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  Introduction

  Across a broad range of animals, the Toll signaling 
pathway mediates recognition of invading microorgan-
isms and initiates defensive responses  [1–5] . Receptor rec-
ognition of pathogen-associated molecular patterns initi-
ates a signal transduction cascade that activates tran-
scription factors responsible for innate immune effector 
expression. Pathway structure has been largely conserved 
from insects to humans, although there are notable vari-
ations, with some components being found only in cer-
tain lineages and others differing in number and struc-
ture. To understand how such a signal transduction sys-
tem evolves requires distinguishing changes that affect 
function significantly from those that are neutral muta-
tional events.

   Drosophila melanogaster  provides the opportunity to 
investigate modification of Toll signaling in response to 
the selective pressures imposed by multiple biological con-
texts. In addition to its ancestral role in innate immune 
signaling, the Toll pathway in flies functions in several de-
velopmental contexts  [6–9] . Of these, the best character-
ized is the maternal specification of the embryonic dorso-
ventral axis  [10] . In embryos, Toll signaling occurs in a 
spatially graded manner across a syncytium of  1 10 3  nuclei 
undergoing rapid division. This environment for Toll sig-
naling is thus quite distinct from that in cells mediating 
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  Abstract

  Acting through the Pelle and IRAK family of protein kinases, 
Toll receptors mediate innate immune responses in animals 
ranging from insects to humans. In flies, the Toll pathway 
also functions in patterning of the syncytial embryo and re-
quires Tube, a  Drosophila -specific adaptor protein lacking a 
catalytic domain. Here we provide evidence that the Tube, 
Pelle, and IRAK proteins originated from a common ancestral 
gene. Following gene duplication, IRAK-4, Tube-like kinases, 
and Tube diverged from IRAK-1, Pelle, and related kinases. 
Remarkably, the function of Tube and Pelle in  Drosophila  em-
bryos can be reconstituted in a chimera modeled on the pre-
dicted progenitor gene. In addition, a divergent property of 
downstream transcription factors was correlated with devel-
opmental function. Together, these studies reveal previous-
ly unrecognized parallels in Toll signaling in fly and human 
innate immunity and shed light on the evolution of pathway 
organization and function.   Copyright © 2009 S. Karger AG, Basel

 Received: October 1, 2008
  Accepted after revision: November 4, 2008
  Published online: February 10, 2009
 

Journal of Innate
Immunity

 Dr. Steven A. Wasserman
  Section of Cell and Developmental Biology, Division of Biological Sciences
  University of California at San Diego, Bonner Hall, Room 4402, MC 0349
  9500 Gilman Drive, La Jolla, CA 92093-0349 (USA)
  Tel. +1 858 822 2408, Fax +1 858 822 3201, E-Mail stevenw@ucsd.edu 

 © 2009 S. Karger AG, Basel
 

 Accessible online at:
  www.karger.com/jin 



 Towb/Sun/Wasserman
  
 

 J Innate Immun  2

immune responses to infection. A dissection of Toll sig-
naling from both a genomic and functional perspective 
therefore has the potential to reveal how pathway organi-
zation and structure have evolved so as to fulfill special-
ized developmental as well as immune functions  [11] .

  The effectors for Toll signaling are members of the 
NF- � B family of transcription factors. In vertebrates, 
these include p50 and p65, which heterodimerize to form 
NF- � B  [12] . In flies, Toll activates the NF- � B family 
members Dorsal and Dif. In the absence of a stimulus, 
NF- � B proteins are held in the cytoplasm by an inhibitor: 
I � B in vertebrates and its counterpart, Cactus, in flies. 
Toll pathway activity triggers inhibitor degradation, re-
leasing NF- � B factors for nuclear translocation and bind-
ing to  cis -regulatory sites in DNA.

  Most of the proteins that link Toll to NF- � B proteins 
in  Drosophila  immunity and development have known 
counterparts in mammalian immunity. In response to 
ligand-mediated activation, fruit fly Toll and many mam-
malian TLR proteins recruit the adaptor protein MyD88 
 [13, 14] . Binding to MyD88 occurs through an interaction 
mediated by the TIR domains present in the receptor and 
in MyD88. Similarly, MyD88 associates with protein ki-
nases via a shared interaction motif, the death domain 
 [15, 16] . In humans, recruitment of two protein kinases – 
IRAK-1 and IRAK-4 – promotes sig naling; two addition-
al kinases – IRAK-2 and IRAK-M (IRAK-3) – are thought 
to dampen or inhibit signaling  [17, 18] .  Drosophila  has a 
single related kinase, Pelle, that is required for Toll signal-
ing  [19] . Although downstream events differ between 
flies and humans, signaling in both organisms relies on 
inhibitor phosphorylation and proteolysis  [20] .

  Toll function in flies relies on Tube, a factor that has 
no identified counterpart in vertebrate genomes  [21–23] . 
Tube has an amino-terminal death domain and a car-
boxyl-terminal region containing five copies of the Tube 
repeat, an 8-amino-acid motif  [24] . Each half of Tube 
participates in one or more protein-protein interactions. 
The Tube death domain acts as a bridge between the 
death domains of MyD88 and Pelle  [25, 26] . The repeat-
containing domain mediates the stable association of 
Dorsal and Tube in embryos  [27, 28] .

  Here we show that  Drosophila  Tube is derived from an 
ancestral gene that contained both a death domain and 
a kinase domain. We demonstrate that chimeras of Tube 
and Pelle are functional and can be used to delineate do-
main function in vivo. We also establish that the closely 
related transcription factors Dorsal and Dif differ in 
their ability to interact with a repeat-containing domain 
of Tube. Combining comparative genomics with func-

tional assays, these studies provide a unique perspective 
on signal transduction pathway evolution and special-
ization.

  Materials and Methods

  Reagents
  The  Anopheles gambiae  cDNA library was a gift from Caro-

lina Barillas-Mury. The  Apis mellifera  RACE cDNA library was a 
gift from Michael Levine and was generated in his laboratory with 
the Clontech Marathon cDNA kit. S2 cell expression plasmids are 
all based on the vectors of the  Drosophila  expression system (In-
vitrogen). Tube, Pelle, Tube-Pelle chimeras, and Relish mutants 
were generated by PCR sewing  [29] . Anti-V5 and anti-myc (9E10) 
antibodies were purchased from Invitrogen and Santa Cruz Bio-
technology, respectively. Anti-Tube antiserum was described pre-
viously  [24] .

  Gene Predictions and Computer Algorithms
   D. melanogaster  Tube and Pelle protein sequences were used 

to identify orthologs of these genes in the other insects investi-
gated using the tBLASTN program (http://www.ncbi.nlm.nih.
gov/BLAST/). In cases where full-length genes could not be reli-
ably predicted from whole-genome BLAST data, we cloned over-
lapping cDNA fragments to verify our predictions. The structure 
of the  A. gambiae  TTLK (Tube and Tube-Like Kinase) was vali-
dated with cloned cDNA sequences that bridge the Tube-like and 
Pelle kinase-like portion of the gene. The absence of a kinase do-
main in the  A. mellifera  Tube gene was verified by 3 � RACE. The 
TTLK from  Tribolium castaneum , for which no cDNA was iso-
lated, is completely contained within a 3-kb genomic contig and 
exhibits similarity throughout its length to TTLK genes from oth-
er insects.

  We generated a gene structure prediction for the silkworm 
 Bombyx mori  TTLK, previously described as a Tube protein  [25] , 
and confirmed it with overlapping sequences from the silkworm 
EST project. However, other relevant sequence data for  B. mori  
were of poor quality and coverage;  B. mori  was therefore excluded 
from further analyses.

  Death domain sequences were aligned using the program 
Clustal W  [30] , and the phylogenetic tree from this alignment was 
generated with the neighbor-joining method using Phylip 
Drawtree  [31] . The program iMol (http://www.pirx.com/) was 
used to highlight residues in the structure of the  Drosophila  Tube 
death domain that interact with MyD88 or Pelle, based on coor-
dinates in the Protein Data Bank data set 1D2Z  [25] .

  RNA Synthesis, Embryo Injection, and Cuticle Preparation
  DNA templates of the Tube-Pll C  and Tube N -Pll C  chimeras 

were PCR amplified directly from pMT/V5-His constructs, using 
primers that incorporated an SP6 promoter at the 5 �  end. Each 
construct thus includes a V5 tag and a 6XHis tag at the carboxyl 
terminus. RNA synthesis, sample preparation, and generation of 
single mutant ( tube  null  or  pelle  null ) embryos were as described pre-
viously  [25] . The recipient  tub  null   pll  null  embryos were obtained 
from maternal flies of genotype  h tub  R5.6   e pll  25  /Df (3R)XM3 ri p  p   
Df (3R)IR16.  Embryos were collected, microinjected, prepared, 
and scored according to published methods  [32–34] .
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  Fig. 1.  TTLK proteins, Pelle and IRAK are members of a kinase superfamily.  a  Diagram of the carbon backbone 
of the  D. melanogaster  Tube death domain; side chains required for binding to MyD88 (blue) and Pelle (red) are 
represented in space-filling form.  b  Location within the bilaterian animal phylogenetic tree of species encoding 
identified Tube orthologs.  c  Clustal W alignment of the death domains of TTLK and Pelle proteins; numbers 
indicate position in the polypeptide sequence. The TTLK death domains exhibit complete conservation of res-
idues required for binding to MyD88 (blue), as well as strong conservation of residues required for binding to 
Pelle (red).
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  S2 Cell Assays
  S2 cells were maintained, transfected, and lysed as described 

previously  [26] . Cell lysates were prepared with S2 cell lysis buffer 
(50 m M  Tris, pH 7.5/150 m M  NaCl/1% Nonidet P-40) supplement-
ed with protease inhibitor mixture (Roche) on ice. Three hundred 
microliters of cleared lysate were prepared from each 35-mm well 
of transfected cells. Cell lysates were first incubated for 1 h at 4   °   C 
with 2  � l of  � -Tube antiserum and then with 10  � l (bed volume) 
of protein A/G agarose beads (Santa Cruz). After 3 h, the agarose 
beads were washed with S2 cell lysis buffer and resuspended in 40 
 � l of SDS-PAGE sample buffer. Immunoblot analysis was done as 
described  [26] .

  Results

  The Tube Death Domain Is Evolutionarily Conserved
  Given the remarkable conservation of innate immune 

mechanisms between flies and humans, why has no 
mammalian counterpart been identified for  Drosophila  
Tube? To trace the evolutionary origin of the  Drosophila  
Tube protein, we set out to identify Tube orthologs in oth-
er species, beginning with a search for Tube-like death 
domains. Because death domains exhibit extensive se-
quence variation, a simple BLAST search was insuffi-
cient. Instead, we established criteria for identifying 
death domains orthologous to Tube based on the fact that 
the essential role of Tube is to interact, via its death 
 domain, with the death domains of MyD88 and Pelle. 
Through biophysical and molecular genetic studies  [25, 

35] , we have previously identified specific surfaces and 
residues that are required for these two interactions 
( fig. 1 a). We could thus identify Tube-like death domains 
in other species by virtue of sequence conservation at the 
known interaction surfaces.

  Using the tBlastN program  [36]  to probe whole ge-
nome sequence data, we identified Tube-like death do-
mains all along the branches of the arthropod phylogeny 
leading to  Drosophila  ( fig. 1 b). These death domains ex-
hibited very strong conservation of the three residues that 
in  Drosophila  Tube mediate binding to MyD88 and of the 
six residues that provide the surface for binding to Pelle 
( fig. 1 c). Sequences neighboring these binding residues 
also showed a high degree of conservation among Tube 
orthologs. Consistent with conservation in Tube of sur-
faces for binding other Toll pathway death domain pro-
teins, we identified an ortholog of MyD88 and of Pelle in 
each species studied. MyD88, Tube, and Pelle thus have a 
phylogenetic profile consistent with a common function-
al linkage  [37]  and a conserved role in innate immune 
signaling.

  Many Tube Orthologs Are Protein Kinases
  Having found that a number of arthropod genomes 

encode Tube-like death domains, we set about annotat-
ing the corresponding full-length proteins. A number of 
the genes had been studied previously, although in some 
cases an error in the annotation had resulted in the cata-
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  Fig. 2.  Scale diagram of the structural ele-
ments comprising TTLK and Pelle pro-
teins. The asterisk indicates that the  A. 
mellifera  Pelle sequence is incomplete. 
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loguing of an incomplete or misassembled reading frame. 
For these examples, as well as uncharacterized loci, we 
pieced together coding sequence predictions, taking ad-
vantage of available cDNA sequences and generating
new sequence data as needed (see Materials and Meth-
ods). These data are presented in supplemental figure 1 
(see www.karger.com/doi/10.1159/000200773).

  The structure of many of the insect Tube-like proteins 
was quite unexpected ( fig. 2 ). Unlike  Drosophila  Tube, 
orthologs of Tube in five of the seven other species stud-
ied have a protein kinase domain. In each case, this pro-
tein kinase domain is C-terminal to the death domain. A 
kinase domain is absent from  Nasonia  and  Apis  Tube 
proteins. 

  BlastP analysis of kinase domains revealed that the 
Tube-like kinases are members of the RLK (receptor-like 
kinase)/Pelle family defined by the plant RLKs and the 
animal Pelle and IRAK proteins  [38] . The catalytic do-
mains of the Tube-like kinases are thus closely related to 
those of Pelle proteins. Furthermore, based on conserva-
tion of key sequence elements, all of the Tube-like kinas-
es are predicted to be catalytically active (unlike a subset 
of IRAK kinases). We will hereafter refer to Tube and the 
set of arthropod Tube orthologs as the TTLK family.

  Since each species examined encodes one MyD88, one 
Pelle and one TTLK, many arthropods have two kinases 
in the RLK/Pelle family. To explore the relationship be-
tween these pairs of kinases, we aligned catalytic domain 
sequences from arthropod Pelle and TTLK proteins 
( fig. 3 ). The alignment revealed a marked difference with 
regard to kinase type. Protein kinases can be classified as 
RD or non-RD based on a single position in sequence 

subdomain VI  [39–42] . In RD kinase sequences, an argi-
nine (R) residue immediately precedes the invariant as-
partate (D) residue that is essential for catalytic activity. 
Upon phosphorylation of the kinase activation loop, in-
teraction between this arginine and the phosphate resi-
due converts the RD kinase from an inactive to an active 
state. Conversely, catalytic activity of the non-RD kinas-
es does not appear to require phosphorylation of residues 
in the activation loop. All seven of the arthropod Pelle 
proteins have a glycine in place of the arginine and are 
thus non-RD kinases. In contrast, the five TTLK proteins 
with a catalytic domain are all RD kinases.

  Tube Is Closely Related to IRAK-4
  Further comparative studies revealed that the pres-

ence of a pair of death domain-containing kinases, one 
similar to Pelle and one similar to TTLK proteins, is not 
limited to arthropods. We could, for example, find a pair 
of such proteins in a mollusk,  Lottia gigantea  ( fig. 2 ). One 
kinase was a non-RD kinase ( fig. 3 ), with a death domain 
that was most similar to Pelle death domains. The other 
kinase was an RD kinase and had a death domain that 
was most similar to the death domains of TTLK pro-
teins. 

  We next analyzed human IRAK-1 and IRAK-4, both 
of which have previously been described as orthologs of 
Pelle  [43–45] , assessing the death and kinase domains in-
dependently. For the death domains, we aligned IRAK-1 
and IRAK-4 with the eight arthropod TTLK proteins 
across the length of the six  � -helices defining the core 
death domain structure  [25] . For each of the 49 positions 
that were identical among four or more of the arthropod 

  Fig. 3.  Tube-like kinases, but not Pelle pro-
teins, are RD kinases. Alignment of se-
quence subdomains VI and VII from 
TTLK and Pelle proteins. Arrow indicates 
position of RD dipeptide that is hallmark 
of kinases regulated by activation loop 
phosphorylation. 
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TTLKs, we scored whether the identical residue was pres-
ent in IRAK-1 or IRAK-4. Overall, IRAK-4 had 47% iden-
tity with the conserved residues, whereas IRAK-1 had 
only a 22% match. For the kinase domains, when we car-
ried our BLAST searches with any TTLK kinase domain 
against the human proteome, the top-scoring sequence 
was in every case IRAK-4. The statistical significance of 
the similarity to IRAK-4, as measured by E (expect) val-
ue, was greater by a factor of at least 10 8  in every case than 
the corresponding value for IRAK-1 ( table 1 ). Further-
more, sequence alignment ( fig. 3 ) revealed that IRAK-1, 
like Pelle, is a non-RD kinase, whereas IRAK-4 is an RD 
kinase. Thus, our results demonstrate that IRAK-4 is an 
ortholog of  Drosophila  Tube, while IRAK-1 is an ortholog 
of Pelle ( fig. 2 ).

  The Tube and Pelle Proteins Arose by Duplication and 
Divergence of a Common Ancestor
  Although the Tube and Pelle death domain sequences 

have clear and significant differences, they are also rec-
ognizably similar ( fig. 1 c). The death domains of the 
TTLK proteins are in fact more similar to those of Pelle, 
the IRAKs, and PLK (Pelle-like kinase) proteins than to 
the death domains of any other proteins. Conservation 
between TTLK proteins and Pelle thus extends through-
out both the kinase and death domains.

  Given the structure and organization of TTLK and 
PLK proteins, the most parsimonious explanation is that 
they arose by duplication and divergence of an ancestral 

gene that included both a death domain and a protein ki-
nase domain. Furthermore, the orthology of Tube to 
IRAK-4 and of Pelle to IRAK-1 indicates that the gene 
duplication predated the split between the invertebrate 
and vertebrate lineages. One gene copy gave rise to the 
PLK proteins, in which the death domain binds exclu-
sively to a TTLK protein. The other lineage gave rise to 
the TTLK proteins, which contain a bivalent death do-
main, capable of binding both MyD88 and a PLK protein. 
By this model, the kinase domain of the TTLK protein 
was lost in certain lineages, including  Apis ,  Nasonia , and 
 Drosophila  ( fig. 2 ).

  Tube and Pelle Functions Can Be Combined in a 
Single Protein
  The clustering of the TTLK and Pelle proteins by death 

domain sequence indicates that the death domain struc-
ture diverged subsequent to duplication of the progenitor 
kinase gene. This divergence may have led to a fine-tun-
ing of pathway function, e.g. enhancing regulation or 
matching output to other cellular systems. Alternatively, 
there may have been a partitioning of function that rep-
resents a fundamental alteration in the signaling mech-
anism. To examine this issue, we set out to determine 
whether a single death domain-containing kinase could 
effect Toll signaling.

  Two lines of reasoning led us to conduct our experi-
ment in  Drosophila.  First, the absence of either Tube or 
Pelle function abrogates Toll signaling. Thus, their func-
tions are not redundant. Second, injection of RNA tran-
scribed in vitro from a cDNA provides complete pheno-
typic rescue of Toll signaling in embryos, i.e., pelle RNA 
restores wild-type dorsoventral patterning to embryos 
null for  pelle  and tube RNA similarly rescues embryos 
null for  tube . We could therefore assay for restoration of 
both Tube and Pelle function.

  Since Tube is required for binding to MyD88  [26, 35, 
46]  and Pelle kinase activity is required for signal trans-
duction  [19, 47] , we fused all of Tube (amino acids 1–462) 
to a carboxyl-terminal Pelle fragment (amino acids 130–
501) containing the catalytic domain. The resulting chi-
meric gene, Tube-Pll C , thus encodes the death domain of 
Tube, but not of Pelle ( fig. 4 a). To assess the activity of this 
chimera, we transcribed the fusion gene in vitro and mi-
croinjected the RNA into  tub  null   pll  null  mutant embryos, 
which contain no Tube or Pelle protein. 

  In the absence of injected RNA,  tub  null   pll  null  mutant 
embryos are dorsalized, forming a twisted tube of dorsal 
cuticle ( fig. 4 b). When injected with Tube-Pll C  RNA, 
however, these embryos produce cuticle that contains a 

  Table 1.  Sequence identity of TTLK kinase domains with human 
proteins

 TTLK kinase 
  domain: a.a. 

 BLASTP vs.  Homo sapiens  

 top match  next match 

  Culex : 285–678  IRAK4 6e –37   IRAK1 2e –23  

  Aedes : 401–672  IRAK4 3e –28   MLK1 8e –19  

  Anopheles : 471–743  IRAK4 8e –34   MLK2 5e –23  

  Tribolium : 373–641  IRAK4 7e –41   IRAK1 1e –28  

  Daphnia : 203–503  IRAK4 3e –43   IRAK1 2e –35  

  Lottia : 275–568  IRAK4 2e –41   IRAK1 2e –33  

 Query sequences listed refer to the kinase domain of the TTLK 
proteins presented in figure 2. Each kinase domain begins with 
the conserved GXG motif and ends with the carboxyl terminus of 
the protein. The top two matches from BLASTP analysis against 
the NCBI database are listed with gene name and e (expect) value. 
a.a. = Kinase domain sequence boundaries. MLK = Mixed lineage 
kinase. 
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full range of dorsal, lateral, and ventral markers ( table 2 , 
 fig. 4 c). Furthermore, cuticle structures such as the dor-
solateral filzkörper apparatus and the ventral denticles 
have a wild-type arrangement across the embryo. Thus, 
the Tube-Pll C  construct not only restores robust signal-
ing, but also mediates spatial regulation of signal strength 
along the dorsoventral axis. 

  The restoration of a near wild-type cuticle pattern is a 
property of the chimera, not of the kinase domain. Even 
in the presence of full-length Tube, the kinase domain of 
Pelle (Pll C ) has no detectable activity  [48] , unlike the cat-
alytic domains of many protein kinases  [49, 50] . Further-
more, the activity of the chimera is not a trivial conse-
quence of recruiting the Pelle kinase domain to the plas-
ma membrane. For example, constructs in which the 
Pelle kinase domain is brought to the cell surface by fu-
sion either to the Torso transmembrane receptor or to an 
Src peptide specifying myristylation activate nuclear 
translocation of Dorsal, but in a spatially unregulated 
manner  [48, 51–53] .

  To determine whether signal transduction through 
the Tube-Pll C  chimera restored robust Toll signaling, we 

examined the tissues of injected embryos during devel-
opment. Although none of these embryos hatched, a 
small fraction (6%) had readily apparent muscle contrac-
tions. Mesoderm induction leading to muscle formation 
requires the highest level of Toll signaling normally oc-
curring during embryogenesis  [54] . Given that the lack of 
either Tube or Pelle results in a fully dorsalized cuticle 
 [55] , and thus a loss of all lateral (neuroectoderm and 
 filzkörper) and ventral (mesoderm) cell types, the Tube-
Pll C  fusion largely reconstituted both Tube and Pelle ac-
tivity in the injection experiments. The experimental ob-
servations thus fit well with the idea that a single protein 
containing both death and kinase domains mediated Toll 
pathway signaling in the common ancestor of the inver-
tebrate and vertebrate lineages.

  These findings strongly support the idea that the pri-
mary function of the Tube and Pelle death domains is to 
bring the Pelle kinase domain into indirect association 
with MyD88 and, hence, Toll. Indeed, since the Pelle 
death domain is absent from the fully functional chi-
mera, the Pelle death domain appears to lack any requi-
site binding partner other than Tube. Moreover, we are 

Tube-PIIC

TubeN-PIIC

a

Pelle sequencesTube sequences

b c dVM
VM

VM

tubnull pllnull tubnull pllnull injected with Tube-PllC tubnull pllnull injected with TubeN-PllC

  Fig. 4.   a  Tube-Pelle chimera mediates robust, spatially regulated 
Toll signaling.  a  Diagram of the Tube-Pll C  and Tube N -Pll C  chime-
ras. The Tube-Pll C  construct encodes full-length Tube (amino ac-
ids 1–462) fused to amino acids 130–501 of Pelle. The Tube N -Pll C  
construct encodes amino acids 1–185 of Tube fused to the same 
Pelle fragment.  b–d  Darkfield micrographs of cuticle prepara-
tions from an uninjected embryo ( b ) and embryos injected with 
1 mg/ml RNA from an in vitro transcription reaction ( c ,  d ).

VM = Intact or fragmented vitelline membrane that encases the 
 developing embryo.  b  Uninjected  tub  null   pll  null  embryo.  c   tub  null   
pll  null  embryo injected with Tube-Pll C  RNA. White arrowheads 
point to the properly spaced bands of ventral denticles; a black 
 arrowhead indicates the filzkörper apparatus.  d   tub  null   pll  null  em-
bryo injected with Tube N -Pll C  RNA. No Toll-dependent pattern-
ing elements are observed.
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led to the surprising conclusion that a covalent and hence 
irreversible interaction between the Tube death domain 
and the Pelle kinase domain functionally substitutes to 
a very large extent for their noncovalent wild-type asso-
ciation.

  An Essential Function for the Tube Repeat Region in 
the Absence of the Pelle Death Domain
  In addition to an amino-terminal death domain, Tube 

has a carboxyl-terminal region containing multiple copies 
of a conserved sequence motif, the Tube repeat  [24] . The 
repeat-containing region has been shown to mediate the 
specific binding of Tube to Dorsal  [27, 28] . Deletion ex-
periments demonstrated that this region is largely dis-
pensable for transducing signals from Toll during embry-
onic patterning  [24, 28] . However, we have found that Dor-
sal also binds to Pelle, an interaction requiring both the 
death and kinase domains of Pelle  [27, 28] . We therefore 
wondered whether the absence of a requirement for the 

Tube repeat region in signaling might reflect an overlap in 
function between Tube and Pelle. Specifically, we postu-
lated that the binding of either Tube or Pelle to Dorsal pro-
motes assembly of a functional signaling complex. Using 
Tube-Pelle chimeras, we set out to test this hypothesis.

  The Tube-Pll C  construct described earlier lacks the 
Pelle death domain, but includes the repeat-containing 
region of Tube. To determine whether the repeat region 
has an essential function in Tube-Pelle chimeras, we gen-
erated a construct deleting this region. Specifically, the 
Tube N -Pll C  construct truncates Tube sequences at amino 
acid 185, eliminating the Tube repeats; there remains a 
68-residue-long sequence linking the Tube death domain 
to the Pelle kinase domain ( fig. 4 a). The encoded protein 
thus lacks elements required for binding to Dorsal by 
Tube and by Pelle. We transcribed this construct in vitro 
and microinjected the synthetic RNA into embryos.

  Unlike the chimera that contains the Tube C-termi-
nal domain, Tube N -Pll C  failed to restore Toll signaling in 
 tub  null   pll  null  embryos, resulting in no discernible effect on 
the cuticle pattern ( table 2 ,  fig. 4 d). Next, we assessed the 
ability of either Tube or Pelle to rescue the activity of the 
Tube N -Pll C  chimera. To do so, we injected RNA tran-
scribed from this construct into  tub  null    or  pll  null  single 
mutant embryos, which develop into completely dorsal-
ized larvae in the absence of RNA injection. As shown in 
 table 2 , Tube N -Pll C  RNA was active in both genetic back-
grounds, producing weak phenotypic rescue in  pll  null  em-
bryos and stronger rescue in  tub  null    embryos. Thus, ei -
 ther Tube or Pelle can complement the chimera, consis-
tent with our hypothesis that the Tube repeat region acts 
redundantly with Pelle in recruiting Dorsal.

  Dorsal Has a Biochemical Activity Specific to 
Dorsoventral Patterning
  To address whether binding of Tube to an NF- � B pro-

tein is specific to dorsoventral patterning, we carried out 
comparative binding studies with the three Drosophila 
NF- � B family members: Dorsal, Dif, and Relish. Dorsal 
is required for Toll pathway function in dorsoventral axis 
formation and in larval innate immunity  [56, 57] . Dif 
functions in Toll signaling in larval and adult innate im-
munity, but is not required for embryonic development 
 [58, 59] . Relish acts in an innate immune pathway dis-
tinct from Toll signaling  [60–62] .

  We expressed Tube in  Drosophila  S2 cells together 
with individual Rel transcription factors or, as controls, 
MyD88 or Pelle. We then assayed for interaction in im-
munoprecipitation experiments with polyclonal  � -Tube 
serum. All proteins were epitope-tagged for detection. As 

  Table 2.  Rescue of embryos with Tube-Pelle chimeras

RNA injected Scored
n

Cuticle phenotypes

D0
no 
rescue

D1
FK 
only

D2
FK and 
some VD
twisted

D3
FK and VD 
in wild-type 
pattern

 None 
  tub  null   pll  null  50  50 0 0  0 

 Tube-Pll C  

  tub  null   pll  null   100  47  10  37  6 
 Tube N -Pll C  

  tub  null   pll  null  36  36 0 0  0 
 None 

  tub  null     50  50 0 0  0 
 Tube N -Pll C  

  tub  null     74 9  23  42  0 
 None 

  pll  null  50  50 0 0  0 
 Tube N -Pll C  

  pll  null  98  45  53 0  0 

 Columns represent increasing strength of signaling (D0–D3), 
with values indicating the number of injected embryos exhibiting 
the set of cuticle pattern elements diagnostic for that signal 
strength [32–34]. Filzkörper (FK) are dorsolateral patterning ele-
ments indicative of weak Toll signaling (D1). Ventral denticles 
(VD) are ventrolateral patterning elements that reflect a higher 
level of Toll signaling (D2 or D3). When VD and FK are both pres-
ent and are arrayed in a wild-type pattern (D3), signal strength 
and regulation is nearly comparable to that in hatching embryos. 
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shown in  figure 5 ,  � -Tube efficiently immunoprecipitat-
ed Tube and associated MyD88, Pelle, or Dorsal protein 
(lanes 1–3). In contrast, there was no detectable interac-
tion of Tube with either Dif or Relish (lanes 4–6). A Relish 
protein lacking the autoinhibitory carboxyl-terminal do-
main also failed to interact with Tube (lane 7).

  It has previously been demonstrated that Tube inter-
acts with Dorsal via its carboxyl-terminal repeat-con-
taining region  [27, 28] . To rule out any potential inhibi-
tory effect of the amino-terminal death domain on the 
interactions of the carboxyl terminal domain, we repeat-
ed the binding studies with a construct encoding only the 
carboxyl terminal half of the Tube protein (Tube C ). Al-
though Tube C  was expressed at a lower level than the full-
length construct, immunoprecipitation studies with this 
construct gave identical results. Specifically, Tube C  asso-
ciated with Dorsal, but neither with Dif nor with Relish 
(lanes 8–12).

  These studies demonstrate that prior to signaling the 
Tube carboxyl-terminal domain can interact with Dor-
sal, the NF- � B family member required for embryo pat-
terning, but not with either Dif or Relish, the NF- � B pro-
teins that function solely in immune responses. It thus 
appears that, at least in  Drosophila , the evolution of a de-
velopmental role for Toll has been accompanied by a spe-
cialization in NF- � B protein structure and function.

  The identification of Tube repeats in the TTLK pro-
teins of other insects provided several insights into the 
evolutionary basis for repeat generation. First, we note 
that the sequences of the third and fourth repeats in 
 Anopheles  TTLK are identical (QVPELSIF, suppl. fig. 2).
Examining the context of these repeats, we found that 
each is contained within a 21-residue-long perfect repeat 
for which the encoding DNA is identical at 61 of 63 posi-
tions. In addition, a highly similar stretch of 21 amino 
acids spans the second Tube repeat in this TTLK protein. 
These results led us to speculate that the 8-amino-acid 
repeat originally defined in Tube is the most conserved 
remnant of a substantially longer region that underwent 
repeated duplication and modification.

  We also found evidence that the repeat motif has un-
dergone extensive change within the insect lineage. The 
repeat motif was originally defined in the  D. melanogas-
ter  and  D. virilis  Tube proteins  [22, 24]  by the consensus 
N � Px � S/TxL, where x is any residue and  �  is a hydropho-
bic residue. The  A. mellifera  TTLK lacks sequences that 
closely match this consensus, but contains three copies of 
a motif that has an identical length and that begins with 
a sequence, ELP, that is very similar to the N � P that be-
gins the previously defined Tube repeat (suppl. fig. 2). To 

what extent such changes in sequence reflect co-evolu-
tion of the motifs with the insect Dorsal proteins remains 
an open and stimulating question.

  Discussion

  Our analysis of insect Tube orthologs has led us to the 
conclusion that Tube arose from a gene for a protein ki-
nase very similar in overall structure to  Drosophila  Pelle 
and the vertebrate IRAKs. That the ancestral gene for 
Tube would be a protein kinase was not evident from pre-
vious studies of Tube structure or function. A kinase do-
main is absent from the Tube protein in all eleven se-
quenced  Drosophila  genomes. In addition, the presence 
of a death domain in Tube did not suggest membership 
in a protein kinase family, since death domains are found 
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  Fig. 5.  Tube interacts with dorsal, but not the related NF- � B tran-
scription factors Dif and Relish. S2 cells were transfected with 
epitope-tagged Tube – either Tube-myc or Tube C -myc (amino ac-
ids 236–462 of Tube) – in combination with plasmids expressing 
V5-tagged   forms of the proteins listed at the top of the figure. Im-
munoprecipitates were prepared with  � -Tube antiserum. Tube 
proteins were detected with  � -myc antibody ( c ); co-precipitating 
proteins were detected with  � -V5 antibody ( b ). Samples of each 
cell lysate were probed with  � -V5 antibody to assay expression of 
each V5-tagged protein ( a ). Dif was expressed under the control 
of two alternative 5 � UTR sequences, which result in different lev-
els of protein (top panel; lanes 4, 5 and 9, 10). The Rel N  construct 
(lanes 7 and 12) encodes amino acids 1–478 of Relish.
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in many proteins that lack a kinase domain or, indeed, 
any catalytic function.

  Tube and IRAK-4 as Orthologous Components of Toll 
Pathways
  Our finding that Tube and Pelle represent an ortholo-

gous pair to IRAK-4 and IRAK-1 resolves a long-standing 
confusion regarding Toll signaling in flies and mammals. 
The absence of a clear counterpart to Tube had suggested 
a significant difference in the proximal Toll signaling 
complex of these species. Instead, we now discern a par-
allel arrangement of signaling components acting imme-
diately downstream of the Toll receptors in humans   and  
Drosophila . Thus, signaling in humans mediated by a 
TLR, MyD88, IRAK-4, and IRAK-1 corresponds to the 
pathway in flies formed by Toll, MyD88, Tube, and Pelle. 
As illustrated in  figure 6 , this suggests that a trimeric 
death domain complex, such as we have characterized in 
flies, functions in MyD88-dependent Toll responses in 

humans. Our newfound recognition of this conserved ar-
chitecture immediately suggests that the mechanism for 
signal transduction likewise has greater conservation 
than previously suspected.

  Although the Toll pathway functions in innate immu-
nity in both humans and flies, the selective pressures on 
this pathway differ markedly between these organisms. 
In humans and other vertebrates, innate immunity has 
co-evolved with an adaptive response with which its 
function is intricately associated  [4] . Furthermore, par-
ticular components of mammalian Toll pathways may 
have been co-opted for direct participation in adaptive 
responses  [63] . In flies, the Toll pathway not only medi-
ates immune responses, but also has multiple develop-
mental functions, including a vital role in patterning of 
the early embryo  [6–9] . It is not surprising, therefore, that 
the divergence between the Toll pathways in these two 
lineages has been extensive.

  A Common Ancestor for TTLK, PLK, and IRAK 
Proteins
  Although IRAK-4 and TTLKs differ in structure and 

function from IRAK-1 and PLKs, all of these proteins are 
apparently derived from a common ancestor. Further-
more, we have demonstrated that signaling can be recon-
stituted to a substantial degree by a chimera of Tube and 
Pelle. This suggests the earliest signaling cassette recog-
nizable as a Toll pathway had a single protein kinase that 
contained a death domain. Prior to the split between the 
vertebrate and invertebrate lineages, the gene for this an-
cestral kinase duplicated and at least partially diverged. 
The death domain binding surfaces evolved to mediate 
distinct interactions and the kinase domains diverged 
into RD and non-RD types.

  What advantage might duplication of the ancestral 
kinase gene have offered? The chimera injection experi-
ments indicate that duplication did not radically alter the 
signaling mechanism. Rather, we believe that the coop-
erative activity of related but distinct kinase molecules 
provided the opportunity for regulatory fine-tuning and 
allowed for the incorporation into the pathway of addi-
tional factors specific for particular functional con-
texts.

  Tube as a Model for IRAK-4 Death Domain Function
  We have previously shown that the death domain of 

Tube is bivalent, mediating specific and essential interac-
tions with MyD88 at one binding surface and with Pelle 
at the other. The conservation among TTLKs of residues 
required for these interactions indicates that assembly of 

Drosophila melanogaster Homo sapiens

Toll

MyD88

Tube
Pelle

TLR5

MyD88

IRAK-4
IRAK-1

Death domain

TIR domain Kinase domain

  Fig. 6.  Conserved Toll-proximal signaling mechanism. Model for 
organization of signaling complexes immediately downstream of 
Toll receptors in flies and humans. 
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a trimeric complex of MyD88, TTLK, and PLK proteins 
occurs similarly across the broad range of organisms we 
have surveyed. The finding that Tube and Pelle represent 
an orthologous pair to mammalian IRAK-4 and IRAK-1 
extends the implications of this study to signal transduc-
tion in mammals. In particular, these findings support 
our proposal  [26]  that IRAK-4-mediated activation of 
IRAK-1 is equivalent to Tube-mediated activation of 
Pelle, with both Tube and IRAK-4 acting as an adaptor, 
linking Pelle or IRAK-1 to a Toll-associated MyD88 mol-
ecule ( fig. 6 ).

  We expect that IRAK-4 and IRAK-1, like Tube and 
Pelle, have a clear partitioning of death domain structure 
and function. We were not able, however, to identify in 
IRAK-4 the signature motifs indicative of the binding 
surfaces defined for  Drosophila  Tube. There are two like-
ly explanations. First, conservation of primary sequence 
among death domains is remarkably low, with sequence 
identity across the entire domain sometimes being on the 
order of only 10%  [25] . Second, mammalian TLR signal-
ing involves multiple, partially overlapping combinations 
of receptors and adaptors  [1] . It may be, therefore, that a 
conserved death domain complex architecture is masked 
by sequence variation that directs or accommodates al-
ternative death domain pairings. Now that a structure for 
the IRAK-4 death domain is available  [45] , it may be pos-
sible to address this question experimentally.

  Variable Requirement for Kinase Activity
  The presence of a kinase domain in IRAK-4, but not 

Tube – its fly counterpart – has an intriguing precedent. 
Whereas the  Drosophila  Toll pathway requires Tube func-
tion, the other major innate immune pathway in flies re-
quires Imd, another death domain protein. RIP, the 
mammalian counterpart to Imd, has a kinase domain; 
Imd does not. Thus, for each of two death domain kinas-
es in mammals (IRAK-4 and RIP), the corresponding in-
nate immune factor in flies lacks a kinase domain. 

  Why might a kinase domain be dispensable for signal 
transduction? The likely answer lies in pathway architec-
ture distinct from that in a conventional kinase cascade 
 [64] . If the essential functions of IRAK-4 and TTLK pro-
teins are to act as scaffolds for the assembly of signaling 
complexes, the role of the kinase domain may be to mod-
ulate complex assembly rather than to directly activate a 
downstream kinase. It has been shown, for example, that 
IRAK proteins catalyze cross-phosphorylation and that 
Tube can act as a substrate for Pelle   in vitro  [44, 47, 51, 65, 
66] . Thus, the involvement of both phosphoregulation 
and phosphorelay activities may underlie the presence of 

pairs of protein kinases, one RD and one non-RD, in 
many animals.

  TTLK Adaptation for a Developmental Role
  We have found that the repeat-containing region of 

Tube exhibits NF- � B factor binding specificity, interact-
ing in cells with the morphogen Dorsal but not the im-
munity effector Dif. Abrogation of this Tube-Dorsal in-
teraction likely contributes to the failure to achieve wild-
type embryonic patterning in experiments in which 
either Tube is truncated carboxyl terminal to the death 
domain or Dif is substituted for Dorsal  [24, 67] .

  Does the presence of Tube repeats in a TTLK protein 
indicate that Toll signaling in that species functions in 
dorsoventral patterning? The data are incomplete, but 
suggestive. Toll has a role in dorsoventral patterning in 
 Drosophila  and  Tribolium   [68, 69] , and Tube repeats are 
present in the TTLK proteins of both these species. Dor-
soventral patterning does not rely on TLR signaling in 
mammals and mammalian IRAK-4 proteins lack Tube 
repeats. Thus, it is possible that the co-option of Toll sig-
naling for development occurred concomitantly with 
elaboration of an additional mechanism for morphogen 
binding. If so, the fact that the TTLK protein of  Daphnia  
lacks Tube repeats suggests that Toll signaling is unlikely 
to be required for dorsoventral patterning in crusta-
ceans. 
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