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Abstract

The details of protein pathways at a structural level provides a bridge between genetics/molecular
biology and physiology. The renin-angiotensin system is involved in many physiological
pathways with informative structural details in multiple components. Few studies have been
performed assessing structural knowledge across the system. This assessment allows use of
bioinformatics tools to fill in missing structural voids. In this paper we detail known structures of
the renin-angiotensin system and use computational approaches to estimate and model
components that do not have their protein structures defined. With the subsequent large library of
protein structures, we then created a species specific protein library for human, mouse, rat, bovine,
zebrafish, and chicken for the system. The rat structural system allowed for rapid screening of
genetic variants from 51 commonly used rat strains, identifying amino acid variants in
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Angiotensinogen, ACE2, and AT1b that are in contact positions with other macromolecules. We
believe the structural map will be of value for other researchers to understand their experimental
data in the context of an environment for multiple proteins, providing pdb files of proteins for the
renin-angiotensin system in six species. With detailed structural descriptions of each protein, it is
easier to assess a species for use in translating human diseases with animal models. Additionally,
as whole genome sequencing continues to decrease in cost, tools such as molecular modeling will
gain use as an initial step in designing efficient hypothesis driven research, addressing potential
functional outcomes of genetic variants with precompiled protein libraries aiding in rapid
characterizations.

Keywords

Sequence-to-structure-to-function analysis; rat genetics; comparative modeling; renin-angiotensin
system; angiotensin peptides

1. Introduction

Whole genome sequencing is in an age of rapid expansion, with the estimate of wet lab costs
to dip below $1000 in the very near future through the release of technology such as the
HiSeq X machine. This will require new tools to help in understanding how genetic variants
are connected to changes in physiology and how to use the increasing number of sequenced
species to better understand the mechanisms of evolution. Molecular modeling and
dynamics will provide some of the necessary additions to the toolkit for interpretation of
genome variation. Currently whole exome sequencing, an analysis of the protein coding
genes, is the least expensive toolset for understanding human genetic variants. Combining
the sequencing of protein coding genes with evolutionary analysis of diverse species and
molecular modeling tools can move simple identification into functional prediction. More
importantly, with the proper tools available, this approach can be done with speed, and
improve our ability to address variants in entire protein pathways. Having structural protein
libraries of pathways already assembled and publically available is one way to increase the
speed in identifying functional outcomes of genetic diversity. Utilizing such an approach,
we analyzed the renin-angiotensin system (RAS), building protein libraries for human,
mouse, rat, bovine, zebrafish, and chicken. The structural library was then used to analyze
51 rat genomes of strains commonly used as animal models for the genetics of
cardiovascular disease.

The RAS is a complex pathway that has important roles in many cardiovascular, renal, and
endocrine processes and cell proliferation. The pathway consists of the protein
Angiotensinogen (AGT) that is cleaved by various enzymes, generating peptide fragments
(Angiotensin, Ang) that bind and activate G-protein coupled receptors (Figure 1). The
structures of many of the components in the RAS are known, with several protein-protein or
inhibitor bound structures reported (Table S1). Efforts at inhibiting multiple steps of the
RAS pathway have been successful in treating hypertension in millions of patients.
However, our current knowledge of this pathway at the molecular and DNA sequence
variant level is still far from complete and thus many potential mechanisms of the RAS may
not be defined. In this paper we integrate all known 3D protein structures for components of
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the RAS with proteins (and peptides) that do not have a reported structure. For this latter
case we use in silico analyses (molecular modeling, AutoDock prediction, and molecular
dynamic simulations) to help elucidate a full structural analysis of the RAS (Figure 1). We
hypothesize that understanding the complete sequence-to-structure-to-function (SSF) for the
RAS will serve as a tool in identifying genetic variants that may alter protein function while
also offering a toolset in studying animal models for human diseases.

The activation of the RAS begins with the expression of AGT, which can exist in either a
reduced or oxidized state, with different production rates of Ang peptides from the two
forms (Zhou et al., 2010). The oxidized AGT is rapidly processed by the enzyme Renin to
produce a ten amino acid fragment known as Angiotensin I (Ang I). Renin is first translated
as an inactive protein (zymogen) with a propeptide (Sealey et al., 1980). This propeptide
disrupts beta sheet packing within Renin causing a steric block of the active site (Morales et
al., 2012) resulting in low levels of catalytic activity in cleaving AGT (Heinrikson et al.,
1989). Activation of the zymogen’s propeptide through cleavage by various enzymes
(Reudelhuber et al., 1994), low pH (Danser and Deinum, 2005), cold temperatures (Danser
and Deinum, 2005), or binding of prorenin to the (pro)renin receptor (PRR) can all increase
the catalytic activity of Renin on AGT, resulting in the release of Ang I. Analysis of the
concentrations of Renin vs. Prorenin circulating in the blood has suggested upwards of a 10
fold higher level of Prorenin, implicating potential tissue specific roles of prorenin activation
by PRR (Zhuo, 2011). In addition, Prorenin binding to PRR activates intracellular pathways
such as ERK 1/2 with proposed roles in cranial RAS signaling (Nguyen, 2011; Nguyen et
al., 2002). The process of activation of Renin and the impact of oxidized and reduced AGT
can be seen at https://www.youtube.com/watch?v=RsEES5WFkSQ&feature=youtu.be.

Once Ang | is formed, it is cleaved by various enzymes to produce peptides of additional
sizes. These enzymes include ACE (PDB files 2c6f and 108a), ACE2 (1r42), Neprilysin
(NEP, 1r1h), and the Lysosomal Pro-X carboxypeptidase (PRCP, 3n2z). ACE contains two
catalytic active sites (Soubrier et al., 1988) highly documented for the production of the Ang
Il peptide. The two domains show different CI™ ion concentration in activation (Wei et al.,
1991) with an additive effect when both domains are present (Marcic et al., 2000). Ang |1
can further be processed in two directions. Aminopeptidase A converts Ang Il into Ang Il
by cleaving off the first amino acid (Aspl), which is further processed by Aminopeptidase N
into Ang IV with removal of Arg2. A homologous enzyme to ACE, known as ACE2,
efficiently cleaves Ang Il to make Ang-(1-7) (Rice et al., 2004). Ang-(1-7) can be converted
into the peptide Alamandine by cleavage of the amino acid 1 side chain resulting in an
alanine at this site (Lautner et al., 2013).

The production of these peptides contributes to the two arms of the RAS pathway, that of
Ang Il eliciting vasoconstriction or that of Ang-(1-7) functioning in opposition. Numerous
studies have addressed the balance between these two arms of the pathway in diseases from
hypertension (Brosnihan et al., 2005) to cancer (Ager et al., 2008). Ang Il activates the AT1
receptor in a two-step process eliciting increase in vasoconstriction, angiogenic, proliferative
effects (Hines et al., 2003; Holloway et al., 2002; Hunyady et al., 2003; Kobilka and Deupi,
2007; Noda et al., 1996; Prokop et al., 2013; Vauquelin and Van Liefde, 2005). Ang 11l
preferentially binds AT2 over AT1 (Bosnyak et al., 2011) and has been suggested as the
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primary agonist of AT2 in the kidney (Kemp et al., 2012; Padia and Carey, 2013; Padia et
al., 2008). Ang IV is suggested to bind to the AT4 receptor (Chai et al., 2004), but much less
is known of the functional outcomes of this binding. Ang-(1-7) activates the MAS receptor
(Santos et al., 2003) eliciting antihypertensive, antiangiogenic, antifibrotic and
antiproliferative (Tallant et al., 2005) effects. The newly identified Ang peptide,
Alamandine, was shown to be a ligand of MrgD (Lautner et al., 2013). The question thus
remains, is it possible to develop methods to allow for systematic studies of evolution and
genetic variants that may perturb function of a protein system? In this paper we develop a
working structural map of the renin-angiotensin system, providing the tools to rapidly screen
genetic variants for potential perturbation of protein interactions.

2. Methods

2.1 Analysis of Prorenin, Renin, and Angiotensinogen

The structure of Renin interacting with AGT (pdb 2x0b) was used in molecular dynamic
simulations. To simplify the simulations and identify amino acids that contribute to
interaction between the catalytic active site and the substrate, AGT was shortened to contain
only a small stretch that fits into the active site. To determine amino acid stabilities,
additional simulations were run containing only Renin or only the fragment of AGT.
Simulations were run for 5 nanoseconds (ns) with all structures providing a level root-mean
squared deviation (RMSD) and energy values throughout, suggesting equilibrated
simulations. With the majority of focus on amino acid side chain stability with and without
AGT on Renin, 5 ns provides a reasonable simulation time to assess these outcomes. The
simulation trajectories were analyzed with the md_analyze and md_analyzeres macros
(www.yasara.org/macros) and the RMSD values compared for the complex to each
individual protein’s trajectory. These macros enable the determination of how individual
amino acids move throughout the simulation. Regions with different RMSD values were
visually inspected for interaction and hydrogen bonding between the two proteins.

2.2 Propeptide of renin: cloning, purification, and pull down assays

The DNA sequence for the propeptide of renin (amino acids 24-66) was codon optimized
and synthesized by DNA2.0 (www.dna20.com) into pJ416 with an N-terminal ATG and C-
terminal thrombin cleavage site, 6x-His tag, and stop codon. This was sub-cloned into
pGEXA4T using L-BamHIProRen (5TCC CAA GGA TCC ATG CTT CCC ACG GAT ACC
ACA) and R4T-NotIProRen (5’TTG GGA GCG GCC GCT CAA TGA TGG TGG TGA
TGA TGA GAA C). The resulting protein contained an N-terminal GST-tag and a C-
terminal 6x-His-tag that are both removable with thrombin cleavage. After sequence
confirmation with BigDye Sanger sequencing, the construct was transformed into
BL21(DE3) E. cail cells (NEB). A single colony was inoculated into 10 mol of LB
containing 50 pg/mL ampicillin and grown overnight. This culture was then added to 500
mol of terrific broth containing 50 ug/mL ampicillin and grown to an OD600 of 0.5 at 37°C
and induced with 0.5 mM IPTG at 23°C overnight. Cells were spun down and resuspended
in PBS, sonicated and centrifuged at 16,000*g for 10 min. The lysate was passed over 3mL
of glutathione sepharose and washed with 40 mol of PBS, 5 mol PBS + 10 mM DTT, 5 mol
of 2 M NaCl, and 10 mol PBS. Protein was eluted in 1 mol fractions with 10 mM
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glutathione suspended in PBS. Each fraction was run on a 13.5% Tris-glycine SDS PAGE
and the fractions containing the GST-propeptide were then collected and run on a 3 mol Ni-
Sepharose prepacked column, washed with 60 mol phosphate buffered imidazole, and eluted
in 2 mol fractions with 500 mM imidazole. Digests of the purified propeptide were
performed using varying concentrations of purified thrombin (BD Bioscience) at 0.125 to 4
units per 42 pL digest to confirm the proper peptide size.

Pull down assays were performed by freshly binding lysate of the GST-propeptide to 40 pL
glutathione sepharose in a 50:50 BB500 solution for three samples. Samples were incubated
for 1 hour at room temperature, followed by five washes with BB750 and one wash with
BB500. The beads were resuspended in 500 pL of BB500. One sample had nothing added to
the pulled down GST-propeptide (negative control), to the second sample 4 g of purchased
recombinant renin (Lee Biosolutions catalogue number 510-11R) was added (positive
control), and the third sample had 4 pg of recombinant Renin and 10 pg of synthesized
shortened propeptide (GenScript, DTTTFKRIFLKRMPSIRESLKER). Samples were mixed
for one hour at room temperature and washed two times with BB500. Beads were then
resuspended in 20 pL of 5X sample buffer and run on 15% Tris-Tricine SDS PAGE.

2.3 AutoDocking of Ang peptides to ACE, ACEZ2, Neprilysin, and PRCP

Three of the Ang peptides have solution structures determined: Ang | (pdb 1n9u), Ang Il
(pdb 1n9v), and Ang-(1-7) (pdb 2jp8). These structures were aligned using the Mustang
algorithm (Konagurthu et al., 2006). Simulations were then performed on each of the
peptides in a 50A cubed simulation square for 10 ns. The structures for the ACE N-terminus
(pdb 2c6f), ACE C-terminus (108a), ACE2 (1r42), Neprilysin (pdb 1r1h), and PRCP (pdb
3n2z) were used to study potential mechanisms of Ang peptide docking. Sequence-to-
structure comparisons were first performed between the two domains of ACE and ACE2 by
aligning the sequences with CLUSTALW default settings (Gonnet matrix), saving this as a
FASTA file, and then coloring the conserved and variant amino acids on a red (conserved)
to gray (divergent) color scale in YASARA (Krieger et al., 2002). Based on the structure of
Ang I, additional Ang peptides were created (Ang-(1-9), Ang 111, Ang IV, and Ang-(1-5)) by
cleaving off the amino acids of each and fixing the terminus to which the deletions were
made (adding a hydrogen to the N-terminus or a hydroxy! group to the C-terminus).
AutoDock (Morris et al., 2009) was performed on each of the enzymes with all of the Ang
peptides (Ang I, Ang-(1-9), Ang II, Ang IlI, Ang IV, Ang-(1-7) and Ang-(1-5)) using five
ensembles of the receptor (enzyme) side chains and 20 peptide predictions on each ensemble
for a total of 100 docking results per run. With a total of seven peptides and five enzymes,
this resulted in 3,500 peptide binding predictions. The simulation square for each docking
was 35A cubed and place within the active site of each enzyme.

2.4 G-protein coupled receptors (GPCRs)

Ang 11 receptor docking was created by removing the first amino acid in the structure of
Ang Il bound to either AT1 or AT2. This was energy minimized and molecular dynamic
simulations run for 5 ns. The energy minimized structure of MAS in a lipid membrane
(Prokop et al., 2013) was used to perform AutoDock analysis (Morris et al., 2009) in
YASARA to predict how Ang-(1-7) interacts with MAS. The structure of Ang-(1-7) as
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determined in pdb file 2jp8 (Lula et al., 2007) was docked into the MAS receptor with the
dock_runensemble macro (http://www.yasara.com/macros.htm). The top docking
conformation was energy minimized with the AMBERO3 force field (Duan et al., 2003).
The MRGD protein was modeled using the same approaches taken with AT1, AT2, and
MAS (Prokop et al., 2013). The docked model of Ang-(1-7) into MAS was then aligned to
the model of MRGD (Mas-related GPCR member D) and MAS removed. Ang-(1-7) was
converted into Alamandine and energy minimized.

2.5 Rat Genome analysis

Following the previously mentioned modeling for each protein, all of the proteins were
modeled for human, mouse, rat, zebrafish, and chicken. To begin, known structures for RAS
components were identified and updated until December 1, 2013 (Table S1). Even when the
structure was known for a species, models were still generated for that species to remove
crystal packing forces and fill in missing loops of the structure. To create all of the models,
YASARA (Krieger et al., 2002) homology modeling was employed using the template
models and sequences shown in Table 1. The multiple rat genomes were then analyzed using
the Variant Visualizer of the Rat Genome Database (Laulederkind et al., 2013) for all
available strains on April 28, 2014. The rat protein structure was aligned (using Mustang
(Konagurthu et al., 2006)) to the predicted protein-protein interactions, followed by energy
minimizations using the YASARAZ force field. Variants were manually mapped to each
protein and sequence alignments were performed using ClustalW (Larkin et al., 2007).

3. Results and Discussion

3.1 Generation of protein models and docking for RAS components

To begin understanding what genetic variants could alter the RAS, the components of the
system were compiled, and structural models generated for components in the human,
mouse, and rat (Table 1, Supplemental folder of models). Models were generated for ACE
(both N- and C-terminal domains), ACE2, AGT, AT1 (a form for all species, and b form
known in rodents), AT2, MAS, MRGD, NEP, PRCP, Prorenin, Renin 1, Renin 2 (only in the
mouse), and PRR. A Z-score for structural accuracy of our models relative to all known
protein structures in the protein databank (Table 1) was used, with values <—4.0 considered
bad, those >-4.0 considered fair, and anything >-2.0 considered a good protein model. All
protein models had values >-4, with all but PRR also having values >-2.0 in the rat. This
suggests a high level of confidence in the protein modeling techniques for the system in all
species. Additional protein alignments between species show a high sequence homology
(>60% for all) with low deviations of the carbon alpha alignments (Table 1) indicating the
models align well between species. For comparative display of each protein, we have added
a new track to the Rat Genome database that compares side by side the protein models of the
various components in human, mouse, and rat (for example AT1a, http://rgd.mcw.edu/
rgdweb/jsmol/rgd.jsp?d=AT1a). These new displays can be found in the gene page for each
gene in the RGD under the protein structures tab.

Having the protein models, it was next possible to predict the binding of various proteins
and peptides. This was started with an analysis of Renin (REN) and AGT binding. The
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known structures revealed that the propeptide of Prorenin results in an allosteric
modification of the activation domain to block binding and cleavage of AGT (Figure 2A).
Surprisingly, purified propeptide is able to bind and pull Renin out of solution, which is
blocked by a larger version of the human handle region peptide (HRP) we call the ProR
peptide. This ability to pull Renin out of solution suggests strong amino acid contacts in the
beta sheet region of Renin. The HRP has been suggested as a new therapeutic to inhibit the
activation of Prorenin through interaction with PRR (Batenburg et al., 2013); however
recent evidence for use as a dual inhibitor of the RAS is cautioned based on its agonist
potentials on PRR (Riet et al., 2014). The HRP (blue) is composed of the beta-sheet packing
of the Prorenin structure (Figure 2A), further suggesting that PRR critical contacts have the
potential to alter the allosteric modifications required to move the activation domain
(yellow). Having the propeptide removed, creating the functional Renin, allows for binding
and cleavage of AGT. Several of the loops on Renin stabilize AGT contacts (Figure 2C) as
determined through use of differential molecular dynamic simulations of Renin alone or
bound to AGT (Figure 2D).

Once bound to Renin, AGT is cleaved to produce Ang I, which is further processed to
produce various Ang peptides. Three of the Ang peptides (Ang I, Ang Il, and Ang-(1-7))
have known structures. Structural alignment shows a similar backbone (Figure 3A), with
higher variation of side chain positions (Figure 3B). To study whether the structures are
stable and what amino acids contribute to the structural organization, molecular dynamic
simulations were performed. All three peptides had a low RMSD for amino acids 4-6 (Tyr,
Ile, and His) likely due to hydrophobic packing (Figure 3C). Overall, Ang-(1-7) provided
the most stability, with decreased movement in amino acids 1-3 (Asp, Arg, and Val). Using
the known structure of the Ang peptides, additional Ang peptide metabolites (Figure 3D)
were modeled, removing the corresponding amino acids for each (red, Figure 3D).

Each of the modeled peptides was then docked to the various enzymes using the automated
ligand docking program AutoDock, and the relative binding energies determined (Table 2).
Manual inspection of the top binding conformations for each enzyme confirmed the Ang
peptide location relative to the active site residues in ACE (Zn), ACE2 (Zn), NEP (Zn), and
PRCP (Ser active site). The top conformation of Ang | bound to ACE or Ang Il bound to
ACE?2 puts the peptide close to the active Zn ion (Figure 4A). Both are in the correct
orientation for the amino acids expected to be cleaved in each case (yellow Figure 4A), with
cleavage of amino acids 9-10 in ACE binding resulting in Ang Il, and cleavage of amino
acid 8 in ACE2 binding resulting in Ang-(1-7). Looking at the top conformation of Ang
peptides bound to ACE with amino acids conserved (blue) or variant (gray) between the N-
and C-terminal domains shows several amino acids that contact Ang Il that vary between the
two domains (Lys, Arg, Ser; Figure 4B), corresponding to data previously suggested to be
important to domain specificity and targeted inhibitors (Ehlers et al., 2013). Most amino
acids of either Ang | (ACE) or Ang Il (ACE2) had a lower RMSD in molecular dynamic
simulations when bound to the enzyme (Figure 4C) than when they were free in solution
(Figure 3C). Comparing Ang | binding to the C- (blue, Figure 4C) or N-terminus (red,
Figure 4C) shows some similarity in dynamics, but large differences can be seen in amino
acid 1 (Asp), 7 (Pro), 8 (Phe), and 9 (His) between Ang | bound to the two domains. This
result is in agreement with the known biochemical data suggesting the C-terminus to have a
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higher processing rate for Ang | to Ang Il than the N-terminal domain (Deddish et al.,
1998). The increased coordination of amino acids 8 and 9 by the C-terminus of ACE likely
allows for short term stability and alignment to the Zn ion to increase the cleavage of Ang |
to produce Ang II.

To finalize our sequence-to-structure-to-function (SSF) analysis of the RAS, we focused on
the various receptors of Ang peptides. Structures of many GPCRs are currently being
determined, with AT1 as a target for structure determination (http://gpcr.scripps.edu/
tracking_status.htm); however, this protein determination is still not in physiological
conditions of the lipid membrane. Using our previously created models for AT1, AT2 and
MAS receptors in a lipid membrane (Prokop et al., 2013), additional models were generated
for the docking of Ang Il to AT2 (Figure 5A), Ang-(1-7) to MAS (Figure 5B), and
Alamandine to MRGD (Figure 5C). The AT2-Ang I1l model was created by taking the
model of Ang Il bound to AT2, converting Ang Il to Ang I11, followed by several rounds of
energy minimizations. The model for MAS-Ang-(1-7) is previously described (Prokop et
al., 2013). Using the MAS-Ang-(1-7) model, the model for MRGD was aligned to MAS,
MAS removed, Ang-(1-7) converted to Alamandine, and several rounds of energy
minimizations performed.

3.2 Analysis of genetic variants in the rat

Having the largest compiled analysis of protein structural work for the RAS it is thus
possible to study genetic variants in components of the pathway with speed and precision for
prediction of alteration of protein function. Analysis of Ren (Renin), Agt (AGT), Ace (ACE),
Ace? (ACE2), Agtrla (AT1a), Agtrib (AT1b), Agtr2 (AT2), Masl (MAS), Mrgprd
(MRGD), Mme (NEP), Prcp (PRCP), and Atp6ap2 (PRR) in the genomes of 51 sequenced
rats (Atanur et al., 2013; Gibbs et al., 2004) was performed. The analysis revealed
nonsynonymous mutations in the various rat genomes (Figure 6A). Genes that did not
contain any nonsynonymous mutations included Ren, Agtrla, Agtr2, Masl, and Atp6ap?2.
Total nonsynonymous mutations for the other genes were; Agt = 4, Ace = 2, Ace2 = 3,
Agtrlb =2, Mrgprd = 1, Mme = 1, and Prcp = 2. Mapping of all the variants onto the seven
protein structures with nonsynonymous mutations was then performed (Figures S1-S7),
revealing several variants located near contact points with other macromolecules (Figure 6).
A variation in AGT at amino acid 154 is located near the interaction with Renin (Figure 6B),
variations at amino acid 90 and 509 in ACE?2 are located at functioning sites (Figure 6C),
and amino acid 40 in AT1b is located at a lipid membrane contact (Figure 6D).

Amino acid 154 of AGT is located near a contact point in the known structure of AGT
interacting with Renin, and this variant is found in the sequenced SHR/Olalpcv rat (Figure
S1) at 100% frequency with a depth of 19 reads. However, the amino acid change is from a
V to I, maintaining functional properties of the amino acids. In agreement with functional
properties, Polyphen (Adzhubei et al., 2010) analysis based on conservation and properties
of this variant predicts it to be benign. Of the three nonsynonymous variants in ACE2, two
fall within the catalytic domain (N90D and D509Y). Substitution D509Y is located near the
docked Ang Il peptide (Figure S3); however, it is only found in the SHRSP/Gcrc rat genome
with a 29% allele frequency and with a low sequence depth of only 7 reads, suggesting the
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impact of this change is negligible. In contrast, the amino acid change N90D falls at a
known N-linked glycosylation site in a diverse range of rat strains (from FHH/FHL to
WKY) with 100% allelic frequency (Figure S3), suggesting a potential altered
posttranslational modification in these strains. Finally, two variants were found in AT1b at
amino acids 2 and 40, both found in the same strains with 100% allele frequency (Figure
S4). Amino acid 2 is not highly conserved and the variant seen matches that of human AT1,
suggesting a nonfunctioning role. Contrary, amino acid 40 is found at a highly conserved
amino acid that is in the middle of the hydrophobic membrane interaction. Changes from the
shorter Val to the longer Met could potentially perturb membrane packing and dynamics.

Once a base map of structural components is created, one can easily model homology in the
protein system for additional species of interest. For example, we created the system map for
bovine, zebrafish and chicken based on the human map in only a few hours of computation
demands (Supplemental Folder of models). Although the modeling approaches cannot
definitively answer the question of how a genetic variant will change a proteins function,
they provide testable hypotheses to reduce the burden of numerous potential candidate
variants of interest. For every genome sequenced, hundreds to thousands of protein coding
variants are found. With proposals now underway to sequence hundreds of thousands of
human genomes and the completion of more species genomes, methods are needed to
functionally characterize the many protein coding variants. Tools such as PolyPhen, though
powerful and high throughput, only suggest if a variant has the potential to be damaging
based on evolution. These tools predict hundreds to thousands of variants to be probably or
possibly damaging, a value suggesting a high rate of false discovery. In addition they do not
assess the mechanisms by which a variant could be pathogenic. This inhibits hypothesis
oriented testing of genetic variants. In theory, if large macromolecular structural databases
for individual species existed, these could be combined with the advancing sequence based
prediction tools such as PolyPhen to deploy a program that is both high throughput and
results in hypothesis driven experiments to test functional outcomes at a molecular level.

4. Conclusions

The structures and interactions of several proteins of the RAS have not been structurally
determined, such as how Ang peptides bind to enzymes and receptors. Much of the lack of
Ang peptide-protein structures is due to difficulty in interpretation and capture of structural
transition states of peptide binding. However, techniques such as AutoDock and molecular
dynamic simulations can give predictions for these details and allow for the modeling of
these different components of the RAS. Therefore, we sought to build a more complete
structural view of the RAS in this paper. Having the structural dataset for the system allows
for the generation of the protein components in a species of interest, for example in the
human, mouse or rat This then allows for in silico assessment of an animal model system to
study human disease. In addition, these datasets can allow for computational screening of
drug compounds before animal studies in order to validate the animal model for testing of
the human phenotype. These protein system based molecular structures thus provide tools
for future researchers to carefully choose the animal model to comparatively study human
diseases. In addition, it is also possible to rapidly identify variants found in sequenced
genomes for components of these protein systems, such as the RAS, to understand the
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potential outcomes of the variants. Here we identify amino acid variations in AGT, ACE2,
and AT1b in commonly used rat strains that have the potential to alter contacts with other
macromolecules. This work highlights the use of protein modeling at a system level,
showing the need for the development of macromolecular modeling libraries for
dissemination of structure based interpretation of protein coding genetic variants in the age
of whole genome and exome sequencing to come.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Multiple components of the renin-angiotensin system
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Structural analysis of the RAS with components that are characterized using the in silico
approaches in this paper boxed in red. Biochemically determined structures are known for
AGT (reduced/oxidized), Prorenin, Renin, Renin-AGT, Ang I, Ang Il, Ang-(1-7), ACE
(N/C-terminal domains), and ACE 2. Models were used for the PRR, AT1, AT2, MAS,
MRGD, ACE-Ang I, Aminopeptidase AAng Il, and ACE2-Ang IlI. In addition to the models
shown here we have generated potential structures for Ang- Neprilysin and Ang-PRCP.
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Figure 2. Role of cleavage of the propeptide in activation of Renin and binding of AGT
A) Addition of the propeptide (red) of Prorenin results in the activation sequence (yellow) to

cover the active site as well as steric hindrance with the contact points between Renin and
AGT. Cleavage of the propeptide results in the movement of the activation domain, allowing
for Ang I (magenta) proper cleavage and additional contact points between Renin and AGT.
The proposed potential therapeutic RAS peptide, known as the handle region peptide (HRP,
blue), is identified to contribute to the beta sheet packing that allosterically modifies the
activation sequence. B) Pull down experiments of Renin with the GST-Propeptide on
glutathione sepharose. Sample 1 is a control of GST-Propeptide pull down, 2 is the pull
down with additional Renin added in for co-pull down, 3 has Renin and the shorter ProR
peptide (longer version of the human HRP) added resulting in a loss of Renin co-pull down,
and the final lane contains the purified Renin protein. C) Interaction between a segment of
the N-terminus of AGT (red) in the active site of Renin (gray) used for molecular dynamics
simulations. D) Molecular dynamics simulation comparing renin alone (red) or complexed
with the AGT fragment (blue) showing the carbon alpha RMSD differences for each amino
acid on Renin. For areas with large differences in dynamics, shown above with a green box
are the amino acids contacts with AGT in the loops of Renin which are highlighted in green
on the structure of Renin in C.
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Figure 3. Known and modeled structures of the Ang peptides
A-B) Structural alignment of Ang | (green), Ang Il (blue), and Ang-(1-7) (red) aligned

together showing just the backbone (A) or the side chains (B). C) Molecular dynamic
simulations on each peptide for 10 nanoseconds showing the average movement of the
carbon alpha for each of the amino acids of the peptide. D) Sequences of the various Ang
peptides used for Autodock experiments. Amino acids in red were removed from Ang | to
produce the peptide sequence shown in black.
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Figure 4. Docking of Ang peptides to ACE and ACE2
A) Structures of the top docking of Ang | to ACE (left) or Ang Il to ACE 2 (right). The Ang

peptides are shown in red with the amino acids cleaved off in yellow. The Zn active site is
magenta and the Cl ions are green. B) Variant amino acids (grey to light blue) between the
N and Cterminus showing contributing amino acids to variant binding of Ang I. C)
Molecular dynamics simulations showing the movement of Ang | to either the C-terminus
(blue) or the N-terminus (red) of ACE or Ang Il to ACE 2 (green).
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Figure 5. Docking of Ang peptides into various uncharacterized receptors
A) The AT2 receptor model (cyan) interacting with Ang 111 (red) in a lipid membrane

(gray). B) The MAS (cyan) model in a lipid membrane (gray) with Ang 1-7 (red) docked
into the binding site as determined by the best conformation in 100 Autodock predictions.
C) Model of MRGD (cyan) with Alamandine (red) bound into the binding pocket based on
the docking results of MAS/Ang-(1-7).
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Figure 6. Variation of RAS proteins in the multiple rat genomes
A) Nonsynonymous mutations identified in the multiple rat genomes (left) for several of the

RAS genes (top). B) Based on structural assessment of all rat variants, the amino acid 154
(red) variant of AGT (gray) is in close proximity to contacts with Renin (cyan). C) Amino
acid 90 (red) variant of ACE2 (gray) is a cite of known site for N-linked glycosylation (blue)
while amino acid 509 variant is located close to Ang Il (cyan) binding. D) Amino acid 40
(red) variant in AT1b (gray) is located at a membrane (cyan) contact point on a helix with
known contacts with the Ang Il peptide (blue).
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