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Summary

The tumour necrosis factor receptor superfamily (TNFRSF) members contain cysteine-rich
domains (CRD) in their extra-cellular regions, and the membrane-distal CRD-1 forms
homologous interactions in the absence of ligand. The CRD-1 is therefore termed a pre-
ligand assembly domain (PLAD). The role of PLAD-PLAD interactions in the induction of
signalling as a consequence of TNF-TNFR binding led to the development of soluble PLAD
domains as antagonists of TNFR activation. In the present study, we generated
recombinant wild-type (WT) PLAD of TNFR1 and mutant forms with single alanine
substitutions of amino acid residues thought to be critical for the formation of homologous
dimers and/or trimers of PLAD (K19A, T31A, D49A, D52A). These mutated PLADs were
compared to WT PLAD as antagonists of TNF-induced apoptosis or the activation of
inflammatory signalling pathways. Unlike WT PLAD, the mutated PLADs showed little or no
homologous interactions, confirming the importance of particular amino acids as contact
residues in the PLAD binding region. However, as with WT PLAD, the mutated PLADs
functioned as antagonists of TNF-induced TNFR1 activity leading to induction of cell death
or NF-kB signalling. Indeed, some of the mutant PLADs, and K19A PLAD in particular,
showed enhanced antagonistic activity compared to WT PLAD. This is consistent with the
reduced formation of homologous multimers by these PLAD mutants effectively increasing
the concentration of PLAD available to bind and antagonise WT TNFR1 when compared to
WT PLAD acting as an antagonist. This may have implications for the development of
antagonistic PLADs as therapeutic agents.
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Introduction

Tumour necrosis factor (TNF), and other members of the TNF superfamily of cytokines
and membrane proteins (TNFSF), play major roles in immunological and other biological
processes. Their effects are mediated by binding to cell surface members of the TNF-receptor
super-family (TNFRSF), thereby inducing the activation of intra-cellular signalling pathways.
Evidence indicates that TNF itself, and other members of the TNFSF, function as trimers that
bind to three copies of the corresponding receptors [1-4]. The TNFRSF members contain
cysteine-rich domains (CRD) in their extra-cellular, ligand-binding regions, and the membrane-
distal CRD-1 forms homologous interactions in the absence of ligand to form receptor
complexes. The CRD-1 is therefore termed a pre-ligand assembly domain (PLAD), which is
known to function in TNFR1 and TNFR2 [5], Fas [6, 7], TRAIL receptors [8, 9] and other
members of the TNFRSF (reviewed in [10]).

X-ray crystallography of LT-o (TNF-B) bound to TNFR1 by Banner et al. [1] revealed a
structure in which the TNF trimer is surrounded symmetrically by three copies of TNFR1, with
two adjacent TNF monomers binding to the CRD2/CRD3 regions of each TNFR1 chain. In
contrast, X-ray crystallography of TNFR1 in the absence of ligand by Naismith et al. revealed
receptor dimers with contacts in both CRD1 and CRD4 [11, 12]. This led Naismith et al. to
propose a model in which TNFR1 dimers cross-link TNF trimers. Several studies now support
this model of the basic signalling complex being three copies of TNFR1 bound to a TNF trimer
and aggregation of these trimeric complexes into higher order structures via homologous
dimeric PLAD-PLAD interactions between pairs of TNFRL1 in adjacent complexes [13-17]. It is
thought that the formation of these higher order complexes facilitates the activation of
signalling pathways by the TNFR1 cytoplasmic domains [18]. The same principles apply to
the ligand-receptor interactions and induction of signalling by other TNFRSF members,
including Fas [19] and TRAILR [17]. However, there is also evidence that TNFR1, TNFR2 [5]
and Fas [19] can form not only dimers, but also PLAD-dependent trimers and higher order

oligomers. This raises the possibility that homologous PLAD-PLAD associations can involve



different non-covalent interactions to generate dimer or trimer complexes (and possibly higher
order oligomers).

The role of PLAD-PLAD interactions in the induction of signalling as a consequence of
TNF-TNFR binding led to the development of soluble PLAD domains as potential antagonists
of TNFR activation. Indeed, the isolated PLAD of TNFR1 was shown to inhibit TNF-induced
apoptosis [20, 21] in vitro and to reduce pathology in animal models of
inflammatory/autoimmune diseases [20, 22, 23]. Small molecule inhibitors that interact with
PLAD have also been developed [24, 25].

The amino acid side-chains that form non-covalent interactions in PLAD-PLAD dimer
formation were defined within the crystal structure of the TNFR1 dimer by Naismith et al. [12].
Subsequently, Chan et al. used site-directed mutagenesis to probe contact residues involved
in PLAD-PLAD interactions in the context of the formation of TNFR1 trimers [5]. In the present
study we generated recombinant wild-type (WT) PLAD of TNFR1 and mutant forms with single
alanine substitutions of amino acid residues thought to be critical for the formation of
homologous dimers and/or trimers of PLAD. These recombinant mutated PLADs were then
compared to recombinant WT PLAD as potential antagonists of TNF-induced apoptosis or the
activation of inflammatory signalling pathways. As expected, some mutant PLADs gave less
inhibition of apoptosis or activation than did WT PLAD. However, other mutant PLADSs, that

could not self-associate, were more potent inhibitors than WT PLAD.

Material and methods.

Vector Design for Optimal Protein Expression

A DNA fragment encoding PLAD, the GST, Hiss tags, and a stop codon was designed in silico
using the Gene Designer version 2.0 (Utah State University, USA) and SnapGene software
version 2.6 (GSL Biotech LLC, Chicago, IL, USA). The correct open reading frame was
confirmed using the MacVector software. The Hisg tag was included at the N-terminus to allow

protein purification. The GST tag developed by DNA 2.0 (Gene Synthesis Services, Menlo



Park, USA) allowed for solubilisation of the protein without altering its function. Between the
GST sequence and the Bgl Il site at the start of the PLAD sequence, an enterokinase
sequence was added to allow cleavage of the native TNFR1 PLAD. A GGGS spacer was
added between the GST and PLAD sequences to allow independent folding of the two
proteins. To increase the protein over-expression, the designed sequence was sent to DNA
2.0 (Gene Synthesis Services, Menlo Park, USA) for synthesis of the codon-optimised
sequence (i.e. optimised for the preferred codon usage for expression in E. coli rather than
mammalian systems). The cloning was also performed by DNA 2.0 by inserting the gene into
the cloning cassette to form the full plasmid (Supplementary material 1, 2). Optimal protein
expression was achieved by using the vector pJExpress414 that contains a T7 promoter and

a lac repressor to control the expression of the WT PLAD. The pJExpress414-His-GST-WT
PLAD expression plasmid was designed to investigate if the plasmid could produce soluble

His-GST-WT PLAD.

Generating the Mutants

Mutagenesis was performed using a QuikChange® Lightning Site-Directed Mutagenesis Kit
(Agilent Technologies, Santa Clara, CA) to individually generate the mutants in the PLAD
domain of TNFR1. The FL TNFR1 WT entry clone and the pJexpress TNFR1 PLAD WT
expression clone were used as a templates for site-directed mutagenesis and a number of
individual single point mutations leading to the substitution of lysine-19 (K19), threonine-31
(T31), aspartate-49 (D49), or aspartate-51 (D51) with alanine (A) to generate K19A, T31A,
D49A, and D51A were introduced. The sequence of the mutagenic primers used were as
follows:

PLAD K19A sense 5-TGCGGGTGGATGTACGCACCTTGCGGGCAGAC-3’;

antisense 5'- GTCTGCCCGCAAGGTGCGTACATCCACCCGCA-3',



PLAD T31A sense 5- AACAGCATCTGCTGCGCCAAGTGCCACAAGG-3’;
antisense 5’- CCTTGTGGCACTTGGCGCAGCAGATGCTGTT-3’
PLAD D49A sense 5- CGGCAGTCGGTGGCTTGACCCGGAC -3’;
antisense 5- GTCCGGGTCAAGCCACCGACTGCCG-3
PLAD D50A sense 5- CGGGTCAAGACACCGCCTGCCGCTAGTAAAA-3’;
antisense 5- TTTTACTAGCGGCAGGCGGTGTCTTGACCCG-3’
To verify the presence of the introduced mutations, the coding sequence of the
selected K19A, T31A, D49A, and D51A mutant clones were sequenced along with the WT
using the WT primers as follows: PLAD WT sense 5’- TGGCGACCATCCTCCAAAAG -3’ and

PLAD WT antisense 5'- CAGTCGAAAGACTGGGCCTT -3

Overexpression, and Purification of WT and Mutant PLAD proteins

The four mutant over-expression plasmids generated were confirmed by sequencing. The five
pJExpress414 over-expression clones were subsequently transformed into E. coli BL21 (DE3)
cells using the standard transformation procedure and were fermented in fresh LB medium
supplemented with 100 pg/ml ampicillin, which were incubated at 37 °C with shaking at 180
rpm until the optical density at a wavelength of 600 nm (OD600) reached approximately 0.8.
Protein expression was induced by adding 1 mM IPTG (Invitrogen, Paisley, UK) and the cells
were further cultured for 17 h at 25 °C. The growth rate of BL21 was monitored after
transformation to investigate if the plasmids had any effect. The proteins were extracted from
the E. coli cells using a modified sonication method [208]. The cells were subjected to 3 cycles
of freezing at —80 °C and thawing at RT, and all following steps were carried out on ice or at
4 °C to minimise the risk of proteolysis. 200pl of phenylmethylsulphonyl fluoride (PMSF) were
added immediately before sonication to prevent protein degradation and contamination by
cysteine proteases. The samples were sonicated for 1 min at 8 um amplitude and then cooled
for 1 min, and this was repeated 6 times. The samples were centrifuged at 20,000 x g for 20

min at 4 °C. The supernatant containing the soluble protein was filtered through a sterile 0.45



pum filter before purification on a nickel column. The proteins were purified by Immobilized-
Metal Affinity Chromatography (IMAC) using an AKTA Prime LC system (GE Healthcare Life
Sciences, Buckinghamshire, UK) containing two 5-ml HITRAP Chelating HP affinity columns
(GE Healthcare Life Sciences). The purity of the protein samples was checked using sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and the protein
concentration was determined using a NanoDrop spectrophotometer. Western blotting was
used to detect the proteins of interest. The purified proteins were employed in bioassays as
the GST-PLAD fusion proteins: others have previously demonstrated that the antagonistic

biological activity of PLAD is present in GST-PLAD fusion products [20-22]

Neutralisation of TNF-Induced Cytotoxicity in L929 Cells

To test the putative protective properties of purified PLAD proteins (both WT and mutant), their
ability to inhibit TNF-induced cell death in L929 cells was evaluated. The L929 cells were
treated with 50 yl of different doses (300, 200, 100, 60, 50, 40, 30, 20, 10, 5, and 0 ug/ml) of
purified WT and mutant PLAD proteins and with 50 pl of actinomycin D (0.2 pg/ml), and
incubated for 2 h. Untreated control cells were incubated with 100 ul of DMEM instead of with
PLAD proteins. Then, the cells were incubated with 50 ul of TNF (500 pg/ml) for 18 h. Fifty
microlitres of fresh DMEM was added to the control cells. Cell death was evaluated by using
three different methods: MTT assay, annexin V-FITC/PI staining, and microscopic

examination.

o MTT Cell Viability Assay

Following 18 h of stimulation, the cell viability was measured using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazoliumbromide (MTT) method as previously described [26]. Briefly, 20
pl of MTT (Sigma-Aldrich, Poole, UK) in PBS (5 mg/ml) was added to each well and the
cultures were incubated for 4 h at 37 °C in the dark. Then, the medium was replaced with 150
pl of DMSO and the plates were shaken gently for 5 min. The optical density at 490 nm (ODuago)

of the cultures in each well was measured using a FLUOstar OPTIMA plate reader (BMG



Labtech, Ortenberg, Germany). Eight replicates per concentration were measured. A dose-
response curve is a plot of the response to treatment vs. the dose of the applied treatment.
Dose-response curves were generated from 8 measurements using GraphPad Prism 6
(GraphPad Software, La Jolla, CA, USA). To fit a sigmoidal curve, the concentrations were
log-transformed, then analysed by nonlinear regression curve fitting to generate the best-fit
values and to calculate the half maximal effective concentration (EC50). The data are

expressed as the mean £ SD.

e Annexin V-FITC/Propidium lodide (PI) Assay to Detect cell death

To evaluate death of the treated cells using flow cytometry, they were labelled with FITC-
conjugated annexin V and PI. The annexin V-FITC apoptosis detection kit (BD Bioscience,
Oxford, UK) was used according to the manufacturer’'s protocol. The stained cells were

detected using a FC500 flow cytometer (Beckman Coulter, High Wycombe, UK).

Investigating the Self-Assembly of WT and Mutant PLAD Proteins in

Solution and on the Cell Surface

In order to better understand the structure and spatial arrangement of purified PLAD proteins
(WT and mutants), diagonal SDS-gel electrophoresis was performed following the methods
described in [27]. Purified PLAD protein solution (0.5 mg/mL) was treated with 0.25mM
DTSSP (3,3'-dithiobis(sulphosuccinimidyl propionate)) in order to covalently crosslink
PLAD monomers within homologous oligomers. Thirty microlitres of the PLAD (at 0.5
mg/mL) were dissolved in 30 pl of (2x) Tris-glycine Native Sample Buffer (Novex®,
Invitrogen, Paisley, UK) without 2-mercaptoethanol. Samples were incubated for 15 min at
65°C, briefly centrifuged, and then applied to the top of a 12% precast Tris-glycine gel

(Novex®, Invitrogen, Paisley, UK). The first dimension of diagonal SDS-PAGE was



performed for 4 h at room temperature and constant voltage (80 V) using electrophoresis
buffer (190 mM glycine, 0.1% (w/v) SDS, 25 mM Tris-HCL, pH 8.8). The gel was then
carefully removed and washed with distilled water. After the first gel electrophoresis, the gel
was equilibrated in a buffer containing 2-mercaptoethanol in order to cleave the protein’s
disulphide bonds (converting them to monomers). This was achieved by placing the gel in a
glass test tube containing 25 mL of reducing buffer 50 mM Tris-HCL, pH 8.8, 1 % (w/v) SDS
and 3 % (v/v) 2-mercaptoethanol. The tube was then covered with parafilm and heated to
65°C for 15 min in a water bath. The gel was then equilibrated in a reducing agent-free
buffer to remove the 2-mercaptoethanol, since the presence of reducing agents may inhibit
the gel’s attachment to the second dimension gel. The reducing buffer was decanted and the
gel was equilibrated 3 times in 50 mL of equilibration buffer consisting of 50 mM Tris-HCL,
pH 6.8, and 1 % (w/v) SDS for a total of 45 min at room temperature with constant shaking.
The reduced and equilibrated first dimension gel was placed on the top of the second
dimension gel 1D 4%—20% Tris-glycine Gel (Novex®, Invitrogen, Paisley, UK). Any air
bubbles were removed and the cementing solution (1.5% (w/v) agarose, 25 mM Tris-HCL,
pH 8.8, 0.1% (w/v) SDS, 0.04% (w/v) bromophenol blue) was applied to the top of the gel to
guarantee proper bonding of the first dimension gel to the second dimension gel. After the
agarose was allowed to harden for 15 min, the gel was run using electrophoresis buffer (190
mM glycine, 0.1% (w/v) SDS, 25 mM Tris-HCL, pH 8.8) at a constant voltage of 80 V at
room temperature for 4 h. The experiment was conducted separately for the PLAD WT and
each of the mutants. Protein was detected using the Pierce Silver Stain Kit (Thermo

Scientific, Wilmington, DE, USA) following the manufacturer’s protocol.



Investigation of the Response of the NF-kB Signalling Pathway of SK-

Hep-1 Cells Treated with WT and Mutant PLAD Proteins

The human liver adenocarcinoma SK-HEp-1 cells (cell line 91091816) was obtained from
the Health Protection Agency Culture Collections (Wiltshire, UK) and these cells were used
at passage 4. They were treated with 100 pg/ml of either WT or mutant PLADs (K19A, T31A,
D49A, and D51A) for 2 h and stimulated with 10 ng/ml TNF at different time points (5 min, 30
min, and 18 h). Reverse phase protein array (RPPA) was performed essentially as
described previously [28]. The cells were lysed in RIPA lysis buffer containing phosphatase
and protease inhibitors (all from Pierce, Thermo Fisher Scientific, UK) for 30 min with
frequent shaking on ice to extract the protein, and the cell lysate for each condition was
printed separately on a nitrocellulose slide (Grace Bio-Labs, USA) using a Microarrayer
instrument (MicroGrid 610, Digilab, Marlborough, MA, USA). The primary antibodies specific
for NF-kB pP65 (rabbit monoclonal 93H1), plkB-a (rabbit monoclonal 14D4), plkB-B (rabbit
polyclonal L570), pRIP (rabbit monoclonal D813A), TRAF2 (rabbit polyclonal C192), A20
(rabbit monoclonal D13H3) (all from Cell Signalling Technology, Danvers, MA, USA) and (-
actin (rabbit polyclonal A2066, Sigma Aldrich, UK) were validated by western blot strips to
examine the suitability and specificity of the selected primary antibodies for RPPA (Fig. 1).
All of the tested primary antibodies were used (1:250 - 1:1000 in 5% BSA/0.1% TBS Tween
20) to probe the printed nitrocellulose slide for the protein of interest. Binding of the primary
antibodies was detected using LI-COR infrared secondary antibodies. These were 680 CW
(red) anti-mouse Ig antibody for detection of $-actin (normalisation protein) and 800 CW
(green) anti-rabbit Ig antibody to detect the protein of interest. The secondary antibodies
were applied at a final concentration of 1:5000 for 30 min at room temperature in the dark
and with gentle shaking. the slides were then scanned with a LI-COR Odyssey scanner
(Biosciences, Cambridge, UK) at 21 um resolution at 700 nm (red) and 800 nm (green). The
generated images were saved in the TIFF format and then processed with Genepix Pro-6

Microarray Image analysis software (Molecular Device Inc, Sunnyvale, CA, USA). This

10



processing step was performed to obtain fluorescence information for each feature and
create standardised Genepix results (GPR). Protein signals were determined after using
background subtraction and normalisation to $-actin. This was completed with the help of an
RPP analyser module within the R statistical language. The RPP analyser software (Lucent
Technologies, Swindon, UK) is available free of charge to the public as an R-packing in the
CRAN (http://cran.r-project.org/.) [29]. All statistical analyses were completed using
GraphPad Prism 6 (GraphPad Software, La Jolla, CA, USA) in order to compare the level of
protein expression of different signalling molecules. Two-way ANOVA was used to
investigate which of the different PLAD proteins were significantly different from each other

in expression.

Results and Discussion
Modelling key amino acid interactions in TNFR1 PLAD dimer and trimer

complexes

In order to identify which amino acid side-chains in TNFR1 PLAD are likely to form
key non-covalent interactions between the surfaces of adjacent PLADs in both the PLAD
dimers and trimers, physical models of three TNFR1 monomers bound to the TNFJ trimer
were generated by 3D printing using the atomic coordinates from the X-ray crystallography
performed by Banner et al. [1]. In silico modelling of the same structures using UCSF Chimera
1.1 software [30] was also performed. This modelling indicated that K19, T31, D49 and D51
are likely to be key residues involved in PLAD-PLAD interactions (figure 2A, B). In PLAD
dimers, K19 and T31 on one PLAD interact with D49 on the other PLAD (figure 2C, D); this
agrees with the interactions reported by Naismith et al. in the crystal structure of the parallel
TNFR1 dimer [12]. By contrast, in PLAD trimers, K19 and T31 on one PLAD interacted with
D51 and D49, respectively, on a second PLAD; and D51 and D49 on the first PLAD interacted

with K19 and T31, respectively, on a third PLAD (figure 2E, F). Thus, in both the dimeric and
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trimeric PLAD complexes, T31 and D49 on opposed surfaces interact. However, in the
trimeric complex, K19 and D51 on opposed surfaces interact (figure 2E, F) whereas, in the
dimer, K19 and D49 interact, and D51 appears to be just outside the surface of interaction
(figure 2E, F). The interaction of K19 with D49 or D51 at physiological pH is likely to be a
strong electrostatic interaction, whereas the interaction between T31 and D49 will be by
hydrogen-bonding.

The predicted effect of substituting alanine for any one of the four key interacting
residues K19, T31, D49 and D51, on homologous association in either the dimer or trimer
configuration is illustrated on Table 1. Furthermore, Table 2 shows the predicted effect of
these substitutions on the interaction of a mutated PLAD with one copy of WT PLAD (in the

dimer configuration), or two copies of WT PLAD (in the trimer configuration).

Design of a vector for the generation of recombinant WT TNFR1 PLAD

A DNA fragment encoding PLAD, a glutathione-S-transferase (GST) and a 6xHistidine
(Hiss) tags and a stop codon was designed in silico using the Gene Designer version 2.0 (Utah
State University, USA) and SnapGene software version 2.6 (GSL Biotech LLC, Chicago, IL,
USA) (figure 3). The correct open reading frame was confirmed using the MacVector software
Version 12.5 (MacVector Inc, Apex, NC. USA). The Hiss tag was included at the N-terminus
to allow protein purification. The GST tag developed by DNA 2.0 (Gene Synthesis Services,
Menlo Park, USA) allowed for solubilisation of the protein without altering its function. An
enterokinase cleavage sequence was included between the GST sequence and the Bgl Il site
at the start of the PLAD sequence. However, previous studies have shown that the
antagonistic biological activity of PLAD is retained in GST-PLAD fusion proteins both in vitro
and in vivo [20-22]; we therefore used the undigested GST-PLAD fusion proteins in the present
studies, as enterokinase digestion would have been both costly and time-consuming to
generate the amounts of each PLAD protein required for the subsequent experiments. A

GGGS spacer was added between the GST and PLAD sequences to allow independent
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folding of the two proteins. To increase the protein over-expression, the designed sequence
was sent to DNA 2.0 (Gene Synthesis Services, Menlo Park, USA) for synthesis of the codon-
optimised sequence. The cloning was also performed by DNA 2.0 by inserting the gene into
the cloning cassette to form the full plasmid. Optimal protein expression was achieved by
using the vector pJExpress414 that contains a T7 promoter and a lac repressor to control the
expression of the WT PLAD. The PLAD sequence represents amino acids 1-53 of the mature
TNFR1 sequence (the sequence is shown in figure 3B): this corresponds to amino acid

positions 30-82 of the full sequence including the 29aa signal peptide.

Generation of the Mutated PLAD Proteins

The PLAD mutants were generated using the pJExpress414-Hise-GST-WT PLAD
plasmid as template. The resulting constructs were named pJExpress414-PLAD-K19A,
pJExpress414-PLAD-T31A, pJExpress414-PLAD-D49A, and pJExpress414-PLAD-D51A.
The mutant plasmids were analysed on a 1% agarose gel, showing that all of the PLAD
mutants produced a band at the expected size of the pJExpress414-Hiss-GST-WT PLAD
plasmid (4943 bp). All four mutant pJExpress414 expression plasmids were sequenced along
with the pJExpress414 containing the WT PLAD. The results (Fig. 4) demonstrated that all the
sequences were of good quality within the analysed section and that the four mutants had the

correct, introduced changes, while no other alterations to the sequence were detected.

Overexpression, and Purification of WT and Mutant PLAD proteins

The pJExpress414-Hiss-GST-WT PLAD expression plasmid was designed with the PLAD
coding sequence under control of the lac repressor gene. The results (Fig. 5A) showed that
there was no discernible band for the un-induced cultures (lanes 2 and 3), suggesting that
there was no significant leaky expression. For the induced cultures (lanes 4 and 5) there was
a general increase in protein production, as indicated by the increase in the band intensities,

but there was also a stronger increase in the 35-kDa band of both the soluble and insoluble
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fractions, which corresponds with the expected MW of the fusion PLAD protein as calculated
from the primary sequence. This suggested that the WT PLAD was successfully produced,
and as a more intense band was observed in the soluble fraction (lane 5), the protein could
be purified form the soluble fraction without the use of denaturing conditions. To investigate
whether the WT PLAD fusion protein contained both the Hiss and GST tag, two-colour Western
blotting was performed. All the protein fractions (induced and un-induced, soluble and
insoluble) were separated by SDS-PAGE and subjected to Western blotting using specific
primary antibodies for both Hiss and GST. The results (Fig. 5B) showed that both colours,
corresponding to the Hiss and GST tags were detected, indicating that the tags were present
in the PLAD fusion protein. The protein had a MW of approximately 35 kDa, which is the
expected MW, confirming that the protein was correctly expressed.

PLAD mutant proteins were expressed using the same condition as the PLAD WT. Un-
induced cells were used as a control. The cells were lysed and centrifuged to separate the
soluble and insoluble fractions, which were analysed by SDS-PAGE. Both the soluble an
insoluble fraction of all the PLAD mutants yielded bands with the expected MW of 35 kDa (Fig.
5C). Similar to the WT PLAD, the largest amount of protein was expressed in the soluble form
in each case. These results suggested that the mutant PLAD proteins were successfully
expressed, and as bands were observed for the soluble fraction (lane 2 for K19A, lane 4 for
T31A, lane 6 for D49A, and lane 8 for D51A), the mutant proteins could be purified from the

soluble fraction without the need to use denaturing conditions.

Protein Purification

As the soluble cell fraction contained the largest concentration of the PLAD proteins,
this fraction was used for the protein purification. Purification of the WT and mutant PLADs
was carried out using IMAC with a nickel column to bind the Hises-tagged protein, and a
gradient of imidazole (0—100%) to elute the bound protein. The results of the protein elution

showed that 40% imidazole eluted the maximum amount of the desired protein. Once the
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IMAC protein purification was completed, each protein fraction was analysed using SDS-
PAGE to assess the protein purity and MW. The results (Fig. 6) showed that the soluble
fraction (lane 2) contained a large quantity of proteins of different sizes compared to the
insoluble fraction (lane 3), the majority of which did not bind to the column and was eluted in
the flowthrough (lane 4). Under mild conditions of ~40% imidazole, the PLAD protein released
from the nickel column (lane 5) as a relatively clean band at about 35 kDa corresponding to
the expected MW of PLAD, in the WT and each of the mutant samples. PLAD protein subject
to dialysis after elution (lane 6) yielded a band of similar size and intensity compared to the
eluted protein (lane 5), suggesting that the protein was not adversely affected by dialysis.
Overall, these results indicate that each of the PLAD proteins was successfully purified, and
that the IMAC purification was sufficient to produce a high-purity WT PLAD and mutants

proteins without the need for extra purification steps.

Analysis of PLAD Self-assembly by 2-dimensional SDS-PAGE

All PLAD proteins underwent gel electrophoresis in the first dimension, followed by reduction,
equilibration, and then electrophoresis in the second dimension. Proteins were detected by
silver staining (Fig. 7A), which revealed that the purified PLAD WT protein was capable of
forming dimers, trimers and other multimeric forms, as identifiable spots had molecular
weights of 35 kDa (monomeric), 70 kDa (dimeric), 105 kDa (trimeric), and 280 kDa (multi-
trimeric). This is consistent with previous reports of the multimeric interactions of TNFR1
PLAD [5] and Fas PLAD [19]. The PLAD mutants K19A and D51A (Fig. 7B and E) did not
appear to form dimers or trimers, as only one spot was visible at about 35 kDa in each case,
indicating that these mutated proteins were in a monomeric state. These observations are
mainly consistent with the predicted PLAD-PLAD interactions in Table 1. Thus, the K19A
mutant cannot form the K19-dependent electrostatic interactions in either the dimer or trimer
configurations. Similarly, the D51A mutant cannot form the predicted electrostatic interactions

in the trimer. However, the D51A mutation should not affect the dimer formation, although a
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spot of the appropriate size was not observed (Fig. 7E); we therefore propose that the D51A
mutation has allosteric effects on the conformation of the PLAD binding site that non-
specifically disrupts PLAD-PLAD interactions.

A monomer with a molecular weight of 35 kDa was detected for the PLAD mutants
T31A and D49A (Fig. 7C and D), and although a dimeric spot was not clearly detected for
these mutated proteins, a faint trimeric spot was reproducibly observed at about 105 kDa,
suggesting that these mutations do not fully inhibit the ability of PLAD to form trimers. These
observations are again mainly consistent with the predictions in Table 1: both the T31A and
D49A mutants can form the electrostatic interactions predicted in the trimer, consistent with
the weak trimer-sized spots observed (Fig. 7C, D). Although T31A is predicted to form
electrostatic interactions in the dimer (whereas D49A is not), the lower number of interactions
in the dimer (compared to the trimer) may mean that both the electrostatic and hydrogen-
bonding interactions are necessary for dimer formation to occur.

Overall, these results show that the mutations were in positions involved in PLAD
binding, which is an important finding for the validation of the PLAD-PLAD dimer and trimer

models.

Neutralisation of TNF-Induced Cytotoxicity in L929 Cells

To investigate the antagonistic activity of the synthetic purified WT and mutant PLAD proteins
through binding to cell-surface WT TNFR1, the ability of the PLADSs to inhibit TNF-induced cell
death in L929 cells was assessed. The viability of treated L929 cells was evaluated both by
using an MTT assay, and by flow cytometry after staining with FITC-conjugated annexin V
(annexin V-FITC).

The results of the MTT assay showed that when the cells were pre-treated with purified
WT or mutant PLAD proteins, the cytotoxic effect of TNF was inhibited in a dose-dependent
manner. Control cells stimulated with TNF alone and not pre-treated with PLAD showed a high

percentage of cell death (about 80%) compared to the untreated control cells (about 10%)
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(Fig. 7), indicating that TNF was responsible for the cell death. The results showed that, at
the highest concentration of PLAD (400 pg/ml), the effectiveness of inhibition of TNF-induced
cell death followed the order K19A PLAD (88% viability) > D49A PLAD (71% viability) > T31A
PLAD (65% viability) > WT PLAD (54% viability) > D51A PLAD (46% viability) (Fig. 8).

Flow cytometric analysis of annexin V-FITC/propidium iodide (PI) dual-labelled cells
was used to detect dying/dead cells. The cells were treated with the PLADs (100 ug/ml) for 2
h and exposed to TNF for 18 h. Then, the cells were labelled with annexin V-FITC/PI and
analysed by flow cytometry. The results (Fig. 9) showed that the viability of the cells without
any pre-treatment was 97.5 %, and the cells stimulated with TNF alone showed 4.8 % viability.
The effectiveness of inhibition of TNF-induced cell death by the addition of soluble PLAD
followed almost the same order as in the MTT assay, i.e. K19A PLAD (81.0% viability) > D49A
PLAD (78.7% viability) > T31A PLAD (75.2% viability) > WT PLAD (74.2% viability) > D51A
PLAD (71.9% viability) (Fig. 9i/ii). Fig9 ii shows summarises the results for total dying/dead
cells (i.e. both AnnV+/PI-, and AnnV+/Pl+).

This may appear surprising given that, compared to WT PLAD, virtually all the mutant
PLADS have a reduced number of contact residues for association with WT TNFR1 in either
the dimer or trimer configuration, as shown in Table 2. However, as shown in Table 1, virtually
all the mutant PLADs also have a reduced number of contact residues for self-association in
either the dimer or trimer configuration. This will mean that, compared to WT PLAD, the
effective concentration of monomer PLAD added to the cultures is higher for most of the
mutant PLADs due to their reduced homologous association, thereby raising the effective
concentration of the PLAD acting as an antagonist. The exception to this is the D51A PLAD,
which theoretically should behave similarly to WT in PLAD in forming both a homologous dimer
(Table 1I) and a heterologous dimer with WT TNFR1 (Table 2I). However, as noted in the
previous section, the absence of homologous association actually observed for the D51A
PLAD leads us to propose that the D51A mutation allosterically affects the PLAD binding site.
This is consistent with D51A PLAD being the only mutant PLAD not to give higher inhibition

of cell death than did the WT PLAD. The observation that, out of the other three mutant

17



PLADs, the K19A mutant was the most effective antagonist is consistent with the finding in
the 2D SDS-PAGE gel analysis, that the K19A PLAD showed no homologous association (Fig.
7B) whereas the T31A PLAD (Fig. 7C) and the D49A PLAD (Fig. 7D) showed some trimer
formation: this indicates that the K19A PLAD will have a higher effective concentration of

monomer than the T31A or D49A PLADs.

WT and mutant PLAD proteins inhibit the upregulation of the NF-xB

signalling pathway by TNF.

To investigate the potential inhibitory role of different WT and mutant PLAD proteins and their
ability to block the effects of TNF and consequently inhibit the NF-kB signalling pathway,
reverse phase protein array (RPPA) was performed. Each primary antibody and the loading
control antibody (B-actin) were probed on a separate strip of membrane, and the results
(Figure 1) showed that all primary antibodies detected proteins within the cell lysates. A single
band of the expected molecular weight was observed for B-actin (45 kDa), NF-kB pP65 (65
kDa), plkB-a (40 kDa), plkB-B (37 kDa), TRAF2 (55.8 kDa), and A20 (82 kDa). pRIP had a
band of the expected size (78 kDa) and a faint lower molecular weight secondary band, but
the main band gave a much stronger signal. Overall, these results suggest that the primary
antibodies investigated are suitable for use in reverse phase protein array (RPPA)
experiments.

The lysates of SK-Hep-1 cells were obtained after treatment with 100 pg/ml of either WT or
mutant (K19A, T31A, D49A, and D51A) TNFR1 PLAD and 10 ng/ml TNF. RPPA was
performed to measure the expression levels of several key components of the NF-kB
signalling pathway including TRAF2, pRIP, plkB-a, plkB-B, NF-kB pP65, and A20. In brief,
cell lysates were spotted on to nitrocellulose-coated glass slides and probed with the primary
antibodies specific to each of the signalling proteins detailed above, and to p-actin. LI-COR

infrared labelled secondary antibodies were then applied and the infrared signals

18



subsequently detected. All the results were normalised to the levels of B-actin in each sample
to allow comparisons among treatment groups.

The results presented in figure 10 show the normalised levels of the six signalling
molecules (SMs) after 5 minutes, 30 minutes and 18 hours of stimulation with TNF. The
effects of the WT and mutant PLADS on SM levels are compared to the SM levels in
unstimulated cells (Nil) and cells treated with TNF alone. Analysis by one-way ANOVA
indicated that there are significant differences in SM levels between treatments after
stimulation with TNF for 5 minutes (p=0.0018), 30 minutes (p=0.0059) and 18 hours
(p=0.0207). The WT and mutant PLADs reduce the upregulation of SM expression induced
by TNF and, after 5 minutes and 30 minutes stimulation, the K19A PLAD appears to give the
greatest inhibition. Indeed, after 5 minutes stimulation, the inhibition by K19A PLAD is
significantly greater than that by WT PLAD after correction for multiple comparisons
(p=0.0236). There are no significant differences in the inhibitory effects of the PLADs after 18
hours of stimulation, although the D51A PLAD appears to be least inhibitory. Thus, consistent
with the results for inhibition of TNF-induced cell death presented above, the K19A mutant
PLAD gave greater inhibition of TNF-induced activation of the NF-xB signalling pathway than
did WT PLAD. Lesser effects were observed with the T31A and D49A mutants PLADs, and

D51A PLAD consistently gave less inhibition of NFkB pathway activation than did WT PLAD.
Conclusion

Overall, our findings confirm the importance of particular amino acids as contact residues in
the PLAD binding region, both for homologous interactions and for WT-mutant PLAD
interactions. The enhanced antagonistic activity of several of the mutants investigated is
consistent with the proposal that the reduced formation of homologous multimers by these
PLAD mutants effectively increases the concentration of PLAD available to bind and
antagonise WT TNFR1 when compared to WT PLAD acting as an antagonist. This may have

implications for the development of antagonistic PLADs as therapeutic agents.
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Table 1. Homologous dimer and trimer interactions of WT and mutant PLADs.?
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1ES indicates the number of electrostatic interactions between K19 and D49 or D51; HB
indicates the number of hydrogen bonding interactions between T31 and D49.
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Table 2. Predicted interactions of single WT and mutant PLADs with one or two WT TNFR1s

in dimer or trimer complexes, respectively.

Dimer ES HB Trimer ES HB
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1ES indicates the number of electrostatic interactions between K19 and D49 or D51; HB

indicates the number of hydrogen bonding interactions between T31 and D49. The numbers
in parentheses are the equivalent numbers of interactions of the single WT or mutant PLAD
with two WT TNFR1s in a trimer complex.
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Figure legends

Figure 1. Strip western blots for investigating the specificity of primary antibodies used
in the study of NF-xB signalling pathways. 100 ul (200 ug) of lysates from different
treatment groups (2 pl of each cell lysate prepared for RPPA including each treatment and
time point) were mixed and loaded into 7 wells of a precast 12% Tris-glycine gel and
electrophoresed at 150V for 2h at room temperature, and an LC2000 nitrocellulose membrane
was used to blot the proteins. The concentration of each primary antibody was 1:1000 and
the secondary antibody, anti-rabbit HRP (Dako), was used at a concentration of 1:2000. All
primary antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA). The
reaction was detected using Enhanced Chemiluminescence Detection reagent (ECL;
Amersham, UK). This figure shows strip western blotting results from the testing of primary
antibodies specific for NF-kB pathway components, including: 1) Protein molecular weight
markers, 2) B-actin, 3) NF-xB pP65, 4) plkB, 5) plkB-b, 6) TRAF2, 7) A20 and 8) pRIP. * Bands
at the theoretical molecular weight.

Figure 2. Localisation of key contact residues in the binding region of TNFR1 PLAD.
A) Location of K19 (dark blue), T31 (pink), D49 (yellow) and D51 (red) in the full ectodomain
of TNFR1. B) Location of K19 (dark blue), T31 (pink), D49 (yellow) and D51 (red) in
CRD1/PLAD of TNFR1. C) Forward (grey scale) and horizontally flipped (coloured) version
of the CRD1/PLAD of TNFR1; the overall of these shows K19-D51 and T31-D49 interactions
in the homologous PLAD dimer. D) Schematic representation of the interactions shown in
the homologous PLAD dimer. E) Top view of a TNFR1 PLAD trimer showing the K19-D51
interactions (the T31-D49 interactions are hidden within the trimer structure. F) Schematic
representation of the interactions shown in the homologous PLAD trimer.

Figure 3. WT PLAD gene sequence design. A) Schematic view of insert construct. B)
Nucleotide sequence of the insert and the corresponding amino acid sequence. The synthetic
sequence, following the ribosome binding site, contains the Hises-tag, GGGS spacer and
thrombin cleavage sequence (light green); a codon-optimised GST tag developed by DNA 2.0
(blue), a GGGS spacer and enterokinase cleavage sequence (dark green); a Bglll cleavage
site (red); the PLAD-coding sequence (pink); two stop codons and a Hindlll cleavage site
(yellow).

Figure 4. DNA sequencing and alignment results for pJExpress414 containing His-
GST- WT PLAD and mutant sequences. A) pJExpress414 WT PLAD, B) pJExpress414-
PLAD-K19A, C) pJExpress414-PLAD-T31A, D) pJExpress414-PLAD-D49A. E)
pJExpress414-PLAD-D51A. One hundred ng/ul of each plasmid was sent to Source
BioScience (Nottingham, UK) for sequencing by the chain termination method. As shown,
the desired mutations were correctly introduced in pJExpress414-PLAD-K19A,
pJExpress414-PLAD-T31A, pJExpress414-PLAD-D49A, and pJExpress414-PLAD-D51A,
and the pJExpress414- PLAD-WT sequence showed no changes as expected.

Figure 5. A) Analysis of expression of His-GST-WT PLAD by SDS-PAGE. 1 mM IPTG
was used to induce protein expression. Samples were centrifuged at 10,000g and the cells
were resuspended in 500 pl of binding buffer. The cells were sonicated for 1 min on ice
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followed by centrifugation at 10,000g; the pellet consisted of the insoluble fraction and the
supernatant contained the soluble fraction. Following SDS-PAGE, the gel was stained with
Coomassie Brilliant Blue for 1h at RT, then destained for 4 h, and proteins were visualized by
using white light and a gel imaging system. Lane 1: ColorPlus™ prestained protein marker,
broad range (7-175 kDa) (New England Biolabs, Hitchin, UK); lane 2: insoluble, uninduced
fraction; lane 3: soluble, uninduced fraction; lane 4: the insoluble, induced fraction; and lane
5: the soluble, induced fraction. The largest band represents a protein of ~35 kDa. SDS-PAGE
analysis was carried out every time a new batch of protein was expressed, in this study three
batches were generated for PLAD WT protein all of which showed the same results. B) Two-
colour Western blot analysis of WT PLAD fusion protein expression. The nitrocellulose
membrane was blocked in 5 % milk + PBS for 1h at RT and then incubated with two primary
antibodies (mouse monoclonal anti-GST at 1:1,000 dilution from Sigma-Aldrich- cat no SAB4
200237, and rabbit 6xHis Tag antibody at 1:1,000 dilution from Cell Signaling Technology- cat
no 2365) in 1% (w/v) milk/TPBS at 4 °C overnight with gentle shaking. Two fluorescently
labelled secondary antibodies both from (Li-COR Biosciences, Lincoln, NE) (anti-mouse
IRDye 680CW cat no 926-68070 and anti-rabbit IRDye 800CW cat ho 926-32211) were diluted
(1:5,000) in blocking buffer. The membrane was evaluated using a near infrared (NIR)
Odyssey scanner using the 700 and 800 channels. Lane 1: ColorPlus™ prestained protein
marker, broad range (7-175 kDa) (New England Biolabs, Hitchin, UK); lane 2: soluble and
induced fraction; lane 3: the insoluble, induced fraction; lane 4: the soluble, un-induced
fraction; lane 5: the insoluble, un-induced fraction. The protein expression was induced with
IPTG for 17 h. C) SDS-PAGE analysis of both the soluble and insoluble expressed
PLAD mutants. Cells transformed with pJExpress414 plasmids harbouring the mutated PLAD
sequences (K19A, T31A, D49A, and D51A) were induced with 1 mM IPTG to express protein.
Samples from each culture were centrifuged at 10,000g; then, the cell pellet was resuspended
in 500 I of binding buffer and sonicated for 1 min on ice, followed by centrifugation at 10,000g.
The pellet contained the insoluble protein fraction and the supernatant consisted of the soluble
fraction. Following SDS_PAGE, the gel was stained with Coomassie Brilliant Blue. I: insoluble,
S: soluble. Lane 1: the molecular marker ColorPlus™ prestained protein marker, broad range
(7-175 kDa) (New England Biolabs, Hitchin, UK); lane 2: soluble K19A; lane 3: insoluble K19A;
lane 4: soluble T31A; lane 5: insoluble T31A; lane 6: soluble D49A; lane 7: insoluble D49A;
lane 8: soluble D51A; lane 9: insoluble D51A. All mutants showed the greatest intensity band
at ~35 kDa in the soluble fraction. SDS-PAGE analysis was carried out each time a new batch
of protein was expressed, in this study three batches were generated for each mutant PLAD
protein which all showed the same results.

Figure 6. SDS-PAGE analysis of the purified the WT and mutated PLADs. Ten microlitres
of 4X NuPAGE® LDS Sample Buffer (Invitrogen, Paisley, UK) were mixed with 30 pl of each
sample and heated to 95 °C for 5 min. Fifteen microliters of each mixture were loaded into a
12 % precast Novex® Tris-glycine gel (Invitrogen, Paisley, UK). Electrophoresis was carried
out at 150 V with Tris/glycine/SDS running buffer for approximately 90 min and the gel was
stained with Coomassie Brilliant Blue for 1 h at RT, followed by destaining for 4 h. The proteins
were visualized by using white light and a gel imaging system. A) purified WT PLAD, B)
purified PLAD-K19A, C) purified PLAD-T31A, D) purified PLAD-D49A, E) purified PLAD-
D51A. Lane 1: the MW marker ColorPlus™ prestained protein marker, broad range (7-175
kDa) (New England Biolabs, Hitchin, UK); lane 2: soluble fraction after sonication; lane 3:
insoluble fraction; lane 4: flow-through (unbound protein); lane 5: PLAD protein eluted from
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the nickel column; lane 6: eluted PLAD protein after dialysis. In each gel, there is a relatively
clear band in lanes 5 and 6 corresponding to 35 kDa, which is the expected MW of PLAD.
SDS-PAGE analysis was carried out each time a new batch of protein was expressed and
purified, in this study three batches were generated for WT and each mutant PLAD protein,
all of which showed the same results.

Figure 7. Diagonal SDS-PAGE analysis of the recombinant purified WT and mutant
PLADs. 0.5 mg/mL of purified DTSSP-crosslinked PLAD protein solution (WT and mutants)
was dissolved in 30 ul of sample buffer and incubated for 15 min at 65°C; the samples were
then loaded onto a 12% precast Tris-glycine gel (Novex®, Invitrogen, Paisley, UK). Gels were
run at 80 V with Tris/glycine running buffer for around 4 h at room temperature and then the
gel was washed with distilled water and reduced in a buffer containing 50 mM Tris-HCL, pH
8.8, 1% (w/v) SDS and 3% (v/v) 2-mercaptoethanol at 65°C for 15 min. The gel was
equilibrated 3 times in 50 mL of 50 mM Tris-HCL, pH 6.8, and 1% (w/v) SDS for a total of 45
min at room temperature with constant shaking. The gel was placed on top of the second gel
(4%—20% 1D well Tris-glycine gel [Novex®, Invitrogen, Paisley, UK]), and cemented with 1.5%
(w/v) agarose, 25 mM Tris-HCL, pH 8.8, 0.1% (w/v) SDS, and 0.04% (w/v) bromophenol blue
for 15 min. The gel was then run at a constant voltage of 80 V at room temperature for 4 h.
Protein was identified using the Pierce Silver Stain Kit (Thermo Scientific, Wilmington, DE,
USA). A) PLAD WT; monomeric (35 kDa), dimeric (70 kDa), trimeric (105 kDa), and multi-
trimeric (280 kDa) forms were detected as distinct spots on the gel. B) Only the monomeric
form of PLAD K19A was detected. C) Monomeric and, probably, trimeric forms of PLAD T31A
were detected. D) Monomeric and, probably, trimeric forms of PLAD D49A were detected. E)
Only the monomeric form of PLAD D51A was detected. The experiment was conducted
separately for PLAD WT and each of the mutants, and the gels shown are representative of 3
independent repeats.

Figure 8. Dose-response curves of the inhibitory effect of WT and mutant PLADs on
TNF-induced cytotoxicity in L929 cells. Cells were pre-treated with various concentrations
of the PLADs (0, 5, 10, 20, 30, 40, 50, 60, 100, 200, and 300 ug/ml) for 2 h and then stimulated
with 500 pg/ml of TNF (R&D Systems Abingdon, UK) for 18 h. After incubation, the cell viability
was evaluated using an MTT assay. The plotted values are the mean of three independent
experiments and each experiment included eight replicates. The MTT Assay was carried out
every time new batches of protein were generated to check the bioactivity of the synthetic
purified WT and mutant proteins, these results are representative of 3 independent repeats
for each batch of protein. Data are expressed as the mean of 8 replicates (n = 8) £ SD.

Figure 9. i)Assessment of the cell viability via dual-colour cytometric analysis to
evaluate the inhibitory effect of WT and mutant PLADs on TNF-induced cytotoxicity in
L929 cells. The figure shows the dot plots of the cytometry data. The cells were treated
as follows: A) unstained untreated cells, B) untreated cells stained with Pl and annexin V-
FITC, C) cells treated with PLAD WT + TNF, D) cells treated with PLAD K19A + TNF, E) cells
treated with PLAD T31A + TNF, F) cells treated with PLAD D49A + TNF, G) cells treated with
PLAD D51A + TNF, H) cells treated with TNF alone, all cells were stained with Pl and annexin
V-FITC unless stated otherwise. Treated cells were incubated for 2 h with 100 pg/ml of each
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PLAD (WT or mutant), followed by an 18 h incubation with 500 pg/ml of TNF (R&D Systems,
Abingdon, UK). The y-axis shows PI fluorescence, and the x-axis shows annexin V
fluorescence. Assessment of the cell viability via dual-colour cytometric analysis was carried
out each time a new batch of protein was generated to check the bioactivity of synthetic
purified WT and mutant proteins, these results are representative of 3 independent repeats
for each batch of protein. ii) Multiple comparisons of percent of cell loss for L929 cells
stained with Annexin V-FITC/Pl as a measure of the apoptotic cells to evaluate the
inhibitory effect of WT and mutant PLADs on TNF-induced cytotoxicity in L929 cells.
The results for total apoptotic cells are shown (i.e. both early apoptotic AnnV+/Pl-, and late
apoptotic AnnV+/Pl+). Data were analysed by one way ANOVA, and P values are shown
where the differences in the total expression of TNFR1 by each stable cell line, relative to that
of the un-transfected cells and the cells transfected with FL TNFR1 WT, were determined to
be statistically significant. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, ns P 2 0.05 (not
significant). These results are representative of 3 independent repeats, values are the average
(n = 3) and the error bars are the SD.

Figure 10. WT and mutant PLAD proteins inhibit the upregulation of the NF«B
signalling pathway by TNF. The lysates of SK-Hep-1 cells were obtained after treatment
with 100 pg/ml of either WT or mutant (K19A, T31A, D49A, and D51A) TNFR1 PLAD and 10
ng/ml TNF. RPPA was performed to measure the expression levels of TRAF2 (black circle),
pRIP (open square), plkB-a (black triangle), plkB-B (black square), NF-kB pP65 (open
triangle), and A20 (open circle). All the results were normalised to the levels of B-actin in each
sample to allow comparisons among treatment groups. The results show the normalised
levels of the six signalling molecules (SMs) after 5 minutes, 30 minutes and 18 hours of
stimulation with TNF. For reference only, the short bold lines represent the mean of the six
values; the long dotted line is the mean of the Nil values and the long dashed line is the mean
of the values in the presence of TNF and WT PLAD. Analysis by one-way ANOVA indicated
that there are significant differences in SM levels between treatments after stimulation with
TNF for 5 minutes (p=0.0018), 30 minutes (p=0.0059) and 18 hours (p=0.0207). After 5
minutes stimulation, the inhibition by K19A PLAD is significantly greater than that by WT PLAD
after correction for multiple comparisons (p=0.0236). There are no significant differences in
the inhibitory effects of the PLADs after 18 hours of stimulation, although the D51A PLAD
appears to be least inhibitory.
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