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VISIONS AND PERSPECTIVES

Evolution game: which came first, the receptor or the ligand?
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Abstract

On the basis of a bioinformatic approach, we suggest that in invertebrates many ligands interact
with a single, ancestral and generalized receptor driving ligand evolution. In vertebrates, on the other
hand, the occurrence of gene/genome duplications induced the shift to a ligand-directed evolution of

receptors.
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Immunocytochemical approaches revealed that
a number of invertebrate species contains
mammalian cytokine-like molecules (Ottaviani et al.,
2004; Malagoli et al., 2007). Moreover, mammalian
cytokines influence some invertebrate immune
functions, such as cell motility, chemotaxis,
phagocytosis and cytotoxicity (Ottaviani et al., 2004)
suggesting the presence of cytokine receptors
conserved during evolution from invertebrates to
vertebrates.

The presence of cytokine receptors has been
reported for platelet-derived growth factor (PDGF)-
AB and transforming growth factor (TGF)-p1
(Kletsas et al., 1998) in molluscan immunocytes, for
interleukin (IL)-1-, IL-2-, IL-6- and interferon (IFN)-y
in sea star cells (Legac et al., 1996) and for IFN-y in
tobacco hornworm larvae (Parker and Ourth, 1999).
Interestingly, studies performed on IL-2 and
corticotrophin-releasing hormone (CRH) revealed
that the mammalian cytokines IL-1a, IL-1B, IL-2,
tumor necrosis factor (TNF)-a, TNF-B and CRH may
bind the same receptor in molluscan immunocytes,
suggesting the existence of an ancestral common
receptor on the invertebrate cell membrane
(Ottaviani et al., 1994, 1995). This result indicates
that different cytokines could interact with a single
receptor in invertebrates.

The hypothesis that a single ancestral receptor
might bind different ligands is strengthened by data
reporting that the mammalian y chain of the IL-2
receptor is also functionally involved in the IL-4 and
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IL-7 receptor complex (Kondo et al., 1993; Noguchi
et al., 1993; Russell et al., 1993).

The possibility that receptors able to bind
different cytokines may be present in invertebrates
prompted us to look at the evolutionary
interrelationships between cytokines and their
receptors from invertebrates to vertebrates.

We took a comparative bioinformatic approach
based on the screening of the wholly sequenced
Drosophila melanogaster, Anopheles gambiae and
Caenorhabditis elegans genomes for the presence
of cytokine- and related receptor-coding genes.
Standard tools such us BLAST and ClustalW
working at both DNA and protein sequence level
were used.

The question about the lead role of either
receptor or the ligand during evolution could have
two different replies. The first consists in a ligand-
directed evolution of receptors, where the former
acts as selective agent in the evolution of the latter.
In this case, a single ligand may have interacted
with different receptors, whose structure has been
optimized during evolution in order to increase the
specificity of the interaction between ligand and
receptor (Fig. 1A). If this hypothesis is true, we
should find ligands that have been strongly
conserved from invertebrates to vertebrates.

The second reply envisages the evolution of
ligands depending on receptor structure and the
receptor acting as a selective agent in the evolution
of ligands. In this view, different ligands can interact
with a single receptor that serves as a selective
agent driving ligand evolution. This would mean that
receptors which have been strongly conserved from
invertebrates to vertebrates could be identified (Fig.
1B).

In order to prove these hypotheses, we studied
the evolutionary relationship between CRH, TGF-p
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Fig. 1 Comparison of the putative mechanisms involved in the evolution of ligands (L) and receptors (R) in

invertebrates.

family ligands and epidermal growth factor (EGF)
and their specific receptors.

The analysis of genes coding for CRH and the
two related receptors showed that CRH receptors
are found in invertebrates with a similarity to
mammalian homologues ranging from 43 % to 51
%, whereas the only conserved CRH-coding gene
was identified in the lepidopteran Mamestra
brassicae (Malagoli et al., 2002). A similar
evolutionary pattern was obtained with the TGF-
B receptors, which showed a 49 % to 69 % similarity
to mammalian homologues. The present data are in
agreement with those reported in Raftery et al.
(1999), who confirmed that more Anopheles and
Drosophila genes code for putative TGF-p family
ligands (Raftery et al., 1999). Overall, these findings
indicate that there are far fewer receptor-genes than
ligand-coding ones (Raftery et al., 1999). EGF
analysis gives a similar picture: EGF receptor-
coding genes are conserved in invertebrates with a
sequence similarity ranging from 45 to 67 %.

Our bioinformatic analysis suggests that
receptor-coding rather than ligand-coding genes are
conserved between vertebrates and invertebrates
and that present receptors are more similar to their
ancestor than ligands. Moreover, data from
invertebrates suggest that more ligands may
interact with a single receptor (Ottaviani et al.,
1994), supporting the hypothesis that ligand
evolution is receptor-dependent. Our assumption
founded on cytokine- and cytokine receptor-coding
sequences is strengthened by data on the evolution
of estrogen receptors (Schwabe and Teichmann,
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2004). In particular, Schwabe and Teichmann
(2004) suggested that the steroid receptors are
much more ancient than previously thought and that
the evolution of nuclear receptors is not ligand-
directed.

Using a new structure prediction algorithm,
developed to find helical cytokines in human
databases (Conklin, 2004), we recently have found
in D. melanogaster a molecule with a structure
similar to that of mammalian helical cytokines
(Malagoli et al., 2007). This molecule may be
involved in the fly immunity, however no information
on its receptor is available at present.

We, therefore, suggest that receptor structure
undergoes a more tights constraint than ligand
origin and that receptors drive ligand evolution in
invertebrates. This tendency could also be valid in
vertebrates, even if, given the occurrence of
gene/genome duplications in vertebrate lineage
(Ohno, 1970; Panopoulou et al., 2003), a new
element has to be added to the previous receptor-
ligand scenario. The drastic increase in genome
size and gene number occurred in vertebrates as a
result of two rounds of whole-genome duplication
(2R hypothesis) or one complete genome
duplication plus many segmental duplications
(Ohno, 1970; Panopoulou et al., 2003). This led to
the creation of additional gene copies and the
evolution of new protein functions (Ohno, 1970;
Hughes, 1999).

The gene/genome duplications at the boundary
between invertebrates and vertebrates are
responsible for the presence of more genes coding
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Fig. 2 Transition of the evolution mechanism of ligands (L) and receptors from a receptor(R)-directed mechanism

to a ligand-directed one in vertebrates.

for receptors in the vertebrate lineage, so allowing
the differentiation of receptors towards different
ligands. In vertebrates, therefore, we observe a
transition from common receptors for different
ligands to a specific receptor for each ligand. This
phenomenon modifies the invertebrate relationship
between receptors and ligands, and permits ligands
to drive the evolution of newly duplicated receptors
(Fig. 2). The transition from a protein with a
generalized recognition to more specialized proteins
is a common model in evolutionary biology, as
observed in the evolution of enzymes (Jensen,
1976; O'Brien and Herschlag, 1999).

In conclusion on the basis of the present
bioinformatic findings and reports in the literature,
we suggest that in invertebrates many ligands
interact with a single, ancestral and generalized
receptor driving ligand evolution. In vertebrates, on
the other hand, the occurrence of gene/genome
duplications induced the transition to a ligand-
directed evolution of receptors. This transition
represented an evolutive advantage because it
couples a more refine signalling to a minor
sensitivity to receptor gene mutation.

Acknowledgements
This work was supported by MIUR (ltaly) grants
to EO.

References
Conklin D. Recognition of the helical cytokine fold,
J. Comput. Biol. 11: 1189-1200, 2004.

53

Hughes AL. Phylogenies of developmentally
important proteins do not support the
hypothesis of two rounds of genome duplication
early in vertebrate history. J. Mol. Evol. 48:
565-576, 1999.

Jensen RA. Enzyme recruitment in evolution of new
function. Annu. Rev. Microbiol. 30: 409-425, 1976.

Kletsas D, Sassi D, Franchini A, Ottaviani E. PDGF
and TGF-B induce cell shape changes in
invertebrate immunocytes via specific cell
surface receptors. Eur. J. Cell Biol. 75: 362-
366, 1998.

Kondo M, Takeshita T, Ishii N, Nakamura M,
Watanabe S, Arai K, et al. Sharing of the
interleukin-2  (IL-2) receptor gamma chain
between receptors for IL-2 and IL-4. Science
262: 1874-1877, 1993.

Legac EG, Vaugier L, Bousquet F, Bajelan M,
Leclerc D. Primitive cytokines and cytokine
receptors in invertebrates: the sea star Asterias
rubens as a model of study. Scand. J. Immunol.
44: 375-380, 1996.

Malagoli D, Mandrioli M, Ottaviani E. Cloning and
characterisation of a procorticotrophin-releasing
hormone in the 1ZD-MB-0503 immunocyte line
from the insect Mamestra brassicae. Peptides
23: 1829-1836, 2002.

Malagoli D, Conklin D, Sacchi S, Mandrioli M,
Ottaviani E. A putative helical cytokine
functioning in innate immune signalling in
Drosophila melanogaster. Biochim. Biophys.
Acta 1770: 974-978, 2007.



Noguchi M, Nakamura Y, Russell SM, Ziegler SF,
Tsang M, Cao X, et al. Interleukin-2 receptor
gamma chain: a functional component of the
interleukin-7 receptor. Science 262: 1877-1880,
1993.

O'Brien PJ, Herschlag D. Catalytic promiscuity and
the evolution of new enzymatic activities.
Chem. Biol. 6: R91-R105, 1999.

Ohno S. Evolution by gene duplication. Springer-
Verlag, New York, 1970.

Ottaviani E, Caselgrandi E, Franceschi C. Cytokines
and evolution: in vitro effects of IL-1a, IL-1pB,
TNF-a. and TNF-B on an ancestral type of
stress response. Biochem. Biophys. Res.
Commun. 207: 288-292, 1995.

Ottaviani E, Franchini A, Caselgrandi E, Cossarizza
A, Franceschi C. Relationship between
corticotropin-releasing factor and interleukin-2:
evolutionary evidence. FEBS Lett. 351: 19-21,1994.

Ottaviani E, Malagoli D, Franchini A. Invertebrate
humoral factors: cytokines as mediators of cell
survival. Prog. Mol. Subcell. Biol. 34: 1-25, 2004.

54

Panopoulou G, Hennig S, Groth D, Krause A,
Poustka AJ, Herwig R, et al. New evidence for
genome-wide duplications at the origin of
vertebrates using an amphioxus gene set and
completed animal genomes. Genome Res. 13:
1056-1066, 2003.

Parker MS, Ourth DD. Specific binding of human
interferon-gamma  to particulates ~ from
hemolymph and protocerebrum of tobacco
hornworm (Manduca sexta) larvae. Comp.
Biochem. Physiol. 122B: 155-63, 1999.

Raftery LA, Sutherland DJ. TGF-beta family signal
transduction in Drosophila development: from
Mad to Smads. Dev. Biol. 210: 251-268, 1999.

Russell SM, Keegan AD, Harada N, Nakamura Y,
Noguchi M, Leland P, et al Interleukin-2
receptor gamma chain: a functional component
of the interleukin-4 receptor. Science 262:
1880-1883, 1993.

Schwabe JW, Teichmann SA. Nuclear receptors:
the evolution of diversity. Sci. STKE 217: pe4,
2004.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


