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S-SAD phasing study of death receptor 6 and its
solution conformation revealed by SAXS

A subset of tumour necrosis factor receptor (TNFR) super-
family members contain death domains in their cytoplasmic
tails. Death receptor 6 (DR6) is one such member and can
trigger apoptosis upon the binding of a ligand by its cysteine-
rich domains (CRDs). The crystal structure of the ectodomain
(amino acids 1-348) of human death receptor 6 (DR6)
encompassing the CRD region was phased using the
anomalous signal from S atoms. In order to explore the
feasibility of S-SAD phasing at longer wavelengths (beyond
2.5 A), a comparative study was performed on data collected
at wavelengths of 2.0 and 2.7 A. In spite of sub-optimal
experimental conditions, the 2.7 A wavelength used for data
collection showed potential for S-SAD phasing. The results
showed that the R,,o/R,im Tatio is a good indicator for
monitoring the anomalous data quality when the anomalous
signal is relatively strong, while d''/sig(d”) calculated by
SHELXC is a more sensitive and stable indicator applicable
for grading a wider range of anomalous data qualities. The use
of the ‘parameter-space screening method’ for S-SAD phasing
resulted in solutions for data sets that failed during manual
attempts. SAXS measurements on the ectodomain suggested
that a dimer defines the minimal physical unit of an
unliganded DR6 molecule in solution.

1. Introduction

The tumour necrosis factor (TNF) superfamily consists of
ligands and receptors that play pivotal roles in regulating
immune responses during normal and disease states
(Aggarwal, 2003). For example, TNF-« is a monocyte-derived
cytotoxin that plays a role in pro-inflammation, host defence
against cellular microbial infections and tumour regression
(Korner & Sedgwick, 1996). TNF-8 (also called lymphotoxin
a; LT-o), which is produced by lymphocytes, mediates
inflammatory, immunostimulatory and antiviral responses as
well as the formation of secondary lymphoid organs during
development (Korner & Sedgwick, 1996). Natural killer cells
express CDO95L ligands, which induce caspase-mediated
apoptosis upon an encounter with infected cells (Nagata &
Golstein, 1995). More than 20 such ligands that are involved in
modulating or orchestrating immune responses and belong to
the TNF superfamily have been identified. These ligands exert
their function by binding highly modular receptors containing
three well defined regions: cysteine-rich domains exposed on
the surface of the cells, a transmembrane region and a cyto-
plasmic effector region that relays the message to the adaptor
protein, culminating in an elaborate response which could
result in either apoptosis, proliferation, survival or differ-
entiation (Aggarwal, 2003). For instance, TNF-o and TNF-3
relay signals through two surface receptor molecules TNFR 1
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(p55) and TNFR II (p75). The binding sites for the receptor on
the trimeric ligands are located at the interface between the
ligand molecules, and signalling is triggered by the oligomer-
ization of the cytoplasmic domain of the receptor molecule
upon ligand binding (Banner et al., 1993; Mukai et al., 2010).
However, unliganded TNFR I molecules can self-associate
into dimers of two different types. The first type, observed at
neutral pH, is comprised of parallel dimers in which the dimer
interface is well separated from the TNF-binding site and
the binding of ligand leads to clustering of the receptor. The
second type, also observed at neutral pH, forms antiparallel
dimers in which the ligand-binding site is overlapped in order
to avoid triggering signalling in the absence of TNF (Naismith
et al., 1995). Furthermore, at low-pH conditions TNFR I can
also form antiparallel dimers that occlude the TNF-binding
site, and the formation of such dimers mimics the disassocia-
tion of the receptor-ligand complex within the endosome
(Naismith et al, 1996). The members of the TNF receptor
superfamily can be classified into three groups based on the
type of signalling domain present in the cytoplasmic tail of the
receptor. One group of receptors, called the death receptors
(DRs), are characterized by the presence of one or more death
domains in their cytoplasmic tails (Itoh & Nagata, 1993;
Tartaglia et al., 1993). The second group of receptors transmit
messages via TNF receptor-associated-factor-interacting motifs
(TIMs) found in their cytoplasmic tails (Arch et al., 1998).
Interestingly, the third group of receptors do not contain any
signalling motifs but are suggested to regulate the immune
response by acting as decoys and competing with other
receptors for ligands (Ashkenazi, 2002).

To date, six types of death receptors are known, which upon
binding a ligand recruit either the Fas-associated death domain
(FADD) or the TNF-receptor-associated death domain
(TRADD) adaptor proteins. Recruitment of FADD results
in the assembly of death-inducing signalling complex (DISC),
culminating in apoptosis (Wilson et al., 2009). In contrast,
recruitment of the adaptor TRADD results in the formation
of a complex in the plasma membrane capable of activating
the NK-«B, JNK and p38 MAP kinase pathways, which could
stimulate either proliferation, differentiation or apoptosis.
Although the death receptors share similar topologies, they
bind distinct ligands. The low sequence identity observed
between the receptors seems to confer the ligand specificity.
Except for DR6, ligands for all of the death receptors are
known. Recently, DR6 has been shown to participate in neural
pruning by recruiting caspases. Specifically, DR6 was shown
to bind an N-terminal (1-286) fragment of amyloid precursor
protein (APP) generated after its cleavage from the surface
by B-secretase, resulting in caspase-dependent degeneration
of neurons (Nikolaev et al, 2009). However, in a related study
Klima and coworkers showed that N-APP and its homologue
amyloid precursor-like protein-2 (N-APLP2) produced using
HEK293FT cells or in Escherichia coli could not bind DR6
or activate the transcription factor NK-«B and stress kinases
from the JNK/SAPK family (Klima et al., 2011). Moreover, a
recent study on DR6 concluded that regulation of oligo-
dendrocyte survival and maturation as well as myelination is

carried out through a mechanism independent of N-APP (Mi
et al., 2011). Thus, the nature of the ligand for DR6 is not
clearly understood.

The goal of this study was to obtain a structural view of
DR6 using X-ray crystallography and to characterize its
oligomeric state in solution using small-angle X-ray scattering
(SAXS). The ectodomain of all of the death receptors is rich
in cysteines. Therefore, the anomalous signal of sulfur can be
used as a probe for solving the phase problem during structure
determination. The single-wavelength anomalous scattering of
S atoms (S-SAD) is an emerging phasing technique for routine
crystal structure determination. Compared with the anom-
alous signals from conventional heavy atoms such as Se, Pt, Hg
or Au in the commonly used wavelength ranges of most X-ray
sources for macromolecular crystallography, the strength of
the anomalous signal of sulfur is relatively weak. This disad-
vantage has not prevented researchers from using S-SAD for
de novo crystal structure determinations. The concept of using
the anomalous signal of sulfur to assist in structure determi-
nation was explored experimentally by Hendrickson & Teeter
(1981) and theoretically by Wang (1985). The first successful
use of S-SAD for protein structure determination was reported
for crambin (Hendrickson & Teeter, 1981); the structure of
this 4.72 kDa protein was phased by the resolved anomalous
scattering (RAS) method (Hendrickson & Teeter, 1981). The
RAS method used to determine the crambin structure requires
a large contribution of ~1.4% of the total scattering power of
the sulfur substructure to the Bijvoet differences, which is
much greater than that observed for most proteins. Because of
this limitation, no new structures were determined using the
S-SAD method for many years until a test study on lysozyme
(Dauter et al., 1999) and the de novo crystal structure deter-
mination of obelin using long-wavelength synchrotron X-rays
(Liu et al., 2000). Two important factors contributed to the
success of the lysozyme and obelin cases: (i) the development
of the iterative single-wavelength anomalous scattering (ISAS)
method coupled with solvent flattening (Wang, 1985) and (ii)
advances in instrumentation and data-processing software
which ensured the collection and processing of much more
accurate anomalous diffraction data. Since then, many more
de novo crystal structures have been solved using synchrotron
X-rays (Gordon et al., 2001; Ramagopal et al., 2003; Brown et
al., 2002; Weiss et al., 2004; Li et al., 2002; Madauss et al., 2004;
Agarwal et al., 2006; Wagner et al., 2006; Lakomek et al., 2009;
Goulet et al, 2010) or in-house Cu or Cr X-rays (Yang &
Pflugrath, 2001; Debreczeni, Bunkdczi, Girmann et al., 2003;
Debreczeni, Bunkoczi, Ma et al., 2003; Yang et al., 2003; Kitago
et al.,2005; Nagem et al., 2005; Watanabe et al., 2005; Ren et al.,
2005; Sarma & Karplus, 2006; Nan et al., 2009; Li et al., 2008).

Owing to the poor strength of anomalous signal in S-SAD
experiments, success in recording the anomalous signal of
sulfur is largely dependent on experimental conditions, such as
the diffraction quality of the crystal, the instrumentation and
the data-collection strategy. For a specific crystal and data-
collection system, the strategy employed for data collection is
often the only key factor that has an impact on data quality.
Among the variables associated with data-collection strategies
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involving longer wavelengths (Cianci ez al., 2008; Ramagopal et
al., 2003), the choice of the wavelength is one of the most
important factors. To date, wavelengths for successful cases of
de novo S-SAD phasing have mostly been within the range
1.54-2.50 A (Lakomek et al., 2009; Weiss et al., 2001). The
relationship between S-SAD signal and data quality using X-
rays of wavelength beyond 2.5 A has rarely been studied. The
optimal wavelength for an S-SAD data-collection experiment
is related to characteristics of the target crystal (such as
diffraction quality, sensitivity to radiation damage, size, shape,
mosaicity and space group) and the instrumentation setup
(Cianci et al., 2008). Because of the general applicability of
S-SAD methods, several synchrotron beamlines have already
been dedicated to data collection at longer wavelengths
for phasing purposes, while new ones are being built. A
comparative study of the quality of diffraction data collected
at X-ray wavelengths longer and shorter than 2.5 Awould help
to validate the advantages of collecting S-SAD data using
longer-wavelength X-rays. We took this approach for DR6
crystals on beamlines 17A and 1A at the Photon Factory,
KEK, Japan. The latter is a designated long-wavelength
beamline designed to generate 3.0 A wavelength X-rays (not
officially commissioned when our experiments were
performed). Data for crystals of DR6 were collected using
both 2.0 and 2.7 A wavelength synchrotron X-rays. A series of
indicators that measure the strength of anomalous signal in
the diffraction data, such as the R,,o/R,im. ratio, d’/sig(d”)
and CC(all/weak), were investigated for their reliabilities and
sensitivities. In addition, owing to the weak anomalous signal
of sulfur, S-SAD phasing is more challenging for both crys-
tallographers and the phasing software. There are many
parameters for each program, the values of which need to be
decided by users. The choice of the values of these parameters
is often critical for successful structure solution using S-SAD.
A ‘parameter-space screening’ method has been developed
and coupled with a high-throughput (HT) structure-determi-
nation pipeline to overcome this problem (Liu et al., 2005).
Instead of choosing the values of the parameters manually
based on experience, critical parameters such as the resolution
for heavy-atom searching and phasing are screened in parallel
in multidimensional space using a computer cluster. In this
study, the ‘parameter-space screening’ method was demon-
strated to be a powerful tool in pushing the envelope of S-
SAD phasing. Two suboptimal quality anomalous data sets
which failed to yield correct structure solutions by manual S-
SAD phasing were successfully salvaged by the HT structure-
determination pipeline.

Further, small-angle X-ray scattering (SAXS) experiments
were performed in order to study the solution status of DR6.
The SAXS measurements on the ectodomain suggested that a
dimer defines the minimal physical unit of an unliganded DR6
molecule in solution. Two molecules of the protein could be
fitted into the low-resolution envelope of unliganded DR6
generated by SAXS.

Here, we report and discuss (i) the feasibility of using
S-SAD data collection at longer wavelengths, (ii) the utility of
more general indicators for accessing the quality of anomalous

diffraction data, (iii) the ‘parameter-space screening’-based
S-SAD phasing pipeline and (iv) the solution-status analysis of
DR6 by small-angle X-ray scattering (SAXS).

2. Materials and methods
2.1. Cloning, expression and purification

The cDNA encoding the ectodomain of human death
receptor 6 (amino acids 1-348) as well as cysteine-rich domains
(CRDs) 1-4 only (amino acids 1-214) and a C-terminal 6 x His
tag were subcloned in frame into the vector pFastbacl
(Invitrogen) by BamHI and Xhol restriction sites and
confirmed by sequencing. The plasmids containing the gene of
interest were then transformed into DH10Bac competent cells
(Invitrogen) and the recombinant bacmid DNA was isolated
and verified according to the Bac-to-Bac Baculovirus
Expression System (Invitrogen) instructions. Sf9 insect cells
were then transfected to generate recombinant baculovirus
and the titre of baculoviral stock was amplified by infecting
the Sf9 insect cells with P1 and P2 viral stocks.

The ectodomain and CRDs 14 of the recombinant human
death receptor 6 with a C-terminal 6 x His tag were expressed
as secreted protein by infecting Sf9 insect cells with recom-
binant baculovirus at an optimal MOI. The culture medium
containing the secreted recombinant protein was harvested
after 72 h infection.

For expression of the ectodomain of recombinant human
death receptor 6 in mammalian cells, the cDNA was subcloned
in frame into the vector pTT3 by EcoRI and BamHI restric-
tion sites with a C-terminal 6 xHis tag and further confirmed
by sequencing. The plasmid was transiently transfected into
HEK?293 cells and the culture medium containing the secreted
target protein was collected and supplemented for 6 d.

For purification, the culture medium containing the target
protein either from the insect cells or the mammalian cells was
first centrifuged at 12 000 rev min~' at 277 K for 1 h to remove
the cells and cell debris and was then loaded onto HiTrap Ni
Fast Flow beads (GE Healthcare) previously equilibrated with
50 mM phosphate-buffered saline (PBS; 50 mM Na,HPO,,
10 mM KH,PO,, 137 mM NaCl, 2.7 mM KCl pH 7.4) at 277 K.
The remaining steps were similar to those described previously
by Su et al. (2010). In brief, the beads were washed on a gravity
column using 50 mM PBS with 20 mM imidazole pH 7.4 and
eluted with 50 mM PBS supplemented with 300 mM imidazole
pH 7.4. The protein was then applied onto a HiTrap heparin
column, eluted with a 150-1000 mM NaCl gradient and further
purified on a gel-filtration column equilibrated with 20 mM
Tris-HCI 150 mM NaCl, 1 mM DTT pH 7.5. The pooled peak
fractions were concentrated to 20 mg ml™"' and aliquots were
flash-cryocooled into liquid nitrogen and stored at 193 K until
further use. The yield of recombinant protein was about 7 mg
per litre of culture.

2.2. Crystallization

The full-length ectodomain (amino acids 1-348) of DR6
produced by insect cells and treated with PNGase F was set
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Table 1

Data-collection and refinement statistics.

Values in parentheses are for the highest resolution shell.

the subsequent descriptions, were used
for data collection. Crystal A was first
used to collect data on beamline 17A
with 0.98 A wavelength X-rays for

Crystal A A B C D ) )
Data sot Al a2 Bl 1 Dl higher resolutlop re.ﬁnem.ent. A total of
360 0.5° oscillation images were
PDB code 3u3p 3u3q 3u3s 3u3v 3u3t collected. Subsequently, crystals A and
X-ray source 17A 17A 17A 1A 1A B d 1l d ith 2.00 A
Crystal-to-detector 310 160 160 91 91 were used to collect data with 2.
distance (mm) wavelength X-rays on beamline 17A,
I(\)Io._?lf image§dth() (3)650 ?60 ?60 %48 38715 while crystals C and D were used to
scillation wi ° . . . . °
Wavelength (A) 0.98 2.00 2.00 270 270 collect data on beamline 1A with 2.70 A
Space group . P62 P6,22 P6,22 P6,22 P6,22 wavelength X-rays. Crystals A and B
Unit-cell parameters (A) were cooled with nitrogen gas at 100 K
a 77.86 77.91 77.68 77.56 77.47 b li 17A. whil s C d
c 186.56 186.42 186.81 187.41 185.81 on beamline 17A, while crystals C an
Mosaicity (°) 0.32 0.48 0.22 0.38 0.65 D were cooled with helium gas at 100 K
No. of molecules in 1 1 1 1 1 on beamline 1A during data collection.
asymmetric unit T d th tteri f the 1
Resolution range (A)  50.00-2.09 50.00-2.70 50.00-2.70 50.00-2.95 50.00-3.20 O reduce the scattering ol the long-
(2.16-2.09) (2.82-2.70) (2.82-2.70) (3.08-2.95) (3.34-3.20) wavelength X-rays, the detector on
Rierge (%) 6.4 (25.5) 7.5 (37.3) 9.7 (38.0) 11.4 (42.4) 10.4 (36.4) beamline 1A was enclosed in a box filled
Mean I/o(I) 79.09 (15.79)  80.782 (21.0)  73.15 (14.9) 60.70 (12.76)  54.10 (12.47) ith heli All diff . .
Completeness (%) 99.9 (100.0) 999 (99.9)  99.9 (99.7) 99.8 (99.8) 99.8 (99.9) with helium gas. 1raction 1mages
Multiplicity 20.4 39.1 39.3 253 20.1 were indexed and scaled using HKL-
Refinement 2000 (Otwinowski & Minor, 1997).
Resolution (A) 38.11-2.09 50.00-2.70 50.00-2.70 50.00-2.96 50.00-3.21 D llecti d d .
No. of reflections 19478 9333 9308 7227 5655 ata-collection  and  data-processing
Ryor/Riree (%) 22.53/27.05 19.51/23.54 19.65/26.01 19.24/25.70 20.79/26.08 parameters are given in Table 1.
No. of atoms 1375 1375 1375 1375 1233 2.3.2. phasing model bu“ding and
No. of protein atoms 1233 1233 1233 1233 1233 fi t All’ £ th led 1
No. of waters 142 142 142 142 0 refinement. of the scaled long-
Wilson B (A%) 30.1 65.9 62.4 89.7 102.9 wavelength data were subjected to the
A2 . . .
R Meag B (th ) 35.3 44.3 41.0 510 574 following steps for phasing and quality
m.s. deviations .
Bond lengths (A) 0023 0.020 0.017 0.017 0.015 assessment. The high-throughput (HT)
Bond angles (°) 24 2.1 2.0 2.0 1.9 crystal structure-determination pipeline
Ramachandran analysis (%) X°DF (Liu et al., 2005) was used for
Favoured region 93.2 932 93.8 91.9 91.3 h b d .
Allowed region 497 373 373 6.83 559 leavy-atom substructure —determina-
Outliers 1.86 3.10 2.48 1.24 311 tion, S-SAD phasing, density modifica-

up for crystallization immediately after purification. Crystal-
lization screening was carried out by the sitting-drop vapour-
diffusion method using commercial screening kits from
Hampton Research and Emerald BioSystems. 0.4 pl protein
stock solution was mixed with 0.4 pl reservoir using a Mosquito
robot (TTP LabTech) and equilibrated against 40 pl reservoir
at 289 K. Initial hits were further optimized by the hanging-
drop vapour-diffusion method by mixing 1 pl protein solution
(10 mg mI~") and 1 pl reservoir solution at 289 K. Diffraction-
quality crystals were obtained in at least two conditions:
(i) 0.2 M ammonium acetate, 0.1 M sodium citrate tribasic
dehydrate pH 5.0-6.0, 25-30% PEG 4000 and (ii)) 0.1 M
HEPES pH 7.0-7.5, 1.5-1.7 M ammonium sulfate, 2% PEG
400. The crystals used in this study were obtained from these
conditions.

2.3. Data collection, phasing, structure solution and
refinement

2.3.1. Data collection and data processing. Crystals were
cryocooled in liquid nitrogen prior to diffraction testing and
data collection. Four DR6 crystals, denoted A, B, C and D in

tion and automated model building

based on the ‘parameter-space
screening’ method (Liu et al., 2005). In the current version of
the X’DF pipeline, users have the option to choose either a
SOLVE-RESOLVE-DM-DMMULTI-ARP/wARP pipeline
or a SHELXC/D-SHELXE-DM-DMMULTI-ARP/IwARP
pipeline. In this specific case, the pipeline was composed of
SHELXC/D for heavy-atom substructure determination,
SHELXE for phasing (Sheldrick, 2008), DM and DMMULTI
(Cowtan, 1994) for phase extension and multi-crystal aver-
aging with high-resolution data set Al, and ARP/WARP
(Langer et al, 2008) for model building. Two-dimensional
parameter-space screening was performed. The two screening
parameters applied were high-resolution limits for heavy-
atom searching and phasing (screening resolution range, 4.0 A
to high-resolution end for each data set; step, 0.2 A). The
parameter-space screening results are listed in Table 2. The
model built by flex-wARP was subjected to several cycles of
manual model fitting and rebuilding using Coot (Emsley et al.,
2010) and refinement using REFMAC (Murshudov et al., 2011)
and phenix.refine (Adams et al., 2010) alternately. Details of
data-collection and refinement statistics are listed in Table 1.
The quality of the final model was validated with MolProbity
(Chen et al., 2010).
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Table 2
Phasing and anomalous signal analysis of data collected at different
wavelengths.

Data set A2 Bl C1 D1

Wavelength (A) 2.00 2.00 2.70 2.70

Data resolution (A) 50.00-2.70  50.00-2.70 50.00-2.95 50.00-3.20

Best heavy-atom searching  4.00 3.80 3.60 N/A
resolution (A)

Best phasing resolution (A) 3.50 2.50 3.30 N/A

xt (%) 2.14 3.61

Ranom? 0.023 0.033 0.054 0.059

Rpim$ 0.015 0.033 0.049 0.051

Ranom/Rpim 1.53 1.00 1.10 1.16

d'Isig(d")q 1.80 1.32 1.15 0.88

CC(all/weak) 47.40/23.42 30.16/9.55 35.79/11.22 34.19/10.83

At 66.56 69.73 70.90 74.04

T X = (AFanom) (Fp) = 2NA/Np)'? X (AfKIZes), where N is the number of anomalous
scatterers, Np is the approximate total number of non-H atoms and Z is the effective
atomic number (~6.7 for non-H protein atoms). & Runom = 100", 11(hkl) — I(hkl)|/
S IKD). § Roiw = 100, {1/[N(hkD) — 11}/ 3, 1(hkl) — (I(hkD))|/
> > Li(hkl). 9 Calculated in the 50.00-3.10 A resolution range. {7 Correlation
coefficient in SHELXD. 1f Average phase difference between model phases and
S-SAD experimental phases calculated by the program CPHASEMATCH in the CCP4
suite.

2.3.3. Anomalous data analysis and comparison. The long-
wavelength data quality in terms of the anomalous signal of
sulfur was evaluated based on the following parameters.

(i) Rano/Rpim.: Rano Was calculated by SHELXC (Sheldrick,
2008). In order to obtain Ry;,, the raw images were repro-
cessed with MOSFLM (Battye et al., 2011; Leslie, 2006) and
scaled with SCALA (Evans, 2006) in the CCP4 suite.

(ii) d''/sig(d"): as computed by SHELXC (Sheldrick, 2008)
between 50.00 and 3.10 A resolution.

(iii) CC (all/weak): correlation coefficient of all/weak data
calculated by SHELXD (Sheldrick, 2008).

(iv) Ag: average phase difference between model phases

and experimental S-SAD phases calculated by CPHASE-
MATCH (Winn et al., 2011).
The model phases were computed from the refined coordi-
nates of each data set using the FFT program, while the
S-SAD phases were calculated by Phaser (McCoy et al., 2007),
where the sulfur sites were extracted from the refined co-
ordinates. The results are listed in Table 2.

2.4. SAXS data collection and analysis

Initial SAXS data were collected on the SIBYLS beamline
at the Advanced Light Source (ALS), Lawrence Berkeley
National Laboratory. All data sets were measured with three
exposures, 0.5, 1 and 65, at 283 K. Three different concen-
trations of the protein, 2.5, 5 and 10 mg ml~!, were used for
the measurements. Data for buffers were collected between
every two protein samples. The scattering data were then
scaled and the average values for the buffers before and after
the sample measurements were subtracted. Multiple curves
with different concentrations and different exposure times
were scaled and merged to generate an ideal average scat-
tering curve. The quality of the scattering curves were
analysed using the program PRIMUS (Konarev et al., 2003) to
ensure that there was no obvious aggregation and radiation
damage before further analysis. The initial R, values were

calculated from the Guinier plot; only data from low g values
were used for the calculation. The P(r) distribution function
was calculated with the program GNOM (Svergun, 1992). The
molecular weight was estimated directly from the SAXS
MoW  server (http://www.if.sc.usp.br/~saxs/saxsmow.html)
using the P(r) distribution function (Fischer ef al., 2010). The
low-resolution global shape of the protein in solution was
modelled by the program GASBOR (Svergun et al., 2001)
using both the original scattering curve and the calculated P(r)
distribution curve. A total of 354 residues (including the hexa-
His tag) in the asymmetric unit and P2 symmetry were applied
in the GASBOR calculations. Several individual calculations
were performed and they all showed that the shape of the
DR6 molecules in solution was an elongated open form.
Subsequently, continuous and meaningful shapes were picked
up and averaged by the program DAMAVER (Volkov &
Svergun, 2003). Two individual monomer models were
superimposed onto the low-resolution model using the
program SUPCOMB (Kozin & Svergun, 2001) to model the
elongated DR6 dimer in solution.

3. Results

3.1. Sulfur SAD phasing at long wavelengths with the X>DF
pipeline

DR6 is highly modular, with an N-terminal ectodomain
(amino acids 1-348) comprising a predicted signal peptide
(amino acids 1-41), four cysteine-rich domains (amino acids
50-211), a short transmembrane region (amino acids 351-370)
followed by a C-terminal death domain (amino acids 415-498)
and a predicted CARD-like domain (amino acids 564-655)
(Fig. 1a). The disulfide connectivity between the cysteine
residues is crucial for DR6 to fold and to achieve the correct
topology for the recognition of ligands (Fig. 10). The entire
ectodomain of DR6 was produced as a secreted protein and
purified to homogeneity from Sf9 cells. The protein was
treated with PNGase F to remove glycosylation (Fig. 1¢). The
protein crystallized in space group P6,22, with unit-cell
parameters a = b = 77.86, c = 186.56 A and one molecule in the
asymmetric unit. Four DR6 crystals designated A, B, C and D
were used for data collection at different wavelengths (shown
in parentheses). Crystals A, B, C and D diffracted to 2.09 A
(A=098 A),270 A (A=2.0A),2.95 A (A =27 A)and 320 A
r=27 A) resolution, respectively (Table 1). S-SAD phasing
was attempted manually with each long-wavelength data set
using either PHENIX or SHELXC/D/E. Only data set A2
yielded the correct solution. Density-modification methods
such as DM (Cowtan, 1994) and B-factor sharpening (Pannu et
al.,1998; Su et al., 2010) were attempted for the remaining data
sets, but failed to yield structure solutions. The HT structure-
determination pipeline X’DF was then used for phasing and
automated model building, as described in §2. Surprisingly, in
addition to data set A2, correct structural solutions were also
obtained from data sets B1 and C1. This success could be
attributed to the powerful parameter-space screening
capability of the pipeline. The combinations of the best high-

Acta Cryst. (2012). D68, 521-530

525

Ru et al. + Death receptor 6



research papers

resolution limits for heavy-atom search and the best resolution
for phasing which led to the correct solution are shown in
Table 2. From the screening results, we observed that the best
high-resolution limits for heavy-atom search and phasing, 4.0
and 3.5 A for A2, 3.8 and 2.5 A for B1, and 3.6 and 3.3 A
for C1, respectively, are not within the range that crystal-
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Figure 1

Domain organization of DR6. (a) A diagrammatic representation of
DR6 showing the domain boundaries. The transmembrane region (cyan),
death domain (red) and CARD domain (magenta) were not part of
the clone used for structural studies. (b) Sequence of the CRD domain
showing the locations of the S atoms used for phasing. (c) Size-exclusion
profile of deglycosylated DR6 ectodomain. The protein was expressed
using Sf9 cells. The SDS-PAGE gel picture (inset) shows the PNGase F-
treated protein (lanes 2 and 4) migrating faster than the untreated control
(glycosylated DR6; lanes 1 and 3). Lane M contains molecular-weight
markers (labelled in kDa). Lane 5 contains PNGase F.

lographers usually pick. As shown in Fig. 2(a), the parameter-
screening space is not linear. Therefore, if the initial resolution
values for heavy-atom search and phasing are in the wrong
area of parameter space the calculation will not lead to a
correct structure solution. Only data set D1 collected at 2.7 A
wavelength failed to produce the correct structure solution,
presumably owing to its weak diffraction. The final model
consisted of 1229 protein atoms and 183 water molecules, with
an R value of 20.53% and an Ry, value of 24.12% (Table 1).
Electron density for residues 51-214 was clearly defined,
allowing the unambiguous placement of side chains (Fig. 2b).
However, residues 1-50 and 215-348 could not be traced
owing to a lack of clear electron density. The protein seems to
have degraded during the course of crystallization. SDS—
PAGE analysis of protein recovered from a crystal of DR6
ectodomain revealed a lower molecular-weight band matching
the molecular weight of residues 51-214 observed in the
crystal structure.

3.2. Comparison of data collected at wavelengths of 2.0
versus 2.7 A

Residues 51-214 of the DR6 molecule contain 21 S atoms
from 18 cysteines and three methionines (Fig. 10). There are
nine disulfide bonds spread across the length of the protein
(Fig. 2¢). The estimated Bijvoet amplitude ratio y was calcu-
lated using the equation x = (AF,nom)/(Fp) = (2NA/Np)'? x
(AfA!Z5), where No and Np are the number of anomalous
scatters and the approximate total number of non-H atoms,
respectively, and Z. is the effective atomic number (~6.7 for
non-H protein atoms; Hendrickson & Teeter, 1981). The
calculated y values for DR6 crystals are 2.14 and 3.61% for 2.0
and 2.7 A X-rays, respectively. A longer wavelength seems to
offer a larger Bijvoet intensity ratio and is therefore more
likely to be the wavelength of choice for S-SAD data collec-
tion for DR6. In addition to the Bijvoet intensity ratio, we
calculated the R,,o/Rpim. ratio, d’/sig(d”), CC(all/weak) and
Ag for all of the data sets to compare data qualities and to
identify the most informative parameters as quality indicators
(Table 2). The results showed that the R,,o/Rpim. ratios for
crystals A, B, C and D were 1.53, 1.00, 1.10 and 1.16, respec-
tively. Weiss and coworkers have suggested that an R,no/Rpim.
ratio of 1.5 or greater is more likely to produce successful
structure solution (Weiss et al., 2001, 2004). Our results
support this conclusion and we were able to solve the structure
for the data set collected using crystal A either manually or
using the pipeline without any problem. However, the
Rano/Rpim. Tatio could not distinguish the quality of data sets
B1, C1 and D1, and in fact the worst data set D1 actually gave
a higher score (1.16) than those of data sets B1 (1.00) and C1
(1.10). In fact, data set A2 also gave the highest score using
other indicators such as d"/sig(d”) (1.80), CC(all/weak) (47.40/
23.42) and Ag¢ (66.56), indicating its superior data quality
benefitted by the better diffraction capability of crystal A
compared with the other three crystals. Furthermore, the
d''Isig(d"") values for data sets B1, C1 and D1 agreed well with
the phasing results and A¢ values, as shown in Table 2,
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suggesting that d"/sig(d"’) values are better
suited for accessing suboptimal quality
anomalous data sets.

3.3. Overall structure

The ectodomain of DR6 folds into a long
elongated structure with a bend at the
centre. The structure resembles a V-shaped
boomerang (Fig. 2¢). Each wing of the
boomerang-shaped structure is made up of a
pair of CRDs. Within each pair, each CRD is
twisted with respect to the other along the

Riee

long axis. The integrity of the elongated ;"

structure is maintained by disulfide bonds
that are observed to punctuate the structure
at regular intervals along the long axis
(Fig. 2¢).

Although the members of the TNFR
family of receptors share very low sequence
identity, their overall structure is similar.
Thus, specificity is achieved using the vari-
able primary sequence while keeping the W A
fold conserved. CRDs are usually made up 4
of two components: A and B motifs. These P
motifs can be further divided into different S
types based on the sequence, number and
type of disulfide linkages (Naismith &

Sprang, 1998). Occasionally, partial CRDs
containing only one of the motifs are
observed. For example, CRD1 of DR6 has

only one B2 motif, made up of antiparallel N
B-strands stabilized by two disulfide bonds.
In contrast, CRD2 of DR6 has both A1l and
B2 modules. The A1l module consists of a
long C-shaped loop typical of similar
modules found in other CRDs. The Al
module is stabilized by a single disulfide
bond and is observed to interact with the B2
module via several hydrogen bonds. CRD3
and CRD4 of DR6 are each made up of Al
and B1 modules. The modules are connected
to each other within a CRD and interact
with neighbouring modules from adjacent
CRDs, thus simultaneously providing stable
structural connectivity together with rigid
topologies for interaction with ligands.

While the structure—function data for the
ectodomain of DR6 were being analyzed
and collated, a manuscript by Kuester and
coworkers describing the structure of the
CRDs of DR6 was published (Kuester et al, 2011). The
structural boundaries of DR6 in both structures are similar,
implying that this region of DR6 is rigid and compact. The
region consisting of amino acids 51-214 of DR6 folds into four
cysteine-rich domains, with nine disulfide bonds playing a role
in shaping the contours and topology of the receptor. Except

CRD1

Figure 2

1.2 1/\
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Structure of the CRDs of DR6. (a) Parameter-space screening results for data set B1 (2.70 A,
A = 2.0 A). High-resolution limits for heavy-atom search (x axis) and phasing (y axis) were
screened for solutions with lowest Ry.. (z axis). Colours representing the respective Rpee
values are shown in a box on the right. For example, a dark blue colour represents an Ry
value of 0.20. (b) Left, a section of the S-SAD-phased experimental electron-density map at a
1.00 contour level; right, the same region after refinement. (c) Overall structure of the CRDs
shown as a cartoon. The disulfide linkages are depicted as sticks. (d) Superimposition of the
CRD structure (magenta; PDB entry 3qo4) on the sulfur-phased structure of this study (blue).
Minor differences between the structures are circled.

for small differences in the position of C* atoms in the regions
comprising amino acids 137-146, 192-198 and 210-212, the
two DR6 structures are identical (Fig. 2d). These regions have
been speculated to function as hinges to increase the plasticity
of DR6 and expand the repertoire of ligands bound
by DRe.
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3.4. SAXS analysis of the DR6 ectodomain

Although we expressed the entire ectodomain (amino acids
1-348) for crystallization, density could only be observed for
residues 51-214 of DR6. The region consisting of amino acids
51-214 was re-cloned, expressed in Sf9 cells and purified to
homogeneity. Sedimentation-velocity experiments indicated
that the region consisting of amino acids 51-214 of DR6 exists
as a monomer in solution (data not shown). Since receptors
belonging to the TNF family are known to function as dimers
or trimers, the results of the sedimentation-velocity experi-
ments on amino acids 51-214 of DR6 seemed to suggest that
the interface of oligomerization resides after residue 214. To
identify the oligomeric state of DR6, we conducted SAXS
experiments with freshly prepared ectodomain of DR6 (resi-
dues 1-348) produced using HEK293 cells and processed in
the presence of a cocktail of protease inhibitors. Different
concentrations of the protein were tested in SAXS experi-
ments (Fig. 3a) to exclude aggregation and radiation-damage
effects. Radius of gyration (R,) values were calculated both
from Guinier plot approximation and from the indirectly
Fourier transformed P(r) distribution function (Fig. 3b). The
R, values suggested an elongated conformation with a d.
of 150-180 A and the P(r) distribution function estimated a
molecular weight of 142 kDa for DR6 in solution. However,
a monomer of the ectodomain (amino acids 1-348) has a
theoretical molecular weight of only 37.5 kDa. Interestingly,

the ectodomain of DR6 purified from protein expressed in
HEK?293 cells migrated as a 60 kDa band on SDS-PAGE.
These discrepancies in the measurement of the molecular
weight were expected because the ectodomain of DR6 has a
long elongated shape and is glycosylated by HEK293 cells. The
Kratky plot assumed an almost bell-shaped curve, in agree-

ment with the elongated structure of the protein (Fig. 3c).
The envelope of the ectodomain of DR6 (amino acids 1-
348) derived from SAXS analysis suggests that the protein
exists as a dimer in solution (Fig. 3d). Indeed, two molecules
of the CRD domain (amino acids 51-214) determined in this
study could fit into the envelope. The shape of the envelope
extends further at the C-terminus of the structures and
converges. This suggests that the dimerization of DR6 could
be mediated by amino acids beyond residue 214 observed in
the crystal structure and therefore amino acids 51-214 of DR6
crystallized as a monomer. In solution, the monomers within
the unliganded dimer of the DR6 ectodomain are arranged in
a V shape, with CRD3 and CRD4 of each monomer conver-
ging such that the regions of the monomers after CRD4 meet
to form the dimer interface (Fig. 3d). CRD1 and CRD?2 of one
monomer face away from the corresponding CRDs of the
other monomer, with CRD1 being the farthest away from the
corresponding CRD1 of the second monomer. Interestingly,
the envelope seems to protrude on either side immediately
after the CRD4 region of both monomers. This extra volume
could be attributed to either the glyco-

35 0.6 - sylation reported for a similar region of
51 DR6 produced using mammalian cells
i 051 e (Klima et al., 2009) or an alternative
251\, oal £ w'\"Jn'.*y conformation of the region 215-348 of
- 2F % = ”",’i‘]ﬁ the ectodomain. The ectodomain of
< sl Y x 03 | DR6 is immediately followed by a
’ \\\\ = gzl | transmembrane region (amino acids
1r \“\\\ Il 349-370). The SAXS data on the full-
05k A“'“w,,» 0.1 length ectodomain of DR6 seem to
suggest that amino acids 215-348,
00 0.1 0.2 0.3 0.4 especially the latter part of this region,
q (@A™ and probably the transmembrane
) region might be involved in formation
; of the dimer interface.
e
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Figure 3

SAXS analysis of the ectodomain expressed in HEK293 cells. (a) Scattering curve and (b) P(r)
distribution function of the ectodomain of DR6. (c¢) The Kratky plot of the ectodomain assumes a
bell-shaped curve, suggesting an elongated shape of the protein. (d) The low-resolution envelope
generated from the SAXS data with two crystal structures of CRD modelled in. The region
consisting of amino acids 215-348 immediately after the boundary at amino acid 214 of the crystal

structure is depicted as rectangular blocks.

4.1. Feasibility of data collection and
S-SAD phasing using longer wavelength
X-rays

The 17.9 kDa CRDs of DR6 crystal-
lized in space group P6,22. The crystal
structure of the DR6 CRDs was deter-
mined by S-SAD with data collected
at 2.0 and 27 A wavelengths using
the X’DF HT structure-determination
pipeline. The success of S-SAD phasing
depends on many factors. In this study,
we tried to assess the impact of X-ray
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wavelength on the sulfur anomalous signal recorded in the
diffraction data and how this factor could influence the results
of S-SAD phasing. A total of four crystals, A, B, C and D, were
used to collect anomalous diffraction data. Data for crystals A
and B were collected using 2.0 A wavelength X-rays, while
data for crystals C and D were collected using 2.7 A wave-
length X-rays.

The correct structure solution could be obtained from data
collected at both wavelengths. These results suggested that
although the experimental conditions for data set C1 were
suboptimal (beamine A1 was not in the commissioning stage),
the stronger anomalous signal f’ of the S atoms at 2.7 A
wavelength (1.52 ¢~ at 2.7 A compared with 0.90 e~ at 2.0 A)
compensated for the difference in diffraction quality. Thus,
longer wavelengths (such as 2.7 A) offer an advantage for
recording the anomalous signal from S atoms. In addition, the
parameter-space screening-based HT structure-determination
pipeline showed potential for S-SAD phasing by salvaging the
weak anomalous data which failed to yield structure solutions
by manual approaches.

It would be very useful to have reliable and sensitive indi-
cators to judge whether a diffraction data set contains suffi-
cient anomalous signal for phasing. Such indicators may serve
as probes for a signal-based data-collection strategy where the
objective of data collection is to make the anomalous signal
strength indicators reach specific preset values for successful
phasing. Comparison of the four long-wavelength data sets
A2, B1, C1 and D1 using anomalous data-quality indicators
such as the R,no/Rpim. ratio, d'/sig(d”) and CC(all/weak)
values (Table 2) clearly showed that data set A2 is superior to
the other three data sets in terms of anomalous signal strength.
The difference between the other three data sets is marginal as
suggested by the phase difference Ag or the above indicators.
More careful analysis revealed that the d'’/sig(d’") values agree
well with Ag, which is considered to be a more accurate
representation of the S-SAD phasing accuracy. This is corro-
borated by the fact that data sets B1 and C1 yielded correct
structure solutions, while data set D1 failed to do so, in spite of
all three having an R,,o/Rpim. ratio below 1.5. In general, of
the three anomalous data-quality indicators, d"/sig(d") is the
most sensitive and stable probe for monitoring the strength of
anomalous data.

In summary, the sulfur-phased structure of DR6 reveals an
elongated ectodomain with four CRDs. Combination of the
crystallographic data with the SAXS experiment results
suggested a dimer of DR6 to be the biological unit in solution.
We have evaluated the feasibility of employing long-
wavelength X-ray beams for recording the anomalous signal
of S atoms. Our results show that longer wavelengths (such as
2.7 A) for data collection offer potential improvement of
the anomalous signal of S atoms even with the trade-off
of suboptimal experimental setups; the R,,,/R,im ratio,
d''Isig(d”) and CC(all/weak) are reliable and sensitive indi-
cators for measuring anomalous signal strength in diffraction
data, while d"/sig(d"") is a more sensitive and stable indicator
that is applicable for grading a wider range of anomalous data
qualities. Further optimizations of the hardware and data-

collection software are necessary to harness the full potential
of long-wavelength X-rays for successful sulfur phasing.

The coordinates and diffraction data for data sets A1, A2,
B1, C1 and D1 have been deposited in the Protein Data Bank
with PDB codes 3u3p, 3u3q, 3u3s, 3u3v and 3u3t, respectively.
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