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SUMMARY

Fas (CD95, Apo-1, or TNFRSF6) is a prototypical
apoptosis-inducing death receptor in the tumor ne-
crosis factor receptor (TNFR) superfamily. While the
extracellular domains of TNFRs form trimeric com-
plexes with their ligands and the intracellular do-
mains engage in higher-order oligomerization, the
role of the transmembrane (TM) domains is unknown.
We determined the NMRstructures ofmouse and hu-
man Fas TM domains in bicelles that mimic lipid bila-
yers. Surprisingly, these domains use proline motifs
to create optimal packing in homotrimer assembly
distinct from classical trimeric coiled-coils in solu-
tion. Cancer-associated and structure-based muta-
tions in Fas TM disrupt trimerization in vitro and
reduce apoptosis induction in vivo, indicating the
essential role of intramembrane trimerization in re-
ceptor activity. Our data suggest that the structures
represent the signaling-active conformation of Fas
TM,which appears to be different from the pre-ligand
conformation. Analysis of other TNFR sequences
suggests proline-containing sequences as common
motifs for receptor TM trimerization.

INTRODUCTION

Fas (CD95, Apo-1, or TNFRSF6) is a type I transmembrane (TM)

protein on the cell surface and a prototypical member of the

death receptor (DR) family in the tumor necrosis factor receptor

(TNFR) superfamily, which also consists of TNFR1, DR3, DR4,

DR5, and DR6 (Wu and Hymowitz, 2009). It is classified as a

DR because of its major function as an inducer of cell death

upon engagement by its ligand, Fas ligand (FasL). FasL is a

type II TM protein in the TNF cytokine family (Strasser et al.,

2009). The Fas/FasL system and related DRs play critical roles
602 Molecular Cell 61, 602–613, February 18, 2016 ª2016 Elsevier In
in mammalian biology, including maintenance of lymphocyte ho-

meostasis, killing of pathogen-infected cells, and surveillance of

cellular transformation. Thus, these receptors protect the organ-

isms against autoimmunity and tumor development (Holland,

2014; Walczak, 2013).

Fas is composed of an N-terminal ligand-binding extracellular

domain (ECD), a TM domain, and a C-terminal cytoplasmic

death domain (DD). Previous studies suggest that Fas is pre-

associated into non-signaling oligomers (Chan, 2000; Chan

et al., 2000; Siegel et al., 2000b). Upon binding of FasL, which

is trimeric in nature, Fas is induced to form signaling-competent

trimers, resulting in assembly of the death-inducing signaling

complex (DISC) with intracellular proteins. DISC formation be-

gins with the recruitment of the intracellular adaptor Fas-associ-

ated DD (FADD) through DD/DD interactions. FADD also con-

sists of a death effector domain (DED), which in turn recruits

tandem DED-containing caspase-8 or caspase-10 via DED/

DED interactions. It has been shown that Fas activation in cells

leads to the formation of microscopically visible clusters that

range from sub-micron to micron in dimensions (Kischkel

et al., 1995; Siegel et al., 2004), suggesting higher-order molec-

ular clustering.

Previous structural studies from our and other laboratories re-

vealed a helical assembly between the DDs of Fas and FADD,

with a stoichiometry of five to seven Fas molecules for five

FADD molecules (Esposito et al., 2010; Wang et al., 2010). The

Fas-DD/FADD-DD complex likely represents a minimal sub-

complex of the DISC. In addition, DED/DED interactions have

been shown to lead to the recruitment of over-stoichiometric

amounts of caspases in the DISC of DRs Fas, DR4, and DR5,

promoting caspase aggregation, dimerization, and auto-proteol-

ysis (Dickens et al., 2012; Schleich et al., 2012). Since DEDs also

belong to the DD fold superfamily, DED/DED interactions likely

result in helical complexes and helical filaments that have been

revealed for other members of the superfamily (Ferrao and Wu,

2012; Lu et al., 2014; Wu et al., 2014). The emerging model of

Fas signaling is that the extracellular ligand/receptor interactions

and the intracellular receptor/FADD/caspase-8 interactions

cooperate to trigger large-scale clustering of the DISC and,
c.
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thus, caspase activation. The importance of the Fas pathway is

further indicated by the many germline mutations of Fas in hu-

mans, which disrupt DISC formation and cause autoimmune

lymphoproliferative syndrome (ALPS). These mutations map to

both the ECD and the intracellular DD (Straus et al., 2001), and

they are mostly heterozygous, in which the mutants dominantly

interfere with the function of the wild-type (WT) Fas. Some

ALPS patients also have an increased tendency to develop lym-

phomas (Straus et al., 2001).

The role of the Fas TM domain in pre-ligand receptor associa-

tion and in Fas activation is unknown. Yet cancer-associated so-

matic mutations have been identified in the core of the predicted

TM segment of Fas, including the C178R mutation in cutaneous

squamous cell carcinoma and the L180F and P183Lmutations in

non-Hodgkin’s lymphomas (Grønbaek et al., 1998; Lee et al.,

2000), implying critical functional roles of the TM domain in

signaling. For multi-pass TM proteins that convert the physical

energy of ligand binding to chemical reactions across the mem-

brane, it is well known that their TM domain conformations play

important roles in the signal transduction. For most single-pass

TM receptors, the role of their TM domains beyond membrane

anchoring is unresolved, partly because of the following difficulty

in structural studies: they are notorious for resisting crystalliza-

tion and, due to their small sizes, unfeasible for visualization by

cryo-electron microscopy.

The fewexisting single-passTMdomain structuresdetermined

using nuclear magnetic resonance (NMR) spectroscopy suggest

that these domains do play specific functions. The structure of

the glycophorin A TM domain revealed a GxxxG sequence motif

that favors helix-helix packing in themembrane (MacKenzie et al.,

1997;RussandEngelman, 2000). Since then, a variety of TMhelix

dimers fromdifferent receptors have been determined (Call et al.,

2006; Lau et al., 2009; Zhu et al., 2009). In the case of immunor-

eceptor complex, electrostatic interactions between the acidic

and basic residues of the TMdomains of the signaling and the re-

ceptor chains, respectively, mediate the specific assembly (Call

et al., 2002, 2010). Themost sophisticated roles that TMs appear

to play came from studies on epidermal growth factor receptor

(EGFR) and integrin, in which the dimeric TM helix bundle partic-

ipates in the switching between signaling active and inactive con-

formations (Arkhipov et al., 2013; Endres et al., 2013; Lau et al.,

2009; Mi et al., 2011; Zhu et al., 2009). However, despite the ex-

istence of many important receptors, such as those in the TNFR

superfamily with trimeric ligands, there have been no reports of

any TM domain structures of trimeric receptors. Nor do we

know if these TMs form trimeric structures and if they are impor-

tant for the signal transduction.

In this study, we reconstituted mouse and human Fas TM do-

mains in lipid bicelles, and we used a combination of NMR spec-

troscopy and structure-guided mutagenesis to investigate their

structure, assembly, and function. We found that the Fas TM do-

mains formed stable trimers in lipid:detergent bicelles, but not in

detergent. Structures of human and mouse Fas TM determined

by NMR revealed a mode of helix-helix packing mediated by a

proline-containing motif that is significantly different from clas-

sical trimeric coiled-coils in solution. These structures and struc-

ture-guided mutagenesis uncovered the molecular basis for the

signaling defects of cancer-associatedmutations. We found that
Mole
the TM trimer is required for the signaling-competent state of li-

ganded Fas. Analysis on the structural differences between hu-

man and mouse Fas TM domains suggested that the precise

packing orientation of the triple helix bundle is critically important

for trimer stability. Collectively, these data support a revised

model of Fas signaling in which the specific interactions between

TM helices is pivotal in cooperative formation of the DISC, in

addition to trimerization at the ECD and higher-order clustering

at the intracellular domain.

RESULTS

Fas TM Peptides Form Stable Homotrimers in Lipid
Bilayers
We expressed the Fas TM peptides in E. coli as a fusion to the C

terminus of the trpLE sequence with a methionine residue in be-

tween (Call et al., 2006). This methionine residue could be used

as a cleavage site reacted by cyanogen bromide (CNBr) to re-

move the trpLE sequence. Due to the non-conserved nature of

C178 in human Fas, we mutated C178 to serine, which retained

trimer formation. More importantly, with the mutation we ob-

tained superior NMR spectra that enabled high-precision struc-

ture determination in large bicelles. After cleavage with CNBr,

the TM peptides were purified using high-pressure liquid-phase

chromatography (Figures S1A and S1B).

Hydrophobic peptides often need to be solubilized in strong

detergents and are thus not amenable to crystallization.

Our approach was to reconstitute the TM domains of Fas

from human and mouse (Figure 1A) into lipid:detergent

bicelles and determine their structures by NMR. The lipid used

was 1,2-Dimyristoyl-sn-Glycero-3-Phosphocholine (DMPC) and

the detergent was 1,2-Dihexanoyl-sn-Glycero-3-Phosphocho-

line (DHPC). To ensure that the TM domain is embedded

in a lipid bilayer environment, we used bicelles with q = 0.5

(lipid:detergent ratio of 0.5) (Figure S1C), which yields lipid

discs with a diameter of �44 Å (Sanders and Schwonek, 1992;

Figure S1D).

The bicelle-reconstituted Fas TM peptides ran on SDS-PAGE

as trimers (�13 kDa), whereas the peptides that were not recon-

stituted resolved as monomers on the gel (Figures 1B and 1C),

indicating that both human and mouse Fas TMs spontaneously

formed homotrimers in the lipid bilayer and that the trimeric com-

plexes, once formed, appear to resist the strong denaturing envi-

ronment of SDS-PAGE.Moreover, high chemical shift dispersion

and peak homogeneity observed in the TROSY-HSQC spectra

of deuterated Fas TMs in bicelles (Figures 1D and 1E) provide in-

dependent confirmation that the trimer complexes have uniform

3-fold rotational symmetry in the NMR sample.

Fas TM Structures Reveal an Unusual Mode of Helix-
Helix Packing
Despite the small size of the TM peptides and the highly

dispersed NMR spectra, determining the structure of the trimer

faced the challenge of measuring nuclear Overhauser enhance-

ments (NOEs) between structurally equivalent subunits having

the same chemical shifts, which are required as inter-monomer

distance restraints. To solve this problem, we used amixed sam-

ple in which half of the monomers were (15N/2H)-labeled and the
cular Cell 61, 602–613, February 18, 2016 ª2016 Elsevier Inc. 603



Figure 1. NMR and Biochemical Character-

ization of the TMDomains of Mouse and Hu-

man Fas Receptors

(A) Sequence alignment between the mouse and

human Fas TM regions. The alignment is based on

ClustalW2. mFAS, mouse FAS; hFAS, human FAS.

(B and C) SDS-PAGE analysis of the TM domain

oligomerization in NMR sample condition for

mouse (B) and human (C) Fas receptors. The gel

lanes from left to right are as follows: (1) purified

peptide powder dissolved in gel loading buffer; (2)

purified peptide reconstituted in DMPC/DHPC bi-

celles (q = 0.5) as in the preparation of the NMR

samples; and (3) M.W. standards. Samples were

run under non-denaturing conditions.

(D and E) Two-dimensional 1H-15N TROSY-HSQC

spectra of the TM trimers of mouse (D) and human

(E) Fas receptors reconstituted in DMPC/DHPC

bicelles (q = 0.5) recorded at 600 MHz. The pep-

tides are uniformly (15N, 13C, 2H) labeled.
other half non-deuterated tomeasure exclusively NOEs between

the 15N-attached protons of one subunit and aliphatic protons of

the neighboring subunits (OuYang et al., 2013). This NOE exper-

iment provided a sufficient number of inter-monomer NOEs (Fig-

ure S2) for deriving a unique assembly solution that has been

further validated and refined using conventional NOE data. For

mouse Fas TM, the 15 lowest energy structures of 75 calculated

converged to root-mean-square deviation (RMSD) of �0.829

and �1.392 Å for backbone and all heavy atoms, respectively.

For human Fas TM, the structures converged to RMSD of

�0.859 and�1.605 Å for backbone and all heavy atoms, respec-

tively (Figure 2A; Table 1).

Both human andmouse Fas TM trimers showed a core formed

by three hydrophobic residues separated from each other by two

intervening residues. These residues are Val177, Ile180, and

Val183 for the mouse Fas (Figure 2B) and Leu181, Ile184, and

Ile187 for the human Fas (Figure 2C). Superposition of Fas TM

trimer and canonical coiled-coil trimer shows a major difference

in the orientation of the three helices (Figure 2D). The regularity of

these core residues led us to perform helical wheel analysis of

the Fas TM trimer. In a standard coiled-coil trimer, the core is

formed with residues at positions ‘‘a’’ and ‘‘d’’ of heptad repeats

(Figure 2E), which is a result of the helix having 3.5 residues per
604 Molecular Cell 61, 602–613, February 18, 2016 ª2016 Elsevier Inc.
helical turn. Unlike the coiled-coil helices,

the hydrophobic core of the Fas TM trimer

contains residues at positions ‘‘a,’’ ‘‘d,’’

and ‘‘g’’ (Figure 2F). The significant distor-

tion from a helix is afforded by the pres-

ence of a completely conserved proline

at residue positions 181 and 185 inmouse

and human Fas, respectively. Indeed,

both structures show a subtle kink at

the proline position in the middle of the

TM helix (dihedral angles are as follows:

F = �64.3 ± 5.2�, J = �12.9 ± 3.8�

for Pro181 in mouse; F = �74.1 ± 4.8�,
J = �20.9 ± 3.5� for Pro185 in human).

Moreover, the small proline side chain al-

lows close van derWaals (VDW) contact with Ile180 (in mouse) or

Ile184 (in human) of the adjacent monomer (Figure 2G), which re-

sults in tight packing at what appears to be the neck of the trimer.

The tight packing around the proline could explain the highly sta-

ble trimeric assemblies of Fas TMs, i.e., the complexes resisted

the denaturing condition of SDS-PAGE. Finally, the TM helices

splay apart from the middle neck of the trimer toward both N-

and C-terminal ends, where there are several positively charged

residues that may associate with negatively charged lipids.

Validation of the Trimer Structures by Mutagenesis
To further understand the structure basis of trimerization of Fas

TM, we examined the effects of mutations on the stability of

the trimer in SDS-PAGE. Since theWT Fas TMs from bothmouse

and human run essentially as strong trimers in SDS-PAGE, they

served as a benchmark for assembly of a stable trimer (Figure 3;

Table S1). For the mouse Fas TM, a single substitution of two of

the three core-forming residues, Ile180 or Val183, with alanine

caused almost complete dissociation of the trimer (Figure 3B).

Surprisingly, the V177Amutation in the core did not cause signif-

icant disruption, suggesting this residue position in the core

could accommodate apolar groups of various sizes. As ex-

pected from the complete conservation of Pro181 in the Fas



Figure 2. Structures of the Trimeric TM Domains of Fas in Bicelles

(A) Ensemble of 15 low-energy structures calculated using NMR-derived restraints. The backbone and all heavy atom RMSDs are 0.829 and 1.392 Å for mouse

(left) and 0.859 and 1.605 Å for human (right). See Table 1 for more statistics.

(B) Ribbon representations of the mouse Fas TM trimers show residues that form the hydrophobic core.

(C) Ribbon representations of the human Fas TM trimers are shown.

(D) Superposition of human FAS TM trimer (yellow) and canonical coiled-coil trimer (blue, PDB: 2NVL) is shown.

(E) Helical wheel illustration of standard coiled-coil trimer showing 3.5 residues per helical turn and core positions ‘‘a’’ and ‘‘d’’ shaded in green. The positions ‘‘g’’

highlighted in yellow are periphery in standard coiled coil.

(F) Helical wheel illustration of Fas TM trimer shows three positions, ‘‘a,’’ ‘‘d,’’ and ‘‘g,’’ involved in forming the core.

(G) Zoomed side view shows inter-helical VDW interactions between the central proline at position i and isoleucine at position i � 1.
family, mutating this residue to alanine also causedmajor disrup-

tion of the trimer. Another residue at the neck of the assembly is

Leu182, and its mutation to alanine did not destabilize the trimer,

which agrees with its position facing the lipid. Thr174 is at the

interface and we found interchain NOEs between the methyl

group of Thr174 and the amide of Ile175 (Figure S2C). Our results

also showed that the T174A mutation did not disrupt the trimer,

but the T174R mutation completely disrupted the complex,

which is consistent with the structure that the small side chain

of alanine should not change the interface substantially but argi-

nine could due to its positively charged side chain.
Mole
A similar set of single mutations was tested for human Fas

TMand the resulting pattern ofmutational effects was essentially

the same as that for mouse Fas TM (Figure 3C). The human

equivalent of the mouse core-disrupting mutations, I184A and

I187A, caused essentially complete dissociation of the trimer.

Replacing the conserved Pro185 (Pro181 in mouse) with alanine

completely disrupted the trimer. Importantly, the cancer-associ-

ated mutations C178R, L180F, and P183L (Grønbaek et al.,

1998; Lee et al., 2000) were all defective in trimerization, with

C178R and P183L showing more severe effects than L180F (Fig-

ure 3D). The human Fas TM, however, has an additional proline
cular Cell 61, 602–613, February 18, 2016 ª2016 Elsevier Inc. 605



Table 1. NMR and Refinement Statistics for FAS TM Structures

Statistics Mouse FAS TM Human FAS TM

NMR distance and dihedral constraints

Distance constraints from NOE 231 243

Intra-chain NOEs 192 201

Inter-chain NOEs 39 42

Total dihedral angle restraints 120 126

f (TALOS) 60 63

c (TALOS) 60 63

Structurea

Violations (mean ± SD)

Distance constraints (Å) 0.171 ± 0.005 0.104 ± 0.005

Dihedral angle constraints (�) 0.961 ± 0.014 0.887 ± 0.020

Deviations from idealized

geometry

Bond lengths (Å) 0.008 ± 0.000 0.007 ± 0.000

Bond angles (�) 0.898 ± 0.047 0.333 ± 0.035

Impropers (�) 0.762 ± 0.016 0.714 ± 0.030

Average pairwise RMSD (Å)b

Heavy 1.392 1.605

Backbone 0.829 0.859
aStatistics are calculated and averaged over an ensemble of the 15

lowest energy structures of the 75 calculated structures.
bThe precision of the atomic coordinates is defined as the average RMSD

between the 15 final structures and their mean coordinates. The calcula-

tion only includes the structured regions of the protein: residues 170–189

for mouse FAS TM and residues 174–193 for human FAS TM.
at residue position 183, and mutating this proline, which is lipid

facing in the structure, to leucine is as disruptive as the P185A

mutation (Figure 3D). These results suggest that Pro183 in hu-

man Fas TM is also important for distorting the a helix near

Pro185 to allow tight packing at the neck of the assembly (see

further results below).

Prolines Provide Local Malleability for Tight Helix-Helix
Assembly
Both structures in Figure 2 and single-mutation data in Figure 3

show the importance of the central proline (Pro181 in mouse

and Pro185 in human) in stable trimer assembly. This is consis-

tent with the well-recognized properties of proline as follows:

(1) it allows local helix bending due to the loss of a hydrogen

bond; and (2) the small size allows close VDW contact between

two helices. In addition to the pivotal proline, the human Fas TM

has another proline at residue position 183, and mutating it to

leucine also disrupted trimerization (Figure 3D). This is unex-

pected because Pro183 was lipid facing in our structure (Fig-

ure 4A), and, moreover, the corresponding residue in WT mouse

is a leucine (Figure 1A), which obviously did not interfere with tri-

merization. In an attempt to explain the strongly disruptive effect

of the P183L mutation in human, which is one of the cancer-

associated mutations (Grønbaek et al., 1998), we hypothesized

that the additional proline in human is needed to accommodate

the small differences in helix-helix packing between the human

and mouse TM helix trimers. In addition to Pro183 in human, a
606 Molecular Cell 61, 602–613, February 18, 2016 ª2016 Elsevier In
key difference between human and mouse TM domains is that

the core hydrophobic residues on two sides of the pivotal proline

in human Fas, Leu181 and Ile187, are bulkier than the corre-

sponding valines in mouse Fas (Figure 4A). Computational

modeling shows that mutating Val177 and Val183 to leucine

and isoleucine, respectively, causes substantial steric collision,

which needs to be resolved by a wider helix-helix packing angle

(Figure 4B). We thus hypothesized that the role of Pro183 in hu-

man Fas TM is to allow additional malleability near the central

proline to accommodate the bigger hydrophobic cores around

the neck of the trimer.

If the above hypothesis is true, then replacing the bulky

Leu181 and Ile187 with valines should rescue the disruptive ef-

fect of P183L. Indeed, our mutagenesis data showed that

mutating either Leu181 or Ile187 to valine in the presence of

the P183L mutation partially restored trimerization and mutating

both residues to valines completely restored trimerization (Fig-

ure 4C). Furthermore, we found that the P183A mutation had a

disruptive effect similar to P183L. Since alanine and proline

have similar sizes, the disruptive effect of P183L or P183A

cannot be attributed to steric collision. Therefore, the additional

proline in human Fas serves to provide the additional plasticity

needed to adjust to the larger hydrophobic cores.

We also compared the calculated single-point energy change

by these mutations (Table S2). For human Fas TM, the single-

point energy of WT is �4.25E3 kJ/mol. The mutation P183L

increases the energy to �3.98E3 kJ/mol, whereas the rescuing

triple mutations P183L + L181V + I197V decrease the energy

to a level even lower than that of WT (�4.55E3 kJ/mol). In the

case of mouse Fas TM, the single-point energy of the WT is

�4.31E3 kJ/mol. The double mutations V177L + V183I increase

the energy to �3.69E3 kJ/mol, and rescuing mutations V177L +

V183I + L179P decrease the energy to a level similar to that ofWT

(�4.23E3 kJ/mol). The above energy calculations suggest that

Pro183 in human Fas TM is important for introducing the flexi-

bility required to accommodate the hydrophobic core.
Trimerization of the TM Domain Is Essential for
Spontaneous Fas-Induced Cell Death
In vitro biochemistry of human Fas mutants on the TM peptide

showed that C178R, P183L, and P185A completely abolished

trimerization; L180F, I184A, and I187A were partially defective;

and I184V and L186A were not defective (Figure 3D). To deter-

mine if these structure-based and cancer-associated TM trime-

rization mutations are important for Fas signaling in the context

of the full-length receptor, we examined their effects on the abil-

ity of Fas to induce cell death. We transfected HeLa cells with

vector control, and WT and mutant full-length Fas constructs,

and we assessed the extent of Fas expression-induced cell

killing (Shatnyeva et al., 2011). Confocal microscopy confirmed

that all Fas constructs localized to the cell membrane (Figure S3).

At 14-hr post-transfection, cells were stained with annexin V and

propidium iodide (PI). While annexin V detects externalized

phosphatidylserine during the early stage of apoptosis, positive

PI staining indicates loss of membrane integrity at a more

advanced stage of cell death. We analyzed large populations

of cells using a Cellometer automated cell counter, and we
c.



Figure 3. Effects of Single Mutations on Tri-

merization of the Fas TM Domains

(A) Helical wheel illustration of mouse Fas TM

trimer, as in Figure 2E, showing the positions of

single mutation highlighted in green. The dashed

green lines indicate VDW contact between two

residue positions.

(B) SDS-PAGE of bicelle-reconstituted mouse Fas

TM and its mutants showing the effect of single

mutations on trimerization. Samples were run un-

der non-denaturing conditions.

(C) Helical wheel representation, as in (A), for the

human Fas TM trimer shows the positions of single

mutation in green as well as the disease mutation

positions in yellow.

(D) SDS-PAGE of bicelle-reconstituted human Fas

TM and its mutants showing the effect of single

mutations on trimerization. Samples were run un-

der non-denaturing conditions.
calculated the percentage of dead cells that were annexin V and/

or PI positive.

We hypothesized that TM trimerization-defective mutants

might cause reduced cell death in comparison to the WT. Of all

the Fas mutants tested, C178R, P183L, and P185A were the

most defective (Figure 5). C178R is a cancer-associated muta-

tion (Lee et al., 2000) and caused trimer dissociation in vitro.

As shown above, Pro183 provides the flexibility important for

trimer assembly and P183L is also a cancer-causing mutant

(Grønbaek et al., 1998). Pro185 is the completely conserved pro-

line required for trimer assembly. Mutations that were either

partially defective or non-defective in trimerization in vitro did

not show reduced killing in these assays. Therefore, the cell

death assay demonstrated that disruption of trimer assembly at-

tenuates Fas-mediated signal transduction and cell killing. How-

ever, it appears that the Fas expression-induced cell death

assay is not sufficiently sensitive to distinguish non-defective

versus partially defective mutations.

Implication of the TM Trimer on Pre-ligand Receptor
Assembly
The contribution of TM trimerization to Fas-induced cell death

may represent either the pre- or post-liganded state of the re-

ceptor. Before ligand engagement, Fas exists in an oligomeric

form stabilized by the N-terminal pre-ligand assembly domain

(PLAD), which allows for efficient receptor signaling (Chan

et al., 2000). To examine whether the pre-ligand assembly of

Fas is affected by the TM mutants in living cells, we quantitated

interactions between WT Fas molecules and those harboring

mutations that disrupted in vitro trimerization of the TM domain

(C178R, L180F or P183L, P183A, and P185A) using flow cytom-

etry-based fluorescence resonance energy transfer (FRET), a

technique that we have used previously to investigate self-as-

sociation in Fas and other receptors in the TNFR superfamily
Molecular Cell 61, 602–613,
at a single-molecule level (Lee et al.,

2009; Siegel et al., 2000a, 2000b).

When cells expressing equivalent

levels of the receptor proteins fused to
CFP or yellow fluorescent protein (YFP) were analyzed for

FRET, the mutants were all still able to associate with WT

Fas to a much greater extent than a heterologous receptor

TNFR1 (Figure 6A; Figure S4). The C178R mutant had the

lowest interaction with WT Fas. Other than C178R, all the other

mutants could not be distinguished from each other or the

L186A mutant, which lies on the outside of the TM triple helix

in the NMR structure. When homotypic interactions between

these mutants were compared to WT Fas-Fas interactions, all

the mutants were still able to self-associate, with the C178R

mutant self-associating to a greater extent than WT Fas (Fig-

ure 6B). As an independent test of the effects of the TM domain

on Fas pre-ligand association, we used photoactivated locali-

zation microscopy (PALM) to precisely determine the positions

of single Fas molecules fused to photoactivatable GFP (PA-

GFP) on the plasma membrane and to calculate the oligomer-

ization state of individual receptor clusters (Sengupta et al.,

2013). As shown in Figure 6C, 46% of WT Fas molecules

were found to be in an oligomeric state, with clusters of two

or three molecules representing 75% of the clusters. The

P183L or L180F mutants were similar to WT Fas in their oligo-

merization state. Taken together, these data suggest that the

Fas TM domain is not essential for pre-ligand oligomerization

in the context of the full-length receptor.

Trimerization of the TM Domain Is Essential for Ligand-
Induced Fas Signaling
The lack of major changes in pre-ligand receptor oligomeriza-

tion due to the TM mutations suggests that the TM structure re-

ported here may be more relevant to the conformation of the

receptor after ligand engagement. To investigate this further,

we tested whether TM assembly is required for cell death

induced by FasL. After transfection of various forms of Fas

into Fas-deficient Jurkat cells, FasL induced robust apoptosis
February 18, 2016 ª2016 Elsevier Inc. 607



Figure 4. Role of the Lipid-Facing Proline in

the Trimeric Assembly of Human Fas TM

(A) Ribbon representations of human Fas TM trimer

showing the lipid-facing proline (P183) as spheres.

The central proline (P185) is shown as sticks.

(B) Top and bottom views of mouse Fas TM trimer

show that mutating V177 or V183 to isoleucine

results in severe steric collisions on either side of

the central proline.

(C) SDS-PAGE of bicelle-reconstituted human Fas

TM and its mutants shows the effect of single

mutations at P183 as well as compensatory mu-

tations on trimerization.
of cells expressing WT Fas in a dose-dependent manner, while

cells harboring the TM trimer-defective mutants (C178R,

L180F, P183L, P183A, and P185A) were significantly resistant

to FasL-induced apoptosis (Figure 6D). In Jurkat cells, receptor

surface expression of YFP-positive cells as determined by

anti-Fas antibody staining was decreased for TM mutants,

particularly C178R, which also was reflected in FasL binding

(Figure S5). It is likely that the introduction of a positive charge

made the C178R mutant less stable on the membrane surface,

which may further contribute to its pathogenicity. The L186A

mutant, which is not in the trimer interface, mediated an

intermediate amount of cell death slightly less than the WT

receptor, perhaps reflecting a contribution of this residue to

interactions between receptor trimers, which are likely to occur

given the larger oligomeric structures triggered by receptor

ligation and required for apoptosis (Siegel et al., 2004, Wang

et al., 2010). TM domain mutations did not disrupt cell death

as much as a DD mutant (A257D) found in ALPS patients,

which disrupts the type III interface stabilizing the Fas/FADD-

signaling complex and functions as a dominant-negative muta-

tion in ALPS (Wang et al., 2010). Collectively, the destabilizing

effect of mutations on TM trimerization may affect Fas sig-

naling at multiple levels, including surface receptor expression

and formation of a productive apoptosis-inducing signaling

complex.

Since the ability of DD-deleted or -mutated Fas to interfere

with WT Fas signaling depends on the assembly of these mu-

tants into receptor trimers upon signaling (Siegel et al., 2000b),

Fas TM mutants may exhibit reduced ability to interfere with

Fas-induced apoptosis. To test whether this is the case, we

co-transfected DD-deleted (DDD) versions of each of these three
608 Molecular Cell 61, 602–613, February 18, 2016 ª2016 Elsevier Inc.
TM mutants with WT Fas and induced

apoptosis with FasL. As expected, Fas

DDD strongly inhibited the ability of WT

Fas to induce apoptosis (Figure 6E). How-

ever, Fas TM domain mutations signifi-

cantly reduced the ability of the Fas

DDD construct to block cell death

induced by WT Fas. The reduced ability

to interfere with WT Fas signaling is

consistent with the loss of heterozygosity

of these mutants at the Fas locus in can-

cer cells (Grønbaek et al., 1998; Lee

et al., 2000), in contrast to the DD muta-
tions in ALPS, which are co-expressed with WT receptors

(Straus et al., 2001).

DISCUSSION

Proline-Containing Sequence Motif for Trimeric TM
Assembly
Our studies demonstrated that the TM domains of Fas form sta-

ble trimers in lipid bilayer, suggesting that these TM sequences

possess intrinsic propensities to trimerize. This is in line with the

ligand-induced trimerization of the receptor ECD. The NMR

structures of the TM trimers revealed a mode of TM helix as-

sembly in which prolines play critical roles in providing optimal

bending angles and local plasticity to allow close helix-helix

packing. This trimeric structure is important for the ability of

Fas to induce cell death, explaining the disease phenotypes

of Fas TM mutations. The mode of Fas TM assembly is entirely

different from TM helix dimers formed around the GxxxG

sequence motif (Russ and Engelman, 2000), the more common

coiled-coil assembly of TM helices that form higher-order olig-

omers (Oxenoid and Chou, 2005; Rout et al., 2014; Wang et al.,

2009), and the relatively non-specific, cation-mediated trimeric

and tetrameric intermediates of the DAP12 TM domain (Kno-

blich et al., 2015). The unique structural feature implies the ex-

istence of a sequence determinant for the trimeric assembly of

Fas TM.

By comparing the structures of the mouse and human Fas TM

trimers and their corresponding patterns of mutational effects,

we can make the following conclusions about the structural ele-

ments essential for trimerization. First, the conserved Pro181 in

mouse and Pro185 in human, denoted here as P(i), introduce



Figure 5. Trimerization of the TM Domain Is Essential for Overexpression-Induced Fas Killing

(A–J) HeLa cells transiently overexpressed with WT and mutant Fas were stained by PI and annexin V and analyzed by Cellometer. One representative dataset of

three is shown. High PI- and/or high annexin V-stained cells were considered dead cells.

(K) Plotted cell death ratios inWT andmutant Fas-overexpressed HeLa cells. The data show that C178R, P183L, and P185Amutant Fas were partially defective in

cell killing compared to WT Fas. Error bars are derived from three independent experiments.
local bending of the backbone structure that allows close helix-

helix packing around this residue. Second, the hydrophobic

residue preceding P(i), denoted here as F(i�1), packs closely

against P(i) of the adjacent monomer. The F(i�1) residue also

forms the hydrophobic core at position i�1. Third, the hydropho-

bic residue at position i + 2, denoted here as F(i + 2), forms the

hydrophobic core at position i + 2. These three residues have

been shown by mutagenesis to be important for assembly. The

residue at position i + 1 (denoted as x) is lipid facing and its mu-

tation does not affect trimerization. Therefore, the sequence

motif that determines trimerization of Fas TM appears to be

FPxF, where F represents hydrophobic residues such as

leucine, isoleucine, or valine; P is proline; and x can be any res-

idues that can partition in the lipid environment, except for pro-

line and glycine.
Mole
We found that the FPxF sequence is present in the TM do-

mains of other families of the TNFR superfamily, including

TNFR1, DR3, and DR6, although the positions of the sequence

motif in the membrane vary (Figure 7A). It is, therefore, likely

that the Fas TM structures represent a structural archetype for

many members of the TNFR superfamily.

Role of Intramembrane Trimerization in Fas Signaling
Based on the Fas TM trimer structures, we have identified

several mutations that disrupt trimerization, including those re-

ported to be associated with cancer (Grønbaek et al., 1998;

Lee et al., 2000). The reduced spontaneous or FasL-induced

apoptosis in cells expressing Fas with these mutations indicates

that the TM trimer structure is required for receptor function. Our

observations using FRET and super-resolution microscopy that
cular Cell 61, 602–613, February 18, 2016 ª2016 Elsevier Inc. 609



Figure 6. Effects of Fas TM Domain Mutants

on Receptor Pre-association and FasL-

Induced Apoptosis

(A and B) Relative FRET between the indicated CFP

and YFP fusion proteins of Fas in transfected 293T

cells. The fold change in FRET relative to WT-WT

interactions for heterotypic mutant:WT (A) and ho-

motypic (B) interactions are shown. Data are from

two independent experiments, with each repeat

shown as one point, and are representative of five

independent experiments. Statistical comparisons

to WTFas-TNFR1 association (A) and WTFas self-

association (B) are shown (*p % 0.05, **p % 0.01,

and ***p % 0.001 by Mann-Whitney).

(C) Oligomerization state of WT, P183L, and L180F

Fas mutants on the plasma membrane of COS-7

assessed by quantitative analysis of PALM data-

sets. The spatial distribution of single PAGFP-tag-

ged CD95, CD95-P183L, and CD95-L180F across

the plasma membrane was analyzed by Hoshen-

Kopelman-based algorithm to identify individual

protein clusters, and the number of proteins within

each identified cluster was counted. The plot

shows the frequency of occurrence of clusters

containing specified number of proteins, and the

percentage of clusteredmolecules are shown in the

legend.

(D) Fas-deficient Jurkat RapoC2 cells were trans-

fected with either WT Fas or the indicated TM

mutation and stimulated with increasing amounts

of FasL-LZ for 18 hr to induce apoptosis. Data

shown are cumulative of three independent ex-

periments, each performed in triplicate, repre-

sented as mean ± SEM. Unpaired t test was used

for statistical analyses (**p % 0.01 and ****p %

0.0001 for all concentrations above 2.5 ng ml�1 of

the indicated mutant compared to WT).

(E) Dominant-negative interference assay with

DD-truncated (DDD) Fas-YFP fusion constructs

co-transfected with full-length Fas-CFP fusion

constructs into Jurkat RapoC2 cells. Transfected

cells were stimulated with 25 ng/ml FasL-LZ

for 18 hr and CFP+YFP+ cells of equivalent

relative fluorescence were assessed for cell

death. Asterisks represent significance (p < 0.005) for comparison of the ability of mutant Fas constructs to confer resistance to FasL-induced apoptosis

compared with the WT DDD protein. Data are cumulative of two independent experiments, each performed in triplicate.
the same disruptive mutations did not decrease interactions be-

tween the mutant receptor chains in the absence of FasL sug-

gests that the principal function of the TM domain is to stabilize

the liganded state of the receptor, rather than pre-ligand associ-

ation, which is the function of the N-terminal PLAD (Siegel et al.,

2000b). Whether the pre-ligand association state of Fas is

trimeric or dimeric has been amatter of debate. The lack of inter-

ference with pre-ligand association by the TMmutants defective

in trimerization may support a dimer state observed in the crystal

structure of ECD of TNFR1 (Naismith et al., 1995). The super-res-

olution microscopy data showing that monomers, dimers, and

trimers of receptors co-exist on the plasma membrane before

ligation suggest that the pre-ligand state may be more of a dy-

namic equilibrium among oligomeric states. Although the TM

domain does not interact with the ligand, it may help in stabilizing

the ligand-bound state of Fas and, in turn, facilitate the oligomer-

ization that is necessary for efficient recruitment and activation of
610 Molecular Cell 61, 602–613, February 18, 2016 ª2016 Elsevier In
caspase-8, which is critical for initiating the apoptotic caspase

cascade. The reduced ability of a DD-truncated version of Fas

to interfere withWT Fas signaling whenmutations are introduced

into the TM domain (Figure 6E) supports a functional role for the

TM domain in oligomerizing Fas during ligand-induced signaling.

Explanation of Cancer-Associated Fas TM Mutations
Somatic mutations in the human Fas TM domain are associated

with malignancy, with the L180F and P183L mutations associ-

ated with lymphoma and the C178R mutation with squamous

cell carcinoma (Grønbaek et al., 1998; Lee et al., 2000). Our

SDS-PAGE results show that all three mutations have strong

disruptive effects on TM domain trimerization (Figure 3D). The

side chain of Cys178 is located at the interface of helices (Fig-

ure 3C) and its mutation to the much larger arginine should result

in major steric collisions. Moreover, placing three positively

charged arginines in the narrow diamagnetic space is expected
c.



Figure 7. Implication of Fas TM Trimeriza-

tion to TM Signaling by TNFRs

(A) TM domain sequences within different receptor

families of the TNFR superfamily, aligned using the

FPxF motif, are shown.

(B) Schematic illustration of the role of proline

motif-mediated Fas TM trimerization in stabilizing

the trimeric receptor conformation that is signaling

active. Dimeric pre-ligand association is supported

by this study and observations of crystallographic

dimers in the unliganded ECD of TNFR1 (Naismith

et al., 1995). Higher-order clustering of liganded

Fas is supported by structural and functional

studies of intracellular interactions.
to introduce strong repulsive and disruptive forces. Leu180 is

also at the helix-helix interface (Figure 3C); its side chain inserts

between Leu181 and Pro185 of the adjacent TM helix, forming

optimal inter-helical VDWcontacts.Mutating Leu180 tophenylal-

anine, which has different shape and electronic properties, is ex-

pected to have destabilization effect at this position. Pro183 is

lipid facing in the structure (Figure 4A). As demonstrated above,

the P183L mutation reduces the flexibility near the central core

of the trimer required for optimal packing of the core residues

and, as a result, also disrupts the trimer assembly (Figure 3D).

Unlike mutations in the DD, which can inhibit the function of

the WT receptor, the TM Fas mutations in cancer are associated

with loss of heterozygosity, with deletions in the other allele of

Fas. The reduced ability of these mutants to promote apoptosis

shows that disrupting intramembrane trimerization of the recep-

tor during signaling is the likely molecular explanation for these

disease-associated mutations. Interfering with or stabilizing the

TM domain of Fas would be a novel strategy for therapeutic

manipulation of the Fas pathway.

Conclusions
In summary, this study demonstrates that the TM domains of the

Fas receptors form stable homotrimers in lipid bilayer, and the
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stability of trimer assembly is important

for the ability of the receptors to signal.

The structures of the Fas TM trimers

represent a mode of TM helix assembly

in which the prolines play the critical role

of providing local plasticity for allowing

close helix-helix packing in the middle of

the TM domains. Based on the presence

of conserved prolines in the predicted

TM segments of other TNFR families, the

reported trimer structure may represent

a structural archetype for the rest of the

TNFR superfamily, as well as other recep-

tor systems that trimerize.

Our functional data, both from in vivo

and in vitro experiments, unequivocally

show that the structure of the trimeric

TM complex plays an important role in

supporting the signaling active state of

the receptor by stabilizing the ligand-
bound state of the Fas ECD and the oligomeric arrangement

necessary for downstream recruitment of caspases (Figure 7B).

Furthermore, we provide evidence to show that the reported TM

trimer structure is not relevant to the TM domain conformation of

the pre-ligand receptor complex. Altogether, our findings pro-

vide a molecular explanation for the known cancer-causing

Fas TM mutations as all of them disrupt the reported TM trimer

structure and, consequently, reduce the ability of the mutant re-

ceptors to properly assemble and signal.

EXPERIMENTAL PROCEDURES

Protein Production and Reconstitution

The human Fas TM RSNLGWLSLLLLPIPLIVWVKRKEVQKT and the mouse

Fas TM RNRLWLLTILVLLIPLVFIYRKYRKRKS were expressed and purified

using protocols similar to those developed previously (Call et al., 2006; Schnell

and Chou, 2008).

Structure Calculation

The monomer structure was first determined using intramonomer NOE re-

straints and backbone dihedral restraints derived from chemical shifts. Three

copies of the monomer structure were used to construct an initial model of the

trimer using inter-monomer NOE restraints. For each inter-monomer restraint

between two adjacent monomers, three identical distance restraints were as-

signed respectively to all pairs of neighboring monomers to satisfy the
February 18, 2016 ª2016 Elsevier Inc. 611



condition of 3-fold rotational symmetry. Finally, the trimer was refined against

the complete set of NOE restraints (including intra-monomer and inter-mono-

mer distance restraints) and dihedral restraints. A total of 75 structures were

calculated and 15 low-energy structures were selected as the structural

ensemble. Restraint and refinement statistics are shown in Table 1 (Supple-

mental Experimental Procedures).

Fas Ligand Preparation

FasL-LZ was prepared as previously described (A.C.C., P.S., S.K.T., and

R.M.S., unpublished data; Ramaswamy et al., 2011). Briefly, the ECD of

FasL was fused to a FLAG tag and an isoleucine zipper motif to allow self-as-

sembly. HEK293T cells were transfected with the FasL construct for overex-

pression, with cell supernatants collected and purified over anti-FLAG mag-

netic beads (anti-FLAG M2 magnetic beads, Sigma). Quantitation was

performed by ELISA (R&D Systems).

FRET

Full-length (amino acid [aa] 1–317) or DD-truncated (aa 1–210) human Fas was

cloned into pECFP-N1 or pEYFP-N1 (Clontech Laboratories), modified to ex-

press an N-terminal hemagglutinin (HA) tag and utilize the TNFR2 leader

sequence for efficient surface expression. TM mutations were introduced

into the constructs by site-directed mutagenesis. After confirmation of both

sequence and expression, 2 mg of each construct was transfected into 293T

cells. Then, 48 hr after transfection, flow cytometric detection of FRET intensity

was performed (Siegel et al., 2000a, 2000b) using a SORP LSRII Fortessa (BD

Biosciences) with 447/488 nm dual-laser excitation. Constructs expressing

either full-length TNFR1 p60 or TACI with C-terminal CFP or YFP fusion

were used as controls.

PALM

PAGFP-labeled WT, P183L, and L180F Fas constructs (CD95-PAGFP, CD95-

P183L-PAGFP, and CD95-L180F-PAGFP, respectively) were transiently trans-

fected into COS-7 cells using Fugene 6 (Promega). Cells were fixed with 4%

paraformaldehyde and 0.2%glutaraldehyde in PBS 20–24 hr post-transfection

and imaged by PALM to precisely localize the positions of single PAGFP-

labeled protein molecules. Next, a composite super-resolution image was

generated by combining all the single-molecule positions identified in the entire

set of image frames of a PALM time-series experiment. The composite image

was analyzed using Hoshen-Kopelman algorithm to identify and spatially

localize individual clusters of CD95/CD95-P183L/CD95-L180F molecules.
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