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ABSTRACT: Fas ligand (FasL) is a 40-kDa type II transmembrane protein belonging to the tumor necrosis
factor (TNF) family of proteins and binds to its specific receptor, Fas, a member of the TNF receptor family.
Membrane-bound FasL can be processed into a soluble form by a metalloprotease similar to that which
cleaves TNFR. Elevated levels of FasL have been implicated in a wide variety of diseases ranging from cancer
to inflammatory abnormalities, which could be targeted by antibody therapy. We generated a fully human
high-affinity antibody against FasL that binds to and neutralizes the activity of both soluble and membrane-
associated humanFasL. In order to elucidate themechanism of function of this antibody, we havemapped the
region and critical residues involved in the recognition of FasL using a combination of homology modeling,
immunoprecipitation, hydrogen-deuterium exchange mass spectrometry (H/DXMS), and alanine scanning
site-directed mutagenesis. These studies have revealed the antibody binding site on human FasL. Further-
more, through molecular homology modeling, we have proposed a mechanism for the neutralizing activity of
this antibody that involves interference with the docking of the ligand to its receptor by the antibody.

Fas ligand (FasL), also known as CD95 ligand, is a 40-kDa
type II transmembrane protein consisting of 281 amino acids
with a calculated molecular mass of 31759 Da. It belongs to the
tumor necrosis factor (TNF)1 family of proteins and, as such,
exists as a transmembrane homotrimer (1, 2). The specific
receptor for FasL is Fas (CD95, Apo-1), a 45-kDa type I
transmembrane protein that is a member of the TNF receptor
family. Membrane-bound FasL can be processed into a soluble
form by a metalloprotease similar to that which cleaves
TNFR (3-7). The soluble forms of the TNF family members
that have been crystallized, including TNFR (8), lymphotoxin
R (also known as TNFβ) (9), and CD40L (10), all share a similar
compact, pear-shaped, homotrimer conformation.

FasL is predominantly expressed on activatedT cells andnatural
killer (NK) cells, while Fas is expressed on various cell types. The
Fas/FasL system plays a crucial role in modulating immune
responses by inducing cellular apoptosis to maintain homeostasis,
self-tolerance of lymphocytes, and immune privilege (11, 12). In
addition, FasL is a potent chemoattractant for neutrophils and
thus also has a proinflammatory function (13). Genetic mutations
that inactivate either FasL or Fas are associated with autoimmune
lymphoproliferative syndrome, a hereditary condition character-
ized by the accumulation of atypical lymphocytes and by the
development of autoimmune manifestations (12, 14).

Tumors have evolved a variety of methods to evade the
immune response. One such mechanism is the active depletion
of antitumor immune cells via expression of FasL on the tumor
cells. Abnormally elevated levels of FasL have been reported in
leukemia and lymphomas (3, 15-20). The Fas/Fas ligand system
is also implicated in pathogenesis of many diseases, including the
T cell depletion observed in HIV-infected individuals, in multiple
sclerosis, in acute respiratory distress syndrome (21), and in acute
graft-versus-host disease (11, 19-27). The pathogenic effects of
FasL can be targeted by immunotherapy involving an antag-
onistic antibody. While not yet demonstrated in humans, block-
ing of the Fas/FasL system has been shown to be therapeutic in
various animal models of disease, including bacterial pneumo-
nia (28), pulmonary inflammation (29), spinal cord injury (30),
sepsis (31), and hepatitis (32). Such an antibody could potentially
be indicated for a number of pathologies, such as autoimmune
diseases and cancer.

We have generated a fully human antibody against FasL.
This antibody, LA296, is an IgG4 monoclonal antibody with a
binding affinity of 100 pM for soluble FasL. LA296 binds to
and neutralizes the activities of both soluble and membrane-
associated human and cynomolgus monkey FasL, but not that
of mouse or rabbit, as determined by ELISA and BIAcore
measurements. In order to further understand the epitope-
binding specificity of this antibody and its mechanism of
action, we have mapped critical residues involved in its
recognition of FasL using a combination of homology model-
ing, immunoprecipitation, hydrogen-deuterium exchange
mass spectrometry (H/DXMS), and alanine scanning muta-
genesis. These studies have revealed the antibody binding site
on human FasL. Furthermore, through molecular homology
modeling, we are able to propose a mechanism for the
neutralizing activity of this antibody.

*To whom correspondence should be addressed. Tel: 317-651-3962.
Fax: 317-277-8200. E-mail: Obunguvi@lilly.com.
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AUC, area under the curve, MALDI, matrix-assisted laser desorption/
ionization.
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MATERIALS AND METHODS

Materials. LA296 is a recombinant antibody of Eli Lilly and
Co. A recombinant soluble human histidine-tagged FasL (carrier
free) was obtained from R&D systems (catalog no. 126-FL-010/
CF) and used for protein excision and extraction experiments.
This protein (rhFasL) comprises residues 134-281 of the full
length of human FasL fused at the N-terminal end to a histidine
tag preceded by a single methionine residue. A Flag-tagged re-
combinant extracellular domain of human FasL protein (rfFasL)
was purchased fromAlexis (catalog no. 522-001-C010). This pro-
tein comprises residues 103-281 of the full-length human FasL
fused at the N terminus to a 26 amino acid linker peptide and a
Flag tag.
Cell Culture. The Jurkat cell media were comprised of RPMI

1640 (Gibco catalog no. 11875-093) supplemented 10% FBS
(Gibco catalog no. 10091-148) and 50 μg/mL gentamicin (Gibco
catalog no. 15750-060).

HEK293EBNA cells weremaintained inDulbecco’smodified
Eagle’s medium/F-12 (3:1) supplemented with 5% fetal bovine
serum, 20 mMHEPES, 2 mM L-glutamine, 50 μg/mL geneticin,
and antibiotic-antimycotic mixture.
Construction, Alanine Scanning Mutagenesis, and Ex-

pression of Soluble Human FasL (solFasL). The soluble
domain of human FasL comprising residues 133-281 was
generated by PCR using a full-length FasL cDNA construct as
template. The primers used in this amplification were designed to
incorporate BamHI and EcoRI sites. These restriction sites were
used to clone the PCR product in-frame and downstream of a
preprotrypsin leader sequence and Flag octapeptide in pFLAG
CMV-1 vector (Sigma Aldrich). Alanine scanning mutants were
obtained using a Quick-Change site-directed mutagenesis kit
(Stratagene).

Solublewild-type ormutant FasL cDNAwas scaled up using a
Maxi plasmid kit (Qiagen) as suggested by themanufacturer. The
cDNA constructs thus generated were used to transiently trans-
fect HEK 293 EBNA cells, using TransIT reagent (Mirrus)
according to manufacturer’s instructions. Briefly, cells were
plated (5.0 � 106) onto 150 mm polylysine-coated plastic plates
and grown overnight to 70-80% confluency. The medium was
aspirated and replaced with 15 mL of fresh medium 0.5-1 h
before transfection. The following day, medium was aspirated,
cells were rinsed once with phosphate-buffered saline, and
incubated for another 2-3 days in 20 mL of serum-free medium.
Subsequently, the medium was collected and replaced daily
for another 4-5 days. Collected media were filtered through a
0.22 um filter and concentrated using an Amicon filter with 50K
MWT cutoff. The concentrates were either frozen at -20 �C or
purified immediately as described below.
Purification of Wild-Type and Mutant Soluble Human

FasL. SolFasL was purified by anti-Flag (M2) affinity chroma-
tography using Cell MM2 Flag M purification kits (Sigma
Aldrich). FasL was batch captured by incubating with anti-Flag
resin overnight at 4 �C. The following day the mixture was
centrifuged on a bench centrifuge, and the resin was collected,
washed twice with wash buffer, and packed into a chromatog-
raphy column. The column was washed with 10 column volumes
of wash buffer or until the OD280 of flow through eluate was
below 0.05. FasLwas eluted from the column using elution buffer
(0.1M glycine, pH 3.5) into tubes containing 1mL of Tris buffer,
pH 8.0. Eluates were pooled, concentrated byAmicon filters, and
buffer exchanged twice in phosphate-buffered saline (PBS)

buffer, pH 7.4. This soluble FasL largely migrated at 30 kDa
in a reduced SDS-PAGE gel despite a theoretical mass of
18 kDa, likely as a result of glycosylation.
FasL-Mediated Cell Death Assay in Jurkat Cells. In

order to run a cell death assay, a 4� FasL/enhancer medium was
prepared. This medium was made up by incubating Jurkat cell
media, 200 ng/mL FasL, and 4.0 μg/mL anti-Flag M2 mAb
(Sigma catalog no. F-3165) (enhancer) for 1 h at room tempera-
ture to allow for binding of enhancer to FasL and “multi-
merization” to occur. In the meantime, 4� serial dilutions of
samples (FasL inhibitors) and controls were made as needed. 4�
FasL/enhancer media (25 μL/well) or controls were aliquoted
into the 96-well plate. At the same time, 25 μL/well of samples or
controls was similarly aliquoted into the 96-well plate. The plate
was incubated for 1 h to allow binding of samples to enhanced
FasL. A total of 1000000 Jurkat cells/mL of solution were
aliquoted at 50 μL/well and incubated for 3 h at 37 �C in a 5%
CO2 incubator. Ten microliters of WST-1 cell proliferation
reagent (Roche catalog no. 1 644 807) was subsequently ali-
quoted into each well and the plate incubated for approximately
18 h (overnight) at 37 �C in a 5% CO2 incubator. The following
day the plate was read on aMolecular Devices plate reader at an
optimal wavelength of 450 nm.
Epitope Extraction. RhFasL (R&D, carrier-free) was re-

constituted in 100 mM NH4HCO3 buffer, pH 8, and digested
with trypsin at 37 �C for 6 h. LA296 was biotinylated with NHS-
LC-biotin (Pierce) according to manufacturer’s protocol. Dynal-
beads M-280 streptavidin (100 μL) was incubated with 5 μg of
biotinylated LA296 for 6 h at room temperature, and unbound
antibody was removed by washing the beads with PBS. One
microgram of the FasL tryptic digest was diluted in PBS/0.1%
BSA buffer and added to the washed beads. After overnight
incubation at 4 �C, beads were washed three times with PBS and
twice with 100 mM ammonium bicarbonate buffer, pH 8. Bound
peptides were eluted from the beads in 10% formic acid, desalted
with ZipTipC18, and spotted ontoMALDI targets with an equal
volume of saturated R-cyano-4-hydroxycinnamic acid solution
added.
Epitope Excision. A mixture of LA296 and rhFasL in PBS/

0.1% BSA was incubated for 6 h at 4 �C. Antibody-protein
complexes were captured with Protein A-Sepharose beads
(Amersham) and subjected to the digestion with trypsin. Bound
peptides were eluted from the beads and analyzed as described
above.

In a separate experiment, LA296, FasL, and a mixture of
LA296 and FasL were incubated in PBS overnight at 4 �C and
then digested with trypsin (6 h at 37 �C). Tryptic digests were
desalted with ZipTip C18, and peptides were analyzed by
MALDI TOF.
MALDI-Mass Spectrometry. All spectra were acquired

with a 4700 MALDI-Tof-Tof mass spectrometer (PerSeptive
Biosystems, Framingham, MA) as described (33).
Hydrogen-Deuterium Exchange Mass Spectrometry

(H/DXMS). Flag-tagged soluble human FasL (Alexis) was
used in this analysis. FasL-LA296 complexes were prepared
as follows: 10 μg of FasL (10 μL) solution was transferred to a
500 μL plastic vial. Then either 5 μL of 1� PBS (10 mM sodium
phosphate, 150 mMNaCl, pH 7.4) or 5 μL (50 μg) of LA296 was
added, yielding an approximate molar ratio (FasL/LA296) of
1:1.5. Twenty microliters of 1� PBS was added into each vial,
and each solution was then treated with 1 μL of 1 unit/mL
neuraminidase solution (Roche Diagnostics) at 37 �C for 90 min.
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Five microliters of free FasL or the FasL-LA296 complex was
mixedwith 20 μLof 100%D2O, resulting in 80%D2O in the final
sample. The solution was incubated at ambient temperature for
10min. The exchangewas quenched, and the samplewas digested
by adding 2 μL of 2 mg/mL pepsin (Sigma) and 20 μL of 0.15%
formic acid aqueous solution and incubating at ambient tem-
perature for 30 s. The digest was immediately injected onto a C18
reversed-phase column, manually.

A Waters 2795 HPLC and Micromass LCT premier mass
spectrometer were used for all analyses. The HPLC stream from
the HPLC pump was connected via metal tubing (approximately
1 mL) to the manual injector and to a Zorbax C18 column (2.1�
50 mm) and then to the mass spectrometer. The metal tubing,
injector loop, and column were continuously submerged in ice
water. The column was equilibrated with 99% A (0.15% formic
acid in aqueous solution) and 1% B (0.12% formic acid in ace-
tonitrile) at flow rate of 0.2 mL/min. A gradient elution was
performed from 1% to 15%B over 2 min, to 40%B over 13 min,
to 90% B over 1 min with 2.5 min hold, and then returned to the
initial conditions in 2.5 min. The mass spectrometry was per-
formedwith the following settings: a capillary voltage of 3.0 kV, a
cone voltage of 80 V, aperture 1 voltage of 15, a mass range of
300-3500, a desolvation temperature of 300 �C, and a desolva-
tion gas flow of 700 L/h. The mass spectrum of each peptic
fragment of FasL was obtained after H/D exchange with or
without LA296 present. The average mass of each peptide was
calculated according to the isotopic distribution of the most
intense ion peak (34, 35).
Three-DimensionalHomologyModeling of FasL and the

Fas-FasL Complex. In order to identify structures with folds
compatible with the human FasL sequence, the SEQFOLD/
HOMOLOGY module (Insight, Accelrys Software Inc., San
Diego, CA) was used, with the secondary structure prediction by
DSC (26). From this analysis, TNF-R and TNF-R receptor
(Brookhaven Protein Data Bank entries 2TNF and 1TNR),
respectively, had the highest compatibility scores with FasL and
the Fas-FasL complex. The homology models of FasL (and
Fas-FasL) were therefore generated using crystallographic
structures of 2TNF and 1TNR as templates (36, 37). Homology
modeling of FasL was built by first identifying conserved regions
in the two structures during which process an rms limit of 0.75 Å
was used. The sequences were aligned and coordinates of the
conserved regions in the target sequence modeled using the
corresponding regions in the templates. The final model was
refined by initially keeping the backbone atoms fixed followed by
having all of them restrained. The trimeric model was built by
using the 3D trimeric structure of 2TNF and refined by initially
keeping the backbone atoms fixed and then further by using a
harmonic restraint for all atoms. The quality of the model was
assessed by calculating the compatibility score (Profile-3D mod-
ule; Insight Software Inc., San Diego, CA). The score was 53/62
(53 is the score for the actual model, and 62 is the expected score
for a protein of the same length as the model protein) for the
monomeric model and 58/64 for the corresponding domain of
2TNF. For the trimeric model, the score was 202/188, whereas
for 2TNF it was 210/202. These scores suggested that the model
was of high enough quality to allow reliable interpretation of the
data.
Determination of Binding Affinity and Kinetics Using

Surface Plasmon Resonance (BIAcore). Binding affinity and
kinetics of soluble wild-type FasL and its analogues were
measured using surface plasmon resonance with a BIAcore

2000 instrument containing a CM5 sensor chip. Protein A was
immobilized onto flow cells 1 and 2 using amine-coupling
chemistry. Flow cells were activated for 7 min with a 1:1 mixture
of 0.1 M N-hydroxysuccinimide and 0.1 M 3-(N,N-dimethyla-
mino)propyl-N-ethylcarbodiimide at a flow rate of 5 μL/min.
Protein A (35 μg/mL in 10 mM sodium acetate at pH 4.5) was
injected over both flow cells for 2-3 min at 5 μL/min, which
resulted in a surface density of 700-800 response units (RU).
Surfaces were blocked with a 7 min injection of 1 M ethanol-
amine-HCl at pH 8.5. To ensure complete removal of any
noncovalently bound protein A, 15 μL of 10 mM glycine at pH
1.5 was injected twice. Unless stated otherwise in the text, the
running buffer used for kinetic experiments contained 10 mM
HEPES at pH7.4, 150mMNaCl, 0.005%P20, and 3mMEDTA
(HBS-EP), purchased from BIAcore. All experiments were
performed at 25 �C. Each analysis cycle consisted of (i) the
capture of 140-200 RU of antibody by injection of 10-20 μL of
approximately 2 μg/mL antibody over flow cell 2, (ii) a 2 min
stabilization time, (iii) a 250 μL injection of sFasL analogues
(concentration range of 100-0.78125 nM in 2-fold dilution
increments) over flow cells 1 and 2, using flow cell 1 as the
reference flow cell, (iv) a 10min dissociation (buffer flow), (v) the
regeneration of protein A surface with a 30 s injection of 10 mM
glycine at pH 1.5 at 20 μL/min, (vi) a 45 s blank injection of
running buffer at 20 μL/min, and (vii) a 2 min stabilization time
before the start of the next cycle. The signal was monitored as
flow cell 2 minus flow cell 1. Samples and a buffer blank were
injected in triplicate. The data from buffer blank (0 nM con-
centration) was subtracted from all of the sample runs. This
method is referred to as double referencing, which should correct
for any dissociation of LA296 from protein A during the run;
however, it should be noted that during the time scale of the
binding experiments no dissociation of LA296 from protein A
was observed. The normalized data were then simultaneously fit
to a 1:1 binding with mass transport model using global data
analysis in BIAevaluation 3.1 software to obtain kon and koff
parameters. Kd was calculated as a ratio of Koff/Kon.

RESULTS AND DISCUSSION

LA296 Binds to FasL by ELISA and Inhibits FasL-
Mediated Apoptosis in Jurkat Cells. LA296 was initially
tested and shown to bind human FasL but not mouse FasL in an
ELISA (data not shown). In order to determine whether LA296
neutralized the activity of FasL, an in vitro cell death assay using
Jurkat T cells and rfFasL was done. Death of Jurkat T cells was
initiated by incubation with anti-Flag M2 antibody cross-linked
FasL. Addition of two independently prepared lots of LA296
inhibited FasL-mediated cell death in a dose-dependent manner
(Figure 1), indicating that LA296 is a potent inhibitor of FasL-
mediated Jurkat cell death with an IC50 of about 0.2 nM.
LA296 Binds to bothMonomeric and Trimeric Forms of

FasL. In order to determine the form of FasL to which LA296
specifically binds, we used immunoprecipitation to establish
whether the antibody binds to monomeric FasL or specifically
recognizes the trimeric form. FasL was obtained from two
vendors, Alexis and R&D systems. While soluble FasL from
Alexis was shown by MALDI-MS and nonreducing SDS-
PAGE to be largely trimeric, that from R&D systems was
predominantly monomeric (data not shown). Recombinant
human FasL from the two sources were individually incu-
bated with LA296-biotin-streptavidin magnetic beads or with
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control beads. Bound FasL was eluted from beads and separated
on SDS-PAGE under nonreducing conditions. As shown in
Figure 2, FasL trimers (Alexis) and FasL monomers and dimers
(R&D) were specifically immunoprecipitated with LA296 anti-
body-coated beads. This experiment, together with the observa-
tion that LA296 binding to FasL could be detected by Western
blot after separation in a reducing SDS-PAGE gel (data not
shown), suggests that the antibody’s binding site resides in a FasL
monomer.
LA296 Does Not Bind FasL Tryptic Fragment Peptides.

Histidine-tagged monomeric recombinant human FasL (rhFasL)
was digested with trypsin. The resulting tryptic digestmixture was
directly analyzed byMALDI-MS (33) or dilutedwith a PBS/0.1%
BSA buffer and incubated with biotinylated LA296 bound to
streptavidin magnetic beads or to control beads. Peptides bound
to the beadswere eluted and eluates analyzed byMALDI-MSand
SDS-PAGE. A 21-kDa band was detected by SDS-PAGE, and

a number of FasL peptides were identified by MALDI-MS
(Table 1). However, no peptides specific for rhFasLwere detected
in the eluates from LA296 beads in MALDI mass spectra or by
SDS-PAGE, indicating that none of the peptides bound to the
LA296-coated beads. These observations suggested that the
LA296 binding region of FasL might be assuming some local
conformational fold that is disrupted during trypsin digestion,
thereby preventing binding of the peptides to the beads.
LA296 Protects FasL from Being Cleaved with Trypsin.

In an epitope excision experiment, LA296 was incubated with or
without FasL in PBS/0.1% BSA for 6 h at 4 �C. Antibody or
antibody-antigen complexes were captured with protein A-
Sepharose beads (Amersham) and then digested with trypsin.
Bound peptides were eluted from the beads, desalted, and

FIGURE 2: Immunoprecipitation of FasL. FasL (3 μg) from Alexis
(lanes 2 and4) orR&D(lanes 3 and 5)wasprecipitatedwith100μLof
streptavidin beads with (lanes 2 and 3) or without (lanes 4 and 5)
immobilized biotinylated LA296. Proteins were separated under
nonreducing conditions. Line 1 is MARK 12 protein standards.

Table 1: Peptides Identified in 6 h Tryptic Digest of rhFasLa

peptide ID

corresponding full-length

FasL peptide amino acid sequence

1 Tag-140 MHHHHHHPSPPPEK

2 Tag-141 MHHHHHHPSPPPEKK

3 Tag-145 MHHHHHHPSPPPEKKELRK

4 145-152 KVAHLTGK

5 145-156 KVAHLTGKSNSR

6 157-175 SMPLEWEDTYGIVLLSGVK

7 176-194 YKKGGLVINETGLYFVYSK

8 178-194 KGGLVINETGLYFVYSK

9 179-194 GGLVINETGLYFVYSK

10 195-210 VYFRGQSCNNLPLSHK

11 199-217 GQSCNNLPLSHKVYMRNSK

12 211-228 VYMRNSKYPQDLVMMEGK

13 215-228 NSKYPQDLVMMEGK

14 218-228 YPQDLVMMEGK

15 229-241 MMSYCTTGQMWAR

aThe following is the sequence of rhFasL used in these studies (the tag is
underlined):MHHHHHHPSPPPEKKELRKVAHLTGKSNSRSMPLE-
WEDTYGIVLLSGVKYKKGGLVINETGLYFVYSKVYFRGQSCN-
NLPLSHKVYMRNSKYPQDLVMMEGKMMSYCTTGQMWARSS-
YLGAVFNLTSADHLYVNVSELSLVNFEESQTFFGLYKL.

FIGURE 1: RfFasL-induced apoptosis of aFasþ Jurkat cell line treatedwith eithermedia alone (0%apoptosis), rFasLalone (100%apoptosis), or
rFasL preincubated with various concentrations of anti-FasLmAbLA296. The data show a decrease in cell death as the concentration of LA296
increases, suggesting that LA296 binds to rFasL and blocks its cell killing activity.
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analyzed byMALDI.A peptide withm/z 3710.2was found in the
eluate from the LA296/FasL sample but not in the LA296
sample, suggesting it could represent a FasL-derived peptide
(Figure 3A). In a separate experiment, LA296 alone, FasL alone,
or a mixture of the two was incubated in PBS overnight at 4 �C
and then digested with trypsin (6 h at 37 �C). Tryptic digests were
desaltedwithZipTipC18 andpeptides analyzed byMALDI-MS.
Peptides that were found in the free FasL or LA296-FasL
samples, but not in the LA296 control sample, were assigned
as FasL peptides (Tables 2 and 3). The identity of peptides 157-
175, 178-194, 215-228, and 218-228 (i.e., peptides 6, 8, 13, and
14, respectively) was also confirmed by LC/MS/MS analysis of
the same digests (data not shown). As shown inFigure 3B, similar
FasL peptides were recovered from both samples. However, in
the presence of LA296, much less of peptide 157-175 (peptide 6)
was detected (Table 3), suggesting that the antibody binding
epitopemay be present within this peptide. It is worth noting that
this region is flanked by an arginine residue at position 156 which
appears to be protected from trypsin digestion in the presence of
LA296.
Confirmation and Further Identification of the Region of

FasL That Binds LA296 by H/DXMS Analysis. To further
confirm the identity of the residues in FasL involved in LA296
binding, we employed H/DXMS (34, 35) to identify regions of

soluble FasL that are protected from exchange with deuterated
water (D2O) upon binding to LA296. The exchange rate of
backbone amide hydrogen in a protein-protein complex is
highly dependent on whether the amide group participates
directly in binding or is otherwise situated at the interface region.
Upon binding LA296, the FasL amide groups participating in
this interaction should have a slower hydrogen to deuterium
exchange rate compared to that of the same residues in free FasL.
When one hydrogen is exchanged for one deuterium, the mass
will be increased one unit. (Note: each amino acid residue in a
peptide or protein contains one amide hydrogen except Pro
and the N-terminal residue; H/DXMS only measures amide

FIGURE 3: (A) Epitope excision. LA296 or the LA296-FasL complex immobilized on protein A-Sepharose beads was digested with trypsin.
Bound peptides were eluted from beads, desalted, and analyzed by MALDI-MS. The peptide with m/z 3710.2 was found in the eluate from the
LA296/FasL sample but not from the LA296 sample. (B) LA296 protects FasL from being cleaved with trypsin at the arginine 156 position.
LA296 or the LA296-FasL complex was digestedwith trypsin. Peptides were desalted and analyzed byMALDI. Tryptic peptide 157-175 is less
abundant in the LA296-FasL digest.

Table 2: Tryptic Digest Peptides Assigned to rhFasL

peptide ID

corresponding full-length

FasL peptide amino acid sequence

1 Tag-140 MHHHHHHPSPPPEK

2 Tag-141 MHHHHHHPSPPPEKK

6 157-175 SMPLEWEDTYGIVLLSGVK

8 178-194 KGGLVINETGLYFVYSK

13 215-228 NSKYPQDLVMMEGK

14 218-228 YPQDLVMMEGK

16 218-241 YPQDLVMMEGKMMSYCTT

GQMWAR
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hydrogen exchange.) Thus, comparing peptide fragment mass
between proteolytic digests of FasL only and the FasL-LA296
complex allows for identification of the peptides that have
different exchange rates. These peptides are either within the
antibody binding site, or they could be at a distal site but have an
induced conformational change upon antibody binding.

The first step in mapping the LA296 epitope in FasL by H/
DXMS was to assign peptic digest fragment peptides for FasL in
H2O. The next step in this procedure was to obtain the mass of
each peptic digest peptide fragment of FasL for the free and
LA296-complexed FasL after H/D exchange and then calculate
the mass difference between them. The mass differences obtained
by H/DXMS for the peptic digest fragment peptides between the
free and complexed FasL are listed in Table 4.

Three FasL fragment peptides, 128-167, 128-161, and 162-
167, showed significant negative mass differences between the
FasL-LA296 mixture and free FasL after hydrogen/deuterium
exchange (Table 4). The sum of mass differences for peptides
128-161 and 162-167 is very different from that of 128-167,
suggesting amino acid residues around 161 and 162 are protected
and therefore reside within the binding site. This is partly because
pepsin cleavage between Glu-161 and Trp-162 eliminates one
backbone amide bond (i.e., eliminates one amide hydrogen).
Furthermore, hydrogens near N termini of a peptide have faster
back-exchange rates than the internal amide hydrogens. Thus,
the amide hydrogens of amino acid residues around Glu-161 and
Trp-162 were largely exchanged with deuterium for the free FasL
and retained for the LA296/FasL complex, but pepsin cleavage
between Glu-161 and Trp-162 caused rapid back-exchange near
the cleavage site, thereby reducing the apparent effect of LA296
binding on hydrogen-deuterium exchange in this region of the
molecule. For the glycopeptide 168-281, the mass difference
was -1, which was not significant, as evidenced by the large

standard deviation of ((2.9), likely mainly due to its size and
heterogeneous N-glycosylation. Note that, during the peptic
digest and LC/MS analysis, back-exchange could occur at up
to 50% for very small peptides on the basis of control experi-
ments (data not shown). Thus, if the back-exchange could be
completely prevented, the mass difference detected would be
2-3 Da for peptides 128-161 and 162-167. As mentioned
previously, except for Pro and N-terminal residues, each amino
acid residue has a single backbone amide hydrogen; therefore,
after hydrogen-deuterium exchange, the peptide or proteinmass
increases 1 Da per backbone amide hydrogen. Hence, a 2 or 3 Da
difference means that two to three amino acid residues in those
peptides were protected from exchange by the antibody; i.e., they
were involved in binding (belong to the epitope) or they were in
contact with non-CDR regions of the antibody. The results are
consistent with those obtained from epitope extraction and
excision experiments.

Interestingly, peptide B (linker-121) showed a positive mass
difference between the complexed and free FasL; i.e., the
exchange rate of this peptide is faster for the complexed FasL
than the free FasL. Therefore, this region of the protein is likely
not part of the binding site. A plausible explanation for these
observations is that, after LA296 binds FasL, the conformation
of FasL may be changed in such a way that this region of the
molecule becomes more solvent exposed.
Analysis of the Homology Model of Human FasL.

Homology modeling of FasL was undertaken in order to predict
the site where LA296 binds human FasL. This modeling took
into consideration the fact that the antibody bound to both
monomeric and trimeric forms of human FasL, but not to those
of mouse or rabbit. Thus, we reasoned that the residues within
this site should be different between human and the mouse or
rabbit sequences and should also be exposed in order for the
antibody to bind.

Analysis of the homology model of FasL for surface-exposed
patches of residues together with sequence comparison of human
withmouse and rabbit sequences yielded two regionswhich could
be antibody binding sites. The critical residue within the first
potential epitope was methionine 158 which lies within the
N-terminal segment of the peptide, N154-W162 (Figure 4). This
residue satisfied the criteria that it should vary between human
and mouse and the rabbit sequences as well as being exposed not
only in the monomer but also upon trimer formation. Moreover,
it lies in a flexible region without having strong secondary
structural features. The other candidate epitope was that around
leucine 205 comprising the peptide C202-S208. However, this
region did not exhibit the same degree of flexibility or exposure as
the site around methionine 158 and was therefore considered a
less likely possibility. The two residuesM158 and L205 alongside
others identified by epitope excision and hydrogen-deuterium
exchange were subjected to alanine scanning mutagenesis. These
two possible epitopes are shown in Figure 4.
Analysis of LA296 Binding to FasL by BIAcore Analy-

sis. LA296 was captured on the surface of a BIAcore CM4 chip
through immobilized protein A. Binding of human FasL to the
antibody was monitored as a function of FasL concentrations.
Figure 5 shows an overlay of the fitted sensorgrams and data for
successive injections of 11 FasL concentrations. LA296 was
found to bind FasL with a Kd of less than 100 pM, with a kon of
5 � 104 M-1 s-1 and a koff of <1 � 10-5 s-1. LA296 bound the
three versions of wild-type FasLwith identical affinities (data not
shown).

Table 3: Effect of LA296 on the Relative Amounts of FasL Tryptic

Fragments

AUC for peptide in

peptide ID

corresponding full-length

FasL peptide FasL

FasL/

LA296

ratio between

samples

1 Tag-140 44445 31697 1.22

2 Tag-141 430830 352027 1.40

6 157-175 2031128 31612 64.25

8 178-194 35376 27317 1.30

13 215-228 39302 28517 1.38

16 218-241 9276 13551 0.68

Table 4: Effects of LA296 on Hydrogen-Deuterium Exchange in FasL

Determined by Masses of Peptic Digest Fragmentsa

peptide ID corresponding full-length FasL peptide Δmass (n = 3) SD

A tagþ linker 0.2 0.3

B linker-121 1.4 0.1

C 105-114 0.0 0.1

D 115-127 0.2 0.3

E 122-127 0.1 0.1

F 128-167 -4.6 0.7

G 128-161 -0.9 0.3

H 162-167 -1.2 0.2

I 168-281 -1.0 2.9

aΔmass = peptide fragment mass (FasL in FasL/LA296) - peptide
fragment mass (free FasL). Sequences here are for soluble FasL fused to
Flag octapeptide at the N terminus.
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Alanine Scanning Mutagenesis and Analysis of Binding
by BIAcore. In order to confirm the identity of the amino acid
residues of FasL involved in the binding of LA296, we performed
alanine scanning mutagenesis of the residues in the regions of the
protein identified by epitope excision, hydrogen-deuterium
exchange, and homology modeling analyses. The following
residues were changed by site-directed mutagenesis to alanine:
S157, M158, P159, L160, E161, W162, E163, D164, T165, Y166,
andL205.Allmutants (Flag tagged) were expressed transiently in
HEK 293 EBNA cells and purified to homogeneity by affinity
chromatography with the exception of the E163A mutant which
failed to express.

Wild-type and FasL mutants were next tested by BIAcore for
binding by LA296. As before, LA296 was captured on a BIAcore
chip through immobilized protein A. Binding of wild-type and
mutant human FasL to LA296 was monitored by comparing
binding profiles (kon and koff) of wild-type and alanine scanning
mutants of FasL as well as RANKL, a TNF family member as a

negative control. As shown in Figure 6 and summarized in
Table 5, LA296 could not bind to either the L160A or W162A
mutants. This suggests that these two residues play a central role
in the binding of the antibody to FasL. On the other hand, some
mutants were bound with dramatically altered kinetics. Those
with slower kon and faster koff rates included M158A, P159A,
E161, andY166A, with the latter showing the fastest dissociation
rate of all the mutants. Detailed kinetic binding analysis was
further done for E161A and Y166A. This analysis revealed a
50- and 6000-fold reduction in binding affinity (Kd) for E161A
and Y166A, respectively (Table 5). This suggests that they are
part of the antibody binding epitope and may play a supportive
role during the binding of LA296 to FasL. As expected, the
control protein, RANKL, was not bound by LA296 (Figure 6B)
while S157A,D164A, T165A, and L205Amutants boundLA296
with apparently identical association and dissociation rates as the
wild type (Figure 6).

In summary, we have generated LA296, an antibody that
neutralizes FasL biological activity. In order to understand its
mechanism of action, we have determined its epitope in soluble
FasL by four complementary approaches: epitope extraction,
epitope excision, hydrogen-deuterium exchange, and homology
modeling. These were followed by BIAcore binding and kinetic
analysis of site-directed mutants. While epitope extraction was
unsuccessful, epitope excision showed that LA296 could protect
FasL from being cleaved by trypsin at arginine 156 and lysine
175, since mass spectroscopic analysis of the tryptic digest
revealed a dramatic reduction of the 157-175 fragment relative
to the other FasL fragments in the presence of LA296. The results
indicated that this portion of FasL comprised the antibody
binding site. Additional analysis using hydrogen-deuterium
exchange and homology modeling narrowed the location of the
antibody epitope further to amino acids 158-166. Site-directed
mutants were generated for selected residues within this loop and
their ability to be bound by LA296 studied by BIAcore. In
addition, other flanking residues were mutated to determine
whether they also contributed to the binding interaction. LA296
bound wild-type FasL with high affinity with Kd in the sub-
nanomolar range. This high affinity was driven mainly by a slow
off rate of the antibody (37, 38). The BIAcore data fit well to a 1:1
binding stochiometry with the mass transport kinetic model. It is

FIGURE 5: BIAcore sensorgram data and global analysis of human FasL binding to LA296. FasL (100, 50, 25, 12.5, 6.25, 3.125, 1.5625, 0.78125,
0.390625, 0.1953125, and 0.0.09765625 nM) was injected over a control surface (noLA296) and a surface containing LA296with the dissociation
monitored for 20min. The datawere collected in duplicate for each FasL concentration. The association and dissociation phases were globally fit
to a 1:1 mass transport limited model. The fit of the data is shown as a solid line.

FIGURE 4: A ribbon diagram of the monomer of FasL generated via
homology modeling of the crystal structure of TNF-R. The β sheet is
in yellow while the predicted epitopes are shown in red and purple.
The loops are shown in green.
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worth noting that, despite the stoichiometry, avidity events with
the bivalent antibody IgG4 could not be entirely ruled out.

However, due to difficulty in generating Fabs by papain diges-
tion, Fab fragments were not used in the present analysis.

We next evaluated binding profiles of LA296 to the site-
directed mutants.Mutation ofM158 to alanine showed a decrea-
sed rate of association but an increased rate of dissociation,
suggesting some role in mediating the binding of the antibody to
FasL, consistent with the prediction that this residue lies within
or in close proximity to the antibody epitope. However, when
L205wasmutated to alanine, therewas no change in either kon or
koff, indicating that this residue was not involved in binding of
LA296 to FasL. Similarly, S157A, D164A, and T165A mutants
bound LA296 with apparently identical association and dissocia-
tion rates as the wild type, suggesting that these residues are not
critical for antibody binding to the FasL. However, P159A,
E161A, and Y166A exhibited slower kon and faster koff, with the
latter showing the fastest dissociation rate of any of the mutants
studied. Detailed kinetic binding analysis was performed for
E161A and Y166A, revealing about 50- and 6000-fold reduc-
tions, respectively, in binding affinity (Kd) (Table 5). This
suggests that these residues are part of the antibody binding
epitope and may play a supportive role in binding of LA296 to

FIGURE 6: BIAcore sensorgramdata ofwild-type andmutant humanFasLbinding toLA296. (A)Alaninemutants at positions 157-162 andwt.
(B)Negative controlRANKL;alaninemutants at positions 160 (repeat), 162 (repeat), 164-166, and 205; andwt. FasL (100nM)was injectedover
a control surface (noLA296) and a surface containingLA296with the dissociationmonitored for 5min. The antibody capture (A) aswell asFasL
association (arrow) and dissociation profiles is shown. The surface was regenerated by 1 mM glycine as shown (G).

Table 5: Summary of Binding of LA296 to Alanine ScanningMutants and

Kinetic Analysis for Selected Mutants As Determined by BIAcorea

FasL protein LA296 bindingb Kon (M
-1 s-1) Koff (s

-1) Kd (affinity) (nM)

wild type þþþþ 5 � 104 <1 � 10-5<0.100

S157A þþþþ ND ND ND

M158A þþ ND ND ND

P159A þþ ND ND ND

L160A - ND ND ND

E161A þþ 1.7 � 105 8.4 � 10-4 4.85

W162A - ND ND ND

D164A þþþþ ND ND ND

T165A þþþþ ND ND ND

Y166A þ 4.2 � 105 2.1 � 10-2 507

L205A þþþþ ND ND ND

aExperiments were performed at 25 �C in 10 mM HEPES at pH 7.4,
150 mMNaCl, 0.005% P20, and 3mMEDTA (HBS-EP). Reported kinetic
values are the mean ( SEM for three independent experiments that were
each fit globally. b (þþþþ) is binding profile similar to the wild type; (-)
indicates no binding; ND, not determined.
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FasL. Two mutants, L160A and W162A, completely abrogated

binding of the antibody to FasL, showing that they play the most
critical role in the antibody-antigen interaction. Taken together,

the data suggest that residues 158-166, which are predicted by

homology modeling to form a flexible loop, comprise the core of
the LA296 binding epitope. Amino acids L160 and W162 play a

critical role and are perhaps the nexus of this local fold that is
recognized by the antibody. It is also likely that the amino acid

E163 plays a key structural role in this loop as indicated by the

failure of the E163Amutant to express at all in mammalian cells.
Thus, residues L160, E161, W162, and E163 likely form the cen-

tral core of the LA296 antibody binding site in FasL (Figure 7).

This epitope is different from that reported for other FasL
antibodies, NOK-1, -2, and -3 (40).

In order to understand why antibody binding to this loopmight
lead to neutralization of FasL activity as shown by inhibition of
FasL-mediated Jurkat cell death, we performed computer model-
ing of FasL and its receptor, based on the crystal structure of the

TNF-R/TNF receptor complex (36). Our modeling analysis of
receptor ligand interaction shows that the loop identified in our
studies as important for antibody binding lies in close proximity to
the FasL-Fas interface (Figure 7). This close proximity is
observed in both the monomeric (Figure 7) and trimeric forms
of the Fas-FasL complex (Figure 8). Since the antibody is bulky,
its binding to the peptide loop, identified here as the epitope,would
prevent optimal receptor interaction via steric hindrance rather
than directly blocking access to the residues of FasL predicted in
earlier reports to participate in receptor binding (11, 20, 41). This
abrogation of optimal ligand docking onto the receptor would
therefore lead to loss of FasL signaling activity.

In conclusion, we have generated an antagonistic antibody to
FasL and elucidated its mechanism of action by using epitope
mapping. This neutralizing anti-human FasL antibody could be
used as a therapeutic agent in multiple diseases that result from
excessive signaling through Fas upon binding of its ligand.
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