J Biomol NMR (2007) 39:337-342
DOI 10.1007/s10858-007-9198-y

NMR STRUCTURE NOTE

The NMR structure of the TRADD death domain, a key protein

in the TNF signaling pathway

Désirée H. H. Tsao - Wah-Tung Hum -
Sang Hsu - Karl Malakian * Lih-Ling Lin

Received: 9 August 2007/ Accepted: 18 September 2007 / Published online: 9 October 2007

© Springer Science+Business Media B.V. 2007

Biological context

Tumor necrosis factor (TNF) is a member of a superfamily
of cytokines that consists of more than 20 structurally
related transmembrane and soluble proteins, which play a
crucial role in various biological events by recruiting sev-
eral intracellular adaptors, thus activating multiple signal
transduction pathways (Wajant et al. 2003). TNF-« is a
homotrimer produced by activated macrophages, and sig-
nals through two distinct cell surface receptor subgroups,
TNFR1 and TNFR2. The cytoplasmic domain of these two
receptors initiate intracellular events, with TNFR1 being
the dominant receptor for TNF. The binding of TNF-u to
TNFRI triggers a series of intracellular events, involving
many proteins which will recruit key enzymes to TNFR1
that are responsible for initiating signaling events, which
leads to either apoptosis or activation of two transcription
factors, NF-kB and AP-1. The cytoplasmic region of
TNFRI1 contains the death domain (DD) sequence, which
forms a trimer upon formation of the TNF complex with
TNFRI1, recruiting other DD containing proteins such as
TRADD (TNF receptor-associated DD), the adaptor pro-
tein RIP (receptor-interacting protein), and FADD (Fas-
associated DD). These protein interactions occur mostly
through their common domain, the DD, comprised of ~90
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amino acids, with low (~30%) sequence homology. The
DD superfamily is comprised of several subfamilies: DD,
caspase recruitment domain (CARD), death effector
domain (DED) and pyrin domain (PYR). So far, about 86
proteins have been identified in humans (Park et al. 2007).

The adaptor protein TRADD is a multifunctional
34 kDa protein that is recruited to TNFR1 upon ligand
binding. It contains two separate domains, allowing it to
bind to several protein partners and participate in different
signaling pathways (Hsu et al. 1996). The C-terminal of
TRADD contains a DD which is a central component in
signaling for TNFR1 stimulation (Hsu et al. 1996). The DD
of TRADD is recruited to TNFR1 through homotypic DD
interactions, which then promotes subsequent binding to all
other signal transducers. TRADD DD can associate to the
death domains of TNFR1 and RIP (Hsu et al. 1996), while
the N-terminal of TRADD interacts with TRAFs (TNF
receptor associated factors), leading to NF-kB and MAP
kinase activation.

The signaling events generated from TNFR1 upon ligand
binding ultimately result in the inflammatory and immuno-
logical responses. These responses contribute to both
physiological homeostasis and can lead to inflammatory
diseases when TNF-« is overproduced. While the role of
TNF-o in inflammatory diseases such as rheumatoid arthritis
is clinically validated by several anti-TNF therapies, the
question of how it triggers these specific signaling responses
from TNFR1 by the complex array of signaling proteins
remains to be fully understood. Many investigations have
focused on understanding the mechanism by which these
protein—protein interactions occur, including structural
studies of proteins in the TNFR1 pathway. The three
dimensional structure of the FAS DD (Huang et al. 1996),
FADD DD (Carrington et al. 2006), TNF DD (Sukits et al.
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2001), among others, have been solved, and they all display a
six-helix bundle structural fold, but with varied helix length
and orientations. The surface features of the DD also vary,
which could explain their different binding partners.

Here, we present the structure of human TRADD DD
solved by NMR. The structure is composed of a six helix
bundle similar to other DD, and its surface shows large
positive and negative patches. The existing mutagenesis
data (Park and Baichwal 1996; Sandu et al. 2005) is also
compared with the current structure, in an effort to shed
light into how these domains, and TRADD DD in partic-
ular, recognize their partners.

Methods and results

The DNA sequence containing residues 196-301 of
TRADD and a C-terminal HIS tag was amplified by PCR
and cloned in PRSETb. The sequence was confirmed by
sequencing analysis. TRADD DD was expressed in BL21
E. coli cells with either '"NH,SO,4 (2 g/1) or "’NH,4SO, and
BCeglucose (2 g/l), and the protein was purified as
described in Tsao et al. (2004).

All NMR spectra were collected on a 600 MHz Bruker
Avance spectrometer at 25°C. The NMR data was pro-
cessed with NMRPipe (Delaglio et al. 1995) and analysed
with PIPP and STAPP (Garrett et al. 1991). For the back-
bone assignments, HNCACB and HN(CO)CACB
experiments were performed. To confirm the type of amino
acid assignment, C(CCO)NH-TOCSY (Grzesiek et al.
1993) was used. Side chain resonances were assigned from
the following experiments: H{CCO)NH-TOCSY (Grzesiek
et al. 1993) for the '>N/"3C sample in 90% H,0, 10% D,0,
and HCCH-TOCSY for the '>N/'3C-labeled sample in
D,0, and "°N- edited TOCSY-HSQC with the uniformly
labeled "N protein. Stereospecific assignments for
f-methylene protons and chil angles was obtained from
the HNHB and '°N-NOESY-HSQC with a mixing time of
40 ms. Stereospecific assignments of methyls in Leu resi-
dues were obtained from the 3D '>C-'°C long range
correlation (Bax et al. 1994), together with intra residue
NOE intensity.

Distance restraints were obtained from '°N-edited
NOESY at 40 ms and 120 ms, and '*C-edited NOESY at
94 ms experiments. Due to the high overlap of methyl
resonances, the methyl-methyl NOE experiment with
100 ms mixing time (Zwahlen et al. 1998) was also per-
formed for the identification of NOEs in the methyl region.
Hydrogen bond restraints were obtained by analyzing a
'"H-'>N HSQC of TRADD DD by identifying slowly
exchanging amide protons in a sample originally in H,O
exchanged into D,O (~2 h exchange time). The HSQC
showed signals from residues that are well protected. The
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restraints used are consistent with the observed NOESY
crosspeaks as well as the values obtained for *J"N"H* Phj
angle restraints were obtained by measuring the *JHN-H*
coupling constant from the HNHA experiment (Vuister and
Bax 1993). Residues with *J"NH* < 6.5 were constrained
to —60° + 30° in XPLOR calculations. Psi angles were
obtained from TALOS predictions and only values with a
score of 9 and 10 were used, for residues that have an
experimentally determined Phi angle. Structures were cal-
culated with a distance geometry/simulated annealing
protocol of XPLOR 3.851, adapted to incorporate sec-
ondary "*Co/'>Cp chemical shift and a conformational data
base potential for the non-bonded contacts derived from
high resolution x-ray structures (Kuszewski et al. 1996),
with 1206 non redundant proton/proton distance restraints,
34 hydrogen bond distance restraints, 71 phi, 66 psi, 34
chi; and 8 chi, restraints. A summary of the statistics
obtained is summarized in Table 1. The NOE distance
restraints were categorized as strong (1.8-2.5 A), medium
(1.8-3.3 A) and weak (1.8-5.0 A).

Discussion and conclusion

The structure of TRADD-DD consists of a tightly packed
arrangement of alpha helices in an anti-parallel fashion.
Figure la displays the average minimized structure of
TRADD-DD. The overlay of the 25 lowest energy
structures is shown in Fig. 1b. The rmsd for the backbone
atoms for residues 216-301 is 1.11 A for all heavy atoms
and 0.54 A for structured regions. Table 1 summarizes
the structural statistics for the ensemble of 25 structures.
The N (residues 195-215) and C (residues 302-312)
terminus are disordered, and there are six o-helices which
form the canonical anti-parallel six helix bundle, charac-
teristic of the DD superfamily. Helices 1 (L216-S225) and
4 (L261-E276) are on one side of the protein and helices
2 (K229-G240) and 5 (L282-E291) on the other side.
Helix 3 (A248-R258) is located at the bottom of the helix
bundle, while helix 6 (T295-L301) sits on top of the
bundle. The helices are joined by short loops, and resi-
dues from all six helices contribute to the formation of the
hydrophobic core.

To date, there are in total seven isolated DD structures
solved (TNFR-1, FAS, FADD, P75 NGFR, IRAK4,
RAIDD and Pelle. For references, see Park et al. 2007).
The sequence identity between TRADD DD and the other
DDs is low, varying between 16.9 (P75 NGFR) and 23.4%
(TNFR-1). Despite this low identity, all DDs possess six
helices. The size of the helices varies for each DD, but the
overall arrangement of the six helix bundle is similar, with
small variations on their relative positions. In fact, by
superimposing the Ca atoms that compose the helical core,
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Table 1 Structural statistics and rmsd for the 25 NMR derived structures for TRADD-DD

Structural statistics

R. m. s. deviation from experimental distance restraints A

All (1206)
Intraresidual (369)
Sequential (341)
Short range (285)
Long range (211)

R.m.s. deviation from experimental
torsional angle restraints (degrees)

® (71), ¢ (66)", 111 (34), 72 (8)

R.m.s. deviations from experimental 13C shifts (ppm)
13Cu (110)

13CpB (110)

R.m.s. deviation from idealized covalent geometry
Bonds (A)

Angles (°)

Impropers (°)

Ramachandran plot

Most favorable region

Additionally allowed region

Generously allowed region

Cartesian coordinate r.m.s. deviation (A)

Backbone

Heavy atoms

0.021 = 0.001
0.010 = 0.002
0.016 = 0.001
0.022 = 0.003
0.028 + 0.003

0.33 £ 0.05

1.03 + 0.04
1.14 £ 0.03

0.003 = 0.0001
0.45 = 0.007
0.32 + 0.001

943+ 1.5
5.7 +0.8
0

Secondary structure

0.51 = 0.07
1.07 £ 0.10

Residues (216-303)
0.54 + 0.07
1.11 £ 0.10

The distance restraints were used with a square-well potential (Fnoe = 30 kcal mol™ A, Medium-range NOEs are observed between protons
separated by more than one and less than five residues in sequence. Long-range NOEs are observed between protons separated by five or more
residues. No distance restraint was violated by more than 0.30 A in any of the final structures. Hydrogen bonds were included as distance
restraints and given the bounds of 1.8-2.3 A (H-O) and 2.8-3.3 A (N-O). The torsional restraints were applied with a force constant of 200 kcal
mol™" rad (+30°) and no torsional restraint was violated by more than 5° in any of the structures. Psi angle restraints were obtained from
TALOS (Delaglio 1997). Only values that had a score of 9 or 10 were used for residues that also had a Phi angle from the HNHA experiment.
The carbon chemical shift restraints were applied with a force constant of 0.5 kcal mol™! ppm’Z, A conformational database potential based on
the populations of various combinations of torsion angles observed in a database of 70 high-resolution (1.75 A or better) X-ray structures was
used, with a force constant of 1.0 (Kuszewski et al. 1996). The program PROCHECK was used to assess the quality of the structures. The
precision of the atomic coordinates is defined as the average rms difference between the 25 final calculated structures and the mean coordinates.

The backbone atoms comprise of N, Ca, C' and O atoms

Fig. 1 Structure of TRADD
DD. (a) Ribbon representation
of the minimized average
structure. (b) Stereo view
showing the backbone and side
chains of 25 superimposed
structures (residues 214-304).
The unstructured N and C
termini are not shown
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an rmsd range of 1.8-2.0 A is observed between TRADD
DD and TNFR1 DD, FAS DD and FADD DD.

Most of the hydrophobic residues are packing the core
of the protein, except for L216, F254, the prolines at the
N-terminal (P196, P197, P198) and L311 and A312 at the
disordered C-terminal. Similar to the other death domains,
there are several charged residues, and the biggest posi-
tively charged cluster is around helix 3. Figure 2a and b
shows the patches on the surface on TRADD. A large
positively charged patch is formed by seven arginines and
lysines on one side of the protein (Fig. 2a), comprising of
residues from helix 3, and the loop between helices 3 and 4
(K229, R231, R232, R235, R239, R242, R245). Three
glutamic acid residues from helix 5 (E287, E290, E291)
form a negative charged region adjacent to the positive
patch. These charged patches on the surface of TRADD
DD have been observed in other DD as well (Sukits et al.
2001; Huang et al. 1996; Carrington et al. 2006). Since the

Fig. 2 Surface representation
of TRADD DD. (a)
Electrostatic surface potential
with basic residues shown in
blue and acidic residues in red.
(b) Electrostatic surface as in
(a), with a rotation by 180°
along the X axis. (c¢) Residues of
TRADD DD which were
mutated in Sandu et al. 2005,
highlighted in yellow on the
surface (same orientation as
(a)). These mutants failed to
associate with FADD DD. (d)
Residues of TRADD DD which
were mutated in Sandu et al.
2005, highlighted in yellow on
the surface (same orientation as
panel (b)). These mutants failed
to associate with TNFR-1 DD.
All figures and electrostatic
calculations were made using
the program PyMOL
(http://www.pymol.org)
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surfaces of many DD are highly charged, these patches
have been proposed to be potential sites of interaction
between the DDs.

In an effort to elucidate which parts of DD proteins are
involved in self-association and protein/protein associa-
tions, many mutational studies have been performed on
several proteins of this class, including TRADD DD (Park
and Baichwal 1996; Sandu et al. 2005). An alanine scan
was performed on TRADD DD (Park and Biachwal 1996),
as an attempt to dissect the various binding activities of
TRADD. Thirty-three mutants were generated, where 3—4
contiguous amino acids were mutated to Alanine along the
TRADD DD sequence (aa 195-305). The authors find that
the binding activity of TRADD DD (self association and
binding to TNFR-1 DD) was reduced for residues mutated
over the entire DD, leading to the conclusion that there
were no specific regions on TRADD DD that were
responsible for TRADD DD multimerization or binding to

E291 9
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TNFR-1, but rather, the whole protein was important for
function. In addition, the mutants were also evaluated for
their ability to activate NF-kB, and many mutants did not
activate NF-Kb. Similar to the mutant binding activity
results, there was no correlation between NF-Kb activation
and the location of the mutations along TRADD DD
sequence.

This mutational analysis performed on TRADD DD was
very comprehensive and encompassed the full sequence of
the DD. It was concluded from this study that the TRADD
DD functions as a whole for the different activities, and no
discrete region of the protein was responsible for any
particular function. Care must be taken in interpreting the
mutation results, as many mutant proteins could have lost
activity because the structure of the protein may no longer
be intact. Mutations that were found to retain the most
activity are located at either the N or C termini of the
protein or in non-structured regions. Many residues that
were mutated along TRADD DD sequence were residues
that form the hydrophobic core of the protein, and this
would likely result in disruption of the structural integrity
of the protein, thus leading to the lack of activity. Residues
such as V226, L.228, W230, V233, L237 are among many
that were mutated and are crucial in maintaining the pro-
tein fold.

More recently, selective mutation studies on DD, which
includes TNFR1, FADD and TRADD, along with pull-
down binding assays, have suggested that TRADD DD
uses the same surface to interact with the DD of FADD and
TNFR1 (Sandu et al. 2005). Out of the 28 TRADD DD
mutants made, five (D246R, E255R, F266E, Q267A,
R278A) completely lost binding activity towards full
length FADD. They fall on one side of TRADD DD
(Fig. 2¢), suggesting that this surface is responsible for
binding to FADD. Based on our structural work, residues
F266 and Q267 are involved in a small network of inter-
actions with other residues in the protein, suggesting they
are crucial for the structural integrity of TRADD DD.
Mutation of these residues would likely impact the overall
folding of the protein. D246R, E255R and R278A muta-
tions have a much lower impact on the overall protein
structure, as these side chains are completely exposed and
thus accessible for interactions with FADD DD.

Six TRADD DD mutants affected binding to TNFR1
DD, including the same residues that affected interactions
with FADD, D246R, F266E and Q267A. The structure of
TRADD DD shows that possibly only D246R could be
important for binding, as this residue is completely
exposed, thus available to form interactions. Three other
TRADD DD mutants which also disrupted the interaction
with TNFR1 DD are Q220E, R224E and A275A (Fig. 2d).
The side chain of R224 extends outwards on the surface
(Fig. 2a, d), near the large positive charged patch.

Interestingly, mutations of charged residues located on this
surface of TRADD DD (Fig. 2a) had no or minimal effect
on the binding to TNFR1 and FADD, as observed for six
mutations located in helices 2 and 6 (R231A, R235A,
E290R, E291A, N292D, E293R and E299A). This suggests
that the majority of positive and negative surfaces on
TRADD may not play an important role in protein asso-
ciation. It is possible that these sites may be involved in the
interaction with a yet unidentified protein. Progress con-
tinues to be made towards unraveling the different modes
of interactions between the death domains, but additional
biochemical and structural studies are needed to elucidate
what drives these domains to engage in these protein/pro-
tein interactions as well as understanding the molecular
basis of these interactions.
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