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ABSTRACT: In Drosophila, the Toll receptor signaling pathway is required for embryonic dorso-ventral
patterning and at later developmental stages for innate immune responses. It is thought that dimerization
of the receptor by binding of the ligand spa¨tzle causes the formation of a postreceptor activation complex
at the cytoplasmic surface of the membrane. Two components of this complex are the adaptor tube and
protein kinase pelle. These proteins both have “death domains”, protein interaction motifs found in a
number of signaling pathways, particularly those involved in apoptotic cell death. It is thought that pelle
is bound by tube during formation of the activation complexes, and that this interaction is mediated by
the death domains. In this paper, we show using the yeast two-hybrid system that the wild-type tube and
pelle death domains bind together. Mutant tube proteins which do not support signaling in the embryo
are also unable to bind pelle in the 2-hybrid assay. We have purified proteins corresponding to the death
domains of tube and pelle and show that these form corresponding heterodimeric complexes in vitro.
Partial proteolysis reveals a smaller core consisting of the minimal death domain sequences. We have
studied the tube/pelle interaction with the techniques of surface plasmon resonance, analytical ultracen-
trifugation and isothermal titration calorimetry. These measurements produce a value ofKd for the complex
of about 0.5µM.

The Drosophiladorso-ventral pathway acts to define the
ventral side of the embryo and is genetically well-defined,
with most of the components represented by loss-of-function
alleles (1, 2). Molecular cloning has helped to identify
potential functions for most of these gene products and has
provided evidence for their organization as constituents of a
signal transduction pathway. Early during embryogenesis,
the transmembrane receptor, Toll, is activated along the
ventral side of the embryo by the putative ligand spa¨tzle (3,
4). The products of two genes, tube and pelle, act down-
stream of Toll to couple receptor stimulation to the release

of the morphogen, dorsal, from its cytoplasmic anchoring
protein, cactus (5, 6). Once released, dorsal localizes to
adjacent nuclei and regulates expression of ventral- and
dorsal-specific genes involved in the establishment of dorso-
ventral polarity (7). Several components of the DV patterning
pathway, including Toll, tube and pelle, also function at later
stages of development in an innate immune response
stimulated by fungal pathogens (8). Recently, it has become
clear that analogous signaling pathways mediate the innate
immune response in mammals, for example, in response to
bacterial lipospolysaccharides (9, 10). The components in
these pathways are homologues of those described in
Drosophila DV patterning. These include human Toll
receptors, IRAK kinases (11) (pelle) and MyD88, possibly
a tube adaptor homologue (12).

In the Toll signaling pathway, the proteins tube and pelle
act downstream of the receptor and are required for signal
transduction from the receptor to dorsal. Tube encodes a
protein which is localized to the cortical cytoplasm of the
embryo (13, 14) and mutational analysis has shown that
regions required for biological function reside within the
N-terminal 173 amino acids while the C-terminal half
contains five octapeptide repeats of unknown function (15).
Pelle encodes a protein with homology to members of the
Raf/Mos family of serine/threonine protein kinases (16), but
is most closely related to the mammalian IRAK proteins (11).
Pelle protein kinase activity is essential for signaling, but
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the target of pelle-dependent phosphorylation in the regula-
tion of dorsal nuclear transport remains unclear. The N-
terminal sequences of both tube and pelle have homology
with so-called “death” domains, sequence motifs found in a
number of signaling molecules that mediate reversible
protein-protein interactions (17). Previous studies using the
yeast two-hybrid system showed that the death domains of
tube and pelle could form specific complexes in vivo (14,
18, 19). The current model of postreceptor signaling by Toll
proposes that the receptors are activated by ligand-induced
dimerization and that this causes recruitment to the mem-
brane of an activation complex composed of tube, pelle, Toll,
and possibly also the actin-binding protein, filamin (19, 20).
Thus, studies of specific binding between the tube and pelle
death domains will give insights into how the Toll post
receptor pathway is regulated in vivo.

In this paper, we show that specific interaction between
the core death domains in tube and pelle observed in vivo is
recapitulated by the purified proteins in vitro. We have
characterized this interaction biochemically with analytical
ultracentrifugation, isothermal titration calorimetry and sur-
face plasmon resonance (SPR) measurements.

EXPERIMENTAL PROCEDURES

Construction of Two-Hybrid Vectors. The two-hybrid
fusions between GAL4 and the appropriate domains of Toll
and pelle were made using the polymerase chain reaction
(PCR). Primers were designed to include restriction sites for
fusion to either GAL4-BD or GAL4-AD in the two-hybrid
vectors pASCYH2 and pACT2 (21) and were synthesized
on an ABI 394 DNA/RNA synthesizer. PCR was carried
out using a Perkin-Elmer 9600 PCR machine with Perkin-
Elmer reagents. Pelle was generated by PCR using 500 ng
of linearized plasmid S349 (16) as template. The DNA was
treated with an initial 99°C incubation for 10 min for
denaturation and was then added to a PCR mix, comprising
of 10 mM Tris-HCl, pH 8.0, 50 mM KCl, and 1.5 mM
MgCl2; 80 pmol of each oligonucleotide; 200µM dNTPs
and 2.5 units ofTaqI polymerase. The reaction mix was
thermally cycled 10 times at 94°C for 30 s; 60°C for 30 s
and 72°C for 1 min, followed by a 72°C incubation for 10
min. The complete open reading frame of pelle (1-501) or
the regulatory domain (pelle 1-208; N-pelle) was generated
using a primer 5′-GCCATGGAGTCGACGATGAGTG-
GCGTCCAGACCGCCGAAG-3′ to the 5′-end of pelle and
primers either to the putative N-terminal regulatory domain
5′-CCAGCCCCCGGGCTAGTTTTCTAGCTCCG-
CATAATCGATC-3′ortofull-lengthpelle5′-CATAATAAGC-
CCGGGCTAGTCGGTAACAAACGGTTCGAAACGC-
3′.

PCR products were gel purified in 0.8% low melting point
agarose and fragments of the predicted size were excised
and subcloned into vector pCR1000, using TA cloning
reagents (InVitrogen) according to the manufacturer’s in-
structions. The PCR clones were confirmed as being the
appropriate domains of pelle and were shown as error free
on both strands by dye terminator sequencing upon an ABI
373A automatic sequencer using T3, T7, and custom
synthesized primers. Once verified, the pelle PCR clones
were subcloned into the two hybrid vectors. All junctions
were confirmed to be in frame with GAL4-BD or GAL4-

AD by sequence analysis, using GAL4 primers 5′-GACAG-
CATAGAATAAGTGCG-3′ (GAL4-BD) and 5′-ATGGAT-
GATGTATATAACTATCTATTCG-3′ (GAL4-AD).

Full-length tube (1-462) was cloned directly from plasmid
pNB448 (13) as a 1.47 kbNcoI-PVuII fragment in frame
with GAL4-BD and GAL4-AD in the two-hybrid vectors
pAS.CYH2 and pACT2 and confirmed by sequence analysis.
The N-terminus (1-257) and the C-terminus of tube (258-
462) were likewise cloned asNcoI-SalI and SalI-PVuII
fragments, respectively, into the two hybrid vectors. The tub2
and tub3 alleles of tube were subcloned as N-terminal (1-
257 amino acid) fragments, using theNcoI-SalI fragment
as before. All GAL4 fusion junctions were confirmed by
sequence analysis.

Yeast Two-Hybrid System. One microgram of purified
DNA of either or both the GAL4-BD or the GAL4-AD
fusion constructs in vectors pAS.CYH2 or pACT2 were
transformed into yeast Y190, according to the procedure of
Geitz et al. (22). Appropriate dilutions of cells were plated
onto SD selective media, lacking either tryptophan (pAS-
.CYH2-based constructs) or leucine (pACT2-based con-
structs) or lacking both supplements for double transforma-
tions. The yeast were incubated at 30°C for 3-5 days before
analysis of the transformants. Transactivation ability of the
two-hybrid constructs was assessed by transcription of either
the integrated LacZ (see below) or HIS3 reporter gene
constructs within Y190. Transactivation of the HIS3 gene
was assessed by the growth of transformants on SD media
lacking histidine in the presence of 25 mM 3-amino-triazole,
a competitive inhibitor of the HIS3 gene product.

â-Galactosidase Freeze-Fracture Assays. Transactivation
of the LacZ reporter gene was determined by a freeze-fracture
assay based upon the method of Breeden and Nasmyth (23).
Yeast transformants were replica plated onto Whatman filter
paper no. 54, and the replicas containing the cells were
submerged twice into liquid nitrogen, allowing the filters to
thaw between freezings to fracture the cells. The filters were
next soaked in 2 mL of Z-buffer (60 mM Na2HPO4‚7H2O;
40 mM NaH2PO4‚H2O; 10 mM KCl, 0.1 mM MgSO4.7H2O;
50 mM mercaptoethanol; pH 7.0), containing 1 mg/mL of
the chromogenic substrate 5-bromo-4-chloro-3-indolyl -D-
galactoside (X-gal), from a freshly prepared 100 mg/mL
stock dissolved in N-dimethyl formamide. Assays were
developed at room temperature over a few minutes to hours.

â-Galactosidase Enzyme Assays. Crude yeast extracts for
quantification ofâ-galactosidase activity were prepared from
cells, grown to mid-logarithmic phase. One milliliter of cells
was harvested, resuspended in 200µL of Lysis buffer (0.1
M Tris-HCl, pH 7.5; 0.05% Triton X-100) and fractured
using a freeze-thaw regime, whereby the cell pellet was
twice alternately frozen in liquid nitrogen and thawed at 37
°C. An appropriate volume of the cell lysate was thoroughly
resuspended in Z-buffer, containing 0.66 mg/mL ONPG (o-
nitrophenylâ-D-galactopyranoside) and 50 mMâ-mercap-
toethanol, and the mixture incubated at 37°C until an
appropriate color developed. The reaction was stopped by
the addition of 0.25 mL of 1 M Na2CO3, and the time of
incubation was noted. Cell debris was removed by centrifu-
gation and the optical density of the supernatant determined
at 420 nm. These assays were normalized to cell numbers
by resuspending 20µL of the cell slurry to 1 mL of water
and measuring the optical density at 600 nm.â-Galactosidase
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units were calculated asU ) 1000 x A420/[A600/20]VT,
wherebyV equals the volume of cell slurry added to the assay
andT is the length of time of the assay.

Expression and Purification of the Tube and Pelle Death
Domains.Residues 1-257 of the tube (N-tube) and 1-208
of pelle (N-pelle) were expressed using the T7 polymerase
system (24). Primers of the following sequence were used
in PCR reactions with the tube or pelle cDNA as a template.
For tube: forward, 5′GCCAGGGAATTCCATATGGCG-
TATGGCTGGAACGGA3′; reverse, 5′GCCAGGGAATTC-
CATATGTTACGAGTAGTTCCGGTG3′. For pelle: for-
ward, 5′GCCAGGGAATTCATATGAGTGGCGTCCAG-
ACCGCCGA3′; reverse, 5′GCCAGGGAATTCCATATGT-
TAGTTTTCTAGCTCCGC3′. The PCR products were di-
gested withNdeI and then purified after electrophoresis
through low gelling temperature agarose (1%). The products
were then ligated with pET3c and pET16b (Novagen) vector
cut with NdeI and ligation mixture was transformed into
Escherichia coli DH1. Orientation of recombinants was
determined by digestion withPstI (N-tube) andPVuII (N-
pelle). A pET3 derivative recombinant for tube (pT3/3) and
pET3 and pET16 recombinants for pelle (pP3/30; pP16/34)
were transformed into the T7 polymerase strain, HMS174-
(DE3) (plysS).

pT3/3 directs the expression of N-tube protein to high
levels, and greater than 90% of the protein forms into
inclusion bodies. Cells were induced at OD590 0.45 by the
addition of 0.8 mM IPTG and grown for 3 h at 37°C. The

cells were collected by centrifugation, resuspended in 20 mM
Tris, pH 8, 0.5 M NaCl, 1 mM DTT, 0.1% NP40, 0.1 mM
EDTA, 1 mM PMSF, and 1 mM benzamidine (7.5 mL/L)
and broken in the French Press at 15 000 psi. The insoluble
fraction was separated by centrifugation (120000g, 2 h). The
inclusion body pellet was washed in 10 mM Tris, pH 8, 1
mM EDTA, 0.1% NP40, and 0.5 mM PMSF and reisolated
by centrifugation (10000g, 10 min) (three cycles). Washed
inclusion bodies were dissolved in 8 M urea, 20 mM NaCl,
5 mM DTT, 0.1 mM EDTA, and 20 mM Hepes, pH 7.2,
and applied to a column of SP Sepharose Fast Flow
equilibrated in the same solution but with 6 M urea and 1
mM DTT. Under these conditions, nucleic acids and a 25
kDa degradation product of N-tube flow through the column
with pure protein displaying retarded starting state elution.
The N-tube protein is then refolded by dilution into a solution
of 20 mM Hepes, pH 7.2, 50 mM NaCl, 1 mM DTT, 0.1
mM EDTA, 5% glycerol, 1 mM benzamidine, and 0.25 mM
PMSF (final concentration 0.15 mg mL-1). The refolding
mixture is then concentrated in an Amicon-stirred ultrafil-
tration cell (YM10 membrane), and insoluble protein re-
moved by centrifugation (14000g, 10 min). Under these
conditions, more than 90% of the protein remains soluble
and the preparation is more than 95% pure. The N-tube
protein can be purified further by gel filtration in Sephacryl
S200 HR (same buffer).

pP16/34 directs expression of histidine tagged pelle (1-
208) protein (His-pelle). Cell extracts are prepared as above

FIGURE 1: Alignment of pelle and tube with death domains of known structure. Alignments of residues within the N-terminal interaction
domains of pelle and tube with proteins containing death domains of known structure. Fas (37); p75 (38); IRAK (11); mouse pelle-like
kinase (mPLK) (50). The alignment was generated with JOY (51) and CLUSTALW (52) and formatted with ALSCRIPT (53); the positions
of theR-helical segments of the death domains are indicated by the solid black cylinders. The positions of two point mutations in tube (tub2
E140K and tub3 V129D) which result in the loss of biological function and pelle interaction are located at 127 and 116 respectively in this
alignment. The protease-resistant core of pelle (see Figure 4) corresponds to positions 24-140 and 26-140.
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except that the pellets are suspended in 20 mM Tris, pH 8,
20 mM imidazole, 0.5 M NaCl, 1 mM benzamidine, 0.75
mM PMSF, and 0.1% NP40. His-pelle is found in the soluble
fraction and is purified by a column of chelating sepharose
(Pharmacia) loaded with Ni2+. The column is washed with
100 mM imidazole and His-pelle eluted at 500 mM. The
histidine tag can be removed by treatment with Factor Xa
(Biolabs). Uncleaved protein is removed by passing the digest
over the Nickel affinity column and collecting the flow
through (see Figure 3).

pP3/30 directs expression of untagged N-pelle 1-208
protein. Cells are grown, and extracts prepared as described
above for N-tube. The soluble fraction is treated with 1µg
mL-1 DNase/RNase and dialyzed into a buffer containing
20 mM Bis-tris, pH 6.2, 20 mM NaCl, 5% glycerol, 1 mM
DTT, and 0.1 mM EDTA (3 changes, 12-18 h). The
dialysate is passed through a 0.45µm filter and loaded on
to a column of SP Sepharose Fast Flow equilibrated in the
same buffer. The column is washed and eluted on a gradient
of NaCl (0.02 to 0.5 M, 6 column volumes). N-pelle 1-208

elutes at ca. 0.15 M NaCl and is further purified by gel
filtration in Sephacryl S200 HR, as described for N-tube.

Surface Plasmon Resonance Experiments.Surface plasmon
resonance experiments were performed using a BIACORE
2000 instrument. A “CM5” biosensor chip was used to
covalently bind protein (referred to as the “ligand”) via amino
groups to the chip. His-N-pelle was immobilized to one
flowcell, using a slight modification of the manufacturer’s
standard protocols (25): after injecting the protein, 0.5% SDS
was injected over the flowcell containing pelle, followed by
extensive washing of the system; this was found to be
necessary to obtain a useable ligand surface; ethanolamine-
HCl was then injected to cap residual NHS (N-hydroxysuc-
cinimide) esters on the chip matrix. BSA was immobilized
by standard procedures (25) in another flowcell of the same
chip to provide a “reference” surface. Approximately 6260
RU pelle and 5580 RU of BSA were immobilized.

Solutions of N-tube (the “analyte”) diluted in “BIAcerti-
fied” HBS-EP buffer [150 mM NaCl, 3 mM EDTA, 0.005%
surfactant P-20 (Tween-20), 10 mM Hepes, pH 7.4; Biacore

FIGURE 2: Two-hybrid interactions between pelle and tube in Y190. Domains of pelle and tube were assessed for their ability to interact
in the yeast two-hybrid system by transactivation of the HIS3 and LacZ reporter genes in Y190. Transformants of the various pelle and tube
constructs, as well as control vector pACT2, were plated onto SD media lacking tryptophan and leucine and grown for 3 days at 30°C (A).
Transactivation of the HIS3 reporter was determined by growth of the yeast transformants on histidine deficient SD media, in the presence
of 25 mM 3-AT after five to 7 days at 30°C (B). LacZ transactivation was assessed by blue color formation from the chromogenic
substrate X-Gal, using a freeze-fracture assay on yeast grown under selective conditions (C).
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U.K.], were injected over the chip (60µL, 20 µL/min) in
random order, in quadruplicate. Between each injection of
N-tube, the surface was regenerated using 0.5 M Na2CO3,
pH 10. The running buffer used was HBS-EP. The assays
were carried out at 25°C; data collection was set to 2 Hz,
the highest rate possible for multiple flowcells. The concen-
trations of the N-tube and N-pelle “stock” solutions were
determined by the Bradford assay using BSA as the standard.

Data were analyzed using BIAeval 3.0.2 software. After
aligning the sensorgrams, the binding responses were cor-
rected for nonspecific binding, etc., by subtracting the signal
in the reference flowcell. Equilibrium analysis was performed
by empirically determining the equilibrium response ex-
trapolated to infinite time (see ref26), by fitting the
association phase to an equation of the form:

whereRt is the response at timet andX is the sharp jump in
response at the start (and end) of injection (see Supporting
Information); the equilibrium response is then taken as

The variation ofReq with C, the concentration of injected
N-tube, was fitted to the standard equation for such analysis,
Req ) RmaxKAC/(1 + KACn ) (eq 3), wheren is the number
of binding sites on the surface that are blocked when the
analyte binds to the ligand, from which the dissociation
constant,Kd, and an estimate of the maximum binding

capacity of the surface,Rmax, could be determined. Based
primarily on the sedimentation equilibrium experiments,n
was taken to be 1.

Kinetic analysis of the data was also attempted. Data are
presented here from a global fit to a heterogeneous ligand
model (27), which assumes there are two ligand populations
on the surface, each of which can bind independently to the
injected component.

Analytical Ultracentrifugation (AUC) Experiments.Cal-
culations of solvent density and viscosity, vbar estimates,
280 nm extinction coefficients, and ellipsoidal axial ratios
were performed using the SEDNTERP 1.01 program (28a).
Stock protein solutions (which contained approximately 5%
glycerol for stability during freezing) were diluted into HBS
buffer (150 mM NaCl, 3.4 mM EDTA, and 10 mM HEPES,
pH 7.4). Sedimentation velocity (SV) experiments were
performed at 4°C on a Beckman XL-A analytical ultracen-
trifuge, using the absorbance at 280 nm; rotor speed was
50 000 rpm. Three samples were run: N-tube (loading
concentration∼49 µM), N-pelle (∼27 µM), and an ap-
proximately equimolar mixture of N-tube and N-pelle (each
at ∼39 µM) (concentrations based on a Bradford assay of
the stock N-tube and N-pelle preparations). A total of 37
scans (for N-tube and N-pelle) or 36 scans (for N-tube/N-
pelle) was fitted by nonlinear regression using the SVED-
BERG program (29, 30), to obtain values for the apparent
sedimentation coefficient,s*, for the three samples. The data
were also analyzed by the time-derivative method to obtain
the distribution of the apparent sedimentation coefficient,
g(s*), based on the method of Stafford (31), using a

FIGURE 3: Purified tube and pelle death domains form a complex in vitro. N-tube (lanes 2 and 3) and His-pelle (1-208) were purified as
described in the Experimental Procedures. His-pelle was cleaved with Factor Xa (lane 4). The proteins were mixed together (lane 5) and
loaded on a column of Sephacryl S200 HR. The complexes eluted from the gel filtration column in the included volume as shown, and
fractions across the major peak were analyzed by SDS-PAGE (12%) (lanes 6-19). The monomeric N-tube is separated from the complex
(lanes 15 and 16).Kav ) (Ve - V0)/(Vt - V0), whereVe is the elution volume,V0 is the column void volume, andVt is the total column
volume. The arrow indicates where N-tube or N-pelle run when loaded on their own.

Rt ) (Req)1{1 - exp[-(kobs)1t]} +
(Req)2{1 - exp[-(kobs)2t]} + X (1)

Req) (Req)1 + (Req)2 (2)
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combination of his DCDT program and Microcal’s ORIGIN
software.s* values from SVEDBERG were converted to
conditions of 20°C and water as buffer to gives20,w values,
using the SEDNTERP program (28a). The axial ratio of the
hydrodynamically equivalent prolate ellipsoid of revolution
was determined using the SEDNTERP (see ftp://alpha.bbri-
.org/rasmb/spin/ms_dos/sednterp) and ELLIPS1 (28b) pro-
grams. Sedimentation equilibrium runs were performed using
Beckman XL-A and XL-I instruments. Samples of N-tube,
N-pelle, and approximately equimolar mixtures of the two
were loaded, and the samples were spun at 10 000, 12 000,
and 15 000 rpm. The rotor temperature was 4°C. Data
suitable for analysis was obtained from cells with the
following approximate loading concentrations, based on the
UV280nm absorbance of the stock protein solutions: N-tube
(33 and 49µM); N-pelle (17 and 27µM); and N-tube/N-
pelle approximate equimolar mixtures, where the N-tube and
N-pelle concentrations were each 5, 10, 15, or 20µM. The
scans were analyzed using Beckman Origin software, the
MSTARA program (32), and the Windows version of the
NONLIN program (33). Using NONLIN, the scans were
globally fit to a nonassociating, ideal model and to a
monomer-dimer equilibrium model; the N-tube/N-pelle
heteromeric interaction was approximated as a pseudo-self-
association reaction, since the molecular weights of N-pelle
and N-tube are relatively similar, as was done in ref34.
Because of the low concentrations, thermodynamic nonide-
ality was considered negligible.

Isothermal Titration Calorimetry.Isothermal titration
calorimetry (ITC) experiments to measure the binding of
(untagged) N-pelle to N-tube were carried out at 25.1°C
using a Microcal OMEGA titration microcalorimeter fol-
lowing standard instrumental procedures (35, 36) with a 250
µL injection syringe and 400 rpm stirring; the tube refolding
buffer was used for dilutions and buffer blank injections.
Both sample and buffer blank solutions were degassed gently
immediately before loading. The N-tube/N-pelle binding
experiment involved 25× 10 µL injections of N-pelle
solution (180µM) into the ITC cell (1.396 mL of active
volume) containing N-tube (10.5µM) which had been
dialyzed into the same buffer. Protein concentrations in the
ITC cell and syringe were determined from UV absorbance
measurements at 280 nm using molar extinction coefficients,
ε280 ) 23 950 M-1 cm-1 for N-tube, andε280 ) 18 450 M-1

cm-1 for N-pelle, as estimated from the amino acid composi-
tion using the SEDNTERP program (28a). Integrated heat
effects, corrected for dilution using the injection heats after
complete saturation, were analyzed by nonlinear regression
in terms of a simple single-site binding model using the
standard Microcal ORIGIN software package. The thermal
titration curve yielded estimates of the apparent number of
binding sites (N) on the protein, the binding constant (K/
M-1), and the enthalpy of binding (∆H/kJ mol-1).

Possible homomolecular aggregation of N-tube or N-pelle
was investigated using dilution ITC (37) involving separate
injections of protein solution into buffer alone. Dissociation
of oligomers in this case would give rise to a series of heat
pulses (usually endothermic) from which dissociation con-
stants and enthalpies of oligomerization may be determined.

RESULTS

Specific Interaction between the Tube and Pelle Death
Domains Is Abolished by Mutations of Tube Which InactiVate
Toll Signaling in the Embryo. It was proposed previously
that the N-terminal, regulatory regions of the tube and pelle
are related to death domains, reversible protein-protein
interaction motifs found in a number of cytoplasmic protein
involved in signal transduction (17). This proposal is
supported by secondary structure predictions in which
R-helical segments in the tube and pelle death domains align
with R-helices defined in death domains of known structure
(Figure 1) (38-40).

We have used the yeast two-hybrid assay to determine
whether the death domains of tube and pelle can interact
specifically with each other in vivo. We examined the ability
of tube to associate with the pelle protein kinase (Figure 2).
Expression of the full-length forms of pelle and tube provided
evidence that the two proteins were able to interact weakly.
Under histidine selection and in the presence of 3-AT, yeast
expressing the full-length tube and pelle hybrids grew slowly
due to the weak association between the proteins producing
limiting quantities of the HIS3 gene product for growth. The
plates were incubated for a prolonged period to enable the
signal to be clearly visible (Figure 2B). Theâ-galactosidase
signal arising from the lacZ reporter for the same two-hybrid
pair was also extremely weak (Figure 2C) and was only
apparent as a pale blue coloration in comparison to other
stronger interactions on the same plate. Quantification of the
â-galactosidase activity in extracts prepared from cells
cotransfected with the tube and pelle hybrids confirmed a
small but consistent increase in reporter expression relative
to controls (Table 1). These results suggested that the hybrids
expressed using full-length tube and full-length pelle interact
weakly and confirmed previous findings.

To examine the domains of pelle and tube involved in
this interaction, the putative N-terminal regulatory domain
of pelle (N-pelle) was tested for its ability to interact with
truncated and mutant forms of tube. Compared with full-
length pelle, the N-pelle region interacted strongly with full-
length tube, giving high levels ofâ-galactosidase (Figure

Table 1: Assessment ofâ-Galactosidase Activity in Yeast Cell
Extractsa

plasmid transfected
â-galactosidase activity

(unitsâ-Gal/unit cell density)

pASCYH2+ tube 0.61
pelle+ pACT2 1.31
pelle+ tube 2.26
N-pelle+ pACT2 1.60
N-pelle+ tube 147
N-pelle+ N-tube 34.2
N-pelle+ tube-CT 0.93
N-pelle+ tub2-NT 0.82
N-pelle+ tub3-NT 1.81

a Extracts were prepared from yeast Y190 cells, which had been
transformed with the plasmid combinations shown. Individual trans-
formants were selected and grown to mid-log phase as described in
the Experimental Procedures.â-Galactosidase activity in the extracts
was determined as described in the Experimental Procedures and the
values corrected for cell density to give the activities shown (where a
unit of enzyme activity is defined as∆OD420nm/min and a unit of cell
density as OD600nm/mL). For each transformation, cells derived from
three individual transformants were combined to prepare extracts and
the activities shown and are representative of three separate experiments.
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2C). These results support a model in which the tube
interaction with pelle is mediated via the N-terminal domain
of pelle and suggests that regions within the pelle C-terminal
kinase domain may diminish the strength of this interaction,
either directly or indirectly.

In further experiments, interactions between the different
subdomains of tube and N-pelle were examined (see Table
1). Relative expression levels of the different tube hybrids
were assessed by western immunoblotting of yeast cell
extracts using a polyclonal antiserum raised against a GST-
tube fusion protein. Results of two-hybrid experiments
(Figure 2 and Table 1) indicated that the N-tube but not the
tube C-terminal fusion protein was capable of interacting
with N-pelle. On the basis ofâ-galactosidase production
(Table 1), the level of interaction achieved between N-pelle
and N-tube was much less than was measured with the full-
length tube fusion. This difference may partly reflect the
lower level of expression of N-tube relative to full-length
tube, as judged by immunoblotting (result not shown). The
N-terminal half of tube (1-257), contains a region known
to be essential for dorsoventral signaling (15), while the
C-terminal region (258-462) containing the octapeptide
repeats may have a separate function. Two-hybrid experi-

ments showed that only N-tube was capable of interacting
with N-pelle.

Two embryonic lethal mutations of tube, tub2 and tub3
(Figure 1 and ref15), were tested for their ability to interact
with N-pelle. Comparison of the tube and tub N-terminal
domain fusions showed that, while the tub2 allele did not
give a significant interaction with N-pelle based on growth
or â-galactosidase production, the tub3 allele did show a
weak though detectable response (Figure 2 and Table 1).
Western blotting confirmed that both the tub2 and tub3-
GAL4 AD fusions were expressed (not shown). The level
of tub2 expression was similar to that seen with the wild-
type N-tube; however, expression of the tub3 mutant was
somewhat lower. These results suggest that the substantial
loss of interaction potential of tub2 and tub 3 with N-pelle
is due to the mutation.

Purified Tube and Pelle Death Domains Form Specific
Complexes in Vitro. Proteins corresponding to N-pelle and
N-tube, which the 2-hybrid results indicate bind together,
were expressed and purified as described in the Experimental
Procedures. Approximately equimolar amounts (concentra-
tion approximately 100µM) of the proteins were mixed
together for 15 min and then fractionated by gel filtration in

FIGURE 4: Partial proteolysis of the tube/pelle complex. (A) N-tube and N-pelle complexes were formed and purified as in Figure 3 except
that N-pelle was expressed without His tag from pP3/30 and purified as described in experimental procedures. The complexes were treated
with trypsin. C) untreated complex (2 mg mL-1); subsequent lanes treated with trypsin for 1 h: 0.04µg mL-1; 0.08µg mL-1; 0.16µg
mL-1; 0.31µg mL-1; 0.625µg mL-1; 1.25µg mL-1; 2.5 µg mL-1; 5 µg mL-1; 100 µg mL-1; marker: 17, 14.4, 10.6, 8.2, 6.2 kDa. (B)
Complex was treated with 1.25µg mL-1 of trypsin for 1 h. The trypsin was then inactivated by treatment with 1 mM PMSF, the core
complex concentrated to 43 mg mL-1 and applied to a column of S200 HR. Fractions across the single major peak of the gel filtration
column were analyzed. The proteins were separated in Tris/Tricine/SDS gels (10%).
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a column of Sephacryl S200 High Resolution. As shown in
Figure 3, the protein complex elutes from the column in a
single peak (lanes 8-12) separated from the slight excess
of the N-tube monomer (lanes 15-16). This shows that the
two proteins form a complex on mixing, most likely a
heterodimer (see below).

A Core Death Domain Complex Is ReVealed by Partial
Proteolysis Experiments.Death domain complexes prepared
as described above were subject to partial proteolysis with
trypsin. This treatment generates a relatively stable core
complex consisting of an approximately 24 kDa component
and two ∼13 kDa components (Figure 4A). N-Terminal
protein sequencing and MALDI-TOF mass spectometry
showed that the 26 kDa component is residues 2-218 of
N-tube, and that the 13 kDa components consist of residues
24-140 and 26-140 of N-pelle. Proteolysis does not affect
the integrity of the complex as the death domain core
fractionates as a single peak in gel filtration (Figure 4B).

Analysis of the Tube/Pelle Interaction Using Surface
Plasmon Resonance (Biacore) Measurements.We have
studied the binding of N-tube and N-pelle using surface
plasmon resonance. In these experiments, N-pelle was bound
to the chip and the binding of N-tube was analyzed.
Equilibrium responses for various concentrations of analyte
were estimated from the sensorgrams, an example of which
is shown in Figure 5a, and plotted against N-tube concentra-
tion (Figure 5b); this enabledKd andRmax to be estimated

FIGURE 5: Binding of N-tube to immobilized N-pelle. (A) Sen-
sorgrams obtained by injecting N-tube at a range of concentrations
were overlaid, and the association phase of each sensorgram was
fitted to a double-exponential model to obtain an estimate of the
equilibrium response,Req. (B) The estimatedReq values were plotted
against the concentration of injected N-tube, to obtain an estimate
for the equilibrium dissociation constant,Kd, by fitting to eq 3.
Data shown here is from the first batch of N-tube injections.
Approximate concentrations (µM) of injected N-tube were 0.16,
0.32, 0.65, 0.98, 1.30, and 1.62.

FIGURE 6: Sedimentation velocity centrifugation of N-tube and
N-pelle. Absorbance scans at 280 nm of sedimentation velocity
runs for N-tube (top panel), N-pelle (middle), and an approximately
equimolar mixture of N-tube and N-pelle (bottom).
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by nonlinear regression. This yields a meanKd of 3.2 µM
(with mean SD of 0.63µM, n ) 4). Kinetic analyses were
also performed and this suggests that there may be two
separate components in the binding, withKd values of 1.7
and 0.8µM (see Supporting Information).

Analytical Ultracentrifugation.N-tube and His-N-pelle
death domain preparations have been studied by AUC both
separately and as complexes. Representative sedimentation
velocity scans are shown in Figure 6. They are smooth,
sigmoidal curves, suggesting that the solutions consist of
either a single, homogeneous species, multiple species with
very similar sedimentation coefficients, or a rapid monomer-
dimer equilibrium (41). Taken together with the gel filtration
results andg(s* ) plots, these data suggest that the solutions
are monodisperse. Furthermore, the molecular weights of
N-tube and N-pelle estimated on the basis of their sedimen-
tation and diffusion coefficients, as determined from the
sedimentation velocity data using either the SVEDBERG or
the g(s*) analyses, are reasonably close to those expected
on the basis of their known sequence and from the
sedimentation equilibrium results (this is known not to be
such an accurate method and very close matches are not
expected); this supports the above conclusions and provides
a check on the internal consistency of the analysis.

The SV scans were fitted to a one-species model using
the SVEDBERG program (29, 30), which gave the sedi-
mentation coefficients,s* and, after conversion using SEDN-
TERP,s20,w values, as shown in Table 2. Both N-tube and
N-pelle have similars20,w values, but the N-tube/N-pelle
mixture has a significantly greater sedimentation coefficient,
consistent with the formation of a heteromolecular complex
upon mixing the two proteins, as seen in the gel filtration
experiments reported here.

A simple analysis of the shape of the molecules in each
case was performed by modeling the proteins as prolate
ellipsoids; the axial ratios of such ellipsoids, which were
calculated using thes20,w values and the mass of the protein,
are shown in Table 2. The hydration ratio (w) was taken to
be 0.4, which falls within the range typical for proteins and
is also close to the value estimated by SEDNTERP. For such
shape analysis, the N-tube/N-pelle mixture was considered
as a 1:1 heteromeric complex, evidence for which comes
from the sedimentation equilibrium experiments. Such
analysis, which indicatesa/b axial ratios significantly greater
than 1, suggests that the N-tube and N-pelle death domains
may have a somewhat elongated shape.

Results of globally fitting the various equilibrium scans
to an ideal, monodispersed model, to obtain weight-average
molecular weights, and to a monomer-dimer model to
estimate the N-tube/N-pelle dissociation constant, are shown
in Table 2; the density of the solvent was taken as 1.01 g/mL.
For both N-tube and N-pelle, the molecular mass (Mr)
obtained is close to, although slightly greater than, their
calculated monomer weights. Molecular masses were also
estimated by MSTARA (data not shown), which has
advantages over the simpler type of analysis performed by
NONLIN (33) in that it takes into consideration the full
distribution of macromolecular solute from meniscus to cell
base. These were in general consistent with those obtained
from NONLIN, although they also gaveMr values somewhat
higher than the monomer, which could suggest that a small
amount of association is taking place, detected at the cell
base and consistent with initial scans from sedimentation
velocity which showed∼3-4% of fast-moving aggregate.
However, there is, overall, no compelling evidence of higher-
order self-association of either protein, and fitting the data
as a monomer-dimer did not significantly improve the fit.
A striking difference in Mr is seen, however, in cells
containing the N-tube/N-pelle mixture, from both MSTARA
and NONLIN analyses. SuchMr values are consistent with
the formation of an N-tube/N-pelle heterodimer. The equi-
librium constant for the N-tube/N-pelle association was
obtained from global fitting, yielding aKd of approximately
0.4 µM, consistent with that obtained from ITC analysis.

Isothermal Titration Calorimetry of Complex Formation
by Tube and Pelle Death Domains.As a complement to the
SPR and AUC studies, the interaction between N-tube and
N-pelle was characterized using isothermal titration micro-
calorimetry (ITC), which measured the enthalpy changes that
occurred when a solution of N-pelle was injected into a
solution of N-tube. As for AUC, this technique has the
advantage over SPR that it is a true solution technique. ITC
experiments provide an independent check on the values
obtained for theKd and stoichiometry of the interaction
through AUC, both these values being useful in the inter-
pretation of the SPR studies. ITC data were consistent with
exothermic single-site binding withN ) 1.25 ((0.05), Kd

) 0.64 ((0.06) µM and ∆H ) -59.8 ((2.1) kJ mol-1.
Fitting to a two-site model, with different affinities, gave
no significant improvement.

ITC was also used to look for evidence of N-tube or
N-pelle self-association, by looking for heat effects upon
dilution into buffer. Sequential 10µL injections of N-tube
(180 µM) or N-pelle (114µM) into buffer, corresponding
to 140-fold dilutions, gave no significant heat effects (data

FIGURE 7: Interaction of N-tube and N-pelle measured by ITC.
(A) Heat pulses generated in the microcalorimeter as a result of
the individual injections of N-pelle into a sample cell containing
N-tube. (B) A plot of the integrated heats for each injection, and a
best-fit curve generated by nonlinear curve fitting to a simple single-
site model, from which theKd, ∆H and stoichiometry can be
determined.
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not shown). Consequently, there is no evidence for oligomer
association over this concentration range with either protein.

DISCUSSION

In this paper, we present the first detailed biochemical
analysis of death domain interactions. We have shown that
two point mutations in tube (tub2, tub3), which inactivate
the Toll signaling pathway in the embryo, substantially
decrease the binding of N-tube to the regulatory region of
pelle kinase. This indicates that physical association of tube
and pelle in response to receptor activation is likely an
essential step in signal transduction by Toll receptor.
Alignment of the tube and pelle death domains with those
of known structure suggests that the tub2 and 3 mutations
lie in the region of the fifthR-helical segment and cause a
charge reversal (E140K) and substitution of a hydrophobic
for a charged amino acid (V129D). This suggests that the
binding of the death domains might involve both hydrophobic
and electrostatic interactions. However, it should be noted
that the tube death domain is quite atypical, with an insert
of 35 amino acids between the third and fourth helical
segments (see Figure 1). Thus, tube may adopt a somewhat
different overall fold to that of known death domain
structures.

In light of the two hybrid data, we have expressed proteins
including the death domains of tube and pelle. These proteins
are monomeric in solution but when mixed together form
heterodimeric complexes, consistent with the interactions
observed in the 2-hybrid experiments. Partial proteolysis of
this material reveals a stable, core death domain complex, a
result which confirmed that these sequences mediate specific
binding between the two molecules.

Analysis of complex formation by SPR gives aKd for the
interaction larger than that obtained from the ultracentrifu-
gation and microcalorimetry experiments. This is perhaps
to be expected, since the covalent immobilization of N-pelle
could have impaired its ability to bind to tube; a weaker
binding in such SPR experiments, compared with solution
techniques, is often observed (see, e.g. refs26 and 42). It
may also reflect the fact that, as a result of the immobilization
procedure, there may be multiple populations of N-pelle on
the chip surface, each with a different ability to bind N-tube,
and so theKd obtained may be a weighted average of these.
In this regard, it may be significant that kinetic analysis
produces a second affinity much closer to those of the other
two techniques.

The sedimentation velocity results are consistent with the
gel filtration data in showing the N-tube and N-pelle
preparations to be monodispersed. These experiments also
show that N-tube and N-pelle, if modeled as prolate
ellipsoids, have axial ratios (a/b for an equivalent prolate
ellipsoid) significantly greater than 1, suggesting the mol-
ecules may be asymmetric. The predicted axial ratio for the
N-tube/N-pelle mixture is not significantly greater than that
for either N-tube or N-pelle, which suggests the proteins may
associate in a side-to-side fashion, rather than end-to-end.
However, it should be borne in mind that the relatively high
a/b values could also be due to large flexible loops or
disordered N- or C-termini, as is suggested may be the case
for the protein MKd5-AGRP (43). Indeed, evidence that there
may be a significant disordered region in N-tube, and perhaps
more so in N-pelle, comes from the partial proteolysis
studies, in which a large part of each protein is cleaved off,
perhaps because it is rather disordered. Analysis of sedi-
mentation equilibrium scans yields molecular weights con-
sistent with the formation of an N-tube/N-pelle 1:1 het-
erodimer; further analysis in terms of a monomer-dimer
equilibrium yields aKd for this interaction which is similar
to that obtained from ITC (although the ITC-determinedKd

is more reliable; see Supporting Information) and, as may
be expected, is apparently somewhat tighter than the as-
sociation as measured in the SPR assay. N-tube or N-pelle
homodimerization, if it occurs, will be weak, but it may
nevertheless be physiologically relevant, since concentrations
at the plasma membrane, where these proteins are believed
to localize, at least temporarily, to transduce the Toll signal
(see, e.g., refs44), may be high enough to favor dimerization.
Indeed, recent work (45a) suggests that such a mechanism
may play a role in certain signal transduction pathways, and
recent results suggest that oligomerization of tube and of
pelle may be important in Toll-mediated signaling (45b);
control of Toll signaling through the dimerization of pelle
was also suggested in ref45c. However, yeast two-hybrid
experiments have failed to detect any pelle self-association
(19), although, perhaps under the conditions used in this
assay, the phosphorylation state of pelle was such that it
precluded self-interaction [much as autophosphoryl-
ation of pelle abolishes its interaction with Toll and Tube
(45c)]; tube self-association has not been studied in such
experiments- such study is difficult because tube itself acts
as a transcriptional activator in yeast (14, 19; J.H.W.,
unpublished results).

Table 2: Results of Analytical Ultracentrifugation Studies on N-tube, N-pelle, and N-tube/N-pelle Complexes

physical property N-tube N-pelle N-tube/N-pelle

sedimentation velocity data
s* (S)a 1.182 (1.181, 1.182) 1.230 (1.229, 1.231) 1.703 (1.702, 1.704)
s20,w (S) 1.9 2.0 2.8
f/fo 1.8 1.6 1.9
a/b ratiob 9.5 7.0 11.5

sedimentation equilibrium data
Mr (calcd) (kDa) 27.8 25.4 53.2c

Mr (“ideal” fit) (kDa)a 31.8 (30.4, 33.2) 27.6 (25.6, 29.8) 51.3 (48.7, 53.9)d

Kd for monomer-dimer (µM)a 0.37 (0.15, 0.93)e

a 95% confidence intervals for the fitted values are indicated in brackets.b Values shown were calculated using SEDNTERP; similar values were
obtained using ELLIPS1.c Calculated for a 1:1 N-tube/N-pelle heterodimer.d Calculated using vbar for a 1:1 N-tube/N-pelle heterodimer.e Calculated
from a global fit of the 12 useable tube/pelle equilibrium scans; the value ofσ used to define the “monomer” in the NONLIN fit was determined
using the mean mass of N-tube and N-pelle, and the mean vbar for these two monomers.

Complexes of Tube and Pelle Death Domains Biochemistry, Vol. 38, No. 36, 199911731



The ITC results are consistent with those from AUC
experiments; both are consistent with 1:1 complexation of
N-tube and N-pelle under these experimental conditions,
when uncertainties regarding protein activity are taken into
account. ITC data are usually the more reliable indicators
of binding stoichiometry, provided accurate concentration
estimates are available, but these cannot take account of the
possible effects of inactive or misfolded protein impurities.
The latter seem unlikely in this case since gel filtration
experiments on similar preparations gave no indication of
“incompetent monomers”. More likely this reflects the
inherent uncertainties attached to computed molar extinction
coefficients (46, 47).

The results reported here suggest that the interactions
mediated by death domains are relatively weak but very
similar to affinities determined by similar techniques for other
motifs involved in postreceptor signaling, for example SH2
domains (48). This finding is consistent with their function
in reversible protein-protein interaction and the formation
of postreceptor ternary complexes. At present there are no
structures of death domain complexes, but mutagenesis
studies with the TRADD domain in particular (49) suggest
widespread sites, mainly confined to inter helix loops,
contribute to homo- and heterotypic binding. One of these
regions is the loop between helices 5 and 6 and it may be
significant that the inactivating mutation V129K in tube may
lie in the corresponding region of the tube death domain.

The biochemical analyses presented here suggest that the
N-tube/N-pelle core complexes should be amenable to
structural studies either by X-ray crystallography or NMR
techniques. Such studies will allow the exact nature of death
domain interaction to be determined and would provide
further insights into how these are regulated in the context
of Toll receptor activation.
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