
 

 

 

 

 

 

 

 

ABSTRACT 

Structure, Dynamics, and Interactions of Angiotensin Family of Peptides  

with Functional Implications 

Kristine Y. DeLeon, Ph.D. 

Mentor: Gouri S. Jas, M.S., Ph.D. 

 

We present a study of structural analysis and reorientational dynamics of the 

angiotensin family of peptides.  AngI is a decapeptide that acts as a precursor to the 

octapeptide, AngII in the Renin Angiotensin Aldosterone system for blood pressure 

regulation.  Smaller metabolites of AngII, including AngIII, AngIV and Ang1-7, have 

recently been discovered to play an important role in blood pressure regulation.  

Experimental structural characterization of these peptides, carried out with circular 

dichroism and infrared spectroscopy, showed that the angiotensins are mostly disordered 

but exhibit a measurable population of ordered structures at room temperature. 

Interestingly, these change from the polyproline helix for AngI to the left-handed helical 

conformation for AngII, III, and IV.  Additionally, the antagonist, Ang1-7, was found to 

contain a significant population of right handed α-helix.  Anisotropy decay measurements 

with picosecond time resolution indicates a slower overall tumbling and a greater 

amplitude of internal motion in AngI and Ang1-7 compared to AngII, which is consistent 

with a more compact and less flexible structure in AngII.  To model the microscopic 



behavior of the peptides, 2-μs molecular dynamics simulation trajectories were generated 

for AngI and AngII, at 300 K using the OPLS-AA potential and SPC water.  The 

structures sampled in the simulations mostly agree with the experimental results, showing 

the prevalence of disordered structures, turns and polyproline helices. The main 

difference is the lack of significant presence of left-handed helices in the trajectories. 

Additionally, the computational results predict fewer sampled conformations, tighter 

side-chain packing and marked increase of Phe8 solvent accessibility upon AngI 

truncation to AngII.  Our combined approach of experiment and extensive computer 

simulation thus yields new information on the conformational dynamics of the 

angiotensins, helping provide insight into the structural basis for the potency of AngI 

relative to AngII. 
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CHAPTER ONE 

 

Introduction 

 

 

Renin Angiotensin System 

 

According to the World Health Organization (WHO), hypertension (high blood 

pressure) is estimated to cause 7.1 million worldwide deaths annually, or 13% of total 

deaths, and 4.4% of total disease burden (1).  Hypertension is defined as blood pressure 

greater than 140/90 (systolic/diastolic) mmHg (2).  Patients diagnosed with hypertension 

often develop complications such as cerebrovascular disease, cardiovascular disease, 

peripheral vascular disease, and renal failure (2). Because of these fatal complications, 

hypertension is often referred to as the „silent killer‟ (3). 

The Renin Angiotensin-aldosterone system (RAS) is the most important signaling 

cascade that regulates blood pressure through monitoring blood volume and sodium/fluid 

balance.  A drop in blood pressure, a decrease in circulating blood volume, or a reduction 

in plasma sodium concentration stimulates the juxtaglomerular cells of the kidneys to 

release renin (3), an enzyme that cleaves the serum protein precursor angiotensinogen 

into angiotensin I (AngI) (4).  AngI has no known biological effect and acts solely as a 

precursor to angiotensin II (AngII) (4).  The formation of AngII is mainly caused by the 

action of angiotensin converting enzyme (ACE).  ACE is a halide-requiring peptidase 

that catalyzes the cleavage of the carboxyl end of the decapeptide AngI (Asp-Arg-Val-

Tyr-Ile-His-Pro-Phe-His-Leu) to form the vasopressor, AngII (Asp-Arg-Val-Tyr-Ile-His-

Pro-Phe).  ACE not only cleaves AngI, its broad specificity towards carboxyl end of 

hydrophobic amino acid residues also allows it to degrade bradykinin, a potent 
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vasodilator (5).  Both modes of actions by ACE result in constriction of blood vessels, 

which in turn increases the blood pressure. 

AngII is a potent vasoconstrictor (3), causing stimulation of the sympathetic 

constriction of the circulatory and renal vasculature, hormone secretion by the anterior 

and posterior pituitary and adrenal glands, and promotion of renal conservation of sodium 

and water (6).  There are four types of angiotensin receptors of which only two receptors, 

AT1 and AT2, bind AngII (3,7).  Both AT1 and AT2 receptors belong to the rhodopsin-like 

family (family A) of G-protein coupled receptors (AGPCR) (3,7) which consists of seven 

transmembrane (7TM) α-helices connected by three intracellular loops and three 

extracellular loops (7). 

 

Angiotensin Converting Enzyme Structure and Function 

 

ACE is a zinc-metallopeptidase that is crucial for the conversion of AngI into 

AngII (8).  ACE is found in endothelial, epithelial and neuronal cells throughout the body 

where it concentrates mainly in the lungs because of the high volume of capillaries (8-

10).  There are two isoforms of ACE, the somatic and the germinal/testicular forms (11).  

They both belong to type I membrane-anchored glycoprotein, defined by a HExxH motif 

with a 24-residue downstream glutamic acid as the third zinc ligand (12,13).  The 

germinal form, testis ACE, has only one catalytic domain similar to the C-domain of 

somatic ACE and is thought to play a crucial role in reproduction.  The somatic isoform 

of ACE is highly glycosylated and is composed of two homologous catalytic domains, 

the N-domain and the C-domain (14).  ACE can be found circulating in plasma or bound 

to the vascular endothelial cells, epithelial cells of the renal proximal tubules, the gastro 

intestinal tract, cardiac muscle and various regions of the brain by a specialized 

transmembrane domain (15,16).  The plasma or soluble form of ACE is formed by 



3 

proteolytic shedding of the ACE ectodomain from the cell membrane (17).  Tissue-bound 

ACE is responsible for the local production of AngII within the arterial wall (16). 

Both domains contain around 40% α-helix and around 60% random coil.  The 

main structural differences are found in region 29-133 of the N-domain and 633-734 of 

the C-domain where there is a higher content of proline residues found in the N-domain 

region.  Region 29-133 has six proline residues versus three residues present in region 

633-734.  These proline residues contribute to a higher rigidity of the polypeptide chain 

and thus an enhanced stability of the N-domain (8).  Hydrophobic ACE inhibitors such as 

rampipril have been shown to inhibit nearly 100% of serum ACE activity whereas 

hydrophilic ACE inhibitors like enalapril only inhibit 50% suggesting that hydrophobic 

inhibitors are able to bind to both domains but hydrophilic inhibitors are capable of 

binding only to one domain of ACE (18).  It is believed that this is caused by the N-

terminal active site being more hydrophobic than the C-terminal active site (18). 

The two domains share approximately 60% sequence identity (19).  Both domains 

catalyze the hydrolysis of AngI and bradykinin with similar efficiency.  However, 

transgenic mice with only the N-terminal domain have the same phenotype as the 

disability of regulating blood pressure, indicating the necessity of the C-terminal domain 

(12).  In order to further explain the role each domain has on the other, mutants were 

made by linking two C-domains (CC) which resulted in either additive catalytic activity 

or positive co-operativity, showing that the N-domain exerts a negative regulatory effect 

on catalytic activity of two-domain ACE (19). 

The mechanism and mutual function of the two catalytically active domains of 

somatic ACE are unclear.  Active site titration with Lisinopril revealed that only 1 mole 

of inhibitor to 1 mole of enzyme eliminated the activity of both two-domain and single-
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domain ACE forms (13).  The kcat values for the two-domain ACE forms were equal to 

the average quantity of the kcat values for the single domain forms which indicates that 

the random binding of the substrate molecule to one active site prohibits or significantly 

decreases the binding of another substrate molecule to the second site.  These results 

suggest a strong negative cooperativity between the two active sites irrespective of their 

positions (13,19).  In order for the two domains to be in close proximity to each other, a 

flexible interdomain bridge is required.  This will help facilitate interdomain co-

operativity during the conversion of AngI to AngII by ACE (19).  It is believed that a 

flow-sensitive “flap” blocks substrate entry into the two active sites of sACE whereby 

one domain‟s “flap” opens only after the other “flap” becomes closed.  This “ping-pong” 

mechanism is believed to cause the negative cooperativity of sACE (18). 

 

Angiotensin Structure 

 

 

Angiotensin I 

 

Both AngI and II have identical N-terminal sequences but differ at the C-terminus 

where AngI has two additional amino acids (His-Leu) (20) blocking it from binding to 

the AT1-receptor.  In recent studies, it has been revealed that both AngI and II form an S-

shaped structure when in organic solvents.  The existence of His9 and Leu10 in AngI 

causes Tyr4 to rotate away from His6 making the distance between the two residues 1 Å 

longer and changes the conformation of the peptide to adopt the S isoform (21).  His9
 

associates with Tyr4
 
and forms a hydrophobic core with His6.  This conformation blocks 

the access of Tyr4 and His6 to the receptors, thus preventing signal transduction.  The 

first four N-terminal residues (Asp1-Arg2-Val3-Tyr4) all play a role in stabilizing the 

conformation via hydrogen bonding (20). 
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Angiotensin II 

 

AngII has been studied using various spectroscopic technologies, but the 

interpretation of the conformational studies has been inconsistent, most likely from 

solvent structural dependence, and has led to various structural models for AngII 

including β pleated sheet, β and γ turn and other structures (21-25).  Small linear peptides 

normally exist in solution as a range of conformations in rapid equilibrium causing 

variation in the numerous studies of AngII (26).  NMR studies have shown in neutral 

aqueous solution that AngII takes up a β-turn formation (27) or partial random coil 

structure, but becomes a full random coil at acidic pH (26).  In polar solvent the charged 

residues are solvated giving AngII extensive conformational flexibility.  A decrease in 

the solvent polarity, increases electrostatic intramolecular interactions and results in a 

more rigid conformation.  This was confirmed by a very well conserved folded structure 

observed in dynamic simulations under extreme hydrophobic vacuum conditions (28).  

The most well defined fragment of the peptide contains amino acids 3-7.  This fragment 

is quite rigid and prearranged in the solution state to ensure favorable binding at the 

receptor site (22). 

In aqueous solution, the N and C-termini are oriented within 7.2 Å of each other 

causing AngII to arrange into a fairly compact structure.  It has been proposed that there 

is an interaction between the C-terminal Phe carboxyl group and the His side chain.  This 

is supported by the His side chain protons experiencing a ring-current shift effect from 

the Phe aromatic ring that is no longer seen when Phe8 is replaced by Ile8 (27).  

Molecular dynamic simulations sampled a hydrogen bond between His6 and Phe8 in 

DMSO, but no hydrogen bond between Tyr4 and His6; however, these residues were in 

close proximity (28) making it possible for these two residues to form a charge-relay 
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system (23).  This clustering of the Tyr, His, and Phe side chains forms a hydrophobic 

cluster thought to stabilize the folded structure and appears stronger in DMSO than in 

aqueous solutions (22,26,27).  Phe8 of AngII has significant orientational freedom and 

can orient far from the hydrophobic core but has the ability to reorient its side chain 

towards His6/Tyr4 through intramolecular interactions.  This rotation results in two 

conformations: S and U isoforms (21). While S isoform is proposed to dominate in polar 

environment, the U isoform dominates in the non-polar environment (21).  The U isoform 

is considered the biological relevant conformation to activate the receptors because in 

order for a successful activation, Tyr4 hydroxyl group and His6 need to be exposed and 

interact with the receptor (21).  The transformation from S to U isoform allows the 

embedded His6 and Tyr4 to emerge from the hydrophobic core and stimulate the receptor 

(21).  The turn feature seems to be a common element found in AngII.  The turn is 

centered among positions 3-5 in AngII and may be important for binding (29). 

Recent molecular biology studies have shown that the ligand binding site is 

localized within the lipid-water interface suggesting that the active conformation is likely 

to be found in the lipid-induced conformation (6,26).  According to infrared (IR) studies 

performed in an acidic phospholipid environment, AngII exists in a highly ordered 

secondary structure consisting mainly of β-strands and turns (30) which is in agreement 

with studies performed on AngII complexed with sodium dodecyl sulfate (SDS) micelles 

(31).  Association of nonpolar residues such as Val3, Tyr4, Ile5, Pro7 and Phe8 with 

alkyl chains of the lipid molecule along with the charge-induced binding between two 

positively charged AngII side chains and the negative SDS monomers is believed to be 

the driving force for the formation of the β-turn (31).  In contrast other structural studies 

have shown that the addition of lipid vesicles resulted in a conformational change from 
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disordered to a stable inverse γ-turn in His6-Phe8 region (23).  UV-Resonance Raman 

studies performed in dodecylphosphocholine (DPC) micelles also found a main turn 

involving Ile, His and Pro and the another turn involving Asp and Arg residues (6).   

Structural studies of AngII have been more widely studied than any other 

angiotensin peptide. Numerous molecular simulations, denaturation profiles, and other 

conformational dynamics have been performed but no consensus has been found. 

Understanding the structure and dynamics of AngII is important in order to fully 

understand its biological function. 

 

Angiotensin III and IV 

 

 Few studies have been conducted with the less active angiotensins, AngIII (Arg-

Val-Tyr-Ile-His-Pro-Phe) and AngIV (Val-Tyr-Ile-His-Pro-Phe).  Equilibrium side chain 

orientations in AngIII were found to retain interactions around the second and sixth 

residues which are considered to be biologically important in AngII (32).  Studies on the 

equilibrium conformations of mutant and native AngIII found it to be highly extended in 

water but bent at the fourth residue in micelles (32,33) stabilized by a hydrogen bond 

between His6 amide proton and the carbonyl of Val3 (34).  AngIV was also found to 

contain a distinctive bend (24) indicating that the Val-Tyr-Ile-His region preserves an 

equilibrium conformation specific for the receptor even after AngII degradation (32,33). 

 

Angiotensin Receptor Binding and Activation 

 

 

Receptor Physiology 

 

There are four types of angiotensin receptors; only two receptors, AT1 and AT2, 

bind AngII (3,7). The other two receptors are involved in binding of other forms of 

angiotensin such as AngIV and are insulin-regulated aminopeptidases (IRAP) (35).  AT1 



8 

receptors are further divided into two subtypes referred to AT1A and AT1B (36) and are 

located predominantly in most tissues while AT2 receptors are expressed in fetal tissue, 

uterus, adrenal medullary tissue, and in discrete parts of the brain (37).  AT2 receptor 

activation is essential for biological processes such as vascular relaxation, 

antiproliferation, cellular differentiation, and apoptosis while AT1 receptor mediates most 

of the physiological and pathological processes: vascular smooth muscle cell contraction, 

aldosterone release, stimulation of sympathetic transmission and cellular growth, salt 

appetite, thirst, sympathetic outflow and inhibition of renin biosynthesis and secretion.  In 

addition, AT1 receptors are the most potent stimulators of hypertrophic remodeling of the 

vascular walls (7).  

AngII increases thirst sensation through the subfornical organ of the brain and 

decreases the response of the baroreceptor reflex, which provides a negative feedback 

loop of blood pressure regulation and increases the desire for salt.  It also increases 

secretion of anti-diuretic hormone (ADH) in the posterior pituitary, which causes water 

absorption and secretion of adrenocorticotropic hormone (ACTH) in the anterior pituitary 

(38).  ACTH increases the transport of cholesterol into the mitochondria and activates its 

hydrolysis, stimulates lipoprotein uptake into cortical cells, and stimulates the production 

of pregnenolone. AngII also potentiates the release of norepinephrine by direct action on 

postganglionic sympathetic fibers.  Norepinephrine is part of the fight-or-flight system in 

that it increases the heart rate and causes an increase in glucose (38).   

Several studies have proposed that signaling of the AT1-receptor can be divided 

into two principle components: the G protein-dependent signaling and the G protein-

independent signaling (39).  The G protein-dependent component of AT1-receptor 

signaling is believed to be responsible for the development of cellular death and tissue 
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fibrosis while selective G protein-independent signaling is thought to be associated with 

cell survival and renewal and regulation of cell contraction and migration (39).  

Stimulation of AT1 receptors leads to G-protein activation which causes GDP release 

from the Gα chain nucleotide site, GTP association, and dissociation of Gα chains from 

the Gβγ complex (7).  The Gα chain activates phospholipase C, which generates 

diaclyglycerol (DAG) and inositol 1,4,5-triphosphate (IP3) (40).  IP3 is believed to induce 

calcium increase by activation of the IP3 receptor (IP3R) whereas DAG directly activates 

a transient receptor potential channel (TRPC) which slowly increases the membrane 

potential to induce calcium influx (41).  The initial rise in intracellular Ca
+2

 activates Ca
+2

 

calmodulin dependent protein kinases and is responsible for early steroid synthesis.  

Continuous release of aldosterone requires influx of Ca
+2

 via the T-type voltage 

dependent channels as well as increased activity of DAG sensitive PKC (42).  AngII also 

stimulates prostaglandin synthesis in the adrenal and prostaglandin 2 (PGE2) via 

activation of prostaglandin E2 receptor which stimulates aldosterone production (42). 

Aldosterone causes the tubules of the kidneys to retain sodium and water which increases 

the fluid volume in the body, which in turn increases blood pressure (43). 

The activated AT1 receptors are phosphorylated at serine residues within the 

central core of the carboxyl-terminus by G protein-coupled receptor kinases (GRKs) or 

second messenger kinases such as protein kinase A or C (PKA, PKC) which recruits the 

protein β-arrestin (44).  β-arrestins are important in relay signals for cell motility, 

developmental regulation, and behavioral phenotypes (45).  Arrestins sterically hinder the 

ability for G-protein interaction and stimulates the rapid endocytosis of AT1 receptors 

into clathrin-coated vesicles (35,39).  Once internalized, these receptors are either 

degraded by lysosomes or dephosphorylated, and then recycled to the cell surface (35). 
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Structure of Angiotensin II Receptors 

 

Both AT1 and AT2 receptors belong to the rhodopsin-like family (family A) of G-

protein coupled receptors (AGPCR) (3,7).  A high degree of amino acid homology is 

found among AGPCRs (46) which are made of a seven transmembrane (7TM) bundle 

connected by three intracellular loops and three extracellular loops (7).  The TM domains 

display an amphipathic characteristic where one surface is exposed to the lipid and the 

other is exposed to protein/solvent (47).  Except for helix 3 all TM α-helices are 

predominantly hydrophobic.  Most of the hydrophobic residues are pointing inwards 

suggesting that these residues are involved in either binding to the hormone or in 

interhelical binding (48).  Four of the seven helices (TMs 1-3 and TM5) most likely slant 

as they cross the membrane while the remaining three (TM 4, 6, and 7) are most likely 

arranged perpendicular to the plane of the membrane (49).  Residues such as Val40, 

present in TM1, and Thr80, found in TM2, are responsible for inducing kinks which 

results in the tilted position of these helices (48).  Residues 300-320 in the helix 8 region 

forms an amphipathic helix that extends from the end of helix 7 at approximately a right 

angle (50).  Several structural features are conserved in GPCRs, such as a disulfide bond 

between cysteins located near the N-terminus of TM3 and TM5, a type 2 β-turn in 

extracellular loop 1, a α-helical fragment in intracellular loop 3 and an acylation site in 

the C-terminal tail (47,50).  An additional conserved „DRY‟ pattern has been discovered 

near the C-terminus of TM3 in nearly all GPCRs where the D occurs in 83% of GPCRs, 

the Y is found in 84% and the R is fully conserved in all GPCRs (47).  Mutations of the R 

in the motif cause the receptor to bind but not activate the G-protein, because dissociation 

of the GDP from Gαβγ cannot occur (49).  The conserved N in the NPXXY motif found 

in TM7 is considered to be one of the better conserved residues where 82% of all GPCRs 



11 

maintain an N in this position.  This position seems to be solvent-exposed however its 

function is not clear (47). 

AT1A is composed of 359 amino acids where each of the 7TM helices is made up 

of 20-27 amino acids (46,51).  There are two relatively short loops present in AT1A 

between TM1 and TM2 (intracellular loop 1) and also between TM6 and TM7 

(extracellular loop 3) (36).  The third intracellular loop and a portion of the C-terminal 

cytoplasmic tail (Leu305 to Glu359) are known to be involved in receptor-G protein 

interaction (51-53) where residues 306-320 activate purified Gi1, Gi2 and G0 proteins (54).  

The conformation of the C-terminal region plays a crucial role in the association of the 

G-protein with the AT1 receptor (54).  It is sensitive to the lipid content of the bilayer 

making it conformationally flexible (50).  This region contains multiple lysines and binds 

with high affinity to the lipid bilayer, particularly the anionic phospholipids, through 

electrostatic and hydrophobic interactions.  Lys307, 308, 310, and 311 are part of a 

conserved BBXB motif (where B is a basic amino acid and X is any amino acid) which is 

important for G-protein binding and forms a positively charged face on the helix.  

Removal of these four lysines affects the binding behavior of the AT1A receptor (51).  In 

order to insure exposure of the charged key residues to the cytoplasm, correct positioning 

of the C-terminus must occur (51).  Orientation of the C-terminus is a two-step process 

where the C-terminus first binds to the anionic phospholipids though electrostatic 

interactions followed by reorientation and intercalation of the hydrophobic groups into 

the phospholipid interior (51). 

Physiological parameters, such as pH and temperature, can induce conformational 

changes in the tertiary and secondary structure of the receptor.  These changes have an 

effect on the stability of the structure (53).  Membrane proteins like GPCRs have low 
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stability when extracted from their biological membrane (46).  GPCRs are stabilized by 

several short-range intrinsic structural features such as the connecting loops, along with 

lipid interactions and helix-helix interactions (46,50).  Strong helix-helix interactions 

minimize the steric hindrance of helix backbones.  In molecular modeling simulations of 

the whole rat AT1-receptor, 11 highly stable interhelical bonds were found (48).  TM1 

along with the N-terminal region of TM6 are believed to be important for local stability 

rather than ligand binding (47,50).  Mutations of specific amino acids can affect proteins 

stability.  Tryptophan residues found in TM 4, 6 and 7 in most GPCRs are thought to be 

important for stabilizing an ammonium salt by an aromatic-amine interaction.  For 

example, Trp253 is hydrogen bonded with Lys199 in the ligand-free state and stabilizes 

the ionic bridge formed between Lys199 and the carboxylate anion of Phe8 of AngII 

(36).  The presence of disulfide bonds between Cys18-Cys274 and Cys101-Cys180 

located near the N-terminus of TM3 and TM5 also affects receptor‟s conformational 

stability (46,48). 

 

Angiotensin II/AT1-Receptor Interaction 

 

Proteins interacting with a receptor place a structural constraint on the 

conformations of the receptor which induce a cascade of specific signaling pathways 

(39).  AngII interacts partly with the helical bundle and partly with the extracellular 

extension of the AT1-receptor (47) more specifically residues in TM helices 3, 5, and 6 

and the EC3 or the top of TM7 (39).  It has been proposed that a four point interaction 

occurs between AngII and AT1 receptor: electrostatic interaction between AngII C-

terminal carboxylate group, Arg2, His6, and Tyr4
 
is critical for high-affinity binding (7).  

The C-terminal carboxylate anion of AngII is neutralized by the positive charge of the 

receptor‟s Lys199.  His6 binding remains unclear though it has been proposed to interact 
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in the vicinity of TM6 (21,36,39).  The interaction Arg2 has with the AT1-receptor has 

also been disputed.  Molecular modeling with AngII and [Sar1]AngII, an analogue that 

lacks of the negative charge of Asp1, determined that the binding affinity of AngII to the 

mutant receptor R23A decreased while [Sar1]AngII retained full binding affinity.  From 

these studies it was concluded that Asp1 directly interacts with the receptors Arg23 

bringing the guanidinium group of Arg2 in close proximity to Asp278 (55).  However, 

modeling studies have also shown Arg2 binding at Asp281 (29,55-57).  It is theorized 

that Asp278 might play a role in stabilization of the Asp281-Arg2 salt bridge (56).  

According to binding studies performed with the rat AT1-receptor and AngII, Tyr 4 of the 

ligand was determined to interact with TM3 of the receptor though there have been 

discrepancies on the specific amino acid.  Noda et al. and others concluded Tyr4 interacts 

with Asn111 of the receptor (39,48,58) however Yamano et al. determined that the 

phenolic side chain of Tyr4 has a very strong interaction with the guanido group of 

Arg167 which is conserved throughout AngII receptor isoforms (36).  To confirm that 

this interaction does take place mutant studies were performed where Arg167 was 

mutated to an Ala significantly decreasing the binding affinity of AngII (36).  Van der 

Waals contact between His256 and Phe8 were also found (48,57-59) although it is 

speculated that several residues are involved in stabilizing the bulky side chain of Phe8 

(59).  One reason for discrepancies in interaction studies of AngII with the AT1-receptor 

is because there is no known crystal structure of AT1-receptor.  Using the crystal 

structure of Rhodopsin, the only available structure for a GPCR, as a template to build a 

model of AT1-receptor can then be used in docking simulations.  Further studies are 

needed in order to confirm the detailed molecular interaction of AngII with the AT1-

receptor. 
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Specific ligand-receptor interactions are responsible for initiation of one or more 

distinct receptor activities (57).  Arg2 and the carboxyl of the C-terminus are important 

for a high-affinity to the binding receptor but less important for IP3 generation.  The 

aromatic side chains of Tyr4 and Phe8 are vital for receptor activation, coupling to G-

proteins and phospholipase C-mediated signals but seem to contribute little to the binding 

affinity of AngII to the AT1 receptor (56,59).  Stacking of the aromatic rings is known to 

be critical for receptor activation by activating the Gq protein (48,57,58).  By measuring 

the amount of receptor phosphorylation stimulated by AngII and AngII analogs, 

Halloway et al. discovered that changes to Asp1 (Asp1→Ala1) and Phe8 inhibit 

phosphorylation of the receptor though not completely.  Substitutions at position 8 of 

AngII with Ala, Ile, diphenylalanine (a strongly aromatic side chain larger in size 

compared to Phe), and β-cyclohexylalanine (nonaromatic saturated ring of equivalent size 

and hydrophobicity to Phe) all show that neither size, hydrophobicity, nor aromaticity are 

essential for AT1 receptor phosphorylation but aromaticity and possibly hydrophobicity 

are key in MAPK activation (57).  Replacement of Tyr4 with Ala and β-

cyclohexylalanine had little effect on the receptor phosphorylation and failed to reduce 

MAPK activation compared to that of AngII.  This data demonstrates that bulky, but not 

aromatic, substitutions at position 4 promote full phosphorylation and MAPK activation 

(57). 

There is a transition of the receptor‟s structure from a constrained inactive to an 

expanded active state during activation of the receptor (7).  An extensive hydrogen 

bonding network including Asn69-Tyr302, Asp74-backbone carbonyl of Asn294 and 

Asn295, Asp74-water-Asn298, and Thr80-Tyr292 between TM helix 2 and 7 is thought 

to play a part in receptor activation (40).  Breaking the interhelical interaction network 
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will induce a pattern of helical movements in the TM region where TM6 and 7 lean out 

of the helix bundle (40,49).  The helical conformational changes are transmitted to the 

intracellular loops initiating the first step of signal transduction (60).  The outward 

movement of the cytoplasmic end of TM6 most likely exposes epitopes on IC3 that are 

necessary for G-protein binding (39). 

Mutagenesis studies have been performed to investigate the mechanism of 

activation of AT1 receptor.  While the wild-type AT1-receptor does not respond to AngI 

and other angiotensins, the N111G-AT1-receptor mutant (Asn111 was replaced with 

glycine) broadened its specificity to respond to AngI, AngIV, and Ang(4-8).  This 

mutation was thought to mimic the pre-activated state of the wild type receptor, in which 

the hydrogen bonding network involving Asn111 was broken (61).  The pre-activated 

state involves a small rotation of TM2 upon binding of AngII to the AT1-receptor 

accompanied by a rotation of TM7.  Mutants N111G, N295S and L305Q simulate these 

conformational changes causing pseudo-constitutive activity (40,61) which would require 

additional stabilization energy in order for activation or inactivation to occur (40). 

Activation of the receptor upon AngII binding is likely a two-step process.  Step 

one, the pre-activation step, involves the binding of the C-terminus at the region inside 

the 7TM central cavity (7).  Residue Asn111 has the role of stabilizing the interactive 

conformation of the receptor by interacting with other residues in the 7TM region.  Try4 

of AngII interacts with Asn111 causing it to be released from its constraining 

intramolecular interaction with the 7TM, opening up a transmembrane pocket between 

the EC-2 loop and helices I, II, VI and VII (7,61).  In order for the N-terminus of AngII 

to bind to the receptor, the molecule is required to bend between the third and fourth 

residue so that Arg2 will be within binding distance from the receptor‟s Asp278 and 
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Asp281 (7).  It seems Arg2 is not mandatory for receptor activation but is necessary for 

pre-activation and attains optimal alignment for the C-terminal residues of AngII to 

interact with the binding pocket.  The five terminal residues of AngII are crucial for 

receptor activation (61).  The absence of this Phe8 and Tyr4 of AngII will cause 

conformational change of the receptor to favor phosphorylation of the receptor on C-

terminal Ser and Thr, and lead to receptor internalization and degradation (7). 

 

Intracellular Renin-Angiotensin System 

 

Within recent years, proof of an intracellular RAS has been discovered though its 

role is presently unclear (62).  Studies suggest that AngII may be internalized or 

generated intracellularly, altering cellular properties and consequent downstream 

transcriptional regulation of gene expression (63,64).  This nuclear effect may account for 

the delayed, long term effects of AngII (64).  AT-like receptors are believed to exist 

within the nucleus in various cell types, hepatocytes, vascular smooth muscles cells, and 

neonatal neurons, as well as several other tissues (65), indicating that AngII would have 

to cross the lipid bilayer in order to bind and activate these receptors (63,64).  Nuclear 

AT-receptor activation has been linked to NO and ROS production which would 

influence gene expression or promote oxidative damage to DNA that may enhance cell 

senescence (65,65,66). 

 

Interaction of AngI and AngII with Lipid Membrane 

 

Whether AngII is formed within the cell or if it transports across the membrane 

through passive diffusion or an energy requiring/carrier mediated process is unknown 

(67,68).  Studies have indicated that AngII can interact with the lipid bilayer (30,31,69) 

which is believed to have a role in inducing the correct peptide folding and facilitating 
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the accumulation of AngII in the correct membrane compartment (30).  AngII is believed 

to interact mainly with the phospholipid head group and only exerts a small effect on the 

phospholipid alkyl chains (69).  It is likely that different polar head groups can alter the 

binding of AngII with the lipid bilayer.  This was observed when structural comparisons 

were made between AngII complexed with SDS micelles and DPC micelles.  Lipid 

micelles are used in order to mimic the environment present at the lipid-water interface.  

The results showed that the fractional abundance of the β-turn structure was decreased by 

around 15% in SDS compared to DPC micelles.  Since the hydrophobic interiors are the 

same, it is believed that the polar head group has the most effect on the binding inducing 

a structural change (31). 

Ladder sequencing was used to establish whether the C- and N-terminal residues 

of AngI and AngII are buried or outside the membrane (20).  After forming the peptide-

vesicle complexes, each sample was exposed to either carboxypeptidase Y or leucine 

aminopeptidase which cleave the C- and N-terminal, respectively.  Both Leu10 and His9 

of AngI were found outside of the membrane whereas Phe8 was embedded in the 

membrane vesicles in both AngI and II (20).  Absorption band of Tyr and Phe side chains 

redshift upon binding to DPC which suggests these residues are exposed in an aqueous 

solution but in the presence of DPC reside in a more hydrophobic environment (6).  The 

hydrophobic neighboring residues of Tyr, Ile5 and Val3, are most likely causing Tyr to 

embed in the hydrophobic region of the micelles (6).  In contrast because of the absence 

of chemical-shift displacements upon the addition of small unilamellar phospholipid 

bilayer vesicles to the peptide environment, some researchers believe that most likely 

Tyr4 is not interacting with the lipid but is involved in intramolecular hydrogen bonding 

(23).  The side chain of His6 is also believed to interact with the phospholipid headgroups 
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whereas Asp1 side chain appears to be quite flexible suggesting a weak interaction with 

the lipid (23).  Given that AngII can interact with the lipid membrane it is likely to also 

cross the bilayer through passive diffusion and interact with intracellular receptors. 

 

Angiotensin-induced Disease 

 

 

Cardiovascular Disease 

 

The pathogenesis of cardiovascular disease such as hypertension, cardiac 

hypertrophy, and congestive heart failure is believed to be associated by prolonged 

angiotensin stimulation (45).  One third of total global deaths are attributed to 

cardiovascular disease (2).  It has been found that AngII-induced oxidant activity is 

increased and generation of reactive oxygen species is enhanced in conditions associated 

with vascular damage such as in cases of hypertension, ischemia-reperfusion injury, 

atherosclerosis and diabetes (7).  Reactive oxygen species (ROS) along with NADH and 

NAD(P)H oxidase degrade nitric oxide (NO) and diminish NO signaling.  It is believed 

that the degradation of NO is the main cause for impaired vasodilation found in patients 

with hypertension (18).  NAD(P)H oxidase is a major source of ROS in the 

paraventricular nucleus (PVN).  ROS are involved in modulating the cardiac sympathetic 

afferent reflex (CSAR) which is a sympatho-excitatory reflex associated with the 

formation of sympathetic activation of some pathophysiologic conditions (70).  Binding 

of AngII to AT1-receptor is considered a risk factor in the advancement of a wide variety 

of vascular disorders (71).  In cardiac muscle, when AngII binds to its receptors AT1 

and/or AT2, it stimulates nicotinamide adenine dinucleotide phosphate oxidase (NOX) 

activation and superoxide generation which causes the induction of apoptosis and 

fibrosis.  The resulting apoptosis contributes to cardiomyopathy development (7,72). 
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About 1% of Americans are suffering from the most common cardiac arrhythmia, 

atrial fibrillation (AF).  AF incidence increases with age and can be promoted by certain 

risk factors such as rheumatic and ischemic heart disease, hypertension, or congestive 

heart failure.  AF is characterized by electrical and structural remodeling originating from 

the left atrium (73).  AngII is believed to be involved in the atrial electrical remodeling 

because of the up-regulation of AT1-receptor found in the left atrium of patients 

diagnosed with AF.  Up-regulation of AT1-receptors promotes an increase in extracellular 

matrix component production, cell growth, and vasoconstriction (73).  Treatment with an 

AT1 antagonist prevented an increase in collagen I and aortic hydroxyproline 

concentration strengthening findings that AF is associated with over-expression of AT1-

receptors (73). 

 

Kidney Disease 

 

RAS has been implemented in the progression of various kidney diseases (74).  

Diabetic nephropathy is one of the major complications of diabetes characterized by 

expansion of mesangial cells, accumulation of extracellular matrix protein , thickening of 

glomerular and tubular basement membranes, tubulointerstitial fibrosis, 

glomerulosclerosis and renal endothelial dysfunction (75).  Albuminuria is one of the 

most common characteristics found during the early phase of diabetic nephropathy (76).  

Diabetic nephropathy is the most common cause of chronic kidney failure and end-stage 

kidney disease in the United States (77).  10% – 20% of patients diagnosed with diabetes 

die of kidney failure (78).  The renin-angiotensin aldosterone system (RAAS), 

specifically AngII, plays a pivotal role in the pathogenesis of diabetic nephropathy (75) 

by inducing mesangial matrix expansion (glomerulosclerosis) in the early phase (76).  

Long term, chronic hyperglycemia increases AngII formation in the mesangial matrix of 
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the kidney (75).  AngII stimulates synthesis of the mesangial matrix by increasing the 

expression of transforming growth factor-β (TGF-β) and inhibiting the activity of 

mesangial cell collagenase (75).   In addition, AngII increase the renal production of 

reactive oxygen species (ROS) by activating nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase (75).  Once patients are diagnosed with diabetic 

nephropathy, regulation of high blood pressure is critical to slow the progression to 

kidney failure (78). 

 

Neurological Disease 

 

 RAS is not only involved in vasculature but also in learning and memory (79).  

Inhibition of RAS by receptor blockers and ACE inhibitors has been discovered to 

prevent brain damage and dementia in patients with brain disorders such as Alzheimer‟s 

and Parkinson‟s disease (80-82).  Furthermore mutations of the genes that encode for AT2 

receptor and renin receptor have been found in mentally retarded patients (79,83). 

The exact mechanism RAS plays in brain function is not quite understood.  It has 

been speculated that ACE might inhibit potassium-mediated release of acetylcholine (a 

primary neurotransmitter in memory) along with decrease brain substance P (80,81,84).  

Inhibition of ACE would generate an up regulation of brain substance P increasing the 

activity of neprilysin, a major amyloid-β peptide degrading enzyme in the brain (80).  

Another possible mechanism for the decrease of dementia with treatment of anti-

hypertensives, could be improvements in microvascular pathology of the brain due to the 

reduction of oxidative stress known to contribute to various age-associated organ failures 

including hypertension, cardiovascular diseases and renal damage (81,82,85). 
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Current Drug Therapy 

 

In order to prevent the harmful effects of AngII, two distinct paths of drug 

development have been developed: inhibitors of ACE and antagonists of AngII that bind 

to the AT1 receptor (29).  Researches first focused on inhibiting ACE activity, in order to 

limit the production of AngII.  A few examples of ACE inhibitors are Captopril, 

Lisinopril and Enalapril (12,86).  In addition to hypertension treatment, ACE-inhibitors 

are also used for patients with myocardial infarction and renal impairment (3).  The 

protection of the kidneys is thought to be because of the rise in bradykinins (87).  One 

problem with ACE inhibition is there are other pathways including the consecutive action 

of carboxypeptidases, serine proteases, and chymases that produce AngII making ACE 

inhibition incomplete (37,88,89).  The most common side effect of ACE inhibitors 

affecting around 35% of patients is a dry, persistent cough likely caused by the 

accumulation of bradykinin and substance P in the upper respiratory tract (90).  Cough 

has occurred more commonly in women, nonsmokers, and persons of Chinese origin and 

usually resolves within 1 to 4 weeks but can last up to 3 months (90).  Angioedema (rapid 

swelling of the dermis, subcutaneous tissue, mucosa, and submucosal tissues) has also 

been reported with the use of ACE-inhibitors (37). 

Another class of drugs developed for hypertension treatment is the selective 

AngII receptor blockers.  AngII receptor antagonists inhibit the binding of AngII to its 

receptors, thereby blocking its action (3).  AngII receptor blockers have been reported to 

regulate blood pressure in hypertensive patients, treatment of diabetic nephropathy, and 

to improve hemodynamics in congestive heart failure (37,39).  AngII peptide receptor 

blockers are however considered unsuitable drug candidates due to their poor oral 

bioavailability and short plasma lifetimes (29).  Non-peptide AT1 antagonists have 
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demonstrated effectiveness in preventing atheromas, improving survival in patients with 

heart failure, decreasing endothelial dysfunction, increasing fibrinolysis, reducing 

proteinuria and preserving kidney function in diabetic patients (37).  There are two types 

of nonpeptide antagonists.  Type I antagonists are characterized by slow receptor 

resensitization rates and are produced by replacing the C-terminal Phe of AngII with an 

aliphatic amino acid such as Ile, Ala and Thr.  Type II AngII antagonists are produced by 

modifying the hydroxyl group of Tyr4 and are considered reversible and competitive 

antagonists (29).  AngII receptor blockers do not include ACE-inhibition, so bradykinin 

and substance P do not accumulate in the lungs preventing the dry cough usually present 

in ACE-inhibition (90).  Current drug therapies inhibit both good and bad effects of the 

receptor.  In the future it would be to our benefit to utilize selective inhibition of the Gq 

pathways in order to lower blood pressure and alleviate cardiac hypertrophy while 

simultaneously favoring myocardial regeneration and protection against apoptosis (39).  

Clinical studies have shown that introduction of both ACE inhibitors and AngII receptor-

blockers reduces the progress of diabetic nephropathy and other disease because of more 

complete RAAS blockade (37). 
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CHAPTER TWO 

 

Methodology 

 

 

Structural Studies 

 

 

Aqueous Environment 

 

 

Far-UV circular dichroism spectroscopy. The peptides AngI, AngII, AngIII, and 

AngIV were purchased from GenScript Corporation (Piscataway, NJ, USA) and were 

>98% pure.  Temperature dependent far-UV CD measurements were performed with a 

Jasco 815 spectropolarimeter (Tokyo, Japan) in both 20 mM acetate buffer at pH 4.8 and 

20 mM phosphate buffer at pH 7.2.  The sample concentrations were all around 400 M.  

CD was performed as a function of temperature (263-363K) in a thermally jacketed 

cylindrical cell with a path length of 0.05 cm. 

 

Fourier transform infrared spectroscopy. FTIR measurements at 298 K were 

performed on AngI, AngII, AngIII, and AngIV in both 20 mM acetate buffer, pH 4.8 and 

20 mM phosphate buffer, pH 7.2 with concentrations of around 1 mM.  The samples were 

measured with CaF2 windows separated by a 15 μm Teflon spacer.  Measurements were 

collected from 400-4000 cm
-1

 with a resolution of 1 cm
-1

 and 10000 scans using a 

Thermo Nicolet Nexus 670 FT-IR equipped with a KBr beamsplitter and DTGS KBr 

detector.  The buffer solution corresponding to the sample was interactively subtracted 

using the OMNIC software (Thermo Electron Corporation).  Data analysis was 

performed with OMNIC software utilizing Fourier self deconvolution (FSD) and curve 

fitting procedures using least square fits with Gaussian profiles. 
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Hydrophobic Environment 

 

 

Far-UV circular dichroism spectroscopy. The peptide AngII were purchased from 

GenScript Corporation (Piscataway, NJ, USA) and was >98% pure.  Temperature 

dependent far-UV CD measurements were performed with a Jasco 815 

spectropolarimeter (Tokyo, Japan) in sodium dodecyl sulfate (SDS) prepared at 5, 10, 

and 15 mM in phosphate buffer, pH 7.2.  Sample concentrations were all around 250 M.  

CD was performed as a function of temperature (293-363K) in a thermally jacketed 

cylindrical cell with a path length of 0.05 cm. 

 

Fourier transform infrared spectroscopy. FTIR measurements at 298 K were 

performed on AngII in SDS pH 7.2 (5, 10, and 15 mM) at concentrations of 500 M.  

The samples were measured with CaF2 windows separated by a 15 μm Teflon spacer.  

Measurements were collected from 400-4000 cm
-1

 with a resolution of 1 cm
-1

 and 10000 

scans using a Thermo Nicolet Nexus 670 FT-IR equipped with a KBr beamsplitter and 

DTGS KBr detector.  The buffer solution corresponding to the sample was interactively 

subtracted using the OMNIC software (Thermo Electron Corporation).  Data analysis was 

performed with OMNIC software utilizing Fourier self deconvolution (FSD) and curve 

fitting procedures using least square fits with Gaussian profiles. 

 

Osmolytes and Denaturants 

 

 

Far-UV circular dichroism spectroscopy. The peptides AngII, AngIII, and AngIV 

were purchased from GenScript Corporation (Piscataway, NJ, USA) and were >98% 

pure.  Temperature dependent far-UV CD measurements were performed with a Jasco 

815 spectropolarimeter (Tokyo, Japan) in the denaturant, urea, prepared at 1, 2, and 3 M 
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and the osmolyte, trimethylamine-N-oxide (TMAO), at 25, 50, and 100 mM, in 

phosphate buffer, pH 7.2.  The sample concentrations were all around 150 M.  CD was 

performed as a function of temperature (263-363K) in a thermally jacketed cylindrical 

cell with a path length of 0.05 cm. 

 

Orientational Dynamics 

 

 

Aqueous Environment 

 

 

Fluorescence anisotropy decay measurements. The time-resolved fluorescence 

studies of AngI and AngII were carried out by time-correlated single-photon counting.  

Fluorescence was excited at 280 nm with the third-harmonic of a mode-locked, cavity-

dumped Mira Optima 900F/Pulse Switch Ti:Sapphire laser pumped by a 10 W Verdi 

Laser (Coherent, Inc., Santa Clara, CA, and 5-050 Ultrafast Harmonic Generator, Inrad 

Northvale, NJ).  Fluorescence was collected at 307 nm with an 8-nm bandpass (model 

9030 monochromator, Sciencetech Inc, Concord, ON, Canada).  Parallel and 

perpendicular fluorescence polarizations were collected simultaneously in a T-format 

system described in detail elsewhere (91) and processed by a PC card (Becker and Hickl, 

SPC-830, Berlin, Germany).  Fluorescence decays were measured for samples in both 20 

mM acetate buffer pH 4.8 and 20 mM phosphate buffer, pH 7.2 at 283, 293, and 303 K.  

Fluorescence decays for parallel and perpendicular polarizations were fit globally with 

in-house software to a 3-exponential intensity decay If(t) coupled with a double-

exponential anisotropy decay r(t): 
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where the factor G corrects for the different transmission and detection efficiencies in the 

two detection channels (G ≈ 1.5).  The instrument response function had a fwhm of ~50 

ps. 

 

Translocation Studies 

 

 

Parallel Artificial Membrane Permeability Assay 

 

The PAMPA method was previously published (92-95).  AngI, AngII, AngIII, 

and AngIV were prepared at concentrations of 300 µM.  All samples were prepared in 20 

mM sodium phosphate buffer, pH 7.2 and 20 mM sodium acetate buffer, pH 4.8.  N-

Acetyl-L-Tryptophanamide (NATA) was also prepared at both pHs at 90 μL and 180 μL.  

Lipid solutions (5% w/v) of EPC and DOPC were prepared in 1,9-decadiene.  Sonication 

was applied to EPC and DOPC to ensure complete dissolution.  A 96-well receiver 

microplate (acceptor compartment) was filled with 280 μL of the corresponding buffer, 

and the polycarbonate (PCTE) filter plate (donor compartment) was fused on the buffer-

filled acceptor plate.  The entire angiotensin experiment was carried out at 36˚C.  NATA 

experiments were performed at both room temperature (22˚C) and 36˚C.  Filter plates had 

to be modified to reduce condensation that would form on the underside of the filter 

between individual wells.  Because the condensation proved to be problematic this empty 

space was filled with wax that could withstand the high temperature.  The experiments 

were carried out in closed systems which were lined with wet paper towels to prevent 

evaporation.  The temperature of 36˚C was maintained throughout the experiment by 

insulating the system with sand and constant heating with a hot plate.  The lipid solutions 

(5 μL) were carefully added onto the filter surface avoiding pipette tip contact with the 

filter.  Immediately after, the corresponding peptide samples (150 μL per each well) were 
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applied to the filter plate.  Samples and lipid were pipetted on every 3 hours and the 

experiment was terminated at 30 hours.  The fluorescence intensity of the sample was 

monitored with a Fluorolog (Horiba Jobin Yvon Inc., Edison, NJ) with the excitation 

wavelength set to 280 nm.  Membrane integrity was tested with Lucifer yellow and 

Cresyl blue. 

 

MD Simulations 

 

 

Modeling of Peptides in Aqueous Environment 

 

MD simulations were carried out for four systems, ANGIn – angiotensin with 

neutral forms of His6 and His9, ANGIp – angiotensin I with protonated His6 and His9, 

ANGIIn – angiotensin II with neutral His6 and ANGIIp – angiotensin II with protonated 

His6. ANGIn and ANGIIn correspond to peptides at neutral pH, while ANGIp and 

ANGIIp represent states expected at lower pH. In each case the peptide was built in 

extended form using the CHARMM program (96), placed in a cube of water molecules, 

and Na
+
 and Cl

-
 counterions were added to neutralize the system at close to physiological 

ionic strength (see Table 2.1 for system description). Standard termini were employed in 

all cases.  Each system underwent a brief energy minimization, 20 ps of solvent 

equilibration with position restraints on solute and 100 ps of full NPT equilibration at 1 

atm and 300 K.  Finally, NVT trajectories of 2 s length were generated at 300 K, using 

the GROMACS 4.0.4 code (97) running in parallel on 16 nodes.  We used the OPLS-

AA/L (98) force field for the peptides and the SPC water model (99), and the Particle-

Mesh Ewald (100) (PME) method for long-range electrostatics. Van der Waals 

interactions were truncated at 14 Å, a time step of 2 fs was employed with all bond 

lengths constrained. 
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Table 2.1. Description of simulated systems – protonation state of histidine(s), edge of initial water cube, a, 

number of waters, number of sodium and chloride ions and total number of atoms. 

 

System Histidine(s) a, Å Water Na+ Cl- Atoms 

ANGIn neutral 36 1446 4 4 4528 

ANGIp protonated 36 1445 3 5 4527 

ANGIIn neutral 32 996 3 3 3140 

ANGIIp protonated 32 997 2 3 3143 

 

 

Analysis. The basic calculated quantities were the backbone atom root-mean-

square deviation (RMSD) from target structures, the end-to-end distances, radii of 

gyration, distances between centers of mass of selected residues, solvent accessible 

surface areas, and the values of the backbone (,) dihedral angles of the central residues 

(2-9 for AngI and 2-7 for AngII). Conformation clustering was performed using the 

GROMOS algorithm (101), using a set of 50,000 structures sampled every 40 ps from 

each trajectory. Clustering was based on RMSD, using a radius of 3 Å and both backbone 

and all non-hydrogen atoms. Secondary structure analysis was done using the DSSP 

algorithm (102). An additional characterization of the backbone conformations was based 

on the Ramachandran map of residue backbone (,). Four main regions were defined: 

R, centered at (-60
o
,-40

o
), L, centered at (+60

o
,+40

o
), polyproline II (PPII), centered at 

(-80
o
,150

o
) and , centered at (-140

o
,135

o
). To capture a majority of structures of the 

flexible angiotensins into these four categories, conformers were assigned to a basin if 

they were within a 60
o
 radius of one of these four central points. As a consequence of the 

large radius size, this is quite a coarse analysis, e.g. the “R” basin encompasses, 3-10 

and  helices as well as other structures in the lower left quadrant of the (,) map (and 

similarly for “L”), and the PPII and  basins exhibit partial overlap, which leads to some 

structures being counted twice making the total population greater than 100%. 
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The fluorescence anisotropy decay experiments were modeled by calculating the 

second-order correlation function C2(t) of the transition dipole vector of the Tyr4 ring 

(103). The function was fitted to a sum of three exponentials with weights ai and decay 

times i, i=0,1,2. The parameters for the shortest decay were obtained from a two-

exponential fit to the C2(t) data for 0-25 ps, the parameters for the longest decay were 

obtained from a separate two-exponential fit to the C2 (t) data for 200-1500 ps, and 

finally, the middle decay parameters were obtained by fitting the full 0-1500 ps decay 

with a0, 0 and a2, 2  fixed. 

Statistical errors for the reported average quantities were estimated by breaking 

up the trajectories into 10 fragments, calculating the standard error of the mean, including 

the t coefficient for the appropriate number of degrees of freedom at the 95% confidence 

level. 

 

Interaction Dynamics of AngII with AT-Receptors 

 

 I-TASSER (Molecular Simulations Inc., San Diego, Calif.) is a hierarchical 

pipeline developed for protein structure prediction.  A detailed description has been given 

in previous publications (104,105).  In the first stage of I-TASSER, the sequence of both 

AT1 (NP_000676) and AT2-receptor (NP_000677) are matched against a non-redundant 

sequence database by position-specific iterated BLAST (PSI-BLAST), to identify 

evolutionary relatives.  The top template hits from each threading program are then 

selected for further consideration.  The continuous fragments are then excised from the 

aligned regions and used to assemble structural conformations.  The unaligned regions 

(loops and turns) are then built with ab initio modeling.  The protein conformations in the 

I-TASSER simulations are represented by a trace of Cα atoms and the side-chain centers 
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of mass, and the re-assembly process is conducted by a modified replica-exchange Monte 

Carlo algorithm (106).  The conformations generated during the refinement simulation 

are clustered by SPICKER (107), with the purpose of identifying low free-energy states.  

Because the cluster centroids generally have steric clashes and can be overly compressed, 

the I-TASSER structure reassembly is restarted from the cluster centroids obtained in the 

first round of the simulation.  External constraints are pooled from the LOMETS 

threading alignments and the PDB structures that are structurally closest to the cluster 

centroids, as identified by TM-align (108).  In the last stage, the lowest-energy structure 

is selected, and an all-atom model is constructed by REMO (109) through optimization of 

the hydrogen bonding network. 
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CHAPTER THREE 

 

Results 

 

 

Structural Studies 

 

 

Aqueous Environment 

 

 

Far-UV circular dichroism spectroscopy. Analysis of temperature-dependent far-

UV CD spectra was performed in order to determine the equilibrium structural properties 

of AngI and AngII shown in Figure 3.1 and 3.2.  CD spectra of AngI at both pH values 

(Figure 3.1) have a minimum around 200 nm and decrease in ellipticity at 230 nm as 

temperature increases. This is indicative of a PPII conformation (left-handed extended 

polyproline II) (110-113). In a PPII conformation, the presence of an isodichroic point at 

210 nm suggests that these spectra represent a conformational transition within the 

random coil ensemble.  The decrease in ellipticity at 230 nm suggests a change in the 

fractional population of the PPII conformation.  Therefore as the temperature increases, 

the PPII equilibrium is shifted to an unordered conformation, causing a decrease in 

intensity (110,111). 

Singular value decomposition (SVD) was applied to the combined temperature-

dependent CD spectra of both samples to determine the presence of spectral components.  

Two main components were resolved from the SVD analysis shown in Figure 3.1B and 

D.  All other SVD components were noisy and could not be assigned to definite structural 

elements in a straightforward manner.  SVD analysis is used to gain insight into the 

fractional conformations that make up the peptide (114,115).  The first component has a 
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minimum at 200 nm.  The second component of AngI has a minimum at 200 nm and a 

maximum at 220 nm.  These spectra confirm that AngI exists in equilibrium between 

unordered and PPII conformation. 

 

 
 

Figure 3.1: (A,C) Far-UV CD spectra of as a function of temperature (263-363 K, blue-cyan). (B,D) 

Singular value decomposition (SVD) with 1st (red) and 2nd (blue) component shown.  (A,B) AngI pH 7.2. 

(C,D) AngI pH 4.8 

 

The analysis program DichroWeb (116,117) was used to further analyze the 

structural content of AngI at both pH 4.8 and 7.2 (Table 3.1). The two reference 

databases that were compared included CD spectra for 22 and 17 soluble proteins in a 

wavelength range of 178-260 nm. These databases were chosen because they contain 

PPII in their reference sets. DichroWeb analysis was averaged using CD data at 293 and 

A B 

C D 
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303 K in order to obtain percent structure at 298 K.  This allows for a more accurate 

comparison of percent structure of CD spectra with FTIR. The program provided 

estimates of 26% PPII, 39% unordered and 30% β-strand, where β-strand includes 

distorted β-strand and 5% α-helix, for AngI at pH 4.8 and 22% PPII, 39% unordered, and 

36% β-strand and 3% α-helix for AngI at pH 7.2.   The pH did not have a significant 

effect on AngI structural components. 

Temperature dependent spectra of both AngII, pH 4.8 and 7.2 (Fig. 3.2), contain 

an isodichroic point at 208 nm, which confirms previous findings of AngII existing in a 

range of conformations in rapid equilibrium (26).  SVD analysis was also performed on 

AngII at both pHs and two main components were resolved (Fig. 3.2B and D).  The first 

component of AngII, pH 4.8 has a maximum at 200 nm and a minimum at 225 nm, which 

is indicative of a β-strand whereas the first component of AngII pH 7.2 has a maximum at 

218 nm, and minima at 185 and 202 nm which is indicative of a β-turn and unordered 

conformation.  AngII second component at pH 4.8 contains a minimum at 218 nm and 

two maxima: at 225 nm and 240 nm.  At pH 7.2, the second component for AngII has one 

minimum at 198 nm and two maxima at 208 nm and 225 nm.  The second component of 

AngII at both pHs resembles that of a left-handed helix (118,119).  Peak positions of 

AngII, pH 4.8 are slightly shifted to higher wavelengths according to SVD analysis; 

however experimental data (Fig. 3.2C) at low temperatures (263-283K) contain peaks 

that more closely resembles a left-handed helix.  The shift in spectral features is most 

likely due to the structural changes that occurred with increase in temperature. 
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Figure 3.2: (A,C) Far-UV CD spectra of as a function of temperature (263-363 K, blue-cyan). (B,D) 

Singular value decomposition (SVD) with 1st (red) and 2nd (blue) component shown.  (A,B) AngII pH 7.2. 

(C,D) AngII pH 4.8 

 

DichroWeb was also used to further analyze the structural content of AngII at 

both pHs. The four reference databases used included CD spectra for 37, 43, 42, and 48 

soluble proteins in a wavelength range of 185-240 nm. These references were chosen 

because of the wide variety of proteins in their database. DichroWeb analysis was 

averaged once again using CD data at 293 and 303 K in order to obtain percent structure 

at 298K (Table 3.1) for more accurate comparison with FTIR data. At pH 4.8 the 

program calculated AngII as having 4% α-helix, 19% β-turn and 31% unordered 

structure. AngII at pH 7.2 was found to have 4% α-helix, 20% β-turn and 29% unordered 

structure. The remaining percentages at both pHs were calculated as being β-strand. 

A B 

C D 
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Because DichroWeb databases do not contain left-handed structures, percent composition 

of left-handed helix could not be obtained causing the population of other structural 

features to be overestimated. 

Since CD spectrum of a left-handed helix resembles that of an inverted right-

handed helix, DichroWeb was used to attempt calculating left-handed helix by inverting 

AngII CD data.  Other structures could not be calculated accurately so only the calculated 

α-helical percentages were taken into account as shown in Table 3.2.  At pH 7.2, inverted 

DichroWeb analysis calculated 33% left-handed helix while at pH 4.8 the percentage of 

left-handed helix was calculated to be 28%.  Inverted DichroWeb analysis confirms at 

biological and acidic pH, AngII contains a large percentage of left-handed helix. 

 

Table 3.1: Percent secondary structure calculations obtained from the DichroWeb program for AngI and 

AngII at pH 4.8 and 7.2. The average of CD results at 293 K and 303 K was performed in order to obtain 

percentages at 298 K. 

 

Structural  

Component 

AngI AngII 

pH 4.8 pH 7.2 pH 4.8 pH 7.2 

PPII 26% 22% 0% 0% 

α-helix 5% 3% 4% 4% 

β-strand 30% 36% 46% 47% 

β-turn 0% 0% 19% 20% 

Unordered 39% 39% 31% 29% 

 

 

Table 3.2: Percent secondary structure calculations obtained from DichroWeb analysis of inverted CD 

spectra of AngII at pH 4.8 and 7.2. All results were calculated at 298 K. 

 

Structural  

Component 

AngII 

pH 4.8 pH 7.2 

Left-handed helix 28% 33% 

 

 

Analysis of temperature-dependent far-UV CD spectra was also performed for 

AngIII and AngIV in order to determine the equilibrium structural properties as shown in 

Figure 3.3 and 3.4.  An isodichroic point was also found at 208 nm in both AngIII and 
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AngIV showing the similarities in structure with AngII.  SVD analysis was performed on 

AngIII and IV at both pHs and two main components were resolved.   

 

 
 

Figure 3.3: (A,C) Far-UV CD spectra of as a function of temperature (263-363 K, blue-cyan). (B,D) 

Singular value decomposition (SVD) with 1st (red) and 2nd (blue) component shown.  (A,B) AngIII pH 

7.2. (C,D) AngIII pH 4.8 

 

The first component of AngIII and AngIV at pH 7.2 contains a minimum at 188 

nm and maxima at 200 nm and 218 nm.  Key features of the SVD second component of 

AngIII and AngIV at pH 4.8 includes a minimum at around 190 nm and maxima at 

around 200 nm and 220 nm, indicating that both AngIII and AngIV have a significant 

population of left-handed helix at both physiological and acidic pH. 

A B 

C D 
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The second component of AngIII at both pHs has minima at 185 nm and 200 nm 

and a broad maximum at around 218 nm whereas the second component of AngIV at 

both pHs has two minima around 185 nm and 202 nm and a maximum around 220 nm.  

Unordered CD spectra usually have a minimum around 190 nm which could attribute to 

the minimum at 185 while β-turns typically contain a minimum around 200 nm and a 

maximum around 215 nm.  The second component therefore is a mixture of both a β-turn 

and unordered component.  

 

 
 

Figure 3.4: (A,C) Far-UV CD spectra of as a function of temperature (263-363 K, blue-cyan). (B,D) 

Singular value decomposition (SVD) with 1st (red) and 2nd (blue) component shown.  (A,B) AngIV pH 

7.2. (C,D) AngIV pH 4.8 

 

A B 

C D 
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DichroWeb analysis (Table 3.3) was performed at 293 and 303 K in order to 

obtain percent structure at 298K for more accurate comparison with FTIR data.  The 

same reference databases were used to analyze AngIII and AngIV as were used to 

analyze AngII. At pH 4.8 percent structure was calculated as having 2% α-helix, 22% β-

turn and 34% unordered structure for AngIII. At pH 7.2 AngIII was found to have 3% α-

helix, 27% β-turn and 31% unordered structure. The remaining percentages at both pHs 

were calculated as being β-strand.  AngIV on the other hand, was found to contained 4% 

α-helix, 43% β-strand, 18% β-turn and 35% unordered at pH 4.8.  At pH 7.2 AngIV was 

determined to consist of 2% α-helix, 37% β-strand, 22% β-turn and 39% unordered.  The 

lack of left-handed helix in the available databases contributed to errors in other 

component fractions and confirmation of the percent composition of left-handed helix 

could not be obtained. 

As confirmation of the presence of left-handed helix in both AngIII and AngIV, 

DichroWeb analysis was performed with inverted CD spectra (Table 3.4).  DichroWeb 

calculated AngIII as having at pH 4.8, 16% of left-handed helix and at pH 7.2, 15% left-

handed helix.  AngIV at pH 4.8 was calculated as containing 17% left-handed helix.  

Interestingly, at pH 7.2, AngIV showed a drastic increase in calculated left-handed helix 

indicating 29% population. 

 

Table 3.3: Percent secondary structure calculations obtained from the DichroWeb program for AngIII and 

AngIV at pH 4.8 and 7.2. The average of CD results at 293 K and 303 K was performed in order to obtain 

percentages at 298 K. 

 

Structural 

Component 

Ang III Ang IV 

pH 4.8 pH 7.2 pH 4.8 pH 7.2 

α-helix 2% 3% 4% 2% 

β-strand 42% 39% 43% 37% 

β-turns 22% 27% 18% 22% 

Unordered 34% 31% 35% 39% 
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Table 3.4: Percent secondary structure calculations obtained from DichroWeb analysis of inverted CD 

spectra of AngIII and AngIV at pH 4.8 and 7.2. All results were calculated at 298 K. 

 

Structural 

Component 

Ang III Ang IV 

pH 4.8 pH 7.2 pH 4.8 pH 7.2 

Left-handed 

helix 
16% 15% 17% 29% 

 

 

Fourier transform infrared spectroscopy. In order to confirm the secondary 

characteristics we performed FTIR on both AngI and AngII at both pH 7.2 and pH 4.8. 

The amide I spectral region was analyzed to achieve a quantitative estimate of the 

secondary structure content with a 5% error as shown in Figure 3.5. Analysis of AngI pH 

4.8 provided peaks centered at 1623, 1634, 1645, 1653 and 1674 cm
-1

 similar to that of 

AngI pH 7.2 where peaks were centered at 1625, 1636, 1645, 1654 and 1674 cm
-1

.  AngII 

pH 4.8 deconvolution provided peaks centered at 1621, 1641, 1655, 1667, and 1698 cm
-1

 

while AngII pH 7.2 had peaks centered at 1641, 1654, 1668, and 1691 cm
-1

.  In addition, 

peaks in the amide II region were also found indicating side chain vibrations.  In all FTIR 

spectra, two side chain features were evident: the peak at ~1518 cm
-1

 is characteristic of 

tyrosine while the peak 1570 cm
-1

 is due to aspartic acid COO
-
 stretching

 
(120). Table 

3.5 summarizes the FTIR findings for AngI and AngII. 

Examination of the FTIR spectra of AngI at both pHs (Fig. 3.5A-B) reveals the 

presence of a PPII helix corresponding to three peaks 1620, 1636, and 1650 cm
-1

 in 

about a 3:1:1 ratio, respectively (121,122).  In AngI pH 7.2, the PPII conformation 

encompasses 25% of its total structure, whereas AngI pH 4.8 contains 29% PPII 

structure. The peak found at around 1645 cm
-1

 is attributed to 36% and 39% unordered 

structure for AngI pH 7.2 and AngI pH 4.8, respectively. AngI pH 7.2 also contains a 

peak at 1674 cm
-1

 indicating the presence of 39% β-strand while at pH 4.8, AngI was 

found to contain 32% β-strand.  As a result, FTIR confirms CD results indicating the 
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presence of PPII conformation in AngI at both physiological pH and in an acidic 

environment. 

 

 
 
Figure 3.5: FTIR of AngI and AngII (pH 7.2 and pH 4.8) deconvoluted with FSD method with a 5% error. 

The blue dots indicate the raw data and the red line is the fit to the raw data. (A) AngI pH 4.8: The peaks 

resulting consist of a green peak at 1623 cm-1, a cyan peak at 1634 cm-1, and a magenta peak at 1653 cm-1 

indicating PPII, black peak at 1674 cm-1 indicating β-strand, and blue peak at 1645 cm-1 indicating 

unordered structure. (B) AngI pH 7.2: The peaks resulting consist of a green peak at 1625 cm-1, a cyan peak 

at 1636 cm-1, and a magenta peak at 1654 cm-1 indicating PPII, black peak at 1674 cm-1 indicating β-strand, 

and blue peak at 1645 cm-1 indicating unordered structure. (C) AngII pH 4.8: The peaks resulting consist of 

a green peak at 1621 cm-1 indicating β-strand, magenta peak at 1667 cm-1 indicating a left-handed helix, 

cyan peak at 1641 cm-1 indicating unordered structure, blue peak at 1655 cm-1 indicating α-helix, and black 

peak at 1698 cm-1 indicating a β-turn. (D) AngII pH 7.2: The peaks resulting consist of a green peak at 

1641 cm-1 indicating unordered structure, magenta peak at 1668 cm-1 indicating a left-handed helix, cyan 

peak at 1654 cm-1 indicating α-helix, and black peak at 1691 cm-1 a β-turn. 

 

 

The FTIR spectrum of AngII pH 7.2 (Fig. 3.5C) contains 43% left-handed helix 

represented by a peak at 1668 cm
-1

 and 3% α-helical content indicated by a peak at 1654 

cm
-1

. The peak at 1641 cm
-1

 suggests 32% unordered structure and the peak at 1691 cm
-1

 

A B 

C D 
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can be attributed to 22% β-turn.  Examination of the FTIR spectrum of AngII pH 4.8 

(Fig. 3.5D) reveals 42% left-handed helix shown by the 1667 cm
-1

 band
 
(123). The peak 

at 1655 cm
-1

 indicates 3% α-helical structure. Peaks at 1621 and 1698 cm
-1

 are assigned 

as 15% β-strand and 12% β-turn, respectively. The peak at 1641 cm
-1

 shows the presence 

of 29% unordered structure.  

The full-width-half-maximum (FWHM) is indicative of the distribution of 

secondary structures, where a wide peak will contain a greater number of secondary 

structural components. It is understood that AngII is a flexible peptide that exists as 

multiple conformations in equilibrium. The amide I peak of AngII at both pH‟s have a 

FWHM of 62 cm
-1

 , while AngI pH 4.8 and 7.2 have FWHM of 58 cm
-1

 and 55 cm
-1

 , 

respectively, supporting the large amount of structural features found in the FSD analysis. 

The percent structure calculated for the FTIR data (Table 3.5) of both AngI and AngII at 

both pH‟s are consistent with the DichroWeb calculations (Table 3.1 and 3.2).  

Verification of the percentage of left-handed helix was estimated with inverted CD 

spectra since DichroWeb references do not contain left-handed helix reference structures. 

These estimates are similar although values are slightly larger in FTIR results.   

At pH 4.8, the FTIR data indicate that AngII contains a percentage of β-stand 

which is not seen at pH 7.2.  At both pH 4.8 and 7.2, the majority of AngII remains as a 

left-handed helix, however, at the lower pH, His6 of AngII becomes protonated, which 

could cause the formation of β-structure.  Previous studies have shown Tyr4 and His6 to 

be in close proximity to each other, but no hydrogen bond was detected (21).  Once 

protonated, the imidazole of His6 could interact with Tyr4 causing the structural 

arrangement of β-strand. 
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Table 3.5: Summary of FTIR percent structure for AngI and AngII at pH 4.8 and pH 7.2. Amide I spectral 

region was analyzed to achieve a quantitative estimate of the secondary structure content with a 5% error. 

 

Structural 

Component 

AngI AngII 

pH 4.8 pH 7.2 pH 4.8 pH 7.2 

PPII 29% 25% 0% 0% 

Left-handed Helix 0% 0% 42% 43% 

α-helix 0% 0% 3% 3% 

β-strand 32% 39% 15% 0% 

β-turn 0% 0% 12% 22% 

Unordered 39% 36% 29% 32% 

 

 

FTIR analysis of the amide I spectral region was also used to confirm the 

secondary structures of both AngIII and AngIV to approximate the relative proportions of 

peptide structures present in each sample as shown in Figure 3.6.  Each fraction (Table 

3.6) was obtained by calculating the ratio of the integrated corresponding component and 

the overall data curve.  Deconvolution of AngIII pH 4.8 (Fig 3.6A) reveals 27 % β-strand 

mapped at 1633 cm
-1

, 34% unordered at 1647 cm
-1

, 14% left-handed helix at 1663 cm
-1

, 

and 25% β-turn at 1678 cm
-1

.  AngIII pH 7.2 (Fig 3.6B) contained 30% β-strand shown 

by the peak located at 1631 cm
-1

, 32% unordered at 1646 cm
-1

, 14% left-handed helix at 

1662 cm
-1

, and 24% β-turn at 1677 cm
-1

.  The percentage of β-turn and unordered 

components match DichroWeb findings for both pHs confirming the validity of the 

structural findings. 

Deconvolution of AngIV pH 4.8 (Fig 3.6C) located peaks at 1624 cm
-1 

which is 

indicative of 22% β-strand, 1645 cm
-1

 suggesting 39% unordered, and 1665 cm
-1

 and 

1680 cm
-1

 signifying 18% left-handed helix and 21% β-turn, respectively.  Peaks were 

obtained for AngIV pH 7.2 (Fig 3.6D) at 1626 cm
-1

, 1644 cm
-1

, 1676 cm
-1

 demonstrating 

18% β-strand, 36% unordered and 20% β-turn, respectively.  At physiological pH the 
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percentage of left-handed helix increased to 26% as shown by the peak located at 1661 

cm
-1

 which was confirmed by the drastic increase in left-handed helix calculated by 

inverted DichroWeb analysis. 

 

 

Figure 3.6: FTIR of AngIII and AngIV (pH 7.2 and pH 4.8) deconvoluted with FSD method with a 5% 

error. The blue dots indicate the raw data and the red line is the fit to the raw data. (A) AngIII pH 4.8: The 

peaks resulting consist of a green peak at 1633 cm-1 indicating β-strand, cyan peak at 1647 cm-1 indicating 

unordered, magenta peak at 1663 cm-1 indicating left-handed helix, and black peak at 1678 cm-1 indicating 

β-turn. (B) AngIII pH 7.2: The peaks resulting consist of a green peak at 1631 cm-1 indicating β-strand, 

cyan peak at 1646 cm-1 indicating unordered, magenta peak at 1662 cm-1 indicating left-handed helix, and 

black peak at 1677 cm-1 indicating β-turn.. (C) AngIV pH 4.8: The peaks resulting consist of a green peak 

at 1624 cm-1 indicating β-strand, cyan peak at 1645 cm-1 indicating unordered, magenta peak at 1665 cm-1 

indicating left-handed helix, and black peak at 1680 cm-1 indicating β-turn. (D) AngIV pH 7.2: The peaks 

resulting consist of a green peak at 1626 cm-1 indicating β-strand, cyan peak at 1644 cm-1 indicating 

unordered, magenta peak at 1661 cm-1 indicating left-handed helix, and black peak at 1676 cm-1 indicating 

β-turn. 

 

 

 

 

 

A B 

C D 
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Table 3.6: Summary of FTIR percent structure for AngIII and AngIV at pH 4.8 and pH 7.2. Amide I 

spectral region was analyzed to achieve a quantitative estimate of the secondary structure content with a 

5% error. 

 

Structural 

Component 

Angiotensin III Angiotensin IV 

pH 4.8 pH 7.2 pH 4.8 pH 7.2 

Left-handed helix 14% 14% 18% 26% 

β-strand 27% 30% 22% 18% 

β-turns 25% 24% 21% 20% 

Unordered 34% 32% 39% 36% 

 

 

The FWHM of the experimental data curves reflects the possible distribution of 

structural components. AngIII pH 4.8 FWHM was determined to be 53.5 cm
-1

 while 

AngIII pH 7.2 was found to be 54.5 cm
-1

 confirming the little effect pH has on the 

structural distribution of AngIII. The FWHM of 54.9 cm
-1

 indicated AngIV at pH 7.2 has 

a more restricted structural distribution than at pH 4.8 shown by the larger FWHM of 

92.5 cm
-1

. This substantiates AngIV possessing a higher population of left-handed helical 

structure at pH 7.2 compared to pH 4.8. 

The FTIR and CD data demonstrate the structural differences and similarities 

between the angiotensins. The present structural studies show AngI to consist of PPII and 

unordered conformation in rapid equilibrium. PPII has often been confused with random 

coil because of the similarity of their CD spectra along with the lack of hydrogen bond 

causing little structural detection in NMR (124). The absence of ordered conformation in 

AngI may be the reason for AngI‟s lack of biological activity.  Alternatively, AngII, 

AngIII, and AngIV were found to consist predominantly of left-handed helix at both 

physiological and acidic pH confirming the hypotheses that the left-handed helix present 

in angiotensins are vital for physiological function.  The significant percentage of helical 
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components, are likely to play a direct role receptor binding, since helices are prominent 

features that are recognized by receptors. 

 

Hydrophobic Environment 

 

 

Far-UV circular dichroism spectroscopy. Analysis of temperature-dependent far-

UV CD spectra was performed for AngII in the presence of SDS in order to determine the 

equilibrium structural properties of AngII while in a hydrophobic environment as shown 

in Figure 3.7 and 3.8.  Critical micelle concentration of SDS is 8 mM (125).  In order to 

determine the effect of the SDS before and after micelle formation, experiments were 

performed in 5 mM, 10 mM and 15 mM SDS.  When in the presence of the SDS, the 

isodichroic point of AngII shifted towards the red suggesting a structural change occurred 

in AngII when exposed to SDS. 

SVD analysis shows the second component of AngII in 5, 10 and 15 mM SDS all 

have a minimum at 195 nm and maximums at 208 nm and 225 nm which is similar in the 

non-micelle environment, indicating that even when exposed to SDS, AngII still contains 

a significant percentage of left-handed helix.  The first component on the other hand 

changes significantly when introduced to SDS.  In all three concentrations of SDS, the 

first component contains a large minimum at 190 nm demonstrating a substantial 

percentage of unordered conformation.  However because of the maximum at 200 nm and 

a small minimum at 230 nm, this component signifies a mixture of multiple 

conformations. 
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Figure 3.7: (A,C) Far-UV CD spectra of as a function of temperature (293-363 K). (B,D) Singular value 

decomposition (SVD) with 1st (red) and 2nd (blue) component shown.  (A,B) AngII in 0 mM SDS. (C,D) 

AngII in 5 mM SDS 

 

DichroWeb analysis was used to obtain percent structure for AngII in SDS using 

the same reference databases as AngII in aqueous buffer (Table 3.7).  This will allow 

further comparison of the changes that occur when AngII is exposed to a hydrophobic 

environment.  Once again because left-handed helix is not present in the available 

databases on DichroWeb, the percent of left handed helix could only be estimated from 

inverted CD spectra.  The most notable change is an increase in the unordered 

component.  This could be due to the large percentage of hydrophobic residues present in 

AngII.  In SDS these residues will be more likely to become exposed and interact with 

the environment making the peptide more unordered.   

A B 

C D 
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Figure 3.8: (A,C) Far-UV CD spectra of as a function of temperature (293-363 K). (B,D) Singular value 

decomposition (SVD) with 1st (red) and 2nd (blue) component shown.  (A,B) AngII in 10 mM SDS. (C,D) 

AngII in 15 mM SDS 

 

Table 3.7: Percent secondary structure calculations obtained from the DichroWeb program for AngII in 

SDS (5 mM, 10 mM, and 15 mM). The average of CD results at 293 K and 303 K was performed in order 

to obtain percentages at 298 K. 
 

 

 

DichroWeb was also used to attempt calculating left-handed helix in the inverted 

AngII CD data.  Only the calculated α-helical percentages were taken into account as 

Structural 

Component 

AngII 

0mM SDS 5mM SDS 10mM SDS 15mM SDS 

α-helix 4% 8% 8% 8% 

β-strand 47% 25% 21% 24% 

β-turn 20% 22% 23% 20% 

unordered 29% 45% 48% 48% 

A B 

C D 
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shown in Table 3.8 because of miscalculations in other structural features.  At 0 mM SDS 

inverted DichroWeb analysis calculated 33% left-handed helix.  As the concentration of 

SDS increased the percent of left-handed helix decreased slightly to 23% in both 5 mM 

and 10 mM SDS and 21% in 15 mM SDS confirming AngII contains a large percentage 

of left-handed helix in a hydrophobic environment. 

 

Table 3.8: Percent secondary structure calculations obtained from DichroWeb analysis of inverted CD 

spectra of AngII in 0 mM, 5 mM, 10 mM, and 15 mM SDS, pH 7.2. All results were calculated at 298 K. 
 

 

 

Fourier transform infrared spectroscopy. FTIR analysis of the amide I spectral 

region was used to confirm the secondary structures of AngII in SDS to approximate the 

relative proportions of peptide structures present as shown in Figure 3.9.  Percent 

structure (Table 3.9) was obtained by calculating the ratio of the corresponding 

component‟s area and the overall data curve. 

Deconvolution of AngII in 5 mM SDS revealed peaks located at 1624 cm
-1

, 1641 

cm
-1

, 1653 cm
-1

, 1661 cm
-1

 and 1680 cm
-1

 indicative of 22% β-strand, 32% unordered, 

5% α-helix, 21% left-handed helix and 20% β-turn, respectively.  When SDS 

concentration was increased above critical micelle concentration to 10 mM and 15 mM, 

AngII was shown to contain peaks at 1630 cm
-1

, 1645 cm
-1

, 1655 cm
-1

, 1665 cm
-1

, and 

1676 cm
-1

 suggestive of approximately 20% β-strand, 40% unordered, 4% α-helix, 27% 

left-handed helix and 8% β-turn.  FTIR of AngII in phosphate buffer did not contain β-

strand however when AngII was introduced to SDS, development of β-strand occurred 

along with an increase in unordered conformation.  This change suggests that in the 

Structural 

Component 

AngII 

0mM SDS 5mM SDS 10mM SDS 15mM SDS 

Left-handed 

helix 
33% 23% 23% 21% 
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hydrophobic environment, AngII becomes more flexible and encompasses a wider 

variety of structural components. 

 

 

Figure 3.9: FTIR of AngII in 0 mM, 5 mM, 10 mM and 15 mM SDS deconvoluted with FSD method with 

a 5% error. The blue dots indicate the raw data and the red line is the fit to the raw data. (A) AngII in 0 mM 

SDS: The peaks resulting consist of a green peak at 1641 cm-1 indicating unordered structure, magenta peak 

at 1668 cm-1 indicating a left-handed helix, cyan peak at 1654 cm-1 indicating α-helix, and black peak at 

1691 cm-1 indicating a β-turn. (B) AngII in 5 mM SDS: The peaks resulting consist of a green peak at 1624 

cm-1 indicating β-strand, cyan peak at 1641 cm-1 indicating unordered, magenta peak at 1661 cm-1 

indicating left-handed helix, blue peak at 1653 cm-1 indicating α-helix, and black peak at 1677 cm-1 

indicating β-turn. (C) AngII in 10 mM SDS: The peaks resulting consist of a green peak at 1630 cm-1 

indicating β-strand, cyan peak at 1645 cm-1 indicating unordered, magenta peak at 1665 cm-1 indicating 

left-handed helix, blue peak at 1655 cm-1 indicating α-helix, and black peak at 1676 cm-1 indicating β-turn. 

(D) AngII in 15 mM SDS: The peaks resulting consist of a green peak at 1630 cm-1 indicating β-strand, 

cyan peak at 1645 cm-1 indicating unordered, magenta peak at 1665 cm-1 indicating left-handed helix, blue 

peak at 1655 cm-1 indicating α-helix, and black peak at 1676 cm-1 indicating β-turn. 

 

 

 FWHM of AngII was found to decrease with an increase in SDS concentration.  

At 0 mM SDS, AngII FTIR spectra had a FWHM of 62 cm
-1

 which stayed relatively the 

same when exposed to 5 mM SDS.  At concentrations greater than micelle critical 

A B 

C D 
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concentration, FWHM decreased to 47 cm
-1

.  This is in agreement with structural 

findings since AngII was found to decrease in left-handed helix and β-turn indicating a 

smaller number of sampled populations when exposed to SDS. 

 
Table 3.9: Summary of FTIR percent structure for AngII in SDS (5 mM, 10 mM, and 15 mM). Amide I 

spectral region was analyzed to achieve a quantitative estimate of the secondary structure content with a 

5% error. 
 

 

 

The FTIR spectrum of AngII in 5, 10 and 15 mM SDS are in agreement with the 

far-UV CD measurement, indicating that in a hydrophobic environment AngII contains 

around 27% left-handed helix along with the introduction of β-strand.  Other changes to 

AngII structure when exposed to SDS are a decrease in β-turn and an increase in 

unordered conformation which is in agreement with Holtz et al. findings (31).  The 

binding site of AngII is believed to exist between the extracellular and transmembrane 

region of the AT1-receptor introducing AngII into a hydrophobic environment.  In an 

aqueous environment AngII existed mostly as left-handed helix  Interestingly, when 

exposed to a hydrophobic environment, AngII still contains a large portion of left-handed 

helix indicating this secondary structural component might be crucial for receptor 

binding/activation. 

 

 

Structural 

Component 

AngII  

0mM SDS 5mM SDS 10mM SDS 15mM SDS 

Left-handed 

Helix 
43% 21% 27% 27% 

α-helix 3% 5% 4% 4% 

β-strand 0% 22% 21% 20% 

β-turn 22% 20% 7% 9% 

unordered 32% 32% 41% 40% 
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Osmolytes and Denaturants 

 

 

Far-UV circular dichroism spectroscopy.  Analysis of temperature-dependent far-

UV CD spectra was performed for AngII, AngIII, and AngIV in the presence of urea and 

TMAO in order to determine the equilibrium structural properties as shown in Figure 

3.10 and 3.21.  TMAO is considered an osmolyte, providing a favorable protein folding 

environment while urea, on the other hand, is a denaturant (126,127).  The addition of a 

denaturant enhances unfolding by binding to the peptide backbone causing more side 

chain groups to become exposed (127).  In contrast, osmolytes stabilize intracellular 

proteins against common denaturing environmental stresses by causing unfavorable 

interaction of the osmolyte with the peptide backbone.  This in turn causes stronger 

hydrogen bonding among water molecules making the peptide less likely to interact with 

the organized water around the osmolyte and causing the denatured state to be less 

thermodynamically favorable (126,127).   

Urea has a large absorbance especially in the lower wavelength region.  This 

causes problems in the signal to noise ratio making certain spectral features unobtainable.  

For this reason, all urea CD scans were measured from 190 nm-260 nm.  Similarly to 

AngII in 0 M urea, the far-UV CD spectrum of AngII in 1M urea has an isodichroic point 

at 210 nm along with a minimum around 202 nm and a maximum at 218 nm indicating 

similar conformations for AngII in 0 M and 1 M Urea.  In 2 M and 3 M urea the 

minimum and maximum shifted to 205 nm and 220 nm while the isodichroic point did 

not change.  Perhaps the slight shift found in 2 M urea and 3 M urea is due to an increase 

in absorbance at the higher concentrations of urea giving a poorer signal to noise ratio.  

As a whole, the presence of urea did not seem to greatly change the overall structure of 
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AngII.  Because it is such a small peptide, it is likely that AngII is unable to unfold much 

further. 

 

 
 

Figure 3.10: (A,C) Far-UV CD spectra of as a function of temperature (263-363 K). (B,D) Singular value 

decomposition (SVD) with 1st (red) and 2nd (blue) component shown.  (A,B) AngII in 0 M Urea. (C,D) 

AngII in 1 M Urea 

 

 

 SVD analysis demonstrates the first component of AngII in all concentrations of 

urea has a minimum at 204 nm and a maximum around 218 nm which is indicative of a 

mixture of β-turn and unordered conformation.  The second component of AngII in 1 M, 

2 M and 3 M urea has a minimum at 200 nm and two maxima at around 208 nm and 228 

nm representing a left-handed helix.  Some of the biological activity of AngII is due to 

AT1-receptors present in the kidney (128) making it possible for AngII to be exposed to 

A B 

C D 
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urea (127).  In order to keep its biological function, AngII would need to keep its key 

structural features.  This could explain the reason for the existence of left-handed helix in 

AngII when exposed to urea. 

 

 
 

Figure 3.11: (A,C) Far-UV CD spectra of as a function of temperature (263-363 K). (B,D) Singular value 

decomposition (SVD) with 1st (red) and 2nd (blue) component shown.  (A,B) AngII in 2 M Urea. (C,D) 

AngII in 3 M Urea 

 

 

DichroWeb analysis was performed to acquire the percent structure of AngII in 

the three concentrations of urea (Table 3.10).  In 1 M urea AngII was found to contain 

3% α-helix, 44% β-strand, 21% β-turn and 32% unordered.  Percent structure of left-

handed helix was not calculated because of the lack of left-handed helix references 

causing an over estimation for the other structure populations such as β-strand.  In 2 M 

A B 

C D 
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urea the percentage unordered slightly increased to 34% while β-strand and α-helix 

remained relatively the same at 2% and 45%, respectively.  In contrast the percent 

structure of β-turn slightly decreased to 19%.  In 3 M urea, AngII contained 3% α-helix, 

45% β-strand, 18% β-turn and 34% unordered conformation.  As the concentration of 

urea increased from 0M to 2M the percentage of unordered conformation increased 

however at 3 M urea the percentage of unordered stayed constant suggesting AngII 

reached its maximum instability after 2 M urea.  The percent of left-handed helix was not 

able to be calculated from DichroWeb, because inverted spectra were considerably noisy 

causing left-handed helix features to be barely evident. 

 
Table 3.10: Percent secondary structure calculations obtained from the DichroWeb program for AngII in 

0M, 1M, 2M and 3M Urea, pH 7.2. The average of CD results at 293 K and 303 K was performed in order 

to obtain percentages at 298 K. 
 

 

 

Temperature dependent CD spectroscopy of AngII in three concentrations of 

TMAO was performed in order to observe structural changes that occur when AngII is 

exposed to an osmolyte (Fig. 3.12 and 3.13).  Spectral features of scans performed in 25, 

50, and 100 mM TMAO consists of an isodichroic point at 210 nm.  This is similar to 

AngII in 0 mM TMAO indicating their structural components are also similar.  In 

contrast, SVD analysis reported a few differences between the different concentrations of 

TMAO.  The first component at all concentrations of TMAO had two minima at 190 nm 

Structural 

Component 

AngII 

0 M Urea 1 M Urea 2 M Urea 3 M Urea 

α-helix 4% 3% 2% 3% 

β-strand 47% 44% 45% 45% 

β-turn 20% 21% 19% 18% 

unordered 29% 32% 34% 34% 
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and 205 nm.  As the TMAO concentration increased, the band at 190 nm increased in 

amplitude indicating a decrease in unordered conformation.  In 0 mM TMAO, the second 

component of AngII contained one minimum at 198 nm and two maxima at 208 nm and 

225 nm where the maximum at 225 nm was higher in amplitude.  As the TMAO 

concentration rose, the maximum at 208 nm increased in amplitude indicating an increase 

in stability of left-handed helix. 

 

 
 

Figure 3.12: (A,C) Far-UV CD spectra of as a function of temperature (263-363 K). (B,D) Singular value 

decomposition (SVD) with 1st (red) and 2nd (blue) component shown.  (A,B) AngII in 0 mM TMAO. 

(C,D) AngII in 25 mM TMAO 

 

 A decrease in unordered conformation was confirmed with DichroWeb 

calculations as shown in Table 3.11.  DichroWeb analysis indicated AngII to contain 4% 

A B 

C D 
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α-helix, 48% β-strand, 20% β-turn and 28% unordered conformation in 25 mM TMAO.  

In 50 mM TMAO, AngII was found to contain 4% α-helix, 49% β-strand, 21% β-turn and 

26% unordered whereas in 100 mM TMAO, it was calculated to be comprised of 3% α-

helix, 50% β-strand, 23% β-turn and 24% unordered.  As TMAO concentration 

increased, a decrease in the population of unordered conformation was recorded.  This 

suggests that other structural populations were becoming larger and as a result more 

stable. 

 

 
 

Figure 3.13: (A,C) Far-UV CD spectra of as a function of temperature (263-363 K). (B,D) Singular value 

decomposition (SVD) with 1st (red) and 2nd (blue) component shown.  (A,B) AngII in 50 mM TMAO. 

(C,D) AngII in 100 mM TMAO 
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Inverted DichroWeb calculations indicate a slight increase in left-handed helix as 

shown in Table 3.12.  According to inverted DichroWeb the increase of left-handed helix 

is not significant enough to indicate that the stability of the peptide is increasing.  It may 

be possible that the peptide is becoming more stable but because of the decrease in 

signal/noise of the spectra, DichroWeb cannot calculate the percentage change 

accurately. 

 
Table 3.11: Percent secondary structure calculations obtained from the DichroWeb program for AngII in 0 

mM, 25 mM, 50 mM and 100 mM TMAO, pH 7.2. The average of CD results at 293 K and 303 K was 

performed in order to obtain percentages at 298 K. 

 

 

Table 3.12: Percent secondary structure calculations obtained from DichroWeb analysis of inverted CD 

spectra of AngII in 0 mM, 5 mM, 10 mM, and 15 mM SDS, pH 7.2. All results were calculated at 298 K. 

 

 

AngIII and IV in 0 M urea were also found to contain a significant percentage of 

left-handed helix. Far-UV CD spectra of AngIII, regardless of urea concentration, have 

maxima at 216 nm and 230 nm along with a minimum at 202 nm as shown in Figure 3.14 

and 3.15, suggesting that urea denaturation did not completely unfold left-handed helical 

populations in AngIII.  However when urea was added, the scans showed a progressive 

decrease in the maxima at 216 nm and 230 nm suggesting the population of left-handed 

Structural 

Component 

AngII 

0 mM TMAO 25 mM TMAO 50 mM TMAO 100 mM TMAO 

α-helix 4% 4% 4% 3% 

β-strand 47% 48% 49% 50% 

β-turn 20% 20% 21% 23% 

unordered 29% 28% 26% 24% 

Structural 

Component 

AngII 

0 mM TMAO 25 mM TMAO 50 mM TMAO 100 mM TMAO 

Left-handed 

helix 
33% 34% 35% 34% 
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helix decreased with an increase in urea.  AngIV, on the other hand, despite urea 

concentration contained a maximum at 220 nm and a minimum around 205 nm (Fig. 3.16 

and 3.17).  It would seem, in urea AngIV was unfolded to a greater extent and the percent 

of left-handed helix decreased more than found in AngII and AngIII. 

 

 
 

Figure 3.14: (A,C) Far-UV CD spectra of as a function of temperature (263-363 K). (B,D) Singular value 

decomposition (SVD) with 1st (red) and 2nd (blue) component shown.  (A,B) AngIII in 0 M Urea. (C,D) 

AngIII in 1 M Urea 

 

SVD analysis of AngIII in all concentrations of urea revealed a primary 

component has a minimum at 208 nm which suggests an unordered conformation.  In 

addition a second component with a broad maximum around 218 nm and a minimum 

around 204 nm was observed.  This is similar to the second component found in 0M urea 
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C D 



59 

indicating a population of β-turn conformation.  As expected with an increase in urea, 

there is a less prominent population of left-handed helix in AngIII.  AngII, on the other 

hand, did not unfold as drastically as AngIII.  AngII is most likely a more stable molecule 

which could explain why the peptide is more biologically active. 

 

 
 

Figure 3.15: (A,C) Far-UV CD spectra of as a function of temperature (263-363 K). (B,D) Singular value 

decomposition (SVD) with 1st (red) and 2nd (blue) component shown.  (A,B) AngIII in 2 M Urea. (C,D) 

AngIII in 3 M Urea 

 

The SVD first component at all urea concentrations comprised of AngIV 

contained a minimum at 205 and a slight maximum at 220 nm.  Because the maximum at 

220nm decreases with an increase of urea, it is probable that this component represents a 

mixture of β-turn and unordered conformation.  The second component of AngIV 
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contained a minimum at 205 nm and a maximum around 220 nm representing a β-turn.  

The SVD analysis confirms very little to no population of left-handed helix in AngIV on 

exposure to urea.  AngIV consists of six amino acids.  Because of its small size it is less 

likely to remain stable with the addition of urea causing the percentage of left-handed 

helix to decrease. 

 

 
 

Figure 3.16: (A,C) Far-UV CD spectra of as a function of temperature (263-363 K). (B,D) Singular value 

decomposition (SVD) with 1st (red) and 2nd (blue) component shown.  (A,B) AngIV in 0 M Urea. (C,D) 

AngIV in 1 M Urea 

 

DichroWeb analysis was applied to gain the percent structure for AngIII and 

AngIV in urea, as shown in Table 3.13 and 3.14. In 1 M urea AngIII was calculated as 

having 4% α-helix, 43% β-strand, 22% β-turn and 31% unordered.  The percent structure 
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for AngIII in 2 M urea was found to be 2% α-helix, 40% β-strand, 24% β-turn and 34% 

unordered.  In 3 M urea, the percent unordered further increased to 37% while the 

population of α-helix, β-strand and β-turn stayed relatively the same. 

 

 
 

Figure 3.17: (A,C) Far-UV CD spectra of as a function of temperature (263-363 K). (B,D) Singular value 

decomposition (SVD) with 1st (red) and 2nd (blue) component shown.  (A,B) AngIV in 2 M Urea. (C,D) 

AngIV in 3 M Urea 

 

 

AngIV was calculated as having 4% α-helix, 38% β-strand, 18% β-turn and 40% 

unordered in 1 M urea.  In 2 M urea, all structural components seemed to stay relatively 

the same with 4% α-helix, 37% β-strand, 18% β-turn and 41% unordered.  In 3 M urea 

the percentage of unordered component increased while the other components stayed 

constant (3% α-helix, 37% β-strand, 17% β-turn and 43% unordered).  The validity of 
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these findings was partially verified by the expected trend of increasing unordered 

fractions with increasing urea concentration. 

 
Table 3.13: Percent secondary structure calculations obtained from the DichroWeb program for AngIII in 0 

M, 1 M, 2 M and 3 M Urea, pH 7.2. The average of CD results at 293 K and 303 K was performed in order 

to obtain percentages at 298 K. 

 

Structural 

Component 

Angiotensin III 

0 M Urea 1 M Urea 2 M Urea 3 M Urea 

α-Helix 3% 4% 2% 2% 

β-Strand 39% 43% 40% 38% 

β-Turns 27% 22% 24% 23% 

Unordered 31% 31% 34% 37% 

 

Table 3.14: Percent secondary structure calculations obtained from the DichroWeb program for AngIV in 0 

M, 1 M, 2 M and 3 M Urea, pH 7.2. The average of CD results at 293 K and 303 K was performed in order 

to obtain percentages at 298 K. 

 

Structural 

Component 

Angiotensin IV 

0 M Urea 1 M Urea 2 M Urea 3 M Urea 

α-Helix 2% 4% 4% 3% 

β-Strand 37% 38% 37% 37% 

β-Turns 22% 18% 18% 17% 

Unordered 39% 40% 41% 43% 

 

 In contrast to urea when exposed to TMAO, the minimum at 190 nm of both 

AngIII and AngIV increase in ellipticity indicating a decrease in unordered conformation.  

In addition the isodichroic point found in both AngIII and AngIV stayed relatively 

constant as shown in Figure 3.18-3.21 suggesting that even though the percent unordered 

decreased the structural components remained comparatively the same.  SVD analysis of 

AngIII in TMAO reveals two components.  The first component contains a minimum at 

190 nm and two maxima at 200 nm and 218 nm indicating a left-handed helix.  The 

second component in both 0 and 25 mM TMAO includes two minima at 180 nm and 200 
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nm and a broad maximum at 220 nm which is representative of a mixture of β-turn and 

unordered conformation. 

 

 
 

Figure 3.18: (A,C) Far-UV CD spectra of as a function of temperature (263-363 K). (B,D) Singular value 

decomposition (SVD) with 1st (red) and 2nd (blue) component shown.  (A,B) AngIII in 0 mM TMAO. 

(C,D) AngIII in 25 mM TMAO 

 

At TMAO concentrations of 50 and 100 mM, the second component contained on 

minimum at 198 nm and two maxima at 205 and 225 nm.  This resembles the first 

component of AngIII in 0 and 25 mM TMAO except maxima are shifted towards the red.  

Since technically the maxima of a left-handed helix is around 208 nm and 228 nm, this 

shift in wavelength could be a sign that this component has become more stable at high 

concentrations of TMAO.  The minima of the first component of AngIII also shifted 
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slightly towards the red at the higher concentrations of TMAO.  In addition the broad 

maximum that was present in the first component at 0 and 25 mM TMAO decreased in 

amplitude.  This seems to indicate that AngIII at 50 and 100 mM TMAO contained a 

lower population of β-turn and possibly an increase in distorted β-strand as indicated by 

the minimum at 205 nm (129). 

 

 
 

Figure 3.19: (A,C) Far-UV CD spectra of as a function of temperature (263-363 K). (B,D) Singular value 

decomposition (SVD) with 1st (red) and 2nd (blue) component shown.  (A,B) AngIII in 50 mM TMAO. 

(C,D) AngIII in 100 mM TMAO 

 

The first component of AngIV contains a minimum at around 188 nm and two 

maxima at 200 and 218 nm.  The second component of AngIV at all concentrations of 

TMAO has two minima at 185 and 202 nm indicating the presence of β-turn and 
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unordered conformation.  With an increase in TMAO concentration, came in increase in 

the amplitude of the minimum at 188 nm along with the maximum at 200 nm.  These 

changes indicate a decrease in the unordered conformation. 

 

 
 

Figure 3.20: (A,C) Far-UV CD spectra of as a function of temperature (263-363 K). (B,D) Singular value 

decomposition (SVD) with 1st (red) and 2nd (blue) component shown.  (A,B) AngIV in 0 mM TMAO. 

(C,D) AngIV in 25 mM TMAO 

 

As DichroWeb calculations indicate, unordered conformation decreased in both 

AngIII and AngIV with an increase in TMAO concentration (Table 3.15-3.18).  

DichroWeb finds in 25 mM TMAO AngIII contains 3% α-helix, 41% β-strand, 25% β-

turn and 31% unordered.  In 50 mM TMAO DichroWeb revealed 4% α-helix, 47% β-

strand, 19% β-turn and 30% unordered and in 100 mM 5% α-helix, 47% β-strand, 19% β-
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turn and 29% unordered.  Although DichroWeb does demonstrate a decrease with an 

increase in TMAO concentration, the population of unordered did not decrease 

drastically. 

 

 

Figure 3.21: (A,C) Far-UV CD spectra of as a function of temperature (263-363 K). (B,D) Singular value 

decomposition (SVD) with 1st (red) and 2nd (blue) component shown.  (A,B) AngIV in 50 mM TMAO. 

(C,D) AngIV in 100 mM TMAO 

 

AngIV on the other hand showed a greater decrease in unordered conformation 

with an increase in TMAO.  In 25 mM TMAO, AngIV was estimated to comprise of 2% 

α-helix, 43% β-strand, 17% β-turn and 38% unordered conformation.  At concentrations 

higher than 25 mM, unordered decreased further to 35% and 32% in 50 mM and 100 mM 

TMAO, respectively.  In addition there was a slight increase in β-strand to 49% in 50 
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mM and 48% in 100 mM TMAO as shown in Table 3.17.  The rest of the structural 

components stayed relatively the same.  DichroWeb analysis confirms that in TMAO 

both AngIII and AngIV become stabilized causing the population of unordered decrease. 

Inverted CD spectra of AngIII and AngIV in all concentrations of TMAO were 

evaluated using DichroWeb to estimate the percentage of left-handed helix as shown in 

Table 3.16 and 3.18.  With an increase in TMAO concentration, the left-handed helix 

population increased in AngIII.  Alternatively, the population of left-handed helix in 

AngIV stayed more or less the same until 100 mM where the percentage decreased 

validating the spectral changes found in the SVD analysis of AngIV.  It seems as if the 

population of β-strand in AngIV increases when in TMAO.  This would explain the 

increase in amplitude at 200 nm of the second SVD component. 

 
Table 3.15: Percent secondary structure calculations obtained from the DichroWeb program for AngIII in 0 

mM, 25 mM, 50 mM and 100 mM TMAO, pH 7.2. The average of CD results at 293 K and 303 K was 

performed in order to obtain percentages at 298 K. 

 

Structural 

Component 

Angiotensin III 

0 mM TMAO 25 mM TMAO 50 mM TMAO 100 mM TMAO 

α-Helix 3% 3% 4% 5% 

β-Strand 39% 41% 47% 47% 

β-Turns 27% 25% 19% 19% 

Unordered 31% 31% 30% 29% 

 

Table 3.16: Percent secondary structure calculations obtained from DichroWeb analysis of inverted CD 

spectra of AngIII in 0 mM, 25 mM, 50 mM and 100 mM TMAO. All results were calculated at 298 K. 

 

Structural 

Component 

Angiotensin III 

0 mM TMAO 25 mM TMAO 50 mM TMAO 100 mM TMAO 

Left-Handed 

Helix 
15% 27% 28% 31% 
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Table 3.17: Percent secondary structure calculations obtained from the DichroWeb program for AngIV in 0 

mM, 25 mM, 50 mM and 100 mM TMAO, pH 7.2. The average of CD results at 293 K and 303 K was 

performed in order to obtain percentages at 298 K. 

 

Structural 

Component 

Angiotensin IV 

0 mM TMAO 25 mM TMAO 50 mM TMAO 100 mM TMAO 

α-Helix 2% 2% 1% 2% 

β-Strand 37% 43% 49% 48% 

β-Turns 22% 17% 15% 18% 

Unordered 39% 38% 35% 32% 

 

Table 3.18: Percent secondary structure calculations obtained from DichroWeb analysis of inverted CD 

spectra of AngIV in 0 mM, 25 mM, 50 mM and 100 mM TMAO. All results were calculated at 298 K. 

 

Structural 

Component 

Angiotensin IV 

0 mM TMAO 25 mM TMAO 50 mM TMAO 100 mM TMAO 

Left-Handed 

Helix 
29% 29% 30% 25% 

 

 

The structural studies performed on AngII, AngIII and AngIV confirm the 

importance of structure for biological function.  Even in the presence of urea and TMAO, 

AngII still contains a large population of left-handed helix confirming the significance of 

this structural component.  Both AngIII and AngIV are smaller and thus more flexible 

peptides causing more drastic structural changes compared to AngII when exposed to 

urea and TMAO.  It is because of this flexibility that the biological activity of AngIII and 

AngIV is less potent than AngII. 

 

Orientational Dynamics 

 

 

Aqueous Environment 

 

 

Fluorescence anisotropy decay measurements. Rotational correlation times for 

the tyrosine residue in AngI and AngII (Table 3.19) were obtained by globally fitting the 

fluorescence decays with polarizations parallel and perpendicular to the excitation 
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polarization as described elsewhere (103). The fluorescence decays and their fits are 

shown in Figs. 3.22 and 3.23.  In each case the anisotropy decay was fit with a two-

exponential decay.  The initial anisotropy r(0) at t=0 was a variable fitting parameter. 

 

 

Figure 3.22: Fluorescence decays for AngI (top panel) and AngII (lower panel) pH 4.8 at 283 K (A,D), 293 

K (B,E) and 303 K (C,F) measured by time-correlated single-photon counting.  Plots shows the decay of 

fluorescence polarized parallel to the excitation polarization shown in blue, the decay of fluorescence 

polarized perpendicular to the excitation polarization shown in red, and the instrument function.  Fit line for 

parallel is shown in magenta and perpendicular fluorescence decays is shown in cyan. Weighted residuals 

are shown for the fits to the parallel (blue) and perpendicular (red) fluorescence decays. The inset illustrates 

the fluorescence anisotropy. 

 

Several trends may be observed in the data.  First, the fits confirm the presence of 

at least two components in the anisotropy decay, a fast component φ1 with a time constant 

around 50 to 100 ps (at 293 K) and a slow component φ2 with a time constant of 100‟s of 

ps.  The slow rotational correlation time decreases with temperature, as expected for 
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global tumbling.  In contrast, a clear temperature dependence of the fast component was 

not detected.  The long rotational correlation time is attributable to global reorientation of 

the peptide.  The long rotational correlation time in each case is longer for AngI than for 

AngII, consistent with the expectation of a smaller hydrodynamic volume for AngII, 

which has eight amino acids compared to ten for AngI. 

 

  
 

Figure 2.23: Fluorescence decays for AngI (top panel) and AngII (lower panel) pH 7.2 at 283 K (A,D), 293 

K (B,E) and 303 K (C,F) measured by time-correlated single-photon counting.  Plots shows the decay of 

fluorescence polarized parallel to the excitation polarization shown in blue, the decay of fluorescence 

polarized perpendicular to the excitation polarization shown in red, and the instrument function.  Fit line for 

parallel is shown in magenta and perpendicular fluorescence decays is shown in cyan. Weighted residuals 

are shown for the fits to the parallel (blue) and perpendicular (red) fluorescence decays. The inset illustrates 

the fluorescence anisotropy. 

 

 

The fast rotational correlation time φ1 corresponds to internal dynamics involving 

the Tyr sidechain.  Comparison of the amplitudes of the two anisotropy decay 
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components shows that the fast rotational correlation time contributes a larger fraction of 

the anisotropy decay for AngI than for AngII, particularly for temperatures ≥ 293 K, 

suggesting a greater range of internal motion for the Tyr sidechain in AngI, or, 

conversely, a more highly structured conformation for AngII.  The lower amplitude of 

Tyr sidechain dynamics in AngII may reflect the presence of more sidechain contacts in 

AngII suggested in the MD simulations (vide infra).  For AngI, the fast rotational 

correlation time φ1 is roughly twice as long at pH 7.2 as pH 4.8.  This could indicate a 

more open structure at pH 4.8.  There seems to be no such trend for AngII.  Finally, the 

initial anisotropy r(0) is consistently higher for AngI than for AngII.  This may reveal 

unresolved faster motions in AngII, as suggested by the MD simulations (See Molecular 

Modeling: Orientational Dynamics). 

 
Table 3.19: Rotational correlation times for the tyrosine residue in angiotensin I and II. The anisotropy 

decay was fit with a two-exponential decay.  The initial anisotropy (r(0)) at t=0 was a variable fitting 

parameter. 

 

 Ang-I Ang-II 

Temp pH a1 
φ1 

(ns) 

φ2 

(ns) 
r(0) χ2 a1 

φ1 

(ns) 

φ2 

(ns) 
r(0) χ2 

283 K 7.2 0.37 0.12 0.97 0.25 1.13 0.40 0.22 0.88 0.20 1.16 

283 K 4.8 0.40 0.075 0.82 0.25 1.22 0.33 0.12 0.72 0.22 1.14 

293 K 7.2 0.41 0.10 0.79 0.26 1.22 0.26 0.068 0.52 0.20 1.23 

293 K 4.8 0.43 0.053 0.63 0.24  0.26 0.074 0.48 0.20 1.20 

303 K 7.2 0.45 0.11 0.59 0.21  0.25 0.037 0.36 0.18 1.17 

303 K 4.8 0.42 0.040 0.45 0.24 1.10 0.30 0.087 0.39 0.18  
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Translocation Studies 

 

 

Parallel Artificial Membrane Permeability Assay (PAMPA) 

 

 Previously PAMPA has not been performed at physiological temperature (36˚C).  

As a preliminary study, the translocation of N-Acetyl-L-Tryptophanamide (NATA) was 

determined across DOPC and EPC lipids over a 30 hour time period.  These experiments 

were performed at 36˚C to mimic the physiological temperature and at room temperature 

(22˚C).  Lucifer yellow and Cresyl blue were used as positive and negative controls.  

Experiments that showed permeation of Lucifer yellow and were impermeable to Cresyl 

blue were discarded. The integrated fluorescence intensities were plotted against time in 

order to confirm that our system set up is ideal. 

 

 
 

Figure 3.24: Integrated fluorescence intensity of NATA 36˚C (Χ) and 22˚C (•) with EPC and DOPC lipid. 

(A) pH 7.2, EPC (B) pH 7.2, DOPC (C) pH 4.8, EPC (D) pH 4.8, DOPC. The results are from six replicates 
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Figure 3.24 and 3.25 demonstrate the translocation of NATA over the 30-hour 

period through DOPC and EPC at 180 μL and 90 μL concentrations.  Figure 3.25 shows 

the influence concentration has on NATA translocation.  NATA was found to readily 

permeate through EPC, with the higher temperature greatly increasing the translocation 

as shown in Fig 3.24A and C.  In contrast, at room temperature NATA does not reach 

maximum translocation.  At physiological temperature and pH, maximum translocation 

across EPC for NATA occurred after 24 hours.  On the other hand, NATA, pH 4.8 

reached a maximum translocation after 21 hours.   

 

 
 

Figure 3.25: Integrated fluorescence intensity of low concentration NATA 36˚C (Χ) with EPC and DOPC 

lipid. (A) pH 7.2, EPC (B) pH 7.2, DOPC (C) pH 4.8, EPC (D) pH 4.8, DOPC. The results are from six 

replicates 

 

Figure 3.24B and D demonstrate that translocation across DOPC reaches a 

maximum at about 27 hours at pH 7.2; however, at pH 4.8 translocation reaches a 
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maximum around 24 hours demonstrating that acidic pH increases NATA rate of 

translocation.  NATA readily permeates through DOPC with a slight increase in 

translocation at 36˚C compared to 22˚C.  When comparing the effects of lipids, NATA 

reached maximum translocation faster across EPC than DOPC.  In addition, the effect of 

temperature was greater in EPC versus DOPC.  As shown in Figure 3.25 concentration 

had little influence on the behavior of NATA translocation.  These studies confirm that 

the experimental conditions are ideal for studying peptide translocation. 

Within recent years, an internal RAS has been discovered.  As of yet it has been 

speculated how AngII translocates the cellular membrane to activate the receptors found 

on the nucleus of the cell.  In order to determine if AngII is capable of passive diffusion, 

PAMPA was performed at physiological temperature with AngI, AngII, AngIII and 

AngIV at both acidic and physiological pH (Fig 3.26).  Because AngIII and AngIV are 

smaller peptides than AngII, it was hypothesized that these peptides would translocate the 

membrane at a faster rate.  Surprisingly, little to no AngIII or AngIV was found to pass 

through the membrane.  The larger peptides, AngI and AngII, did translocate EPC 

bilayers although not a significant amount was found in acceptor wells.  Quite the 

opposite, neither AngI nor AngII was found to cross DOPC bilayers.  From these studies 

it is reasonable to conclude that none of the angiotensin family can translocate the 

membrane by passive diffusion.  It is most likely that in order for AngII to cross the 

membrane, a receptor must actively transport it across the bilayer. 
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Figure 3.26: Integrated fluorescence intensity of AngI and AngII 36˚C (Χ) with EPC lipid. (A) AngI pH 7.2 

(B) AngII pH 7.2 (C) AngI pH 4.8 (D) AngII pH 4.8. The results are from six replicates 

 

 

MD Simulations 

 

 

Conformations 

 

 

Structural clustering. The results of conformational clustering for the four 

simulated peptides are summarized in Figure 3.27 and 3.28. In each case 50,000 

structures, sampled from the MD trajectories every 40 ps were employed. For ANGIn 

there were 11 (5) clusters of backbone conformations and 340 (24) clusters for all heavy 

atoms, with the values denoting total cluster number (number of clusters with population 

above 500 members, or 1% of total sampled structures). For ANGIIn there were 4 (2) 

backbone and 109 (13) heavy atom clusters. The results were quite similar for the 

protonated peptides, with 13 (6) backbone and 278 (27) heavy atom clusters for ANGIp 
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and 4 (3) backbone and 116 (16) heavy atom clusters for ANGIIp. Three trends emerge 

from this analysis. The first is the presence of a dominant backbone conformation, 

especially evident in AngII (above 90% population in top cluster), but also present in 

AngI (about 60% population in top cluster). The second is the large number of sampled 

sidechain orientations, as seen in the clustering based on heavy atom coordinates. The 

third is the significant decrease in flexibility of AngII relative to AngI. One measure of 

this effect is the roughly two-fold decrease in the number of major clusters in the AngII 

trajectories compared to AngI trajectories.  

The structures corresponding to the dominant backbone clusters are extended 

forms for all four simulated peptides (Fig. 3.27, see also discussion of Ramachandran 

map below). The features present in the heavy atom clusters exhibit some differences for 

the different peptides. For ANGIn the top clusters generally involve few sidechain 

contacts; among the observed contacts were salt bridges between Arg2 and C-terminus. 

Other occurring structures involve: one to three central residues in turn conformation, N-

terminal to C-terminal salt bridges and contacts of several sidechains (Tyr4…Phe8, 

Phe8…Leu10, His6…Phe8). For ANGIIn the dominant heavy atom clusters correspond 

to extended structures with one or two central residues in turn conformations. 

There are more sidechain contacts in ANGIp compared to ANGIn, including Tyr4 

with its neighbors, Tyr4…Phe8, as well as aggregates of several sidechains (e.g. residues 

2,4,6,8 in cluster #2). The Arg2…C-terminal salt bridge is also present in some 

structures. In ANGIp the main backbone conformers are also extended, but the chain 

tends to be more bent than in ANGIn, with larger number of residues in turn 

conformations. Some residues transiently adopt R and L conformations. The protonated 
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histidines form new kinds of contacts: Asp1-His6, His6-C-terminal and His9…C-

terminal. Phe8…His9 contacts also occur. 

 

 
Figure 3.27: Sample of structures from angiotensin MD simulations.  Central structures shown for the top 

ten clusters based on RMSD of non-hydrogen atoms for simulations (A) ANGIn  (B) ANGIp (C) ANGIIn 

(D) ANGIIp. 

 

 

A 

B 

C 

D 



78 

For ANGIIp the main conformers are extended, with presence of central residues 

in turn conformations. There are significant numbers of sidechain contacts, involving 

residues Tyr4…His6, Tyr4…Phe8 and aggregates of several sidechains 

(Arg2…Tyr4…Phe8, Arg2…Tyr4…His6, Arg2…Tyr4…Ile5). Salt links between 

His6…C-terminus and Arg2…C-terminus are also present. 

Ramachandran maps. The populations of the main regions of the Ramachandran 

maps found in the MD trajectories are presented in Table 3.20.  The populations of the 

main regions of the Ramachandran map are similar when comparing ANGIn with 

ANGIIn and ANGIp with ANGIIp. Clearly, the majority of the residue backbone (,) 

conformations fall in the extended region. In all cases the dominant conformer is PPII, 

followed by . There are also minor contributions from the right-handed and left-handed 

helix regions. The helical conformations are typically distorted and limited to a small 

number of residues, as essentially no -helical hydrogen bonds were found in the 

trajectory. ANGIp stands out as having lower populations of the extended structures and 

increased presence of helical conformations. This is the only system exhibiting a 

significant presence (6%) of left-handed helices. 

 
Table 3.20: Results of clustering of 50,000 structures from four peptide MD trajectories. Values show the 

total number of clusters, number of major clusters (those with more than 500 members) and the population 

of the largest cluster. Clustering performed based on structure RMSD using the Gromos algorithm. 

 

System PPII  R L 

ANGIn 61±4 42±3 14±3 1±1 

ANGIIn 68±5 44±4 13±3 0 

ANGIp 48±6 34±5 18±5 6±3 

ANGIIp 62±6 42±5 16±5 1±1 

 

 

Secondary structure. The populations of different types of secondary structure 

according to the DSSP algorithm are presented in Table 3.21. Consistent with the 



79 

previous analysis, all the peptides predominantly sample coil structures. The presence of 

a bend is also evident, and contributions from turn structures, Finally, a very small 

population of the 310–helix structure is also found, with population over 1% only for 

ANGIp. 

 
Table 3.21: Percentage populations of the main regions of the Ramachandran map from MD simulations. 

Details explained in Methods. 

 

System Coil Bend Turn 310 

ANGIn 80 17 3 0 

ANGIIn 80 17 3 0 

ANGIp 82 15 1 0 

ANGIIp 82 10 5 2 

 

 

Distances and contacts. Measures of peptide size and inter-residue contacts are 

presented in Table 3.22, while the distributions of the distances are shown in Figure 3.28. 

The radii of gyration are slightly larger for AngI compared to AngII, reflecting the 

presence of two more residues in the former peptide. The C1…C8 distances, 

measuring the extension of the part of the peptide backbone that is common in AngI and 

II, are quite similar in all four peptides, within the statistical errors. Overall, these results 

indicate a more compact structure for AngII compared to AngI, due to the truncation of 

the last two residues. However, the relative distances between residues 1-8 do not appear 

to change significantly upon angiotensin truncation.  The main effect of pH change 

appears to be an increase in the Tyr4…Phe8 distance in the protonated peptides. 
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Figure 3.28: Distributions of measures of peptide size in the angiotensin MD trajectories. (A) Cα1…Cα8 

distance (B) radius of gyration (C) Tyr4…Arg2 sidechain distance (D) Tyr4…His6 sidechain distance (E) 

Tyr4…Phe8 sidechain distance. Units: Å. Black-ANGIn, Red–ANGIp, Green-ANGIIn, Blue-ANGIIp. 

 

 
Table 3.22: Average peptide size from the MD trajectories. Rg is the radius of gyration calculated for all 

protein atoms. The distance between C atoms of residues 1 and 8 is used to compare the end-to-end 

separation. Distances between sidechain centers of mass compare sidechain separations. Units: Å. 

 

System Rg C1…C8 Tyr4…Arg2 Tyr4…His6 Tyr4…Phe8 

ANGIn 7.8±0.3 16.0±0.8 8.1±0.8 9.0±0.5 11.0±1.4 

ANGIIn 6.9±0.3 15.7±0.8 7.4±0.8 7.6±0.5 11.5±1.1 

ANGIp 7.6±0.4 15.3±1.4 7.8±0.4 8.7±0.4 13.8±1.5 

ANGIIp 6.9±0.4 15.2±1.2 7.2±0.5 7.9±0.5 12.2±0.5 

A              B 

C              D 
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Solvent accessible surface area. We have calculated the solvent accessible surface 

area (SASA) of the whole peptides and the individual residues in the MD trajectories 

(Table 3.23). All residues exhibited significant SASA values during the simulations, with 

averages falling in the 100-200 Å
2
 range and fluctuations of 10-15% of the mean. There 

was only one residue for which the SASA exhibited statistically significant changes 

between the trajectories – Phe 8. For this residue, the average SASA increased from 163 

Å
2 

for ANGI to 223 Å
2 

for ANGII (+60 Å
2
) and from 179 Å

2
 for ANGIp to 226 Å

2
 for 

ANGIIp (+46 Å
2
). 

 
Table 3.23: Average solvent accessible surface areas for the residues of angiotensins from 2 μs MD 

simulations with OPLS-AA force field. Units: Å2 . 

 

Residue ANGIn ANGIp ANGIIn ANGIIp 

1 164  17 150  22 167  13 161  18  

2 174  30 174  28 178  28  178  27  

3 126  18 128  21 126  17 123  19 

4 166  27 168  21 164  22 166  23 

5 145  19 130  20  146  16  141  19  

6 131  20 117  26 127  24 128  23 

7 98  17 107  14 120  10  119  10  

8 163  27 179  25  223  24  226  23 

9 150  23 153  19   

10 195  21 186  23   

 

 

Hydrogen bonding.  The average numbers of intramolecular hydrogen bonds 

found in the MD trajectories are shown in Table 3.24.  The peptides exhibit very few 

hydrogen bonds, in accord with the mostly extended structures and few sidechain 

contacts found in the analysis above. The most definite effect seen in these results is the 

increase in the total number of hydrogen bonds for the peptides with protonated His 

compared to those with neutral His. This is in accord with the larger number of hydrogen 

bond donor groups present in the protonated systems. 
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Table 3.24: Average number of hydrogen bonds found in the MD trajectories. Total – for all pairs of atoms; 

mainchain – involving only mainchain atoms. 

 

System Total Mainchain 

ANGIn 1.6±0.2 0.3±0.1 

ANGIp 2.9±0.3 0.9±0.2 

ANGIIn 1.0±0.1 0.12±0.04 

ANGIIp 1.4±0.2 0.4±0.1 

 

 

There are several interesting effects of the protonation of the His residues seen in 

the MD trajectories. In terms of sampled structures, the protonated His residues tend to 

form salt bridges with either Asp1 or the C-terminus, the backbone tends to sample more 

structures in the helical range – mostly right-handed, but also some left-handed helices 

(especially for ANGIp). The protonated forms also tend to form a larger number of 

intramolecular hydrogen bonds. All these effects are stronger when comparing ANGIp 

with ANGIn, and weaker for the ANGIIp/ANGIIn pair. 

 

Orientational Dynamics from Computation 

 

To estimate the correlation times involved in the overall peptide reorientations, 

we used the autocorrelation function of the end-to-end vector (Table 3.25 and Fig. 3.29). 

The time scales were obtained by fitting the second-order autocorrelation functions of the 

corresponding axis vectors. The end-to-end vector reorientation decays may be 

represented by three correlation times. These decays exhibited a short component of 

about 1 ps, an intermediate component of 60-70 ps, and a long component of 400-500 ps. 

The short decay may be assigned to vibrational relaxation, the intermediate to global 

conformational dynamics and the long one to overall peptide tumbling. The 

conformational relaxation is slightly slower in the AngI simulations (69-70 ps) compared 

to AngII (55-59 ps). The peptide tumbling is also slower in the longer peptides (460-470 
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ps) compared to the shorter ones (370 ps). This last trend is consistent with the smaller 

radius of gyration found for AngII. 

 
Figure 3.29: Autocorrelation functions of axis vectors describing peptide reorientations in the angiotensin 

MD simulations. (A) ANGIn end-to-end distance (black, solid) and Tyr transition dipole (black, dotted), 

compared with ANGIIn end-to-end distance (grey, solid) and Tyr transition dipole (grey, dotted).  (B) 

ANGIp end-to-end distance (black, solid) and Tyr transition dipole (black, dotted), compared with ANGIIp 

end-to-end distance (grey, solid) and Tyr transition dipole (grey, dotted). 

 

 
Table 3.25: Decay times (in ps) and amplitudes in the decays of C2(t) autocorrelation functions of the 

transition dipole and end-to-end vector from MD simulations. The statistical error estimates are about 3% 

for the longest time scales and less for the shorter ones. 

 

System 
Transition dipole End-to-end vector 

a1 1 a2 2 a3 3 a1 1 a2 2 a3 3 

ANGIn 0.18 1.5 0.26 59 0.56 380 0.06 1.4 0.29 70 0.65 460 

ANGIp 0.17 1.5 0.25 56 0.58 380 0.03 1.3 0.18 69 0.79 470 

ANGIIn 0.18 1.5 0.22 46 0.60 300 0.06 1.4 0.28 59 0.66 370 

ANGIIp 0.17 1.5 0.23 50 0.60 310 0.06 1.4 0.27 55 0.67 370 

 

 

The reorientation times for the transition dipole axis of Tyr4 determined from the 

MD simulations are also presented in Table 3.25. The shortest time, 1.5 ps for all 

peptides may be assigned to vibrational motions. The intermediate time, about 60 ps in 

AngI and about 50 ps in AngII, represents Tyr4 sidechain reorientations due to local 

conformational dynamics. The slowest timescales are about 400 ps in AngI and about 300 

ps in AngII; these times are usually assigned to overall peptide tumbling. 

A              B 
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These two shorter relaxation times of the transition dipole may be compared to 

the two timescales, 2.0 and 22 ps, found in our control 50 ns simulation of the blocked 

Tyr peptide, solvated by 864 SPC waters, with OPLS-AA force field. The faster 

timescales are in good agreement, while the slower times are 2-3 times longer in the 

angiotensins, indicating that local sidechain motions are hindered in our peptides 

compared to blocked Tyr itself. Comparing with the end-to-end distance results, the local 

Tyr relaxation is somewhat faster than the global conformational dynamics (56-59 ps vs. 

69-70 ps for AngI and 46-50 vs. 55-59 ps for AngII). Similarly, the slowest relaxation of 

Tyr4 is systematically faster than the overall tumbling as seen in the end-to-end distance 

reorientation (380 vs. 460-470 ps for AngI and 300-310 ps vs. 370 ps for AngII). Thus, 

the local dynamics reported by Tyr4 reorientations is similar, but not identical to the 

global peptide dynamics as seen in the end-to-end-distance. 

The decays presented in Table 3.25 show that the effect of His protonation on the 

peptide reorientations is small, both at the global and local level. The effect of truncation 

of the last two residues is significant, leading to faster conformational relaxation and 

faster overall tumbling. 

 

Interaction with AT-receptors 

 

 Homology modeling revealed five main model structures for both the AT1 and 

AT2-receptors.  A typical secondary structure prediction contains three states: alpha helix 

(H), beta strand (S) and coil (C), with confidence scores for each residue.  The confidence 

scores range from 0 to 9 where the higher the value the higher the confidence.  An 

additional confidence score (C-value) is given for the overall predicted model.  In 

general, models with C-score > −1.5 have a correct fold.  Out of the five model receptors 
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found for AT1-receptor, the most accurate model as shown in Figure 3.30A obtained a C-

value of 0.44 while AT2-receptor (Fig. 3.30B) obtained a 0.24 C-value. 

 
 

Figure 3.30: Molecular model of (A) AT1-receptor and (B) AT2-receptor using I-TASSER software 

package. 

 

 

 The AT1-receptor was found to contain seven TM helices where the first helix 

contained residues 23-55, the second contained residues 62-89, the third contained 

residues 99-128, the fourth helix contained residues 149-165, the fifth contained residues 

189-223, the sixth contained residues 243-268 and the seventh contained residues 275-

319.  In addition AT1-receptor contained five β-strands that consisted of on average four 

to five residues.  These findings are consistent with studies performed with rat AT1-

receptor except for helix 4, 5 and 6 which were slightly larger than previously determined 

(48). 

A      B 
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 In contrast to AT1-receptor, the AT2-receptor contained only three β-strands.  The 

AT2-receptor was also found to contain seven TM helices, characteristic of a GPCR.  The 

first helix was found to contain residues 40-71, the second contained residues 78-106, 

whereas the third and fourth helices were found to contain residues 115-151 and 165-180, 

respectively.  The fifth helix contained residues 203-239, the sixth contained residues 

254-284 and the seventh contained residues 290-333 which is consistent with findings 

performed on rat AT2-receptor (130). 

 In addition to structural predictions, I-TASSER was also able to predict receptor 

binding site and residue solvent accessibility.  A score of 0 through 9 was given to each 

amino acid where 0 signifies buried and 9 indicates highly exposed to environment.  

Simulations indicated that the binding site exists between residues 106-113, 178-182, 

197-204, 253-257, and at 292.  Previous studies with rat AT1-receptor have indicated that 

residues 111, 199 and 256 are important for AngII binding (21,36,39).  These residues 

reside within the ranges attained by simulations indicating that these residues could also 

be involved in AngII binding to human AT1-receptor. 

 Studies performed on AT2-receptor binding site have speculated that it exists 

between residues 14, 138, 182, 215 and 273-297 (130-132).  Simulation studies predicted 

binding site to exist between residues 81-92, 137-146, 161-168, and 226.  There are a few 

similarities between previous studies and simulation studies.  For example, residue 138 

resides in the 137-146 range.  In addition simulation studies indicate residue 226 as being 

important for binding which is similar to the findings of previous studies demonstrating 

residue 215 as being important. 

According to the predicted solvent accessibility of AT1 and AT2-receptor, 

residues thought to be important for binding were given a score of 2 to 3.  This indicates 
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residues important for receptor activation are buried within the receptor.  This would 

confirm findings indicating that AngII binds in a hydrophobic environment located at the 

extracellular/transmembrane interface (6,26). 
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CHAPTER FOUR 

 

Discussion 

 

 

Summary of Experimental Results 

 

Structural characterization of AngI, II, III, and IV has been carried out by several 

spectroscopic techniques such as CD spectroscopy, NMR, and FTIR. Previously, results 

have shown AngI to exist mainly in a disordered state with an increase in β-sheet 

population above pH 7.0 (21,133). Small linear peptides usually exist in solution as a 

range of conformations in rapid equilibrium (26). Accordingly, interpretation of the 

conformational studies of AngII are conflicting, which has led to various structural 

models in solution including β pleated sheet, β and γ turns and other structures (21,23-

25,134).  One reason for contradicting results could possibly be due to solvent effects.  

For example, the measurements of Litner et al. were performed in TFE, which is a known 

helix inducer, and may induce the formation of helices which may otherwise be absent in 

the native environment. This could explain the observation of a right-handed α-helix for 

AngII and its analogues by those authors.  Vieira et al. looked at native AngII and TOAC 

labeled AngII which could cause changes to the native structure.  In addition, Vieira et al. 

presents very noticeable similarities with our CD scans along with Litner et al.  In order 

to clearly understand the structure and dynamics of the biologically interesting 

angiotensin family, we have carried out a joint experimental and computational study of 

the structure and reorientation dynamics. 

In the current study clear structural differences between AngI, II, III and IV have 

been established by far-UV CD, FTIR and rotational anisotropy.  The most important 
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structural feature in the active forms of angiotensin (AngII, AngIII, and AngIV) is the 

presence of a significant amount of left-handed helical population although to a lesser 

extent in AngIII and IV.  Conversely, AngI exists in equilibrium with unordered and PPII 

conformations.  The lack of defined structure may explain the inactivity of AngI.  Even 

though AngI contains two His residues and AngII, III and IV contain one His residue, pH 

was found to have little effect on their structure.  At acidic pH and in SDS, AngII was 

also found to contain a small population of β-strand which was not present in phosphate 

buffer. 

Osmolytes and denaturants are used to influence structural changes through 

interactions with the peptide backbone as well as with the surrounding environment (126, 

127).  Exposing AngII, III, and IV to urea, a denaturant, caused a progressive increase in 

unordered conformation.  Surprisingly the percent of left-handed helix found in AngII did 

not drastically decrease.  Previous studies have indicated AT1-receptors exist in the 

glomeruli of the kidney (128) which would expose it to urea decreasing the biological 

activity of AngII.  For this reason, AngII would need to keep its structural integrity in the 

presence of urea.  AngIII and IV, on the other hand, do not keep their structure when 

exposed to urea.  The instability of both peptides most likely causes the weaker 

vasoconstriction ability of AngIII and IV compared to AngII. 

The presence of unordered conformations and β-strand in AngI is in agreement 

with FTIR results from Venkateshwaren, et al (133).  PPII has often been confused with 

random coil because of the similarity of their CD spectra along with the lack of hydrogen 

bonds causing little structural detection in NMR (124,135,136).  It is possible that some 

results for AngI were incorrectly assigned to disordered population. There appears to be 

no consensus on the multiple conformations of AngII.  Our CD and FTIR results 
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determined the main population of AngII to be a left-handed helix, which is in agreement 

with Kataoka et al (137).  When exposed to a hydrophobic environment, AngII still 

contains a large portion of left-handed helix as well as an increase in β-strand.  This 

confirmed our hypothesis that the left-handed helix is important for receptor activation 

since the binding site for AngII is thought to lie within the lipid bilayer. 

Anisotropy measurements were performed in order to gain insight into the 

dynamic behavior of AngI and AngII.  The local and global orientation dynamics 

observed with anisotropy of AngI and AngII support the measured structural differences. 

The amplitude of the fast reorientational motions is greater for AngI than AngII as shown 

by the measured anisotropy. Since this component describes local relaxation, the lower 

amplitude indicates that the Tyr4 sidechain is in a more rigid, restrictive environment in 

AngII compared to AngI.  The long rotational correlation time in each case is longer for 

AngI than for AngII, which is consistent with expectations since AngI and II have ten and 

eight residues, respectively. 

 

Summary of Molecular Dynamics Results 

 

Several effects of truncation of the last two residues of AngI may be found in the 

MD simulations.  First, the truncated peptide becomes less flexible, with the number of 

sampled conformations decreasing by about a factor of 2 compared to the full system. 

Both AngI and II systems populate mostly extended structures with the sidechains 

extending into the solvent.  The shorter peptides tend to be more compact, with shorter 

radii of gyration, fewer intramolecular hydrogen bonds, but with comparable sidechain-

sidechain packing as the longer forms.  The backbone tends to populate extended forms 

from the PPII and  families, with some presence of turns and minor contributions from 

right- and left-handed helical states.  The sidechains are mostly extended towards the 
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solvent, with few contacts on average.  The simulations predict very little change in 

angiotensin structure upon lowering of pH, aside from an increase in intramolecular 

hydrogen bonding involving the protonated histidine(s).  The predicted structural 

differences between the AngI precursor and AngII are subtle, but well defined.  The MD 

results show quite similar backbone conformations for both peptides.  The novel 

structural features that appear in AngII are: presence of Arg2…C-terminal salt bridges, a 

more compact structure, tighter packing of sidechains and marked increase in solvent 

exposure of Phe8 relative to AngI. 

A significant structural feature is the increase in solvent accessibility of Phe8 in 

AngII compared to AngI. This might be expected for a terminal residue in a short 

peptide, but could play an important role in increasing the affinity of AngII for a 

hydrophobic receptor site. In terms of dynamics, the main effect is the decrease of the 

overall tumbling time upon peptide truncation, consistent with the decrease of the radius 

of gyration. 

 

Comparison of Experimental and Molecular Dynamics Results 

 

The simulation results mostly agree with the experimental data on the details of 

angiotensin structure and dynamics presented in this work. The MD agrees with the CD 

and FTIR results that the coil and turn secondary structures are important components for 

all four simulated angiotensin systems. The MD results predict that the main backbone 

conformer populations should fall in the region of extended forms, PPII and . There are 

some discrepancies between simulations and CD/FTIR, which may partly be explained 

by the different classification schemes employed. Due to the large size of the basins used 

in the MD conformational analysis, some of the trajectory structures classified as , PPII 
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and R will appear as “coil” in the experimental data.  The largest discrepancy involves 

the appearance of left-handed helix conformers seen for AngII in CD and FTIR.  These 

results are not reproduced by the MD simulations, which generally show only quite low 

contributions of 1-6% of left-handed helices, with no systematic increase found between 

AngI and II trajectories. 

Generally, the experimental data show large structural changes upon peptide 

truncation and small changes with pH. For the MD simulation results, there are relatively 

subtle changes with truncation and very little change with pH.  The anisotropy decay 

results from experiments and simulations are also in good qualitative agreement, 

identifying conformational relaxation on the time scale of several tens of picoseconds and 

an overall reorientation on the time scale of several hundreds of picoseconds. The faster 

overall tumbling time for AngII compared to AngI is correctly reproduced by the MD, 

and is consistent with the calculated radii of gyration. The experimentally observed effect 

of lower amplitude of the local dynamics component in AngII compared to AngI is also 

found in the MD results, although it is less pronounced. The simulation predictions for 

the global reorientation are systematically faster than the measured values. This is 

consistent with the underestimation of the viscosity of water by simple water models 

(138). The finer details of the experimental data consists of the markedly slower 

conformational relaxation of ANGIn compared to ANGIp and the slower tumbling of 

ANGIn compared to ANGIp  which are not detected in the MD trajectories. 

The computational results mostly agree with experimental data. There is a good 

overlap between the ensemble of trajectory structures and available experimental 

structures of the angiotensins.  The sampled conformations are also mostly in accord with 

CD and FTIR results presented in this work.  The primary discrepancy is in the 



93 

importance of left-handed helices, which accounts for about 30% of the conformations of 

AngII in the experimental measurements, but is found only at 1-6% levels in the 

trajectories.  The good overall agreement of calculations with experimental data allows us 

to attempt to draw conclusions about functional consequences from the detailed 

microscopic results of MD.  Several features found in the simulations may be correlated 

with previously proposed explanations of differential interactions between AngI and 

AngII with the angiotensin receptors (21).  The smaller size of AngII found in 

simulations and anisotropy measurements may explain its selective binding to AT1 and 

AT2.  The twisted-extended AngII active structure proposed by Marshall and co-workers 

is similar to the NMR-determined models (139) as well as to several clusters sampled in 

MD.  The extended and U-shaped structures proposed for AngII/receptor complexes may 

also be found in our trajectories.  The increased solvent exposure of Phe8 seen in AngII 

MD may be correlated with the proposed role of Phe8 and its exposed carboxylate group 

in AngII/receptor binding (21). 

In addition, both the AT1 and AT2-receptor were found to contain seven TM 

helices consistent with GPCR characteristics.  Binding site for both AT1 and AT2 receptor 

were also found buried within the TM region.  This confirms previous findings that 

suggested the binding site of AngII resides in a hydrophobic environment located at the 

extracellular/transmembrane interface (6,26). 
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CHAPTER FIVE 

 

Introduction (Ang1-7 and Bradykinin) 

 

 

New Developments in RAS 

 

The „classic‟ RAS, as it looked in the middle 1970s, consisted of circulating renin, 

acting on angiotensinogen to form angiotensin I (AngI) which was then converted into 

the main effector, angiotensin II (AngII) by angiotensin converting enzyme (ACE) 

(62,140). The main role of RAS is to contribute to maintaining electrolyte balance, body 

fluid volume, and arterial pressure primarily through vasoconstriction and aldosterone 

release (140). AngII exerts its actions by binding G-protein coupled receptors, AT1 and 

AT2-receptors, where AT1-receptor is in charge of vasoconstriction and AT2-receptor is 

in charge of vasodilatation (62,140,141). 

In recent years RAS has expanded to include not only AngII but also angiotensin 

metabolites such as the heptapeptide Ang1-7 (141-143). Ang1-7 is generated in vascular 

endothelium by angiotensin converting enzyme type 2 (ACE2) and acts to counterbalance 

the cardiovascular effects of AngII characterized by vasodilation and anti-proliferative 

effects by activation of the G-protein coupled receptor termed Mas and the AT2-receptor 

(141,142,144,145).  In addition to binding to Mas and AT2-receptor, Ang1-7 can also bind 

to AT1-receptor though the binding affinity is low (146).  It is speculated that Mas can 

heterooligomerize with AT1-receptor inhibiting the actions of AngII (141). Ang1-7 is also 

thought to counterbalance the effects of AngII through its BK potentiation activity (147). 

As a result of Ang1-7 acting on both Mas and AT2-receptor, mediators, BK and NO, are 

released causing direct vasodilation and a decrease in norepinephrine release (145). 
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Structural studies demonstrate Ang1-7 as predominantly existing as an extended β-like 

folded structure with a bend stabilized by interactions between Val3 and Tyr4 along with 

a large number of mostly extended conformations in rapid equilibrium (143,148).  It is 

speculated that hypertension is a result of an imbalance between AngII and Ang1-7 effects 

on sympathetic neurotransmission (145). Hypertension is a major risk factor for the 

development of cardiovascular disease, cerebrovascular disease, peripheral vascular 

disease, and renal failure (2,149).  Restoring balance by increasing Ang1-7 synthesis could 

be a valuable therapeutic target (149). 

 

Kallikrein Kinin System (KKS) 

 

Kallikrein Kinin System (KKS) generates bioactive peptides from kininogens 

produced locally by numerous tissues (150).  Low molecular weight kininogen (LMWK) 

and high molecular weight kininogen (HMWK) are cleaved by serine proteases called 

kallikrein to form the active kinin peptides, kallidin and bradykinin (BK) (150).  Kinins 

are potent inflammatory mediators that act via two types of kinin receptors, type 1 (B1) 

and type 2 (B2), where B2-receptor is the primary mediator under nonpathological 

conditions.  Kinins stimulate a wide spectrum of biological activities such as 

vasodilation, vascular permeability, and pain (147,150,151). 

BK, one of the main effectors of KKS, is a nonapeptide hormone involved in 

many physiological and pathological processes, such as pain transmission, reparative 

angiogenesis, and control of arterial pressure (147). Similar to Ang1-7, BK is a vasodilator 

thought to mediate some of the effects of AT1-receptor antagonism (150). BK executes 

most of its biological effect by binding residues located in both extracellular and 

transmembrane domains of B2-receptor (152-154). Activation of B2-receptor by BK 

causes the release of prostaglandins and NO (145,150). In aqueous solution, BK has been 
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shown to exist in rapid equilibrium between multiple conformations (155,156). In 

contrast, binding simulations show BK existing as a twisted “S”-shape with a type-II β-

turn between residues 6 and 9 and residues 2 and 5 when bound to B2-receptor (152,153). 

 

Interaction of RAS and KKS 

 

The RAS and the KKS encompass a large number of molecules that play a major 

role in multiple diverse biological effects, such as blood pressure regulation.  

Interestingly, RAS and KKS overlap with several molecules participating in both systems 

(145, 150).  A key enzyme in both KKS and RAS, ACE participates in the degradation of 

kinin peptides as well as the production of AngII. It is also speculated that BK may 

mediate some of the effects of AT1-receptor antagonism (145,147,150).  Kallikrein, the 

enzyme responsible for formation of BK, has also been shown to be involved in 

generation of AngII directly from angiotensinogen (145, 150). In addition, neutral 

endopeptidase (NEP) metabolizes AngI, AngII, and kinin peptides.  Evidence of AT1 and 

B2-receptor heterodimers has also been shown to exist (150,157,158).  These 

heterodimers are believed to contribute to the increased responsiveness to AngII found in 

women with preeclampsia (150,157,158).  Studies have shown a connecting loop located 

between membrane domains 3 and 4 of B2-receptor to be involved in an increased 

activation of Gαq and Gαi proteins during AngII-stimulated signal of the heterodimers in 

preeclamptic patients (157,158).  

Both Ang1-7 and BK act antagonistically to AngII by inducing vasodilation 

making them vital for blood pressure regulation. Because of the interaction between the 

RAS and KKS systems, it will be interesting to determine how the peptide structures 

differ. Comparing their structure and dynamics will provide a better understanding about 

the role both RAS and KKS play in physiology and pathophysiology. 



97 

 

 

 

CHAPTER SIX 

 

Methodology (Ang1-7 and BK) 

 

 

Structural Studies 

 

 

Aqueous Environment 

 

 

Far-UV circular dichroism spectroscopy. The peptides, Ang1-7 and BK, were 

purchased from GenScript Corporation (Piscataway, NJ, USA) and were >97% pure.  

Temperature dependent far-UV CD measurements were performed with a Jasco 815 

spectropolarimeter (Tokyo, Japan) in 20 mM phosphate buffer at pH 7.2.  Because of the 

presence of a histadine in Ang1-7, temperature dependent far-UV CD measurements were 

also performed in 20 mM acetate buffer, pH 4.8.  Sample concentrations were all around 

400 M.  CD was performed as a function of temperature (263-363K) in a thermally 

jacketed cylindrical cell with a path length of 0.05 cm. 

 

Fourier transform infrared spectroscopy. FTIR measurements at 298 K were 

performed on Ang1-7 and BK in 20 mM phosphate buffer, pH 7.2 with concentrations of 

around 1 mM.  Ang1-7 was also measured in 20 mM acetate buffer, pH 4.8.  The samples 

were measured with CaF2 windows separated by a 15 μm Teflon spacer. Measurements 

were collected from 400-4000 cm
-1

 with a resolution of 1 cm
-1

 and 10000 scans using a 

Thermo Nicolet Nexus 670 FT-IR equipped with a KBr beamsplitter and DTGS KBr 

detector.  The buffer solution corresponding to the sample was interactively subtracted 

using the OMNIC software (Thermo Electron Corporation).  Data analysis was 
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performed with OMNIC software utilizing Fourier self deconvolution (FSD) and curve 

fitting procedures using least square fits with Gaussian profiles. 

 

Hydrophobic Environment 

 

 

Far-UV circular dichroism spectroscopy. The peptides, Ang1-7 and BK, were 

purchased from GenScript Corporation (Piscataway, NJ, USA) and were >97% pure.  

Temperature dependent far-UV CD measurements were performed with a Jasco 815 

spectropolarimeter (Tokyo, Japan) in 5 mM, 10 mM, and 15 mM SDS.  Sample 

concentrations were all around 200 M.  CD was performed as a function of temperature 

(293-363K) in a thermally jacketed cylindrical cell with a path length of 0.05 cm. 

 

Fourier transform infrared spectroscopy. FTIR measurements at 298 K were 

performed on Ang1-7 and BK in SDS (5, 10, 15 mM) at concentrations of 500 M.  The 

samples were measured with CaF2 windows separated by a 15 μm Teflon spacer. 

Measurements were collected from 400-4000 cm
-1

 with a resolution of 1 cm
-1

 and 10000 

scans using a Thermo Nicolet Nexus 670 FT-IR equipped with a KBr beamsplitter and 

DTGS KBr detector. The buffer solution corresponding to the sample was interactively 

subtracted using the OMNIC software (Thermo Electron Corporation). Data analysis was 

performed with OMNIC software utilizing Fourier self deconvolution (FSD) and curve 

fitting procedures using least square fits with Gaussian profiles. 

 

Osmolytes and Denaturants 

 

 

Far-UV circular dichroism spectroscopy. The peptide Ang1-7 were purchased 

from GenScript Corporation (Piscataway, NJ, USA) and were >98% pure.  Temperature 

dependent far-UV CD measurements were performed with a Jasco 815 
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spectropolarimeter (Tokyo, Japan) in urea prepared at 1, 2, and 3 M and the 

trimethylamine-N-oxide (TMAO) at 25, 50, and 100 mM, in phosphate buffer, pH 7.2.  

All sample concentrations were around 150 M.  CD was performed as a function of 

temperature (263-363K) in a thermally jacketed cylindrical cell with a path length of 0.05 

cm. 

 

Orientational Dynamics 

 

 

Aqueous Environment 

 

 

Fluorescence anisotropy decay measurements. The time-resolved fluorescence 

studies of Ang1-7 were carried out by time-correlated single-photon counting.  Peptide 

was excited at 280 nm with the third-harmonic of a mode-locked, cavity-dumped Mira 

Optima 900F/Pulse Switch Ti:Sapphire laser pumped by a 10 W Verdi Laser (Coherent, 

Inc., Santa Clara, CA, and 5-050 Ultrafast Harmonic Generator, Inrad Northvale, NJ).  

Fluorescence was collected at 307 nm with an 8-nm bandpass (model 9030 

monochromator, Sciencetech Inc, Concord, ON, Canada).  Parallel and perpendicular 

fluorescence polarizations were collected simultaneously in a T-format system described 

in detail elsewhere (91) and processed by a PC card (Becker and Hickl, SPC-830, Berlin, 

Germany).  Fluorescence decays were measured for samples in 20 mM phosphate buffer, 

pH 7.2 at 278, 283, and 293 K.  Fluorescence decays for parallel and perpendicular 

polarizations were fit globally with in-house software to a 3-exponential intensity decay 

If(t) coupled with a double-exponential anisotropy decay r(t): 
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where the factor G corrects for the different transmission and detection efficiencies in the 

two detection channels (G ≈ 1.5).  The instrument response function had a fwhm of ~50 

ps. 

 

MD Simulations 

 

 

Interaction of Ang1-7 with AT1 and Mas-receptor 

 

I-TASSER (Molecular Simulations Inc., San Diego, Calif.) was used to determine 

the structure of both AT1 and Mas receptor.  A detailed description has been given in 

previous publications (104, 105).  The first stage of I-TASSER, matches the sequence of 

both AT1 (NP_000676) and Mas-receptor (NP_002368) against a non-redundant 

sequence database by position-specific iterated BLAST (PSI-BLAST), to identify 

evolutionary relatives.  The top templates from each threading program are then selected 

and used to assemble structural conformations.  The unaligned regions (loops and turns) 

are built with ab initio modeling.  The protein conformation in the I-TASSER simulations 

is represented by a trace of Cα atoms and the side-chain centers of mass.  The re-

assembly process is conducted by a modified replica-exchange Monte Carlo algorithm 

(106).  The conformations generated in the low-temperature replicas during the 

refinement simulation are clustered by SPICKER (107), with the purpose of identifying 

low free-energy states.  Because the cluster centroids generally have steric clashes and 

can be overly compressed, the I-TASSER structure reassembly is reclustered as in the 

first round of the simulation.  External constraints are pooled from the LOMETS 

threading alignments and the similar structures from PDB, as identified by TM-align 

(108).  The lowest-energy structure is selected, and an all-atom model is constructed by 

REMO (109) through optimization of the hydrogen bonding network. 
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CHAPTER SEVEN 

 

Results (Ang1-7 and BK) 

 

 

Structural Studies 

 

 

Aqueous Environment 

 

 

Far-UV circular dichroism spectroscopy. Analysis of temperature-dependent far-

UV CD spectra was performed in order to determine the equilibrium structural properties 

of Ang1-7 and BKs shown in Figure 7.1 and 7.2.  The temperature dependent spectra of 

Ang1-7 shows an isodichroic point at 210 nm and two minimums at 195 nm and 220 nm.  

SVD analysis was also performed on Ang1-7 and two main components were resolved. 

Component one of Ang1-7 contains two minima at 195 nm and 220 nm which according 

to Tinker et al. and Pountney et al. is indicative of a mixture of unordered and a type II β-

turn (159,160).  The second component shows a broad minimum at 225 nm and 

maximum at 198 nm, indicating a significant population of right-handed -helical 

conformation. At pH 4.8 the minimum at 225 nm becomes narrow indicating an increase 

in β-strand population. 

The analysis program DichroWeb (116,117) was used to further analyze the 

structural content of Ang1-7. The four reference databases that were used included CD 

spectra for 37, 43, 42, and 48 soluble proteins in a wavelength range of 190-240 nm. 

These references were chosen because of the wide variety of proteins in their database. 

DichroWeb analysis was averaged using CD data at 293 and 303 K in order to obtain 

percent structure at 298 K (Table 7.1). This allows for a more accurate comparison of 
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percent structure of CD spectra with FTIR. The program calculated Ang1-7 as having 28% 

α-helix, 8% β-strand (ordered + disordered β-strand), 35% unordered and 30% β-turn.  In 

acidic pH Ang1-7 was found to contain 20% α-helix, 19% β-strand, 37% unordered and 

24% β-turn.  Previously we showed AngII existing predominantly as a left-handed helix. 

Interestingly, the primary sequence of AngII and Ang1-7 are identical except for Phe8 

which is cleaved during Ang1-7 formation, and yet the structural components are 

drastically different. 

 

 
 

Figure 7.1: (A,C) Far-UV CD spectra of as a function of temperature (263-363 K). (B,D) Singular value 

decomposition (SVD) with 1st (red) and 2nd (blue) component shown.  (A,B) Ang1-7 pH 7.2. (C,D) Ang1-7 

pH 4.8 

 

A B 

C D 
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Temperature dependent CD spectra of BK (Fig. 7.2) show BK to have minima 

around 195 nm and 205 nm and a maximum at 225 nm that decreases in ellipticity as 

temperature increases.  An isodichroic point was also found at 210 nm confirming BK to 

exist as a flexible peptide that samples multiple conformations in equilibrium.  SVD 

analysis was performed in order to obtain all structural components.  The first component 

of BK has two minima at 190 nm and 205 nm.  The signature of an unordered peptide 

usually has a minimum around 195 nm but according to Wu et al. the presence of a 

minimum at 205 nm could be attributed to a population of a distorted β-strand (129).  For 

this reason, the first component of BK represents a mixture of unordered and distorted β-

strand.  The second component of BK has a minimum around 195 and a maximum at 218 

nm which is indicative of a β-turn. 

 
Table 7.1: Percent secondary structure calculations obtained from the DichroWeb program for Ang1-7 at pH 

4.8 and 7.2. The average of CD results at 293 K and 303 K was performed in order to obtain percentages at 

298 K. 

 

Structural 

Component 

Ang1-7 

pH 4.8 pH 7.2 

α-helix 20% 28% 

β-strand 19% 8% 

β-turn 24% 30% 

Unordered 37% 35% 

 

DichroWeb was also used to further analyze the structural content of BK using 

the same four reference databases as used with Ang1-7 and averaging CD data from 293 

and 303 K for more accurate comparison with FTIR data (Table 7.2).  DichroWeb found 

the percent structure of BK to be 6% α-helix, 32% β-strand, 24% β-turn, and 38% 

unordered.  Of great interest is AngII contains a left-handed helix but its antagonists, BK 
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and Ang1-7, do not contain left-handed helix which further demonstrates how function is 

dependent on structure. 

 

 
 

Figure: 7.2: Bradykinin pH 7.2 (A) Far-UV CD spectra of as a function of temperature (263-363 K). (B) 

Singular value decomposition (SVD) with 1st (red) and 2nd (blue) component shown.   

 

Table 7.2: Percent secondary structure calculations obtained from the DichroWeb program for Bradykinin 

at pH 7.2. The average of CD results at 293 K and 303 K was performed in order to obtain percentages at 

298 K. 

 

Structural Component Bradykinin 

α-helix 6% 

β-strand 32% 

β-turn 24% 

Unordered 38% 

 

 

Fourier transform infrared spectroscopy. In order to confirm the secondary 

characteristics we performed FTIR on Ang1-7 and BK at pH 7.2 and pH 4.8.  The amide I 

spectral region was analyzed to achieve a quantitative estimate of the secondary structure 

content with a 5% error as shown in Figure 7.3 and 7.4.  Analysis of Ang1-7 provided 

peaks centered at 1623 cm
-1

, 1640 cm
-1

, 1654 cm
-1

, and 1674 cm
-1

 while BK 

deconvolution provided peaks centered at 1630 cm
-1

, 1645 cm
-1

, 1658 cm
-1

, and 1674 cm
-

A B 
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1
 (Fig. 7.3). There were also peaks in the amide II region, which is indicative of side 

chain vibrations.  

 

 
 

Figure 7.3: FTIR of Ang1-7 (pH 7.2 and pH 4.8) deconvoluted with FSD method with a 5% error. The blue 

dots indicate the raw data and the red line is the fit to the raw data. (A) Ang1-7 pH 4.8: The peaks resulting 

consist of a green peak at 1629 cm-1 indicating β-strand, black peak at 1643 cm-1 indicating unordered, 

magenta peak at 1654 cm-1 indicating α-helix, and cyan peak at 1673 cm-1 indicating β-turn. (B) Ang1-7 pH 

7.2: The peaks resulting consist of a green peak at 1623 cm-1 indicating β-strand, black peak at 1640 cm-1 

indicating unordered, magenta peak at 1654 cm-1 indicating α-helix, and cyan peak at 1674 cm-1 indicating 

β-turn. 

 

 
Table 7.3: Summary of FTIR percent structure for Ang1-7 at pH 4.8 and pH 7.2. Amide I spectral region 

was analyzed to achieve a quantitative estimate of the secondary structure content with a 5% error. 

 

Structural 

Component 

Ang1-7 

pH 4.8 pH 7.2 

α-helix 21 28 

β-strand 18 12 

β-turn 22 27 

Unordered 39 33 

 

 

FTIR results agree with DichroWeb calculations showing Ang1-7 containing 28% 

α-helix at pH 7.2 and 21% in pH 4.8 as shown by the band located at 1654 cm
-1

.  The 

peaks at 1623 cm
-1

 and 1640 cm
-1

 indicate Ang1-7 contains 12% β-strand and 33% 

unordered, respectively at physiological pH.  In addition Ang1-7 pH 7.2 was found to 

contain 27% β-turn as shown by the peak at 1674 cm
-1

.  Peaks found at 1629 cm
-1

, 1643 

A B 



106 

cm
-1

 and 1673 cm
-1

 found at acidic pH indicates that Ang1-7 contains 18% β-strand, 39% 

unordered and 22% β-turn conformation.  As a result FTIR analysis agrees with 

DichroWeb in concluding that Ang1-7 contains a large portion of right handed α-helix 

unlike AngII which contained a large portion of left-handed helix.  Table 7.3 summarizes 

the FTIR findings for Ang1-7 at both acidic and physiological pH. 

Deconvolution of FTIR spectra indicated BK existing as 27% β-strand and 36% 

unordered, shown by peaks located at 1630 cm
-1

 and 1645 cm
-1

, respectively.  Peaks at 

1658 cm
-1

 and 1674 cm
-1

 also showed BK existing as 9% α-helix and 28% β-turn, 

respectively.  The percent structure calculated from the FTIR data of BK (Table 7.4) is 

consistent with the DichroWeb calculations (Table 7.2).  Previously, AngII, AngIII and 

AngIV was found to contain a large percentage of left-handed helix which we believe 

give them their physiological role. The lack of left handed helix found in Ang1-7 or BK 

could be the reason why these peptides act antagonistically to AngII. 

 

 
 

Figure 7.4: FTIR of Bradykinin at pH 7.2 deconvoluted with FSD method with a 5% error. The blue dots 

indicate the raw data and the red line is the fit to the raw data. The peaks resulting consist of a green peak at 

1630 cm-1 indicating β-strand, black peak at 1645 cm-1 indicating unordered, magenta peak at 1658 cm-1 

indicating α-helix, and cyan peak at 1674 cm-1 indicating β-turn. 
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Table 7.4: Summary of FTIR percent structure for Bradykinin at pH 7.2. Amide I spectral region was 

analyzed to achieve a quantitative estimate of the secondary structure content with a 5% error. 

 

Structural Component 
Bradykinin 

α-helix 9% 

β-strand 27% 

β-turn 28% 

Unordered 36% 

 

 

Hydrophobic Environment 

 

 

Far-UV circular dichroism spectroscopy. Analysis of temperature-dependent far-

UV CD spectra was performed to examine the equilibrium structural properties of Ang1-7 

and BK in 5, 10 and 15 mM SDS shown in Figure 7.5 and 7.6.  The temperature 

dependent CD spectra of Ang1-7 in SDS have minima at 192 nm and 220 nm and a 

maximum at around 205 nm.  After micelle formation (>8 mM SDS), the ellipticity of the 

maximum at 205 nm increased.  With or without SDS an isodichroic point exists at 215 

nm.  In a hydrophobic environment a second isodichroic point forms at around 200 nm 

indicating a structural change in Ang1-7 when exposed to SDS.   

SVD analysis was performed in order to obtain all structural components.  The 

first component of Ang1-7 in 0mM SDS has two minima at 195 and 220 nm which is 

indicative of a mixture of unordered and a type II β-turn (159,160).  The second 

component has a maximum at 198 nm and a large bowl-like minimum at 225 nm.  This 

component resembles a right-handed α-helix.  In all concentrations of SDS, the first 

component stayed relatively the same except for the formation of a maximum at around 

202 nm.  The second component of Ang1-7 has a minimum at 180 nm with two maxima at 

205 nm and 232 nm which is similar to a left-handed helix although it is slightly 
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distorted.  This suggests that Ang1-7 when exposed to a hydrophobic environment 

contains a fraction of left-handed helix. 

 

 
 

Figure 7.5: (A,C) Far-UV CD spectra of as a function of temperature (293-363 K). (B,D) Singular value 

decomposition (SVD) with 1st (red) and 2nd (blue) component shown.  (A,B) Ang1-7 0mM SDS. (C,D) 

Ang1-7 5mM SDS 

 

The binding site of Ang1-7 to Mas and AT1-receptor is unknown.  AngII on the 

other hand is believed to bind to the AT1-receptor in a hydrophobic environment.  Since 

Ang1-7 binds the AT1-receptor acting in a similar manner as AngII, it is reasonable to 

conclude the binding site of Ang1-7 also exists in a hydrophobic environment.  The first 

component of Ang1-7 in SDS has two minima at 195 and 220 nm which is similar the first 

A B 

C D 



109 

component in phosphate buffer.  This indicates even in SDS Ang1-7 contains a mixture of 

unordered and type II β-turn.   

DichroWeb analysis was performed on CD spectra of Ang1-7 in 5mM, 10mM, and 

15mM SDS using the same reference databases as previously used with the phosphate 

buffer samples.  Percentages from DichroWeb analysis were averaged using CD scans at 

293 and 303 K in order to obtain percent structure at 298 K (Table 7.5).  This will allow 

for more accurate comparison with FTIR data. 

 

 
 

Figure 7.6: (A,C) Far-UV CD spectra of as a function of temperature (293-363 K). (B,D) Singular value 

decomposition (SVD) with 1st (red) and 2nd (blue) component shown.  (A,B) Ang1-7 10mM SDS. (C,D) 

Ang1-7 15mM SDS 
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Table 7.5. Percent secondary structure calculations obtained from the DichroWeb program for Ang1-7 in 

0mM, 5mM, 10mM and 15mM SDS. The average of CD results at 293 K and 303 K was performed in 

order to obtain percentages at 298 K. 
 

Structural 

Component 

Ang1-7 

0mM SDS 5mM SDS 10mM SDS 15mM SDS 

α-helix 28% 18% 8% 8% 

β-strand 8% 23% 28% 29% 

β-turn 30% 21% 19% 18% 

Unordered 35% 38% 45% 45% 

 

In 0mM SDS Ang1-7 contains 28% α-helix, 8% β-strand, 30% β-turn, and 35% 

unordered conformation.  However once introduced to SDS, the percentage of α-helix 

and β-turn decreases while β-strand and unordered increase.  In 5mM SDS, Ang1-7 

contains 18% α-helix, 23% β-strand, 21% β-turn and 38% unordered conformation.  

Above critical micelle concentration Ang1-7 contains 8% α-helix, around 28% β-strand, 

19% β-turn and 45% unordered conformation.  The increase in β-strand found in 10 and 

15mM SDS, are the cause for the weak maximum at 202 nm found in the first 

component.  Because of the lack of left-handed helix in the databases, the percentage of 

left-handed helix was not able to be calculated which could cause an over estimation in 

other structural components.  In order to estimate the percentage of left-handed helix as 

shown in Table 7.6, inverted CD spectra were analyzed with DichroWeb.  As confirmed 

by DichroWeb, there was a small population of left-handed helix present in Ang1-7 when 

exposed to SDS micelles. 

 
Table 7.6: Percent secondary structure calculations obtained from DichroWeb analysis of inverted CD 

spectra of Ang1-7 in 0 mM, 5 mM, 10 mM, and 15 mM SDS, pH 7.2. All results were calculated at 298 

 

Structural 

Component 

Ang1-7 

0mM SDS 5mM SDS 10mM SDS 15mM SDS 

Left-handed 

helix 
0% 4% 8% 9% 
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Figure 7.7: (A,C) Far-UV CD spectra of as a function of temperature (293-363 K). (B,D) Singular value 

decomposition (SVD) with 1st (red) and 2nd (blue) component shown.  (A,B) BK 0mM SDS. (C,D) BK 

5mM SDS 

 

 

Similarly to BK in phosphate buffer, the temperature dependent CD spectra of BK 

in SDS have minima around 195 nm and 205 nm (Fig. 7.7 and 7.8).  The maximum at 

225 nm, on the other hand, is no longer present along with the isodichroic point found 

previously at 210 nm.  The disappearance of the isodichroic point reveals a change in 

conformation in BK when exposed to a hydrophobic environment.  SVD analysis was 

performed to obtain all structural components.  The first component has minima at 190 

nm and 205 nm which is similar to the first component of BK in aqueous environment 

suggesting that BK exists in both aqueous and hydrophobic environment as a mixture of 

A B 

C D 



112 

unordered and distorted β-strand (129).  The second component of BK in all 

concentrations of SDS micelles contains minima at 198 nm and 225 nm and a maximum 

at around 185 nm resembling that of a right handed α-helix. 

 

 
 

Figure 7.8: (A,C) Far-UV CD spectra of as a function of temperature (293-363 K). (B,D) Singular value 

decomposition (SVD) with 1st (red) and 2nd (blue) component shown.  (A,B) BK 10mM SDS. (C,D) BK 

15mM SDS 

 

DichroWeb analysis was performed on spectra of BK to obtain percent structure 

when exposed to SDS micelles.  Four reference databases were chosen because of the 

wide variety of proteins in their database including CD spectra for 37, 43, 42, and 48 

soluble proteins in a wavelength range of 190-240 nm.  DichroWeb analysis was 

averaged using CD data at 293 and 303 K in order to obtain percent structure at 298 K 
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C D 



113 

(Table 7.7) allowing for a more accurate comparison of percent structure of CD spectra 

with FTIR. 

Percent composition calculated for BK in 5 mM SDS was 20% α-helix, 22% β-

strand, 25% β-turn and 33% unordered.  In 10 mM SDS, BK was found to contain 25% 

α-helix, 18% β-strand, 18% β-turn and 39% unordered.  BK in 15 mM SDS contained 

24% α-helix, 19% β-strand, 22% β-turn and 35% unordered.  The percent of α-helix 

significantly increased in the presence of SDS.  In addition, above critical micelle 

concentration (8 mM) (125) the percentage of β-strand and β-turn decrease.  The C-

terminus of BK is believed to be buried within the lipid bilayer during B2-receptor 

binding/activation.  The structural changes that occur upon exposing BK to a 

hydrophobic environment give insight on the structural changes that occur during BK 

binding to the B2-receptor.   

 
Table 7.7: Percent secondary structure calculations obtained from the DichroWeb program for BK  in 

0mM, 5mM, 10mM and 15mM SDS. The average of CD results at 293 K and 303 K was performed in 

order to obtain percentages at 298 K. 
 

Structural 

Component 

Bradykinin 

0mM SDS 5mM SDS 10mM SDS 15mM SDS 

α-helix 9% 20% 25% 24% 

β-strand 27% 22% 18% 19% 

β-turn 28% 25% 18% 22% 

Unordered 36% 33% 39% 35% 

 

 

Fourier transform infrared spectroscopy. In order to confirm the secondary 

characteristics FTIR was performed on Ang1-7 and BK in 5 mM, 10 mM, and 15 mM 

SDS. The amide I spectral region was analyzed to achieve a quantitative estimate of the 

secondary structure content with a 5% error as shown in Figure 7.9 and 7.10.  Peaks in 

the amide II region were also found indicating side chain vibrations such as Tyr. 
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Figure 7.9: FTIR of Ang1-7 in 0 mM SDS, 5 mM SDS, 10 mM SDS, and 15 mM SDS deconvoluted with 

FSD method with a 5% error.  The blue dots indicate the raw data and the red line is the fit to the raw data. 

A) Ang1-7  in 0 mM SDS: The peaks resulting consist of a green peak at 1623 cm-1 indicating β-strand, 

black peak at 1640 cm-1 indicating unordered, magenta peak at 1654 cm-1 indicating α-helix, and cyan peak 

at 1674 cm-1 indicating β-turn. B) Ang1-7  in 5 mM SDS: The peaks resulting consist of a green peak at 

1625 cm-1 indicating β-strand, black peak at 1641 cm-1 indicating unordered, blue peak at 1654 cm-1 

indicating α-helix, magenta peak at 1661 cm-1 indicating left-handed helix, and cyan peak at 1675 cm-1 

indicating β-turn. (C) Ang1-7  in 10 mM SDS: The peaks resulting consist of a green peak at 1625 cm-1 

indicating β-strand, black peak at 1642 cm-1 indicating unordered, blue peak at 1652 cm-1 indicating α-

helix, magenta peak at 1664 cm-1 indicating left-handed helix, and cyan peak at 1672 cm-1 indicating β-

turn. (D) Ang1-7  in 15 mM SDS: The peaks resulting consist of a green peak at 1624 cm-1 indicating β-

strand, black peak at 1641 cm-1 indicating unordered, blue peak at 1651 cm-1 indicating α-helix, magenta 

peak at 1662 cm-1 indicating left-handed helix, and cyan peak at 1672 cm-1 indicating β-turn. 

 

 

Analysis of Ang1-7 in 5 mM SDS provided peaks at 1625 cm
-1

 indicating 21% β-

stand, and a peak at 1641 cm
-1

 resembling 40% unordered conformation.  Additional 

peaks were found at 1654 cm
-1

 and 1675 cm
-1

 signifying 16% α-helix and 18% β-turn, 

respectively.  The development of a peak located around 1661 cm
-1

 was assigned to 5% 

left-handed helix as described in the findings of Lee et al. (123).  Deconvolution of Ang1-

7 in 10 mM SDS revealed peaks at 1625 cm
-1

, 1642 cm
-1

, 1652 cm
-1

, 1664 cm
-1

 and 1672 
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cm
-1

 representing 21% β-strand, 42% unordered, 7% α-helix 13% left-handed helix and 

17% β-turn, respectively.  Ang1-7 in 15 mM SDS was also found to contain peaks 

centered at 1624 cm
-1

, 1641 cm
-1

, 1651 cm
-1

 1662 cm
-1

 and 1672 cm
-1

 demonstrating 20% 

β-strand, 42% unordered, 6% α-helix, 14% left-handed helix and 18% β-turn.  Table 7.8 

summarizes the FTIR findings for Ang1-7 in SDS. 

 
Table 7.8: Summary of FTIR percent structure for Ang1-7 in 5mM, 10mM, and 15mM SDS. Amide I 

spectral region was analyzed to achieve a quantitative estimate of the secondary structure content with a 

5% error. 

 

Structural 

Component 

Ang1-7 

0 mM SDS 5 mM SDS 10 mM SDS 15 mM SDS 

Left-handed helix  5% 13% 14% 

α-helix 28% 16% 7% 6% 

β-strand 8% 21% 21% 20% 

β-turn 30% 18% 17% 18% 

Unordered 35% 40% 42% 42% 

 

Ang1-7 can bind both the Mas and AT1-receptor.  When bound to the Mas 

receptor, Ang1-7 acts as a vasodilator but when bound to the AT1-receptor, it acts as a 

vasoconstrictor.  Because AngII is known to bind to the AT1-receptor in a hydrophobic 

environment, it is reasonable to conclude that the AT1-binding site of Ang1-7 is also 

resides in a hydrophobic environment.  AngII has been shown to contain a large 

percentage of left-handed helix in both aqueous and hydrophobic environment.  Since 

Ang1-7 can cause vasoconstriction in a manner similar to AngII, the existence of left-

handed helix in both peptides indicates the importance of this structural conformation in 

AT1-receptor binding/activation.  In contrast, the Mas-receptor binding site could 

conceivably be located in the extracellular matrix exposing Ang1-7 to an aqueous 

environment which would produce a large percentage of right-handed helix.  The 

transition from right-handed helix in an aqueous environment to left-handed helix when 
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exposed to a hydrophobic environment could render it possible for Ang1-7 to act as both a 

vasoconstrictor and a vasodilator. 

Deconvolution of BK in 5 mM SDS revealed peaks located at 1624 cm
-1

, 1640 

cm
-1

, 1654 cm
-1

 and 1674 cm
-1

, representative of 22% β-strand, 31% unordered, 22% α-

helix and 25% β-turn.  After micelle formation (10 mM and 15 mM SDS) BK contained 

peaks around 1626 cm
-1

 and 1642 cm
-1

 designating 16% β-strand and around 38% 

unordered conformation, respectively.  Peaks were also found at 1656 cm
-1

 signifying 

26% α-helix and 1673 cm
-1

 representing ~20% β-turn conformation.  Table 7.9 

summarizes the structural findings for FTIR of BK in SDS. 

The percent structure found from FTIR data agrees with DichroWeb findings.  

The binding site of B2-receptor exists within the lipid bilayer exposing the C-terminus to 

a hydrophobic environment.  The structural changes that occur upon exposing BK to SDS 

micelles give insight into the key structures for BK binding to the B2-receptor.  In the 

presence of SDS, the percentage of α-helix increased in BK.  BK is a known antagonist 

of AngII.  Previously our studies determined AngII contained a large percentage of left-

handed helix.  Because BK does not contain any left-handed helix but instead has a large 

percentage of right-handed helix, it is possible that these structural differences are the 

cause of the opposing biological activity in the antagonists, AngII and BK. 
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Figure 7.10: FTIR of Bradykinin in 0mM SDS, 5mM SDS, 10mM SDS, and 15mM SDS deconvoluted 

with FSD method with a 5% error.  The blue dots indicate the raw data and the red line is the fit to the raw 

data. A) BK in 0 mM SDS: The peaks resulting consist of a green peak at 1630 cm-1 indicating β-strand, 

black peak at 1645 cm-1 indicating unordered, magenta peak at 1658 cm-1 indicating α-helix, and cyan peak 

at 1674 cm-1 indicating β-turn. B) BK in 5 mM SDS: The peaks resulting consist of a green peak at 1624 

cm-1 indicating β-strand, black peak at 1640 cm-1 indicating unordered, magenta peak at 1654 cm-1 

indicating α-helix, and cyan peak at 1674 cm-1 indicating β-turn. (C) BK in 10 mM SDS: The peaks 

resulting consist of a green peak at 1625 cm-1 indicating β-strand, black peak at 1642 cm-1 indicating 

unordered, magenta peak at 1656 cm-1 indicating α-helix and cyan peak at 1672 cm-1 indicating β-turn. (D) 

BK in 15 mM SDS: The peaks resulting consist of a green peak at 1627 cm-1 indicating β-strand, black 

peak at 1643 cm-1 indicating unordered, magenta peak at 1655 cm-1 indicating α-helix and cyan peak at 

1675 cm-1 indicating β-turn. 

 

 
Table 7.9: Summary of FTIR percent structure for BK in 5mM, 10mM, and 15mM SDS. Amide I spectral 

region was analyzed to achieve a quantitative estimate of the secondary structure content with a 5% error. 

 

Structural 

Component 

Bradykinin 

0 mM SDS 5 mM SDS 10 mM SDS 15 mM SDS 

α-helix 9% 22% 26% 26% 

β-strand 27% 22% 16% 16% 

β-turn 28% 25% 20% 19% 

Unordered 38% 31% 38% 39% 

 

 

  A    B 

   C    D 
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Osmolytes and Denaturants 

 

 

Far-UV circular dichroism spectroscopy. Analysis of temperature-dependent far-

UV CD spectra was performed to examine the equilibrium structural properties of Ang1-7 

in the presence of different concentrations of urea and trimethylamine-N-oxide (TMAO) 

as shown in Figure 7.11-7.14.  With an increase in urea concentration, the minimum at 

200 nm disappeared indicating a decrease in β-turn conformation.  SVD analysis was 

performed and two components were revealed.  The first component in 1 M urea contains 

to minima at 202 nm and 220 nm which is indicative of a right handed α-helix.  The 

second component in 1 M urea contains a minimum at 220 nm with a maximum at 200 

nm which is representative of β-strand.  Once in 2 M and 3 M urea the first component 

contains only a minimum at 210 nm which is representative of unordered.  The second 

component still contains a maximum at 200 nm and a minimum at 220 nm.  Because the 

minimum is very broad, it is possible that this component represents a mixture of β-strand 

and α-helix. 

DichroWeb analysis was used to calculate the percent structure of Ang1-7 in urea 

(Table 7.10).  In 1 M urea Ang1-7 contained 18% α-helix, 21% β-strand, 22% β-turn and 

39% unordered.  Percentage of α-helix was comparatively the same at around 4% in both 

2 and 3 M urea.  Population of β-strand was calculated to be around 35% while β-turn 

was found to be around 20% in both 2 M and 3M urea.  At concentrations greater than 1 

M, the percent unordered stayed relatively the same indicating that Ang1-7 has reached 

maximum instability.  Urea denaturation of Ang1-7 drastically decreased the α-helix 

population while the percentage of β-strands increased.  This is in agreement with 

previous findings that suggest that β-strand is fairly stable even in the presence of urea 

(161). 
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Figure 7.11: (A,C) Far-UV CD spectra of as a function of temperature (263-363 K). (B,D) Singular value 

decomposition (SVD) with 1st (red) and 2nd (blue) component shown.  (A,B) Ang1-7 0 M Urea. (C,D) 

Ang1-7 1 M Urea 

 

 

The addition of TMAO caused structural changes in Ang1-7 as shown by the shift 

in the isodichroic point.  The minimum at 220 nm increases in ellipticity with an increase 

in TMAO concentration.  A minimum at 220 nm is characteristic of β-strand as well as α-

helix.  This change in ellipticity indicates that the β-strand, α-helix or both populations 

are changing when TMAO is added.  SDS analysis revealed two components present in 

Ang1-7.  The first component contained to minima at 195 nm and 220 nm at all TMAO 

concentrations indicating a mixture of unordered and a type II β-turn (159,160).  The 

second component contains a maximum at around 200 nm and a minimum at 220 nm.  In 

0 mM TMAO, the minimum is very broad and bowl-like but as concentrations of TMAO 
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increase this minimum decreases in width.  This change indicates that the population of 

β-strand is increasing when Ang1-7 is exposed to TMAO. 

 

 
 

Figure 7.12: (A,C) Far-UV CD spectra of as a function of temperature (263-363 K). (B,D) Singular value 

decomposition (SVD) with 1st (red) and 2nd (red) component shown.  (A,B) Ang1-7 2 M Urea. (C,D) Ang1-

7 3 M Urea 

 

 
Table 7.10: Percent secondary structure calculations obtained from the DichroWeb program for Ang1-7 in 0 

M, 1 M, 2 M and 3 M Urea. The average of CD results at 293 K and 303 K was performed in order to 

obtain percentages at 298 K. 
 

Structural 

Component 

Ang1-7 

0 M Urea 1 M Urea 2 M Urea 3 M Urea 

α-helix 28% 18% 5% 4% 

β-strand 8% 21% 35% 36% 

β-turn 30% 22% 19% 20% 

Unordered 35% 39% 41% 40% 
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Figure 7.13: (A,C) Far-UV CD spectra of as a function of temperature (263-363 K). (B,D) Singular value 

decomposition (SVD) with 1st (red) and 2nd (blue) component shown.  (A,B) Ang1-7 0 mM TMAO. (C,D) 

Ang1-7 25 mM TMAO 

 

DichroWeb was performed in order to confirm structural changes upon addition 

of TMAO (Table 7.11).  In 25 mM TMAO, the percentage of α-helix (29%) and 

unordered (34%) stays relatively the same while the percentage of β-turn decreased to 

27% and β-strand increased to 10%.  Ang1-7 in 50 mM TMAO contained 31% α-helix, 

12% β-strand, 25% β-turn and 32% unordered whereas in 100 mM TMAO, percent 

structure was found to be 31% α-helix, 15% β-strand, 24% β-turn and 30% unordered.  

As expected the percent unordered decreased with an increase in TMAO concentration.  

In addition, TMAO increased the amount of α-helix slightly as well as β-strand.  The 

increase found in β-strand is most likely what caused the changes in the CD spectra. 
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The structural findings of Ang1-7 demonstrate how the environment can influence 

the structure of a peptide.  Interestingly in both urea and TMAO, β-strand population 

increased drastically which implies that this structural component is important in Ang1-7 

stability.  Out of all of the angiotensin peptides, Ang1-7 is influenced the most by its 

environment.  This is most likely the reason it is able to act as both a vasodilator and 

vasoconstrictor. 

 

 
 

Figure 7.14: (A,C) Far-UV CD spectra of as a function of temperature (263-363 K). (B,D) Singular value 

decomposition (SVD) with 1st (red) and 2nd (blue) component shown.  (A,B) Ang1-7 50 mM TMAO. (C,D) 

Ang1-7 100 mM TMAO 
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C D 
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Table 7.11. Percent secondary structure calculations obtained from the DichroWeb program for Ang1-7 in 0 

mM, 25 mM, 50 mM and 100 mM SDS. The average of CD results at 293 K and 303 K was performed in 

order to obtain percentages at 298 K. 
 

Structural 

Component 

Ang1-7 

0 mM TMAO 25 mM TMAO 50 mM TMAO 100 mM TMAO 

α-helix 28% 29% 31% 31% 

β-strand 8% 10% 12% 15% 

β-turn 30% 27% 25% 24% 

Unordered 35% 34% 32% 30% 

 

 

Orientational Dynamics 

 

 

Aqueous Environment 

 

 

Fluorescence anisotropy decay measurements. Rotational correlation times for 

the tyrosine residue in Ang1-7 (Table 7.12) were obtained by globally fitting the 

fluorescence decays with polarizations parallel and perpendicular to the excitation 

polarization as described elsewhere (103). The fluorescence decays and their fits are 

shown in Figure 7.14.  In each case the anisotropy decay was fit with a two-exponential 

decay.  The initial anisotropy r(0) at t=0 was a variable fitting parameter.  

Several trends are observed in the data.  First, the fits confirm the presence of at 

least two components in the anisotropy decay, a fast component φ1 with a time constant 

around 50 ps (at 293 K) and a slow component φ2 with a time constant of 100‟s of ps.  

The slow rotational correlation time decreases with increase in temperature.  For this 

reason the long rotational correlation time is attributable to global reorientation of the 

peptide.  Surprisingly, the long rotational correlation time in each case is longer for Ang1-

7 than for AngII. 
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Figure 7.15: Fluorescence decays for Ang1-7 pH 7.2 at 278 K (A), 283 K (B) and 293 K (C) measured by 

time-correlated single-photon counting.  Plots shows the decay of fluorescence polarized parallel to the 

excitation polarization shown in blue, the decay of fluorescence polarized perpendicular to the excitation 

polarization shown in red, and the instrument function.  Fit line for parallel is shown in magenta and 

perpendicular fluorescence decays is shown in cyan. Weighted residuals are shown for the fits to the 

parallel (blue) and perpendicular (red) fluorescence decays. The inset illustrates the fluorescence 

anisotropy. 

 

In contrast, a clear temperature dependence of the fast component was not 

detected.  The fast rotational correlation time φ1 corresponds to internal dynamics 

involving the Tyr sidechain.  Comparison of the amplitudes of the Ang1-7 and AngII 

anisotropy decay components demonstrates that the fast rotational correlation time 

contributes a larger fraction of the anisotropy decay for Ang1-7 than for AngII, 

particularly for 293 K, suggesting a greater range of internal motion for the Tyr sidechain 

in Ang1-7.  This indicates that AngII contains a more highly structured conformation 

which would also explain the greater long rotational time in Ang1-7.  Finally, the initial 

anisotropy r(0) is fairly low suggesting an unresolved faster motion in Ang1-7. 

 

 

 

 

 

 

 

 

A    B                C 
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Table 7.12: Rotational correlation times for the tyrosine residue in Ang1-7. The anisotropy decay was fit 

with a two-exponential decay.  The initial anisotropy (r(0)) at t=0 was a variable fitting parameter. 

 

 Ang1-7 

Temp pH a1 φ1 (ns) φ2 (ns) r(0) χ2 

278 K 7.2 0.26 0.11 0.84 0.11 1.20 

283 K 7.2 0.41 0.05 0.78 0.13 1.33 

293 K 7.2 0.41 0.06 0.73 0.12 1.14 

 

 

MD Simulations 

 

 

Interaction of Ang1-7 with AT1 and Mas Receptor 

 

 Homology modeling revealed five main model structures for both the AT1 and 

Mas receptors.  A typical secondary structure prediction contains three states: alpha helix 

(H), beta strand (S) and coil (C), with confidence scores for each residue ranging from 0 

to 9 where the higher the value the higher the confidence.  An additional confidence score 

(C-value) is given for the overall predicted model where a score > −1.5 indicates a 

correct fold.  The model with the highest C-value of 0.44 for AT1-receptor and 0.61 for 

the Mas receptor are shown in Fig 7.16. 

As discussed in Chapter 3, the AT1-receptor was found to contain seven TM 

helices and five β-strands.  The Mas receptor also contains seven TM helices along with 

five β-strands composed of three to four residues.  Helix 1 of the Mas receptor 

encompasses residues 33-52, helix 2 contains residues 65-93, helix 3 was found to 

contain residues 102-140 and helix 4 and 5 consists of residues 151-164 and 186-216, 

respectively.  Helix 6 was found to contain residues 225-253 and helix 7 comprises of 

residues 259-302. 
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Figure 7.16: Molecular model of (A) AT1-receptor and (B) Mas-receptor using I-TASSER software 

package. 

 

 In addition to structural predictions, I-TASSER was also able to predict receptor 

binding site and residue solvent accessibility.  A score of 0 through 9 was given to each 

amino acid where 0 signifies buried and 9 indicates highly exposed to environment.  The 

binding site for Mas according to simulation studies resides between residues 65-75, 121-

132, 143-144, 149-157, and 202.  The solvent accessibility score of the predicted binding 

site ranged between 0-3 indicating these residues are buried in the transmembrane region 

and that Ang1-7 binds to the Mas receptor in a hydrophobic environment.  Little is known 

about the binding site of Ang1-7 to AT1 and Mas-receptor.  In order to confirm the actual 

binding site of Ang1-7, additional investigations should be performed. 

 

 

 

A               B 
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CHAPTER EIGHT 

 

Discussion (Ang1-7 and BK) 

 

 

Summary of Experimental Results 

 

 Most recently, RAS has expanded to include angiotensin metabolites once 

considered inactive such as the heptapeptide Ang1-7 (141-143).  The C-terminus of AngII 

is cleaved by ACE2 to form Ang1-7 which acts as both an agonists and antagonist of 

AngII (162, 163).  Similar to Ang1-7, BK is a vasodilator thought to mediate some of the 

effects of AT1-receptor antagonism (150).  In order to clearly understand the structure 

and dynamics of Ang1-7, joint experimental and computational study of the structure and 

reorientation dynamics have been performed.  Structural studies were also performed on 

BK. 

 Structural studies indicate that Ang1-7 exists as mainly right-handed α-helix, β-

turn and unordered in an aqueous environment.  Once a denaturant, in this case urea, was 

added the α-helix drastically decreased while the percent unordered increased.  The 

osmolyte, TMAO also increased the population of β-strand.  Because β-strand population 

significantly increased in both urea and TMAO, this structural component could possibly 

play a role in Ang1-7 stability.  When exposed to SDS micelles, the conformation shifts 

from a right-handed helix to a left-handed α-helix.  The binding site for AT1-receptor is 

believed to exist in a hydrophobic environment.  It is possible that this shift in 

conformation allows Ang1-7 to bind and activate both AT1 and Mas receptor. 

 In an aqueous environment, structural studies indicated that BK was a fairly 

flexible peptide containing mostly β-strand, β-turn and unordered conformations.  
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Unexpectedly, when exposed to SDS the main structural components shifted to include α-

helix.  Previous binding simulations have shown that the C-terminus of BK is buried 

within the transmembrane region of the receptor exposing BK to a hydrophobic 

environment (152-154).  Exposing BK to SDS micelles give insight into the key 

structures important for BK binding to the B2-receptor.  

In order to gain insight into the dynamic behavior of Ang1-7, anisotropy 

measurements were performed at physiological pH.  The amplitude of the fast 

reorientational motions is greater than AngII indicating the Tyr4 sidechain is in a more 

rigid, restrictive environment in AngII compared to Ang1-7.  The long rotational 

correlation time in each case is also longer for Ang1-7 than for AngII.  This suggests that 

AngII contains a more compact conformation than Ang1-7 which is in agreement with 

structural findings. 

 

Summary of AT1 and Mas-Receptor Simulation Results 

 

 Computational results indicate similar structural features in both the AT1 and 

Mas-receptor.  The seven TM-helices found in both the AT1 and Mas-receptor are 

characteristic of the GPCR family.  The binding site of Ang1-7 has yet to be discovered 

for AT1 or the Mas receptor.  It is believed that the binding site for AT1 similar to that of 

AngII suggesting that the binding site is most likely buried in the TM helices as 

suggested by AT1 computational results.  According to simulation results of Mas-

receptor, the binding site would also reside within the TM region.  Prediction of the 

ligand binding site involves combination of local and global structural similarities with 

proteins of known function.  The local similarity search looks for conserved spatial 

motifs in the predicted I-TASSER model, with top ranked candidates based on their 

structure and sequence similarity in functional cavities (binding pockets) (105).  Because 
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the binding site results from homology predictions, in order to confirm the actual binding 

site of Ang1-7, additional investigations should be performed. 
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CHAPTER NINE 

 

Conclusion 

 

 

In this study a clear structural difference between AngI and the active peptides, 

AngII, AngIII, AngIV and Ang1-7 have emerged.  Previous studies have demonstrated 

AngI and II existing as very dynamic molecules with highly flexible termini in aqueous 

solutions (21,28).  The MD simulation results also suggest that the peptides are very 

flexible, sampling a large number of conformations, which differ primarily in sidechain 

orientations.  The wide range of structures includes ones that are similar to those 

previously considered as biologically active (21,59).  

Even though AngI contains all eight amino acids of AngII, it has no known 

biological activity and acts only as a precursor to AngII, a potent vasoconstrictor.  

Experimentally, we have found AngI exists in equilibrium between unordered 

conformations and a PPII helix along with a subpopulation of β-form. Subpopulations 

were found to consist of β-turn, unordered, and a small population of α-helix 

conformations. The lack of defined structure in AngI could explain why it has no known 

biological function. 

The most intriguing structural feature observed here is the presence of left-handed 

helical conformation of the active forms, AngII, III, and IV, while AngI exists in 

equilibrium between unordered conformation and PPII helix.  Previous studies have 

shown the binding site of AngII to exist at the membrane-water interface.  Based on the 

structural analysis and orientation dynamics in this study, we suggest that the existence of 

a significant population of left-handed helix in AngII at both aqueous and hydrophobic 
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environment, could present the necessary and critically important structural component 

for receptor binding and activation.  It is also interesting to note that Ang1-7, which 

functions as both an agonists and antagonist to AngII, has a very distinct minimum at 

220nm in the far-UV CD spectrum, indicating a significant population of right-handed α-

helical conformation in aqueous environment yet in a hydrophobic environment has a 

significant population of left-handed helix. 

In conclusion, the combined experimental and MD approach presented here 

suggests that truncation of AngI to form AngII introduces restrictions in the populations 

of the available range of structures that enable biological activity in AngII.  These 

features include a more compact average structure with more restricted internal dynamics 

as well as greater exposure of the terminal Phe.  In addition experimental studies 

performed on Ang1-7 indicate cleavage of the C-terminal Phe in AngII bring about 

structural changes that might contribute to the antagonistic behavior of Ang1-7. 
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