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Abstract: A novel investigation into the structure-function relationship was undertaken to enhance
understanding of the mechanism of action of the vasoactive peptide angiotensin II (Angll) using
unconventional substitutions such as AIB (a-aminobutyric acid), CHA (cyclohexylalanine acid), IAP
(isonipecotic acid), TOAC (2,2,6,6-tetramethylpiperidine-1-oxyl-4-amine-4-carboxylic acid) at
position 3, and DMT (2,6-dimethyl-Tyrosine) at position 4. Biological potency assays were
conducted on guinea pig ileum, and structural features were analyzed using circular dichroism (CD)
and molecular dynamics (MD).CHA3-Angll and AIB3-Angll analogs retained some agonistic
activity, whereas IAP3-Angll and TOAC3-Angll derivatives were inactive. CD results indicated low
conformational flexibility for AIB3-Angll and CHA?3-Angll, and greater conformational restrictions
for IAP3-Angll and TOAC3-Angll, consistent with computational modeling analyses. DMT*-AnglI
exhibited significant agonistic activity compared to the inactive Phe*Angll. Molecular modeling
suggested a potential interaction between the hydroxyl group of Tyr* and the amide bond between
positions 7 and 8. Angll showed greater conformational restriction compared to DMT*AnglI and
Phe*-Angll, underscoring the importance of tyrosine at position 4.

Keywords: Angiotensin II; Conformational evaluation; Molecular Dynamics; Biological Activity;
Yasara software

1. Introduction

Cell membrane receptors are categorized into three major groups based on structural and
functional criteria. These groups include receptors involved in cell adhesion, those facilitating ligand
transportation to intracellular destinations, and those initiating intracellular signal transduction upon
ligand activation (lismaa and Shine, 1992). Among these, G protein-coupled receptors (GPCRs)
constitute one of the largest receptor families, with approximately 1000 different GPCRs identified in
mammals. Numerous ligands, particularly peptide hormones, act via GPCRs, including significant
effectors such as angiotensin II (Angll) and bradykinin (BK) in the renin-angiotensin system (RAS)
and kallikrein-kinin system (KKS) (Oliveira et al., 2007; Peach and Dostal, 1990; Sandberg et al., 1994;
Leeb-Lundberg et al., 2001, 2005). Recently our group examined the kinetics of spontaneous
decomposition of glutamine-containing small GPCR’s CXCR chemokine heptapeptide generating a
more hydrophobic pyroglutamic acid containing — derivative which by combining unique force
atomic microscopy and infrared nanospectroscopy, revealed a typical amyloide-structure found in
the known Alzheimer neurodegenerative disease (Ferreira et al., 2023).

Following the cloning of the Angll AT1 receptor, studies aimed to characterize its functional
responses led to the identification of crucial regions in receptor-agonist interactions, including
binding sites, agonist activation sites, G protein coupling sites, and internalization mechanisms
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(Correa et al., 2002; Hunyady et al., 1994; Monnot et al., 1996; Oliveira et al., 2007; Pignatari et al.,2006,
Lopes et al., 2013). AnglI, an octapeptide hormone, regulates blood pressure and electrolyte balance
through its actions on the RAS via AT1 and AT2 receptors (Peach and Dostal, 1990; Tigerstedt and
Bergman, 1898). Additionally, Angll is known to induce tachyphylaxis, and an alternative
mechanistic model for this phenomenon has been already proposed by us (Barros et al., 2009). These
receptors typically feature seven transmembrane helices and glycosylation sites in the extracellular
N-terminal region (Oliveira et al., 2007, Lopes et al., 2013), with G protein coupling facilitating signal
transduction across the cell membrane (Oliveira et al., 1994). Extensive research has aimed to
elucidate the significance of individual residues and their impact on AnglI’s structure and functional
properties.

In this study, we focused on positions 3 and 4 of Angll. Peptides with unconventional
substitutions, including Cyclohexylalanine (CHA), Isonipecotic Acid (IAP), Aminobutyric Acid
(AIB), Dimethyltyrosine (DMT) and the spin label TOAC (2,2,6,6-tetramerhylpiperidine-1-oxyl-4-
amine-4-caboboxylic acid) were synthesized for this purpose (see Figure 1). This latter compound
was introduced by our group (Nakaie et al., 1981, 1983, Marchetto et al., 1993, Schreier et al., 2012) as
a mobility spin probe for monitoring dynamics of neighboring peptides and other macromolecules
systems where it is associated.

All these peptide derivatives were then evaluated for their agonistic potency and structural
characteristics using circular dichroism spectroscopy and computational modeling with Yasara
software.

HO. _O
HyC_ CHy
Oo. _C
SC” “NH,
HO
(o) N
H
HO NH,
A B C
CH, o) H3N* COO

Figure 1. Unusual substitutes used in this work. (A) AIB - Aminobutyric acid; (B) CHA -
Cyclohexylalanine; (C) IAP - Isonipecotic acid; (D) DMT - 2,6-Dimethyltyrosin; (E) TOAC - 2,2,6,6-
tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic acid.

2. Results

Table 1 presents the activity results of the synthesized peptides. AIB*-Angll and CHA3-Angll
showed activity, albeit with low potency. IAP3-AnglIl and TOAC?3-Angll were inactive, while DMT*-
Angll retained 43.6% of Angll’s activity. Circular dichroism results for position 3 analogs are depicted
in Figure 2. A very folded structure, rather similar to that of IAP3-Angl was observed with TOAC3-
Angll.
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Table 1. - Tensor properties of the peptides synthesized in this work. * Result collected from another

work.
# Peptides pD: % of AnglI activity
1 Angll 8,90+ 0,01 100
2 AIB3-Angll 742+ 0,06 3,3
3 CHAS3-Angll 7,25+ 0,01 2,2
4 TAP3-Angll Inactive -
5 TOAC3-Angll Inactive --
6 DMT*Angll 8,54 +0,03 43,6
7 Phe?-Angll* 7,97+ 0,05 11,7
ia
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Figure 2. Circular Dichroism Images of (A) Angll, (B) AIB3-Angll, (C) CHA3-Angll, (D) IAP3-AnglI,
(E) TOAC3-AnglI. .

It is noteworthy that Angll exhibits a range of random structures in a polar environment,
gradually transitioning towards an alpha helix structure with decreasing solution polarity. Both IAP3-
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Angll and TOAC3-Angll displayed reduced predisposition to random structures even in a polar
environment with 0% TFE. Substituting tyrosine with DMT at position 4, as shown in Figure 3,
induced structures with more defined conformations.
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Figure 3. Circular Dichroism Images of (A) AnglI (B) DMT#-AnglI (C) Phe*AnglI.

The results of molecular dynamics analyses regarding freedom degree are depicted in Figures 4
and 5. These images represent the superposition of multiple snapshots generated by molecular
dynamics. In Figure 4, all superimposed snapshots are aligned at position 3, with amino acids
highlighted in yellow for clarity.

Concerning position 3, when the natural substitute valine is present (4A1 and 4A2), Angll
displays high motility, capable of adopting various random conformations, albeit with some
restrictive planes of movement. This suggests that valine retains significant flexibility compared to
glycine, commonly regarded as the most flexible residue in protein sequences (Kawamura et al., 1996;
Yan and Sun, 1997). However, the unnatural substituents studied (4B1 and 4B2 - AIB, 4C1 and 4C2 -
CHA, 4D1 and 4D2 — IAP) reduce the freedom degree of their structures, likely causing constriction
and twisting, thus limiting the conformational possibilities of Angll analogs. TOAC?-Angll, as shown
in Figure 4E, also exhibits significant constriction in the molecule, restricting motility. The
constriction induced by TOAC closely resembles that induced by IAP, as depicted in Figures 4D.

Regarding position 4, where tyrosine is the natural substitute, the results of computational
dynamics are presented in Figure 5. In Angll dynamics, tyrosine appears to directly influence
molecule motility, with the tyrosine hydroxyl group directly linked to the carboxyterminal part of
the molecule, thereby reducing the freedom degree of Angll. A similar observation is made for DMT*-
Angll; however, in this case, the freedom degree at position 4 seems to have been enhanced, enabling
DMT*Angll to assume more conformations than Angll. In Figures 5C1 and 5C2, for Phe*-Ang]lI, the
absence of the hydroxyl group significantly disrupts molecule conformations, drastically increasing
the freedom degree of the molecule at position 4.
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Figure 4. Superimposed snapshots of molecular dynamics of (A) Angll, (B) AIB*-Angll, (C) CHA?-
Angll (D), IAP3-AnglIl, (E) TOAC3-Angll at different angles at 1 and 2. Val, AIB, CHA, IAP and TOAC
are highlighted in yellow.
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Figure 5. Superimposed snapshots of molecular dynamics overlapped on position 4. (A) Tyr*-Angll;
(B) DMT#-Angll and (C) Phe*-AngllI at different angles at 1 and 2. Tyr, DMT and Phe are highlighted
in yellow.

3. Discussion

In relation to position 3, the substituents AIB and CHA retained a modicum of pharmacological
activity, albeit significantly lower than that of Angll. Circular dichroism studies reveal that, in
comparison to the dichroism patterns of Angll, the other molecules exhibited more defined structures
with fewer conformational variations when subjected to changes in the medium’s polarity.

Computational modeling was conducted using Yasara (Yet Another Scientific Artificial Reality
Application) software to perform multiple molecular dynamics simulations. This software has been
increasingly validated for its efficacy in constructing and predicting protein and peptide structures
(Krieger and Vriend, 2015 Senthilkumar et al., 2017; Sharma et al., 2018) as well as in assessing
biological activity (Aboye et al., 2016; Carstens et al.,, 2016; Chowdhury et al.,, 2020). Various
methodologies for analyzing degrees of freedom in computationally modeled proteins and peptides
have been documented (Bernhofer et al., 2021, Lincoff et al., 2016; Morrone et al., 2017; Prakash et al.,
2018). This study introduces a novel approach for degree of freedom analysis. By superimposing
molecular dynamics snapshots at different time points on specific amino acid positions of interest,
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these images provide a clear visual representation of the conformational movements permissible for
these peptides at particular positions in the peptide chain.

An analysis of the molecular dynamics, as illustrated in Figure 4, indicates that at position 3, the
Angiotensin II (Angll) molecule exhibits a high degree of freedom, allowing it to bend in multiple
directions. Such flexibility enables the molecule to assume a variety of random conformations in
aqueous solutions. In contrast, AIB> and CHA3 show the emergence of a clamp-like structure. This
clamping induces a fold in the Angll structure, consequently reducing its degree of freedom. Despite
the formation of this clamp, it is observable that in Aib3-Angll and Cha®-Angll, the carboxyterminal
region retains considerable flexibility, which may explain why Aib3-Angll and Cha®-Angll maintain
some agonist activity.

Conversely, the IAP3-Angll analog exhibits the most pronounced clamping among the analogs,
along with TOAC3-Angll, both of which demonstrate a substantial loss of carboxyterminal flexibility,
resulting in inactivity. These findings suggest that position 3 plays a critical role in maintaining
carboxyterminal flexibility. Substituents at position 3 that induce clamping reduce carboxyterminal
freedom, thereby diminishing the biological activity of the analog. It is well-documented that the
hydroxyl group of Phe® is crucial for activating the AT1 receptor (Oliveira et al., 2007). An analog
with a less flexible carboxyterminal region may encounter difficulty in accommodating itself
successfully in the receptor activation site.

Figure 4 (B2 and E2) further illustrates the similarities between AIB3-Angll and TOAC3-AnglI.
The clamping in both peptide-derivatives is comparable to that caused by disubstituted glycine-type
compounds such as AIB. The resemblance between these two compounds has been previously
discussed in the literature (Schreier et al., 2004, 2012; Toniolo et al., 1998), where both are recognized
for inducing folds in peptide structures.

Regarding position 4, the data show that DMT*-Angll has 43,6% of Angiotensin II activity.
Compared to the previously published data, Phe*-Angll is inactive. Although it was already known
that tyrosine hydroxyl plays an important role in Angll activity, these results intend to shed some
light on the involved mechanisms. The superimposed snapshots presented in Figure 5, show that
tyrosine has some role in the possible conformations assumed by the AnglI molecule. It is possible to
notice that regarding position 4, the molecule freedom degree is more restricted.

When performing the dynamics with DMT#, which has 2 methyls substituted in the benzene
ring, we noticed that there was some impediment in interaction, generating a significantly greater
freedom degree, thus its superimposed snapshots assume a more expanded structure. Analyzing
molecular dynamics of Phe* (4C), we can see that Angll natural freedom degree restriction was utterly
disrupted. These results indicate that the tyrosine hydroxyl determine the conformation of Angll
molecules by interacting with molecule carboxy terminal end. By randomly isolating a molecule from
the overlapping dynamics (see Figure 6), it can be seen that the tyrosine hydroxyl is interacting
directly with the terminal carboxy part of Angll, more specifically forming a hydrogen bond with the
nitrogen of the amide group between Pro” and Phes.
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Figure 6. Image isolated from Angll molecular dynamic. Observe the proximity of tyrosine hydroxyl
group to the nitrogen peptide bond between Pro” and Phe®

4. Conclusions

Our study meticulously examined the impact of atypical substituents at positions 3 and 4 on the
structure-function relationship of Angiotensin II (Angll). Substituents at position 3 that induce
clamping reduce the flexibility of the carboxyterminal region, leading to diminished pharmacological
potency. This observation underscores the pivotal role of position 3 in facilitating a flexible
carboxyterminal region, which is crucial for the accommodation of the peptide within the AT1
receptor and subsequent activation. Conversely, for position 4, our findings indicate that an increased
degree of freedom may correlate with a reduction in biological activity. The interaction between the
hydroxyl group of tyrosine and the carboxyterminal region of Angll appears to significantly
influence peptide conformation and receptor binding. Further investigation, particularly through
molecular docking simulations, can provide deeper insights into this interaction and its impact on
receptor activation.

5. Materials and Methods

5.1. Animals, General Preparations, and Peptides Potency In Vitro

The tests were conducted with ileum isolated from guinea pigs from the animal house facility of
the Federal University of Sao Paulo (UNIFESP), SP, Brazil. The Ethical Committee approved this
study and all experimental animals use protocols were in accordance with current guidelines for the
care of laboratory animals. The animals were kept at 21-23,8 C, with a standard diet, a 12:12 h
light/dark cycle, and ad libitum access to food and water. Guinea-pigs of either sex, weighing 200-300
g, were killed by cervical dislocation and exsanguinations. The abdominal cavity was opened and the
ileum removed and used in the pharmacological tests.

For determination of peptide potency, 20-cm part of the terminal ileum was removed and
washed at room temperature in Tyrode’s solution (137 mM NaCl, 2.70 mM KCl, 1.40 mM CaCl, 0.50
mM MgClz, 12.0 mM NaHCOs, 0.40 mM NaH:POs, and 5.60 mM D-glucose). Strips of 3-cm length
were cut and mounted in chambers containing tyrode solution (5 ml), maintained at 378° C and
bubbled with either air (pH 8.4) or a mixture of O2/CO2 (95%:5%; pH 7.4). The strips of guineapig
ileum were kept under a 1-g tension. Tension readings by the analogs were measured with an
isometric transducer F-60 (International Biomedical, Inc., Austin, TX, USA) and a potentiometric
recorder (RB-102, Equipamentos Cientificos Brasil, Sao Paulo, SP, Brazil). The potency was then
calculated as pD2s-log EC50, where EC50 is the concentration of the agonist that induced 50% of the
maximum response (obtained by interpolation in log dose-response curves).
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5.2. Drugs and Solutions

Resins and amino acid derivatives were purchased from Bachem (Torrance, CA, USA). All
reagents fulfilled the ACS standards. Angll and all analogs were synthesized using solid phase
method using the tert-butyloxycarbonyl (Boc) strategy (Barany e Merrifield 1980; Verlander 2001).
2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4carboxylic acid (TOAC)-bearing derivatives was an
exception. In these cases, TOAC?*-Angll was produced using the method previously described (Lopes
et al. 2013; Marchetto et al., 1993; Nakaie et al. 2002). For Peptide purification, it was used a Waters
510 HPLC instrument using a Vydac C18 preparative column (22 mm internal diameter, 250 mm
length, 70 A° pore size, 10 mm particle size). Angll was dissolved in either 5% or 20% acetic acid
solution according to their solubility. The mixtures were then sonicated, centrifuged at 10 000 g and
filtrated. The solutions were loaded onto the column and eluted with a linear gradient using the
solvent systems A (H20 containing 0.1% trifluoroacetic acid (TFA)) and B (60% acetonitrile in H20
containing 0.1% TFA). AnglI (25-55% B) and the analogs (45-75% B) were eluted in a linear gradient
in 90 min, with a flow rate of 10 mL/min and UV detection at 220 nm. The fractions were screened
under an isocratic condition in a Chromolit C18 analytical column. Pure fractions were pooled,
lyophilized, and characterized for homogeneity by analytical HPLC (Waters Associates, Milford, MA,
USA) and mass spectrometry on RP-HPLC/MS (Micromass, Manchester, UK).

5.3. Circular Dichroism

The CD spectra were obtained in a Jasco model 810 spectropolarimeter in the range of 190-260
nm , using a circular quartz cell with 0.1 mm optical path. All peptides were at a concentration of the
order of 104 mol.L -1. The spectra were collected with a response time of 8 seconds, acquisition speed
50 nm/min, step 0.2 nm and in 4 accumulations. In addition, disulfide bonds and aromatic amino
acids ( Phe, Tyr and Trp ) contribute to bands in the 230 nm region (Purdie 1996).

In the present study, the device used was the Jasco J-810 at room temperature, under a nitrogen
atmosphere. The spectra were obtained of peptide solutions of 10 mol.L. ! concentration , 0.02 mol.L-
T buffer phosphate, pH 7.0 and in aqueous solutions containing different percentages of TFE.

5.4. Molecular Dynamics

The models of the peptide structures were created in the Yasara program (Krieger et al., 2004,
Krieger and Vriend, 2015) using the classic protein building tools from the program’s own amino acid
database. In the case of non-amino acid compoundslike AIB, CHA,IAP, DMT and TOAC, Glycine
was used as a standard and atoms were added and removed until the most suitable structure was
reached. As a particular case, TOAC required specific parameters / characteristics due to the presence
of the unpaired electron in the nitroxide group of its structure, see Figure 1. In this case, we apply
specific guidelines suggested by the creators of the Yasara program , due to this structural feature of
TOAC for the study of the molecular dynamics of peptides containing this paramagnetic marker.

After three-dimensional structure of each peptide sequence, we use pre-determined commands
(macros) existing in the program and necessary to achieve the objective of evaluating the molecular
dynamics of each peptide. Energy minimization macro, proceeded by the application of Molecular
Dynamic macro was run in each analog. The programa assumed a density of 1 g. cm?. Every 3
femtoseconds of simulation (one simulation step), the program updates the image of the molecule
and every 12,500 simulation steps, the three - dimensional image of the molecule is recorded (a
snapshot ). These snapshots contain the position and velocity of the atoms at that specific moment, with
14 nanoseconds being the simulation time chosen for all studies of the molecular dynamics of each
peptide evaluated. The approximate running time of the dynamics of a compound with 14
nanoseconds with our equipment was in the range of 5 to 7 days.

At the end of this process, all snapshots are properly analyzed by the program that checks all the
positions photographed during the simulation and calculates an average position of the molecule at
the time of the simulation. The simulations are therefore all registered and we can extract from the
program, the overlapping of all the recorded snapshots, but focusing on the visualization of the
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images in specific desired positions of the sequence. These superimposed snapshots therefore
represent the sum of all possible conformations, in 14 nanoseconds of simulation, for the analog in
question (degree of freedom) in that angle of view. In this case, eventually, to more accurately analyze
a given region, one of the conformers that make up the overlapping structure can be isolated and
studied individually. This was chosen, based on the visual analysis of the desired region. Recent work
of our group has also applied computational approach for revealing the short sequence Ac-(2-7)-Ang-
NH: as a selective potential angeiotensin converting enzyme (ACE) inhibitor (Silva et al., 2022).

5.5. Statistical Analysis

Statistical analyses were performed by using the Student t-test for unpaired data. Arithmetic
mean”standard deviation (SD) values and 95% confidence limits are given in Tables 1 and 2.
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