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ABSTRACT. Apoptosis-inducing ligand 2 (Apo2L, also called TRAIL), a member of the tumor necrosis
factor (TNF) family, induces apoptosis in a variety of human tumor cell lines but not in normal cells
[Wiley, S. R., Schooley, K., Smolak, P. J., Din, W. S., Huang, C.-P., Nicholl, J. K., Sutherland, G. R.,
Smith, T. D., Rauch, C., Smith, C. A., and Goodwin, R. G. (1998nunity 3 673-682; Pitti, R. M.,
Marsters, S. A., Ruppert, S., Donahue, C. J., Moore, A., and Ashkenazi, A. (198&)I!. Chem. 271
12687-12690]. Here we describe the structure of Apo2L at 1.3 A resolution and use alanine-scanning
mutagenesis to map the receptor contact regions. The structure reveals a homotrimeric protein that resembles
TNF with receptor-binding epitopes at the interface between monomers. A zinc ion is buried at the trimer
interface, coordinated by the single cysteine residue of each monomer. The zinc ion is required for
maintaining the native structure and stability and, hence, the biological activity of Apo2L. This is the
first example of metal-dependent oligomerization and function of a cytokine.

Apoptosis is essential for proper metazoan developmentinducing effects of Apo2L may be explained in part by its
and homeostasid). Apoptosis can be initiated by a variety regulation by a family of signaling and decoy recept@}s (
of trimeric TNF superfamily members including TNF (or  Two signaling or “death” receptors (DR4, DR®+11) and
TNF-o), LT (or LTa or TNF-3), and FasL, each of which  three nonsignaling or “decoy” receptors (DcR1, DcR2, OPG)
appears to have a different specific functio®). (These (9—12) for Apo2L have been identified. These decoy
trimeric molecules initiate apoptosis by binding to related receptors either lack functional intracellular death domains
receptors, some of which possess intracellular death domainsor are shed from the cell surface. Thus, Apo2L has potential
The cell killing properties of these cytokines have made them as an anti-cancer agent in humans.

exciting targets for drug development. Unfortunately, the  prior structural information about the TNF superfamily is
inflammation they trigger is too indiscriminate to make them gerived from the X-ray structures of TNEZ, 14, LT (15),
characterized member of the superfamily 4. Like most  phomotrimeric jelly roll proteins. TNF family members bind
TNF family members, Apo2L is a type-Il transmembrane the extracellular portions of cysteine-rich receptors. Ligand-
protein that can be cleaved at the cell surface to form a jnquced clustering of these receptors triggers the intracellular
soluble proteing). Apo2L appears to be unique among TNF-  apoptotic cascade. From the structure of LT bound to TNFR1
related cytokines in that it selectively induces apoptosis in (17), it was determined that the receptors bind to ligand
tumor cells while IeaVing normal tissue unscathed. Admin- monomermonomer interfaces. Recently, a low resolution
istration of soluble Apo2L to mice bearing human tumors structure of Apo2L confirmed its general similarity to other
reduces tumor size with no discernible toxicity to normal TNE superfamily membersl@). In addition, we and others
tissues§, 7). The resistance of normal cells to the apoptosis- have determined the structure of Apo2L bound to the ecto-
domain of DR5 which shows an interface centered around
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residues, distributed in two distinct patches, that are critical The mutant was initially refined against the 1.9 A data set
for high-affinity receptor binding and activity. to an Ryee Of 25% and subsequently against the 1.3 A data
using RefmacZ3) and SHELXL @6). During refinement, a
MATERIALS AND METHODS 280 peak of difference electron density was observed on the
Expression and Purification of Apo2L MutanBagments  3-fold axis near Cys 230 and modeled as a zinc ion; its
of the extracellular domain of Apo2L corresponding to B-factor refined to 11.8 A A fourth zinc ligand was
residues 93281 or 114-281 were expressed Escherichia  identified on the trimer axis and refined as chlorid <
coli and purified as previously describeg).(Both fragments ~ 14.3 A?). This ligand was tentatively identified as chloride
contain the entire region that is homologous to the receptor after placing a water molecule at this position resulted in a
binding domain of TNF (Figure 2). The two fragments are refined B-factor of 4.0 A with a residual @ peak of
equivalent for receptor binding, but the shorter form (314  difference electron density. THe and Ryee are 14.1% and
281) is 1.5-fold more bioactive. Alanine substitution mutants 19.7%, respectively, and the model has good stereochemistry
of Apo2L were constructed by oligonucleotide-directed with rms differences in bond lengths and angles of 0.014 A
mutagenesis1) of a plasmid (pAPOK5) designed for the and 2.54. The final model consists of residues +2130,
intracellularE. coli expression of Apo2L (93281) under 142—-194, and 197281 with 226 water molecules, one zinc
control of thetrp promoter.E. coli strain 294 transformed ion, and one chloride ion. N-terminal sequencing and mass
with the mutated plasmids were grown to mid-log phase at spectrometry analysis show that the protein used for crystal-
37°C in 250 mL of M9 media supplemented with 10M lization was intact; therefore, the missing residues are
ZnSQ,; (no ZnSQ was added to the media for the production presumably disordered. The coordinates for the Apo2L Asp
of protein used for crystallography), expression was induced 218 Ala structure have been deposited with the Protein Data
by the addition of 25.g/mL B-indole acrylic acid, and the ~ Bank (access code 1DG6). Figures 1 and 4 were made with
cultures were grown overnight at 3G. Cells were harvested the programs MolscriptX7) and Raster3D28).
by centrifugation and frozen. The cell pellet was homog- Determination of Receptor Binding Affinitissociation
enized in 6 vol of 0.1 M Tris-HCI, pH 8, 0.2 M NaCl, 5 constants Kp) for the binding of Apo2L mutants to im-
mM EDTA, and 5 mM DTT, and Apo2L was isolated from mobilized receptor inmunoadhesions were determined from
the soluble fraction by IMAC on a chelating hiTRAP column surface plasmon resonance measurements on a Pharmacia
(Pharmacia) charged with nickel. Although the protein was BlAcore 2000 (Pharmacia Biosensor, Piscataway, NJ). The
not expressed with a histidine tag, Apo2L by itself has a receptor proteins were coupled to the sensor chip surface at
weak affinity for immobilized metal and can be eluted with a level of 506-1000 resonance units using the amine
low concentrations of imidazole. A final purification was coupling chemistry (Pharmacia Biosensor). Sensorgrams
obtained by cation-exchange chromatography on an SPwere recorded for Apo2L binding at concentrations ranging
hiTRAP column (Pharmacia). Concentrations of purified from 15.6 to 500 nM in 2-fold increments. The kinetics
Apo2L mutants were determined by absorbance measure<constants were determined by nonlinear regression analysis
ments using amrag of 1.4 mgt mL cm™. according to a 1:1 binding model using software supplied
Crystallography Crystals of wild-type Apo2L (114281) by the manufacturer. Binding constants were calculated from
were grown at 20C in 70uL of sitting drops consisting of ~ the kinetic constants.
40 uL of protein (at 2.6 mg/mL in 20 mM Tris, pH 8.0); 20 Bioactivity of Apo2L Mutants in VitroA bioassay that
uL of 50 mM Tris, pH 8.0; and 1@L of 8% poly(ethylene measures cell viability from the metabolic conversion of a
glycol) (PEG) 2K MME over a well solution of 50% PEG fluorescent dye was used to determine the apoptotic activity
2K MME. The space group was determined toR$3 with of Apo2L variants. Serial 2-fold dilutions of wild-type or
two monomers in the asymmetric unit and cell constants of mutant Apo2L were made in RPMI-1640 media (Gibco)
a= 72.5 A andc = 140 A. These crystals are similar, but containing 0.1% BSA, and 5@L of each dilution was

not identical, to Apo2L crystals reported recentig2). transferred to individual wells of 96-well Falcon tissue
Crystals of Apo2L mutant Asp 218 Ala (residues-2181 culture microplates. (The formula for RPMI-1640 media does
with Asp 218 mutated to alanine) grew atf@ in 14 uL of not include a zinc salt. The zinc concentration in this media

sitting drops containing 4L of 4% MPD and 10ulL of is less than the detection limit for ICP-AES.) A total of 50
protein (1.7 mg/mL in 20 mM Tris-HCI, pH 7.5) overawell uL of SK-MES-1 human lung carcinoma cells (ATC-
solution of 32% MPD. The space group wa32 with one CHTB58) (in RMPI-1640, 0.1% BSA) was added at a density
monomer per asymmetric unit and cell parametera ef of 2 x 10* cells/well. These mixtures were incubated at 37
66.4 A andc = 197.7 A, and the crystals diffracted to a °C for 24 h. At 20 h, 2%L of alamarBlue (AccuMed, Inc.,
resolution of 1.3 A at-180°C with synchrotron radiation. ~ Westlake, OH) was added. Cell number was determined by
Data sets to 3.9 A resolution for the wild-type crystals and measuring the relative fluorescence at 590 nm upon excita-
to 1.9 A for the mutant were measured on a Rigaku rotating tion at 530 nm. These data were analyzed by using a four-
anode X-ray generator equipped with a MAR detector and parameter fit to calculate B the concentration of Apo2L
processed with the program HKR3J). A 1.3 A data set of  giving a 50% reduction in cell viability.

the mutant was measured at the Structural Biology Center Metal Content of Apo2LElemental analysis of Apo2L was
at Argonne National Labs and processed with HKL, giving performed using inductively coupled plasma atomic emission
Rmerge = 6.4% (34% in the 1.351.30 A shell), 100% spectrometry (ICP-AESRQ). The levels of Cd, Co, Zn, Ni,
completeness, 12-fold redundancy, difdl(0= 12.4. The and Cu were determined ia 2 mg/mL solution of Apo2L
wild-type structure was solved by molecular replacement (114—281) formulated in 20 mM Tris, pH 7.5, as well as in
using the program Amore28) and a model based on TNF the formulation buffer. The standard error for these deter-
(PDB code 1TNF) and was refined5) to anRyee Of 33.5%. minations wast5%. For removal of the bound metal, a
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sample of Apo2L was sequentially dialyzed versus 50 mM 230, the structures diverge considerably, especially in the
EDTA/2 mM 1,10-phenanthroline, and then versus metal- conformation of the 190s and 230s loops.

free 20 mM Tris, pH 7.5. After this treatment, a majority of In contrast to the invariant-scaffold core, the structure
the Apo2L migrated as a disulfide-linked dimer upon SPS  of the loops and receptor binding surfaces varies significantly
PAGE. For further analysis, the zinc-depleted Apo2L was among the TNF family members. One major difference
reduced by incubation with 10 mM DTT fd. h atambient between the structures of Apo2L on one hand and TNF, LT,
temperature followed by desalting on a PD-10 column and CD40L on the other is the connection between strands
(Pharmacia) equilibrated with PBS. Analysis by SEFRAGE Aand A. In TNF, LT, and CD40L, strand A is followed by
suggested complete reduction; however, the disulfide bondsa compact loop (see Figure 2). In Apo2L, a 15-residue
were observed to slowly reform over a period of a few days insertion drastically lengthens this loop and alters its
at ambient temperature. conformation. The first part of the loop (residues +3%1)

Circular Dichroic SpectroscopyCD spectra were recorded  is disordered while the second part (residues -1424)
on an Aviv model 202 circular dichroic spectrometer (Aviv, crosses the surface of the molecule from one monemer
Inc.). Spectra were acquired at 25 on 20uM solutions of ~ monomer interface to the next (Figure 1A) and has a
protein, prepared in PBS, by using a step size of 0.5 nm andconformation that resembles CD40L in its C-terminal portion.
averaging time of 20 s. Quartz, rectangular cuvettes having A Navel Zinc-Binding Site Is Required for Structure and
a path |ength of 0.1 cm were used. Thermal denaturation Function. An unanticipated flndlng in this structure is the
experiments were performed using the same cuvettes andresence of a novel zinc-binding site, buried near the tip of
protein solutions. Measurements were made°at thtervals the trimerization interface. The three Symmetry-related Cys
following a 1-min equilibration period at the specified 230 residues point inward toward the trimer axis and
temperature. CD was measured at 222 nm using a zo-scoordinate ametal ionin COﬂjUﬂCtiOﬂ with an interior solvent
averaging time. Simultaneously, fluorescence was recordedmolecule (possibly a chloride ion). This metal binding site
using a photomultiplier placed at a right angle to the CD exhibits a slightly distorted tetrahedral geometry with bonds
path. The 222-nm light was used as the excitation source,and angles appropriate for a zinc-binding site and is
and a 320-nm cutoff filter was placed in front of the completely inaccessible to solvent (Figure 1B). The identity
photomultiplier tube to minimize stray light detection. The ©f the bound metal was confirmed using inductively coupled
protein solutions were turbid upon cooling to ambient Plasma atomic emission spectrometry (ICP-AR9)). In a
temperature, suggesting irreversible denaturation, and thusjuantitative analysis for Cd, Co, Zn, Ni, and Cu, 0.79 mol

a rigorous thermodynamic analysis of the data was not Of Zn and 0.06 mol of Co per mol of Apo2L trimer were
performed. detected, showing that the bound ion in this structure is zinc

Fluorescence Spectroscofyyptophan fluorescence emis- W_'th a st_0|ch|o_metry of approxmaﬁtely_one metal lon per
sion spectra were recorded on a SLM8000 spectrofluorimetert”mer' Since zinc was not present in either the purificaiion
(SLM Instruments, Inc.). Spectra were obtained by using 1 or qystalhzatlon buffer, the source must have beenkhe
4M protein solutions in PBS and rectangular quartz cells €Ol intracellular pool or the growth media. ~
having a path length of 1 cm. Excitation was at 295 nm, The functional importance of the zinc-binding site is

and the emission spectrum was scanned from 305 to apodemonstrated by the observation that alanine or serine
nm using a 0.5-nm step size and a 1.0-s integration time. substitution of Cys 230 results in 20- and 70-fold reductions

in apoptotic activity, respectively (Table 1). Furthermore,
removal of the bound metal from wild-type Apo2L by
dialysis against chelating agents results in a significant
decrease in receptor-binding affinity (Table 1) and a 90-fold
decrease in apoptotic activity (Figure 3). Interestingly, upon
removal of the zinc, the cysteines become prone to oxidation,

RESULTS AND DISCUSSION

The X-ray structure of Apo2L was determined by molec-
ular replacement using a model of TNE4j and refined to
3.9 (wild type) and 1.3 A (Asp 218 Ala mutant). Like other

members of the TNF family, and as also confirmed by the
low-resolution structure1®), Apo2L is a compact trimer
formed of three jelly roll monomers that bury approximately
5100 A& (1700 & per monomer) of solvent-accessible
surface to form the globular trimer (Figure 1A). The structure
is well defined, with the exception of a disordered N-terminal

and Apo2L forms poorly active, disulfide-linked dimers.
Although native Apo2L can also form disulfide-linked dimers
upon extended storage in the absence of reducing agents,
the rate of oxidation is much faster for zinc-depleted ApoZ2L.
Therefore, metal binding appears to play an indirect role in
receptor binding and apoptotic activity since the zinc-binding

extension and two partially disordered loops. As expected site is buried and is not expected to contact the receptor.

from a low-resolution structure of Apo2118), the position

The variability in effect on apoptosis resulting from zinc

of the coref-strands is well conserved as compared to the depletion or Cys230 replacement (280-fold) probably

other structurally characterized members of the TNF family,
TNF (13, 14, LT (15), and CD40L (6), with a rms

difference of 0.8 A when superimposed on the strands of

TNF or LT. Even though all TNF family members are

reflects the energetic cost of burying a nonpolar residue (Ala)

versus a polar residue (Ser or unliganded Cys).
Spectroscopic and melting temperature characterization of

Apo2L show that zinc binding is important for maintaining

expected to form trimers, none of the residues in the trimer the structure and stability of the Apo2L trimer. Far-ultraviolet
interface are absolutely conserved; nevertheless, the hydro-CD spectra (Figure 4A) suggest a diminislfedgheet content
phobic character of the interface residues is preserved. Thefor zinc-depleted Apo2L. Similarly, zinc-depleted Apo2L

known structures are most similar at the top (the widest part displays a 2.2-fold decreased tryptophan fluorescence relative
of the trimer) and along the upper half of the 3-fold axis. to native Apo2L (Figure 4B). The decrease in fluorescence
Near the tip of the trimer interface, in the vicinity of Cys is consistent with a conformational change of Apo2L upon
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A

Ficure 1: Overall structure of Apo2L. (A) View of the trimer perpendicular to the 3-fold axis. The ordered protein commences at residue
120. The two disordered, or marginally ordered, loops, residues 181 and 194202, are marked with dashed lines. The zinc-binding

site including the three symmetry-related cysteines and a putative chloride ligand are shown in space filling rendering. The sulfur atoms are
yellow, the zinc is orange, and the chloride is pink. (B) Wall-eyed stereoview of the zinc-binding site; the angles bet@ieenS3 are

114 and the $-zinc-chloride angles are 107with 2.3 A zinc-to-ligand bond distances.

loss of zinc resulting in increased solvent exposure of Trp temperature leading to a full recovery of fluorescence have
231, which is adjacent to the zinc-binding site (Figure 1B). not been determined. Thermal denaturation experiments show
The only other tryptophan residue in Apo2L, Trp 154, which that zinc binding is important for the stability of Apo2L

is conserved among TNF family members (Figure 2), is (Figure 4C). Both proteins display a cooperative unfolding
buried in the core of the monomer far from the zinc-binding transition, as detected by circular dichroism at 222 nm, but
site and should be insensitive to the occupancy of the zinc-the melting temperature for zinc-depleted Apo2L is about
binding site. Addition of ZnS@®to the solution of zinc- 25 °C lower than measured for native Apo2L. Thermal
depleted Apo2L results in a partial restoration of the denaturation of both proteins was irreversible, as a conse-
tryptophan fluorescence (Figure 4B), suggesting that the quence of disulfide bond formation and aggregation, and thus
conformational changes resulting from zinc removal are AG values for unfolding were not determined. A cooperative
reversible. Conditions of zinc concentration, time, and thermal transition, coincident with the changes in circular
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Bd A’ B’ Table 1: Receptor Binding and Apoptotic Activity of Apo2L
121 130 140 150 160 ™ ™o Mutants$
Apo2L RVAAHITGTRGRSNTLSSPNSKNEKALGRKINSWESSRSGHSFLSN, ,LHLR - -
TNF-u KPVAHVVANPQA................ EGQLQWLNR . RANALLA . NGVELR ratio (mutant/wild-type)
TNF-|‘] KPARHLIGDPSKQ .. ......ouvuuaan NSLLWRANT .DRAFLQ .DGFSLS ;
CDOAL QIAAHVISEASSKTT. ............. SVLQWAEK . . GYYTMSNNLVTLE DR4-1gG DR5-1gG DcR2-1gG apoptosis
FasL. REVAHLTGK............... SNSRSMPLEWEDTY .GIVLLS. .GVKYK
oPGL QPFAHLTINATDIPSGS. . ....... HKVSLSSWYHD . RGWAKISN. .MTFS mutant Ko Ko Ko EDso
B C D Azinc 6.3 6.6 11.2 90.0
s e EEE S e S
- T50 200 210 R130A 3 2.7 1.3 1.9
Apo2L N.GELVIHEKGFYYIYSQTYFRFQEEIKENTKNDKOMVQYIYKYT.SYP .. N134A 1.0 0.8 1.0 1.5
TNF-u D.NQLVVPSEGLYLIYSQVLFKGQGCPS. ..T.HVLLTHTISRIAVSYQ. T L136A 3.3 15 1.4 0.8
TNF-|} N.NSLLVPTSGIYFVYSQVVFSGKAYSPEKATSSPLYLAHEVQLFSSQYPF. . . . . :
CD40L NGKQLTVKRQGLYYIYAQVTFC .SNREASSQA...PFIASLCLKSEGRF. . . S138A 2.1 1.3 2.2 1.2
FasL K.GGLVINETGLYFVYSKVYFRGQOSCNN...... LPLSHKVYMRNSKYPQD . N140A 1.4 1.9 0.9 1.1
OPGL N.GELIVNQDGFYYLYANICFRHHETSG. .DLATEYLOLMVYVTKTSIKIPS
= - o S141A 2.3 13 2.4 13
o — o= K142A 2.6 1.9 2.7 2.0
Apo2L PILLMKSARNSCWSKD..... AEYGLYSIYQGGIFELKENDRIFVSVTNEHL N143A 2.1 2.0 13 15
TNF-u KVNLLSAIKSPCQRETPEGAEAKPWYEPIYLGGVFQLEKGDRLSAEINRPDY R149A 1.8 2.2 1.6 35
THNF-{} HVPLLSSQEMVYPGLQ...... EPWLHSMYHGAAFQLTQGDQLSTHTDGIFPH S153A 2.3 1.2 2.1 0.9
CD40L ERILLRAANTHSSA....... KPCGQOSIHLGGVFELQPGASVEFVNVTDPSQ E155A 1.6 2 1.4 25
FasL .LVMMEGKMMSYCTTGQ...... MWARSSYLGAVFNLTSADHLYVNVSELSL . . .
OPGL SHTLMKGGSTKYWSGNS. . ... EFHFYSINVGGFFKLRSGEEISIEVSNPSL R158A 2.4 1.3 6.5 1.4
u S159A 4.7 2.2 34 0.9
270 m—-2 &0 R170A 1.1 2.2 0.6 0.9
Apo2L IDM, Hmrm:!i'ws K179A 0.9 0.9 1.1 2.0
INF-u LLFAESGQOVYFGIIAL. R191A 7.8 3.9 3.2 2.2
CD40L voh . CrCrTRRERIXL Q193A 17 11 1.2 22
FasL VNF.EESQTFFGLYKL. E195A 4.6 1.4 2.6 0.8
OPGL LDP.DQDATYFGAFKVR K197D 2 21 29 1.1
FiGURE 2: Sequence alignment of selected TNF family members. K201A 4.3 2.7 10 2.5
Residues that when mutated to alanine have a greater than 5-fold N202A 2.5 2.5 1.9 3.2
decrease on bioactivity are shown in red, residues that resulted in D203A 15 1.1 0.6 0.5
increased bioactivity are in purple, and cysteines are in green. Q205A 13.1 6.3 10.8 690
Arrows over the sequence indicgtestrands in Apo2L. Conserved VgO;A Zg 2.8 2.1 5-2
sections of the sequence are highlighted in blue. Numbering over izieﬁ 1}1'5 %39 g% 3210'
the sequences refers to Apo2L sequence. D218A 13 19 11 03
) ) ) C230A 4.1 7.1 6.7 20
dichroism, is also observed by fluorescence measurements c230s 53 3.4 9.0 70
for native but not zinc-depleted Apo2L. These data indicate E236A 6.0 9.8 8.4 10.8
that removal of the zinc may cause an initial local unfolding x%ﬁ Ig g-g 4? o ?i
of Apo2L thgt_ immediately exposes Trp 231 to sol_vel_wt and  yo51a 19 5 v 0.8
also destabilizes the protein resulting in the shift in the g259a 4.3 20 1.4 3.3
melting temperature. H264A 1.9 2.0 1.4 3.1
; ; FpH e ; e D267A 5.7 1.9 55 1.1
Since the zinc-binding site is located on the trimer axis, it D269A 17 05 0.9 02

is anticipated that the presence of zinc influences the

; At ; i ; aValues shown represent the ratio of mutant to wild type. For wild-
trimerization constant. At the concentration limits of detection type Apo2l (91-281), theKo values for DRA-IgG, DR5-1gG, and

for dynamic light scattering and gel filtratior) monitor(_::d by DCR2-IgG are 0.8+ 0.3, 0.9+ 0.4, and 0.3+ 0.2 nM. TheKp
absorbance at 280 nm, about 4RI, both native and zinc-  measured for DR5 is consistent with results reported by Emery et al.
depleted Apo2L gave equivalent molecular weights consis- (12). Wild-type Apo2L (91-281) gave an EE of 24.0+ 3.1 ng/mL
tent with a trimer (data not shown). Given the extensive in the apoptosis assay while the 11281 form of wild-type Apo2L
monomer-monomer contact observed in Apo2L that is 12 slightly more active and gave an &Df 16.0 3.6 ng/mL. Only

. . o -fold and greater changes from wild-type values are considered to be
similar to other TNF family members, it is expected that gjgnificant.
zinc-depleted Apo2L is a relatively tight trimer. Indeed, gel
filtration experiments with radiolabeled TNF, which does members, such as LT and osteoprotegerin ligand, do not have
not have a zinc-binding site, show that the TNF trimer does a cysteine residue corresponding to Cys 230 of Apo2L. A
not dissociate at concentrations as low as 10 BB).(TNF second group, represented by TNF and Fas ligand, is
also retains cytotoxic activity at concentrations less than 1 characterized by the presence of a second cysteine residue
nM. Nonetheless, an increase in the trimer dissociation in the loop adjacent to Cys 230 (the 19203 loop in
constant probably contributes to the lower thermal stability Apo2L), resulting in the formation of a disulfide bridge and
and decreased bioactivity measured for zinc-depleted Apo2L. precluding the formation of a metal-binding site. Finally, the

The Apo2L structure represents the first example of metal only family members with an unpaired Cys 230 residue are
binding-mediated trimerization of a cytokine. This zinc- Apo2L and its only known ortholog, murine Apo2L. In this
binding site is essential for full bioactivity. While zinc- regard, it is noteworthy that the conformation of the main
binding sites have been shown to play structural roles in chain immediately prior to Cys 230 in Apo2L differs from
protein—protein interactions in many proteins involving the disulfide-containing family members such as TNF and
diverse interfaces3(—35), none of the other structurally = CD40L: in Apo2L, the side chain of Cys 230 is oriented
characterized members of the TNF family (CD40L, TNF, toward the interface instead of away from it. Thus, the zinc-
or LT) have metal-binding sites. On the basis of sequence binding site confers unique structural and stability features
analysis, the TNF family can be divided into three groups to Apo2L differentiating it from all other TNF family
with respect to Cys 230 (see Figure 2). Some family members.
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FiGURe 3: Bioassay data showing the functional importance of the @
zinc-binding site. Cell (SK-MES-1) viability was determined by a @ 40000
fluorescence assay of metabolic activity after overnight incubation g 30000
with varying concentrations of wild-type Apo2L (11£81) @) £
and wild-type Apo2L (114 281) treated with chelating agents to 20000
remove the zincK).
10000
Structural Effects of the Remal of Zinc. A comparison 0
of our present structure to the three other known structures 300 320 840 360 380 400

of Apo2L/TRAIL, namely, the low-resolution structure
without zinc (L8), the structure without zinc and bound to
DR5 (20), and that of the complex with DR5 and containing
zinc (19), reveals the effects of removing the zinc ion on
the local structure of Apo2L. In the absence of zid&)(

the six residues following Cys 230 (including Trp 231) are
disordered, and Cys 230 is described as being only 2.6 A
from its symmetry-related copies. In the zinc-depleted
structure of the DR5-Apo2L complex, a disulfide bond is
proposed to exist between two of the three symmetry-related
cysteines 20). In addition, the 230s loop is very poorly
ordered, as evidenced by the high-temperature factors in this R . T
segment (for example, the average B-factor for Cys 230 and 30 40 50 60 70 80 80 100

Trp 231 is 100 and 142 A respectively, compared to an Temperature (°C)

average of 50 Af_or the entire structure). The disorder in g5 pe 4: Effect of zinc removal on the conformation and stability
this loop in the zinc-depleted structures is consistent with of Apo2L. (A) Far-ultraviolet circular dichroic spectra of native
our tryptophan fluorescence data, indicating that in the (solid line) and zinc-depleted (dashed line) Apo2L. (B) Tryptophan
absence of zinc the Trp 231 side chain is likely solvent fluorescence emission spectra of native (solid black line) and zinc-

: : o depleted (dashed red line) Apo2L. The spectrum observed after a
exposed (Figure 4B). In contrast, in the present, zinc-bound 4-h ambient temperature incubation of zinc-depleted Apo2L with

structure, the 230s loop is highly ordered with an average 50 4M ZnSOy is shown as the detdashed blue line. (C) Thermal
B-factor of only 36 &, or about 10 & below the overall  denaturation of native (blue) and zinc-depleted (red) Apo2L. CD
average. Furthermore, the conformation of this loop differs at 222 nm is shown as the solid lines, and fluorescence emission
grossly from that observed in the absence of zinc, resulting @b0ve 320 nm is shown as the dashed lines.
in a buried and closely packed environment of Trp 231 in site, amino acid residues important for binding and biological
the zinc-bound trimer. It is noteworthy that the changes in activity were identified by alanine-scanning mutagene3i (
loop conformation are propagated to Glu 236, resulting in Residues were chosen for substitution on the basis of solvent
changes in the receptor interactions for this side chain. In accessibility and by analogy to the receptor contacts observed
summary, the removal of zinc from Apo2L results in large in the structure of the complex between LT and TNFRZ).(
conformational changes in the region near Cys 230, including Single alanine substitutions at five positions, residues GIn
potential mixed disulfide-bonded trimers and a partially 205, Val 207, Tyr 216, Glu 236, or Tyr 237, resulted in a
exposed position of the side chain of Trp 231, which extend greater than 5-fold decreases in apoptotic activity in a
to the periphery of the receptor-binding site. The result of bioassay (Table 1, Figure 5). Four of these five critical
these changes may therefore include direct effects on receptorlanine substitutions (Gln 205, Tyr 216, Glu 236, and Tyr
binding in addition to the marked destabilization of the 237) resulted in at least a 5-fold decreased affinity for DR4,
structure revealed by our melting experiments. DR5, and DcR2. Of these residues, GIn 205 and Tyr 216
The Receptor-Binding Site Shows Two Functionally Im- are the most critical in induction of apoptosis since alanine
portant Clusters of Residue¥o map the receptor-binding  substitution at these two sites results in a greater than 300-

Ellipticity (mdeg)
Fluorescence
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Contact with these two residues appears to be crucial for
organization of the receptors in the signaling complex since
alanine substitution at these sites has a greater effect on
apoptosis-inducing activity than on receptor binding. Apo2L
residues Glu 155, Arg 158, and Tyr 216, at the top of the
trimer, structurally correspond to TNF residues Leu 29, Arg
32, and Tyr 87, which have been shown to be critical for
TNF receptor interactions3y—39). Similarly, residues in
LT (39 and CD40L (6) important for receptor binding are
also located on the wider part of the trimer. Many of these
residues (Glul55 and Arg 158 in Apo2L, Asp 50in LT, Arg
132 in TNF, and Lys 143 and Tyr 145 in CD40L) map to
the C-terminal portion of the AAloop between strands A
and A. In contrast, the residues in TNF, LT, or CD40L that
correspond to Apo2L residues GIn 205, Val 207, Glu 236,
and Tyr 237 are not functionally important in these cytokines.
In Apo2L these residues are crucial for receptor binding and
biological activity and are located near the tip of the trimer
in the more variable part of the structure (Figure 5). The
result of these differences is that, while for TNF, LT, and
CDA40L the upper half of the trimer makes the most important

Ficure 5: Mutational analysis of Apo2L. The trimer is oriented con_trlbutlon to receptor binding, addltlpnal key bmdm.g
approximately as in Figure 1. Residues with a greater than 5-fold residues of Apo2L are found near the tip of the trimer, in
decrease or 2-fold increase in bioactivity when mutated to alanine the vicinity of the zinc-binding site. Therefore, the structural
are shown in red and yellow, respectively. Other residues mutatedanalysis of the mutagenesis data suggests that Apo2L has a
in this study are shown in cyan. larger and more extended contact surface for interaction with
its target receptors than CD40L, TNF, or LT. The contact

fold reduction in bioactivity. The mutant proteins with g face predicted by alanine scanning mutagenesis is in very
significantly reduced apoptotic activity also have impaired good agreement with the interface observed in a crystal
binding to both DR4 and DRS5, suggesting that binding to at ¢i,cture of Apo2L bound to DRELY).

least one of these receptors is required for the biological |y contrast to the well-characterized interaction between

effect. human growth hormone and its receptdf){ Apo2L does

In addition to the residues critical for apoptosis, many other not present a “hot spot” epitope in which a few residues make
alanine substitutions lead to small decreases5t#old) in a dominant contribution to receptor binding. None of the
receptor-binding and apoptotic activity. Furthermore, alanine Apo2L alanine substitutions cause a greater than 20-fold
substitutions of Asp 218 or 269 resulted in-3-fold reduction in affinity for DR4 or DR5, and the binding energy
increases in apoptotic activity although neither mutation for Apo2L—receptor interaction appears to be more evenly
significantly affected receptor binding. Most of the minor distributed within the extended contact surface. This could
deleterious alanine substitutions have similarly impaired be a consequence of Apo2L having evolved to recognize
binding to both DR4 and DR5, the only exceptions being multiple receptors. Concentration of binding energy in a few
mutation of Glu195 and Asp267, which have a pronounced residues might be incompatible with broad specificity for
effect on DR4 binding but a negligible effect on DR5 several receptors. One implication of these findings is that
binding. Neither the E195A or D267A mutants of Apo2L it may be very difficult to produce small molecule Apo2L
have decreased apoptotic activity, suggesting that DR5mimetics since the overall binding interaction is built from
binding alone may be sufficient to induce apoptotic death multiple, weak interactions. Conversely, it may be possible
in SK-MES-1 lung carcinoma cells upon Apo2L administra- to exploit the quantitative differences in receptor affinity
tion. Changes in DcR2 binding tend to parallel the effects shown here (Table 1) to engineer receptor selective variants
observed for DR4 binding with the exception that alanine of Apo2L. For example, a variant with greatly decreased
substitutions of Arg158 and Tyr237 have larger effects on DcR2 binding but only slightly diminished DR5 binding
DcR2 binding. Overall, these data suggest a similar contactmight be produced by combining substitutions at 158, 201,
region on Apo2L for DR4, DRS5, and DcR2. and 237. Receptor selective variants of Apo2L should be

When the results of the mutagenesis analysis are mappediseful for further studies of the biological mechanism of
onto the structure, the functional epitope of Apo2L for action of this cytokine and might have interesting therapeutic
receptor binding and biological activity is located along the profiles differing from those of the wild-type protein.
walls of a surface crevice formed by adjoining monomers
that runs from the wider part of trimer to the variable loops ACKNOWLEDGMENT
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the crevice and several other residues spread along thdla Patel for ICP-AES; Roger Pai for providing the wild-
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