of these critical active 

site residues indicates the substrate selectivity of ACE2 is also controlled at the single 

residue level 
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1.4. Chloride activation of ACE2 

From the sequence alignment of ACE2 with its homologue ACE, it was noted that the 

residues responsible for chloride binding in ACE were conserved in ACE2 (Guy et ai., 

2(03). Although both chloride binding sites of ACE were conserved in ACE2, it was 

discovered later that only one of the conserved sites is bound with a chloride ion in 

the crystal structure (Towler et ai., 2004). The conservation of chloride ion binding 

sites strongly suggested the likelihood of ACE2 also experiencing chloride activation 

like its homologue ACE. The first report of the chloride sensitivity of ACE2 came 

from a study by Vickers and colleagues in 2003, where optimal ACE2 hydrolysis of 

the synthetic substrate Mca-APK-Dnp was detected at I M NaCI (Vickers et al., 

2(02). Interestingly, the hydrolysis of AngII by ACE2 was shown to be inhibited by 

the presence of NaCI (approximately three-fold reduction in activity at 1 M NaCl) 

(Guy et ai., 2(03). These findings suggested that chloride activation of ACE2 is a 

substrate-dependent event. While an optimal activity of ACE2 with the substrate Mca­

APK-Dnp was reported at 1 M NaCl, pH 6.5 (Vickers et al., 2(02), optimal ACE2 

activity has also been reported at 300 mM NaCl, pH 7.0, and at pH 8.0 in the absence 

of chloride (Guy et ai., 2(03). Together these data indicated that chloride activation of 

ACE2 is a complex event which is both substrate and pH dependent. 

In the ACE2 crystal structure (PDB code: lR4L), a single chloride ion is coordinated 

by Arg169, Trp477, and Lys481 (Towler et ai., 2004). The Argl69 residue was 

confirmed to be a critical residue for the chloride sensitivity of ACE2, as a 

substitution of Arg169 with a glutamine abolished the chloride-activated activity of 

ACE2 with the physiological substrate AngII (Rushworth et ai., 2(08). Similarly, 

Trp271 was also identified as a critical residue for the chloride activation of ACE2. 

Intriguingly, while chloride binding in the second conserved chloride binding site is 

abolished (Guy et ai., 2005; Towler et al., 2004), mutation of the Arg514 residue in 

the second conserved chloride binding site resulted in a shift in substrate selectivity of 

ACE2 (Rushworth et ai., 2(08). It was reasoned that since Arg514 also forms part of 

the SI sub-site of ACE2, the mutation of Arg514 potentially alters the environment of 

SI sub-site and affects substrate selectivity (Fig.1.5.B). 
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1.5. ACE2 modulating compounds 

Soon after the discovery of ACE2, inhibitors of ACE2 were designed and synthesized 

with the intent to produce molecular tools for the elucidation of ACE2 physiological 

functions. While inhibitors of the well characterized homologue ACE had been 

developed long before the discovery of ACE2, design of ACE2 inhibitors had little to 

gain from the success of ACE inhibitors as these compounds fail to inhibit ACE2 

(Tipnis et al., 2(00). To date, several potent ACE2 inhibitors have been successfully 

developed, and a brief summary of various ACE2 inhibitors reported in the literature 

are presented in Table I. 

1.5.1. Substrate-based ACE2 inhibitors 

The designs of the first wave of ACE2 inhibitors was based on the natural substrates 

of ACE2 (Vickers et al., 2002). Knowledge of the preference of ACE2 for its natural 

substrates was immediately utilized in the development of the fIrst potent ACE2 

inhibitor named MLN4760. The design of MLN4760 was based on the ligand PI 

prolyl group preference of ACE2 and its low efficiency at cleaving the C-tenninal 

His-Leu bond of AngI (Vickers et al., 2(02). An imidazole scaffold with a zinc­

coordinating carboxylate group was used in the synthesis of MLN4760, and the 

incorporation of a large 3, 5-dicblorobenzyl group at the N-3 position of the 

imidazole, together with a leucyl group as the C-terminal residue, led to a potent 

inhibitor of ACE2 with an 1Cso value of 440 pmol (Dales et al., 2002). MLN4760 was 

also found to be highly selective for ACE2, as indicated by its weak inhibition of 

human testis ACE (ICso greater than 100 J.1M) and porcine carboxypeptidase A (lCso 

value = 27 J.1M) (Dales et al., 2(02). 

In addition to small molecule inhibitors of ACE2, short polypeptides with ACE2 

inhibitory effect have also been reported. A strong peptide inhibitor of ACE2 named 

DX600 was discovered through phage display of constraint loop peptide libraries 

(Huang et al., 2(03). Huang and colleagues identifIed ten motifs from a cluster 

sequence analysis of various ACE2 binding peptides, and DX600 was derived from 

the CXPXRXXPWXXC motif. This N-terminally acetylated, C-terminally amidated, 

twenty-six-residue polypeptide was found to inhibit ACE2 with an inhibition constant 
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(Kj) of 2.S nM. The inhibition was also reported to be highly specific for ACE2 as 

DX600 displayed almost no inhibition of ACE even at a concentration of 100 JlM 

(Huang et al., 2(03). The inhibitory action of DX600 has been related to the presence 

of an arginine residue between the two proline residues as well as the different 

spacing of the proline residues in the CXPXRXXPWXXC motif. In addition, the 

constraint loop structure formed by the disulfide bridge has also been suggested as 

one of features preventing hydrolysis of DX600 by ACE2 (Huang et al., 2(03). 

Table 1. Summary of ACE2 inhibitor reported to date. The inhibition constants for 
ACE2 and carboxypeptidase A (CpA) are shown. 

Compound Design basis Kj forACE2 KjforCpA 

(nM) (nM) 

MLN4760 Substrate 0.44 27000 

DX600 Substrate 2.S N.D 

NAAE Structure 459000 N.D 

4S-16659 Structure 62000# N.D 

10 (Deaton et al., 2008a) Structure 1.4 11000 

Ih (Deaton et al., 200Sb) Structure 0.S5 3300 

4lpu (Mores et al., 200S) Substrate/Structure 0.4 1050 

• IC~ value was reported 

N.D. Not detennined 

1.5.2. ACE2 x-ra~ structure-based inhibitors 

Elucidation of the ACE2 crystal structure has made possible the structure-based 

design of ACE2 inhibitors. Structural knowledge of ACE2 allowed for better 

prediction of the interaction between its active site residues and a ligand, and this was 

invaluable in the pursuit of inhibitors with even higher affinity and selectivity. The 

finding of MLN4760 binding in the reverse manner to its original design (Towler et 

al., 20(4) highlighted a weakness of substrate-based design of inhibitors, namely one 
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cannot fully deduce how a ligand will be accommodated by the active site of an 

enzyme solely from its substrate preference. 

The fIrst structure-based approach employed in the search for ACE2 inhibitors made 

use of the ACE2 crystal structure knowledge and in silico high-throughput screenings 

of small molecule databases. A small molecule with ACE2 inhibitory property yielded 

by this approach was N-(2-Aminoetbly)-1 aziridine-ethanamine (NAAE) 

(Huentelman et al., 2004). Although the specifIcity ofNAAE towards ACE2 was not 

reported, and NAAE displayed a relatively high Ki of 459 fJM for ACE2, this study 

presented a proof of concept for structure-based high-throughput screening of small 

molecules as potential ACE2 inhibitors. Similarly, a later study by Rella et al. 

employed the same strategy and compounds which inhibited ACE2 with ICso values 

ranging from 62 to 179 fJM were identifIed (Rella et aI., 2006). 

In a recent study by Deaton et aI.. the GlaxoSmithKline compound collection was 

screened for potential lead compounds to be further developed into ACE2 inhibitors, 

and a thio-acid compound was identifIed as a potent ACE2 inhibitor (Ki of 86 nM) 

(Deaton et al., 2008a). However, this compound also displayed strong inhibitory 

activities towards ACE (30 nM) and NEP (1.1 nM). In an attempt to improve the 

potency and the selectivity of the inhibitor towards ACE2, structural analogs with 

various substitutions at the PI position were synthesized and characterized. The fIrst 

fInding presented by characterization of the PI analogs was that the (R,R) 

stereoisomers, in which the P l groups were positioned in a conformation not found in 

the biological substrates, failed to inhibit ACE2 (Deaton et al., 2008a). It was also 

noted that analogs with linear alkanes as PI substituents displayed high potencies of 

inhibition, while analogs with PI substituents of a small 0.- branched nature (such as 

cyc10butane and cyclopentane) showed improved selectivity towards ACE2. Although 

higher ACE2 selectivity was achieved by analogs with larger cylcohexyl and phenyl 

PI substituents, this increased selectivity was associated with the loss of ACE2 

inhibition (Deaton et al., 2008a). In order to rationalize the potencies and specifIcities 

displayed by the different analogs, Deaton et al proceeded to perform molecular 

docking of the (R)-sec-butyl PI analog structure into the ACE2 crystal structure. In 

the docked model, the (R)-sec-butyl moiety was securely accommodated by Thr347 , 
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PheS04, TyrSlO and ArgS14 of the SI sub-site. The small SI sub-site also 

accommodated PI substituents such as cyclobutane and cyclopentane, but was less 

tolerant of cyclohexane (Deaton et al .• 2008a). 

Subsequent to the investigation of the SI sub-site, Deaton et al. explored the SI' sub­

site using the same approach. A series of analogs with different PI' substituents were 

synthesized and assessed for inhibitory activities towards ACE2, ACE, NEP and CpA 

(Deaton et al., 2008b). It was discovered that analogs with a large PI' group such as 

methylene o-phenoxyphenyl or methylene p-benzoxyphenyl moieties conferred high 

ACE2 inhibition (K/ values of the analogs ranged from 0.90 to 2.7 nM). Tethering of 

the methylene p-benzoxyphenyl group by addition of fluorine to the Pl'-end phenyl 

ring resulted in a further increase in inhibitory potency of the analog. The 3, 4-

difluorobenzyl tyrosine PI' analog was reported as the analog possessing the highest 

inhibitory activity and selectivity towards ACE2 (Deaton et al .• 2008b). While the 

increase in size of the PI' substituent seemed to be associated with improved ACE2 

inhibition and selectivity proflle of the thio-acid analogs. the reduced potency of the 

analog with a larger trifluoromethyl PI' substituent indicated such large PI' moiety 

exceeds the space provided by the SI' sub-site (Deaton et al., 2008b). A comparison 

of the molecular models of different thio-acid PI' analogs docked into the ACE2 

crystal structure revealed that the ACE2 SI' sub-site is able to bind the ligand PI' 

moiety in different modes. In the SI' sub-site, the PI' 3, 4-difluorobenzyl tyrosine 

group of analog 1j was observed to occupy a very different space to that occupied by 

the PI' o-phenoxyphenyl group of analog lr (Fig.1.7) (Deaton et al., 2008b). The 

overlay of the two docked models disclosed a SI' sub-site shaped with two separate 

cavities. Such distinctly shaped SI' sub-site provides a promising target for the 

development of future ACE2 inhibitors of not only even higher potency, but also a 

further increased selectivity towards ACE2. 
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Fig. 1.7. Dueled modd5 of th lO·acld 1' ,' analog~ IJ (shown m groen) lUld I r [sllol.m In 
magenta) wit h !he ACE2 crystal ~truellln: (I'DB ~'Odc: I R4L). The different 
ocl"Up;l.Iion of PI' gmups in the S,' ~ub-site iool('lltro Ihat ACE2 binds its ligand wlih 
fOOfC than one binding mode 81th<: S,'1P1' position. FIgure tllken from (Deaton fI aJ .. 
200gb). 

The most n:;:em ACEl inhibilOl"!i reponed in tnc: IileralUre an: tnc: pho_phinie pseudo­

peptide;;. Thc success in tbe development of pacem. hiah domain-~elmi,e phosphinic 

ACE inhlbilors (Dive ~11l1", 1999: GeorgIadis" Ill .. 2(03) has fueled Ihe pUrsu it of 

phosphinic ACE2 inh ibil/)f$. A mies of phosphime ACE2 inluhotOl"5 " .. ell' designed 

>md s)1Ubesizcd with the gooJ of producing inhibitors with high bio-al·adability. as 

ihc:M: inhibitors woold provide in"aJuable aid to the full eh.lClibtion of ACE2 

physiological functooru (Mores ~I ilL. 20(8) The Iil"5t ifOOP of compounds 

symhesi1.ro by Mores IlDd colleagues "ere pbospllinie dlpcPildcs. and these 

compounds ~ho,,"Cd poor inhibition of ACE2 lICtillly . Ilo"el·et". strong inhihllion of 

ACEl was ochie'ed by !he pl-olsphin~ tripepllde InhIbitors ",th Pj poops A 11lriety 

of PI groups " 'ere 3ccep1ro by the 5: sub-site as simil;)!" inhibilion constants wen: 

obscr .. ed fO(" cumpounds thai differed only at the Pl position Interestlllgly. analogs 

IlOl CiUT}ing B 1', proIyl group showed decreased inhIbition poxeociu. In the 

as~meru of II do(led model. Mores el al. llOIed tnc: PI prolyl residue: creates good 

Ian df:,r Waals a)[ltlll.1S with the TyolO and Phe504 residues. and such interaction 

may IIOt exist for other P, Il'sidues placed in the same $pa.;t (Mores t!IIII., 20(8) . 

~ Iores ~I 01. also ~uggestcd the: structural ri)!idity of the: prolyl poop could also 

contribute 10wanls the difference in the obscrv~d inhibition potcrI(:ics. 
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AhhouSh the proence of a P: group and a P, prol)1 mole!) appeared II) be the m3jor 

conuibutOfS towards the potency of the phosphmic ACEl inhibitors. the select,,·;ty of 

!he inhibnon to .... ard ACE2 was not ITM.'dillll'ti by enher group. ~'eral of the Strong 

ACE2 pilosphinic inhibilOl'S were aJso associated with a Mrong inhibition of CpA 

(Mores ~r al •• 20(8). In these inhibiton. iocrellSCd ACE2 IIClectivity was gained 

through su!J,.mut!on of !he p,' phenyl group "ith a phenyl·isolalole poop. This 

~ubsmution n:;>uhed in D mon: than 70-fold reduction in inhibition POh!IlC)' of the 

AC I:.2 phosphmie inhibitor IOwlll'ds CpA {Mores ~I 01" 2008). The increased ACE2 

ilClec!ivity "lIS clplai ned by the bencr ar:cqlIaoce of I;u'ge P,' residues by the S " sub­

~ite of ACE2 than by th:tl of CpA. Givcn the fxt !hat pcpc ide sequences of these 

ACE2 pllosphimc inh,bitors mimided thost found III the biological substrates of 

ACE2. Ihis study presem~d i~l f as an invaluable ~~ample of how both substrate· 

ba~ed ond .tructurc·b;J.Sf. ... inhibitor dc:.ign~ .... ere combioc'll to produce potent ACE2 

inhibitors of high selcctivity. 

I ~ \ ACE2 actjv;nor 

Even though many potent ACE2 inhibitors have been successfully dc"doped to date. 

apart from their use in investigating the structure·function of ACE2. the therapeutic 

~ppl kation of ACE2 inhibitors is unclear. Ba""d on the CUrTent ,It ,-'w/ physiological 

dllla. the oclivily of ACE2 b favournblc in many pathophysiolugical conditions. 

Although the dcvclopmcn1 of an AeE2 activator as potent ial therapeutic agent is 

dc.ir .. bk. the absence of a clelU' a ll~cric ~ite on the enz)me I""I"i"nlS a major 

obstacle. In the "rueLUTe of ACE2. apart from the t .... o conserved chloride binding 

.itC'S. there i~ an ab~nee of clear sites for binding of effector mOlecules HO"''n"er, the 

ligand bound ACF.l assun~ a vcry diff~,..,nr c()ll fonnaliun to thm of the Ilgand·f .... e 

ACE2 in the erJ~tal StNCLUTC' (To" ler ~I 0/ .• 2(04). In a IICarch for poIential ACE2 

IICt ,valOl'S. Hernandez Prada ~I al. look fuJI advllIItage of !his structuml knowledge and 

Identirted coofonnation·spedflC ~ites. "IJich = poIcntiall), xcessible to small 

molecule!;. through a comparison of the ligand· bound and ligand·free ACE2 crystal 

StNCtU~ (H ernandez Prada ... , al . . 2{X)8). A tOlal of thr~'C potential sites (Fig. 1.8) 

"en: sell-eted for the: screening of a chemical compound libllU)' using molecular 

docking simulation. Only !he 5C:lf"Ch "'Ith Itte site at the hinge TC'gioo of ligand-free 

... CE2 (Fig. l.8. site I) yielded docked compounds "'ith drug·like physiochemical 



Cll;ullClCristics (1I el1\,;lnd~~ Prad~ tI .. I .. 20(3). As tho;: lIinge rel'Oll pru"ido;:s a piwl\ 

pomt for I:!fJe oonfonnatiOIlal mowmc:nt of ,lie .ul .... lomains upon ligand binding. 1\ 

W:l.' pmtulDted tll:ll tile bindIng of small effcClor moIccuies to the IIi n~ region could 

IndUe<: tile eruymc: to assume a confOl'IDiltion Ih~t pn>motes bi ndIng of substrate or 

facilitated release of pruduct • 

• · lg. I.II. ReiDtive pmilion~ of tW"get sitllS (y.:llow) used in ,Ikl ~arch for small ACEl 
effeclor molecules. The inhibitor-bound ACE2 (rOB code: I R4L) is sllown in ribbon 
representation fr.:d). Site I was ddine!.l using Ihe ligand· free confonn:llion of ACE2 
altd superim posed to show its relnti"e position to OIher ~ilcs. Figure take from 
(llcmun!.lc7 I)ra!.l~ tI (1/., 2008). 

Amongst tile compounds whicll SCQn:d well In the scn:elling process. IWO compoun!.ls. 

nanlt:ly xanthcoonc (X NT) ulld n:,orcinoi llaphtlia lein. were sho wn in "ilro 10 

spccificul ly cnh:H'I<;'c ACEl activily (Ilemall(!el PrJ!la rI .. /.. 2008). Further in "i"o 

t.:stlng of XNT denKJIISlrnted thaI the compound c:o.crts all1ihypcrtens;vc cff= such 

Illi lowering of blood pressure and potentiation of Lhc hypotcrui , 'e effcct induced by 

bmdy~inin treaUl"lcnt The enhanced ACE2 activity brought about by ('hNnie XI\'T 

ildministnltion was at~ sho .... -n to re'~'TSC fibrosis of heart and kidney lissue of SHR 

(Hernundez Prada tt ill .. 2(08). Whil~ ACE2 Deti-'aling compounds such as XNT 

have ope:ll<Cd 1\ ncw a'cnuc for development of no,-ct treatment for ItYJlC'rtcnsiOll, 

fW'1l\<!r n:-SClU'Ch is essential to confinn the feasibi lity of soch activators as tl\<!rapcu!ic 

agents. 

" 



1.6. I-:rpr~f$lon r~ulDtiOll l)f ACI-;Z 

The nLllT)' or ,mdie!> carried out on ACE2 ~ afler its di>co'ery o .. -es much to the 

nol'ehy of ACE2 as thc latht addItion to the RAS. and the role played by AeE2 as a 

functional rtteplOl' of !he SARS CoV. WhIle plenty of physiochemtcal and structural 

information about ACE2 has been gathered. the ref;ul~hon of "CE2 c;o;pression 

remains poorly understood. The understanding of ACE2 e;or;prc!»ion regul~til)n i, 

hkcly to Ix bcnefictal in tCfI1lS of thc del'clopmcnt of novel thcnlpcutk intervemiot\. 

.... allered c"pression of ACE2 has I=n rcportl-d to be p5."XiUtW with differcnt 

pa1hological conditIons Dunng SARS-CoV infection. a down·re,sul81ion of ACE2 

protein IeleiS "'as ob.crved in both in I';rro and in 1'1 ... :> models upon the introduction 

of SA RS-CoV Spike protein (Kuba eJ III .• 2(05). Decrca~e in ACE2 rnRNA and 

protein lelcls in Ihe renal tubule has also been reponed for a )tn:ptol_ocin-lOdoced 

diabetic nit model (Ti\.:elli_~ el al.. 2(0)). Supporting cli(\cncc for thl> finding .. a~ 

pmvidc.l by th~ dCI""tiQII of lo ..... enxt ACE! mRNA tmd pnxcin I,,'cb in the ludney 

t,,,ue of diabetic pallcnls ( M izuin "01 .• 20(8). 

In 2005. Igase and colleagues reported thai the bloc:king of AT! re<:cplor;; ",iih the 

antagonist olmesartlU1 in 12-",«k old malc SHR led 10 the detcction of inc~ 

ACE:! mRNA lcvel) in the 1hor.tcic oona "hen compared to that of ,-chide-treated 

animal~ (Iga~e CI Id .• 2OOS). The fi'-e-fold iocrcasc ill ACF..2 mRNA Ie"els after 

treatment "ith 01mcsm3n ).Uggestffi lh;d a regulator)' effa:t 00 ACE2 expres.ioo is 

mediated throu~ the ATI rttqMor. In a cell model of neonatal rat cardiom}oc)les. 

aJdo!;telOOC was found 10 reducc ACE2 mRNA cx~sion and incrcao;c ACE mRNA. 

alld this aillo.tcronc induced altered expression of ACE2 and ACE .... as completely 

blocked by trealmcnl "'I th the aldosierorJe bntagomSi cplereoooe (Yam:mturo.1 oJ .• 

2(08)- UOVoeH'I'. oonnlCIIlIg e\ldcn-cc for the roic of aldosterone as a lIegali~e 

regulalor of ACEl opre:.slOll has also beell reported. In Dahl sBlt-sellSlth-c 

hy~ncru;i\'e rats on a high sodium diet. trealment ,,·ith AT, rt'Ceplor blocker 

tlllldcsanan resulted In a sigrllfieallt increase of ACE2 mRNA ill the heart. and this 

increase: III ACE2 mRNA .... as nOl observed ill animals treated with eplcrcnone 

(Takeda ~I uf . . 2007). 

Recenlly the mitogen activalcd protein (MAP) ki nDsclphO"phmasc palh""ay hos been 



shown as a mechamsm through which Angll mediates 11' 'eprc .• sor effect on ACE! 

expression. "-, tITmmem with the MAl' kinase kmase Inhibitor PD98059 allenualed 

the An~!I mediru~'d .educrion of ACE2 ~ene e~prenion in a ral va,cuiar smooth 

muscle cell model (Gallagher el <1/ .• 20(8). While II appears that expre'>SlOn of ACE2 

is modulated by complc.~ interplay bel ween "arious homlOne peptide,.linle is kno".-n 

about Ihe fa<:lors involved al the mok-cular level. In a search for gene larget of ttle 

lra nscnplion fxtor hep~tocyte nuclear factor 1 belli (HNFlp ). Senkel and tolleague~ 

,demif""j ACE! as One of the direct targel genes of HNFIP in HEK293 cells (Scold 

"al.. 20(5). A 100ai of eight polential HNFI binding siles were ,dentified in the I I 

kh reg,on immedmtely up'ltITam of the lfan~lation stm Slle. and 5' deleuon ACE2 

promoter conSln"ts with Ihe "'moval of HNFI site fmhest from the Iranslallon SIan 

codon yielded a signifkanily reduced activation of promoter by HNFI P 
overe.,pres.ion (Scnkcl el "I., 2(05). ,\hhough the sllldy did not pursue lhe 

Implication of ,\eEl gene 3CI,vatJon by Hl'Flp. ncvenhe!ess it de>.C n bed One of the 

('1'>1 trnnscription·mod ulating clements of the ACE! gene. 

The HNFI binding site:> reponed by Scnkel ellJI. were initially thought to he located 

in the promoler region of lhe ACE2 gene HO'kever, a later ,Iudy by Itoyama er al. 

re,·ell.l~d t~ presence of a new extended rt2mn of exon I. 3S well u, an unlr.m,lalCd 

MOn {1toyama rt al . 2005). The finding of a 5' umr31\!;Ialed exOn placed the HNFI 

binding sites within a reSJoo immedmtely upstream of the ACE2 translation Sim 

codon Ihal does 001 fonn part of Ihe promOleJ region. As precedents of r ,,r·acllnll 

elements within inlron 1 regions th3t regulate tr::ms.:ription aeliviti .. ~ h~ve b..en 

",poned for a yariety of gene, (leBlanc n al" 2006; Simon <"1 Ill .. 2008; GllOU''''' C/ 

al .• 2(09), tilt.- findingS documenled by Senktd ci al have also ilugllcsted the 

in~ol,·cmem of intron I of the ,\CE2 ge~ in its lr1Inscnption Tl:g ul atiQn. 

" 



1,1, Aim ofstudy 

As lIiglilighted in I~ II ler-nure, ACE2 x li"ily i~ beneficial in :IC"cr~l pollhological 

l'OOdlllonS. Ho ..... e~cr, the uOOcrManding O( lbe oonlrol of ACE2 activilY al tile proIein­

structun: and eJ;prcssion 1I:vcl is incomp1l:tc . Funller undcl"$lUnding of bolh tile 

~lructun: · rullClion of ACE2 lIS ... ·ell as its transcription regul:uion would pro"c 

immensel)' invaluable (ue ~ t'Oncepluallz31ion of novel trealmenl for variou~ 

p;u.hological condihons In order 10 gain funber knowledge of Ille eontrol of ACE]. 

lICt;"it)', tile 1 ..... 0 m:un aims devised for tllis sludy were: 

To investigate Ihe interaction~ hctw<"!Cn ACE2 acti"e site residue:; and the p~ side 

cllain of a bound ligand. and dclcnninc the mueture-funetion relationship of these 

interr.c:tions. 

To c1ucidmc potenttal IranSCrilJlion factors invoh'cd in the rcgulll1ion of ACE2 

cxpreuion, 

To mtctlhcsc aims. the objf:('tivL:!; of this thesis ... ·crt as follows: 

Cb:u-a.tcril.lliion of the inllibltOl')' pollllmt:tCfS of a no.,.el pho.spl\tnic ACE2 

inh,b,lor (4 16F21. 

/11 si/iC'O molecular docking simulation of 416F2 1010 the ligand-bound cryslal 

structure: of ACE2 

[dentineallon of interacllons between the P::-Ieuql group of 416F2 and ACE2 

residues !l.OO assess the SU\lC"t~-function of ido:n\lficd Il\tel"llChons by sile-dlrected 

mut~ests. 

Scn:rning of the region immediate upstream of thi: ACE2 lrumlalion start sile for 

potenual bloo,I\8 s.ites of pl,lljti, e It:UlSl:ripllon fll("tOt'S us,nll tr.lI1s..-ription a<."tivi ly 

lISsays. 

Idcnlifica\ion of putati\'e 1r.lI1scriptioo binding 1il1:5 u~in8 a bioinformatk.s 

'"""'" Determination of lhe in ,'i/ro binding o f pulat;"e transcription rellulalOn of ACE2 

by elf:('uo-mobtlity ge15bih assay. 



Chapter 2 

Kinetic analyses of a novel ACE2 inhibitor 

1. 1. /" /rod,,cti(m 

As ~ receml)' di-wvered cornpont:nl of the renin·angiotensin sy~tem, 11K: lno .. ltd,e 

of ACE] substrate st!cc!lvity remairu incomplete. A pre"IOliS bIOChemical 

in>'e5tigmion into tIK: biological ~Ilb!;trnto:s of ACE2 has ~uhed .n the postula\iOfl or 
a consemus sequence for ACE! Mlbstnue5 (Vicl cl$ tI ClI .• 2002), The: COOiCnsU.'l 

sub~lrnte sequence of ACE2 has helped the deldopment of polent 5tJMtrate·based 

inhibitOCli (Dales rf ClI, 2002). In a recent ACE2 inM IIlor ~tud) , il II'M shown \hat 

tripeptide inhibitOr'S ,,'ilh Pl res.duc~ conferred greater mhiblto<} 1I(:[1\"Ue$ than did 

d.peptide inhi bitors .... ith only PI IIIlIi PI' groups (Mores rf al .• 2(08). The$C tripeptide 

InhibitOOj pre5ctt1 tIK:ms.c:h'e$ as potential pI'QbeI; In inl'esligale lhe Sl $ub-site 

slruCture·funl"lion of ACE2, 

" 

~ " ""( J.. 
, 

-<--t:r J 
\.. 

" 
t·ig.2.1. Chemical structu!t of the nOl-d phosphinic tri peptide inhibitor 416F2. 11< 
lripeptilk mhibt tOl' mlmic~ an amino acid sequencr of ~u.Pro- Ph e_ The various 
functional JIOOPS arc sllO" 'n. The stru.."1urc .... as generously provided by V. Dive. 
SIMOPRO. Fn'llICc. 

In Ihls study. tIK: main obj«1h'c was 10 assess tIK: ACEl inhibitory activity of Ihe 

IIOIci phosphmic tripeptide inhibitor 416F2 (Fig.2. 1) using differenl enzyme l ineLic 



;\n;J I)'scs. M1llIy pre,iC)tls $tudics havc sUl'cessfully emplo)'ed soluble ACE2 for 

enz)'mc: activity analysis becnuiIl' of its retained fu oclionallntcgrity and ease to isolate 

(Gu)" el ,,1 .• 2005; Tipni~ el III. 2000; Vic~trs tl III . • 2(02). Similarly . .;olublt ACE2 

"'a~ utiliited In this sludy. ACE2 tnhibitory activity of 416F1 was DsSt:S)ed using dose­

dc:pelKk'nt Wiponse curve and dirt:C1 linear plol methods The use of dir«1 linear plot 

method also allowed for dctcrlmna(lon of the Inhibition'l~ e~h l bilcd by 416P2 

(Cornish-Bowden. 1995: Eisenlhal and Comi~b-O Ol\<dcn. 1974) 

" 



1.2 . .lta/erinls ond methods 

nJ. Propagation or pC!-NEO·sACE2FU\O 

The DNA COll'lrocl pCl-NEO-sACE2FLAO is Bn ACE2 cDI't\ rragmtlll insened 

inlo ("" mammalian expres,;ioo '«lor plasmid pO-KEO (Promcga COI"p.) lIIthe XIIQI 

and Xba l sikS (I. SetlCTOUS Sift from D.W Lamben and N M Hooper. University nf 

Leeds). The C-I1:nninal 1I1IlIsmcmbnne and c)·toplasmic n';ioos nf ACE2 ... ·ere 

repbccd by a FLAG lag in I"" sACE2A...AQ t OnSllu;:1 (Gu y 1'1 ul . 20(5 ). [11 addilion. 

I"" region coding for the N-tennmal Il'adl'r pc:pll(\e Sl'qllcnce was also removed 

(Fia·2.2). 

"'CD ........ ,"',"" .. '" 

.C)-"~- \ 

___ +_+ _ _ pO_St.o1>tOi 

XhcoI Xbol 

f'lg.2_L 01',\ COTIStlU<.1 of sACE1FLAG. ".., ACE2 uansmcmbrane and C-lenninal 
c)losolic re;ions of ACE ... en: replacl'd by II A.AG I'pllOpo:" lag. The ACE2 eDNA 
sajUeIlCl' I{\-Ilo 232J l"Odcs for lhe amino acid residues 1 10740. 

"The pI:L~mid pCl-NEO-tACE2A...AG ... ·as lransfonnl'd inlO E.m/l Dl15/J. \5e<l 

appendi'- ,\ I (or bacteria cuhunn; method) using the >tandartl helll shock 

IfilDsformalion method and plnll-d onto ampicillin -conta ining agar plates (set: 

appt'ndJ~ A -I ) (A .. subel 1'1 01.. 1992). Il eal _hoc" compclCnl E.~·QII DII5u ... ·a~ 

prepared as descnbed in llppendi~ A .. 1. Ampiciliin-re.isLanl Irllll>formanlS were 

subjecled 10 reSlriClioll enz)'JYIC IInal)'I' ... Iing Ihe Xhol and X!>.-jl enzylnCs. followal 

by cleclfOph<Jr~"Sis On I % (wI\-) agarose 1:~1 in 1:< Tris borale EDTA buffer (THE) (see 

~pper.di~ A.5). t...argc-scale plJrilicat;on ofpCl-I\'EO-lACE2f1..,\ G p\.a.,mJd DNA ... as 

cnnilXl 001 using lhe II ISpeed· l'lasmid Kit (Qiagcn). fo1l0",101 I"" prol:ocoI provided 

by (he manuf~turcr. 

" 
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2.2.2. sACE2FLAG transfection and isolation 

2.2.2.1. Cell culture transfection 

Human embryonic kidney epithelial cells (HEK293; a generous gift from the 

UCT/MRC Research Group for Receptor Biology, University of Cape Town) were 

cultured in Dulbecco's Modified Eagle Medium (DMEM; Highveld Biological) 

containing 10% (v/v) foetal calf serum (pCS; Gibco®, Invitrogen) and a final 

concentration of 50 mM HEPES, pH 7.5. Prior to transfection, cell cultures were 

grown until approximately 60% confluent in 6-well tissue culture plates (Nunc Corp.). 

An amount of 1.5 Ilg of plasmid pCI-NEO-sACE2FLAG was transfected into 

HEK293 cell culture using the Profection Transfection Kit (Promega Corp.) following 

the protocol provided by the manufacturer. Briefly, fresh growth medium was placed 

onto cell cultures 3 hours prior to the transfection, and the calcium chloride-DNA 

complex was prepared by mixing plasmid DNA with 18 III of 2 M calcium chloride 

(Profection Transfection Kit; Promega Corp.) and sterile nuclease-free water to a final 

volume of 150 Ill. The plasmid DNA mixture was bubbled though equal volumes of 

2 x HEPES buffered saline (HBS) (Profection Transfection Kit; Promega Corp.). This 

final mixture was incubated at room temperature for 30 min and added directly to cell 

cultures in a drop-wise fashion with gentle swirling of culturing plates. After 4 hours 

of incubation at 37°C, a glycerol shock procedure was performed on the transfected 

cells. Transfected cells were rinsed once with 1 x phosphate buffered saline (PBS) 

(137 mM NaCI, pH 7.4; 2.7 mM KCI; 20 mM Na2HP04; 2 mM KH2P04) followed by 

the application of 500 III of sterile 15% (v/v) glycerol in PBS. The cell cultures were 

exposed to 15% glycerol solution for a period no longer than 2 min and cell cultures 

were rinsed twice with 1 x PBS solution to remove all traces of glycerol. The cell 

cultures were allowed to recover for 24 hours in fresh culture medium after the 

glycerol shock procedure. Selection for stable sACE2FLAG expressing cells was 

achieved by culturing the transfected cells in growth medium containing 0.8 mglml of 

the antibiotic G418 (Sigma-Aldrich, Inc.). 
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2.2.2.2. FLAG-tagged protein purification 

Stable pCI-NEO-sACE2FLAG transfected HEK293 cells were grown until 

approximately 80% confluent in two T150 cell culture flasks (Nunc Corp.) followed 

by incubation in 25 ml of DMEM growth medium containing 2% (v/v) FCS. The 

culture medium containing secreted sACE2FLAG protein was collected after an 

incubation period of approximately 48 hours at 37°C. The harvest process was 

repeated twice. 

The collected culture medium was centrifuged at 1800 x g for 5 min at 4°C to remove 

the cells from the media. Soluble ACE2FLAG was purified by affinity column 

chromatography using the ANTI-FLAG M2® resin (Sigma-Aldrich, Inc.). Binding of 

sACE2FLAG to the column was achieved by passing the collected media through the 

column twice at 4°C. The column was then washed with 20 column volumes of ice-

cold Tris buffered saline (TBS) (50 mM Tris, pH 7.5; 150 mM NaCI). The 

sACE2FLAG was eluted with ten I-ml aliquots of elution buffer (0.1 M glycine HCl, 

pH3.5). The purification process was monitored by assaying eluted fractions for 

ACE2 activity as described in 2.2.3.1 using the FRET-based synthetic substrate Mca­

Ala-Pro-Lys-Dnp-OH (Mca-APK-Dnp; AnaSpec, Inc.). The collected fractions 

containing active sACE2FLAG were pooled and concentrated using Amicon® Ultra 

centrifugal 30 kDa cut-off fIlter devices (Millipore Corp.). The amount of 

sACE2FLAG isolated was determined by the standard Bradford assay (Bradford, 

1976) using Bio-Rad protein assay reagent (Bio-Rad Laboratories). The purity of the 

isolated sACE2FLAG was monitored by SDS PAGE (see appendix A.8) using a 10% 

gel (Ausubel et aI., 1992). The purified sACE2FLAG was stored at -20°C. 

2.2.3. ACE2 activity determination 

2.2.3.1. ACE2 activity fluorogenic assay 

The activities of ACE2 proteins were determined using synthetic fluorogenic ACE2 

substrates Mca-APK-Dnp and Mca-Tyr-Val-Ala-Asp-Ala-Pro-Lys-Dnp-OH (Mca­

YV ADAPK-Dnp; R&D Systems, Inc.). Since the substrates were dissolved in DMSO, 
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the ACE2 activity assay was carried out such that less than 0.7% (v/v) DMSO is 

present in the final reaction mixture (Vickers et ai., 2002). Activity assays were 

carried out using U96- PP plates (Nunc Corp.) in a total reaction volume of 100 ).11 at 

25°C. The reaction mixture contained final concentrations of 100 mM Tris, pH 7.0 

and 300 mM NaCl. The reaction product formation was measured by the increase in 

fluorescence detected at excitation and emission wavelengths of 320 nm and 430 nm 

respectively, using a Cary Eclipse fluorescence spectrophotometer (Varian, Inc.). For 

continuous assays, the increase in fluorescence signal was monitored over a time 

period of 60 min. 

2.2.3.2. Construction of fluorogenic substrate standard curves 

The amount of reaction product formed was determined using a standard curve 

generated with 7-methxoycoumarin-4-acetic acid (Mca; Sigma-Aldrich, Inc.). 

Standard curves were generated by plotting the fluorescence signals measured against 

varied amounts of Mca (0 nmol to 15 nmol). In addition, standard curves were also 

generated by measuring the fluorescence released by completely hydrolyzed 

fluorogenic substrate Mca-APK-Dnp (AnaSpec, Inc.) of amounts ranging from 0 to 

15 nmol. The complete hydrolysis of Mca-APK-Dnp was achieved by incubation of 

the substrate with 0.35 ).1g purified sACE2FLAG at 25°C. Complete hydrolysis of the 

substrate was assessed by comparison of the fluorescence intensities (Poi) recorded 

after 2 hours and 3 hours of incubation. The fluorescence intensities of the standards 

were measured as described in 2.2.3.1 in a total volume of 100 J.ll containing 100 mM 

Tris, pH 7.0 and 300 mM NaCI. Similarly, a standard curve of completely hydrolyzed 

Mca-YV ADAPK-Dnp was also generated. 

2.2.4. Kinetic characterization of the ACE2 inhibitor 416F2 

While the isolated sACE2FLAG protein was utilized in the standard curve 

construction (see 2.2.3.2), another soluble ACE2 (a generous gift from I. Penninger, 

Apeiron Biologics; hereafter abbreviated as ACE2ab) was used to facilitate 

subsequent enzyme kinetic experiments, as the isolated sACE2FLAG stock was lost 

due to storage problems. The ACE2ab protein is identical to sACE2FLAG but lacking 

the FLAG tag. Enzyme inhibitor complexes were formed by incubation of ACE2ab, at 
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an amount of 5.27 pmol (final concentration of 65.11 nM), in ACE2 activity assay 

buffer (100 mM Tris, pH 7.0; 300 mM NaCl) with various concentrations of 416F2 (a 

generous gift from V. Dive, SIMOPRO, France) at room temperature for 1 hour. A 

volume of 3 ,Ill of this mixture was used for the ACE2 fluorogenic assay (described in 

2.2.3.1) containing various amounts of synthetic ACE2 substrates. The Mca-APK­

Dnp substrate was used in inhibition assays analyzed by the dose-dependent response 

curve method, and a less expensive substrate Mca-YVADAPK-Dnp was used for the 

inhibition assays analyzed by the direct linear plot method. 

In order to establish the initial inhibitor concentration range required for 

determination of the inhibition constant (Ki ), inhibition assays were first performed 

using 0 to I mM inhibitor concentration with a Mca-APK-Dnp substrate 

concentration of 20 JlM. An inhibitor concentration range of 10 to 100 nM was used 

for accurate determination of the inhibition constant. Mca-APK-Dnp substrate 

concentrations of 20 JlM and 5 JlM were chosen for the initial determination of ICso 

values. ICso's were calculated from a plot of initial velocities (v) against a log scale of 

inhibitor concentrations using the dose-dependent response curve function of the 

software Prism4 (GraphPad Software). v was defined as the pmol of Mca-AP formed 

per min with less than 15% complete hydrolysis. The inhibition constant was 

determined from the ICso value using equation 2.1 (Cheng and Prusoff, 1973) with the 

reported KMvalue of 147±O.7 ,IlM for Mca-APK-Dnp (Vickers et ai., 2(02). 

Ki= 

1+ 

ICso 

[substrate] 

KM 

equation 2.1. 

The 1Cso value was confirmed by repeating the inhibition assay using the same 

inhibitor concentration range with Mca-APK-Dnp substrate concentrations of 5, 8, 

and 10 ,IlM and Ki values were calculated using equation 2.1 as before. 
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The K; value detennined using the dose-dependent response curve was confinned 

using the direct linear plot analysis (Cornish-Bowden, 1995; Eisenthal and Cornish­

Bowden, 1974). Inhibition assays were carried out using various concentrations of 

416F2 (concentration ranging from 0 to 40 oM) and Mca-YVADAPK-Dnp substrate 

(concentration ranging from 5 to 20 JlM). The apparent Michaelis constant (KMSfJP) 

and apparent maximum velocity (V max app) values of ACE2 for Mca-YV ADAPK-Dnp 

were estimated by the direct linear plot method in the presence of 0, 10, 20 and 40 oM 

416F2 (Cornish-Bowden, 1995; Cornish-Bowden and Eisenthal, 1978; Eisenthal and 

Cornish-Bowden, 1974). Briefly, estimation of KMSfJP and Vmaxapp values by the direct 

linear plot method involved plotting of the v (v defined as pmol of Mca-YV ADAP 

fonned per min with less than 15% complete hydrolysis) as the Y-intercept and the 

negative substrate concentration value as the X-intercept. A series of such intercepts 

representing different initial velocities in the presence of different substrate 

concentrations were plotted and lines were fitted to the intercepts. The intersections of 

the various lines were noted, and the co-ordinate of median was taken as the estimated 

KMapp and V max app values (Fig.2.3). 

Initial velocity 

[s) 

Fig.2.3. The direct linear plot. Each observation of initial velocity at a substrate 
concentration is plotted as Y- and X- intercepts respectively. Given the KM and Vmax 
values are constants for any specific enzyme hydrolyzing a particular substrate, all 
extrapolations of observed initial velocities at specific substrate concentrations would 
pass through the point representing the estimated apparent KMapp and Vmax SfJP. 

The type of inhibition displayed by 416F2 was determined by comparing KMapp and 

V max app values in the presence of inhibitor to those determined in the absence of 

inhibitor. Following the determination of the inhibition type, the Ki value of 416F2 for 

ACE2 was calculated using the following equations: 
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V maxapp = __ V_max __ 

1+ [IVKjll 

.• IN max ap (V max = I/Kiu ([I]) + 1 

if IN maxapp = 0 

-1 = 11K/II ([I]) 

-[I] = Kill 

equation 2.2 

Chapter 2 

if Km app N,max app = 0 

-1 = lIK/c ([J]) 

-[I] = Kic 

equation 2.3 

The inhibition constant estimated by the direct linear plot consisted of two 

components (Kill and Kic). Kill andKic values were estimated by plotting 11 Vmaxapp and 

KMapp'Vmaxapp against inhibitor concentrations [I] respectively. The Kic value predicts 

binding of inhibitor to hinder the substrate binding process. and the Kill value predicts 

binding of inhibitor to inhibit catalysis (Cornish-Bowden. 1995). The Kic value 

calculated was compared to the Ki value calculated from the ICso value determined by 

the dose-dependent response curve. 
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2.3. HtSIII,S 

2.3.1. Propagation of rC!-NEO-MCE2J-l.AG 

~ 5ACE2R.AG plasnud was propagated in £.(;01; OHSo.. ~ po$llh·c 

trlUlsformanls "·ere screened by restrict lOll cnzyme digesllon using t'nz~·mes Xhul and 

Xbal (Fig.2.4). The DNA fr.JgmeIIllhal migmted at I molecular wfight betwCt'n 3530 

and 2027 bp oorteSponds to tht' 220~ bp of fACE2 R..AG COOstrWI. Clone number I 

WlU uSt'll for large-scale DNA isolation and 'iullscquent IIEK293 cell lr.Jnsft'dtOlls. 

M u 1 2 3 4 5 -
llllU". - • • 

• • ... .. .on ... 

_ M ll>l< ... 

Fig.2.4. Plasmid sACE2FLAG tJ1ln.~rormed into £w/i OHJa LurK' fII : DNA man.cr 
£<"0/(1111",11111 digotcd;' DNA. Lane U: \Indlge~t ed plasmid ~ACE2FLAG. Lune I. 
3. " & 5: posithe clones ciUTying the COITe<:t sACE2FLAG con~uuct. The expected 
~i1.e of the .lACE2FLAG was 2205 bp. 

2.3.2. Expression and purification ofiACE2fLAG 

Successful isolation of soluble' ACE2 from lransfe<:lro IIEK293 lias b«n dt'scriOOl 

prc,·iot.lSly (Guy (I al .. 2005: Guy (I at .. 2005: Lambert "'ll/.. 2005: Lambert (I al .• 

20(8). Taken IOgctlier " ·!lh the COO_Idcrnlioo of proper p!11CC"SStng of the eoU}·Ol(' by 

human cdl lines. the C~pre~sioo of sACE2R..AG ... ·as earned out in the §.3/1lC protein 

cJ<[lJe5sion system. 



In onIer 10 OOllfirnl 3CtJ\C sACE2FLAG prolem .. ·a~ isolato:d b) aflillilyanti·FLAG· 

tag cbromatography. the preseocc of ACE! In ca.;h rJuto:d fnottions was assesliCd 

usillg the ACEl activit)' nuorogenic assay tk.s."ribed in sectioo 2.2..3.1 (Fig.2.5.A). 

Tho= ac,i'·;ly profile of the pu rific:ttl<Jn process indicated Ihat no, all sACE2FLAG 

ex~sscd inlo the ruhun' ~dium ... a~ ,S()lalo:d b)' tM chromatogr.tphY. as residual 

ACEl ani,·; ly was detected In the nO\\ through fraction (Fig.L'i Aj. The bulk of the 

eluted sACE2FLAG was found in fractjon~ 6 to 9. ~s indicated b)· the ACE! uctlVlt)· 

profile. Thesc fractions .... ae pooled alld concentraled 10 a oollttmrnnnn of 68 "Wml. 

~ puri ty of the isolated sACE1FLAG wa~ us..e<$Cd by SDS-I'AGE (Flg.2.5.1I). The 

'IIISI.: b~nd InIvdlmg at a size corrcspoooing to approximately 100 kDa rcp rc>cnt~ the 

I'unflcd sACE2FLAG protein. The observed J1Ioiecul :lt weighl of appro~imalcJy [00 

kOa is grealer than thai of lhe c~pect<:d 85 kOa (predicted from the amino add 

\CqucllC¢ of sACElFLAG using PAWS. Proh."OMcln c<; Software). indicating 

glyCQsy lntion of the purified sACE2FLAG protein. The presellCC of thi, single band 

"'", indicative of the isolmed ~ACE2fLAG being free of contaminant~ and 

degrnd:l1ion (Fig.2.5.8) . 
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Fig.2oS. Purification of IACE2FLAG using anti ·FLAG affinit), chromatogra ph),. to. 
Tho= ACE2 acti,·i t)' profile determined with 10 ].I I of each of the cul ture medium 
loaded onto column (Crudo:). tm '·oid ,·olume (Ao'" through). the TBS wash buffer 
p;!.t through rolumn (Wash) nlld the eluted fl"lle l ion~ 0 - 10). ACE2 ~cti vity was 
recorded as iocrea.;.c, in F.i. II. I'uri ty of the i~ol atcd sACE2A.AG .... as ~ss<:sscd by 
fractionation of oonC"Cntt3ted pooled fraction (30 >( the cOtlrentfalion of elUled 
fractions) by SOS PAGE usingn 10% gel . 
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Chap',-, 2 

In Olliet 10 quanlify product formation in the ACE2 activny a~~ay, stand~n1 cur\'es 

.... ere COIlS\rUcted ..... ith the fluorophores Mea and Mca-AP. The Mca group allached to 

the s),nthctk ACE.:! <ab,trates is the fluorophore responsible for the fluorescence al 

430 nm when nClted wllh light of "'~vcJcngth 320 nm. Ihus a standard curve wus 

generated u.ung p= 1>ka (Fig.2.6.A) , In addition. standard eurve~ ..... ere geoer;lted by 

using completely hydrulyzed Mca-APK-Dnp substr:'Ile (Fig.2,6.U). The wmplcte 

hydrolysis of Mca-APK-Dnp was ""~e"ed aner 2 houn; of incubation as further 

Incubation of the subs trate with puntied <ACE2FLAG did nOi resuh 10 further 

,"ere~ In flUI)fe,'iCence SIgnal fdala not shown). 

A !.ubstantial difference between til<' standattl CurveS was obkrved (Fig.2,6.A and Bl. 

At lower substrate amounts. the fluorescence sIgnals released by completely 

hydrolyzed Mea·APK-Dor iocll'ased in " linear f3~hion and the fluorescence 

imeosltles detected Were comparable 10 lhose of the Mea standards (0 to 1,2 nmol l_ At 

higher sub'lrate amount.< (~ to 10 nmol), the standard curve generated with 

c(,)mplctely hydrolyzed Mea·APK· Dnp faIled lu merea"" further and the lineanty of 

the swndard cun'e was lo~t (Fig_26.M). Although peptidc cleavage by ACE2 frees the 

fluorophore Mca from the 4.7 ·dinltr'l)henol (Dnp) fluore'>Cellcc '1UCllCticr. inter· 

molecular quenching of lhe fluotophore occurs al hIgh cQ1lCcnu-~tioru; of freed Dup 

qurncher (phu r l 01 .. 1005)_ Thi~ inter-molecular quenching explain. the ob~r\'ed 

dl,lonlon of the completely hydro,ynd Mca-APK-Dnp "andnnl eun'e To 

circumvent this inter·mokcular l1uo",scence quenching. ~IJ sub,djuent fluorogellit 

assaY" We re ~'()ndlKted using subsume amount, of Ics~ than 2 nmol (e4u lvalent to a 

concenltallOn of 20 ).11>1 in a 100).11 (01al reaction ,·oluOle). Substrate eoocenlrations 

for subsequent inhibition ""ay' ..... e re 3djusted suth that tht amount of producI 

formed al 15% complete hydrolySIS doe. nor exceed 2 mnol. 
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Fig.2.6. Slandard cun"cs for \be qU311lifical.on of Mea-prod uct fomlD liorl. A. Standard 
cur.e of pw-e Mea and 8 . Slandl1ltl cur .. c of romplclcly hydrolyzed Mca-APK-Dnp 
""Muatc . , amounts ranging from 0 10 10 omol. C. Standard curve of complctely 
hydrolyzed Mca-AP K-Dnp subsualC and I), Standard cu .... 'c o f complctdy hydro lyted 
Mea-YV ADAPK-Dnp ~ ub~lm le at amo unts ",oging from 0 10 J • .5 omol. A higher 
sen§ilivily S(:lIi ng of the spectrophotometer WD~ .~IeC1l-d in meas uring f.i. used in the 
conslllIclion of standard curves shown in C and D. All readinp "'ere normal ised 
using nuon:scc:nce signals detected for 0 nmol sUlndnrd. Each data poii'll rcp!l'SCnlS • 
~an :l: S.D. of F.i. dclcnnincd in tri plicruc. 
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1lIe standard cun'e of compldcly lI)'drolyzed "'k~·APK·Dnp ,.as subsequentl)' 

gem:mled " 'il ll Mea·APK·Dnp quanline5 belo .. 2 nmol (Fi,.2.6 C) lIS intermol""ular 

quenching occurs al lIiglicr '"llluC5 (Fig.2.6. B), In order 10 act"UIlllely detOCl th" 

fluorc~ mlellSlties from ~II low amO"'l!> of Mca·APK.Dnp. _ IIlgh 

photomultiplicr tube (~m "ohage detection 5Cnsitl\'lt)· sclling of the 

~rophotOl11Cler .. as selected in mea~uring these smKlards Hen~. bigher 

fluorescclKC Intensit)' signals wcre rerorded than tbose used In Ibe conslrue!ion of the 

Pfe"OU5 ... lea·APK·Dnp standard eur ... e al oo=sponding :rub"rul" mnOllms 

(!-1 .. 2.6 B and C). Similarly. a completely hydrolyzed Mea· YV AJ)APK· Dnp <Iandanl 

cune was 1Iiso constructed uSlIlg the SIlllle quamity of wbSlnllcs (Fig.2,6 OJ. At the 

lIigh PMT 'ollage sens;li, lIy. the pure Mea swndmrl cun'e h~d n detection runge of 0 

10 2 nmol (data nol shown). The Mea sta!1dard eurv", was 001 used because lIS slope 

.. as 5·fold greulcr than those of COITlpiciely hydrolyLed Mea-ArK·Dnp and Mea· 

YVADAPK·Ollp The con'lruelion of the ,arious slandaffi runes 0110"'00 for Ihe 

qualllifieatioll of prtXluct fomlOO and Ihe d~terTl1ination of trulial reacllon ,ciOCIIlt'S 

fur Ihe ~ubscqucnl lnhlbltlon assay •. 

2.3.4 . Kiwic cbjll]Clcriral jU!! of ACE.2 inhibjtion br ",16F2 

The inhibition of ACE2 by 416F"2 .... as assessed using two eru:ymc kinetic anaJ)'$CS. A 

broad mhlblllon f1II1ge was first ddermined wlm tlw .)·ntlldie SUb~"lrnk Mea·APK­

Dnp. and II\.c II1hlbition profile of 416F2 at a conccntr.lllon range of 0 10 100J 11M is 

shown 111 Fig.2.7. II .. a;; clear Ibal 416F2 :.ch,e."Cd lIear COfTlplele inhibitIon at 3 

eO!!~nlralion of 100 nM. thus lhe I1lI1ge bct .. ccn 10 and 100 nM (1 0. 20. 30, 40. 50. 

10 and 100 nM) ,,'as used fo.- the inhlbilion ~"l)n5t:1I11 determination. 

An rSlimation of the lCoo value of -l16F2 on ACE2 llCIivily was tklcrmined using IWO 

dIfferent sub~lr~le conC\lntr~lioIIs (20 and , 11M). The amount of product formed JX'f 

min by the incubation of "ka·APK·Dnp wilh ACE2ab (fmal concentralion of 

~ppfl)xima!dy 2 nM) in the presencc of .. t16F.! (al concen trations uf 10. 20. 30. 40, '0. 

70 and 100 nM) was fitted IU u non·lirear dose-dependenl response cun'e. and lhe 

JCJQ .... ~s ealculaled (Fig ,l,S) . While an ICSI,l va llie was delcmllned using Inhibition 

assays carried OUI wilh 20 11 M of Mea·ArK·Dnp. lhe d~-dcpcndcnl response curve 

(jf inhibiTion assays carried OUI wilh , 11M subs!l1Ile oon~mmtiUl1 failed 10 coo"erge 



and therefon: 31\ IC'iI) could no! be IktemtillC:d (Fig.2_S), The estimated K; of 416F2 

cakulated from tbe lC~ ... alll<' determined for inlubdton PSSlI>' earned OUI wnh 20 

11M ~ubMrate isshown in Tahir 2. 1. 

.·]g.2. 7. Brood concentration ran~e inh ibihon profile of ph()(;phInJc mhihitor 41 6F2 on 
ACEl IICIh';ty. ACE2 activity was a<;scsscd as the increase in F,i. mca~ured aft er 60 
min incub~lion wilh lhe ~ubstrmc Mea-APK-Dnp. Near eomplete inlnhlhOll of ACE2 
" 'U;; :t.chte, cd atlUl inhibit<ll' oonc~ntrntion of 100 nM 

{ 
••• 

[~"'P I(.[)r.,J 

. """ • 5 .... 

1.00 1.2$ 1.50 11& UII 2.25 

tov'. 'V'21 ( nM) 

.1g.2.8. Non·linear dc..c-dependent sigmoidal cUO'C of 416P2 inhibition on ACE2 
a(:1i\'"y w,lh Mea·APK· Dnp. 11te inhibition prufih' .... 1t'i generated with 5urn.lrale 
OOOCC1ltrDtlQIlS of 20 :llld 5 1Ir.'1 ~dqlfndent ""'p(mSl! (;uoe of the inhibItion 
profile gcncr.llcd witll 5 "M failed 10 con, erg<::. Each data "",lit represent!; a mean ± 
S.D, of mhibition :l,\'>lIYS p«I"()f'11"OCd in tripl i<:ate. 

As IC$(I ,-aJue Will. only succcs:.fully dclemllned for inhibilion a~sa)'\ performed with 

20 11M Mea·APK· Dnp. the e<timalL-d K/ va lue was (unlter \'erified by repealing the 

d05l!-{/cpcnden( respon!>C unalY"'~ u<;118 5ub-;lrDII! concell tr"lioll~ of 5. 8 and 10 11M 

wllh tlie same inhibitor conCCmrJIIOnS (!-t Il ,loII .,. I he /I. , Va lues calculated usm8 Ie", 

val ues delerminoo in the p~nce of the different subs trate C(Jneenlrnliolls were in 
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ngn:ement with ench Olher and ~n avcrJl1e Ki \'a lue of 27.91%5.59 was detcrmincd 

(Table 2. 1). 

log [416F2j nM 

---· .... · .... 
• 10~ 

Fig.2.9. Non·linear dor,c.dcpcndcn\ sigmoid.ll C!l""'C of 416F2 inhibition On ACE2 
octivity with ~ka·APK-Dnp. Thc inhibition profile ,,'as generated with substmtc 
Coo<:<:ntmtions of 5. 8 and 10 pM, Eaeh data pOln! repI"CS<.'nts a Olean :t S.D. of 
inhibitivn ~s~ays performed in tripli("Jtc. 

Tllb lc 2.1. Inhibition COO.\!JlrIlS of 4161'2 inhibition vf ACE! activity with MC~'APK ­

Dnp. calculatcd from I C~ "alucs determined al a range of Mea-APK-Dop 
ronce01rations. 

Substrate f OOf. (pM) , 
8 

10 

20 

ICs.(nM) 

37.03 

24.32 

26.86 

31.38 

1\,(01\1 ) 

35.82 

23.06 

25.15 

27.62 

,\"g.l(/ 27.9 1%5.59 

In ~ddition to the dose-dcpendent rc>po!lsc eurvc method. K, value of -t16F2 inhibition 

" .. , al><:) detemlincd u.ing the di rect linear plOi with the sy01llctic substrate l'.11:a­

YVAOAPK-Dnp (Cornish·Bowden, 1995; Eiscmhal and Cornish-Bowden. 1974). 

The di rect linear plot IS a simple method to estimme enzyfllC kine!!c paramclen, The 

const ruction or direl'l tin~ilr plOl~ require> no mathematical trunsfonnalion of the raw 

d313. and l~ hence frl'C of any bias tl\;n Incurs through data transformation. In addition 

to kioellc p:!l'1lnletcr determinations. the dire~"'1 linear 1']01 analys is is also able (0 

disting uish between different types of inhibition disp layed by an inhibitor. A 



l"C'pf.:$ent:uh'c dircc! linear ptOl i~ .hown in f.1S_2 10 

• 
! • 
• • 

... ... .. . .. . . .. . .. .. . t ........ _,_ 

fil:.2. IO. A repr.:$entat;v( dir~'Ct linear plot of \' (pmollmin) "cr!lus substrate 
concentration (fl M). 1be linear lillC.> were gencralt!<! by utili1.in~ l"(lrnspondlnS ~ 

values and nc~al,,'e substrate eOIlCCntrnliOns (20. 15. 12. 10.8 and!i fl Ml DS)- Dnd x· 
inlercepts respectively. Interseclion. of ihe straighl IIne5 "tre determined using 
c-quation of 1m: extrapolated lines. ElICh IllteTSCi:tion III the positIve quadrant was 
con,ide!-t!<! as an eslim11e of obser.cd V""" und KM • The median ,alUl.' of Ihe sct of 
illler:lection wa., lakell as the besl estimates of observed V_,'" and K, .. III'9. 

Thc KI value is determined as the faClOr b) "hieh the KIII- and V_ ,""" "al\IC~ 

obser.ed in the abscllec of inhibil10n shifl to new value~ under inhibitory conditions. 

Depending on ttr type of inhibition. observed Kj4'" and V ......... valucs IITC influenced 

dlffert:ntly. therefoR' this study first dC'lcnnined the tyl'C' of inhibition di splayed by 

4 16F2, 11w: ptol of the observed K", """ and V -.x >PP 'alucs on 3 SCI of K", and V .... :1.1.1\ 

sho"ed a shili of bolh K ... 'fIf' and V ... , ..... values without II OOIlsUint V .... -, K,. ..... 

"alue (see Tablc 2.2 Dnd Fig.l.t I), " 'hieh was indicati,'c of a m;Aed t)'P<" of inh,bition 

c"hibiwl by 41fW'2 (Cornlsh·8 0,,·den. 1995: Eiscnthal and Comish-Rov.'dm. 1974)_ 

Table 2.2. K ..... and V_ ...... values cstim:ued fo.-- ACE2 activity ",m Mea­
YVADAPK·Dllp m I~ prneoce of 4 16f.'2 COIl<:Cnlr.llions ratlging from 0 1040 nM b) 
dlrecl Imeat pial 

1416F2 ] (n;\ l ) 1( .. - 1,.;\1) ,, _ .... (pmollmin) "--/ 1( ... -
0 79.25± 13.37 418.86:t88.1t8 5.28 

10 !i6.62±J9.'i2 176.1U~7 46 3 12 

10 3!i.61:t 10.88 81.06±18.oJ 2.28 ., 59.02D.28 90.M:t2.60 ,,, 
" 17.271:10.02 38.01:19.38 220 
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."&,2. 11 , PlOt of OOs<r.ed KwOfl> lind V_,'f'r' Yalue~ for ACE2 actil'i,y " 'Ilh Mea· 
YVADAPK· [)np in 1M pre<>ence of ,-arious 416F2 ~'oncentrallons, ~ ~hifling of 
KJl'f'P and V_." ~a1ues "lIhout cOnStaN V_:PF/ K MOf'r' valuc indklllW n mixed lype 
of inhibi,ion e,hibi,ed by 416f:! , Eltperim~n'~ were carried oul in duplica,c and W 
daca repm.ented by the mean "nh S I), 

Idcnlilkal10n of a mixed type of ,nhlbition di~played by 4 16F2 led 10 the choice of 

cqllallons 2,2 and 2.3 for K, calculation. Plot> of ltv .... "I'P and K.w' PFtv..." "W agains, 

, etSus "I.nOUS mh,bllO( COorc'nttations re\"fnled a Xi. lalue nf 2.436 11M and a K. 

,alue of J I 10 nM respectively (Fig:2 12). The KK l'llluc (31 .1 nM), which sigmfies a 

~"Ompelll" f inh,bllion of ACE2 SUo.lr.llc bitxliflj by 416F2, was in agreemctll with 

lhe a"'rage K, InlUC 127.91±"i.59 11M) calculated from the Ie,." I'alues dctennined b}' 

the dose-dcpendent fd;~ cu":c analY5;s ITn!)le 2.3). However n slglllficanlly 

i/)',O,er K .. ,alue (2.436 nM) wll\ dtlermintd for 416F2 inhibnion of ACE2. Taken 

t~ether.'hese K, .. alues indlCatc -l 16F2 IS a slrong inhibitor of ACE2, 
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fig.2.12. K, "alue detennination by direct linear plO! (Cornish-So"'den. 1995: 
Eisenthal and Cornish.Bowden, 1974). A. K,. "alue of 2.436 nM was determined 
from the x-intercepl of a plot of IIV _ ,"f'P versus inhibi tor roncenlrations O. 10. 20. 30 
and 40 11M . B. K" value of 34. 12 nM wa.~ d'derm irl<'d from the x-intercept of a plot of 
K.,4'r'IV"",.'4'f> again_It inhibitor oonc<.'l1trutions O. 10. 20. 30 1I1Id 40 nM. Ex periments 
W("["C carried out in duplicate and the dala represemed b)' the mean with S.D 

Tnble 2.3. Summary of K, values for 4 161-"2 inhibiTion of ACE2 ocTivuy WiTh 
substrates Mca-APK-Dnp alld Mca-YVADAPK-Dnp. calcul ak"d using different 
cnzymc kinetic methods. 

F:nl,yme kllleti("S method 

Dosc-dept"ndcnt r~spon~ curve 

Di rect linear plot (K.) 

Direct linear plOI (Ki.) 

SubstraTe Kiln .. \I ) 

Mca-APK·Dnp 27.91±5.59 (Mg. ) 

Mca· YVADAPK·Dl1p 31. 10 

Mca-YVADAPK-Dnp 244 



Chapter 2 

2.4. Discussion 

The inhibitory effect of the novel ACE2 inhibitor 416F2 was examined by two 

different enzyme kinetic analyses using a FRET-based fiuorogenic assay with ACE2 

synthetic substrates Mca-APK-Dnp and Mca-YV ADAPK-Dnp. An average Ki value 

of 27.91±5.59 nM was detennined for 416F2 inhibition of ACE2 activity with Mca­

APK-Dnp using the dose-dependent response curve method, while the use of the 

direct linear plot method with substrate Mca-YV ADAPK-Dnp gave a Kic value of 

31.10 nM and a Kiu value of 2.436 nM (Table 2.4). The direct linear plot analysis also 

led to the elucidation of a mixed type of inhibition displayed by 416F2 (Fig.2.1l). 

This finding was unexpected, because the inhibitor design was based on the consensus 

sequence of ACE2 biological substrates (Fig.2.1), and was thus expected to inhibit 

ACE2 in a simple competitive fashion. Instead, the detennination of the greater Kic 

value than the Kiu value implies a mixed inhibition of predominantly uncompetitive 

inhibitory nature was displayed by 416F2. It was noted the large standard deviations 

associated with the estimated KMapp and V max app values (Table 2.3) might have 

distorted the inhibition type analysis, and this could be resolved by verification with 

other inhibition type distinguishing enzyme kinetic analyses, such as the one proposed 

by Brandt et al. (Brandt et al., 1987). However, consideration has also been made for 

the possibility of the small tripeptide-mimicking structure of 416F2 to bind elsewhere 

in the ACE2 structure to cause a conformational change that would render sub­

optimal hydrolysis of bound substrate. This thinking is supported by the report which 

described the binding of small effector molecules to specific sites on the surface of 

ACE2 promotes ACE2 activity (Hernandez Prada et al., 2008). Although it is unlikely 

for 416F2 to bind to the surface of ACE2, however it is possible for 416F2 to bind 

active site sub-sites distal to the catalytic zinc and promote a conformational change 

in the active site. Nevertheless, the Kic estimated by the direct linear plot method was 

in agreement with the Ki value calculated from ICso's detennined by dose-dependent 

response curves (Table 2.3), and the low nanomolar Ki values were indicative of 

strong binding of 416F2 to free ACE2. 

Interestingly, an ACE2 inhibition constant of 0.13 nM reported for 416F2 by a 

separate study (Mores et al., 2008) was significantly lower than the Ki values 

detennined in this study. The discrepancy could be attributed to the different buffer 
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systems used for the inhibition assays. In this study, the ACE2 inhibition assays were 

carried out in final concentrations of 100 mM Tris, 300 mM NaCI, pH 7.0 while the 

ACE2 inhibitory assays reported by Mores and colleagues were conducted in final 

concentrations of 50 mM HEPES, 1 M NaCI, 10 IlM ZnCI2, pH 6.8 (Mores et al., 

2(08). Particularly, the difference in chloride concentrations of the assay buffers 

would lead to very different observed inhibition of ACE2 by the same compound. 

ACE2 inhibition has been reported to be a chloride sensitive event where increased 

inhibitor potency was found at higher chloride concentrations (Rushworth et al., 

2(08). While it is unlikely that a 3-fold increase in chloride concentration would 

translate into a lOO-fold increase of inhibitor binding to ACE2, other factors such as 

the difference in pH of the assay buffers and the use of different enzyme kinetic 

analysis methods (Mores et al. performed an enzyme kinetic analysis which considers 

the occupancy of total enzyme by different concentrations of inhibitor for Ki 

determination (Horovitz and Levitzki, 1987» could contribute towards the difference 

in the observed Kj values. 

The low nanomolar inhibition displayed by 416F2 is similar to the other successful 

phosphinic inhibitors reported in the literature. As an example, RXP407 is a 

phosphinic inhibitor that selectively inhibits the N domain of the ACE2 homologue 

ACE with a Ki value of 12 nM (Dive et al., 1999). RXPA380 is another phosphinic 

inhibitor that selectively inhibits the C domain of ACE with a Ki of 3 nM (Georgiadis 

et al., 2(03). RXPA380 has been successfully co-crystallized with testis ACE (an 

ACE isoform identical to the C domain of ACE), and the crystal structure has led to 

identification of interactions between the inhibitor and the enzyme active site residues 

(Corradi et al., 2(07). The success of the studies on phosphinic inhibitors supports the 

choice of 416F2 as a suitable probe for the investigation of interactions between a 

ligand and ACE2 active site residues. 
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Chapter 3 

Molecular docking simulation of 416F2 into the ACE2 

crystalstructore 

3.1. Introduction 

The development of novel ACE2 inhibitors, in combination with molecular docking 

simulations, has to date elucidated several structure-function relationships of ACE2 

(Deaton et al., 2008a; Deaton et al., 2008b; Mores et al., 2(08). The findings of the in 

silico studies were in agreement with the insights from the crystal structure, which 

included the revelation of a large SI' sUb-site of ACE2. This sub-site has been 

reported by the various molecular docking simulations and the crystal structure to 

readily accommodate both large basic or hydrophobic substrate residues (Deaton et al., 

2008b; Mores et al., 2008; Towler et al., 2004). On the unprimed side of the scissile 

bond, the small SI sub-site is highly selective for PI substrate residues. While 

previous studies have revealed much information about the two sub-sites adjacent to 

the catalytic zinc, the contribution of sub-sites distal to the catalytic cleavage site 

remain unclear. 

In this study, a 3D structure of a novel potent phosphinic inhibitor of ACE, 416F2, 

was docked by molecular simulation into the active site of ACE2 crystal structure 

(FDB code: lR4L). The docked model was examined for potential interactions 

formed between active site residues and the extended P2 residue of 416F2. 

Subsequently the significance of SI residue Tyr510 was evaluated by mutagenesis. 
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Chapter 3 

3.2. Materitds & Methods 

3.2.1. Molecular docking of 416F2 into the ACE2 crystal structure 

The ACE2 structure used as the receptor in the docking experiment was prepared 

from the crystal structure of the inhibitor MLN4760-bound ACE2 (PDB code: lR4L). 

The PDB file for the inhibitor-bound ACE2 crystal structure was obtained from the 

RCSB Protein Data Bank (http://www.rcsb.org). The preparation of molecular 

structures for the docking experiment was carried out on the Discovery Studio v.I.7 

platform (Accelrys Software Inc.). The structure of the inhibitor MLN4760 was 

removed from the active site of the ACE2 crystal structure and the integrity of the 

ACE2 structure was examined for any missing residues. The incorrect valence of the 

catalytic zinc from the removal of the co-crystallized inhibitor was corrected by the 

assignment of a +2 charge to the zinc atom. The missing hydrogen atoms were also 

added to the structure. 

The Dundee PRODRG2 Server online application (Schuttelkopf and van Aalten, 2004) 

was used to generate PDB files containing the co-ordinates of the 3D structure of 

416F2. The chemical structure of 416F2 was used as input into the PRODRG2 server 

and the generated structure of 416F2 was energy minimized by GROMOS87 force 

field (Schuttelkopf and van Aalten, 2004). The C-terminal carboxylate and the 

phosphinate group of 416F2 were adjusted to a partial double bond to simulate the 

dissociated state of the acidic groups. 

The docking experiment was performed using the Dock Ugands (LigandFit) protocol 

of Discovery Studio v.I.7. The docking protocol was carried out using the CFF force 

field, and a variable number of Monte Carlo Steps defined by Discovery Studio v.I.7 

was chosen as the conformation search number of Monte Carlo trials. The docking 

protocol allowed for the flexibility of the ligand (416F2) while the receptor (ACE2) 

structure was defined as a rigid structure. 

The binding site for the docking experiment was defined by two different methods. 

The volume of the MLN4760 inhibitor co-crystallized with ACE2 was taken as the 

ligand binding site for the re-docking of the MLN4760 structure (Fig. 3. 1.1). The 
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bllldJng s,le rOl" Ih: docking o f 416F2 was manually defined by selecli ng Ihe .. olumc: 

of inlerior.pacc: of ACE2 and IlUs m lumc: .",as trimmed 10 include only the S, nnd 5,' 

>ub-"te ~pacc (Fig.J. I.2). 

ng.3. I . •. Ligand binding )ile defined for the rc·doo,:l ina o r MLN4760. The ~olumc of 
lhe: ML'I4760 (p\=en malmo) c<H:ry~lalliLCd " 'lIn ACE2 (~ nbbon repre-;emationj 
was ,alen directly as lbe hgil1ld blndmg Sill:. The eatal)1;c tine II ~ho"'n 3.> grey 
'phcrc. llIc relative p!l'>ilion or the 5 , and S,' )ub-sitl'$ an: 01<0 <oo ... 'n. The Imag<' 
was genemled lI),ng Discovery Studio.. 1.7 (Acrc:Jrys Sort .. '3.rC In.::. ) 

Fig.J.I.2. Ugm .. J bi nding site defined ror lhe docking of 416F2 The inleriOf <p;ICC of 
ACE2 .... 3.< munU<ll1y lrimmL~ uoo lhe \'olume of the 5 , and 5,' sub-sile of ACE2 .... 3>. 

rct .... ned. The volume defined a.~ tbe bind,ng ~he i, shown lIS the green maIn .. Illld the 
ACE2 stfUCll.IfC is ~hown as the on,nge ribbon model. The calal}l if; zioc is ,ho ..... n lIS 
j,'fey lphcn.'. The rda1ive p!l'>itiun of lhe 5, and 5,' sub-slle5 lITe a!<o ,hown. The 
image .... ·as gCIlC."lllcd using Discovery 5mdio v.I. 7 {Accell)'s SortWIl/'C loc.}. 

TIle pu;.o from each doding e .. perimcm were subjc\·tcd tu a post docking energy 

minimilation prottdure. The energy minimi1.ution step .... us achieved by Ii.ill!! the 

LIgand Mimmiz31100 protocol of Discmery 5wdio '1 .1.7. The crr force flctd was 



"ho<;en for the mimmiJ.allon pr01ocol The <jualny of Ihe dockin~ e~",,(lmem plUlOC(lL 

was evaluated by comparing Ihe pose:> of Ihe ACE1· MLN476Q docked model 10 the 

crySlal ~t"."ture _ The pomiomng of Ihe ZinC coortlm:uinl! group and Ihe inle",ctioo 

bct"'Cen the ligand C·tennmal c~rbo~}IDlI' and re~idue ,\rs273 were cho,en us the 

lc} cmcri~ in the u~eSSrnem of Ihe dod,cd modds All poses Ihal falle,J 10 ",Ialll the 

I<;:y lIIteractions "cre discarded. In addnion. III<' rt)()l mean "'iunrc dev iallons (RMSD) 

of the ","·;.,,~td docled MLN"4760 poses "lOR determined u~lng DJ<CQvcry Siudio 

Vlsuallur ,er 1.7 j Accdrys Software Inc.) wnh !'C(e!'Cnce to the c rY'lal StruCturt: . 

In the docl'''l! e~pcnmtnl of 416~ InlO ACE:! crystal ~truclUre. the o'·e<:l1L protCIn 

Slructure of Ihe dockeo.l model "al ~upcrtmpo~.ed 0010 the crY'1:I1 SUUClure and the 

R.\ ISD detCfnuned for Ihe C·n ~kbone AIL poses of the docked model were 

''l!iually ane~ for proper llnC CO<JI1l,nallon by the pOOsphlnate and C·lCrmmal 

.. "bo1yllle coordlnalloo ""h A'1213 Docked poses ... h,ch do nf)[ contain ~ 

nllCfllCllOM "cre d,!>Carded 

3.n Mutagcncm ,,( Iyp 10 resIdue 

TIl\! I)',S 10 codon of the sACE.!FLAG COOstNcr W3'l muuted 10 phenytal:u1tnc and 

Ihrl'Qlllne by sne d,reL"ted muugenesi •. The nucleotide .cquence of the murag .... osll 

prt1llen \Ire 5hown In Table 3.1. A silent mutat ion "·as incorpor:lled Imo the 

mulagene<l' primers to inlroduce Dn X",,, 1 restnctioo Slle a~ I scrccnmg marker The 

mUlagellesis reaction mi~IUrcs of 5Q ~ I final '·olume conlai ned tinal concentr:l1ion~ of 

0.6 ~M of each fo",,·ard and reverse mutagenesI s pIlltlc .... 0.4 111M dN·n> m,x (Sigma· 

Aldnch. [nc.). [x ~" ·Fl· buffer (KaJXI Hlosystcms) and I umt of 1I1 . 1',·poI~me<:lse 

(Kapn BiosySlems), The liIuragenesis reaclion wu carried oul u_.ing a Ihermal c)'C hnS 

cond,tiO<I of an millal ItIcuballUn at 9S"C for 5 nlln. followed by 16 cyde~ of 

u-.cubarion for 30 sec at 95"C. IS scc al 67"C and 4 min al 7rc. The choice nf an 

eloogalJOll period of 4 min at n"C "':1$ bal\eo.l on rccoltlntendallOll made by 

nt3f1tJfaClUrer o( the m · Fi- polynle<:lsc {Kapa Blosy<Tcm9. The mehing lempe<:llure 

of !he mUt:illcne-IS prl""",r. prm·idcd by 1he lII.1nu(:\C1urer (lnqab:! Biotech). was 

chOl\en as the annc:lhng tcmpcrarure (or lhe mUla.gen~tS reaction Afier Iherm..11 

C)~ling. a ,·ohmIC of 20)11 of nlul:Igcnel'IS reaclloo "as rn:arcd Wllh 10 umt. o f D""I 

" 



and incubated at 37'C for at least 2 hours and S jJl of the digestion mi~ture was 

unnsformt'tl into £.t:oli DHSa following a heat shod transformation procedure (see 

appendix A.4). Positive bacterin colonies carrying plasmids with ~ desired mumlion 

wen: identified by Xm"l restriction enz)mt digestion (see appendi~ 1\.2 and A.5). 

Plasmid DNA samples that SC"r1!ened positive were subjected to DNA oligooudeotide 

sequencing analysis (see appendix A.6) 10 confinn proper introduction of lIK' desired 

Ulutation. a. ..... ell illS t", identify any .puriQU~ lllUWi",n wimin the wn't'uc~. 

Following oonlirmatioll of de:sired mutations in the mutaol sACE2fLAG c~lructs, 

IItc oonmuct fragments were sub-cloned back: into CJ<pression plasmid pCT·NEO 

(Promega Corp.) at !he Xho l and Xba l sites to eliminate any spurious mutation 

introduced illto !he ve<;\or by the mutageflCSis reactioll. TIte final sACE2FLAG· 

YSIOF and sACE2FLAG· Y510T pl35mids were prepared in bulk: wim Plasmid Midi 

Kit (Qiagcn) following instruction provided by the nJaIlufadurer. 

Table 3. 1. Oligonucleotide sequences used in site directed mutagenesis of TyolO 
residue of ACE2. Letters in l"' ..... el case indicate mut.:lted nucleoli des. The underlined 
sequence illdieate screening marker Xm,, 1 restriction sile introduced by a Silent 
mutation. The Xmn l sile is disrupled in the sACE2fLAG·YSIOT mutagenesis 
primers (Xmlll rttognitioll site: GAA NNNN TIC). 

Pri mer nO I1l~ 

. ACE2FLAo·nJOT Roy 

Nucleotide seljuenw 

S·.cTCTGTICC .... TGTTTC ..... /\,I<ImtCTc/\,1· rcAT 

TCOAT .... 1T/\,C·]' 

5 '-GT .... AT/\,TCGAATOAATOAGaMICAUcQAAA 

CATGG/\,/\,CAO .... O·)· 

S··CTCTOTICCATGlTfCy.ATGAT.,crCATIC/\,T 

TCGATATIAC·3· 

5'-GT AAT ATeGAA TOAATOAGgtA TCATfcGAAAC 

/\,TOOAACAGA(i..3' 

3,2,3, At!jvjlY nsgv of ~ACE2A.AG Y5JO mUllmt.~ 

The ~ACE2fLAG Y5JOF and sACE2FLAG YSIOT plasmids were tnlllsfected into 

HEK293 cell s using the Profoclion Tl1Ihsfe<;lion Kil (Promega) a~ described in 2.2.2. 1. 

8riefly. 1.5 jJ g of plasmid was ttDll'lfectoo into cells in a 6-well ti ssue cuhu~ plnte 

{Nunc Inc.} cuhured t'" 60% confluent following tlie procedure described by !he 

fJUUlufaclun:r (al.o;o ~e 2.2.2. 1). Se!oction for positively uansfocted clones wa~ 



achie'cd by incuballon ofll'llJlsfCClcd cells in ~'Uhun: medium concllnlng O.g mglml 

mammalian antibiotic Cf4IS. The lfIU\o;(CClcd cdl cullul"C$ "e~ plated into 6-welJ 

ti s~ue cuJtu~ plates arJd gm"'l1 tO confluence The connuent cell cu ltures " 'ere rinsed 

with 1 )< PBS and the cuhu~ medium "'a~ ~pllICC\I " 'Ilh I ml of serom-free 

OpliMEM culture medIUm (GibcO· . In''trogen). ~ culture' medium wu coIlec[ed 

after 24 hours and 10 !-II of Ihe mrolum "'II'! StlbJected [0 II FRET·based ACE:! 

nuorogenic u~say using a col"IC(:ntration of 10 !-1M of the s}"thdic substrate Mca­

YVADAPK·Dllp (a. desenbcd In 2.2.3. 1). "Thc act"ity ~SS3ys " 'ae ptrformcd in 

triplicate on each t l"~nsfcctlon. Upon failure 10 deloxt ACEl acti.ity In culture 

medlum exposed to Ir:tn~fectro cells for 24 hoUl~. expression of the Il1msf«tro 

soluble en"tynlC~ WJ$ assessed by western biOi anal}sis performed with 5 !-Ig of 100ai 

protein from Ille collected serom·free culture mcdium. The cell lys:uc:s wac al.>O 

uamlIlro for any illC<Jlll:.:tly processed ACEl protein. Cell l)'§lltcs were h.lne<tcd 

from COIln ucl\l tr.msfC:Clcd cell culture in 6-we1l plates using 0.5 m) of TnlOn Lys l~ 

bufTer(SO mM HEPES. pH 7.5: 500 mM NaCI: 1% (~/" TrilOn X·LOO: I mM PI\ISF) 

alld an amount of 5!-1g total protein " 'lIS subjected to we~tem biOi anal)'sis. 

Total protein amount of 10 !-III was fr:b;llonaled b}' SDS-PAGF.: using un 8% gel (see 

apJX'ndl~ A8). After eICClrophores;~. the gel .... "" soaled in blonmg bu ffer (25 mM 

Tris. pH 8.2; 200 m .... glycine: 2W: 1'/\1 melhanol) and the Mi ni Trans-Blot !r.lnsfcr 

app;tratus (Bio-Rad Labontorin) was ao;o;embicd willi tile gel pl3Ced on the c~thode 

end. The tr:tnSra p«lC<."$$ WII'! cam<ed OUl aI 300 lIlA rot 60 min. After lhe Ir.ln~fcr 

process. the nitrocellulose membrane WlU blocled b) :Ill ovamglll incullallon In S" 

Iwlv) sl:ml mill in Tri§ buffered saline T""ttIl (TBS-T ) (50 mM Tri •• pll 7,4 ; 200 

mM NJCI: O.J % IV!.) Tween) III .sOC o\CfIligtn Follo"ing the blocklng .,...,udllre. 

the nitrocellulose membrane ....-a, lro.::Ullitted on I shner at room temper.llure witll 

monoc lonal anll-human ACEl oclodomam antihody (R&D SySIems. Inc.) diluted 

):1000 '" 5% (wh) ski m milk in rus. T for al leaSt 90 mm. Afler the anli~y 

incuootion. the membnffie wa. rin.>Cd and .... -a.hed in 5% (w/\<) !Ok;m mill: ;R TBS· T 

for 15 min. The w:uh step "llS repcat<ed another I~ "roes (5 nlln f'IT wllSh). The 

wasllOO mem brane was incuooted witll 1:2000 diluted sccon<Wy anli·mouse antihody 

" 



OOIIJIIJ!:3Ied " 'jlh horse radish pero~ida.'IC (Amer'iham. GE He~hhcare) in SSf. (wlv) 

!.kim mill: in TBS-T at room tempcr.ltU1c OIl sluka for 60 min After the ,eoondary 

anubody mcOOaIiOll. the memb["~ne was rinsed and washed it. before in TSS·T. 

Detection of blocted target procein was carrym8 out in the dark using EeL. Plus'" 

Western Blocting Detection lit (Ameroham. GE Heal!hcare). TIle membr.mc wa, 

exposed \0 the Oc:tecuon solution for S rru n and t h~ chcmi · luDlines~nc~ relea'ICd "'as 

captured lI.ing 1I>'perfilm '" EeL phocographic films (Ame,."ham. GE Healthcan:), 

" 



Chupl" J 

3.3. RUlllls 

3.3.1. ACCl!@t'yahe,<;rm:m of!h!: doc~ inG protocol 

The mlubrlOf' bolJnd ACE2 crystal §tl1Jcture "1L'i used to "rof) the accuracy of the 

Ololecular doclrang The .trucrure of MLN4760 taJ.eo from the oystal ~ructUll: sen'ed 

a. II rontrol for the aceurao:;:y of the !kxkiog protocol. 11-' rhe MLN4760 nySlal 

structure "1L'i e~pecled 10!kx~ inlo ACE2 acrh'e site in the.>.'IlllC ('Onformal;on As 

lhe doc~;ng aper;mell1 involved the fining of II relullvdy IOmall mol~lIl .. inlO lhe 

l!l!l'e rOlmp- ca";ly of ACE], II careful chorce of lhe hiland blndmg sue was 

necessary 10 ensure propet' docking of the ligand to the: e!lpecrw site of inletllChon 

Thu~ in the a. ... ~s~menl for I"" ~1Ir...:y of the dod..ong protocol , the spat'C OCC1Ipred 

by MLN4760 mthe crysl~1 ,truc tllre ww; choo;cn a) lhe vo1ume of rhe bmdlng sue 

t' ig.J.2,1. Supc:rimpo~l\1on of doeked MLN4760 model On MLN4760 srNCrure 
o~ .... ed in lhe cr)·stal SlruclUll:. Oocl.ed model is represemcd in .tiel. model. and 
MLN4760 .ll1Jclure In structure IS shown all line model. The '~e .... 1lS 

loc .). 

In Ihc nlOdel of MLN4760 docl.ed lilt.., the ACE2 cl)'!'llIl slructure. the MLN4760 

bac:~bone in the !kxked Q)odellL'isumcd a poIIlllOO 'cry .. mil:tr 10 thaI ob~cr"cd in the 

cry!ital structure (Fig .3.2. 1). TIle docked MLN4760 WID idc:nliclllJy onenlmcd Dud its 

line coordinliling carbo~ylal" "a.' 19 A from the acllve ~;te 1.'roc. 1l1e imertlClion 

bel"'ccn lhe C· terroinal carbox)lale of MLN4760 and Arg273 "'IS p-cse .... aJ in the 

docked rt'IOlIel . ho""ever lhe hydrogen bond~ beNccn the C·lermlnal carbo~ylalC lind 

11rs34~ ~nd II i~SOS "cre 10)l as !he C'lerrmnal carl;)ol)131" '" as pulled closer lo,,:trds 

A.g273 Ifig_J.2. 21. T he 3. ~·dlchloroben7yllmrd;u;ole silk chllln moiety of lhe 

!kxked MLN4760 IlSsu med II bighly simi13' coofonnallon 10 thlll \>bsel'\ed in lhe 

crySlal M!'UCIIlfl: (Fii.3.2. 11. In lhc doc~ed model. the Ml.N4760 PI 1'iOblltyl side 

" 



CiUJpru J 

cllain extended towards Tyr5 10 like that found in the crystal strocturc. The interaction 

between the imidaZOle of ML"4760 and Thr37 I found in the cry~ral MruCturc was 

also con-erved in th: docked model (Fig.J.2.2). 

Fig.J.2.2. Comparison of the interactions between bound ligand and ACE2 active 
residues found in crystal ~truclure and the docked model. The structure of MLN~760 
is ~hown as slick Dodel and the ACE2 residues are ~hown a~ line model. The green 
dash lines represem hydrogen bond~. A. The interneliOlls between MLN~760 and 
ACE2 observed in the crystal structure are shown. B. Docked model of MLN4760 
inro the active ~ite of ACE2. The imeractiOll between Arg273 and the Cotennina) 
carboxylate of MLN4760. and the interaction between Thr37 I Wilh the imidazole ring 
wa, conserved in the doc ked model. The image was generated using Disco~'ery Studio 
v.l.7 (Acccll)'l' Software Inc. ). 



Cltapl~' J 

An :ttkInionaJ a~so:ssmcrll of .hc !l(1C~ing prol<)Col accuracy ... as .he de.ermina.ion of 

RMSD of.he docked MLN.t760 poses in reference.o the pose of MLN.J.7(i() found in 

.he cryMal 5.n.ICIure. RMSO ,alues were de'ermined for all docked poses .... here 

inlCnlClinns of Ihe MLN47(i() cllrbo~yl~'C5 wi.h the acti,c site 7ioc and Arg273 were 

rC!a!~ (Table 3.2). An B\cragcd RMSO of 2.05 A was oolaine<! for the: docking of 

~ILN4760 bac~ in.o the ACE2 cry"'al ~uucture. C"nsldc:rin~ these findjn8~. the SlImc 

dockln~ prOlorol " 'as applied 10.he <,ubsc-qucnl molecular dockinj! of 416F2 inlo the 

ACE2 structure. 

Tab\4, 3.2. RMSO of docked MLNJ760 poses. The ~ ofMLN.J.760 in thc: cryli131 
SIJUClure 1'115 u\Cd Ill; the rdere~ hj!and. 

"OS(' nl>. 

Rden:1ltt mokeu!.: 

1 , 
l 

6 

KMSD (A) 

0.0 

1.2 1 

1.24 

2.44 

2.37 

2.59 

2.05 

The o"crall StnlCtun: of the ACEl .... 3.§ retained in the 4161'2 docked R1Odi:'I when 

compared to the crystal ~truo::tun:. a~ indiealed by.he C-a backbone: RMSD ,olue of 

0.02 A deacmllne<! for the ~upenmposilioo of 4161'2 docked model 10 the ACE2 

crystal ,.",CIUn:. I'unbermore. boIh lhe docl.:ed IllQIkland the cl)'Stai structure )'Ielded 

identical Ramachandran plOIS by the ProChcck iIOftware (I...askowsl!;i e/ Ill .• 1993) 

(datil not ~hQ\<n). TI!c.s.e findinj!S were e~lIeCled 3.> the doci;ing expenmcnt~ " 'ere 

earned OUt USIOj! 11K- rigid protein rc~'('ptor approach. lbc low RMSD and identical 

Ramadmndran plOl~ indkatcd.he "'crall in.egrity of the ACE2 protein " 'as prcSC:r\lcd 

during the dockIng proce~s . 

" 



The ~ mrie'cd for the doclmg of 4 16F2 an: sho".-n In Fi).l .l. The zinc· 

coordinating phosphmale aoo the PI proI)1 groups w-err similwly posiliorKd in ~11 

~. iooicating highly constraiBl'd filM) of tile..: mou:tto:! (FiJl_l.l,. In the docknl 

model. the phosphtnalo: group was positioBl'd close to the aclive site l in.: at<.>m. IHKl an 

ionic intmlCtion between the C-tenninai carbox)'btc of 416F2 aoo Arg273 was 

~'ed (Fig.l."). However. lhe C-ICmtina) C'IlI"OOxylate coordulaung h)drogen bond 

pro'ilkd b)' HiU45 and His505 was not ob<cned. The h)drophohle PI ' benz)'1 g/'Ollp 

of 416f1 eMended tow:uds 1'he274 in the large 5,' sub- lOitc (Fig.lA,. The P, prol)'1 

group of 4101-"Z ns found to be a..:rommodatcd by the ACE-:! 51 sub-she (Flg.3.6.I', 

'11k! P, prol)1 groups in diffen"m poses ',><'re near identically posilioned (Fi ll')'), 

indicating the P, prolyl group i$ highly re'tmined in struc ture . A high degree of 

mO\'cmcm wa~ obsen-ni for the N-Ienninal ocet )I-lcuc~1 moiet), of 4 1 6~"Z (b g.l.J 

and Fi~.3.S). A c1()!;er cxamination of the ACE2 active site revealed a large cavity 

which (X:cur< beyond the 5 , ~ub-site (Fig.3.6. 1 and Fig.l.6.2), aoo Ihls large ~PXt 

ullo\\ cod roIation of the Pl leucyl side chain of 41 6Fl. A hydrogen bond betw'een the 

tenninal hydroA)'1 of T)'rS IO and the carbonyl of the aeetyl group or "ltiF2 di-tDnced 

at 1.05 J.. 4pan w3S obsennl (Fig.3.4 and Fig.l.5), while another was seen belween 

the cwOOnyl group of the 4161"2 Prien,,)! group and the amiIlL' group of A!a3J8 

d'Slanced al 2.99 A ap.lf1 (Fig.3.5). 

Fig.3.3. Docked po$CS rC1rie~ed for the docking or 4 16F2 into ACE.2 cryMa! structure. 
The P, and phosph,nate moiet;C$ assumed sintilarconfom&lt ions in ull doc ked pose~. 
tndiCllting ron--,IIDtncd fitting of these groups, The Pl :lCetyl· lcuql group~ of 
dlff~nt ~ were jlOS, tiorKd in highly dis<imilur m~nncr. 



Fig.3.4. lmcT'o>etloos belwcen 41 6F2 (shown lIS Slick model) and AeE2 IlClhe ~i le 
residues (she .... n ru. line model) in dochd model. There inlCfllCtioo bel .... ·cen Ihe 
lcnlllllul carbox)'I~IC of 416F2 and Arg213 was preserved. The ~;nc coordinaling 
Jlhosphinalc was pmitioocd accordingly dose to lhe ;\ClIVe S,te zinc atom tn:pn:scnlcd 
II> grey ~phere). '1lIe ilililge was generaled using Discovery Studio .... 1.1 (Acc<:lr)"S 
Software Inc.). 

3.3.3. JOI I!'lIguilDO of the ACE2 S, sub-$ile 

!'rom Ihe comparison of the ... arious poses of 4 161'2 in the docked model It .... ~ 

obscn cd Ih.u the llCet)'I~led Pl-lcuc) 1 residue of 4 16 .... 2 displayed 3 greater deS'\'<: of 

fnxdom lhan lhe PI and PI' groups (Fig.3.3 ;md Fig.3.5). A elmer u:unin3lion of the 

docked model re'e~led a Ix l of interactions bct""'een !he Prleucyl group of -U6F2 

and the AeEl OCIII( Slit residues. In the docked modcl. the prcseoce of a dear 51 

sub-site In the ACF.2 anile si te .... ';15 IIOl obscn'ed 3~ the ACE2 .... """Ii,·c site OpeM imo 3 

large space beyond the 5, sub-.ite (Fig.3.6. 1 and Fig.3.6.2). The acllve site C~\'ily 

lIarro .... S ~ it approochcd lhe S, sub-sile .... lM:re lhe P, prol)'1 group of 416F2 ..... as 

lightly ;Jccommodalcd. An c.~::unin3I1on of the :ICt'VC ~ 'IC (lLlil), ~urf:ICC idenlified 

T )"6 10 lIS 3 i"e'iiduc thaI protrudc:s 1010 Ihe ca ... ily and ils remlilial h)".ox)1 group 

providc$ 3 point of inlef"3Clioo wilh the ligand (I" g.3.1). Based un Ihi . it ..... os decided 

for thiS study to further invesli~ale Ihe role of Tyr5JO in 11M: enzymatic IICliv ity of 

ACE2. 

" 



Fig.3.5. Overlay of selected poses from the molccular docking of .:IltiF2 in ACE2. 
Good correlati ons bc: lwee!l !he differenl poses at the PI' and PI positions were 
ob!>oel"\'ed. The pos ition of !he :tine coordinat ing phosilhinale and the C-tenninal 
carboxylate were highly similar be lween Ihc poses. The greatest differe nce belween 
the poses Wb at Ille Pl position where Ille leu~yl group was able 10 fOlOle around the 
bond belween its Cl<arbon and carbonyl group (indicated by yellow arrows). The 
SUUO::lure of 4 16F2 is shown as Slick model and the ACE2 =idues are showo as line 
model. The ima~ was geoeroled using Discovery Studio ~.1.7 (Acce lrys Soflware 
Inc.). 

Fig.3.6. " Model of 4 16F2 docked in to ACE.2. Most of the 4 16F2 molecule was 
lightl y bound to the ACE2 lK"tive site. The PI prolyl ~ide chain is ..... ell acrommodalcd 
by Ille SI sub-~ilC. whi te !he PI'·benzyl and the Pl·1eucyl groups ex tended into less 
confined sp,act.'s. Images were geoerJ lCd using PyMol Molecular Viewer (DelanD 
Scienti fic Ll C.). 



rig_16.2. Ood-:d model ~)f 4 16F'2 4 ~hown a, Slick mode!) into the ACE2 
,how(.'!l a the 5, sub·,ite. The Pl acetyJ·Jelleyl 
extended u clear Sl sub-si te was no 
""ere I· 1 Vie"'l.,. (Dd...ano Scientifi, 

"' iK.-J.7. TyrSJO that forms part of the 5, ,ub-5ile jlIlltrtKks imo \be 
ACEl octile silC beyond the 5 , sub·,ite. 1l!e cJllens;on of the ~rmi n:d 

TyrSIO IOto tJxo cavity alio""oo TyolO 10 Ullernct ",ilh the nlbonyl 
moiety of 4161'<. 

.1,;\,4 , The mlc: c rt)'rS IQ in !be C/u\'O\jlljc ,qh'ily of ACE2 

3.3.4. 1. M utag(OL'~h 0( $ACE2f LAG 

or 
Images 

or 

In on:lcr.o ass~~ the conlJibtl!ion of T)T5 10 in tbc ligand binding 0( AC'E2. T)T5 10 

",as mUlat~-d in.o I phl'llylalanine re'idue to determine lhe mnll ... ·ment of the 

~nmnaJ h)tlroxyl moiety. II '<ep.tr'Jte mutalion of Tyr5 10 10 a thrwmne resIdue WD5 

made 10 ducida:e the SIgnificance of Ih<: I) Il)';;ne hydrophobic ring in lig;md binding. 

The T y610 mutDllon, ""en: inlroduced 101O the pCl· NEO·sllCE21:lAG eOfl str\ICI and 

" 



the propo_..N Y5lOF mutation was properly introduced inlo (he "ACE2FIJ.G 

COO~\ruct. as indicated by X",,, I r..striClion enzyme di.gestion IFig.).!!.!). Re~triction 

enzyme dige"tioo of the sACE2FLAG-Y5lQT mutant construct with X",,, I revealed 

digestion pauems identical to that of the unmutated sACE2FL\G (Fig.3.8.1). The 

~ACE2FLt\G-Y5 1 0T lllutagent:5is pr imcr pair contained a disrupted Xn",l ~ite (see 

Tabl~ 3.1), ~nd thus X",,, l digestion failed 10 confinn the immdlK"lioo of dcsin:J 

tyrosine to thrrnn ine mutation (Fig.3.8. 1 J. Proper tyros ine to thr!'Qnine mutation was 

verified by nucleotide selJuencing analy~is. and partial sequence ahgnment of sACE2 

Y510T tv ACE2 eDNA indicated proper tyrosine to thr~'Onine mutation (Fig.3.8.2). 

M '23 4 ~6 

-=~ -
,OO~ 

Fig.J.8.1. Mutagenesis of th" sACE2FLAG conS\fUCt. Sucressful re-insenion of 
muwtcd ~ACE2FLAG roJ)Structs into expression ,ector pCl-NED was indicated by 
tile exci"ion of a 220S bp fragment ro!Te,ponding 10 the siu of the SACE2FUl.G 
conSlrucr with restriction enzyme Xlwl and Xbil l (lan(" I: sACE2Fl.AG, I"an~ J: 
,ACE2FLAG-Y5 10F. La l1 ~ 5: sACE2FLAG-Y5 10l!. The nell' Xmlll reStriction ~ite 
introduced as screening n,a...-er kd to the dcavage of the 944 bp fmgn>elll to ~n 805 
bp and II 135 bp fragment, as observed for the Y510F mut:llion (LlInt' 4: Xnm l 
digested sACE2FLAG-Y5 1Of). The X"",l screening marker was disrupted by the 
nucleotide chnnges introduced by the ACE2 Y510T mUlagCTIC-.>i~ primers, therefore 
identical restriction enzyme digestion pallem was observ..d for sACE2FlAG and 
sACE2FU.G-Y51 OT(Lauc 2: X"m l digested sACE2FLAG. Land Ii: Xmn l digested 
~ACE2FU.G -Y510l!. Lal1~ 1\1: O'GcncRu1cr'" DNA Ladder Mix (Fcnnentas Li fe 
Sciences) 
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FiI;.3.S.2. Panllli nucleotide sequence alignment of sACE2FLAG-Y510T mUIWlI 
COOSlrucllo t\CEl mRNA (GenB;lJ1~ Accession number. . The desired 

'1 mnlation were 

).3.4.2. AClivilY ofsACE2 Iy" 10 mUlnnts 

Thc mulutcd sACE2FLAG C011<lruCtS were traltSfoxted into HEK29J cells and proIein 

e~ pressed inlo culture medium was asr.e!.sed by an t\CE2 activity assuy. ACEl 

DClivit)" "as detected in medium harvested from sACE2FLAG and sACE2fLAG­

YS 10F 1I1105fox1l:(\ cells but not in Illal of sACEl A.AG-Y510T tr.msfoxk<i cells elen 

after prolonged penod of incubation with ;;ublitr-.llt (Fig.3.9) . 

.. 
• I • I • • • 

• , "' • 
He.J.9. ACE2 activity or tr.Ir1sfected HEK293 cdl medium. Cultll11: medIum of 
HEK....'9) cells tnUlsfCCled With sACElFl...AG. !>ACElFLAG-Y510F or sACE2FLAG­
YSIOT Con;;l~ " .. as h.anCSted after 24 !lour> of ,"cubation. and ACEl act;,ity in 
lhe medium .... a~ aSlia)'ed 1l51111! lbe s)'nlhelle subslrnte Mca· YVADAI'K-Dnp. AeEl 
acti'ity b expn:w:U a( nmol of Mca-YVADAP formed per min per ml of medium. 
Ex.perilJltllts "'ere CIImed out in trifllicBte and the data represented by the mean with 
S.D. NoD, nOl detected. 

In ocdcr 10 dClcnninc wh.cthcr the ~Ac;E2FL"G·Y510T mutant w,,-, properly 

eApres;.ed bUI 11(1\ active, "estcrn blot anul}sis was pcrfom'ICd on the culture medium 

" 
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and nun. reeled ~lIs. Th~ slrong d~recl ion of a pl'Ol~in by unti .ACE2 unlibody in rhe 

~II culture: medium and not In tIN: cell lysme ronfirmo:tl Ihe npr"''',on and M:crclion 

of wlublc ~ACE2FLAG·Y5IOT (Fit .3. IO. ). T~ resulrs dearl) show rhut the 

!)ACE!FLAG-Y.~'iI OT mutant is not cutal )1ic-.dl)' acti\'e dc.pile its eAIJTCS,ion 11110 rhe 

cuhurc medium. 

135 kO. 

95 kO. 

Mod""" 

Fig.J. 10. We,rem blot of Ihe tMlnsfC("led cell s and cell 11Ie(hum of . /lCE2A..AG· 
Y lSOT. The strong presence of ACE.2 derected In rhe culture med,um was India l1"c 
of cxpn:ssion of soluble ~CE.2FlAG· Y510T inlo the cuhure medIum. 

" 
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An Inve'lIgalloo of !he ACEl S, sub-~te was Pl'rf~ by In 3,Jjro molecular 

doc ktrt g l1t wh icll tjw, Mt'\ICturc of I ~ent poo.ph'nlC Inh,buor. 416F2. "3~ docLetl 

into the ~10Sctl eonfOTTrl3\ton uf tlJ., ACEl ~r)'!.t:tl ~!r\lCtUIl' The ;>quracy of tjw, 

docking protocol of cho tce ":1.\ :I.':.o!oC(\ by dueLln, of MLN476Q from the ACEl­

M LN4760 crY'lai .\lrUCtIIll' in lo lhe ACEl molecule llIc MLN4760 docked inlO a 

vcry Sllni1ar J)O<ltlon 10 wh3t "~ found In the cr~tal MructUn: (Fig..3.2.1). ""d key 

Imcr.IClion~ of Ihe MLN4760 eaJbo~yl31es v.nh the OC!t'e ~ite ZInc Ind Arg273 ''''fe 

cooscf\'ed in l1le dockCllmooci (FigJ 2.2) Although a ",Ial"dy hIgh ave"'g" RMSD 

(2 A) wa~ dClennmcd for the dod~'\l MLN4760 f1O:\oC< (Tallie 3.2), the Rl-15D "alues 

for 1111: fiN IWO pose .• (] .2 1 and 1.24 " ror p:>Se I IlfIIl 2 n"sp«ti,dy) we .... below the 

lhre'loold 1t.\lSD of 2 A cOIH"lOn]y cOI1~idered as the cUl-off for successful docktng 

upcnmcnt< (Rarey tll.I .• 1996: VctdQnk rl .. I .. 200~) 

In llle Ilucled t"oxIc! of 416f2 in ACE2. lhe hgand P, ' b<:nz yl group of 416F2 euends 

ontO the large S,' ~ub·$lIe w"ItoUt fuUy t,'oCcupying th .. S,' .ub.site. UnlI ke the ,..,Iati,·el) 

larga P, ' 3, 5-d ichlorobenl~limlda1.OIe of MLN4760 in the cl)'slal SITUClun:. The 

hydrogen bond found between Thr)71 and the I' , ' Jlnldazo le of MLN4760 m the 

cl),.a15tntC'lure "'3.< ~ In the doc ked model due to the h)'drophobic nalure of the P, ' 

he:nz) 1 group of 416Fl. Hydrogen bond,"g of Arg273 to the ligand C-te"","al 

c.oo~ ylale was pre!;Cr.cd '" Ijw, docked model. however the other C-Ie"" in~l 

~'arOO~)lale coord,""unS hydrogen bond. proVIded by H,s:45 ""d HlS.'S05 were IQ<~ 

In the: dl:Icl.et1 modd 41 6F2 ,",0 ACE:!.. the ligand C·tenn;nal carbu~ylale Wll!; 

e1tended ckxcT tow·an!. Arg273 and aW3Y !'rom H;~505 and His345 (compare 

h,.J2.2 and Fig 3."). AI !he S,IP, po'Inion, the P, prolyl grOllp of 416F1 ilia' well 

fitted into lhe 5, .'Uil-sile, similar to the P, lsobulylgroup of iI-I!...N4760 found in the 

crY'tal mucw,.., The 416F2 P,·letIC)1 moIety assu"",d a vanety of JIOSItIOnS due 10 

Mallon around the build hc:twecn Its «-carbon and carbonyl group (Fig.J.5) 

The docked "1O<kl did not re\eal any 'nt<:raction betllleen the P""leucyl ,,(k cha,n of 

4161'2 and lhe ACE2 acm'e ~l1e residues. Coosidmng the subslantia1 1!lC/"e!lk in 

X liv .. sne cavllY bt-)"Ond IIIe 5, sub-Mte (1'ig.3.6.1 IlfIIl FiS·3.6..2). the JIOs<lbihly of 

'inme conformational change in the S, sub-.ite in !he ~nce of a hg;md I' l group 



~hould nOl be O"erlooked fl o .. -e>er. thiS .. as a"cned In thl: molecular docking by the 

adopt.on of a rigid prQl<~,n ~plor arrroxh 111(' lICti~e ~ i.c resid~ " 'ere prt'.'ented 

from moving and tlll$ approach e .• eluded ~ posslbllny of an Induce:<.I-fit ligand 

blndmg mt.'Chamsm from .aklng platc'. In retrospect. the cboice: of 3 l1e~ihk·n:«plor 

<.Iodlng Slr:ltcgy might fxilllJ.e Ihe elucid;lIion of ,he Sl ~ub"He The flexlble­

rece:plOl" (Iodlng W31egy .. a~ 001 :Jdopied m thiS sWdy due to CQnsilienilon of.he 

mol~tulllr dynamiu of ACE2·hgand b.ndmg. 1loe ACE2 ac.i,,, ,i.e ton~i~t"d of 

ll'Sidue!l located 01' d,fferen' sub-domJ 'ns of the ACEZ catli lytlc domain ~nd .hc $ub­

domalll~ untkrgo \igni finl11 mo,en'ct1t u[lOn ligand bind ing ITowkr ("I <II. 20(4) 

TOe u1,hzauon of a flex,ble-receptOf tlockmg strJlcgy I~ hkely 10 disrupt Ihe: specific 

confonuauoo of ligand·bound ACE2 and alter lhe :lell"C Sll(: Strll(lUle 

Con"denng Ihe mi,ed 1ype inhibition displayed by 416F2 (1Iee: chaptcr 2). 11M:: 

uncompellll~e na!ure of iu ACE2 Inhibitory atlivily could not be ca;ily e.plained by 

the docked strucmre reponed here: TIle f1O!'llblhty of the relatively $lnall 416F2 

blllding elsewhere wnhi" tIM:: ACl.i2 act"'c Site cavity should no. be o~erlOQ~ed 

Sutlihu to the flexible-receptor <locklllg e.~nlllc n'. a mJjor chlilleng" faccll by a 

,;earth for alternative ~mall molecule bindin!> ~ltc. wllhin th~ ACE2 aCllvc ~it( 'S the 

consider-III011 of il5 structural dynumlCi!; TIM:: bln<llng of 416F2 to a secondary Site 10 

exert uncolllpO!l,tivc inhibition is ~n ,,'cnt Ii~ely mcdialcll through structural change 

of the AcE2 ""t",~ sn~ after 416F2 b,"<1ing. and ne~lblc·reccptor m.:iIecular 

modelling coulll be usell to ex plOl"l: lhl~ ultcrn~II"e: Ulech~nism. M(nowr • • -roy 

cr~tallography could be employed to invesugilte the precise blUding or 416F2 to the 

ACE2 xti,·e site and its i nt~r:lctions with tbe aC!lVC Slle residues 

White the S: sub-site was not ddine<l In tile 416F2 dodc<l mOllcI. u hydrogen bond 

I.!c.w«n the tcnninal hydro.yl ofT)TSIO and the acetyl cMboII)"l group of 416F2 was 

re>'calclllll lhe doc~cd model (Fig 3 4 and Flg.3.S). 1loe bulky TyrS 10 protrudes In\O 

the :lCtive 1ilC cavity beyornl the S, ~ub-sltc (Fig 3.7). arMl litu5 It .. as decided to 

l"'·c51igaU: the significance of T)'rSlO III ACE2 actwilY· The nlutation 01 TyrS 10 IIItO 

a threon>ne reSIdue resulted III the complete Io.s of ACEZ actIvity (Fig.3.9) d~spilt 

"""".1 expression of the ~oIubie prQtCIII ,,,10 the culillll' medium (FigJ 10) 11l1s 

finding suggested TyrSIO as an es5Cllllal residue for ACE2 acu~lIy. SlnIClurally. 

Tyr510 is well defined as a S, resi<lue and lhe bulky by<.lroplKJbic ring of T)TSIO 



Chapter 3 

In summary, molecular docking of the potent ACE2 inhibitor 416F2 into the closed 

confonnation of the ACE2 crystal structure revealed a weak hydrogen bond between 

the terminal carboxylate of Tyr510 and the carbonyl of the acetyl group of 416F2. 

Removal of the Tyr510 terminal hydroxyl by mutagenesis did not result in the 

abolition of ACE2 activity for the fluorogenic substrate Mca-YV ADAPK-Dnp, 

indicating the hydrogen bond exerts a subtle effect in the enzymatic activity of ACE2. 

However, the mutation of Tyr510 to a threonine completely abolished ACE2 activity. 

indicating the hydrophobic environment and the sterlc hindrance provided by Tyr510 

is essential for ACE2 activity. 
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Chapter 4 

Elucidation of potential ACE2 transcription regulators 

4.1. Introduction 

Many physiological studies using animal models have elucidated the involvement of 

ACE2 in the protection of renal, cardio and respiratory tissues against injuries (Imai et 

ai., 2005; Qudit et ai., 2006; Yamamoto et ai., 2006). While intense research efforts 

have been invested in investigations of the functional role played by ACE2 in various 

body tissues and the RAS, the transcription regulation of ACE2 is still poorly 

understood. The findings of altered ACE2 expression under various pathological 

conditions, such as diabetes (Mizuiri et ai., 2008) and SARS CoY infection (Kuba et 

ai., 2005), highlight the involvement of ACE2 expression in the progression of these 

pathological conditions. Further understanding of the factors involved in ACE2 

expression is likely to reveal plausible mechanisms in the pathogenesis of these events. 

In an attempt to identify potential targets of hepatocyte nuclear factor 1 beta (HNF-l (3) 

in HEK293 cells, Senkel et ai. identified the ACE2 gene as a direct target gene of 

HNF-IJ3 (Senkel et ai., 2005). In HEK293 cells, co-transfection of HNF-IJ3 

expression vector and ACE2 promoter constructs resulted in the activation of ACE2 

promoter constructs as assessed by luciferase assays. However, the implication of the 

association between HNF-l J3 over-expression and ACE2 promoter activity is unclear. 

The potential HNF-IJ3 binding sites identified by Senkel et ai. were originally thought 

to be located within the ACE2 promoter sequence (Senkel et ai., 2005). However, 

with the later identification of a 5' untranslated exon (5'UTE) and an extended 

untranslated region of exon 1 (Itoyama et at., 2005), the potential HNF-IJ3 binding 

sites were in fact located within the 5'UTE and intron 1 regions of the ACE2 gene, 

and not the promoter. The findings by Senkel et ai. demonstrated the involvement of 

the 5'UTE and intron 1 regions in the transcription regulation of ACE2, and additional 

transcription factors could confer ACE2 transcription regulatory effects by binding to 

these regions. 
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In this study. the 5'UTE and intron 1 regions of the ACE2 gene were collectively 

denoted as the immediately upstream region of the ACE2 translation start codon 

(ACE2 IUR). The ACE2 IUR was investigated for presence of potential transcription 

regulatory elements by promoter activity assays. The transcription activities of 

various truncated ACE2 IUR constructs were determined in vitro. The regions of 

ACE2 IUR found to contain potential transcription regulatory elements by promoter 

activity assays were subjected to bioinformatics searches to identify potential 

transcription factor binding sites within the ACE2 IUR. The binding of potential 

transcription factors from the bioinformatics search was evaluated by an in vitro 

binding assay. 
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4.2. Materials and methods 

4.2.1. Human Kenomic DNA extraction 

Human embryonic kidney (HEK293) cells were cultured in a 6-well plate until 

confluent and genomic DNA was extracted from cells according to a previously 

described procedure (Laird et al., 1991). Briefly, the cultured cells were washed twice 

with 1 ml of PBS to remove residual culture medium. Cell lysis was achieved by 

direct addition of 0.5 mllysis buffer (100 mM Tris, pH 8.5; 5 mM EDT A; 0.2% (w/v) 

SDS; 200 mM NaCI; 100 Jlglml Proteinase K) to the cells followed by incubation at 

37°C for 30 min. Genomic DNA was precipitated from the cell lysate by addition of 

an equal volume of isopropanol. The precipitated genomic DNA was transferred into 

a 1.5 ml Eppendorf tube and washed with ice cold 70% (v/v) ethanol. Genomic DNA 

was then pelleted by centrifugation at 16000 x g using a micro-centrifuge. The 

supernatant was decanted and the DNA pellet was dried using a Savant Speedi Vac 

System (GMI, Inc.). The dried DNA was resuspended in nuclease-free water and the 

DNA concentration was determined using the absorbance reading at 260 nm 

measured with an Anthelie spectrophotometer (Secomam). 

4.2.2. Generation of ACE2 IUR mutants from human Kenomic DNA 

DNA fragments representing various lengths of the ACE2 IUR were amplified by the 

polymerase chain reaction (PCR) method. The nucleotide sequences of the primers 

used are shown in appendix Table A.2. Genomic DNA (100 ng) was used as template 

in all reactions. The ACE2 C2, C3 and C4 fwd primers were paired with the ACE2 

Con Rev primer for the amplification of truncated ACE2 IUE mutant fragments 

(Fig.4.I.I). Nested deletion mutant fragments (Fig.4.1.2) were amplified from the C2 

Forward construct using the various forward primers (-1131, -1077, -1036, -963, -903, 

-837, -784, -742, -704) and the ACE2 Pro Con Rev primer (see appendix Table A.2). 

The reaction mixtures contained 0.6 JlM of each of the forward and the reverse 

primers, 0.4 mM dNTP mix (Sigma-Aldrich, Inc.), 1 x Pfu DNA polymerase buffer 

(Promega Corp.) and 5 units of Pfu DNA polymerase (Promega Corp.). Nuclease-free 

water was used to make up a total reaction volume of 50 JlI in all reactions. The 

reaction mixtures were subjected to thennal cycling incubation of 95°C for 5 min, 
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followed by 25 cycles of thennal cycling at 95°C for 30 sec, 50°C for 30 sec and 

72°C for varied elongation periods. Incubations at 72°C were timed such that it 

allowed the extension of 1 kb of DNA per minute. At the end of the 25 cycles a final 

incubation at 72°C for 5 min was included to allow strand completion. Finally the 

reaction was cooled to 4°C after thennal cycling. Thennal cycling was carried out 

using a Hybaid PCR Sprint thermal cycler (Mandel Scientific Inc.). All PCR products 

were analyzed by electrophoresis using 1 % (w/v) agarose gel (see appendix A.5) . 

• ,. ·tM 

t I 
... "d .. 

.... 
I I 

A .......... 

. , _______________ -'a Q 

_________ ._'a C3 

·12 
C4 

Fig.4.1.1. ACE2 IUR deletion mutants amplified from human genomic DNA. The 
deletion mutants were screened by luciferase assays to detennine their activities in 
driving gene expression. 
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I'd' ., d ..... , AM ......... .. 
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~~------------~ ·12 ...,7 
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Fig.4.1.2. ACE2 IUR nested deletion mutant constructs amplified from the C2 
construct. These mutants represent the segmentation of the -1201 to -658 region of 
ACE2 IUR and their activities in driving gene expression were assessed by dual 
luciferase assays. 
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4.2.3. Sub-cloning of ACE2 IUR mutants 

4.2.3.1. Sub-cloning of ACE2 IUR mutant constructs C2. C3 and C4 

The ACE2 IUR mutants genemted by PeR were analyzed by electrophoresis using 

1 % (w/v) agarose gel (see appendix A.5) and purified using the Wizard SV Gel and 

PCR clean-up system (Promega Corp.). The mutant fragments were inserted into the 

cloning vector pBluescript at the EcoRV site. In order to facilitate ligation of the 

mutant fragments with pBluescript, the mutant fragments were treated with 

polynucleotide kinase (PNK.) (Roche Ltd.) in 1 x T4ligase buffer (Promega Corp.) at 

37°C for 1 hour. Restriction enzyme EcoRV digested pBluescript vector was treated 

with shrimp alkaline phosphatase (Fermentas Life Sciences) in 1 x reaction buffer at 

37°C for 1 hour. After PNK. and shrimp alkaline phosphatase treatment, heat 

inactivation of the enzymes were achieved by incubation at 65°C for 20 min. Ligation 

was achieved through overnight incubation of linear pBluescript vector and ACE2 

IUR mutant fragments (at a molar mtio of 1:3) at 4°C in a total volume of 10 J11, 

containing 1 x ligase buffer (Promega Corp.) and 3 units ofT4 DNA ligase (Promega 

Corp.). Ligation products were transformed into E.coli DH5a (see appendix A.4) and 

positive clones were screened using restriction enzyme digestion with Bamffl and 

HindJJJ.. The plasmid DNA used in all restriction enzyme digestion screens were 

prepared using a small scale plasmid preparation (see appendix A.2). As the ACE2 

IUR mutant fragments were inserted into vector pBluescript by blunt-end ligation, an 

additional screening step using restriction enzyme digestion with HindJJJ. and Agel 

was performed to determine the orientation of inserted constructs. Positive screens of 

pBluescript containing inserted ACE2 IUR mutant fragments were prepared using 

Zippy® Mini-Prep Kit (Zymo Research) and subjected to partial DNA sequencing 

(see appendix A.6). DNA sequencing was performed to confirm the orientation of the 

inserted fragments, as well as the nucleotide sequence of the fmgments. Constructs of 

ACE2 IUR mutant fragments reversely inserted into pBluescript were retained as a 

control for subsequent transfections and dual luciferase assays. Constructs with the 

correct sequence were sub-cloned from pBluescript into the reporter vector pGL3-

BASIC (Promega Corp.) at the Smal and HindITI sites. The final pOL3-BASIC 
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constructs were propagated in E.coli DHSa and prepared using the Zippy® Mini-Prep 

Kit (Zymo Research). 

4.2.3.2. Sub-cloning of ACE2 IUR mutant constructs -1131. -1077. -1036. -963. -903. 

-837. -784. -742 and -704 

The nested deletion ACE2 IUR mutant fragments were amplified by PCR using 

ACE2 IUR mutant C2 construct as the template, together with the respective forward 

primers and the ACE2 Pro Con Rev (see appendix Table A.2.). The thermal cycling 

profile described in 4.2.3.1 was followed. The PCR products were analyzed by 

electrophoresis using 1 % (w/v) agarose gel and purified by using the Wizard® SV Gel 

and PCR clean-up system (Promega Corp.). Restriction enzyme digestion of the PCR 

products was carried out with Hindill (see appendix A.5). The digested PCR products 

were purified by gel extraction method using the Wizard® SV Oel and PCR clean-up 

system. Purified restriction enzyme digestion products were incubated with 10 units 

of polynucleotide kinase (Roche Ltd.) in 1 x T4 DNA ligase buffer (Promega Corp.) 

at 37°C for 1 hour, followed by heat inactivation of the polynucleotide kinase through 

incubation at 65°C for 20 min. The vector pBluescript was prepared by double 

restriction enzyme digestion using Smal and HindIll carried out in the presence of 10 

units of shrimp alkaline phosphatase (Fermentas Life Sciences). Ligations of the 

nested deletion mutant fragments with pBluescript were carried out as described in 

4.2.3.1. The screening of correctly inserted fragments was achieved by restriction 

enzyme digestion using Xhol and Xbal. The orientation of the nested deletion mutant 

fragments ligated into pBluescript was confirmed by restriction enzyme digestion 

using Agel and Xhol and DNA nucleotide sequencing. The nested deletion mutant 

fragments were sub-cloned into the reporter plasmid pOL3-BASIC using restriction 

enzymes Sad and Xhol. The final pOL3-BASIC constructs were propagated in E.coli 

DHSa and prepared using the Zippy® Mini-Prep Kit (Zymo Research). 

4.2.4. Reverse transcription of the ACE2 transcript 

HEK293 and COS-l cells were cultured until confluent in 10 mm culture dish (Nunc 

Corp.) and total RNA was extracted using QIAzol reagent (Qiagen). Briefly, QIAzol 
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reagent (I ml) was directly added to cell cultures and the cells were scraped off the 

culture plate and collected into 1.5 ml Eppendorf tubes. A volume of 0.2 ml of 

chloroform was added to the collected cells and immediately mixed by gentle 

inversion of the tube for 15 sec. The mixture was incubated on ice for 10 min 

followed by centrifugation at 12000 x g for 15 min at 4°C. The aqueous phase was 

collected and mixed with 0.5 ml of isopropanoL The mixture was incubated at -20°C 

for at least 2 hours to allow precipitation of RNA. The precipitated RNA was 

collected by centrifugation at 12000 x g for 30 min at 4°C. The RNA pellet was 

washed using 1 ml of ice cold 70% (v/v) ethanol and re-collected by centrifugation at 

12000 x g for 30 min at 4°C. The supernatant was decanted and the RNA pellet was 

allowed to air-dry. The purified total RNA was resuspended in 30 III of DEPC treated 

sterile water, and the concentration was determined using absorbance reading at 260 

nm measured with an Anthelie spectrophotometer (Secomam). The RNA 

concentration was calculated with a conversion factor of 40 ng per unit absorbance 

reading at 260 nm. The quality of the isolated total RNA was assessed by gel 

electrophoresis using 1% (w/v) agarose denaturing gel containing 7% (v/v) 

formaldehyde and 1 x MOPS buffer (0.1 M MOPS; 5 mM sodium acetate; 0.5 mM 

EDTA, pH 7.0). The fractionated total RNA was stained with etbidium bromide (0.1 

Ilglml) for 10 min followed by visualization under UV light. 

Reverse transcription of the ACE2 transcript was carried out with the isolated total 

RNA using the OneStep RT-PCR Kit (Qiagen). The reaction mixture included a final 

concentration of 1 x Qiagen OneStep RT-PCR buffer (Qiagen), 0.61lM of the ACE2 

RT Fwd and the ACE2 RT Rev primers (see appendix Table A.2), and 400 IlM of the 

dNTP mix (Sigma-Aldrich, Inc.). A volume of 2 III of Qiagen OneStep RT-PCR 

Enzyme Mix (Qiagen) was added to the reaction mixture followed by the addition of 

2 Ilg, 200 ng or 20 ng total RNA. A total reaction volume of 50 III was achieved by 

the addition of ribonuclease-free water. The reverse transcription reactions were 

performed using a Hybaid PCR Sprint thermal cycler (Mandel Scientific Inc.). The 

reaction mixtures were subjected to initial incubation at 50°C for 30 min followed by 

95°C for 15 min. Amplification of the reverse transcription products was achieved by 

thermal cycling at 94°C for I min, 55°C for 30 sec and 72°C for 30 sec, for 25 cycles. 

A final incubation step at 72°C for 5 min was included to allow final extension of the 
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RT-PCR products. The RT-PCR products were analyzed by gel electrophoresis using 

1 % (w/v) agarose gel. 

4.2.5. Dualluciferase assay 

The pGL3-ACE2 IUR mutant constructs and the pRL-CMV vector (Promega Corp.) 

were transiently co-transfected into COS-l cell cultures. All transfection reactions 

were carried out using the Fugene® reagent (Promega Corp.). The COS-l cells were 

cultured in 12-well plates (Nunc Corp.) until 50% confluent prior to transfection. A 

volume of 1.5 JlI of the Fugene® reagent was added to 38.5 JlI of OptiMEM serum­

free culture medium (Gibco®, Invitrogen), and the mixture was allowed to stand at 

room temperature for 5 min. Plasmid DNA amounted at 550 ng (containing pGL3-

ACE2 IUR constructs and the pRL-CMV construct at a ratio of 10: 1) was added to 

the mixture. The mixture was incubated at room temperature for 15 min and applied 

directly to cell culture in 12-well plates. The culture medium was changed after 4 

hours of incubation and the cells were allowed to recover for 26 hours. Prior to cell 

lysate collection, the transfected cell culture was rinsed with 0.5 ml PBS. A volume of 

175 JlI of 1 x passive lysis buffer (Dual Luciferase Kit, Promega Corp.) was added to 

the cells and cell lysis was carried out by shaking the culture plate at room 

temperature for 15 min. The cell lysate was collected and stored at -80°C. 

Transfections were repeated three times and assayed twice by the dual luciferase 

assay. 

At the start of the dualluciferase assay, a volume of 50 JlI of LARD substrate (Dual 

Luciferase Kit, Promega Corp.) was pre-dispensed in an U96-PP plate (Nunc Corp.) 

and 10 JlI of cell lysate was added. The luminescence signal was immediately 

measured using a Glomax 96-well plate luminometer (Promega Corp.) and the 

luminescence signal was recorded as the firefly luciferase activity. Post recording of 

the frrefly luciferase luminescence signal. a volume of 50 JlI of Stop&Glo reagent 

(Dual Luciferase Kit, Promega Corp.) was added and the luminescence reading was 

measured. This second luminescence signal was recorded as the Renilla luciferase 

activity. The Renilla luciferase activity served as an internal control for the measured 

firefly luciferase activity. All assays were perfonned in duplicates. The transcription 
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activity of the ACE2 IUR mutant constructs were determined as the percentage of 

luminescence signal produced by the reporter :firefly luciferase over that of the Renilla 

luciferase. 

4.2.6. Scanning for putative transcription factor binding sites 

The DNA sequence of the -742 to -704 region of the ACE2 IUR was scanned for 

putative transcription factor binding sites using two different bioinformatics web 

applications. The querying of two different bioinformatics databases was performed 

to identify distinct transcription factor binding sites. The sequence was queried 

against the vertebrate group of the MatInspector library (Matrix Family Library 

Version 7.0) by MatInspector (Cartharius et aI., 2005), while the TRANSFACT 

matrices, TRANS FACT factors and the JASPER matrices model libraries were 

queried using ChIP Mapper (Marinescu et al., 2005b). The search results were 

compared and the sequence alignments of the putative binding sites to the consensus 

sequence were evaluated. 

4.2.7. Mutagenesis and sub-cloning of C2F ARREB-l. C2F AZEBI and C2F 

ARREB-ll AZEB 1 constructs 

The mutated C2F fragments C2F ARREB-l and C2F AZEB 1 were generated by PCR 

based mutagenesis reaction using Hi-Fi® high fidelity polymerase (Kapa Biosystems). 

The ARREB-l and AZEB 1 mutagenesis reactions were performed using the C2F­

pGL3 construct as template, along with the L\RREB·l (fwd/rev) and ~EBI (fwd/rev) 

primer sets (see appendix Table A.2). The ARREB-I/AZEBI double mutation was 

introduced into the C2F AZEBI construct using the ACE2 Pro d_mut primers (see 

appendix Table A.2). The mutagenesis reaction mixtures were established in a final 

volume of 50 JlI containing final concentrations of 0.6 JlM of each forward and 

reverse mutagenesis primers, 0.4 mM dNTP mix, 1 X Hi-Fi® buffer (Kapa Biosystems) 

and 1 unit of Hi-Fi® polymerase. Thermal cycling was carried out using a Hybaid 

PCR Sprint thermal cycler (Mandel Scientific Inc.). The thermal cycling profile 

consisted of an initial melt (95°C for 30 sec), followed by 20 cycles of melting at 

95°C for 15 sec, annealing at 76°C for 15 sec and elongation at 72°C for 3.5 min. The 

annealing temperature and elongation time were selected on the basis as previously 
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described (See 3.2.2). A final elongation at 72°C for 6 min was included to allow 

strand completion. The mutagenesis reactions were analyzed by electrophoresis using 

1 % (w/v) agarose gel. A volume of 20 J.11 of successfully amplified mutagenesis 

product was directly incubated with 10 units of Dpnl restriction enzyme for 2 hours. 

After Dpnl restriction enzyme digestion, 3 J.11 of the digestion mixture was directly 

transformed into E.coli DH5a following a heat shock bacterial transformation 

protocol (see appendix A.4). Positive colonies carrying the mutated C2F construct 

were identified by restriction enzyme digestion using EcoRI and XbaI. Positive 

colonies carrying plasmid constructs with the ARREB-lIAZEB1 mutation were 

screened by restriction enzyme digestion using Xbal. The mutated C2F constructs 

were sub-cloned into the SacI and HindJIJ. sites of the vector pBluescript and 

subjected to DNA nucleotide sequencing (see appendix A.6) to confirm the absence 

of spurious mutations. The confirmed constructs were sub-cloned into the reporter 

vector pGL3-BASIC at the SacI and Hindfll sites. The final pGL3-BASIC constructs 

were propagated in E.coli DH5a and prepared using the Zippy® Mini-Prep Kit (Zymo 

Research). 

4.2.8. In vitro binding assay 

4.2.8.1. Nuclear protein extraction 

Cilltured HEK293 cells from four confluent T175 culture flasks (Nunc Corp.) were 

washed twice with 10 ml of ice cold PBS and harvested using a cell scraper. Cells 

were pelleted by centrifugation (3000 g) for 5 min at 4°C and the cell pellet was 

resuspended in 1 packed cell volume of buffer A (10 mM HEPES, pH 8.0; 1.5 mM 

MgCh; 10 mM KCI; 1 mM DTT; 1 x protease inhibitor cocktail). The protease 

inhibitor cocktail was the EDTA-free inhibitor cocktail set ill from CalBiochem® 

(Merck (Pty.) Ltd.).The resuspended cells were incubated on ice for 15 min to allow 

swelling of cells. The swollen cells were lysed by mechanical disruption through 5 to 

10 cycles of slow aspiration and rapid ejection of the cell suspension through a 21-

gauge syringe needle using a 1 m1 syringe. Cell lysis was monitored under light 

microscope. The cell homogenate was centrifuged at 4°C for 5 min using a bench-top 

microcentrifuge (12000 g) and the nuclear pellet was resuspended in 213 original 
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packed cell volume of buffer C (20 mM HEPES, pH 8.0; 1.5 mM MgCh; 25% (v/v) 

glycerol; 420 mM NaCl; 0.2 mM EDTA; 1 mM DTT; 0.5 mM PMSF; 1 x Protease 

inhibitor cocktail). The nuclear suspension was incubated at 4°C for 30 min with 

shaking to achieve nuclear lysis. Nuclear debris was cleared by centrifugation in a 

bench-top microcentrifuge for 5 min at 4°C. The supernatant containing the nuclear 

proteins was collected and dialysed against buffer D (20 mM HEPES, pH 8.0; 20% 

(v/v) glycerol; 100 mM KC1; 0.2 mM EDTA; 1 mM DTT; 0.5 mM PMSF; 1 x 

protease inhibitor cocktail) at a 1:100 (v/v) ratio for 2 hours. The protein 

concentration of the nuclear extract was determined by the Bradford assay (Bradford, 

1976) using Bio-Rad Protein Assay reagent (Bio-Rad Laboratories, Inc.). The isolated 

nuclear extract was flash frozen with liquid nitrogen and stored at -80°C. 

4.2.8.2. Probe oligonucleotide labelling 

Oligonucleotides (40 ... g) representing the forward and reverse complementary 

sequences of the -742 to -704 region of the ACE2 IUR e' TT A OCT GOG CGT GGT 

GGT GGG CAC CTG TAG TCC CAG CT 3
' I S' AOC TGG GAC TAC AGG TOC 

CCA CCA CCA COC CCA OCT AA 3) were annealed by step-wise down-ramping 

of temperature in a Hybaid PCR Sprint thermal cycler (Mandel Scientific Inc.). The 

temperature down-ramping involved 15 min incubations of the oligonucleotides at 

95°C, 75°C, 55°C, 35°C, 4°C. An identical annealing procedure was also carried out 

using the ACE2 Pro d_mut primer pair (served as mutated sequence control in 

electro-mobility shift assay). The annealed oligonucleotides were analysed by PAGE 

using a 16% gel. After visualization by ethidium bromide staining, the desired double 

stranded oligonucleotides were excised. The desired annealing products were eluted 

from polyacrylamide gel fragments by overnight incubation at 37°C with shaking in 

500 ... 1 elution buffer (0.5 M ammonium acetate; 10 mM magnesium acetate; 10 mM 

EDTA, pH 8.0). The eluted oligonucleotides were collected in the supernatant after 

centrifugation (12000 g) in a bench-top microcentrifuge for 1 min. The collected 

supernatant was subjected to sodium acetate DNA precipitation (see appendix A.7). 

The purified oligonucleotides were resuspended in 30 ... 1 of nuclease-free water and 

the concentration determined using a NanoDrop spectrophotometer (Thermo Fisher 

Scientific Inc.). 
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The annealed oligonucleotides representing the sequence of the -742 to -704 region of 

the ACE2 IUR were labelled with radioactive p32-ATP using T4 polynucleotide 

kinase (Roche Ud.). The labelling reaction was carried out in a total reaction volume 

of 25 fll containing 100 ng of double stranded oligonucleotides, 2.5 fll of p32_ATP 

(AEC-Amersham), 2.5 fll of 10 x T4 PNK forward buffer (Roche Ud.), 18 fll of 

sterile nuclease-free water, and 10 units of T4 polynucleotide kinase (Roche Ud.). 

The labelling reaction was allowed to proceed for 30 min at 37°C. After the labelling 

reaction, the T4 polynudeotide kinase was heat inactivated by incubation at 65°C for 

10 min. Unincorporated p32_ATP was removed by passing the labelling reaction 

mixture through a sephadex G25 spin column (GE Healthcare), and labelled 

oligonucleotides were collected in the flow through. The radioactivity of the labelled 

oligonucleotides was counted using a Tri-Carb liquid scintillation counter (Packard®, 

GMlInc.). 

4.2.8.3. Electro-mobility shift assay 

The labelled oligonucleotides were incubated with varied amounts of HEK293 

nuclear extract in order to determine the appropriate amount of nuclear protein needed 

for the binding assay. The binding reaction mixture contained 4 fll of 5 x incubation 

buffer (100 mM HEPES, pH 7.9; 250 mM KO; 2.5 mM DTT; 10 mM EDTA; 5.0 

mM Mg02; 20% (w/v) FicoI4(0), 2 fll of the non-specific competitor poly dIlC (1 

flg/fll) and varied amounts (0, 4 and 8 flg) of nuclear extract. The reaction volume 

was made up to 19 fll using sterile nuclease-free water. The reaction mixture was 

subjected to a brief centrifugation and the mixture was incubated at room temperature 

for 15 min. A volume of 1 fll of the labelled oligonucleotides (20000 cpmlfll) was 

added to the reaction mixture followed by incubation at 4°C for 30 min. A volume of 

2 fll of 0.25% (w/v) bromophenol blue was added to the binding reaction mixture 

prior to the loading of the binding reactions onto 0.5 x TBE 5% (w/v) polyacrylamide 

gel. The polyacrylamide gel was equilibrated by electrophoresis at 140 V for 30 min 

prior to the loading of the binding reactions. Electrophoresis was carried out at 140 V 

for 60 min after loading of the binding reactions. At the end of the electrophoresis, the 

polyacrylamide gel was dried at 65°C for 90 min using a slab gel dryer (Hoefer Inc.). 
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Detection was achieved by exposure of Hyperfilm™ ECL photographic film 

(Amersham, GE Healthcare) to the dried gel overnight at -80°C. 

In order to determine the specificity of the binding reactions, the electro-mobility gel 

shift assay was repeated with the inclusion of unlabelled oligonucleotides and mutant 

oligonucleotides (ACE2 Pro d_mut primer pair). Prior to the addition of the labelled 

probe, unlabelled oligonucleotides at 100- or 500-fold excess to the labelled probe 

were added to the binding reaction followed by incubation at room temperature for 20 

min. The competition assay using mutant oligonucleotides was performed using only 

lOO-fold excess of unlabelled mutant oligonucleotides. In order to identify the factors 

involved in the formation of the observed DNA-protein complex, binding reaction 

was repeated with the incorporation of 1 J.lg of antibodies specific for transcription 

factors MAXI (Abeam PIc.), RESTI (Abeam PIc.), RREB-l (Rockland Inc.), ZEBI 

(Santa Cruz Biotechnology, Inc.) and ZNF202 (Abeam Pic.) prior to the addition of 

labelled probe oligonucleotides. The identical procedure was followed for all binding 

reactions after the addition of 40000 cpm of labelled probe. 

4.2.9. Statistical analysis 

For all data sets the means and standard deviations were calculated, and where 

appropriate, statistical analysis was carried out using student t-test assuming equal 

variance. 
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.t.J. RtsullS 

4.3.1 . Consuuction of ACE2 IUR mUlant ronst!1!Cb 

~ ,'mOIl> ACFJ IUR I11I.Illnt ConstlUClS ... ~ SCnc:mtd u),nll ,coormc DNA 

1' ,~tr.lCttd from HEK293 ~Ih. Thr amphrlC3rion of IIX' C2. C3 and C4 flllgmenh 

)ielded DNA frag.nynts corresponding to the r~pecrcd ~l.r of 11 89. 646 1100 342 bp 

reSfX'CIi\'ely (Fig.4.2) All OOnSInICIS e!uendtd from · 12 pmillOll of the ACE2 IUR to 

posilions · 1201. -658. ·354 fOl" the 0. C3 and Col ACE2 IUR mut~nl flllpncnlS 

reopeclh'c!y (rho: translation Sian sire of ACE2 .. 'as dcnottd ~ + I ). 
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'" " a31 bp 
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Fig.4.2. PeR amplification of ACEl !UR mutant fr.!SrlIl'nt, from human genomic 
DNA. Successfully amplified C2 (1 189 bp: lane I). C3 (646 bp; lane 2) and Col (342 
bp: lane 3) fragments were res.oll·cd On 1% ("'Iv) IIg3JlJ5C gel. Lane M: 
IlifldIlUE: ... " RJ digested .. DNA marker, 

The in)t'rtion of the ACF..2 IUR mutant frngnlCnts into rile ~ector pLllucscripl "'as 

ochic\ed through blunt·end Jiplion at rhe E("/)RV .111' and il " 'as necessary to 

d<-"i"nninc: the orientalions of inserted l'onstruelS b)' double rt:~ triction enz),me 

dig<:Slion using l/il/tl1J1 :11K! Agt l. All mUlOnI IUR cun,trucls contained II ~inille Agel 

resltiction site at position ·292 upstn'aln frurn the 3' ~nd (l'i8.4.3) . Thus. all 

" 



pB I ~escripl '·«10~ " 'llh 311 ACEl lUI{ m~!II1I1 fr.tgmcnl li¥Hled in the fOl"Ward 

di~iOll woold yield:l 292 bp frJllrnenl ,,·hell dige~led "llh lIi",1111 and AS~ I 

A 
~ 

.~ 

t"ig.4.J. Po<ilion of tile Agtl momeliOli sile ";thin lhe ACE2 IUR m~llInl fragment C2 
in'Crled into pBI~escript. "fbc, insenod fragment .... as nanked by the Suel and IImlnll 
restriction siu:s. A. Constructs inscned. in !he rON"lU"d oriCIIUUiOll ,,·oold yidd D 292 
bp fragment by double restriction eJll.)·n~ digestion ,,·ilh ASd and If,,,,nn. B. 
Constructs insened in !he reverse orientation would IlOl yield a 292 bp fragment by 
dooblc restriction enzyme dillcSlion "llh Agt'J and Hindi II 

The DNA nudroudc sequencin" of the pBlucscripl·ACE2 IUR mutllnt l"(ln.\trucl$ 

rt":,·ealed no spurious mu1.aIJOnS in the insened frallll1l:MS (d~la nOi shown). The Cl. 

C3 und C4 fragments of both onent:llion!; were sucressfully sub·doned ;nlo the 

reponer ' ·c<;:Ior pGLJ· BASIC al the Smal and Hinolll sites, as indic~lcd by the 

Sndlllindlll re-<ltiction CW).,-,w, digestion (The Smal site was destroyed b)· the blunt· 

end ligallon) (Rg.4 4). "'fhe orientaliOn of the m~ned COJlStructS into pOL3-BAS IC 

,,·as mon'lOf"cd tlSlIIg IlindllllAgd rrstnetion enqmr.' digestion (Fig.4.5) . 

., 
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Fig.4.4. Sutx!oning of lilt ACE2 lOR mutanl fragmenlS inlO tile rqx>ner vector 
pGLJ·BASIC. Successful sub~IQlling was iOOicatoo by the elcision of !./'Ie il'lSert 
fmgmenl using Sad and IlindlIl. ElecuuphtJrcsi, of the R5tric1iun enzyme digestion 
prodoctS on 1% (""Iv) agaro!it gel re~ealtd e~ciscd frllgmcnlS oom:spotKIing 10 the 
"'~ PCCled sizes o(the C2 ( 1189 bp: lane 1 &: 2). C3 (646 bp: lline J &: 4) and C4 (342 
hp: lane 5 & 6) fragmenUi. Lalle 1\1; Ilin.dlll1F..roR I di~)' DNA marker 

• , , • • • 

--..------
-

Fig.4.5. DetrnninatiOl1 of the orientation of ACE2 IUR O1U\8nl fragments ill5C:r1cd Into 
the reponeT u:ctor pGLJ·BASrc. n.c, cJlcision of a 292 bp fragment by II:sIriCliOl'l 
enzyme diption using HiNIW and Ag,1 indicated the: fragmenL~ " 'crc insene<! in a 
fo ...... 1ltd orienlalion. (Lalle I, J lIud S: C2 Forward. C3 FON-'anI. Col ForwllJ'd 
COIlSInK:U R5pectivcly). The HindllllAst l restriction enzyme dige&lion of constructs 
with 1"e"aK!), Ill5Cnai fragmC1l1!; yie1d<:d ON A fnlgmcllUi of ,-anous sizes, slICh as an 
1197 bp frogmem for the C2 Reverse OOIlstr\lC\ (Lane 2) and a 354 bp fragmenl for the: 
CJ Rever.;.:: «JIlstruct (Lane 4). The expected 50 bp fragment from the lIindllllA8e1 

";~:~::;~~::;;:digeslion of the C4 Reverse construct was too smalJ to be resol\·ed 
b ~ing 1% (w/v) agarose gel (Lane 6). Lane M: J/i"d1 1VEcoRI 

" 



Tile nested deletion ACE2 IUR mulant fr.lgmcnts (-1 131; -1077; -1036; -963; -903; -

837; -784; -742; -7CM; See FigA I_2) covering lIle regiOll of difference betWtenllle C2 

and C3 ACIo""2 (UR mUlant fragments wcre amplified from the ACE2 IUR mutant 

construct C2F. The amplifications yielded various nested delction fmgmems (Fig.4.6). 

The amplified frugments Well' cloned into tIM: vector pB1ucSCTipl ut the Sma l and 

Hindl ll Sites (dma not shown). Sequencing analysis of all tile pBluescript-oonstruC[S 

rewaled no spurious mutations in the inserted fragmenls (data 001 shown) . 

" 

.. --. -• • -- • 

• 
" 

"-ig.4.6. PCR amplification of ACE2 IUR nesled deletion mu tant fragments. TI>e 
frngments amplified from thc C2F conSll1lct were analyzed by electrophorcsis on 1% 
(w/v) agarose gel. The si;.es of the nmphfied fragments were 1119 bp (Lane I) . [065 
bp (Lane 2). lOll bp (Lane 3). 951 bp (I.ane 4). 891 bp ( Lane 5). 825 bp ( Lane 6). 
772 bp (Lane 7). 730 bp (L.une 8) ~nd 692 bp (Lane 9). Lone ,\I: 1(i",{I[ IIEcoRI 
digested 1. DNA m:ltker. 

The neMed dektion mutant fragments were sub-doned into the reponer veClOl" pGL.3-

BASIC at the Sad and XhoJ sites (FigA.7). SucceS!;fui ~ub ·cloning of the nc:S\ed 

deldion ACE2 iUR mutant fragments into tIM: Il:poncr vector pGL3-DASIC was 

demonstrated by double restriction enzyme digestion using Sad and Xhol (Fig.4 .7). 

The 292 bp fragment excised from all construct> by double r""tfiction enzyme 

digestion llsing AX"" and X/w i providffi confinnation of the forward orientalion of the 

,nsened COnstrocb (Fig.4.8). 
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f1g.4.7. Sub·cloni n~ of nested Ikk1ion ACE2 IUR mutant fragments Into tbc: reporter 
vector pGLJ·BAS1C. Double rolncuon ellL)'IDC dlgouon uroing Sad and Xhol 
rc~ultcd in the excision of fQgment.< r;Om.'spondinll 10 tht: e"P'«Il"tl Siles of the 
I n$Crted fr""mc:nLS (!.anl' I 10 9). Lanl' i\I : Ilindl lllEroRI digested J. DNA marker. 

III 23 45.1.' 

• .................... 
-

f1g.4.8. Oric~wion dctl'nnin:uion of nested Iklction mutan t ACE2 IUR ~onSIl"llCI$ 
wh<loncd illlo pGLJ·8,AS1C. The: fOl'\<ard orientwion of all inserted fl'llgmcnts was 
confirmed hy tile c.'.\cision of a 292 hp (rDllnlCnt usinG AS"UXIt"l re,tritt lon cllZYIlk' 
digesllon (!.ane I to 9). Lane ~ I : Ilm.dIl UF.Ct,RI dlgc~lcd ), DNA marl er. 

43.2. Rew'¥' Jr.mSCImlL9IJ or ACEl mRNA 

An important factOl' in promoter actility sludlcs is the choice of cdl lint". a, a low 

e~nou. promoter dme is lilely to lead to Ihe production of low Si£l111l5 thai arc 

difficult to di slingui,h from the h~lground . The C.1I",II/QPf ~ idney cpi lhe:bnl cell hllC 

VeTO E6 IS a celll'ne modd chosen in previou .• s!Udi c~ to inlestillatC the ImCf1klions 

~tw""n ACE2 ~nd the SARS ~I' i k"- I'rol~io due 10 its high endo~ ... oou , ACEl 



~xpm;.sion (U ~I 11/ .• 2007: Zhao er ('/" 2(07), In this study. the C.otrhiol'5 kidJleY 

fibroblast cdlliM COS·1 was cho~n. 

In order to '"Crify the kvel of ACE2 c~prcssion in COS-] cells. reverse lr311Scription 

of the ACE2 transcript ..... as carri~>d out on lot:ll RNA isolated from HEK293 alld 

COS-I cells:md compared. HEK293 cells have been shown previousl)' to pos.~ess a 

low level of expressioll of ACE2 (Warner ~r ul .• 2(05). As e~pecu:d. a relali\'el)' high 

le\'d of ACE2 tr~nscript was detecled in COS-llotal RNA while a low 1e"el of AeEl 

trrlnscript was present in HEK293 total RNA (FigA.9). ACE2 transcript was 

successfully delected in 200 Ilg of total COS- l RNA while ACE2 transcript wa~ 

barely delectable in 2 J,lg of HEK293 towl RNA. 

1375 bp 

941 bp 
831 bp 

... ,,-

" , 2 3 , 

Fig.4.II. ReveT5c transcription PCR of ACE2 transcripts in different amounts of 
HEK293 and COS· I lotal RNA. The primcT5 target the /"C"gioll from positioll +129 to 
+544 of thc ACE2 mRNA. Analysis of rc\'cn;c transcription PCR product by 
clrorophoresis on 1% ( ..... Iv) agarose gel rcveal~d the presence of a 415 bp frngment. 
illdicating successful deleclion of ACE2 mRNA. Utile I : IIEK293 100ai RNA ]2 ",g) . 
Utile 2: COS· I 100ai RNA (2 J,lg). Lane 3: COS-l 10lal RNA (200 og). Lane 4: COS­
I I00al RNA (20 IIg). Lane 1\1 : /Ii",nlllEcoRI digested), DNA marker. 
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-1).3, Dual lucife",<c lI-'<ay 

Th~ tr.rnscript ion activity of the ACE2 IUR mutant CQnstrucb was detenn incd in 

cos· I cdls using t~ dual luc ifem.e as~~y. Aner normalizallon with the pRL-CM V 

in~mal control, the C2 eO"'truct displayed a lower activit), thun the C3 con,lrue\. 

while the C4 CQnstruct displayed an extremely low acti,' ity (Fig.4. 1O), The re\'en.ely 

inserted ACE2 IUR mUl:lnl <;,on;;I/U<;,I~ were found to possess low activi ties similar to 

lhat of pGlJ (data nOl ,hown), The 4-fold difference in lhe lmnscriplion a<;'t ivily of 

the eZF and the C3F constructs suggested that th.: presence of !legali"e lmnscript ion 

regulatory el~men(s in the - 1201 to -658 region of the AC I!2 IUR, 

t 

(.120 1111 .12) C:tf l 
• " . , .. .. .. " .. .. 

RoW/<. promo" .. ~ ('j\. h1Iy YO _.) 

Fig.4. IO. Transcription activity of the ACE2 IUR mutant con.'lruelS. The ACE2 lUR 
mutant con,truct activities were expresst:d as u percentage of luminescence ' ;llnah 
measured for l~ firefly luciferaS<': ovu lhe internal control f(""i/I" luc iferasc: , 
Numbers in br..cket indicate the region of the ACEZ IUR represented by the 
cnn,lrueb (ul\U see Fig.4, 1.1). Experiments "ere carried OUI In triplicate and (he duta 
represcnted by the mean wilh S,D. *p<O.OOI 

In order \0 elucidate the negalive transc ription elemenls re,pon,ible for lhe ob"':f\'cd 

transc ription inhibil ion. the 543 bp region (- 1201 \0 -658) wa> further analyzed 

through llenemtion of nested deletion mUlUnts of the C2f CQnstruel and tbeir 

lran>eripti<)nal aetivilie, a.\",~~d (Fig.4.11) . Th~ -13 11 con,lIlIct, which 11'10,1 

rescmbled the O F conslIlIct in size, di splayed an activi t}' almosl idcnlicalto thaI of 

the OF construct, and the -704 conStruct. which mQSI resembled the C3F conS\IlJcl. 

displayed an activity thai was similar to thlll measured for the e3F construct 

., 



(Fig.4.11). TIll: rno:»l signifl':lInt increasc in trunsrnption octivity QI·er Ih~1 of lhe C2F 

C"OrISlruC1 ".lI$ ochieved b)· the -700' conSlruct (p<Q.OOI). The removal of a 38 bp 

sequen~.., from positrOIl -700' 10 -742 re~ultcd in II stallsticll.lly significanl t"·o-fold 

increase in troinliCripl ion uctivit~ (p<O.OO~I). This two-fold incre!lsc in trnn!.l;ri pl i()fl 

IIC1h ily was lb.: greatest irlC"l"ease lIChleved IlJTI()fIg>t all the nested deletion ACE2 IUII: 

mutant constructs (Fig.iI. ll). This obsc[""l·lItion indrcated tMl tt.: region from position 

-742 to -7().1 conmbuted moSt slgmficantly to lhe repression of the trnllsmplion 

activ.ty of the CZF COflStrut"l. 

~ 

~ 

~ J . -----.= 
·111. 

" • .. • 
~ 

"c;§::. • • 

Fig.4.1!. Transcriplion IICthity of the nested ddetion ACE2 lUll: mutant COnStructs. 
The ",Iativc Sncs of the various ACE2 mutant IU II: CQllstructs nre shown in Fig.4.1.2. 
The IlCtivities of the ACE2 lU ll: mutant COMtruet~ were expressed as II pcITtntage .. ~f 
fluorescence signal rt1e~sur~'!l for the flr"n y ludfcruse 0\ cr the internal control Reni//a 
lucifcl1l5e. The largcs! shift in IICtlvilY compared to the C2F ~'QnSlruct was ohserv<:d 
for tbe ·704 constroct. The n:movul of the sequence from position ·742 to -7()'1 
resulted in the most sigllificant increase in . lIC1ivily "en:: 

. I in i lind the J by the mean "ith S.D. 

4.3.4. SCilnnjng of !l!.!taljys: IGUJscdpljon (actor binding sile~ 

The n:gion from position -742 10 -7fW of the ACE.2 lUll: was scanned for putative 

lranscription bInding sites using bioinformatiC$ ,,·cb applielllions Mat lospoctOl" and 

ChIP Mapper. A number or four potencial tMlnscriplion b"Kling 5ites "al' i<kntified 

b)· Mall ll~p"C1OS" (Canharlus ~I al .• 20m;) (Table 4.1) ,,·hile ten entriel WI'J"e retrir\ ed 

b) ChiP Mappcr (MarilleSCII ~I 01 .• 2OOSa) (fable 4 2). 



T ll ble 4.1. Putalhe IrlUlSCriptiOIl binding ~itcs "';,hln the -742 10 -704 region of the 
AeEl IUR ~lUmed by ,he Mmlnspector " 'eb application (Canhariu. rt Itl . 2005). 

.'omi/, l'''''l ion Str COrf M~lrb ""~-F_noiIy 
h.f ........ I1"" "''''rh Ifro".... .. ) ,In,. ~im. 

jr;opnal>,ron: 
""'1"""""1 

"'''' EGRI...,..'~ EGRJ .O 3 - 21 '" , ... O~82 rwOCGTlJIUI&U ..... ,.~ , 
,""""" ""', . C • .... ~ facl"" 

"'" Zinc blfldl1li ZNIOW2 3 - .!1 H , .. on3 • .... aeccAcc_1II; prot.," 1111;1"" " """ 
MYOD "-" MYOOE 17 ·ll H , .. 0924 eprtACA<iJtJ"UIII; 

dotcomtnonll NINGI 
f", IO,.,. 

IJW( T".,·""nded ZEBU3 11 _ JO ,., U .. . ... IUtCACO"a, 
"co: fi~t 
horntodomllin 
u;>lllcription ,-, 

Table 4.2. PuUIUI'C: IllII1scnpuOIl binding si tes within tile -742 to -704 region of the 
AeEl IUR retumc:d by ,he ChiP Mapper web application (Manoescu el Ill . . 2oo5a) 

•. .., ..... .~, Sa" '"' "". £. "atu. 

~RSf'1brm2 " ~. I " 
RREB· I , 

" ,., » 
• , 

" " " 
SI'I • , 

" " ,., 
Abr·AR.,'IT • 9 n " " 

• " '" ' .9 •• 
L"",~ romplr\ " n u " s. " N •• n 

~',"I • " n ,., " 
Snlil 11 " " " 
The lrunscription factor ZElIl ..... a~ n:trieved by both biomfonnalics tools Bnd thl: 

ZEB I hinding sequence had the highest ma1ri~ similmt)' and the best score. OH-rlap 

of the putBtil'C Il1II1scriplion binding s itd in the -742 to -7()..$ region ..... as noted in both 

" 



sets of the search ",sult~, In th~ result set retrieved usin.!' tile Matlnspcctor, tile 

put:lli,'~ tnlllS('ription factor binding siles ~plit~ tile -742 to ·704 region into 1"'0 

S"'"'tions, While many cmrl"" " .. ~ ..... r"1riev~d using the CbW Mapp"r. the ""tatlve 

binding site~ also focused on two sec1ions of the ·742 10 ·7().1 region. Sequence 

alignment of se\'~ral id~nlifit:d ptJtati"~ transcription factor binding si tes re"caled the 

focus of putative bi nding ~iH::S in the· 742 to · 722 arid ·72 1 to ·7 16 regions (Fig.4. I 2) . 

TAGTCCCAGCT HAGeT 

~j'.TTAGCT' 

.1E'~·:·:'~I~I.'."'~TCCCAGCT'3' 

" , 
Fig.4.l1. Sequence of the · 742 to ·7{)4 region of the ACE2 IUR identified 10 i,'Omain 
putative transcription repressors. Blue bars indicate the positions of the pUlative 
billding si tes of the variOtl-~ 111lJ1S("riptiun [actors. The (.) sign d~nOles th~ occurrern:e 
of the putative binding site on the re'"l:fSC DNA .trand. Sequence on top shown in 
Italic illdicat~s the mutations introduced to disrupt the ,'arious putative binding sites. 
Nucleotide changes introduced into the mutant construct .... RREB· I are shown in pink. 
Nucleo1ide eh~nges introduud into the mutant «onstruct <.\ZEB I "'" shown in green , 

·1.3.5. Mutagenesis of ACE2IUR· 742 to ·704 region 

The bioinfonnatics analysis of Ihe ACE2 IUR ·742 10 · 704 region yielded 1O" 'eral 

putative transcnption factor binding sil~s located within th~ ~eq ue~, a~ listed in 

Table 4.2 and Table 4.3. A closer eumination of the put~tive binding site positions 

"" '~alt:d consid~rable o"~rlapping of the binding sites (Fig.4.J2.). large ponions of 

1'..NF202. REST/NRSF form 2 and RREB- I binding sites overlap with each other 

while the MAX I binding site is incorporated within the ZEB I binding site. MUlation~ 

in the o,'erlapping nudeul.id~ sequcnc~.s (highlighted sequence in Fig.4.J2) 10 

common restriction sites (EcoRI and Xbul sites) were introduced into the ClF 

const ruct to a.~sess the contribution of the various putali ve binding sites \0 t"" 

observed transcript ion repression of the C2F construct. 



SlICCdsful rnutagcocsis of the C2F-pOW l'Onstruct was ronfirmed by Il'stnC\lOO 

enzyme d.gestioo. SIIICC tile pUlati,'c trnnscription factor binding site5 were disruptcd 

wuh the IIItrodUCIlOll of EC'IINI and XhI.1 restriction si te •• lhe n:mk,iOll digest paurnls 

of the ARREB- I aoo .... ZE81 mutant~ wen: e~pcetcd 10 be different to that of the 

unmutllled C2F-pGL.3 construct. The .... RRE8-1 mutagcn~is pt.mel'§ introduced new 

&oRI aoo Xbal restnctioo sitl'S and dlge~tiOll with Il:.ltrictioll cnl.}me Xtllli resulted 

III the obsC'r..-:ulOU of the :mlicip:u~d 338 bp and 36Q.1 bp frJg ments for the C2F 

AR MER-I mUII.1I1 I:OOstruct (I·iSA. 13). The EroRI I'C"triction t'1l~yme digestion of 

C2F-pGL) rc"ultetl in the appearuOCl' of 5390 bp aoo 611 bp fragmcms. and the 6 11 

bp fragment ",'as reduced to a ~7 bp lind a 16-1 bp fragment with the IIllroduction of 

an UIMI froRI site in the 4ZE8 I mutant (I·lgA. 13), ~ Xbtl l w;ttictoon cnz)RlI' 

dtge5tiOft paUrnlS of ~ C2F-pGLJ /lnd C2F <.\ZESI constructs were idcOlkal 

(fig.4, iJ). Indicating the OOlTttt mutaUOII had bern introdured in the C2F6ZE81 

-• , , , • , , -;' 
, ,-

"""'" 
3530bp_~_"_._ - --, -"- ;' 

, ,-, -- C2FlIRREa.t 
2O:21~p ~_- - - -. - T- '- / -

/ '-831 lip ',- -
"'" - - ~Foaat -"- / 

~ 
Fig.4.13. Mutagenesis of the C2F-pGLJ coostruct to imrodlK'C: the t. MREB-1 ,,'" 
~ERJ mutations. Correct imrooiJClion of desired mut&1I0nS were monitored by 
restriction en •. yme digestion foll OWt"d by de..'Iroph~is on I ~ (",A) a~ gel. 
Lane I ; C2F ARREB-l construct digested with restriClion enl)IDC Xool ).dded J6O.I 
bp. 2059 bp and 338 bp fragments. [.all(' 2; EwRI restriction eRl)m .. diS"'!IJOIl 
pallcm of C2F ~EBI included 5390 bp. 4-17 bp and 164 bp fragments , Lant' 3: 
Restriction enz)'mc digestion of C2F L\ZEB 1 with Xool ",striClion enz)1n~ protlucW 
3942 bp and 2059 bp frngmcnts. Lllne 4; Unmutated C2F,pGLJ OOllStlUCt digested 
with EroRI reMrict;oll cn"lymc yidded 5390 bp and 6 11 bp fngments. 1.1I1ll' 5; 
Un mutatoo C2F-pGL3 construct digestoo with XhI.ll'I5tnchon C'nz)'n1e >.citled 3942 
lip and 2OS9 bp fragments. t arn: M; I/imnlllEroRl digcs1ed), DNA martel' 

" 



The disruption of all putative lrJnscription factor binding sit~'S in the ·742 to -704 

region of the ACE2 lUR was achieved by construction of the C2F ~RREB·lfI'.ZEB I 

mutilllt using the C2F L\ZERI COn-truCI as the lemplate. The C2F ~RREB·II~ZEBI 

mutant fmgment was sub-cloncd into pBlucscript and pGW·BASIC at the Sad and 

Xlm l ~ites. In both v~'Ctor.;. the Sud restriction 5i" .. is located 5' of tile i ns~n~-d 

f ... gment thus an 815 bp fmgment i. e~cised from unmutJted C2F·pGLJ construct by 

SudlXb(l1 double restriction enzyme digestion (dutu IlOl shown) The additionul X/wi 

restrict ion stte introduced by the mutagenesis primers led 10 the production of 477 bp 

and 338 bp fmgments by Sad IXb<,1 double restriction enl.ymc digestion (FigA 14). 

n", utl'~I",e vf tile 815 til' fraJ;mcllt i"dkat~d ~Q,, ~"'t i" t .... ,J"",tiun vf t11~ 6 RREB· 

II!'.ZEBI mutations. 

3530 bp _ ~. ::; 

2027bp l~-

831D.,­... ,,-

, 

Fig.4.14. Sub<loning of the C2F (\RREIH /I'.ZEBI mulant fmgm~nt. Restriction 
cnqme SadlXbal dige..lion of the unmututed C2F conslrUet .... ould produ,c an 815 bp 
f ... gmem (lOp plasmid map on right) . Introduction of llJ1 e~tm Xbal restriction site by 
the ACE2 Pro d_mut mutagene,is primers resulted in the reduction of the 81 S bp 
fragment to 477 bp and 338 bp fragments after S(lcVXba l double re.lriction enzyme 
dig~stion. Lane 1: C2F ~REB- IJ~ZEBI inscned into pBluescript Lune 2: elF 
t.RREB-II&ZEBI insened into pGLJ-BASIC. i"ane ,\l : HinlntllEcoHI digested). 
DNA marker. 

In the assc.smenl of trnn!iCription octi"ily of tile mutated C2F constructs, the 

disruption of tho: pUlative binding siu:s in the C2F ARREB-J and the C2F AZEBI 

construcls resul!~-d in tram,cription activities of uppro~imfltely I.j-foJd higher th;m 

that of the C2F-pGW conSTruct (Fig.4. 15.1). Upon disruption of all putative 



trunM'riprioll factor bindLng si!e§ in the ACE! IUR -7~ 2 to -704 region (rl.'prcscmed 

by tile ~RREB- JldZEBI mutnllt COllSlroct). a 1.63-fold jocn:a~ in transcripllOn 

\\cllvlly wali obSC'"ed (Fig.4.JS.2). Together. these resuils Wggest the Lnvoh ement or 

tile tronscripdon factor binding siU:s wilhill m.- -142 LO _ 7().l regIOn in u:all\Cfiptiolllll 

reprenion. In order to idc:llti f) m.- LtaIlscription fao:1Of'S binding to the - 7~ 1 to -7().l 

region. ,ub~ucm ill "ilro DNA binding asSll)S " 'ere conducted. 

"'" Il-
c!F-llGl3 

C2F lIZE81 

C2F LlRRE8-1 

C2F-9OL3 r==r-
00.511522.5 
R~ 1flI.-rIpti"" .ccMty f% fttd)' .... ,If_) 

F"tg.4. 15. 1. Tr.mscription activity of mutated ClF (-onsuucts with di srupted puta/h'c 
ll"lUl!icrIption fal10r binding sites IIlIIle ACE2 JUR -N2 [0 -104 rl.'sion . Both m.- elF 
dRRE8-1 IUld ClF ~ZEBI mutant OOn§trocti displa),l'(l slight but statistically 
lIlsiglliflCOIf'It iocre~ tn IrlInscripl ioo acti~uy compared to mnl of the C2F-pGl.J 
oonsltUCt. EAperimcnt.\ " 'crt cumed out in triplicmc ~nd thc dala reprcSC'lllcd by thc 
mean ,,-uh S.D. 

C:IF _,. " 
r ~ 

~" 

C:IF 6AAU·I • 

CZI'~U ~ 
~ 

• ., " .. .. • .., '.' 
"_l .. ,_~~"".-y~ 1Irdy .... _ 1 

l'igA.15.2. Transcript ion octivity of mutated OF constructS carrying disl\lplcd 
putntivc U'anscri p\ion factor binding sites in tbe ACE11UR -7~110 -704 region. The 
di.<'n.Jplion of all putative trdnscri ption binding sites in ClF dRREB- lIdZ.1:B I mutant 
oon<.truct rcsulted in a statistically significant irocrease in the tran>eriplioll acti ~il)' of 
the eQnSl rucl. bpcrimen15 were carried nUl in triplicate and the Ibta ~nted b) 
the mean with S.D . • p< 0.005. 
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4.3.7. /" "I,ro bllldmg lISsay 

All j" ,·j,rQ bInding 4'l:>l.y such a~ the e!«1ro-mobility shift a~a) is a simple. cffcC"li ,'c 

" 'ar 10 dctemllne lhe bmdmll' of nuclear factors 10 a DNA sequence of interest. III this 

Slud). lhe double Slr.l1ll.1eiI oliSOl1uclOOlidc represcnting lhe ·742 10 · 704 reglOl1 of the 

ACE2 IUR " 'as obllllned b) the annealin!! of S}nlhl:slzed oIlgooudOOlidc~. The 

change in mobi li l) of lhe annaled oIi~onlKleOIidcs (u me J and 6. R,.4.16.1) 

cmuparetl 10 that of the sIngle str:mded oIl~cleolidcs (Lane I. 2. 4 and 5. 

Fii:-4.16.1) on a 16% (,,"/~) polyacryll\lllidc !lel allowed for idcntifiealiOl1 of doubk: 

slI1llldc-d oligOilucicotidcs 10 be ucised from the gel and ptI11fied. Annealc-d ""Id·type 

and mlll:lllt olig'.)Iluc!eotides of hi!!h punt y (Fi&.4. 16.2) .... ne obulined and slon::d at a 

conc't:1lI1l1liun of HXl nW1I1. 

, 2 3 • , • 

.·;g.4.16.1. AnllCaled oligonucleotides for in I'ltro blndlllil a.'i~ay ~parated on 16% 
(",Iv) poI)'aO)'I:unidl: gel. The: mobihl) of doubk: Stranac:d annc~led ohsonudeOlide$ 
" '1$ diSlillC"l 10 that oflhe single SlI1U1ded oIigonuclCOlilkJ. t ane I & 2: Fu ..... ard and 
/"C',erk ACE! Pro d_mllt mutagenesis primers. l..ant J : Annealw ACE! Pro d..mut 
mulagcllC>is pnmo:r... La .... 4 & 5: Forv.·arti and rcver.;e sU"and of the ACE! IUR -742 
10·70.1 sequence. l..a. .... 6: Annealed ACE21UR -142 10 .104 oIig()l1ucl~)lJdes. 

1 2 

Fig.4.16.2. Purified anl1~h:d oliSO/ludcolides for in ,jlro binding assay. Lane I : 
ACE2 Pro d~mut mlltagenc..u ~ prin1C!rs. "line 2: The ACE2 IUR -142 10 -7(» 
olisonucleotides . 



TIM: annealed ACE2 IUR -742 to -7Q..1 oligonuclroudes (100 ng) v.~re utIlized III tl1c­

Ilibdhng reaction. n..;, rodioaclIvlty of the labelled ohgooudroudcs was determined 

a. 1 7)( Iff' counts per mi n (cpm) per "I (specIfic aCllvlly of 4.2 X 10" cpm pcr }l F­

ohgonudroll~) b) $Cinullallon couMing. l1Ie incubation of the labelled DNA probe 

""m HEK293 nucle:Lr Ulfal.:t resulled m the formauon of DNA proIein complexes 

(Fig.4 11). 

, 2 3 
~ 

"'g.·U 1. Titnuion of nuclear extract rcquiral for e1«Im- moblii ty shIft aSs.ay. In me 
absence of nuclear e11rD1:L no DNA protein ~'OmplC1 was obscr\aI U..lIne I ). Tllc 
amount of DNA protein cOrrf)kx fonned was i~~ ",·uh increased amoums of 
protein utract u>Cd LD the binding n-ay. 1llc focu'i of the study "'U placed on the 
larger DNA proteIn romplex (mdicated b)' IIm)w). I.ane I : No nuc1ca. eXlract 
control Lant' 2: HEK.."'93 Duckar tUrKt (4 }lg) Lane J : HEK.."'93 nuclear t'.'< traet (8 

" gl. 

I'r\,-Hldu,ion of unlabelled oligonucleotides at tOO-fold t'.'<ccss in the bllKling a.say 

n:suhcd In me raluced formation of the observed DNA protein rompIex (lane 2. 

FiIl·" . 18). and the pre-mdu.lOn of unlabelled ohgunucleotides at ~OO· fold excc;,s 

l'Ompletely pre,'cnk-d the fOllllilllOn of the DNA protein cOIl,p1ex (Ianc 3. FilA 18). 

The specIficity of the bindIng reaction " ·IIS further confirmed by the inability of the 

unlabelled mutant ohgonoclrolldcs al 100·fold uccss 10 compete wllh the bInding of 

nudear focto ... 10 the labelled proiJ.Lo (lane 4. Fig..4. 18). BInding as..ays "'en: also 

(;uriC(! out wilh the inclu~ion of diffen:nl antibodies 10 identify the (octOI'< bound to 

t t~ lahclled probt:. Should a Ir2IlSCTipllOn rae-tor interact wl tll the Lalxtted probe. 

mci u,ion of antibod;~ in the binding as~.y " 'ould rc.ul l in eilne. I super-.>hifl 

(fonnatlon of a larger cunlPlc ~ ) Ot a loss of b,,\dmg. The InclUSIon of ttw.- MAX I. 

REST and RREB- I antib\ldie! in the binding assay dI d not infl uence lhe formation of 

the ob>crvcd DNA proleln complex. IndIcating tl!c;,e faclOts do nol bind the labelled 

" 



pmbc:. The mciu,ion of the ZED I antibody rewhed in the Dppcarunce of a larger 

.upcr·~hinetl ronlple~, Jodic;uing binding of the ZED I facwr tn the labcllctl prt)~ 

(lane 8. Fig 4, 18). DiSllPP"iII':Incc of the orillinal DNA pnllein comple~ "'I~ obsc .... ed 

for t~ binding rt:.1Cljon in whkh the ZNF202 ~nLJbody '"as mcluded (lane 9. 

FigA.lg), Competitinn of the ZNF202 ~nllbody wilh the lubelkd pro/x' 10 prevent 

DNA proLem complC-li fonnntinn iodkatoo an intclllCuon bl.1w~n ZNF2()2 and the 

labdloo probe_ ""orco\,cr, the ZNF202 antibody prevent. the fonnatif)n of the origm:al 

DNA protem complex by block.ing the DNA binding she of ZNFW2, as the antigen 

used to rai<e the antibod} was a pan of the ZNF202 DNA bindmg ~nc nngerdomam 

(Ahearn Pic., emil' ab5R 179). These find;nJ!~ ~ugge.~1 ZEH 1 and ZNF202 hHld 10 the -

742 tn -704 .... gion of the ACE2 genc In potenliall)' rq>rcss ACE2 transcriPlion. 

, , , . , • , • • 

Fig.4.J8. EICClro-mob,hty lihlrt as§.II) performed to confinn the SpeCIficity of 
observed DNA protcln bindings. and the ,dcnlLrOCDUOO of fact~ inloh'n! in the DNA 
protein ~plcx fortn:luon. Lane 1: HEK293 nuclear extntet (4 JIg), Lane 2: 
Unlabelled ohgonucleotldes competilion (100 )( excess). LarK' J : UnlabelJnl 
oligonuclC01ldcs rompelIlion (SOO )( C.IIcess) Lllne 4; Unlabelled mUlant 
olillonuclCl)l,dcs competition (100 )( cxccss). Lalli: 5: MAXI anlibody mdusion. 
Lllne 6: REST antibody mclusion Lolli: 7: RRES- I antibody inclusion LaM 8 : 
ZEDI anlibody inclusion. Lane 9: ZNF.!02 anubod) indus ion. 



Chapter 4 

4.4. Discussion 

In order to gain further insight into the transcription control of ACE2 , a search for 

potential transcription regulatory elements of ACE2 was conducted on the region 

immediately upstream of the translation start codon of the ACE2 gene. This included 

the untranslated 5' exon and intron 1 of the ACE2 gene (Itoyama et aI., 2(05). The 

initial assessment of the transcription activity of the ACE2 RJR mutant constructs by 

dualluciferase assays indicated the presence of negative regulatory elements binding 

to the region -1201 to -658 upstream of the ACE2 translation start codon (Fig.4.tO). 

Further transcription activity analysis of the nested deletion ACE2 RJR mutant 

constructs representing the -1201 to -658 region (Fig.4.1.2) showed the most 

significant increase in transcription activity amongst the nested deletion mutants was 

achieved by deletion of the region from -742 to -704 (Fig.4.11). The bioinformatics 

screening for putative transcription factor binding sites in the -742 to -704 region 

revealed the presence of several putative binding sites, and the disruption of these 

putative binding sites led to a statistical significant increase in the transcription 

activity of the ACE2 RJR mutant construct C2F (Fig.4.15.2). The resultant increase in 

transcription activity from the disruption of a combination of putative transcription 

factor binding sites (Fig.4.15.2) suggested the binding of more than one repressor 

element to the -742 to -704 region. The formation of DNA-protein complexes after 

co-incubation of labelled ACE2 IDR -742 to -704 oligonucleotides with HEK293 

nuclear factors (Fig.4.17) confirmed the binding of transcription factors in vitro to the 

ACE2 lliR -742 to -704 region. Two of such transcription factors were identified as 

ZNF202 and ZEBI (Fig.4.18). 

The factor ZNF202 is a zinc finger protein that has eight C2H2 zinc finger domains 

and 25 potential phosphorylation sites (Monaco et al., 1998). The involvement of 

ZNF202 in the expression regulation of genes related to lipid metabolism and vascular 

maintenance has been established in vitro (Wagner et aL, 2000). In HepG2 human 

hepatoma cells, the over-expression of ZNF202 resulted in a 5- totO-fold reduction in 

the expression of reporter constructs driven by the promoters of apoAW and apoE 

(apoAWand apoE codes for apolipoproteins AIV and E respectively) (Wagner et al., 

2000). In the same study, ZNF202 was also reported to bind to the promoter of the 

vascular endothelial growth factor (VEGF) gene, albeit the transcription regulatory 

95 



Chapter 4 

effect of ZNF202 on VEGF expression was not determined. Studies on VEGF have 

indicated that VEGF enhances atherosclerotic plaque progression in cholesterol-fed 

apolipoprotein FJapolipoprotein Bloo KO mice (Celletti et ai., 2001). In this regard, 

single nucleotide polymorphisms in the ZNF202 promoter have been proposed to 

predict severe atherosclerosis, as altered transcription of ZNF202 broUght about by 

different ZNF202 promoter variants was speculated to alter the expression of VEGF 

(Stene et ai., 2008). Interestingly, overexpression of ACE2 in atherosclerosis-prone 

apoE KO mice resulted in less oil red-O-positive stained areas and less macrophage 

infiltration in the aorta, indicating limited endothelial dysfunction and reduced 

atherosclerosis (Lovren et ai., 2008). Given that ACE2 promotes proper endothelial 

function, it is speculated that ZNF202 also regulates ACE2 expression in a similar 

context as it does for other genes involved in vascular maintenance. While the in vitro 

binding of ZNF202 to many gene promoters has been reported (Wagner et ai., 2000), 

this study is a first to suggest the binding of ZNF202 to the ACE2 promoter. 

The other transcription factor found to bind the -742 to -704 region upstream of the 

ACE2 translation start site is ZEB 1. ZEB 1 is a zinc finger E-box binding transcription 

repressor which has been reported to promote the epithelial to mesenchymal transition 

during development and cancer metastasis (Aigner et ai., 2007; Spadema et ai., 2008). 

Strong repression of tumour suppressors and genes involved in the maintenance of 

polarized epithelial phenotype by ZEB 1 in various cancer cells has been documented 

(Drake et ai., 2009; Adachi et ai., 2009; Clarhaut et ai., 2009; Spadema et ai., 2008). 

Given the prominent involvement of ZEBI in the regulation of genes associated with 

developmental events such as epithelial to mesenchymal transition, it is postulated 

that ZEB 1 also regulates the developmental expression of ACE2, as observed in 

different animal models (Tikellis et ai., 2006; Wiener et ai., 2007). 

While ZEBl and ZNF202 bind in vitro to the -742 to -704 region upstream of the 

ACE2 translation start site, consensus binding sequence of the two transcription 

factors could occur elsewhere in the ACE2 IDR. A search through the rest of the 

ACE2 IUR sequence revealed no other occurrences of the consensus binding sites for 

ZEBI and ZNF202 (data not shown). It is also noteworthy to mention that the nested 

deletion mutant constructs were only generated for the -1201 to -658 region 

(Fig.4.1.2), even though the removal of the -658 to -354 region in the ACE2 IDR 
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mutant construct C4 also led to a change in reporter gene expression (Fig.4.10). This 

observation suggested the presence of positive transcription regulators within the -658 

to -354 region. The presence of both negative and positive transcription elements in 

the immediate upstream region of the ACE2 gene implied that the 5' UTE and intron 

1 of ACE2 contribute significantly towards the transcription regulation of ACE2. 
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Conclusions and Future directions 

ChapterS 

Much research attention has been focused on ACE2 since it was first cloned in 2000 

(Donoghue et al., 2000; Tipnis et al., 2(00), and different aspects of ACE2 ranging 

from its physiological functions to its biochemical characteristics have been 

successfully elucidated. The activity of ACE2 has been reported to provide protection 

against various tissue injuries in many animal models (Imai et al., 2005; Qudit et aI., 

2006; Tikellis et al., 2003; Wong et al., 2007; Yamamoto et al., 2006), however there 

is plenty that remains unclear in respect of the control of ACE2 activity. While the 

structure-function of the ACE2 SI and SI' sub-sites has been extensively investigated 

(Deaton et al., 2008a; Deaton et aI., 2008b; Mores et al., 2008; Towler et al., 2004), 

the relevance of the ACE2 S2 sub-site remains elusive. 

The structure-function of the S2 sub-site of ACE2 was investigated in this study using 

the novel phosphinic ACE2 inhibitor 416F2. Inhibition of ACE2 by 416F2 was 

characterized using the dose-dependent response plot and the direct linear plot 

methods with synthetic ACE2 substrates Mca-APK-Dnp and Mca-YVADAPK-Dnp, 

and the estimated Ki values of low nanomolar range (average Ki of 27.91 nM and Kic 

of 31.10 nM) were indicative of potent inhibition. The strong ACE2 inhibitory action 

of 416F2 is supported by a separate study where 416F2 was reported to inhibit ACE2 

with a sub-nanomolar inhibition constant of 0.13 nM (Mores et al., 2(08). 

In order to elucidate the S2 sub-site, a molecular model of 416F2 structure docked into 

the ACE2 crystal structure (pDB code: lR4L) was generated by in silico molecular 

dynamic simulation. In the docked model, the P2-leucyl group of 416F2 was observed 

to extend into a large cavity beyond the SI sub-site and it assumed a variety of poses. 

Despite the strong inhibition of ACE2 displayed by 416F2, no interactions between 

the ACE2 active site residues and the P2-leucyl group of 416F2 were observed in the 

docked model, and hence the S2 sub-site was not defined. The non-bulky, 

hydrophobic nature of the P2-leucyl group of 416F2 provides limited opportunities for 

extensive interactions with ACE2 active site residues. In future work, molecular 
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docking of tripeptide inhibitors with bulky or charged P2 side chains into the ACE2 

structure could reveal interactions between P2 side chains and active site residues that 

could not be formed by a P2-1eucyl group. The possibility of induced-fit ligand 

binding could also be considered in future molecular docking experiments. However. 

the approach of flexible-protein receptor docking requires a consideration of the 

ligand binding conformation dynamics of ACE2. and appropriate control needs to be 

devised to ensure the integrity of the ACE2 active site. As an alternative approach to 

molecular docking. crystallographic studies of ACE2 co-crystallized with tripeptide 

inhibitors could also be conducted to elucidate the ligand P2 side chain interactions 

with the ACE2 active site residues. Subsequent to the elucidation of P2/S2 residue 

interactions. mutagenesis experiments could be carried out to assess the significance 

of these interactions in the enzymatic activity of ACE2. 

In the 416:F2-ACE2 docked model in this study, it was noted that the terminal 

hydroxyl group of Tyr510 extended beyond the SI sub-site space and formed a 

hydrogen bond with the acetyl carbonyl group of 416F2. While Tyr510 has been 

defined by many studies as a component of the SI sub-site which contributes towards 

the SI selectivity for small hydrophobic PI residues (Deaton et al .• 2008a; Mores et al .• 

2008; Towler et ai .• 2004). its significance in ACE2 activity has not been 

characterized. The mutagenesis of Tyr51 0 carried out in this study has shown that the 

hydrophobic surface and the steric hindrance provided by Tyr510 is essential for 

ACE2 activity. as the substitution of Tyr510 with threonine resulted in the 

abolishment of enzymatic activity. It is postulated that the bulky hydrophobic ring of 

Tyr510 not only confers the substrate selectivity for small hydrophobic PI residues, 

but also contributes to the stabilization required for the formation of catalytic 

intermediates during the hydrolysis process by limiting the movement of ligand PI 

residues. To date. no residues of the Sl sub-site have been reported to be essential for 

ACE2 activity (Guy et al .• 2005). and Tyr510 is the first Sl sub-site residue described 

as a critical residue. In contrast. the terminal hydroxyl of Tyr510 was found to be non­

essential for ACE2 activity, because enzymatic activity was retained by an ACE2 

mutant with the substitution of Tyr510 with phenylalanine. The hydrogen-bonding 

capability of the Tyr510 terminal hydroxyl has been suggested to confer a subtle 

substrate selectivity by another study (Mores et ai., 2008). The hydrogen bond 

observed between the 416F2 acetyl carbonyl group and the hydroxyl group of Tyr510 

99 



ChapterS 

found in the ACE2-416F2 docked model is suggestive of the involvement of the 

Tyr510 hydroxyl group in the coordination of ligand backbone. Nevertheless, the 

specific structure-function of the Tyr510 terminal hydroxyl group warrants further 

investigation through a detailed enzyme kinetic analysis. 

The regulation of ACE2 activity through its expression was also investigated in this 

thesis. To elucidate the factors involved in the regulation of ACE2 expression, a 

search for potential transcription regulators binding to the region immediately 

upstream of the ACE2 translation start codon was conducted. Analyses of nested 

deletion mutant constructs and in vitro binding experiments showed that two 

transcription factors, namely ZEBI and ZNF202, bind to the region -742 to -704 

upstream of the ACE2 translation start codon. The binding of these two transcription 

factors was associated with repressed transcription activity as disruption of the 

putative binding sites in the ACE2 IUR construct C2F resulted in elevated reporter 

luciferase expression. The established role of ZNF202 as a transcription repressor that 

binds to the promoter of genes involved in vascular maintenance, such as VEGF 

(Wagner et ai., 2000), suggests that ACE2 expression is regulated by ZNF202 owing 

to its epithelial protective role (Lovren et ai., 2008; Rentzsch et aL. 2008). On the 

other hand. it is postulated that ZEB 1 binds to the ACE2 promoter to repress ACE2 

expression during development. In animal models, expression of ACE2 has been 

shown to be developmentally regulated in kidney and lung tissues (Tikellis et ai .• 

2006; Wiener et ai., 2007). The involvement of ZEB 1 in the regulation of 

developmental events such as epithelial-mesenchymal transition poises ZEB 1 to 

repress ACE2 expression during development. 

In order to fully establish the roles of ZNF202 and ZEB 1 as transcription repressors of 

ACE2, further investigations need to be conducted. The low expression level of ACE2 

in HEK293 makes the cell line ideal for the investigation into the in vivo binding of 

ZEB 1 and ZNF202 by chromatin immunoprecipitation. Future in vivo binding data 

would greatly complement the in vitro binding data presented in this study. In 

addition, the functional significance of ZNF202 and ZEB 1 as regulators of ACE2 

expression could be assessed using siRNA knock-down experiments. Subsequently, 

the significance of ZNF202 regulated ACE2 expression in pathological condition such 
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as atherosclerosis could be assessed to detennine any relationship between ZNF202 

and ACE2 expressions in atherosclerosis. 

The region immediately upstream of the ACE2 translation start codon investigated in 

this study did not include the ACE2 promoter region. The ACE2 promoter region 

-1203 to -3380 upstream of the translation start codon was investigated by a 

collaborator of the laboratory. The nested deletion promoter assays performed by our 

collaborator revealed no significant finding as similar transcription activities were 

detennined for the nested deletion constructs and a gradual loss of transcription 

activities was observed with the two shortest constructs (Amy Cilia La Corte, 

personal communication). It was noted that given the precedent of intronic and 

promoter transcription elements interacting with each other to form complex 

regulatory mechanisms (Girousse et ai., 2009; Jones et ai., 2007), it is likely that 

ZEB 1 and ZNF202 interact with other transcription elements in the promoter region 

to fine tune ACE2 expression. Investigation of the promoter, 5' UTE and intron 1 

regions of the ACE2 gene together as a whole would facilitate the elucidation of the 

functional significance of ZEB 1 and ZNF202 in the transcription regulation of ACE2. 

Furthermore, such investigation could also identify other novel transcription 

regulatory mechanisms controlling ACE2 expression. 

Overall, the findings of this study contribute towards a better understanding of the 

control of ACE2 activity at both the structure-function and the transcription level. 

Knowledge of the structure-function relationship of ACE2 could be exploited in the 

design of more potent and selective novel ACE2 inhibitors, despite the fact that the 

therapeutic benefits of ACE2 inhibition are currently unclear. At the transcription 

level, a better understanding of the ACE2 transcription regulation mechanism could 

reveal opportunities where ACE2 transcription control could be capitalized on to 

achieve desirable benefits associated with ACE2 activity. However, in order to 

validate ACE2 as a meaningful therapeutic target, further elucidation of various 

aspects of ACE2 is still necessary. 
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A.I. Bacterial culturing 

The bacteria Escherichia coli DH5. strain (F, cpSOdlacZAM15, (lacZYA-argF)UI69, 

deoR, recAl, entiAl, hsdRI7(rk-, mk+), phoA, supE44, ')..-, thi-l, gyrA96, relAl) was 

used for the propagation of DNA plasmids. All bacteria cultures were grown in Luria 

Broth culture medium (LB; 1 % (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) 

NaCl) medium at 37°C with orbital shaking (150 RPM). 

A.2. Crude small scale plasmid preparation 

A volume of I ml of overnight E.coli culture was collected in Eppendorf tube by 

centrifugation at maximum speed for 2 min using a bench-top microcentrifuge. The 

supernatant was removed and the collected bacterial cell culture was resuspended in 

70 J.11 of cell lysis buffer (10 mM Tris, pH S.O; I mM EDTA; 15% (w/v) sucrose; 100 

J.1g1ml BSA; 20 J.1g1ml ribonuclease A; 2 mglmllysozyme ). The resuspended culture 

was incubated at 37°C for 30 min, followed by boiling for 1 min. The boiled culture 

resuspension was incubated on ice for 10 min. The cellular debris was cleared by 

centrifugation at maximum speed for 10 min using a bench-top microcentrifuge. 

A.3. Preparation of heat shock competent E.coli DH5a 

An over night culture of E.coli DH5a was inoculated into 50 ml of LB at 1: 50 

dilution. The culture was incubated at 37°C until an 00595 of 0.4 was reached. The 

culture was chilled on ice for 15 min before the cells were collected by centrifugation 

at 1000 x g for 5 min. The cell pellet was resuspended in 1110 original volume of pre­

chilled TFBI (30 mM KOAc; 100 mM RbCI; 10 mM CaCh; 50 mM MnCh; 15% (v/v) 

glycerol; adjusted to pH 5.S with glacial acetic acid). The resuspended cells were 

incubated on ice for 15 min before subjected to centrifugation at 1000 x g for 5 min. 

The collected cells were resuspended in 1125 original volume of pre-chilled TFBII (10 

mM MOPS; 10 mM RbCh; 75 mM CaCh; 15% (v/v) glycerol; adjusted to pH 6.5 

with glacial acetic acid). The final resuspension was divided into 100 J.11 fractions 
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followed by flash freeze using liquid nitrogen. The competent cells were stored at -

80°C until used. 

A4. E.coli transformation (Ausubel et al., 1992) 

Aliquots of prepared competent cells were thawed on ice. An amount of 50 to 100 ng 

plasmid DNA was added to 100 J.11 of competent cells and the mixture was incubated 

on ice for at least 25 min before heat shock treatment. The heat shock process was 

carried out at 42°C for 45 sec. The heat shocked cells were immediately placed on ice 

and a volume of 900 J.11 of LB was added to the cells after 1 min incubation on ice. 

The cells were allowed to recover at 37°C for 60 min with shake, and 100 J.11 of the 

transfonned cells were plated on LB plates containing 50 J.1g1ml ampicillin. 

A5. Restriction enzyme digestion and DNA electrophoresis 

All restriction enzyme digestions were carried out in a total volume of 20 J.11 

containing 1 x restriction enzyme buffer recommended by the manufacturer of the 

restriction enzyme. The amount of restriction enzyme used in each digestion ranged 

from 1 to 10 units. Restriction enzyme digestions were allowed to occur by incubation 

at 37°C for at least 60 min (up to 16 hours). 

Restriction enzyme digestion and PCR products were fractionate by electrophoresis 

using 1 % (w/v) agarose gel containing ethidium bromide (0.2 mglml) in 1 x TBE 

buffer (90 mM Tris; 90 mM boric acid; 2 mM EDT A). Electrophoresis was carried 

out at 70 volt for time period ranging from 30 min to 60 min. 

A6. DNA nucleotide sequencing 

All DNA nucleotide sequencing reactions were conducted by an available DNA 

sequencing service (Dept. of Molecular and Cell Biology, University of Cape Town). 

For DNA fragments sub-cloned into the vector pBluescript, sequencing of the inserted 

fragments were perfonned using standard 1'7 and T3 sequencing primers. For the 

ACE2 mutants sub-cloned into the vector pCI-NEO, sequencing of the inserted ACE2 
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mutant fragments were performed using oligonucleotides listed in Table A.l, in 

addition to the standard T7 and T3 sequencing primers. 

A. 7. Sodium acetate DNA precipitation 

Ice-cold (-20°C) absolute ethanol was added to sample at two times the sample 

volume together with a tenth final volume of 3M sodium acetate. The mixture was 

incubated at -70°C for at least 30min, followed by centrifugation at 4°C for 10 min in 

a bench-top microcentrifuge at full speed. The supernatant was decanted and the 

pellet was washed in 70% (v/v) ice-cold (-20°C) ethanol. The mixture was incubated 

at -20°C for 10 min and the DNA pellet collected by centrifugation at 4°C for 10 min 

in a bench-top microcentrifuge at full speed. The supernatant was decanted and the 

DNA pellet was dried using a Savant Speedi Vac System (GMI, Inc.). 

A.B. SDS polyacrylamide gel electrophoresis 

SDS-PAGE gel was casted using Mini-PROTEAN Tetra Electrophoresis System 

(Bio-Rad Laboratories). In the casting of a 10% (w/v) polyacrylamide running gel. 2.5 

ml of 40% (w/v) acrylamidelbis-acrylamide (19: I) solution (Sigma-Aldrich. Inc.) was 

added to 3.3 ml of running gel buffer (1.1 M Tris, pH 8.8; 0.3% (w/v) SDS). The 

volume was made up to 9.9 ml with distilled water before the addition of 0.1 ml 10% 

(w/v) AMPS and 10 fll TEMED. The mixture was poured into casting plates and a 

volume of 100 fll of isopropanol was added to the top of gel. After polymerization of 

the running gel. the isopropanol was poured off and stacking gel solution was poured 

on top of the running gel. The 3% (w/v) stacking gel solution was prepared with 1.1 

ml of 40% (w/v) acrylamidelbis-acrylamide (19:1) solution (Sigma-Aldrich. Inc.), 3.3 

ml of stacking gel buffer (180 mM Tris, pH 6.8; 0.15% (w/v) SDS) and the volume 

made up to 9.7 ml with distilled water. After addition of 0.3 mllO% (w/v) AMPS and 

20 fll TEMED, the stacking gel solution was well mixed and immediately poured into 

gel casting plates with combs inserted on top. The Mini-PROTEAN Tetra 

Electrophoresis System (Bio-Rad Laboratories) was assembled with casted gel 

according to directions provided by the manufacturer. 

104 



Appendix 

Protein sample volumes exceeding 20 III were adjusted to 20 III by concentration 

using a Savant Speedi Vac System (GMI, Inc.) prior to the addition of 6 x sample 

loading buffer. The protein samples were reduced by boiling for 5 min in sample 

loading buffer (62.5 mM Tris, pH 6.8; 2% (w/v) SDS; 10% (v/v) glycerol; 5% (v/v) 

~-mercaptoethanol; 0.001 % (w/v) bromophenol blue) and loaded directly onto SDS­

PAGE gel. Electrophoresis was carried out in 1 x running buffer (25 mM Tris, pH 8.3; 

190 mM glycine; 1 % (w/v) SDS) at a constant current of 50 rnA for 60 min. 

After electrophoresis, the Mini-PROTEAN Tetra Electrophoresis System (Bio-Rad 

Laboratories) was disassembled and the running gel was subjected to staining in 

Coomassie staining solution (0.2% (w/v) Coomassie Blue; 7% (v/v) glacial acetic acid; 

50% (v/v) ethanol) for at least 2 hours. De-staining of running gel was achieved by 

incubation of running gel in de-stain solution (7% (v/v) glacial acetic acid; 25% (v/v) 

ethanol) for 60 min with at least one change of de-stain solution. 

Table A.I. Sequence of oligonucleotides used as primers in the DNA nucleotide 
sequencing of ACE2 constructs 

Primer name 

sACE2 pCI NEO out 

sACE2 mRNA200 

sACE2 mRNA 700 

sACE2 mRNA1200 

sACE2 mRNA1705 

sACE2 mRNA2200 

Sequence 

5'-CCCAAGCCCAGAGCCfC-3' 

5'-CCACGAAGCCGAAGACC-3' 

5'-GGGGAITAITGGAGAGG-3' 

5'-GGACGACITCCfGACAGC-3' 

5'-CATGAAGGCCCfCfGCAC-3' 

5'-GGCCATCAGGATGTCCC-3' 
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Table A.2. Sequences of oligonucleotides used in construction of ACE2 promoter 
mutants and chromatin imm.unoprecipitation experiments. Underlined sequences 
indicate the restriction sites introduced 

Primer name 

ACE2C2Fwd 

ACE2C3Fwd 

ACE2C4Fwd 

ACE2ConRev 

ACE2 -1l31 Fwd 

ACE2 -1077 Fwd 

ACE2 -1036 Fwd 

ACE2 -963 Fwd 

ACE2 -903 Fwd 

ACE2 -837 Fwd 

ACE2 -784 Fwd 

ACE2 -742 Fwd 

ACE2 -704 Fwd 

ACE2 Pro Con Rev 

ACE2RTFwd 

ACE2RTRev 

ARREB-l Fwd 

ARREB-l Rev 

AZEBI Fwd 

AZEBI Rev 

Nucleotide sequence 

5'-CTGAAATITGACAAGATAAACCAC-3' 

5'-GAGCITGCAGTGAGCCGAG-3' 

5'-TITICCGTGTATC'ITIAACAGC-3' 

5'-GCCAAGATCACATCCACTGA-3' 

5'-GATCCCATGGCTACAGAGG-3' 

5'-CITCCACGTGACCTTGAC-3' 

5'-GGAGAAGGAGGCACTCAA-3' 

5'-GCAAAGGCAGATCAGGAG-3' 

5'-GGCCATGGAAATT AAAAC-3' 

5'-TTTGGGAGGCCGAGTT -3' 

5'-ACTAACACGGTGAAACCC-3' 

5'-TTAGCTGGGCGTGGT-3' 

5'-ACTCGOGAGGCTGAGG-3' 

5'-GCCAAGATCACATCCACTGAAAGCITGGG-3' 

5'-CAAAGGCTGATAAGAGAGAAAAT-3' 

5'-CTGAGAGCACTGAAGACCCAT-3' 

5'-AATACAAAAACTTAGCTGAATTCGGTTCTAGACACCTGTAGT 

CCCAGCT AC-3' 

5'-GTAGCTGGGACTACAGGTGTCfAGAACCGMTTCAGCT AAGT 

TITIGTATT-3' 

5'- TTAGCTGGGCGTGGTGGTGGGGAATTCTAGTCCCAGCTACTC 

GOG-3' 

5'- CCCGAGTAGCTGGGACTAGMTTCCCCACCACCACGCCCAGC 

TAA- 3' 

ACE2 Pro dJllUt Fwd 5'- TTAGCTGMTTCGGTTCTAGAGAATTCT AGTCCCAGCT ACTC 

GOG-3' 

ACE2 Pro d_mut Rev 5'- CCCGAGTAGCTGGGACT AGAATTCTCTAQAACCGAATTCAGC 

TAA-3' 
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