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Angiotensinogen (AGT) belongs to the serpin superfamily. It acts as the unique substrate of all angioten-
sin peptides, which generates a spectrum of angiotensin peptides in the renin-angiotensin system and
regulates hypertension. This serpin belongs to the multiple member group V2 of the intron encoded ver-
tebrate serpin classification. Despite huge advancements in the understanding of angiotensinogen based

Key\{VOTdS-'_ on biochemical properties and its roles in the RAS, phylogenetic history of AGT remains forgotten. To
Angiotensinogen date, there is no comprehensive study illustrating the phylogenetic history of AGT. Herein, we investi-
(S;rif:;; CS gated phylogenetic traits of AGT gene across vertebrates. Gene structures of AGT gene from selected
Synteny ray-finned fishes varied in exon I and II with insertions of two novel introns in the core domain for

ray-finned fishes at the position 77c and 233c. We that found AGT loci is conserved from lampreys to
human and estimated to be older than 500 MY. By comparing AGT protein in 57 vertebrate genomes,
we illustrated that the reactive center loop (RCL) of AGT protein became from inhibitory (in lampreys,
GTEAKAETVVGIMPITSMPPT) to non-inhibitory (in human, EREPTESTQQLNKPE{VLEVT) during period of
500 MY. We identified 690 AGT variants by analysis of 1092 human genomes with top three variation
classes belongs to SNPs (89.7%), somatic SNVs (5.2%) and deletion (2.9%). There are 32 key residues out
of 121 missense variants, which are deleterious for AGT protein, computed by combination of SIFT and

Phylogenetic analysis
AGT variants

PolyPhen V2 methods. These results may have clinical implications for understanding hypertension.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

The renin-angiotensin system (RAS) is an enzyme-linked hor-
monal cascade that plays an important role in body fluid and car-
diovascular regulation. The system is initiated by the action of
renin on the precursor protein, angiotensinogen (AGT), which
yields the active hormone, angiotensin Il. AGT belongs to serine
protease inhibitor (serpin) is a single chain glycoprotein with a size
of 49.761 kDa, which is the only known precursor of all the pep-
tides generated in the renin-angiotensin system. This gene belongs
to clade A in the clade based serpin classification and also known
as Serpin A8 [1] and the group V2 in the intron encoded group-
wise vertebrate serpin classification system [2]. The protein struc-
ture of serpin domain consists of three B-sheets, sA-sC and 8-9 a-
helices, hA-hl [3]. The hallmark of serpin biology is the exposed
flexible loop (~17-20 residues) known as reactive center loop
(RCL), which serves as a bait mimicking a protease substrate that
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is cleaved between the active sites P1 and P1’ [3]. Some of the ser-
pins have mutations in the RCL region leading into non-inhibitory
serpins with specialized functions other than inhibition and hu-
man AGT belongs to this category of serpins. R.F. Doolittle identi-
fied the AGT gene for the first time in 1983 [4]. In last three
decades, AGT has been extensively characterized by biochemical
and biophysical methods to demonstrate its roles in the RAS and
ultimately controlling blood pressure. However, it lacks a compre-
hensive molecular phylogenetic analysis, primarily due to fact that
notorious problems are countered during the reconstruction of
phylogenetic relationships among animal serpins, as several para-
logs are found in various animals, particularly for groups V1 and V2
[5]. This suggests that there is a requirement of an investigation on
molecular phylogenetic perspectives. Herein, our data disclosed
that the detailed molecular phylogeny of AGT genes by combining
sequence, genetic variants, gene structures and genomic organiza-
tion from 57 vertebrates. Furthermore, we have identified 690 ge-
netic variants of human AGT with 121 missense mutations from
which 32 are deleterious for AGT protein, which serves an excel-
lent platform for understanding hypertension regulations.
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2. Materials and methods
2.1. Sequence collection

We extracted genomic DNA and protein sequences from differ-
ent vertebrate genomes via Ensembl release 73 (September 2013)
[6] using BLAST suite for AGT are provided in Table S1.

2.2. Predicting gene structures and mapping intron positions

We predicted gene structures using AUGUSTUS suite [7] and we
combined with gene structure prediction within the Ensembl [6],
which ensured accuracy. We used mature human o-antitrypsin
as the standard sequence for intron position mapping and number-
ing of intron positions, followed by suffixes a—c for their location as
reported previously [5].

2.3. Mining genetic variants of human AGT

We computed genetic variants of human AGT using 1092 hu-
man genomes from 14 different populations available in 1000 gen-
omes project [8]. Sorting Intolerant From Tolerant (SIFT) is a
software tool, which predicts whether an amino acid substitution
affects protein function and it helps in prioritizing substitutions
for further study [9]. The SIFT value <0.05 indicates the deleterious
effects of missense variants on protein function [9]. Polymorphism
Phenotyping V2 (PolyPhen-V2) is a tool that predicts possible im-
pact of an amino acid substitution on the structure and function
of a human protein using straightforward physical and compara-
tive considerations [10]. PolyPhen-V2 score (close to 1) indicates
the damaging effects of missense variants on protein function.
We used these two methods to predict the impact of these variants
on function of AGT.

2.4. Synteny analysis

We scanned chromosomal locus for AGT gene for each species
using Ensembl genome browser [6] and mapviewer from the NCBI
(website:  http://www.ncbi.nlm.nih.gov/mapview/). We con-
structed synteny maps from fishes to mammalian genomes.

2.5. Sequence and structural analysis

We created protein alignment of AGT using the MUSCLE [11]
and edited and visualized in GENEDOC [12] as shown in Fig. S1.
We constructed sequence logos of conserved motifs in AGT pro-
teins by Weblogo 3.3 [13].

2.6. Phylogenetic analysis

We constructed two phylogenetic trees aided by Bayesian (2
runs, until average standard deviation of split frequencies was low-
er than 0.0098, 25% burn-in-period) and Neighbor-Joining methods
(1000 bootstraps) using Mrbayes 3.2.1 [14] and MEGA 5.2.2 [15] as
following vertebrate serpins (259 serpins) and AGT proteins (57 se-
quences), respectively. These two trees are based on WAG [5 cate-
gories (+G, parameter=4.6121)] and JTT [5 categories (+G,
parameter = 1.3836)] protein substitution models, respectively, as
their best models were computed in MEGA 5.2.2 [15].

2.7. Protein modelling of AGT protein from Petromyzon marinus

We created structural model of AGT protein from Petromyzon
marinus using the I-TASSER [16] and we visualized the resulting
model using YASARA [17].

3. Results
3.1. Variations in gene structures of AGT in fishes

Human AGT possesses four exons I-IV separated by three in-
trons at the canonical positions 192a, 282b, and 331c in the con-
served domain (Fig. 1A). These three introns are maintained in
AGT gene from all investigated genomes, which assured member-
ship in the group V2. However, there are changes observed in ray-
finned fishes. The canonical exon I is divided into two pieces in ray-
finned fishes (except in zebrafish, cave fish and spotted gar) as
exons la and IIb by an intron at the position 77c with its length ran-
ged from 75 bp (in Fugu) to 267 bp (in Atlantic cod).

Interestingly, exon Il is also invaded by a novel intron at the po-
sition 233c in selected ray-finned fishes, forming two exons Ila and
IIb with sizes 125 bp and 149 bp, respectively. This novel intron
has length ranged from 80 bp (in Fugu and medaka) to 137 bp
(in Atlantic cod). This insertion of intron within exon II is not ob-
served in lamprey, cave fish, spotted gar and zebrafish. This aspect
corroborates that it is a specific feature of selected ray-finned
fishes evolved after separation from zebrafish. Exon Il is conserved
in all vertebrates with size 151-157 bp. Exon 1V is ranged from
138 bp (in lamprey) to 192 bp (in chicken). The intron at the posi-
tion 192a is ranged from 83 bp (in stickleback) to 7002 bp (in Chi-
nese softshell turtle), where as the intron at the position 282b is
ranged from 79 bp (in zebrafish) to 2387 bp (in Petromyzon) and
the intron at the position 331c is ranged from 77 bp (in Fugu) to
1693 bp (in zebrafish). These two novel introns are localized in
the helix C and the sheet s1B (Fig. S1), respectively. During this
study, complete gene structures of AGT gene from spotted gar
and Tetraodon was not possible to construct due to incomplete
assembly. This problem also exists for AGT from lamprey in the
Ensembl (December 2013). But, when we used previous version,
PMAR3.0 assembly (accession id - GENSCAN00000089208), we
are able to construct full-length gene. Noteworthy, AGT genes from
Petromyzon possess all introns, which are > 1kb. In the nutshell, we
report change of the gene structure patterns in selected ray-finned
fishes in comparison to that of lampreys, cave fish, spotted gar,
zebrafish and tetrapods.

3.2. AGT is conserved on the same genomic fragment from ~500 MY
during vertebrate evolution

AGT gene is localized in the human chromosome 1, flanking a
heptad of genes, ABCB10, TAF5L, URB2, GALNT2, PGBD5 and
COG2 (details in Table S2) on the one side, whereas a tetrad of genes
(CAPN9, ARV1, FAM89A, and TRIM67) is present (Fig. 1B). This mi-
cro-synteny is maintained in several other mammals including
mouse (chromosome 8), rat (chromosome 19) horse (chromosome
1), opossum (chromosome 2) and sheep (chromosome 25). This
genomic fragment is also conserved in several birds such as chick-
en (chromosome 3), duck (scaffold KB743153.1), flycatcher (scaf-
fold JH603366.1), turkey (chromosome 2) and zebra finch
(chromosome 3). Reptiles also possess AGT gene flanking same
marker genes as of mammals and birds as shown for anole lizard
(chromosome 1) and Chinese softshell turtle (scaffold
JH208515.1). Amphibians also have these loci but only a heptad
of genes are conserved on the one side and other side has genes
which are not localized flanking AGT in any other vertebrates ana-
lyzed and hence considered as variable region, left blank in Fig. 1B.
All fishes have single copy of AGT gene on same syntenic segment
as of tetrapods but this segment has some variations. AGT gene is
only flanked by COG2 gene on the scaffold JH126749.1 in coela-
canth, living fossil lobe-finned fish. Ray-finned fishes with compact
genomes possess AGT gene flanking a conserved heptad of genes as
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Fig. 1. Gene and Genomic organizations of angiotensinogen. (A) Variation in gene structure of AGT among vertebrates illustrates creation of two novel introns at the positions
77c and 233c (marked in red) in selected ray-finned fishes. (B) Variation in syntenic organization of AGT loci in vertebrates. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

in tetrapods on the one side. However, there is variation of other
other side with a conserved triad of transcription factor genes
namely IKZF5 HMX2 and HMX3 (see Table S2) as shown for follow-
ing fishes - Atlantic cod (Genescaffold 119), medaka (chromosome
15), platyfish (scaffold JH557088.1), stickleback (group VI), Taki-
fugu (scaffold 121), Tetraodon (chromosome 17) and tilapia (scaf-
fold GL831135.1). AGT gene from these genomic fragments has
two novel intron insertion events and is marked by + sign in

Fig. 1B. In contrast, ray-finned fishes with large genomes have con-
served synteny as of mammals and reptiles. However, instead of a
tetrad of genes, only a dyad of genes (CAPN9-ARV1) is conserved as
illustrated for cave fish (scaffold KB882210.1), spotted gar (chro-
mosome LG16) and zebrafish (chromosome 13). Details of flanking
genes are supplied in Table S2. Ancient fish - lamprey possesses
only AGT gene at the beginning of small scaffold GL479006 and
hence marker genes are not possible to detect. This suggests that
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Fig. 2. Summary of genetic variants of AGT reveals majority of these variants are SNPs.
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Fig. 3. Homology model of AGT protein from Petromyzon reveals angiotensin II (A) and inhibitory RCL (B), which turned into non-inhibitory RCL in tetrapods (C) during 500

MY of vertebrate evolution.



Table 1

Summary of missense AGT variants in 1092 human genomes from 14 ethnicities. There are 32 deleterious mutational sites, marked by bold letters.

Variations  Structural elements ID Chromosomal location Alleles gmaf  Class Source Status SIFT (Score)  Polyphen V2
(Score)
R2Q Signal peptide rs61731498 1:2308465921:230846592 (/T - SNP dbSNP  Frequency, ESP 1 991 Probably
Deleterious damaging (0.99)
(0)
R4P Signal peptide rs61762541 1:2308465861:230846586 (/G - SNP dbSNP Multiple_observations, frequency, ESP 1 1000 Probably
Deleterious  damaging (0.999)
(0)
R4L Signal peptide COSM1244653 1:2308465861:230846586  C/A - Somatic_SNV COSMIC - 1 1001 Probably
Deleterious damaging (1)
(0)
M10 Signal peptide rs199476082 1:2308465691:230846569 T/A - SNP dbSNP - 21 884 Possibly
Deleterious damaging (0.883)
(0.02)
G14S Signal peptide TMP_ESP_1_230846557  1:2308465571:230846557 C|T - SNP ESP ESP 641 2 Benign (0.001)
Tolerated
(0.64)
T20P Signal peptide rs13306155 1:2308465391:230846539 T/G - SNP dbSNP Frequency 31 816 Possibly
Deleterious damaging (0.815)
(0.03)
G29D Signal peptide rs143545998 1:2308465111:230846511  C/T - SNP dbSNP Frequency, ESP 281 13 Benign (0.012)
Tolerated
(0.28)
A31G Signal peptide rs149973083 1:2308465051:230846505  G/C - SNP dbSNP  ESP 41 480 Possibly
Deleterious damaging (0.479)
(0.04)
L43F N-terminal end after  rs41271499 1:2308464701:230846470 G/A - SNP dbSNP  Multiple_observations, frequency, ESP 1 987 Probably
signal peptide Deleterious damaging (0.986)
(0)
V441 N-terminal end after rs146773738 1:2308464671:230846467 C|T - SNP dbSNP  Frequency, ESP 11 455 Possibly
signal peptide Deleterious damaging (0.454)
(0.01)
S49N N-terminal end after TMP_ESP_1_230846451 1:2308464511:230846451 C/T - SNP ESP ESP 81 Tolerated 454 Possibly
signal peptide (0.08) damaging (0.453)
T50S N-terminal end after  rs201777691 1:2308464491:230846449 T/A 0.001 SNP dbSNP - 21 34 Benign (0.033)
signal peptide (A) Deleterious
(0.02)
C51R N-terminal end after 1s61731497 1:2308464461:230846446  A/G 0.001 SNP dbSNP Multiple_observations, frequency, ESP 781 3 Benign (0.002)
signal peptide (G) Tolerated
(0.78)
K61N N-terminal end after COSM1501176 1:2308464141:230846414 C/A - Somatic_SNV ~ COSMIC - 291 136 Benign (0.135)
signal peptide Tolerated
(0.29)
P62T N-terminal end after rs142417928 1:2308464131:230846413  G/T - SNP dbSNP Frequency 401 22 Benign (0.021)
signal peptide Tolerated
(0.4)
D64Y N-terminal end after TMP_ESP_1_230846407 1:2308464071:230846407 C/A - SNP ESP ESP 11 964 Probably
signal peptide Deleterious damaging (0.963)
(0.01)
D64Y N-terminal end after COSM171702 1:2308464071:230846407  C/A - Somatic_SNV ~ COSMIC - 751 20 Benign (0.019)
signal peptide Tolerated
(0.75)
F67L N-terminal end after TMP_ESP_1_230846396 1:2308463961:230846396 G/C - SNP ESP ESP 1 1000 Probably
signal peptide Deleterious  damaging (0.999)
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signal peptide
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N-terminal end after
signal peptide

N-terminal end after
signal peptide

N-terminal end after
signal peptide

N-terminal end after
signal peptide

N-terminal end after
signal peptide

N-terminal end after

signal peptide

Helix hA

Helix hA

Helix hA

Helix hA

Helix hA

Helix hA

Helix hA

Helix hA

Loop between helix hA
and sheet s6B

Sheet s6B

Helix hB

rs112711075

COSM1236224

rs201569036

rs141724549

rs140901725

rs61762540

COSM425564

rs11568032

rs11557882

rs200223350

COSM210306

15201406560

rs11557881

rs2229389

rs147355405

rs199864970

1149236456

TMP_ESP_1_230846218

TMP_ESP_1_230846197

rs34829218

1:2308463851:230846385

1:2308463861:230846386

1:2308463761:230846376

1:2308463771:230846377

1:2308463491:230846349

1:2308463461:230846346

1:2308463401:230846340

1:2308463051:230846305

1:2308462991:230846299

1:2308462921:230846292

1:2308462901:230846290

1:2308462871:230846287

1:2308462681:230846268

1:2308462571:230846257

1:2308462511:230846251

1:2308462471:230846247

1:2308462301:230846230

1:2308462181:230846218

1:2308461971:230846197

1:2308461871:230846187

G/A

G/T

G/A

/G

G/A

AlG

/A

T

T/C

T

T

cr

G/A

C/A

G/A

A/C

T

T

G/A

G/A

0.001
(A)

0.004
(T)

0.001
(T)

0.001
(A)

SNP

Somatic_SNV

SNP

SNP

SNP

SNP

Somatic_SNV

SNP

SNP

SNP

Somatic_SNV

SNP

SNP

SNP

SNP

SNP

SNP

SNP

SNP

SNP

dbSNP

COSMIC

dbSNP

dbSNP

dbSNP

dbSNP

COsMIC

dbSNP

dbSNP

dbSNP

COSMIC

dbSNP

dbSNP

dbSNP

dbSNP

dbSNP

dbSNP

ESP

ESP

dbSNP

Multiple_observations, frequency, ESP

Frequency, ESP

Multiple_observations, frequency, ESP

Multiple_observations, frequency, ESP

Multiple_observations, frequency,
HapMap, 1000 genomes, ESP

Multiple_observations, frequency

Frequency

Frequency

ESP

ESP

Multiple_observations, frequency, 1000
genomes, ESP

(0)

1
Deleterious
(0)

1
Deleterious
(0)

1
Deleterious
(0)

161
Tolerated
(0.16)

21
Deleterious
(0.02)

171
Tolerated
(0.17)

1
Deleterious
(0)

11
Deleterious
(0.01)

1
Deleterious
(0)

221
Tolerated
(0.22)

1001
Tolerated
(1)

1
Deleterious
(0)

101
Tolerated
(0.1)

831
Tolerated
(0.83)

11
Deleterious
(0.01)

91 Tolerated
(0.09)

421
Tolerated
(0.42)

221
Tolerated
(0.22)

441
Tolerated
(0.44)

441
Tolerated

960 Probably
damaging (0.959)

975 Probably
damaging (0.974)

997 Probably
damaging (0.996)

11 Benign (0.01)
952 Probably
damaging (0.951)
21 Benign (0.02)
1001 Probably
damaging (1)

943 Probably
damaging (0.942)

990 Probably
damaging (0.989)
189 Benign (0.188)
5 Benign (0.004)
910 Probably
damaging (0.909)
13 Benign (0.012)
18 Benign (0.017)
983 Probably
damaging (0.982)
288 Benign (0.287)

4 Benign (0.003)

195 Benign (0.194)

58 Benign (0.057)

54 Benign (0.053)

(continued on next page)

81S-40S (F10Z) 9 SUOUDIUNILILIO) YD1DasIY [DIisAydolg pub [DINUAYI0IG /D 1 1DWNY] Y

60S



Table 1 (continued)

Variations ~ Structural elements ID Chromosomal location Alleles gmaf  Class Source Status SIFT (Score)  Polyphen V2
(Score)
(0.44)
T137A Helix hB rs138340265 1:2308461881:230846188  T/C - SNP dbSNP Multiple_observations, frequency, ESP 161 433 Benign (0.432)
Tolerated
(0.16)
A138S Helix hB rs61762539 1:2308461851:230846185 C/A 0.001 SNP dbSNP Multiple_observations, frequency 51 998 Probably
(A) Deleterious damaging (0.997)
(0.05)
A138T Helix hB COSM210305 1:2308461851:230846185 (/T - Somatic_SNV  COSMIC - - -
V139L Helix hB 15144347709 1:2308461821:230846182  C/G 0.001  SNP dbSNP Multiple_observations, frequency, 1000 361 1 Benign (0)
(G) genomes, ESP Tolerated
(0.36)
A144T Helix hB rs138660113 1:2308461671:230846167 (/T - SNP dbSNP Frequency 1001 1 Benign (0)
Tolerated
(1)
L151W Between helices hB rs150161533 1:2308461451:230846145  A/C - SNP dbSNP ESP 881 3 Benign (0.002)
and hC Tolerated
(0.88)
A155V Helix hC rs143437550 1:2308461331:230846133  G/A - SNP dbSNP Frequency, ESP 781 783 Possibly
Tolerated damaging (0.782)
(0.78)
D156G Helix hC rs61757173 1:2308461301:230846130  T/C - SNP dbSNP Frequency, ESP 231 421 Benign (0.42)
Tolerated
(0.23)
D156H Helix hC COSM1182244 1:2308461311:230846131 (/G - Somatic_SNV ~ COSMIC - 421 304 Benign (0.303)
Tolerated
(0.42)
H178Y Between helices HC COSM242875 1:2308460651:230846065 G/A - Somatic_ SNV COSMIC - 21 256 Benign (0.255)
and hD Deleterious
(0.02)
A186V Helix hD rs61757175 1:2308460401:230846040 G/A - SNP dbSNP  Frequency 1 977 Probably
Deleterious damaging (0.976)
(0)
V187L Helix hD COSM425563 1:2308460381:230846038 C/A - Somatic_SNV COSMIC - 1 1001 Probably
Deleterious damaging (1)
(0)
Q188L Helix hD TMP_ESP_1_230846034  1:2308460341:230846034 T/A - SNP ESP ESP 541 751 Possibly
Tolerated damaging (0.75)
(0.54)
A201T Sheet s2A rs138015904 1:2308459961:230845996 (/T - SNP dbSNP Frequency, 201 82 Benign (0.081)
Tolerated
(0.2)
S206F Sheet s2A rs11557883 1:2308459801:230845980  G/A - SNP dbSNP - 311 204 Benign (0.203)
Tolerated
(0.31)
T207M Sheet s2A 154762 1:2308459771:230845977 G/A 0.104 SNP dbSNP Multiple_observations, frequency, 1 1001 Probably
(A) HapMap, 1000 genomes, cited, ESP Deleterious damaging (1)
(0)
T213K Sheet s2A COSM373955 1:2308459591:230845959  G/T - Somatic_SNV COSMIC - 11 1001 Probably
Deleterious  damaging (1)
(0.01)
L219Q Loop between sheet rs141302625 1:2308459411:230845941 AT - SNP dbSNP  Frequency 1 1001 Probably
s2A and helix hE Deleterious damaging (1)
(0)
P222L Helix hE rs146566988 1:2308459321:230845932  G/T/A - SNP dbSNP Multiple_observations, frequency, ESP 721 2 Benign (0.001)

Tolerated

01¢G
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P222Q

F223L

A228D

R237L

R237C

L244R

V246A

A248V

W261R

T263P

G264S

M268I

M268T

M268T

GA269GS

Y281C

V2821

A295S

E296K

P297S

Helix hE

Helix hE

Helix hE

Sheet s1A

Sheet s1A

Helix hF

Helix hF

Helix hF

Loop between helix hF
and sheet s3A

Loop between helix hF
and sheet s3A

Loop between helix hF
and sheet s3A

Loop between helix hF
and sheet s3A

Loop between helix hF
and sheet s3A

Loop between helix
hF and sheet s3A

Loop between helix
hF and sheet s3A

Sheet s3A

Sheet s3A

Helix hF1

Loop between sheet

s3B and helix hF1

Sheet s4C

rs146566988

COSM679126

rs143666867

rs145882750

rs61762537

rs5041

TMP_ESP_1_230845860

rs140964843

TMP_ESP_1_230845816

COSM905376

rs147721058

rs11568053

rs699

COSM425562

rs141900991

rs56073403

TMP_ESP_1_230845753

TMP_ESP_1_230841920

rs139685563

rs61762530

1:2308459321:230845932

1:2308459301:230845930

1:2308459141:230845914

1:2308458871:230845887

1:2308458881:230845888

1:2308458661:230845866

1:2308458601:230845860

1:2308458541:230845854

1:2308458161:230845816

1:2308458101:230845810

1:2308458071:230845807

1:2308457931:230845793

1:2308457941:230845794

1:2308457941:230845794

1:2308457891:230845789-

230845790

1:2308457551:230845755

1:2308457531:230845753

1:2308419201:230841920

1:2308419171:230841917

1:2308419141:230841914

G/T/A

A/G

G/T

C/A

G/A

AlC

AlG

G/A

AlG

/G

QT

QT

AlG

AlG

CT/AC

T/C

T

C/A

T

G/A

0.001
(]

0.338
(A)

0.001
(©)

0.001
M

SNP

Somatic_SNV

SNP

SNP

SNP

SNP

SNP

SNP

SNP

Somatic_SNV

SNP

SNP

SNP

Somatic_SNV

Substitution

SNP

SNP

SNP

SNP

SNP

dbSNP

COSMIC

dbSNP

dbSNP

dbSNP

dbSNP

ESP

dbSNP

ESP

COSMIC

dbSNP

dbSNP

dbSNP

COSMIC

dbSNP

dbSNP

ESP

ESP

dbSNP

dbSNP

Multiple_observations, frequency, ESP

Frequency

Frequency

Multiple_observations, frequency, ESP

Multiple_observations, frequency,

HapMap, ESP

ESP

Frequency

ESP

Multiple_observations, frequency, ESP

Multiple_observations, frequency

Multiple_observations, frequency,
HapMap, 1000 genomes, cited, ESP

Multiple_observations, frequency, 1000
genomes, ESP

ESP

ESP

Multiple_observations, frequency, 1000

Genomes, ESP

Multiple_observations, frequency, ESP

(0.72)

181
Tolerated
(0.18)

471
Tolerated
(0.47)

481
Tolerated
(0.48)

11
Deleterious
(0.01)

M
Deleterious
(0.04)

321
Tolerated
(0.32)

1001
Tolerated
(1)

541
Tolerated
(0.54)

151
Tolerated
(0.15)

461
Tolerated
(0.46)

231
Tolerated
(0.23)

181
Tolerated
(0.18)

91 Tolerated
(0.09)

21
Deleterious
(0.02)

1
Deleterious
(0)

1
Deleterious
(0)

1001
Tolerated
(M

701
Tolerated
(0.7)

201
Tolerated
(0.2)

181
Tolerated

824 Possibly
damaging (0.823)

441 Possibly
damaging (0.44)

7 Benign (0.006)
1000 Probably
damaging (0.999)

956 Probably
damaging (0.955)

249 Benign (0.248)

2 Benign (0.001)

61 Benign (0.06)

79 Benign (0.078)

11 Benign (0.01)

722 Possibly

damaging (0.721)

14 Benign (0.013)

94 Benign (0.093)

910 Probably
damaging (0.909)

973 Probably
damaging (0.972)

1000 Probably

damaging (0.999)
12 Benign (0.011)
20 Benign (0.019)

315 Benign (0.314)

53 Benign (0.052)

(continued on next page)
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Table 1 (continued)

Variations  Structural elements ID Chromosomal location Alleles gmaf  Class Source Status SIFT (Score)  Polyphen V2
(Score)
(0.18)
F300L Sheet s4C COSM1340017 1:2308419031:230841903  G/T - Somatic_SNV ~ COSMIC - 101 123 Benign (0.122)
Tolerated
(0.1)
S305N Loop between sheets rs200008829 1:2308418891:230841889 (/T 0.001 SNP dbSNP - 81 Tolerated 279 Benign (0.278)
s4C and s3C (T) (0.08)
S307L Sheet s3C 15151246535 1:2308418831:230841883  GJA - SNP dbSNP - 81 Tolerated 84 Benign (0.083)
(0.08)
V310L Sheet s3C rs201352496 1:2308418751:230841875 (/G - SNP dbSNP ESP 191 7 Benign (0.006)
Tolerated
(0.19)
L313F Sheet s3C COSM1340016 1:2308418661:230841866  G/A - Somatic_SNV  COSMIC - M 451 Possibly
Deleterious damaging (0.45)
(0.04)
W322R Sheet s1B TMP_ESP_1_230841839  1:2308418391:230841839 A/G - SNP ESP ESP 171 2 Benign (0.001)
Tolerated
(0.17)
D327H Loop between sheets rs151194891 1:2308418241:230841824 C/G - SNP dbSNP ESP 81 Tolerated 22 Benign (0.021)
s1B and s2B (0.08)
P335S Sheet s2B rs17856352 1:2308418001:230841800 G/A - SNP dbSNP - 21 476 Possibly
Deleterious  damaging (0.475)
(0.02)
S339N Loop between sheets rs142892394 1:2308417871:230841787 (C|T 0.001  SNP dbSNP Multiple_observations, frequency, ESP 801 50 Benign (0.049)
s2B and s3B (T) Tolerated
(0.8)
A340T Sheet s3B rs143215026 1:2308417851:230841785 C/T - SNP dbSNP  Frequency, ESP 11 978 Probably
Deleterious damaging (0.977)
(0.01)
1345S Sheet s3B rs147736976 1:2308417691:230841769  A/C - SNP dbSNP Frequency 1001 1 Benign (0)
Tolerated
(1)
Q346H Sheet s3B TMP_ESP_1_230841765 1:2308417651:230841765 C/A - SNP ESP ESP M 92 Benign (0.091)
Deleterious
(0.04)
P347L Sheet s3B rs201501261 1:2308417631:230841763  GJA 0.001  SNP dbSNP - 131 20 Benign (0.019)
(A) Tolerated
(0.13)
D352N Loop between sheet rs150452789 1:2308417491:230841749 C|T 0.001 SNP dbSNP ESP 81 Tolerated 682 Possibly
s3B and helix hG (T) (0.08) damaging (0.681)
L353V Helix hG rs61762529 1:2308417461:230841746  G/C - SNP dbSNP Frequency, ESP 51 459 Possibly
Deleterious damaging (0.458)
(0.05)
L3661 Helix hH COSM1501178 1:2308417071:230841707  G|T - Somatic_SNV COSMIC - 11 868 Possibly
Deleterious  damaging (0.867)
(0.04)
M369K Helix hH rs4932 1:2308416971:230841697  A|T - SNP dbSNP Multiple_observations 91 Tolerated 735 Possibly
(0.09) damaging (0.734)
R375Q Sheet s2C 1574315283 1:2308416791:230841679 C|T - SNP dbSNP Multiple_observations, frequency, ESP 331 10 Benign (0.009)
Tolerated
(0.33)
R375W Sheet s2C 15201162475 1:2308416801:230841680  G/A - SNP dbSNP ESP 221 14 Benign (0.013)
Tolerated
(0.22)
M381R Sheet s2C rs137858911 1:2308400661:230840066  A/C - SNP dbSNP Frequency, ESP 301 3 Benign (0.002)

Tolerated

(48
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P382A

V385A

L392M

A397S

A397T

A403T

L409P

S$415G

N416S

R418C

R418H

V421M

E423A

E433A

A434V

E441D

S442F

P449S

R458C

H473Y

Sheet s2C

Sheet s6A

Helix hl

Helix hl

Helix hl

Helix hI1

Loop between helix

hI1 and sheet s5A

Loop between helix
hI1 and sheet s5A

Loop between helix
hI1 and sheet s5A

Loop between helix
hI1 and sheet s5A

Loop between helix
hI1 and sheet s5A

Loop between helix
hI1 and sheet s5A

Sheet s5A
Loop between sheets
s5A and s4A

Loop between sheets
s5A and s4A

Sheet s4A

Sheet s4A

Sheet s4A

Loop between sheets

s1C and s4B

Sheet s5B

1s61762527

rs61731499

rs1805090

rs61751065

rs61751065

1s147243938

rs199817559

rs61751066

COSM464129

rs200712921

COSM1176529

rs61751067

COSM1182243

COSM905371

rs61751076

1s200657291

1s61751077

rs61751078

TMP_ESP_1_230838973

COSM238730

1:2308400641:230840064

1:2308400541:230840054

1:2308400341:230840034

1:2308400191:230840019

1:2308400191:230840019

1:2308400011:230840001

1:2308399821:230839982

1:2308399651:230839965

1:2308399611:230839961

1:2308399561:230839956

1:2308399551:230839955

1:2308399471:230839947

1:2308399401:230839940

1:2308390471:230839047

1:2308390441:230839044

1:2308390221:230839022

1:2308390201:230839020

1:2308390001:230839000

1:2308389731:230838973

1:2308389281:230838928

G/C

AlG

G/T

C/T/A

C/T/A

o/t

AlG

T/C

T/C

GIA

T

T

T/G

T/G

G/A

/G

G/A

G/A

G/A

G/A

0.004
(G)

0.001
M

0.001
(G)

0.001
(A)

0.001
(A)

SNP

SNP

SNP

SNP

SNP

SNP

SNP

SNP

Somatic_SNV

SNP

Somatic_SNV

SNP

Somatic_SNV

Somatic_SNV

SNP

SNP

SNP

SNP

SNP

Somatic_SNV

dbSNP

dbSNP

dbSNP

dbSNP

dbSNP

dbSNP

dbSNP

dbSNP

COSMIC

dbSNP

COSMIC

dbSNP

COSMIC

COSMIC

dbSNP

dbSNP

dbSNP

dbSNP

ESP

COSMIC

Frequency

Multiple_observations, frequency, 1000
genomes, ESP

Multiple_observations, frequency, 1000
genomes, ESP

Multiple_observations, frequency

Multiple_observations, frequency

Frequency, ESP

Frequency

Frequency

Multiple_observations, frequency, ESP

Multiple_observations, frequency,1000
genomes, ESP

Multiple_observations, frequency, ESP

ESP

(0.3)

681
Tolerated
(0.68)

741
Tolerated
(0.74)

1001
Tolerated
(M

271
Tolerated
(0.27)

21
Deleterious
(0.02)

221
Tolerated
(0.22)

101
Tolerated
(0.1)

441
Tolerated
(0.44)

11
Deleterious
(0.01)

1
Deleterious
(0)

1001
Tolerated
(1)

151
Tolerated
(0.15)

1
Deleterious
(0)

11
Deleterious
(0.01)

31
Deleterious
(0.03)

201
Tolerated
(0.2)

571
Tolerated
(0.57)

441
Tolerated
(0.44)

281
Tolerated
(0.28)

131

1 Benign (0)

10 Benign (0.009)

8 Benign (0.007)

23 Benign (0.022)

748 Possibly

damaging (0.747)

2 Benign (0.001)

10 Benign (0.009)

565 Possibly

damaging (0.564)

936 Probably
damaging (0.935)

1000 Probably
damaging (0.999)

1 Benign (0)

33 Benign (0.032)

1001 Probably

damaging (1)

931 Probably
damaging (0.93)

25 Benign (0.024)
956 Probably
damaging (0.955)

508 Possibly
damaging (0.507)

49 Benign (0.048)

54 Benign (0.053)

12 Benign (0.011)

(continued on next page)
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Table 1 (continued)

Polyphen V2
(Score)

SIFT (Score)

Status

Class Source

gmaf

Alleles

Chromosomal location

Structural elements ID

Variations

Tolerated
(0.13)

81 Tolerated 5 Benign (0.004)

(0.08)
21

Multiple_observations, frequency

0.001  SNP dbSNP

T

1:2308389151:230838915

rs146284519

Sheet s5B

R477H

476 Possibly

ESP

SNP ESP

G/A

TMP_ESP_1_230838916 1:2308389161:230838916

Sheet s5B

R477C

damaging (0.475)

Deleterious
(0.02)
431

35 Benign (0.034)

Somatic_SNV ~ COSMIC

C/A

1:2308389101:230838910

COSM1127109

C-terminal end

A479S

Tolerated
(0.43)
361
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70 Benign (0.069)

Multiple_observations, frequency, ESP

0.001  SNP dbSNP

G/A

1:2308389031:230838903

1s143479528

C-terminal end

P481L

Tolerated
(0.36)

AGT gene originated at the very early stages of vertebrate evolution
at about 500 MYA.

3.3. Catalogue of AGT genetic variants using 1092 human genomes

We computed variations in the AGT gene in 1092 human gen-
omes from 14 different populations and details are provided in
Fig. 2 with majority of these are SNPs. There are 690 variations
in total (Table S3) with major components of 613 SNPs, 36 somatic
SNVs, 29 deletions, and 19 insertions, shared in 12 variant types
(Fig. 3). Top 5 variant types were intron variants, upstream gene
variants, downstream gene variants, missense variants and synon-
ymous variants. Out of 690 AGT variants, 68% were validated vari-
ations. From Fig. 2, we further examined 121 missense variations
to examine what are the critical changes, which can cause alter-
ation in both AGT amino acid sequence and thus secondary struc-
tural elements (compiled in Table 1). Out of all mutations, 67% are
validated at least by one source (or study) where as 29% of mis-
sense mutants were validated by either multiple sources or stud-
ies. Various structural elements of AGT have at least 1 genetic
variants also summarized in Table 2. We combined impact of these
AGT variants using SIFT [9] and PolyPhen V2 [10] tools in Table 1.
SIFT and PolyPhen V2 methods entail a total of 32 key amino acids
as deleterious and probably damaging (marked bold in Table 1),
respectively. These deleterious mutations are marked by orange
stars (where as other mutations are marked by green stars), above
protein sequence alignment of AGT in Fig. S1. About half of these
deleterious mutations localized in the N-terminal extension of
AGT gene with 5 and 12 in the signal peptide and the N-terminal
region after signal peptide, respectively. Helix A has 8 missense
mutations and half of which are deleterious mutations. Other
variants are distributed across different secondary structural
elements of AGT protein (Fig. S1).

3.4. Sequence analysis of AGT

AGT is highly conserved in all vertebrates from lamprey to hu-
man with variable sequence identities and similarities (Table 2).
Human AGT shares 36/55, 27/49, 23/38, 24/45 and 20/38 percent-
age identities/similarities with turkey, coelacanth, medaka, cave
fish and lampreys, respectively. AGT from three lamprey species
shares 94-98% identities with each other, while AGT from other
vertebrates shares 20-24% identities with AGT from lampreys.
There are 20, 64 and 85 amino acids in AGT alignment, which are
conserved 100%, 70-99%, and 50-69%, respectively (Table 3). Addi-
tionally, there are 51 amino acids conserved in the core serpin do-
main in more than 70% of serpins [18] and from these 51 residues,
36 were maintained in all vertebrate AGT and 15 only in few spe-
cies (Table 3) with C-terminal conserved residues only present in
AGT protein in lampreys (Fig. S1).

3.4.1. Angiotensin Il is maintained from lamprey to human
Angiotensin Il is created by removal of two C-terminal residues
from angiotensin I by the enzyme angiotensin-converting enzyme
(ACE). We found that angiotensin II is conserved in all vertebrates
(Fig. 3A) with some variations at the positions 1, 3, 5, 6 and 9.

3.4.2. Serpin motifs are maintained

AGT protein is characterized by three conserved serpin motifs,
which are spanned across three major structural regions (Fig. S1).
Motif-I is localized in s3A-breach-s4C and it has four human genet-
ic variants. Motif-II is conserved in the s5A-s4A, which starts just
before RCL and ends in P8 position of the RCL and it has also four
human genetic variants. Motif-1Il is located immediately after
RCL at the C-terminal end, 1C-turn-s4B and this motif has four hu-
man genetic variants.
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Table 2
Percentage identities and similarities values of AGT for selected vertebrates.

1. [2. |3. (4 |5 |6 |7. |8 |9 |10.|11. |12.|13.|14.|15. | 16. | 17.
1. Human 353627 (25(25(23 (23|24 |23 |24 |24 |24 |20 |20 |20
2. Opossum 67 = 36 |36 |28 |26 |27 |26 (24|26 |24 |23 |24 |26 |21 |21 |21
3. Chicken 55|55 92 (31|30 (30|29 (25|28 |29 [28 |28 |28 |23 |23 |23
4. Turkey 55|57 |95 3013030292529 |29 |27 |28 |28 (23 |22 |22
5. Coelacanth |49 | 52 | 53 | 53 28129 |28|28|28 |30 |27 [29 [29 |23 |24 |23
6. Cod 44 | 48 | 51 |52 |50 59 | 61|59 |68 |67 |35 |52 |54 |22 |22 |21
7. Fugu 47 |50 | 51 | 52|51 | 74 60 | 57 |68 | 66 |35 |48 |51 |21 |21 |21 é
8. Medaka 44 |1 46 | 51 (52|49 |77 |77 64|71 |69 |36 |46 |50 |21 [20 |20 E
9. Platyfish 45 | 46 |49 |49 |49 |73 |72 | 79 68 | 66 |34 |47 |49 |20 |20 |20 2
10. Tilapia 46 | 47 |51 (52|50 (80|79 85|80 76 |36 |50 |55 |22 |21 |21 %
11.Stickleback | 44 | 47 | 51 |51 |52 |79 |79 |82 |79 |86 37 |51 |57 |23 |22 |22 “
12. Spottedgar 38 |41 |46 |46 |46 | 52 | 55 | 54 | 53 | 54 |55 37 |39 |21 |21 |21
13. Zebrafish 45|48 |50 | 50 |49 | 70 | 68 | 67 | 67 | 70 | 71 | 55 68 |24 |24 |23
14. Cavefish 45 |47 |51 |52 |51 [ 72|69 |71 |69 |75 |74 | 56 | 81 22 |22 |22
15.Lethenteron | 38 | 41 | 43 | 42 | 44 |43 |43 |44 [ 41 |44 |45 |39 |42 |42 98 | 94
16. Lampetra 38 | 41 |43 |42 |45 (42 43 143 |41 (43 |45 |39 |42 |42 |98 94
17.Petromyzon | 38 | 41 | 43 | 42 | 45 |43 |43 |43 |41 |43 |45 |39 |42 |42 |96 | 96

Sequence similarities

Table 3
Summary of amino acid conservations and number of AGT variants in secondary structural elements of AGT protein in vertebrates.

Structural components Id-100 1d-70-99 1d-50-69 Number of AGT genetic variants Status of 51 conserved amino acids
proposed by Irving et al. (2000) [ 18] Bold
- Missing Italics - Conserved in few

species
Signal peptide 0 0 6 7
N-terminal end after signal peptide 5 5 13 16
hA 3 5 6 8 F33
s6B 0 1 0 1 N49 S53
hB 2 2 2 4 P54 S56 L61 G67
hC 1 2 1 2 T72 L80
hD 0 4 5 3
S2A 1 1 3 4
hE 1 0 3 3 F130
s1A 1 1 0 1
hF 0 4 7 3 F147 1157 N158 V161 TI165
Loop between hF/s3A 0 2 4 5 1169 T180
s3A 0 2 0 2 L184 N186  F190 K191 G192
hF1 0 1 2 1
s4C 1 1 3 2 F198  T203 F208
s3C 0 4 3 3 V218 M220 M221
s1B 0 1 0 1
s2B 0 2 4 1 Y244
s3B 1 3 1 4 L254 P255
hG 2 0 1 1
hH 0 1 1 2
s2C 1 2 1 3
S6A 0 2 2 1 P289 K290
hl 1 1 1 2 L299 L303 G307
hI1 0 1 1 1
Loop between hl/s5A 0 3 7 5 F312  A316  L327
s5A 0 3 3 1 H334 E342
s4A (RCL) 0 3 1 3 G344 A347
s1C 0 0 0 0
s4B 0 2 2 0 P369 F370
s5B 0 3 2 2 L383 F384 G386
C terminus 0 2 0 2 P391

Id = Identity.
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Fig. 4. Phylogenetic history of vertebrate serpins. (A) Bayesian phylogenetic tree of vertebrate group-wise (V1-V6) illustrates AGT is a member of group V2 serpins along with
A1AT-cluster (red shade) and HCII as visualized by FigTree V1.4 (website: http://tree.bio.ed.ac.uk/software/figtree/) (B) Neighbor-Joining based phylogenetic tree of AGT
demonstrates novel introns (red arrow) in conserved domain are inserted after separation of lampreys, cave fish, spotted gar zebrafish from other ray-finned fishes. Branches
corresponding to partitions reproduced in less than 25% bootstrap replicates are collapsed for visualization in MEGA 5.2.2 [15]. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

3.4.3. Reactive center loop changed from inhibitory to non-inhibitory
during 500 MY

We analysed AGT from three different lamprey species and
found that AGT is inhibitory in nature and also maintained angio-
tensin II (Fig. 3). Lampreys have an inhibitory RCL as
GTEAKAETVVGIMPITSMPPT with active site P1-P1 residues as
I-S (Fig. 3B and Table 4). But, during vertebrate evolution, RCL
region has mutations that made this gene non-inhibitory via
mutations in 20 RCL residues (Fig. 3). The position P15 is gener-
ally a glycine, which is maintained only lampreys and ray-finned
fishes (except in platyfish) and five other substitutions has hap-
pened at this position (Fig. 3C). The position P14 has normally
either predominantly a threonine (T) or sometimes a serine (S)
in all inhibitory serpins and this position has a T in lampreys,
Fugu and birds (Table 4) and four replacements have occurred
at this position (Fig. 3C). The position P13 has normally a glu-
tamic acid and it is predominant in AGT as well (Fig. 3C), but it
is also replaced by four other amino acids. Positions P12-P8 are
normally small amino acids as in lampreys (Fig. 3B), but AGT
from other vertebrates have rapid mutations predominantly by
a bulky residue such as a proline or a glutamine. Fig. 3C
illustrates four to five replacements have been occurring in RCL
regions of AGT other than lampreys (Fig. 3B) with P13-P1 region
has frequently either a proline or a glutamine. This infers that
RCL region became non-inhibitory after separation of lampreys and
other vertebrates (Table 4). Lampreys maintained this inhibitory
AGT gene, while constant mutations have occurred in RCL region
other vertebrates, leading into various types of non-inhibitory
RCLs, such as in Flycatcher (GTDQPADPAAQKEDG1VYLDV) and
in human (EREPTESTQQLNKPE{VLEVT).

This corroborates lampreys have an inhibitory AGT, which be-
came non-inhibitory during vertebrate evolution in ~500 MY.

3.5. Phylogenetic analysis of AGT

Bayesian phylogenetic analysis classified vertebrate serpins into
six groups as intron encoded classification as depicted in different
colors (Fig. 4A). Group V2 is composed of majority of genes in A1AT
cluster (red shade in Fig. 4A), originated by tandem duplications
and two independent genes namely HCII and AGT, localized on
separate cluster without tandem duplication. This illustrates that
AGT gene is a member of the group V2 (Fig. 4A). To evaluate loca-
tion of novel intron insertions, species-wide phylogenetic tree was
constructed (Fig. 4B), which reveals after separation of zebrafish
from other-ray-finned fishes, these novel introns are embedded
in AGT gene.

4. Discussion

The unique position of AGT in the renin-angiotensin system
and its distinct features make this serpin become an attractive tar-
get in developing effective therapeutic strategies in many human
diseases such as atherosclerosis and obesity. However, despite
great efforts on discovering the molecular mechanisms and clinical
relevance of AGT gene and protein functions, questions about ge-
netic variants and detailed phylogenetic origin remain unan-
swered. This study answers these issues and provides an updated
repository of the AGT gene from 57 vertebrate species (Table S1)
and summarizes major concepts revolving around sequence, struc-
ture and phylogeny of AGT across vertebrate genomes. AGT gene is
characterized by four exons I-IV in vertebrates with two novel in-
tron insertions; one each within exons I and Il (at positions 77c and
233c, respectively) in ray-finned fishes (Fig. 1). Interestingly, exon
Il and IV are fully conserved without any insertions. This intron
gain event in the AGT gene illustrates an excellent example, which
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Table 4
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Reactive center loops (RCL) of AGT for selected vertebrates depicts inhibitory to non-inhibitory RCL formation during 500 MY.
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shows the typical exon/intron pattern of vertebrate group V2 ser-
pins in lampreys, tetrapods and in three ray-finned fishes (cave
fish, spotted gar and zebrafish), Chronologically, the introns at
positions 77c¢ and 233c found in orthologs of AGT gene occurred
after the split of the zebrafish from other actinopterygians. Like-
wise, all other non-standard introns found in the vertebrate serpins
are also confined to these ray-finned fishes. Eukaryotes have genes
with patterns of exons and introns and the hallmark of eukaryotic
introns are their splicing mechanisms. However, the mystery about
their creation remains puzzling [19], ever since discovery of in-
trons. There are total 24 conserved introns in vertebrate serpins
encompassing groups V1-V6 [5] with six additional introns that
were gained in selected ray finned fishes among serpin genes
[20]. Genome compaction and associate genome repair processes
were attributed with several examples of intron creations in se-
lected ray-finned fishes whose genome underwent compaction
events in the serpin superfamily [20] and in the GPCR superfamily
[21]. To facilitate genome function after genome compactness,
DNA breakage and repair processes are essential. These processes
are accountable for gains of introns in ray-finned fishes. Intron gain
events are believed to be very rare in many metazoan lineages, and
the mechanisms underlying creation of spliceosomal introns are
largely unknown. This study and recent other studies on GPCRs
[21] and serpins [20] confirms that creations of introns in verte-
brates are not as exceptional as previously thought.

AGT is localized on the same genomic organization from from
lamprey to human maintained for ~500 MY (Fig. 1B). At protein

sequence level, following features are maintained: a conserved
angiotensin in N-terminal region, which generates spectrum of
small peptides, capable of regulating hypertension (Fig. 3A), three
serpin motifs and conserved inhibitory RCL (in lampreys), which
is mutated to become non-inhibitory with four to five mutations
on each site in RCL regins of AGT from 54 vertebrates analyzed
(Fig. 3C). AGT proteins from lampreys are thrombin inhibitors
[22] and also active angiotensin producers [23]. Antithrombin III
(ATIII) gene is missing in lampreys [24]. Haemostasis regulations
in vertebrates appear to be so critical that it requires to be con-
trolled by two serpins in all vertebrates including lampreys. AGT
gene kept this requirement until ATIII gene is originated around
somewhere between 450 to 500 MY lampreys [24]. These corrob-
orates that thrombin inhibition are critical process and AGT gene
compensates for ATIII gene in lampreys. After ATIII gene arose in
ray-finned fishes [24], AGT lost its inhibitory function by mutations
in RCL regions (Fig. 3) and also some of the highly conserved 51
amino acids (Fig. S1). This function is acquired by ATIII gene in
other vertebrates.

AGT is a group V2 member (Fig. 4A) . Lampreys have only two
group V2 serpins namely AGT and HCII (data not shown), this dem-
onstrates that thrombin inhibition is ancient traits of group V2 ser-
pins and A1AT cluster originated around 450 MY ago in ray-finned
fishes. Group V2 serpins are known for considerable clustering of
genes by tandem duplication events leading to the expansion of
these genes from fishes to mammals [25]. Notably, this gene be-
longs to only two genes of group V2 without tandem duplications,
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and other one is HCIL This also suggested that these two serpins
genes are originated by chromosomal duplications events at the
beginning of vertebrate evolution. Some of these serpins remained
single gene in the chromosomal fragments such as HCII and ATIII
gene [24], where as others underwent rapid tandem duplications
that originated several serpin paralogs on the same locus such as
clade A and B members.

690 AGT variants were identified from 1092 human genomes by
combining missense AGT variants (Fig. 2) with top three variation
classes being SNPs (89.7%), somatic SNVs (5.2%) and deletion
(2.9%). These include 121 missense mutations with 32 are delete-
rious variants. These findings open up new surveys of these genetic
variants in the context of blood pressure regulations.

In conclusion, AGT gene is revisited from sequence-structural,
phylogenetic and variants perspective in the post-genomics era.
Gene structures of AGT gene are variable in fishes, however syn-
teny of this gene is conserved for ~500 MYA. Several sequence fea-
tures are maintained in AGT protein from 57 vertebrates analyzed.
690 AGT variants were also identified from 1092 human genomes.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2014.02.139.
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