N

N

Defensins identified through molecular de-extinction
Adryan F.L. Ferreira, Karen O Osiro, Kamila B.S. de Oliveira, Marlon H
Cardoso, Lucas R de Lima, Harry M Duque, Maria L.R. Macedo, Céline

Landon, Cesar de la Fuente-Nunez, Octavio L Franco

» To cite this version:

Adryan F.L. Ferreira, Karen O Osiro, Kamila B.S. de Oliveira, Marlon H Cardoso, Lucas R de Lima,
et al.. Defensins identified through molecular de-extinction. Cell Reports Physical Science, 2024, 5
(9), pp.102193. 10.1016/j.xcrp.2024.102193 . hal-04790518

HAL Id: hal-04790518
https://hal.science/hal-04790518v1

Submitted on 19 Nov 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04790518v1
https://hal.archives-ouvertes.fr

Cell Rer_mrts ]
Physical Science @ CelPress

OPEN ACCESS

Defensins identified through molecular de-
extinction

Adryan F.L. Ferreira, Karen O.
Osiro, Kamila B.S. de
Molecular de-extinction Oliveira, 5000 Céline Landon,
Cesar de la Fuente-Nunez,
Octavio L. Franco

/ \ [ \ cfuente@upenn.edu (C.d.I.F.-N.)

ocfranco@gmail.com (O.L.F.)

Highlights
Molecular de-extinction identified

B-defensins in extinct genomes

B-defensins are mined from
W extinct avians and a critically
\ j / endangered mammal

DNA This study provides new insights

Extlnct or Novel into the molecular evolution of
Critically da;?obrgse structures defensins
Endangered extinct of ancient
| - :
species genomes B-defensins

Molecular de-extinction aims to discover useful molecules throughout evolution.
Through genome mining, using a combination of computational tools, Ferreira
et al. identify six B-defensins derived from the extinct New Zealand moa, the
extinct-in-the-wild Spix’s macaw, and the critically endangered western black
rhino.

Ferreira et al., Cell Reports Physical Science 5,
102193

September 18, 2024 © 2024 The Author(s).
Published by Elsevier Inc.
https://doi.org/10.1016/j.xcrp.2024.102193



mailto:cfuente@upenn.edu
mailto:ocfranco@gmail.com
https://doi.org/10.1016/j.xcrp.2024.102193
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrp.2024.102193&domain=pdf

Cell Rel?orts )
Physical Science

Defensins identified
through molecular de-extinction

¢? CellPress

OPEN ACCESS

Adryan F.L. Ferreira,’” Karen O. Osiro,”” Kamila B.S. de Oliveira,’” Marlon H. Cardoso, ">
Lucas R. de Lima," Harry M. Duque,” Maria L.R. Macedo,® Céline Landon,*

Cesar de la Fuente-Nunez,>¢7.6* and Octavio L. Franco'2.10.*

SUMMARY

Molecular de-extinction is an emerging field that identifies potentially
useful molecules throughout evolution. Here, we computationally mine
genomes, searching for molecules called defensins, which play arole in
host immunity. Our approach leads to the discovery of six undescribed
B-defensins, five of which are derived from two different extinct bird
species and one from a mammalian species. These organisms included
an extinct moa species (Anomalopteryx didiformis) that inhabited New
Zealand and the extinct Spix’s macaw (Cyanopsitta spixii), which was
endemic to Brazil, as well as the black rhino (Diceros bicornis minor).
Evolutionary and structural analyses of the B-defensins are performed
to further characterize these molecules. This study identifies molecules
from extinct organisms, revealing defensins and opening new avenues
for antibiotic discovery.

INTRODUCTION

Molecular de-extinction has emerged as a new field seeking to discover molecules
through evolutionary history and use them to solve present-day problems.’™ Defensins
are small disulfide-rich cationic proteins that play a key role in the defense mechanisms
of living organisms and have been proposed as potential new antibiotics.” They are
naturally produced by microorganisms, plants, vertebrates, and invertebrate animals.®
Defensins are highly conserved molecules among species, with specific structural folds
and highly conserved disulfide patterns, which make them amenable for genome mining
efforts.” Most defensins have 2-6 disulfide bonds, which helps maintain their functional
conformation.® Furthermore, defensins are classified into two superfamilies, cis- and
trans-defensins, based on their structural similarity and topology. Each superfamily
has its independent evolutionary origin, which underwent extensive divergent evolution
in terms of sequence, structure, and function.” In vertebrates, defensins belong to the
trans-defensins superfamily and are classified as a-, f-, and 0-defensins.” B-defensins
are present in all vertebrates and represent the largest family of vertebrate defensins
except for double-size AvBD11 proteins.'” They generally comprise 35-50 residues
with a core of three anti-parallel B-strands stabilized by three disulfide bonds (Cys1-
Cys5, Cys2—Cys4, and Cys3-Cys6).!" These disulfide bonds provide stability to the
peptide’s three-dimensional structure. Functionally, defensins act as effectors of innate
immunity and enhancers of antigen-specific cellular and humoral immune responses,
protecting the skin and mucous membranes of the respiratory, genitourinary, and
gastrointestinal systems.'?

Here, we computationally mined eight extinct vertebrate genomes, searching for
defensin molecules and examining their evolution and structure. Studying the
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Table 1. Summary of results during the identification process of defensins through molecular de-extinction

No. of genes identified Potential defensins identified Confirmed defensin Defensin
Species Type of genome by AUGUSTUS by HMMER by INTERPRO type
T. cynocephalus complete 48,424 12 - -
D. bicornis minor complete 42,479 13 1 B
H. giga complete 94,556 3 - -
A. didiformis complete 18,369 3 2 B
C. spixii complete 30,273 6 3 B
M. giganteus partial 37 - - -
B. anhydra partial 1,013 - - -
C. campestris partial 4,861 - - -

relationship between defensins from extinct and extant animals may shed light on
their biological role throughout evolution. By examining structural information,
including secondary structure orientation, cysteine motifs, disulfide bond connectiv-
ity, tertiary structure similarities, and precursor gene sequence, we can gain a better
understanding of their evolutionary relationships. This work employs different
in silico tools to prospect and evaluate the structural and functional connections
of B-defensins from extinct animals. We also perform phylogenetic and molecular
dynamics (MD) analyses, exploring their evolutionary pathways and characterizing
their structures.

Collectively, we find dozens of potential defensins, out of which six are identified
as authentic defensins. The structures for the six B-defensins are predicted, two of
which are derived from the extinct New Zealand moa (Anomalopteryx didiformis),
three from extinct-in-the-wild Spix’s macaw (Cyanopsitta spixii), and one from the
western black rhino (Diceros bicornis minor), which is classified as a critically en-
dangered species. By integrating comprehensive phylogenetic analyses and MD
simulations, we not only reveal structures of ancient B-defensins but also gain in-
sights into their evolutionary trajectories. Molecular de-extinction efforts open
new avenues for understanding molecular structure and function throughout
evolution.

RESULTS

Non-mitochondrial genomic analysis uncovers protein-coding genes in eight
extinct and endangered species

Initially, 154 extinct or endangered animals were found through our mining
approach. However, our analysis subsequently excluded all mitochondrial-based se-
quences since mitochondrial genomes are not capable of expressing defensins, nar-
rowing down the list to eight distinct animals, all of which possess non-mitochondrial
genomic data accessible in the National Center for Biotechnology Information
(NCBI). The selected species were the Tasmanian tiger Thylacinus cynocephalus,
western black rhino D. bicornis minor, Steller's sea cow Hydrodamalis gigas,
New Zealand moa A. didiformis, Spix’s macaw C. spixii, the giant deer Megaloceros
giganteus, desert bettong Bettongia anhydra, and the desert rat-kangaroo Calo-
prymnus campestris. Genomic analysis in search of protein-coding genes by the
AUGUSTUS program resulted in 48,424 genes found in T. cynocephalus, 42,479 in
D. bicornis minor, 94,556 in H. gigas, 18,369 in A. didiformis, 30,273 in C. spixii,
37 in M. giganteus, 1,013 in B. anhydra, and 4,861 in C. campestris (Table 1). The
lack of information in the partial genomes added a limitation in the computational
analysis, making a contrast between the number of genes and the peptide
identification.

2 Cell Reports Physical Science 5, 102193, September 18, 2024
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Table 2. Physicochemical data of prospective defensins

No. of amino Molecular Negative Positive
Species B-Defensins De-extinction nomenclature acid residues GRAVY? mass (Da) residues residues Charges
A. didiformis Ad-AvBD5 AvBDS5 didiformin 40 —0.422 4,428.11 4 7 +3
A. didiformis Ad-AvBD10 AvBD10 didiformin 45 -0.320 4,844.49 4 5 +1
C. spixii Cs-AvBD!1 AvBD1 spixiin 38 —0.161 4,285.17 1 8 +7
C. spixii Cs-AvBD10 AvBD10 spixiin 46 -0.276 4,849.54 3 5 +2
C. spixii Cs-AvBD9 AvBD?9 spixiin 43 —0.232 4,545.17 3 6 +3
D. bicornis minor Db-BD4 Db-BD4 bicornin 34 0.079 3,647.3 0 5 +5

®The GRAVY (Grand Average of Hydropathy) values are defined as the average hydropathy value of a peptide or protein. Proteins with negative GRAVY values are
hydrophilic, and positive values mean they are hydrophobic.

Molecular de-extinction reveals six B-defensins

The HMMER data analysis revealed significant variations in the number of potential
defensins. The mammals D. bicornis minor and T. cynocephalus exhibited the high-
est count, with 13 and 12 possible defensins, respectively. The mammal H. gigas
showed a more limited number of potential defensins, predicting only three. No po-
tential defensins were found in M. giganteus, B. anhydra, or C. campestris animals. In
avian species, three potential defensins were identified in A. didiformis and six in
C. spixii. Among the possible defensins found, only six were validated by the
INTERPRO according to inherent defensin’s disulfide binding patterns (Table 1):
two B-defensins from A. didiformis, three from C. spixii, and one from D. bicornis mi-
nor. Several potential defensins were excluded during the validation process by the
InterProScan program because they were not classified as authentic defensins due to
the display of different disulfide binding patterns, the cysteine patterns, and the
identified function. The defensins from A. didiformis were named Ad-AvBD5 and
Ad-AvBD10. The defensins from C. spixii were designated Cs-AvBD1, Cs-AvBD9,
and Cs-AvBD10. Likewise, the D. bicornis minor defensin was named Db-BD4
(Table 2).

Sequence alignment and phylogenetic tree analysis of de-extinct B-defensins
Avian species exhibited the highest number of potential defensins validated by
INTERPRO, which identified and confirmed 9 possible defensins. Notably, all iden-
tified defensins belonged to the B-type, presenting a theoretical core of three anti-
parallel B-strands stabilized by three disulfide bonds (Figures 1 and 2). Analyzing the
multiple alignments of avian B-defensins carried out by the T-COFFEE server, we
noticed the similarity between the B-defensin sequences of prospected birds and
their parent defensin. The B-defensins were arranged according to their similarities
in their primary structure, aligning all the primary structures and the cysteine pairing
(Cys1-Cys5, Cys2-Cys4, and Cys3-Cysé) (Figures 1 and 2). In the multiple align-
ments performed by T-COFFEE to analyze mammalian B-defensins, we focused on
detection similarities between the prospected defensin and its parents. Our results
revealed partial similarity of their sequences, particularly in the positions of cysteines
forming the disulfide bonds, B-strands, and a-helix structures, which aligns with the
expected pattern observed in B-defensins (Figures 1 and 2).

The avian B-defensin phylogenetic tree revealed that Ad-AvBD10 and Cs-AvBD9
were highly conserved, indicating their proximity to the root ancestor. Conversely,
B-defensins Ad-AvBd5, Cs-AvBd1, and Cs-AvBd10 appeared to represent more
recent evolutionary developments (Figure 3).

For birds, the common chicken Gallus gallus possesses 14 defensin genes known
as AvBD1-14 (also referred to as GLL1-14)."° In this study, the two B-defensins

Cell Reports Physical Science 5, 102193, September 18, 2024 3



¢? CellPress

OPEN ACCESS

a-helix g1 B2 B3
Ad-AvBD5 TRQDCESRGGFCSRGS CPLGITRIGICSLQD=FCCRRKMG-E
KFV8231e. TPQDCER! S| b>CPLGITRVGICSLOD—FCCRRRWY-P
XP_ 025919741 1 TPQDCERI SCPLGIARVGICSLQD-FCCRMRWY-P
NXU25876.1 SPQDCERRGG bbCPPF GRVGIC D-FCCRRRWY-P
KFP64902.1 SPQDCERR! b:CPPG[GRVGtCSEOD—FCCRRRW—P
KFV@5576.1 TPQDCERRGGFCSRGSCPPGIGRVGICSERE-FCCRRRWY-P
NXN52294.1 SPQDCERI GSCPPGIGRIGICSEQD-FCCRSRWY-P
KFU98542.1 SPEDCERRGGFCSLGSCPPGISRVGICSEKD—FCCRRRWY-P
KFR02704.1 SPQDCERI IGSCPPGIGRIGICSE
KFQ51500.1 SPQDCERI GSCPLGIGRVGLCSEH
NWX76591.1 SPQDCERRGG GSCPPGIGRIGIC
NWS47042.1 SPQDCERRGG GSCPPGIGRVGLCSVHI
NXK25004.1 SPQDCERF KSCPPGIGRVGICSEQ]
NXN43009.1 SPQDCERI F SSCPPGISRIGVCSEQ!
NXQ87396.1 SPQDCERRGG ?KSCPPG “R"'Tr
NXG24514.1 SRQDCERRGG rlu:CPPG[GRVGLCSEOE—FCCRHRWY—P
NWR88592.1 RQDC GG haquacpPG[GRVGLCSEOE-rLL RWY-P
NXC28910.1 SRQDCERF :sm:>CPPG[GRVGLCSEOE—FCCRHRWV-P
NWX07677.1 SPQDCQRI SDjGSCFL" VGICSEQE-FCCRSRWY-P
Ad-AvBD10 V-SFADTEECRSQGNFCRPVSCPPVFSVSGSCYGGAMKCCKKEYG-Q
XP_010211247.1 DVTFADTVECKSQGNFCRLTSCPPTFSPSGSCHGGLLKC CKK—————
NXE57894.1 DLAFADTIECRSQGNFCRAGLCPPTFSVSG HGGLLKCCSK:
NXP56750.1 DLTFADTAECMQGNFCRAGACPPT HGGLLKCC!
NXV79090.1 DLTFADTAECRSOGNFCRAGACPPTFMTGSCHGGLLKCC
NXT80941.1 DLAFADTAECRSQGNFCRAGACPPTFAATGSCHGGLLKCC!
KFV71564.1 DLTFADTAECKSQGNFCRAGPCPPTETISGSCHGGLLKCC
NXS64858.1 DLIFADTTECRSQGNFCRAGACPPT] HGGLLKCC
NWX85149.1 DETFADTAECKSQGNFCRLTTCPPTFSVSGSCHGGLLKCCI
NWI15079.1 DEAFADTLECKSLGNFCRLTSCPPTESVSG! HGGLLKCC
NXD12164.1 NEAFADTLECKSQGNFCRLTSCPPTFSPSGSCHGGLLKCCI
NXA52572.1 NEAFADTLECKSQGNFCRLTSCPPTFTPSGSCHGGLLKCCI
KFQ20692.1 DPLFADTAECRSQGNFCRAGACPPTFSV HGGLLKCC
DPLFAul TECRSOGN LRAGACPPTFTVSGS TK
i ALLKCPFFVVISGRCTKFT-FCCKK
NXJ©e8709.1 APGNKAECHRQNG FCAFLKCP FFFWSGKCTKFD—FCCKK
NXWe7501.1 KGFCGFLKCS FPFVISGKCSRFF-FCCK:
NXK46891.1 LP NEA "CGF LKCSFPFIISGRCSRFF-FCCKK
NXF95429.1 AP REKGFCGFLKCS FPYVISGKCSRFF—FCCKR
XP_032041204.1 AP FLKCSFPFIISGKCSRFF-FCCKK
NXU92933.1 AP "CGFLKCPFPYIIKGRCSTYM=FCCKK-
NXF38340.1 APGNKAECHREKGYCGFLKCSFPFVISGKCSRFF-FCCK—
NWZ26664.1 APQNKEQC| KGFCGFLKCS FPFIVSGKCSRFF-FCCKK
AFH74414.1 VP "CGFLNCPFPFGISGKCSRFF~FCCKK!
NX052417.1 AP GFLKCS FPFVISGRCSRFF-FCCKK
NXF54544.1 APGNKAEC| GFLKCSFPFVVSGKCSRFF-FCCK—
AFH74412.1 AP "CGFLKCSFPFIISGKCSRFF-FCCKK
NXV95776.1 APGNKAECHRQQGFCGFLQCSFPFVISGKCSRFF=FCCKK-
XP_040408952.1 VP GFLNCPFPFGISGKCSRFI -FCCKK
XP_027664522.1 GINNEKECHRQKGFCSLLNCNFPYIISGKCSRFY=FCCKN
NXK66384.1 GPTNKKQC GFLKCS FPVVIAGKCSRFH—FCC
NXN37978.1 AP "CGFLKCPFPFIVKGKCSTFF=FCC
XP_053919223.1 APRNEKECLRQKGFCAILKCNFPYITIAGKCSRFS—FCCI
NWS63581.1 APGNQKECHREKGYCGFLKCS FPFVWSGKCSRFF=FCC|
NXK22634.1 AIRNKKECQRQKGFCGFLKCPFPFVTSGKCSRFF-FCC|
NWT47629.1 APGNKKECQRQKGFCGFLKCPFPFIVNGKCSRFF—FCC
DPLFPDTTECKNQGNFCRAGTCPPTFAISGSCHGGLLRCC!

. DPIFADTAECRSOGN‘CRAGACPPT CHGGLLKCC!
XP_029893430.1 PIFADTAECRSQGN F GACPPTFAASGSCHGGLLKCC!
NWU42845.1 DPLFPDTVECRNOGNFCRAGTCPPTFAVTGS:HGG CSK-
XP_030902544.1 DPLFPDTTECRNQGNFCRAGSCPPTFTVSGSCHGGLLRCCSR-
XP_028942105.1 DPLFPDTAECRSQGNFCRAGTCPPTFAV CHGGLLKCCSK-
NWR63988.1 DPIFPDTVECRNQGNFCRAGTCPPTFAASGSCHGGLLKCCSK:
KF087123.1 DPIFPDTAECRNQGNFCRAGICPPTFAA CHGGL CSK-
NXP11765.1 DPLFADTAECKSQGNFCRAGTCPPTFEISGSCHGGLLKCCSK:
KFQ40352.1 DPIFPDTAECRSQGNFCRAGTCPPTFAA CHGGL CSK:
NWH53099. 1 DPIFPDTAEC 3 GACPPTFAV CHGGLLKCCSK-
NXD65929.1 DPLFPDTTECRNQGNFCRAGPCPPTFTASGSCHGGLLKCCSR
NWY51628.1 DPLFPDTAECRSQGNFCRAGACPPT AASGSCHGGLLKCCSK-
XP_026701097.1 DPIFPDTVECRSQGNFCRAGACPPTFAA HGGLLKCCSK:
NXN66269.1 DPIFPDTAECRSQGNFCRAGACPPTFAASGSCHGGL CSK-
NXT90642.1 DPIFADTTECRSQGNFCRAGACPPTFAVSGSCHGGLLKCCSK-
NXL67836.1 DPLFADTTECRSQGNFCRAGACPPTFTVSGSCHGGLLKCCSK-

LFADTAECRSQGN AGTCPPTEAVSGSCHGGLLKCC K-
PAYSQ-VDADTAAC VECSSPMVNIGTCRSGKLKCCKX-Y--V

. PAYSQ-EDADTLACRQNRASCSFIPCSAPL vbl RGGKLKC CKW:
Nw]06627.1 PAYSQ-EDADTIACRQNRASCSFVACSPPLVNVGTCRGGKLKC CKW:
AEK67424.1 PAYSQ-GDADTLAC SFIACSGPLVDIGTCRGGK| CKW-APSS
NWI15080.1 PAYSQ-VDADTVAC SFVACPPPSVDVGTCRGGKLKCC|
NXY89544.1 PAYSQ-EAADTLAC SFVACSAPLVDIGTCRGGKLKCCKW-
NWI63705.1 PAYSQ-EAADTLAC SFVACSAPLVDIGTCRGGKLKCC
XP_049675089.1 PAYSQ-EAADTVAC SFVACSAPLVDIGTCRGGKLKCCKW-TPSS
NXW60428.1 PAYSQ-EAADTIAC SFVACSAPLVDIGTCRGGKLKCCKW:
NXY48319.1 PAYSQ-EAADTIAC SFVSCSAPLVDIGTCRGGK| C
XP_052666177.1 PAYSQ-EAADTLAC SFVACSAPLVDIGTCRGGK CKW-TPSS
NwWU93858.1 PAYSQ-EAADTLAC SFVPCSAPLVDIGT CKW-
KFQ36144.1 PAYSQ-EAADTVAC SFVACSPPLVDIGT CKW-
NXW@7498.1 PAYSQ-EAADTLAC SFVPCSAPMVDIGT CKW:
NXF54547.1 PAYSQ-EAADTLAC 'CSFVPCSAPMVDIGT CKW-
KFP27505.1 PAYSQ-ETADTVACRQNRGFCSFVACSAPLVDIGT G|
NXI39306.1 PAYSQ-EAADTLAC SFVACSAPLVDIGT
KFQ40351.1 PAYSQ-ETADSIAC SFVACSAPLVDIGT
NXS64860.1 PVYSQ-EAADTLAC SFVACSAPLVDIGT
NXI65923.1 PAYSQ-ESADTLAC SFVACSGSLVNIGT
1UT3_1|Chain —===——=—=SFGLCRLRRGFCARGRCRFPSIPIGR!

Anomalopteryx didiformis

Anomalopteryx didiformis’
Parent defensin

- Cyanopsitta spixii

Cyanopsitta spixii’'s
Parent defensin

Figure 1. Sequence alignments of avian B-defensins

A protein blast was performed with each avian defensin prospected, and the sequences of different
species with more than 80% of query cover were selected in a total of 19 samples for each
prospected defensin. Multiple alignments were carried out on the T-COFFEE server with the
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Figure 1. Continued

prospected defensin sequences from C. spixii (dark blue), the C. spixii's parent defensin (light
blue), A. didiformis (dark orange), and A. didiformis’s parent defensin (orange) birds and 19 more
parent sequences of each prospected defensin, for a total of 100 aligned sequences. Predicted
secondary structure elements (a-helix, B-strands) are displayed in orange and green, respectively.
Cys residues are displayed in yellow, with arrows showing the disulfide connectivity. The animals
depicted were obtained from Wikipedia, licensed under CC BY 4.0 International (https://
creativecommons.org/licenses/by/4.0/). Figure editing was performed using Paint 3D by Microsoft
Corporation, Inkscape 1.2, and CorelDRAW.

identified in A. didiformis, Ad-AvBD5 and Ad-AvBD10, shared close evolutionary re-
lationships with GLL5 and GLL10, respectively (Figure 3). Likewise, the evolutionary
trajectory of Cs-AvBD10 was closely related to Ad-AvBD10 in terms of its similarity to
GLL10. However, despite the shared homology with the common avian B-defensin
GLL10, it is noteworthy that GLL10 from the Dinornithiformes (Ad-AvBD10) branch
revealed an ancient lineage, in contrast to the GLL10 variant within the Psittaci-
formes (Cs-AvBD10) order (Figure 3). Both Ad-AvBD10 and Cs-AvBD9 defensins
were settled in a distinct branch, positioned closer to the phylogenetic tree root,
and are the most ancient B-defensins among the prospected bird B-defensins
described in this study (Figure 3). Although Cs-AvBD9 stands out as a solitary and
conserved branch, it seems to be related to GLL9. Moreover, the placement of
Cs-AvBD1 in the tree suggests a relationship with the avian AMP1 B-defensin family,
a lineage that appears to have significantly diverged from the other defensins exam-
ined here, forming an isolated root. Conversely, Ad-AvBD5 displays a more recent
evolutionary divergence, finding itself situated alongside a common ancestor
shared with GALS5 from the Struthio camelus australis, which belongs to the Palaeog-
nathae infraclass. A. didiformis also belongs to this same infraclass (Figure 3).

Mammalian B-defensins were also analyzed. We found that black rhino Db-BD4 was
classified as one of the most recent in its tree and remained close to B-defensin-4
from Mastomys coucha (Figure 4). According to the phylogenetic tree results, the
identified B-defensin from D. bicornis minor, Db-BD4, presented the highest homol-
ogy with B-defensin 4 of Rodentia (e.g., M. coucha), Primates (e.g., Sapajus apella,
Cebus imitator), and Perissodactyla (e.g., Equus caballus) orders (Figure 4). In gen-
eral, all defensins mined in this study demonstrated genetic similarity to their closest
parent, as determined by high bootstrap and Bayesian values (Figure 4).

Cationicity and amphipathy features confirm the B-defensin structures

The structures of all prospected B-defensins described here were predicted with
AlphaFold2 and demonstrated a three-stranded anti-parallel B-sheet, a right-
handed a-helix, and three disulfide bonds formed between Cys1-Cys5, Cys2-
Cys4, and Cys3-Cysbé cysteines. The sequences showed clear physicochemical sim-
ilarities except for cationic properties, which can be variable (Table 1; Figure 5).

Moreover, to assess structural stability, MD was performed during a period of 100 ns
in high-salt content. Firstly, we evaluated the moa defensins. The Ad-AvBD5 defen-
sin showed clear stability of its B-sheet structures (Figure 5A). The fluctuations, gyra-
tion, and deviation did not affect the secondary structure. The Ad-AvBD10 defensin
maintained its structural conformation until 20 ns (Figure 5B). However, B-sheets
were lost in some moments, as well as its a-helices, demonstrating that the molecule
shows lower structural stability than Ad-AvBD5 (Figures 5A and 5B). The root-mean-
square fluctuation (RMSF) graph (Figure S1) showed large fluctuations in residues
1-5 (Val-Ser-Phe-Ala-Asp) and 42-44 (Tyr-Gly-Gln), but there were large fluctuations
in the RMSD and radius of gyration (RG) graphs. By contrast, Spix’s macaw
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Parent defensin Cysteines
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Figure 2. Sequence alignments among mammalian B-defensins

A protein blast was performed with the defensin sequence of D. bicornis minor. Due to the limited
sampling of species, a BLAST search was conducted with the most representative species,
selecting sequences with over 80% query coverage from a total of 41 samples. Multiple alignments
were carried out on the T-COFFEE server, including one defensin sequence prospected from

D. bicornis minor (dark orange) and another 41 parent sequences (orange) from each defensin
prospected, totaling 42 aligned sequences. Predicted secondary structure elements (a-helix, B-
strands) are displayed in red and green, respectively. Cys residues are displayed in yellow, with
arrows showing the disulfide connectivity. The animals depicted were obtained from Wikipedia,
licensed under CC BY 4.0 International (https://creativecommons.org/licenses/by/4.0/). Figure
editing was performed using Paint 3D by Microsoft Corporation, Inkscape 1.2, and CorelDRAW.
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Figure 3. Phylogenetic tree of avian B-defensins

The phylogenetic tree was generated by the IQ-TREE server and organized with the FigTree program using the prospected defensin sequences from
C. spixii and A. didiformis birds and another 19 parent sequences of each prospected defensin, for a total of 100 aligned sequences. The animals
depicted were obtained from Wikipedia, licensed under CC BY 4.0 International (https://creativecommons.org/licenses/by/4.0/). Figure editing was
performed using Paint 3D by Microsoft Corporation, Inkscape 1.2, and CorelDRAW.

B-defensins also showed a variation in structural stability when evaluated by MD.
High structural stability was observed throughout the MD simulations for Cs-
AvBD1 and Cs-AvBD10, where secondary structures were maintained until the end
of the simulations (Figures 5C and 5E). Cs-AvBD9 had its secondary structures
affected after 20 ns, and one of the B-strands was unfolded (Figure 5D). The Cs-
AvBD9 average fluctuation varied between 0.05 and 0.63 nm simulation with a
high RG modification between 0.9 and 1.3 nm (Figure S1). Finally, for the black rhino
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Figure 4. Phylogenetic tree of mammalian B-defensins

Firstly, a blast was made with the defensin sequence of D. bicornis minor. However, due to the small sampling of species, the blast was performed with
the most representative species, and the sequences with more than 80% of the query cover were selected. The sequences were aligned by the
T-COFFEE server, and with the alignmentfile, the phylogenetic tree was made by the IQ-TREE server and organized with the FigTree program using the
defensin of D. bicornis minor and 41 other parental sequences of each prospected defensin. The animals depicted were obtained from Wikipedia,
licensed under CC BY 4.0 International (https://creativecommons.org/licenses/by/4.0/). Figure editing was performed using Paint 3D by Microsoft
Corporation, Inkscape 1.2, and CorelDRAW.

B-defensin Db-BD4, there was a destabilization of the a-helix at 50 ns, becoming a
random coil and recovering the a-helical structure at 100 ns (Figure 5F). However,
the RMSD for Db-BD4 demonstrated that the deviations did not undergo large os-
cillations (Figure S1). Therefore, the secondary structures of defensins Ad-AvBDS5,
Cs-AvBD1, and Cs-AvBD10 presented high stability, whereas Ad-AvBD10, Cs-
AvBD9, and Db-BD4 significantly lost their structures, according to the MD
simulations.
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Figure 5. Predicted 3D structures of B-defensins

The interconnected arrows at the peptides’ sequences represent the pairing between the cysteines, forming disulfide bonds (cysteine—letter C— is
highlighted in yellow). Conceptual structure snapshots derived from molecular dynamic simulation (secondary structure elements in red and disulfide
bridges inyellow). Visualization of 0, 50, and 100 ns intervals of each prospected defensin during the molecular dynamic simulation, showing the stability
of all the secondary structures in simulation. Electrostatic and lipophilic potentials were determined using chimera X'“ on defensin surfaces (90° rotation
between each face). The electrostatic potential is represented by coloring ranges. Red corresponds to the negative potential, white corresponds to the
neutral surfaces, and blue corresponds to the positive potential. Lipophilic potentials are also represented by coloring ranges. Dark gold corresponds
to the most hydrophobic zones, white corresponds the neutral surfaces, and cyan corresponds to the most hydrophilic potentials. The predicted 3D
structures of the B-defensins were generated using PyMOL, v.3.0 (https://pymol.org).

Structural and physicochemical properties analysis revealed that the Ad-AvBD10
sequence showed a global charge of +1, although the local charge distribution
was uneven, with 4 negative and 5 positive residues. In different orientations, the
surface exhibited variation, being more negative in the first orientation and globally
positive in the third orientation (Figure 5B). Similarly, Cs-AvBD10, with global
charge +2, presented an uneven distribution, with 3 negative and 5 positive residues
(Figure 5E). By contrast, Cs-AvBD1 exhibited a notable overall charge of +7, charac-
terized by eight cationic residues (Figure 5C). Its surface was predominantly positive,
highlighting an absence of the negative regions observed in previous defensins (Fig-
ure 5C). This pattern was also evident in Db-BD4 (Figure 5F).

Regarding hydrophobicity, our analysis revealed that Ad-AvBD10 has a face with a
notable cluster of hydrophobic residues. Furthermore, we observed that in specific
orientations, Db-BD4 showed hydrophobic surfaces, opposite to the positively
charged faces in other orientations.

DISCUSSION

Molecular de-extinction has enabled the identification of molecules from extinct or-
ganisms.’ This emerging field, enabled by advances in computational biology and
machine learning, has already mined archaic hominids as well as the entire “extinc-
tome.”""'® Here, we explored the genomes of animals regarded as extinct, including
A. didiformis, which became extinct approximately 600 years ago, '® as well as those
extinct in the wild, and critically endangered animals.

We explored more than 150 datasets of extinct or endangered animals, looking for
complete or partially complete non-mitochondrial genomic data. Six B-defensins
were unambiguously highlighted in this study, five from two avian species: the
extinct New Zealand moa A. didiformis and the extinct-in-the-wild Spix's macaw
C. spixii, and one mammal B-defensin from the critically endangered western black
rhino D. bicornis minor.

It has been hypothesized that B-defensins originally emerged over 520 million
years ago from big ancestral defensins akin to defensins identified in urochordates,
cephalochordates, and vertebrates.'? B-defensin genes have been identified in all
vertebrate species, whereas a- and 6-defensins could be regarded as more
contemporary variations, with a-defensins appearing in mammals and 6-defensins
being exclusive to some great primates.'’ Phylogenetic analyses have revealed
frequent changes in the number of B-defensin genes, with species-specific gene
gains and losses throughout vertebrate evolution. The number of B-defensin genes
in a species has been linked to changing environmental microbial challenges."®
The avian immune system rose from a span of over 310 million years of divergent
evolution between birds and mammals, being more compact than that of primates
yet resembling its structure and function.”” Following the Cretaceous-Paleogene
(K-Pg) mass extinction event around 66 million years ago, avian lineages
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underwent a rapid evolutionary process, in contrast to the gradual evolution of

primates 12,17,19,20

Vertebrate genomes contain a series of genes for defensins exhibiting an extensive range
of tissue expression patterns. They are situated togetherin a singular cluster positioned at
the terminal region of chromosome 3, acting as functional equivalents of mammalian
B-defensins.?’ Among them, ten genes (AvBD2, -4, -5, -7, -8, -9, -10, -11, -12, and -13)
point toward high conservation spanning over 100 million years, maintaining a 1:1 orthol-
ogous relationship across the majority of species studied.?” In this study, two avian p-de-
fensins, Ad-AvBD10 and Cs-AvBD10, seem to be closely related to GLL10 (Figure 3).
However, despite these B-defensins showing homology to the same pB-defensin,
AvBD10 demonstrates a significant distance between the Dinornithiformes (Ad-
AvBD10) and Psittaciformes (Cs-AvBD10) orders (Figure 3). These findings indicate
that AvBD10 from A. didiformis has a more ancient position in the evolutionary chrono-
logical sequence compared to AvBD10 from C. spixii.

Indeed, members of the B-defensin family display poor sequence similarity but pre-
senta notable degree of similarity in their tertiary structures.?* Variation in homology
exists across sequences from various species within orthologous pairs, typically
ranging from 75% to 95%. For instance, the amino acid identity between duck
AvBD2 and its chicken ortholog reaches 76.5%, whereas quail and chicken
AVBD10 show 84% similarity.””?*?°> Besides this, Ad-AvBD10 traces its lineage
back to A. didiformis, an extinct ratite moa that was an important species in the
New Zealand ecosystem until its extinction =600 years ago.'© As mentioned before,
AvBD10 s a highly conserved gene often observed on a distinct and isolated branch,
closely associated with an ancestral lineage, indicating its status as an ancient B-de-
fensin.?'?*~?? The extensive branch length observed in the Ad-AvBD10 tree (Fig-
ure 3) is corroborated by other phylogenetic analyses of AvBD10,”"***? as well as
from the deep-rooted history of moa evolution.?® Additionally, an analysis of 12
and NDé sequences suggests a notably limited level of genetic diversity within these
ratites,®' further reinforcing Ad-AvBD10’s ancient history. Conversely, Ad-AvBD5
demonstrates a closer association with gallinacin-5 (Figure 3), a B-defensin that is
known to induce significantly elevated immunoglobulin (Ig)A and IgY antibody titers
in chickens.*?

Defensin Cs-AvBD1 forms a distinct clade positioned closer to AMP1 from other bird
species. lts position implies its comparatively recent placement along the evolu-
tionary timeline (Figure 3). AMP1 shares a close relation with AvBD1, GAL-1, and
CHP-1 across chickens and other avian species, as well as THP-1 in turkeys and
Osp-2 in ostriches.'” Regarding Cs-AvBD9, this particular B-defensin is connected
within the same branch as other GLL9 (Figure 3), which is also considered an ancient
avian B-defensin.??

In structural analysis, all B-defensins had three anti-parallel B-sheets and a right-
handed a-helix (Figure 5), with a conserved pattern of disulfide bridges that provides
stability and structural maintenance.'? MD analyses carried out using GROMACS re-
vealed different behaviors of the molecules.®® B-Defensins Ad-AvBD5, Cs-AvBD1,
Cs-AvBD10, and Db-BD4 maintained their structures at the end of the 100 ns simu-
lation, demonstrating greater stability and preserving their compaction. The disul-
fide bonds ensured a compact structure resistant to all torsional forces (visible until
the end of the simulations), which, in particular, enabled the maintenance of inter-
molecular hydrogen interactions.* However, the Ad-AvBD10 and Cs-AvBD9 defen-
sins lost part of their secondary structures, indicating some structural instability. In

¢? CellPress

OPEN ACCESS

Cell Reports Physical Science 5, 102193, September 18, 2024 1




¢? CellPress

OPEN ACCESS

the case of Ad-AvBD10, the gradual loss of the three strands within the B-sheet dem-
onstrates a lower ability to stabilize its structures despite its disulfide bonds remain-
ing until the end of the simulations. This was probably due to the deviation rate and
the rotation of the molecule.?® In Cs-AvBD9 defensin, only one of the p-strands was
denatured, which could directly affect its partial stability.

An analysis of ancestral a-defensin sequences revealed coevolution between the
acidic and basic amino acid domains in the mature defensin.* In addition to serving
as a targeting signal, the prodomain plays a crucial role in folding and protection
against auto-cytotoxicity. This protective role aims to preserve the extremely posi-
tive charge of mature defensins, avoiding deleterious interactions with lipids or
other cellular proteins.’” Therefore, it is reasonable to infer that the observed posi-
tive charge of B-defensins from extinct animals, as in the case of Dd-BD4, may have
evolved as an adaptive strategy to preserve their anti-microbial efficacy over time.

The evolution of defensins in animals has resulted in several subfamilies of DLPs (de-
fensin-like peptides) with neurotoxic functions. These DLPs share a similar structure
to defensins, but their intercysteine loop sequences have been selected for specific
interactions with ion channels.?® These structural and functional adaptations may
indicate an evolutionary diversification beyond anti-microbial functions, leading to
more specific and selective interactions. Therefore, charge and hydrophobicity
may have been shaped throughout evolution to optimize these new functions.
Thus, the emergence of features such as a-toxins and additional cysteines may
explain the variations in surface charges and amphiphilicity observed in defensins
from extinct animals.

In conclusion, we computationally mined eight genomes and identified and re-
vealed structures of ancient B-defensins from extinct genomes. We further gained
insights into their evolutionary trajectories by integrating comprehensive phyloge-
netic analyses and MD simulations. This work may unlock new avenues for discov-
ering defensins, enhancing our understanding of ancient biodiversity. Molecular
de-extinction offers a promising avenue for the reconstruction and analysis of ge-
netic and molecular data across evolutionary history.

EXPERIMENTAL PROCEDURES

Gene selection and prediction

We mined non-mitochondrial genomic data from extinct and critically endangered an-
imals by leveraging GenBank (GenBank, https://www.ncbi.nlm.nih.gov/genbank/).*’
Atotal of eight extinct organisms with complete or partial non-mitochondrial genomic

data were found®”“°

and selected for further evaluation. Each protein-coding
sequence was then subsequently predicted using the human genome as a base for
the AUGUSTUS web server (AUGUSTUS, v.3.5.0, https://bioinf.uni-greifswald.de/
augustus/).”’*? As a gene selection criterion in the target genomes, the parameters
file “Human,” available in the AUGUSTUS server, was used as a model to identify
the intronless protein-coding genes. The predicted genes were then translated and

exported from the program into protein sequences in FASTA format.*'*?

In silico prospection and classification of extinct defensins

The predicted gene files from all six extinct, one extinct in the wild, and one critically
endangered animal were filtered using the HMMER program (HMMER, v.3.4, http://
hmmer.org),** which applies user-defined filters for analysis and homology detection
enabled by hidden Markov models (HMMs).** B-Defensins were sought according to
the animal that expresses them. Nine sequence filters obtained from the InterProScan
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databank (InterProScan, v.5.67-99.0, https://www.ebi.ac.uk/interpro/)*® were prede-
fined. These filters were classified as AlphaBeta82 (82 a- and B-defensin sequences
reviewed), Betal16 (116 B-defensin sequences reviewed and not reviewed),
MDefensinFull338 (338 mammalian defensin sequences reviewed and not reviewed),
MdefensinPfam196 (196 mammalian a-defensin sequences mammals), MReviewedé9
(69 defensins found in mammals reviewed), ReviewedCé3 (63 defensin sequences re-
viewed at the C terminus), and ReviewedN67 (67 defensin sequences reviewed at the
N terminus). The 37 prospective defensin sequences were then submitted to the
InterProScan program after filtering to perform sequence analysis and identify their
function and classification.

Phylogenetic analysis

The B-defensin sequences identified were submitted to blastP to search for similar
defensins and then integrated into a single FASTA file and submitted for alignment
on the T-COFFEE server (T-COFFEE, v.13.46.0.919e8c6, h‘ttps://tcoﬁ‘ee.org).46 Two
sequences were classified as extinct from A. didiformis species, three sequences as
extinct in the wild from C. spixii, and one sequence as critically endangered from
D. bicornis minor. These sequences were submitted for alignment refinement using
the TCS server (https://tcoffee.crg.eu/apps/tcoffee/do:core)*’ with their respective
parent sequences. The aligned and refined sequences were used as input on the 1Q-
TREE server (IQ-Tree, v.1.6.12, http://www.iqtree.org),‘lg/lg where the maximum
likelihood phylogenetic tree was generated. The default values used by the server
were 1,000 bootstraps alignment number, 1,000 repetitions, 0.99 correlation mini-
mum, and 1,000 maximum interactions. There was now an outgroup determined
by the IQ-TREE server, in addition to providing bootstrap metrics and Bayesian sup-
port. The phylogenetic tree was visualized and edited using FigTree (FigTree,
v.1.4.4, http://tree.bio.ed.ac.uk/software/figtree/).

B-defensin structural prediction

Protein sequences classified as defensins were processed through AlphaFold
predict their three-dimensional structures using the highest-rank classification. The
predicted structures were validated by the PROCHECK server (PROCHECK, v.3.5.4,
https://www.ebi.ac.uk/thornton-srv/software/PROCHECK/)**> and analyzed ac-
cording to the bond and angle geometry, secondary structure, and protein pack-

250—52 to

aging. The defensin sequences were also submitted to the Expasy Server to analyze
their physicochemical features by the ProtParam tool (https://web.expasy.org/
protparam/).>® The predicted and validated defensins were analyzed and modeled
for three-dimensional visualization using PyMOL (PyMOL, v.3.0, https://pymol.org).
The cysteines, disulfide bonds, and secondary structures (such as a-helices and B-
sheets) were highlighted.

MD analyses
The GROMACS program (GROMACS, v.2023.1, https://www.gromacs.org/index.
htm|)57—59

box containing a saline medium (ionic strength: 0.15 M NaCl). This analysis

was used to perform MD analyses of the six B-defensins in a simulation

focused on determining electrostatic interactions, the stabilization of charges,
physiological conditions, and the structure and dynamics analysis, lasting 100 ns.
The dynamic data were interpreted using RMSD (root-mean-square deviation),
RMSF, and RG graphs, enabling the analysis and visualization of the molecular sta-
bility and the dynamics of the structures during the simulations. Snapshots of the
molecules were also taken during the interaction at 0, 20, 40, 60, 80, and 100 ns,
allowing the visualization of changes in the structural conformation of each
molecule.
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