International Journal of Biological, Life and Agricultural Sciences
ISSN: 2415-6612

Evolutionary Origin df te dC Helix in Integrins

B. Chouhan, A. Denesyuk, J. Heino, M. S. Johnson, K. Denessiouk

Abstract—Integrins are a large family of multidomain o/f cell
signaling receptors. Some integrins contain an additional inserted |
domain, whose earliest expression appears to be with the chordates,
since they are observed in the urochordates Ciona intestinalis (vase
tunicate) and Halocynthia roretzi (sea pineapple), but not in integrins
of earlier diverging species. The domain’s presence is viewed as a
hallmark of integrins of higher metazoans, however in vertebrates,
there are clearly three structurally-different classes: integrins without
| domains, and two groups of integrins with | domains but separable
by the presence or absence of an additional oC helix. For example,
the al domains in collagen-binding integrins from Osteichthyes
(bony fish) and al higher vertebrates contain the specific aC helix,
whereas the al domains in non-collagen binding integrins from
vertebrates and the al domains from earlier diverging urochordate
integrins, i.e. tunicates, do not. Unfortunately, within the early
chordates, there is an evolutionary gap due to extinctions between the
tunicates and cartilaginous fish. This, coupled with a knowledge gap
due to the lack of complete genomic data from surviving species,
means that the origin of collagen-binding aC-containing al domains
remains unknown. Here, we analyzed two available genomes from
Callorhinchus milii (ghost shark/elephant shark; Chondrichthyes —
cartilaginous fish) and Petromyzon marinus (sea lamprey;
Agnathostomata), and several available Expression Sequence Tags
from two Chondrichthyes species: Raja erinacea (little skate) and
Sgualus acanthias (dogfish shark); and Eptatretus burgeri (inshore
hagfish; Agnathostomata), which evolutionary reside between the
urochordates and osteichthyes. In P. marinus, we observed several
fragments coding for the aC-containing al domain, allowing us to
shed more light on the evolution of the collagen-binding integrins.

Keywords—Integrin ol domain, integrin evolution, collagen
binding, structure, aC helix

|. INTRODUCTION

NTEGRINS are a large family of bi-directionaly signaling,

heterodimeric trans-membrane receptors involved in cell-
cell and cell-ExtraCellular Matrix (cell-ECM) interactions [1].
The extracellular domains of integrins interact with their
ligands, while the cytoplasmic domains communicate with
signaling molecules inside the cell [2]. These interactions are
central to the regulation of cell migration, phagocytosis, cell
growth, immune system function and development [3]. In
addition, integrins are aso involved in a number of health
issues, including tumor progression [4] and recognition of
pathogens [5], especially picornaviruses e.g. echovirus 1 [6,7].
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Integrins are composed of two subunits, a and . Humans
express 18 different integrin o subunits and 8 different
subunits, which are known to form 24 o/f heterodimeric
combinations [8]. The a subunits can be further subdivided
into those that contain an additiona inserted domain, the al
domain, and those without the al domain [9]. The Rossmann
fold structure of the ol domain buds out of the p-propeller
domain [10] in the “head” region of the a subunit; ligands are
primarily recognized via interactions with the Metal lon
Dependent Adhesion Site (MIDAS) [11]. | domains from
different integrins have unique expression patterns and carry
out different functions. For example, In humans, | domains of
alfl, a2Bl, al0B1 and allP1 generaly function as collagen
receptors and grant structural integrity to cells and tissues,
whereas the | domains of aXp2, aDB2, aMB2, a2 and aER7
have roles in the immune system and are required for
interactions of leukocytes with endothelia cells and other cell
types and matrix structures [12]. A key structural feature that
distinguished | domains of the collagen receptors from those of
the immune system receptors is the presence of the aC helix
located towards the carboxy-terminus of | domains of the
collagen receptors. The aC helix has a critical role in the
conformational change between the “closed” and “open” forms
of the | domain required for ligand binding. Our earlier studies
of integrin evolution showed that | domains are present in the
urochordates C. intestinalis and H. roretzi, whereas the aC
helix isabsent (Fig. 1) [13, 14].
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Fig. 1 Evolution of the integrin ol domainsin the chordates

The absence of the aC helix in integrins of early chordates
suggests that the integrins were either incapable of collagen
binding or that other mechanisms were employed to bind
collagens. Since orthologues of mammalian collagen-binding
aC-containing al domains are observed in sequences of bony
fish and in al more recently diverging species of vertebrates,
we can bracket the likely origin of the aC helix containing
integrins to after the appearance of the urochordates and
before the appearance of the bony fish (Fig. 1) [13].
Unfortunately, many species diverging after the urochordates
that once existed are now extinct [15], and thus, it may be
impossible to establish the first appearance of either the
human-type integrins present in vertebrates today or the origin
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of the aC helix typifying the vertebrate collagen receptor erinacea (little skate), S. acanthias (dogfish shark) andE.
domains. To make things even more uncertain atttiie, burgeri (inshore hagfish). In the sea lamprey we were &ble
there is currently a lack of genomic data fromititermediate identify three full-length integrirul domain sequences and
chordate species that do exist. In the case ofdhilaginous four short fragments; in the hagfish one sequeragnient; the
fish, while there are many extant species of sharig rays, search of the skate/shark data did not reveal uigmbsly
genomic sequence data is spotty at best. Nonethelesare identifiable integrin | domain sequences. The sagas from
fortunate to have available two representative eeged lamprey and hagfish matched the signature motifthef
genomes from the intermediate chordatdetromyzon collagen-receptonl domain. The three full-length sequences
marinus (the sea lamprey, 5.9x coverage) &@uallorhinchus from the sea lamprey, Pma_fl, Pma_f2 and Pma_{8,tlen
milii  (the elephant shark, 1.4x coverage). Moreovefragment from the inshore hagfish, Ebu_f, are showrig. 2.
Expression Sequence Tags (ESTs) exisEfaatretus burgeri  For comparison, we included two of the four humahagen-
(inshore hagfish)Raja erinacea (little skate), andSgualus binding al domain sequences containing t@-helix: a1 and
acanthias (dogfish shark) and analysis of these genomic datd1l; two of the five human leukocyte-specifi¢ domain
can give insight into the evolutionary blueprint dfie sequences lacking theC helix: aM and oD; and all eight
mammalian type integrial domains [16]. In our analysis of knownaol domain sequences from the urochordate sea sguirt
these data, we could identify “fragments” coding fbe al  intestinalis. The alignment of the 16 sequences (Fig. 2) shows
domain, includingal domains containing the “keydC helix extensive areas of sequence similarity that span ettire
found in the vertebrate-type collagen binding intexy Here, length of the al domain, including secondary structure
we present our analysis of these genomes and digbheg elements (shown in transparent square boxes inZyigpund
implications for the evolution of thel-domain containing in the humanll domain X-ray structure [24, 25]. The areas of
integrins. high sequence conservation include conserved residtithe
MIDAS motif from all 16 sequences (columns hightiggh in
Il. METHODS black in Fig. 2). The | domains of four human coéa-
The genome assemblies of Remarinus andC. milii were bindinga subunits contain theC helix, represented mi and
obtained ~ from  http://genome.wustl.edu/genomes/viewL1 in the alignment, whereas the five | domainthefhuman
petromyzon_marinus ~ and http:/esharkgenome.imcb.ukocyte-specific integrina. subunits, represented by |
star.edu.sg/resources.html, respectively. The segseof |- domains fromuM andaD in the alignment, do not contain the
domains from nine human integrinsubunits (sequence data®C helix. The eight sequences from the urochordate
from NCBI: http:/Aww.ncbi.nlm.nih.gov/) were usetb intestinalis also do not contain theC helix. In contrast, all
perform full-scale local tBLASTn [17] searches fugsithe three of the identified full-length integril domain sequences
service at NCBI) of the above genomes. In additorthe (Pma_fl, Pma_f2 and Pma_f3 in Fig. 2) from fhemarinus
genome assemblies Bf marinus and theC. milii, we used the Contain sequences matching th@ helix present in the human
tBLASTN service to analyze several other incompiteomes ~ collagen-binding integrins. The secondary strucpneiction
and Expression Sequence Tags (ESTs) from orgartisats Made for theP. marinus sequences, using five different
arose between the divergence of the urochordates dPmputer-based prediction methods, suggests that th
osteichthyes, such as tiR erinacea, S acanthias and E.  Sequences are compatible with formation of an afpie in
burgeri. Sequences fronS acanthias were retrieved from the region where theC helix would be located in the | domain
NCBI and those ofC. intestinalis were taken from the (Fig. 3). The hagfish is a close relative of thepaey, both
supplementary material of Ewan [18]. The Sea Lagpré€longing to the super-class Agnathostomata. Tigeraent in
sequences have been obtained by making local tBbASTIg- 2 contains an incomplete sequence fragment froe
searches in its genome assembly and tBLASTn search@shore hagfish B. burgeri; Ebu_f), which matches the
against Sea Lamprey scaffolds at the ENSEMBL databaSignature motif of the collagen-receptdrdomain, and shares
(http:/Avww.ensembl.org/Petromyzon_marinus/Infofiry strong sequence similarity with the otléidomain sequences,
Sequences were aligned using T-cOFFEncluding residues of the highly conserved MIDAStid he
(http://www.tcoffee.org/) and adjusted manually.cQedary available sequence terminates just prior tooBienelix present
structure prediction employed Jpred [19], GOR [2@prter in the collagen-binding | domains and presumatdy giresent

[21], Prof_seq [22] and PSIPRED [23]. within the sequences of the sea lamprey accordinghe
- sequence analysis. Without further sequence datangm the
IIl. RESULTS remainder of the presumptive I-domain region, it rist

possible to confirm whether the inshore hagfishtaios the
signature feature i.e. theC helix of the collagen-binding I
domains found in the vertebrates.

Using the sequences of | domains from the nine huma
subunits that contain | domains, we made a compshe
analysis of all available genome assemblies andsBE8Im
species that arose after the divergence of thehordates and
before the appearance of osteichthyes, includiegggnomes
of P. marinus (sea lamprey)C. milii (elephant shark)R.
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# Name: Abbr:  Code: #  Name: Abbr: | Code: aC heli
N - . - . Hsa al: QODCEDENIQRFSIATLGSYNRGNLSTEKFVEEIKST
1 Human al Hsa_al NP_852478 (NCBI) 9 Sea Squirtal  Cin_al  ¢i0100131118 o
2 Human all Hsa_all NP_001004439.1 (NCBI)[10 | SeaSquirt a2  Cin a2  ci0100149446 Pma_f£3: KDCNDDGITRFGIAVILDYYISSNMNVEKLQAEIRSI
3 Human aM Hsa_aM NP_000623.2(NCBI) |11 SeaSquirta3 Cin a3  ci0100130596 Jpred: EEEHH HHHHHHHHHH--
B — ; S GOR: ccccecccecchhhhhhhhhhhhihhhhhhhhhhhhhhe
4 Human oD Hsa_aD  NP_005344.2 (NCBI) 12 SeaSquirto4  Cin a4 | ¢i0100130838 Porter: CCCCCCCCEEEEEERCHHHHHCCCCHHHHHHHHHAC
5 SeaLamprey f1 Pma fl1 Contig 16236.5, Contig |13 Sea Squirta5 Cin a5 ¢i0100152002, PROF _sec: = =—======- EEEHHHHHHHHHH--HHHHHHHHHHHH-
16236.4, Contig 15215.1 €i0100152017 PSIPRED: CCCCCCCCCEEHHHHHHHHHHCCCCHHHHHHHHAHC
or Scalffold GL.479139
6 SeaLamprey 2 Pma 2 Contig42254.2, Contig 14 SeaSquirt a6  Cin a6  ¢i0100131399 PmaifZZ AACERDNITRYAIAVILGYYKRKNIDPSNFISELKAI
24528.1; Contig 36235.1 Jpred: EEEHHH HHHHHHHH--
or Seaffold GL477642 GOR: cccceccechhhhhhhhhheedccccccccecceeec
7 SeaLamprey (3 Pma 3 Contig 11447 or 15 SeaSquirta7 Cin a7  ci0100152615 Porter: CCCCCCCCEEEEEECCHHRHOCCCCHHHHHHHHEHC
Scaffold 501125 Prof_sec: = ——-—-—- HHHHHHHHHHHH-|- -~ ~HHHHHHHHHH-
8 Inshore Hagfishf Ebu f  BJ655520.1 (NCBI) 16 SeaSquirta® Cin a8  ci0100130149 PSIPRED: CCCCCCCHHHHHHHHHHHHHACCCCHHHHRRHHHHC
PR ol BB pC Pma_f1: DQCERDGITRYATAVLRSYSSNADDVARLINEVRST
— — - — ]
p— J— T - Jpred: EEEHHH HHHHHHHH--
Hsa al  PIVIN 1Y - WD SVTAFLNDLLKRMP-{T5PKOTCVG IVOYGENV THEFNLNKY 7% GOR: ceccccccchhhhhHENEE c chhhhhhhhheeee
Hsa_all DIVIVI) TY P--WVEVOHFLINILKKEY - IPGOIQVGVVOYGEDVVHEFHLNDY Porter: CCCCCCCCEEEEEEQCCCCCOCCHHHHHHHHEHEHA
Hsa_aM DIAFLT LT PHDF [KEF TVMEQLK-—-=+KSKTFSLMOYSEEFRIHFTFKEF = 4
Hsa_aD DIVELT I DONDEN QMK GEVQRVMGOEE -~ GT DT L|FALMOYSNL LK T HE TETQF Prof_sec: HHHHHHHHHHH HHHHHHHHHHHH
Pua_f1 DIVEVLEC TY -5 QVONFLVKTLOSEH - I PDOTYDDVCLPGANVVVVEKCTSQ PSIPRED: CCCHHHHHHHHHHHHHAHHCQCHHHHHHHHHHHHHH
Puna £2 DIVII[VLIEGENEITY P-—WOEVONEVINIVKKEHI GBOSR TREGVRTTHWHLGIAR . L. i X
Pma £3  DIVIVLEGENEIWP--WPSVLDELSSILETES- -IGEGOTCVGIMOYGETVSNEMNLNOR Fig. 3 Secondary structure prediction with fivefeliént methods
Ebu f TDNQFLATL.DFVKNIMATT SIRLALVOFS|SQVKTEFSFTDY . . . . .
Cin_al DL I{FL T RER 8V ENDEDGTKVIWLRNT T S SE| TGLATYSDNPRT TFHLNKY pl’edICtS hellcal structure in a” thl’ee Identlfmuences fr‘OIﬁ,
C ‘\Hid) PML WV EBGRICRIVG K DNEE [[VKNWT [ KVANSF TOVGVIQYSHYWATEPLDKQS . . . - . .
Cin_a3 DLV 1S DANE[! [MKQT IVNASEAEKA ST - DT TVAVLOYGNLDSAWEDHT DS marinus within the region that corresponds to ti® helix in the
Cin a4 DITTLLEGEITRIVE PSNEFE GKSWIKNLLOSES S JIDKHNVYVGLYSFSNT TKRETPLSAR . - .
Cin a5  [DIIF RLEYLSSLNWMKOVISSERS YIIPTGDVEVGVIGES|Y DNDVDTRVRVR COIIagen-blndlngﬂ domains, here represented by the sequence and
Cin_aé PITF DVDEYROSTNWMKOVT S SFRS YIDKGD GVIGFSRLNNIDTKVRIR 1 .
(“in:a7 DIMFVLE 'DDTAFRSALNWI TOVV SYFS S YEPSGDLRVGVYGFSND-DHRSGTRTE StrUCture from humaul I domaln (PDB COde 1PT6 [24’ 25])
C iniaﬂ DT I{F DTVEXLSTLNWMKQVT SSERS Y[IPTGDVAVGVIGES)Y DDDTDTGVRIP
Consens.  |[D==j-p=DgSF-5-- -~ -=--==-pv=-{fF--li} av--ys
o3 o4 ED IV. CONCLUSION
I I
= o o g . . . -
B D~ TRREENE EARCARRYIKY Early in evolution, prior to the origin of vertehes,
RSVKDVVEAASHIE-- I - FAR SEAFDK--GGRKC KV|
QONNPNPRSLVKP---- TEIR-KVYRELEN T TNGARKNAFKT 1 1 1
E B e bt o8 organisms used other means to bind collagens. Bytithe
M b bony vertebrates arose on the Earth, they had acleedl
0=V SARKGASK y 3 y
I -ARRATAFL PENGGRACASKY Hr-] H H H H
s rivp vk vEORTSPES LAY specific mechanisms for collagen binding using & sk
Cin_al HEKLDDIRKAVLE-- 1L~ Y[LI'NNMET HENGVRPNAKRL .
Cin a2  -YIKTEVBLGKYRNKOEFSAAVRNISLAEYTMTARALN-KEy-rDEDOSSRNRPHTEK collagen receptors. Bony fish, for example, hawbalogues,
Cin_a3 KYYKSPTKLGDCNDIDCFNRATKATHLKAAI TIK - EFDERQS-KNK KT . . .
Cinad  TYSTLSGKLQTRNETFLDIYRMIV-RYPYGCRFTHTAIN-EAOE-NOR indeed multiple isoforms, of each of the human ag®h-
Cin ab  LQRWAYETLLNEIDNMVGN- IN-LATTE-| . R X
Cin a6~ LOATKYESGOTMIMVY- AN LITE - binding integrins. A key structural feature of tkellagen
Cin_as i binding function of the humanl, a2, a10 andall integrin
Consens. - 1 1
BD o5 c subunits is the presence of the inserted | domaith its
— P . . . .
oa a1 FOTVIRGssiDNnHTe 0G| characteristicaC helix, which is absent in the human
Isa all TVITGE SIDS POLEKVIOOSERIN - 1 1 1 1 H 1
lsa a1l MEVITRGESIDSPOTEKVHOOSERIN leuckocyte-binding integrins that also have inskttdomains.
Hsa_aD [LIVITGOKYDPLEY|SDVIPOAEKNGT H H ' H H
Pna=T1 MIVUIEGS SOy L E o G VATAV: kv SSNAD DvARL INEVRTASHEY The oC helix is defined as a major determinant for aeia
Pma f2 T TN HDSEQLTEATAACERONITRYATAVL.GYYKRKNIDPSNF I SELKAT. PE . . . .
Pma_£3 TVVIIRGE S SPAYHLPGVIKDCNDLGITHEGTAVLDY Y T S SNMNVEKLQAEIRSTASTPT blndlng, where a COIIagen molecule binds into theoge
b G I LDOLDAINVSRY. . . . ae
s RIAKESGIVHEATGYS -~ created by this helix and coordinates the metal iforthe
(ciN NYVRSINT] . i i
g Bl fosi i MIDAS site as shown by the huma@ | domain structure in
Gl SANAARAAGI
al EARRANGIV IVSVGVG-———————— DKINEDQLLTIAGAA:! i i i - i 1
5 ool R complex with a collagen-like triple-helical peptife2].
Gf \DTARDKGIVIJ - ----TSVNNDQL ITAGNK: H
g e e s It has been shown, however, on several occasiaisfah
k S ez modifications ower
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Fig. 2 Sequence alignment of integgihdomains. Amino acid
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some collagen-binding integrins,
complete removal of theC helix in theal domain may not
prevent collagen binding. For example, Kamata et[26]
observed that deletion of the entirgC helix did not
significantly affect collagen binding to the2l domain of
integrin a2p1, while the amino acids of the MIDAS motif and
the bound metal ion played crucial roles in theogmition of
collagen. It was also shown for thedomains of the tunicate
C. intestinalis, which lack theaC helix, that they not only
could bind collagen IX, but they could do so in ataf
independent manner [27]. These observations sughest
collagen binding by integrins may have preceded the
specialization of integrins into a collagen recepgooup as
seen throughout the vertebrates, and typified kypiesence

of theaC helix. It is likely then that the helix servesdé@nal
functions in addition to participation in bindinglagens.
Indeed, the function of integrins is inherently dgmic and in
response to ligand binding or a lack thereof integchange
conformation and hence alter their functions inhbbinding
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molecules via the ectodomain and via their cytapladails.

The structure of theC helix differs depending on the binding[lo]

state and it is possible that these changes arenuoivated
through to the conformational and functional statehe aff
integrin as a whole.

Notwithstanding the functional role of theC helix and
whether or not it is absolutely required for cotagbinding, it
is an observed marker that distinguishes the twatfonally-
distinct sets of | domains found throughout theteferates.
Where present, the integrins function as collageceptors.
Here, we have sought to identify more closely thigio of the
aC helix in chordate evolution. The present datalenimited

an integrin with an embedded domain defining aginosuperfamily,]

Cell Biol 108, pp. 703-712.

Chouhan, B., Denesyuk, A., Heino, J., Johnson, Marf8l Denessiouk,

K. (2011) Conservation of the human-type integrietab propeller

domain in bacteriedPLoS One 6, €25069.

[11] Lee, J.O., Rieu, P., Arnaout, M.A. and Liddingtdét, (1995) Crystal
structure of the A domain from the alpha subunitirtegrin CR3
(CD11b/CD18)Cell 80, pp. 631-638.

[12] Emsley, J., King, S.L., Bergelson, J.M. and Liddorg R.C. (1997)
Crystal structure of the | domain from integtigpl, J Biol Chem 272,
pp. 28512-28517.

[13] Huhtala, M., Heino, J., Casciari, D., de Luice, éad Johnson M.S.
(2005) Integrin evolution: insights from ascidiamdateleost fish
genomesMatrix Biol 24, pp. 83-95.

[14] Heino, J, Huhtala, M., Kapyla, J. and Johnson N2809) Evolution of
collagen-based adhesion systehms,J Biochem Cell Biol 41, pp. 341-

by the available species and genomes that have been 34s.

sequenced, as well as the quality of the genomte, ddo
identify the presence of integin-type | domainghia lamprey

P. marinus having all of the hallmarks of a vertebrate cadliag

receptor, including the MIDAS motif, and most tetji the
presence of sequence matching the diagnos@c helix.
Integrin | domains are expected to be present iitilaginous
fish and the absence of identifiable sequenceséxpected
but very likely reflects the current state of saguieg for these
species.
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