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Stoichiometry of LPR Binding to LIGHT
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ABSTRACT. LTSR is a member of the TNF receptor family of proteins. It binds to two different cell surface
ligands, LIGHT, a homotypic trimer, and ldll32, a heterotypic trimer. We have measured the affinities

of the dimeric IgG fusion protein, LARIgG, and monomeric LAR protein binding to both LIGHT and

LT a152 using surface plasmon resonance and found value®df and 38 nM for LIGHT anc<0.1 and

48 nM for LTa132, respectively. We also determined the stoichiometries of binding for both forms of
the receptor LBRIgG and LT3R binding to LIGHT. The data obtained from several biophysical methods
are consistent with receptor polypeptide to trimeric ligand ratios of 2:1. The determined masses of the
complexes using SE€LS corresponded to a single BRIgG bound to a LIGHT trimer, or two LAR

bound per LIGHT. Sedimentation velocity of varied ratios ofdR to a fixed concentration of LIGHT

were analyzed by SEDANAL and were successfully fit with a model with two tight binding sites on
LIGHT and one poor affinity site. Isothermal calorimetric titration of LIGHT with eithefyRTor LTSRIgG

also demonstrated stoichiometries of 1:2 and 1:1, respectively. The bindingR td LIGHT was
endothermic and, hence, entropy-driven. TNFR p55 (extracellular domain) complexed with the trimeric
ligand, TNF3, exhibits a 3:1 receptor/ligand stoichiometry. This complex has been used as the prototypical
model setting the receptetigand complexation paradigm for the entire TNF family. The3RVLIGHT

binding stoichiometry of 2:1 demonstrated here does not fit the paradigm. This has numerous implications
for cell biology including signaling requiring only dimerization of BR rather than trimerization as
expected from the structural paradigm.

LTSR! (lymphotoxingi receptor) is a member of the reviewed 6—8). These molecules form part of an inter-
Tumor Necrosis Factor (TNF) receptor family of proteins. cellular communications networl8). The cell type and the
LTAR binds to two different membrane-bound TNF family temporal expression of each ligand and receptor are central
ligands: LIGHT (ymphotoxin like, exhibitsnducible ex- to their biological signaling roles. In humans, &I32
pression, and competes with H)§/coprotein D (gD) for expression is induced by cytokines on T-cells in the
HVEM, a receptor expressed Bylymphocytes: TNFSF14)  peripheral blood%) and in mice on splenic T-cell4() and
and LTa152 (lymphotoxina152) (1—3). LTalp52 is the only follicular B-cells 11). LIGHT is constitutively expressed by
known heteromeric TNF family ligand and binds only to myeloid immature dendritic cells and is inducible on T-cells
LTAR (2, 4). LIGHT is the more promiscuous ligand, known (1, 12). LTSR is constitutively expressed on fibroblasts,
to also bind two other receptors, Herpes Virus Entry Mediator epithelial cells, and myeloid cell48—15). Thus, it appears
(HVEM) and soluble Decoy Receptor 3 (DcR3) in addition that LTa132-LTSR-dependent signaling is from lymphocytes
to LTAR (1, 5). The biological implications of LIGHT  to the surrounding stroma and parenchymal ce8§. (
interacting with each of the receptors has been recently Blockade of LTe132-mediated signaling through IR with
either anti-L TR antibodies or LBRIgG affects the follicular
dendritic cells and disrupts the network architecture in the
lymphoid organs 16—19). The binding of LIGHT to the
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(617) 679-2304. stromally localized LBR results in biological signaling
zBiOgen Idec, Inc. _ through the intracellular domains of FR (13). LIGHT
Boston Biomedical Research Institute. signaling through LBR is sufficient for LIGHT-mediated

1 Abbreviations: 152, LTa132-lymphotoxin; LIGHT, {ymphotoxin : . . .
like, exhibitsinducible expression, and competes with H§oprotein apoptosis of tumor cell20). The interaction of LIGHT with
D (gD) for HVEM, a receptor expressed Bylymphocytes: TNFSF14); HVEM affects signaling in T-cells, where it acts as a co-

LT/R, lymphotoxing receptor; SEC, size-exclusion chromatograpy; stimulatory molecule§, 21, 22).
S apparent sedimentation coefficient; SECS, size-exclusion chro-

matography with in-line light scattering; TNF, Tumor Necrosis Factor; ~ The cocrystal structure of soluble TNFR-1 (p55) bound
HVEM, Herpes Virus Entry Mediator; DcR3, soluble decoy receptor to TNFS (Tumor Necrosis Factg# ligand or LTa) has been

3; LTARIgG, human lymphotoxif receptor fused to a higG Fc i
domain; SPR, surface plasmon resonance; FACS, cell-based ﬂuorescen?OIVeci €3, 24) and serves as a structural paradigm for

assay; ITC, isothermal titration calorimetry; AUC, analytical ultracen-  Cellular signaling in which three monomeric receptor mol-
trifugation. ecules complex with a homotrimeric ligand. This hexameric
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complex is viewed as the competent cell surface complex overnight at 25°C in BMGY media, then inoculated into 1
that signals into cells upon TNF family receptor/ligand L of BMGY media in an air-shaken Fernbach flask and
binding interactions. Biochemical studies utilizing a variety incubated at 28C for 3 days. The BMGY medium contained
of analytical techniques such as size-exclusion chromatog-1% yeast extract (Difco), 2% peptone (Oxoid), 100 mM
raphy with in-line light scattering (SEELS) and chemical  potassium phosphate, pH 6.0, 1.35% Yeast Nitrogen Base
cross-linking have examined the interaction of either TNF- (Difco), 4 x 1075% biotin, and 2% glycerol. The cells were
R1 or TNF-R2 (p75) with the trimeric TNE ligand. The then harvested by centrifugation at 2500@r 20 min. The
resulting stoichiometries were between 2:1 and 3:1, respec-cell pellet was resuspended in 200 mL of BMMY media
tively (25, 26). Sedimentation equilibrium measurements that contained 2% methanol and transferred to a fresh
have strongly suggested a 3:1 stoichiometry of interaction Fernbach flask covered with cheesecloth. BMMY medium
for TNFR1 with the TNIB ligand 7). Crystal structures of  contained, per liter, 1% yeast extract (Difco), 2% peptone
the complex between Apo2L and the ectodomain of DR5 (Oxoid), 100 mM potassium phosphate, pH 6.0, 1.35% Yeast
(28, 29) and BAFF (B-cell activating factor) with BAFF-R  Nitrogen Base (Difco), with 510% biotin, and the 2.0%
(30—32) have also revealed 3:1 receptor/ligand molecule methanol. Incubation was continued at°Z5for 2 days with
stoichiometries. These examples largely support the TNF shaking, then centrifuged at 25@Gor 20 min and the
paradigm that a 3:1 receptor/ligand complex is the basic supernatant collected and frozen until purification.
signaling unit 81, 33, 34). The only TNF family member Purification of LIGHT and L®152. Pichiaexpressed
receptor known to break the 3:1 receptor-to-ligand paradigm LIGHT was deglycosylated by adding 0.25 mL ofx110°

is the interaction of LBR with LTal$52 where only two units/mL of Endo H from New England Biolabs (Ipswich,
LTSR subunits interact with this heterotrimeric ligar@).( MA) to 1.6 L of Pichiasupernatant, which was then dialyzed
For the homotrimeric ligands binding to their receptors, there overnight at 4°C against 2x 10 L of 20 mM Tris-HCI, pH

are no reports of negatively or positively cooperative 8.0. The dialysate was chromatographed on a>x2.8 cm
interactions, suggesting that all receptors bind their target DEAE Sepharose Fast Flow (Amersham Biosciences,
ligand with similar affinity. Piscataway, NJ) column. The bound protein was eluted with

In this report, the affinities of LR (monomeric soluble @ linear gradient from 0 to 0.4 M NacCl using 30 column
human lymphotoxing receptor) and LBRIgG (human volumes. The eluted fractions were analyzed by SDS
lymphotoxing receptor fused to a higG Fc domain) with PAGE, and those containing LIGHT were pooled and
the homotrimeric TNF superfamily ligand LIGHT and the dialyzed overnight at 4C in 2 x 1 L of 20 mM sodium
heterotrimeric ligand L®132 were assessed using several acetate buffer, pH 5. The dialysate was chromatographed
assay methods, including surface plasmon resonance (SPRRN @ 1.6 x 2.5 cm SP-sepharose Fast Flow (Amersham
cell-based fluorescent assay (FACS), and isothermal titration Biosciences, Piscataway, NJ) column. LIGHT was eluted
Ca|0rimetry (|TC) The Stoichioimetry of bound lB'R and with a 30 column volume linear gradient of 0to 0.5 M NaCl.
LTBRIgG to LIGHT was determined by several biophysical Fractions containing purified LIGHT were identified by
methods, including ITC, analytical SEES, and analytical ~ SDS-PAGE, pooled, and concentrated to 15 mL by ultra-
ultracentrifugation (AUC). The interaction of |5R with filtration (Waters, Milford, MA). In three repetitive runs, the
LIGHT is consistent with tight binding events for the first concentrate (5 mL each) was loaded onto a HiPrep 26/60
two interacting receptors, whereas the third binding event S200 gel filtration column (Amersham Biosciences, Piscat-
occurs with significantly poorer affinity, if at all. Hence, we away, NJ) and eluted in PBS, pH 7.5, and fractions
propose a model in which a complex of two SR molecules ~ containing pure LIGHT, as determined by SBBAGE, were
bound to a ligand, LIGHT or L&142, accounts entirely for ~ pooled. The protein was aliquoted and frozer-80 °C until

the basic signaling unit. use. LTa152 was purified as described by Browning et al.
(35). N-Terminal sequencing was carried out on an Applied
MATERIALS AND METHODS Biosystems Procise 494 HT Sequencer. Proteins were

analyzed by mass spectra on an LCZ mass spectrometer after

ReagentsEndoproteinase Asp-N excision grade was from deglycosylation with PNGaseF by reduction with DTT and
Calbiochem (San Diego, CA) Protein A fast flow resin was incubation for 12 h at room temperature.
from Amersham Biosciences (Piscataway, NJ). SPBGE Purification of LJBRIgG and LPBR. The fusion of the
gradient gels 420% were from Daiichi (Tokyo, Japan). human lymphotoxin receptor to human Fc domain4RTgG)
SDS-PAGE molecular WEIght standards were from Invit- was Constructed, purified, and expressed as previously
rogen (Carlsbad, CA). described 2, 36). LTSR was cleaved from LARIgG as

Expression of Human LIGHPRIasmid AN049, encoding  follows. To 1 mL of LTBRIgG at 10 mg/mL (in 20 mM
Flag-(G4S) 3-human LIGHT was constructed containing the citrate and 10% sucrose, pH 6.7) was added«Q.8f Asp-N
N-terminal flag tag, a four-glycine-one-serine linker repeated endoproteinase (35 unitgf). The mixture was allowed to
four times, and amino acids E9¥240 of human LIGHT incubate at room temperature for-180 h. The reaction was
(1). The plasmid contained thefactor secretion signal and  stopped by the addition éf;o volume of 10 mM EDTA in
the AOX1 promoter that induces expression Richia PBS (pH 7.4). LBR was obtained by flowing the mixture
pastorison methanol induction. ANO49 was digested with over a protein A Sepharose (3 mL) column. The column
Stul and introduced intoP. pastoris strain GA115 by flowthrough containing the LFR was pooled and dialyzed
electroporation. Colonies were selected on minimal medium against 2< 1 L of 20 mM Tris, pH 8.0, overnight. The LFR
lacking histidine. Strain CCM687 expressing Flag-(G4S) 3 was then chromatographed on a %.@.5 cm DEAE column
LIGHT was chosen as the most productively expressing and eluted with a linear NaCl gradient from 0 to 0.5 M NaCl
strain. A 10 mL culture oP. pastorisCCM687 was grown in 30 column volumes. The fractions containing AR by
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SDS-PAGE were pooled and concentrated to 10 mg/mL
using a Biomax spin concentrator with a 10 kDa cutoff
(Millipore Corp., Billerica, MA). The concentrated protein
was chromatographed on a Superdex 75 column 2100
cm), pre-equilibrated in phosphate-buffered saline, pH 7.2.
Peak fractions were analyzed by SBISBAGE and analytical
gel filtration for purity and pooled for use.

Determination of Protein Molar Extinction Coefficients.
The extinction coefficients of each purified protein were
evaluated based on the method of Edelh&) &s outlined
by Pace et al.38). The determined extinction coefficients
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levels were 5000 RU. All samples were prepared in Biacore
buffer (10 mM HEPES, pH 7, 150 mM NacCl, 3.4 mM
EDTA, 0.005% p-20 detergent, and 0.1% BSA). This same
buffer was used as the running buffer during sample analysis.
For immobilizations, the same Biacore buffer without BSA
was used as the running buffer.

Solution-Phase Biacore Binding Assay§sHT or LT 152
and receptor were mixed in various ratios in Biacore buffer
and incubated at 4C for a minimum of 3 h. A 15QuL
sample of these solutions was then injected apLOnin
over a LT3RIgG-derivatized surface or an underivatized

were used to calculate all protein concentrations. When thissurface as a background control, followeg B 3 min

method is used, the extinction coefficients for the proteins
are as follows (in absorbance units, thgm) LTAR, 0.838;
LTARIQG, 1.21; LIGHT, 1.77.

Biotinylation of Reagent®roteins were biotinylated using
the protocol in the Mini-Biotin-XX protein labeling kit
(Molecular Probes, Eugene, OR). Briefly described, to 0.5
mg of LTSRIgG in PBS at 5 mg/mL was added 0.05 mL of
1 M NaHCG;, then 25uL of the biotin-XX reagent was
added, incubated with stirgnl h atroom temperature, and
then dialyzed into desired buffer overnight at@.

FACS Assays and AnalysiSACS binding assays using
flow cytometry were done according to the method previ-
ously described39). Briefly, in direct binding assays, human

dissociation in Biacore buffer. The surface was regenerated
with 2 x 20 uL injections of 10 mM NaHPO, following
each sample injection. When these experimental conditions
are used, the binding is mass-transport-limited during ap-
proximately the first minute of binding. The mass-transport-
limited region was determined from the region of the
sensorgrams where the slope of the first derivative plot is
zero. During the mass-transport-limited binding phase, the
initial rate of binding ) is proportional to the concentration

of free ligand in solution. Only free LIGHT should bind to
the LTSRIgG surface at these concentrations; therefore, the
method measures the concentration of free LIGHT in each
solution. The interaction affinity of ligand and receptor in

LTal132 was detected on phorbol myristate acetate-activatedsolution was determined by plotting th&/X versus the

11-23 cells (American Type Culture Collection (ATCC)
Manassas, VA) in FACS buffer with varied concentrations
of either the LPRIgG or biotinylated LBRIgG (bLTSRIGG).
Cells were incubated on ice for-2 h, then washed with

PBS, and centrifuged. The appropriate steptavidin phyco-

erythrin- or anti-hFc phycoerythrin-labeled secondary (Mo-

lecular Probes, Eugene, OR) in FACS buffer was added,

incubated with the cells for an additional 1 h, and washed
again. The fluorescent staining of the cellular-boun@RTgG
on the 11-23 cells was quantified by determining the mean

concentration of the varied component in each mixture and
fitting the data to the following quadratic equatictO) that
has theKp and stoichiometric ration) as variables:

V/m= [LIGHT], =
1/2([LIGHT], — {(N[R], + [LIGHT], + Kp) —

VI(IR], + [LIGHT] + Ko)® = (4n[R] + [LIGHT])T})
WhereV, = initial rate of binding,m = slope of the LIGAND

channel fluorescence by FACS. Competitive FACS assaysstandard curve, [LIGHF]= free LIGAND concentration,
were done by the same protocol except the binding of a fixed [LIGHT]; = total LIGAND concentration. and [R} total

concentration of biotinylated LARIgG was competed with
titrations of the desired LAR reagent for at lead h on ice

receptor concentration.
Analytical Ultracentrifugation Sedimentation equilibrium

and quantified as before. Cellular flouresence was determinedand velocity experiments were conducted in a Beckman

on FACScan equipped with Cellquest software (Becton-

Optima XL-A or XL-I ultracentrifuge (Beckman, Palo Alto,

Dickinson, Franklin Lakes, NJ). The data were plotted as a CA), using an An60 Ti four-hole rotor. All data acquired
function of mean channel fluorescence versus the concentrafrom these experiments were obtained using the-Wi¢

tion of the receptorKp and 1G values were determined
from the half-maximal values of four-parameter fits of the
data using Delta Graph (Red Rock Software, Salt Lake City,
uT).

Biacore Surface Preparatioi®PR studies were performed

using a Biacore 3000 instrument (Biacore, Inc., Piscataway,

NJ). LTSRIgG was immobilized on CM5 sensorchips using
the Biacore amine coupling kit according to manufacturer’s
instructions. Briefly, the chip was activated with a b0
injection of 1:1 N-hydroxsuccinimide (NHS)/1-ethyl-3(3-
dimethylaminopropyl)-carbodiimide hydrochloride (EDC). A
50 uL sample of LBRIgG, diluted to 5Qug/mL in 10 mM

absorbance detection system on the ultracentrifuge. Double
sector 12 mm charcoal-filled Epon centerpieces were used
in velocity experiments, while six-channel, 12-mm, charcoal-
filled Epon centerpieces were used in equilibrium experi-
ments. Velocity experiments were conducted at@Cat a
speed of 40 000 rpm. Equilibrium experiments were con-
ducted at £C over a range of speeds from about-BD 000

rpm. At the end of the equilibrium experiment, the rotor was
accelerated to 40 000 rpm over 12 h and then decelerated to
appropriate experimental speeds to record baseline scans.
Data from equilibrium experiments were analyzed using the
software NONLIN @1). The apparent sedimentation coef-

sodium acetate, pH 5.0, was injected over one quadrant officient distribution informationg(s), was obtained via data
the activated chip. A second quadrant was exposed to 10analysis using the software program SEDFHWR)( Sedi-
mM sodium acetate, pH 5.0, as a control surface. Excessmentation velocity data was analyzed using SEDANAL

free amine groups were capped with a:B0injection of 1
M ethanolamine. Surfaces were conditioned with530
uL injections of 10 mM NaHPQO,. Typical immobilization

software £3). SEDANAL performs a nonlinear least-squares
fit (simplex or LevenbergMarquardt algorithm) between
time-differenced sedimentation velocity data and ideal



10120 Biochemistry, Vol. 45, No. 33, 2006 Eldredge et al.

sedimentation velocity profiles generated using the finite Q = (n[M],AHV,)/2{1 + [L] /(N[M]) + 1/(NKM] ) —
element method of Claveriel4, 45) implementing kinetic 2 1
or equilibrium mass action equations for a wide range of [(1 + [LT/(M] ) + 2/(nKIM] )" = 4[L1/(n[M],)] 2}

user-definable stoichiometric models essentially according (2)

0 the general. procedure of Todd and.HaS(.:hemeA}@)r ( ~ The program then uses the standard Marquardt method with
Size-Exclusion Chromatagraphy with Light Scattering routines provided by the ORIGIN software to optimize for

(SEC-LS) AssaysSize-exclusion chromatography (SEC) n, K, and AHp,. The thermodynamic parameters were
was carried out on a Toso Haas SW3000 column (Mont- calculated from the eq 3,

gomeryville, PA) in 20 mM sodium phosphate, pH 7.2, and

150 mM NacCl (PBS) at a flow rate of 0.6 mL/min using a AG® = AH° — TAS’ = —RTIn K, (3)

Waters Alliance instrument. In addition to UV detection, the

eluent was monitored with a refractive index detector Where AG, AH, and AS are the changes in free energy,

(Waters, Milford, MA). Light scattering was monitored using enthalpy, and entropy of binding, respectively.is the

a Precison Detector PD2000 in tandem with a PD2000/DLS absolute temperature (Kelvin), and the universal gas constant

from Precision Detectors (Bellingham, MA). Molecular R = 1.90 kcal mot* K™%

weight determination of each complex was determined using RESULTS

the Precision Detector Software. Analytical gel filtration of

either LTBRIgG/LIGHT or LTAR/LIGHT were mixed with Determination of the Binding Affinities of R and

the molar molecular ratios indicated in the figure legend. LTSRIgG to LIGHT anda132. LIGHT was expressed as a

Ratios are relative to the fixed concentration of LIGHT in secreted protein if?. pastoris Following deglycosylation

all samples of 2«M, in a final injected sample volume of in the supernatant with endo H, LIGHT was purified from

50 uL. the supernatant using three chromatographic steps: DEAE
Titration Calorimetry.lsothermal titration microcalorim- ~ @nd Ssepharose ion exchange followed by gel filtration.

etry reactions were performed using a model VP ITC Figure 1, lane 1 shows SDFAGE analysis of the purified

microcalorimeter from Microcal, Inc. (Northampton, MA), GHT. i

stirring at 270 rpm at 25C. In individual titrations, 4L of Mass spectrometry confirmed that the deglycosylated

the appropriate receptor was added using a computer-pur,'f'ed LIGHT monomers had. the expectgd molecular

controlled 25QuL microsyringe at an interval of 5 min into ~ Weight of 18,274 Da, and N-terminal sequencing of LIGHT

a cell containing the ligand solution (the cell volume was showed an N-terminal sequence starting at aspartate th_ree

1.43 mL). Both receptor and ligand were dialyzed into an Of the cloned sequence. Attempts to express and purify

identical buffer of 20 mM sodium phosphate and 150 mM LTAR, in the absence of a linked Fc domain, were unsuc-
NaCl, pH 7. Control experiments were performed by making 1 2 3 4

identical injections of receptor into a cell containing buffer

with no protein to correct for small heats of dilution. The

experimental data were fitted to a theoretical titration curve 5 220

using software supplied by Microcal, withH (enthalpy B
change in kcal molt), K, (association constant in M), and

n (number of receptor binding sites/trimer ligand molecule) ol
as adjustable parameters. The cell constant K, M(0),
where M¢(0) is the initial macromolecule concentration, is
of importance in microcalorimetn{) for defining the range
over which meaningful measurementskf can be made.
Experiments to determini€, were done withc values of 1

< ¢ < 200. The instrument calibration was checked prior to
measurement using standard pulses provided by Microcal’s
software.

The cumulative heat of binding in a reaction is described
by the following eq 1, the multiple independent sites model,
which describes the total heat evolvedfor the total sum
of the individual reactions, wheh is the cell volumeAH,
is the enthalpy of binding per mole of liganH; is the
binding constant for each binding site, and [L] is the free
ligand concentration:

= 90
5 -80
o

Q= VoMl 3 (MAHK[LD/(1 + K, L) (1)

e Ty

To determine the values of K,, andAH, the equation above ] o ) )
fKa q Ficure 1: Coomassie brilliant blue stained nonreducing SDS

is represented in terms of the binding constant and total 4—20% gradient PAGE of final purified pools of LIGHT (lane 1),

ligand concentration [L]to obtain the following quadratic | T4R (lane 2), and LBRIGG (lane 3). Standards are in lane 4; the
eq 2: molecular weights (in kDa) are as indicated to the right of the gel.
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Table 1: “Solution-Phase SPR Binding Assay” ApparkptValues
Determined for LPRIgG Binding to LIGHT and L1152 andKp
Values Determined for LFR Binding to LIGHT and L1532,
FACS-Determined Appareri€p Binding Values for LBRIgG

Binding to LTa132 on PMA-Activated 11-23 Cells, and Competitive
ICso Values for LTBRIgG and LR versus lug/mL LTSRIgG

LIGHT LTalp2

Biacore Biacore FACS binding

solution solution

binding binding direct competition

(nM) (nM) (nM) (nM)2

LTAR 40+ 18 39+ 17 (ND)P 240+ 20

(h=5)  (1=5) (n=3)
LTSRIgG <0.10 <0.10 15+0.6 28+ 3

(n=3) (n=3) (n=14) (n=3)

aVersus 1 ug/mL bLBRIgG.? ND, not determined.

cessful due to low expression levels in mammalian cell
culture. An alternative proteolytic method was devised to
obtain LTAR using the protease Asp-N to cleave the linker
between the Fc and LSR domains of LBRIgG. AspN was

Biochemistry, Vol. 45, No. 33, 20060121

PNGase F, the LR collapses to a single peak at the
expected molecular weight of 21,485 Da as determined by
mass spectrometry. IBRIgG, shown in Figure 1 lane 3, was
purified as described in Materials and Methods.

Evaluation of the binding affinities of LARIgG to
LTalp2 was determined using SPR and cell-based FACS
assays. The direct binding of IBRIgG to LTal152, which
had been upregulated on the surface of II-23 cells, was
measured using a fluorescently labeled secondary anti-Fc
polyclonal antibody. The apparent affinity in this assay was
determined to be 1.5 nM (Table 1).

To determine affinity constants by SPR, we initially
attempted a direct binding of LAR to LIGHT immobilized
on the chip surface. However, we were unable to define
conditions that generated a stable surface with immobilized
LIGHT. Therefore, we applied the “Solution-phase SPR
binding assay” previously used to successfully derive the
affinity constants for a similar trimeric ligand (BAFF) and
receptor (BAFFR) complex as described by Day et48).(
Described in Materials and Methods are the details of the

the most convenient protease to use, since the activity could*Solution-phase SPR binding assay” determination method-

be stopped by the simple addition of EDTA to the solution.
SDS-PAGE analysis of the purified preparations is shown
in Figure 1. On the basis of peptide mapping,AR has

ology. LTBRIgG was immobilized on an SPR chip that was
then used to generate a standard curve in response to free
LTal52 or LIGHT from O to 15 nM. For both LIGHT and

varied glycosylation site occupancy on asparagines 13 andLT o152, the initial velocity /) versus LT152 or LIGHT
50 (data not shown), resulting in none, one, or two glycans response gave a linear response to concentration. The linear

per LTSR molecule which is reflected in the three bands on
SDS-PAGE (Figure 1, lane 2). Upon deglycosylation with

A8

154

w
x g
= T T T T 1
0 15 30 45 B0 75 90
6 [LIGHT] (nh1)
3_
0 T T T T 1":‘A
0 g0 120 180 240 3003000
LTBR (nM)
Css
30
254
)
5 27
x
= 154
14
054
]
0 T T T T
0 3 6 9 12 15
LTRR-IgG (nM)

V; to concentration relationship can be used to determine
the free LIGHT or LTalp52 concentrations in reaction

18
B 25
154 20
§ 15
12+ =
. 10
L]
= 0
6 0 15 30 45 BO 75 90
[LTa1b2] (nM)
34
h
0 T T T T
0 60 120 180 240 300
LTRR (nM)
D 25

v, (RUS)

3 5 9
LTBR-IaG (nM)

12

15

FiGure 2: Solution-phase binding of LAR to LIGHT or LTa152 and LTBRIgG to LIGHT or LTal32. Separate solutions containing the
indicated concentrations of (A\) LTSR with 45 nM LTa152, (B) (a) LTAR with 45 nM LIGHT, (C) @) 3 nM LTa152 with LTSRIgG,

or (D) (W) 3 nM LIGHT with LTSRIgG were preincubated f@& h and then run over a ISR IgG-derivatized Biacore chip as described
in Materials and Methods. The concentrations of freet32 or free LIGHT in the reaction solutions were determined by reference to a
linear standard curve determined from the initial rate of the ligand alone binding to thRIgG-derivatized chip; the linear response
curves for LIGHT and L1532 are shown in the inset boxes in panels A and B. The affinities of the solution-phase bindingRfdc T

LTSRIgG were determined from the quadratic equation described in Materials and Methods; the fit generated by the equation is shown by

the line ().
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mixtures with either LBRIgG or LTSR. There is no chance A B ,u] 1o FrPRISG
for the LTARIgG on the chip to displace the |RIgG or omres
LTAR from a soluble ligand complex because the average
contact time of each assay volume flowing over the chip is
~250 ms. The concentrations of free LIGHT mixed in 4.5:1

|

|

|
solution with either LR or LTSRIgG are shown in Figure 1257 :
2, panels A and C, respectively, and of freedIp2 in 204 ?:[_‘L mAaU L 31 }
solution with either LBR or LTSRIgG are shown in Figure 15 H 100] |
2, panels B and D, respectively. Quadratic curve fitting of .. A’\ 2250 7

150

LTBRIgG
LIGHT

these curves using the equation in Materials and Methods 104
gives apparerp value for the binding affinity of LBRIgG

to LTalp2 or LIGHT of < 0.1 nM (Table 1). We refer to 51 \ 501 1l + LIGHT
Kp values for binding of LBRIgG to LTal32 or LIGHT o

|

as apparent affinity values due to the avidity component in 10 11 1213 14 15 16 | 0.66:1 k
|
|

| 1 151

M—
this binding event. The binding affinities of ISR to LTa152 Min >
and LIGHT were determined to be 40 and 39 nM, respec- ED N
tively (Table 1). TheKp value determined by SPR is as much e e T T e 18

as 15 times lower than the value determined by direct FACS

binding. A possible explanation is that the 1I-23 cells in the

FACS assay express surfaced 132 in a sufficiently high c
concentration to cause depletion of the titrategpRTgG in

the binding reactions. This effect is an important variable to

control, especially with molecules having high affinities, as

it would artificially raise the determined appardfs. To

evaluate if the appareii, was dependent on the concentra-

tions of expressed Ld152, repeating FACS assays were

100

carried out with decreased concentrations of activated I1-23 mAU

cells. Within experimental error, the sarig was determined 40

at all 11-23 cellular numbers in the assay. Therefore, we 161

attribute differences in the appareiip to varied avidity 20 | LG
affects that arise from the different assay formats or to affects 0.65:1 7|

of post-translation modification of the protein on the surface Ooﬁg—m TR '14 Tg
of the cells. Minutes

We also assessed the appat&svalue for LIGHT binding FiIGURE 3: (A) Analytical gel filtration of the individual components
to LTBRIgG in “Solution-phase SPR binding assay” which, LTBRIgG, LIGHT, and LTBR are shown in overlay. The I5R
similar to LTa1/32, determined a value of 0.1 nM (Table shows two peaks by gel filtration. The-axis represents elution
1). To eliminate the avidity affects of the ISRIgG onKop, time in minutes and th¥-axis the mAU at 280 nM. (B) Analytical

ic LBR d. Using th uti h gel filtration of LTBRIgG/LIGHT mixtures with the molar molec-
monomeric LTPR was prepared. Using the solution-phase 5 ratios indicated, LIGHT concentration was fixed ati for

SPR techniqueKp values for the binding of monomeric  a|l experiments. Samples were mixed and incubated for at least an
LTAR to both LIGHT and LT132 were determined to be  hour prior to injection and chromatography. (C) Analytical gel
40 and 30 i, respeciively (Table 1) These data suggestleaien oL TG, oo L M v
that presenting the receptor in dimeric rather than monomeric ' : X A
form increases the apparefis by >400-fold in this assay the traces for LIGHT mixed with either LAR or LTSRIgG.
system. To evaluate if this large avidity effect is also molecular weights. Deglycosylation of the isolated individual
observed when the ligand is presented on the surface of apeaks, with PNGase F followed by mass spectrometry of
cell, we also evaluated the ability of ISR and LTBRIgG the respective products, showed the two peaks resulted in
to compete the binding of biotinylated FRIgG to LTa 152 identical masses (21,413 Da) equivalent to the predicted mass
expressed on 1I-23 cells in the FACS assay. The avidity affect for LTSR. On the basis of these data, we attribute the two
of LTSRIgG was also apparent in the competition assays, LTSR peaks to differences in glycosylation site occupancy
with LTSRIgG showing a 9-fold lower 165 compared with of two, one, or none on the LSR. No self-associated
LT SR competing biotinylated LARIgG binding to cellularly oligomers of LTBR were observed in the chromatogram.
expressed Ld&152 (Table 1). The stoichiometry of LBRIgG bound to LIGHT was
SEC-LS Analysis of LIGHT/LAR ComplexeBefore the evaluated by SEELS. LTSRIgG was mixed with LIGHT
determination of interaction stoichiometries, the homogeneity in the ratios indicated in Figure 3B and then subjected to
of LIGHT, LTSR, and LT5RIgG was analyzed using SEC SEC-LS. SEC-LS was used to determine the mass of each
LS. LTBRIgG and LIGHT each migrated as a single peak of the eluting peaks. The mass data are summarized in Table
by SEC as shown in Figure 3A and showed no evidence of 2. When the molecular ratios of ISRIgG to LIGHT were
self-associated multimers, whereasdRreluted as a doublet  1:1 or less, the determined mass indicated that on#RLFG
(Figure 3A). Reinjection of either LAR peak collected from  was bound to each trimeric LIGHT molecule (Table 2). No
analytical SEC showed that the single peaks do not re- higher order aggregate complexes were observed. In contrast,
equilibrate back to a doublet (data not shown). Within the when the molar ratio of LBRIgG to LIGHT exceeded 1:1,
limits of SEG-LS analysis, the LBR peaks had identical the earliest eluting peak representing the complex moved to
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Table 2: In-line Light Scattering Data for Peaks Eluting from Gel Filtration Stédies

molecular theoretical molecular

proteins and molar determined weight from weight without best fit

ratio of mixing mL mgtcm™? LS glycosylation stoichiometry
LTARIgG 1.21 100,300 93,700
LTAR 0.838 25,900 21,829

(average)

LIGHTd 1.77 55,900 55,419
LTARIgG/LIGHT

1:1.3 158,006-160,000 149,120 11

1.5:1 250,500 242,819 2:1
LTAR/LIGHT

>2:1 95,806-96,700 97,420 2:1

2 The calculated ratios of LIGHT to LARIgG or LTSR in each peak are based on the additive masses of individual components as determined
by SEC-LS. " The calculated ratios of LIGHT to LARIgG or LTAR in each peak are based on the additive masses of individual components as
determined by the in-line light scattering determinatibAverage molecular weight of glycosylated BR peaksd Molecular weight for the trimeric
molecule.

r Table 3: Molecular Weight Determined by Velocity or
Sedimentation Equilibrium for Each Individual Species SR}
300 LTSRIgG or LIGHT Determined at Concentrations of 29.8, 9.8, and
Mol. Wt. 18 uM, Respectively, ané Values and Standard Deviations (SD)
{Daltons) 100 for SEDANAL Single and Global Fits
30 Molecular weight
Velocity % monomer Equilibrium
1nm 240 250 LTAR 27,400 23,500 99.7 25,200
I | LTARIgG 111,008 93,500 99.Z2 108,100
Elution Time minwies LIGHT 49,700 53,000 96.7 53,200
FicurRe 4: Molecular weight analysis of the ISR/LIGHT complex L
peak by SECLS. LTAR and LIGHT with molecular ratios of 3:1 SVvalues and Standard Deviations (SD) for
were combined in a 5@L sample volume and chromatographed SEDANAL Single and Global Fits
on the HPLC with two SW3000 analytical gel filtration columns model single species two strong, one weak site

linked in tandem. The lead peak eluting from the column cor-
responded to the appropriate retention time for th¢RLIGHT
complex and had a peakg, of 0.065 AU. The plot shows three
traces analyzed from the IBR/LIGHT peak. Line A corresponds
to refractive index, line B is the 9dight scattering, and line C is

molecule S SO  complex S spe Keq
LTAR (B) 1.31 0.00723 AB 2.577
LIGHT (A) 2.46 0.00715 ABB 3.22
ABBB 392 0.0177 8. 10

the molecular weight calculated using the A and B values. The
ordinate corresponds to the molecular weight of the complex in g
daltons; the ordinate units for lines A and B are not shown.

aThe lower half of table is th&values and standard deviation (SD)
r the single fit with SEDANAL to individual molecules and the
SEDANAL global fit-to-four ratios of LTBR/LIGHT in Figure 5° Data
were fit with SEDANAL. ¢ Data were fit with Sedfitd Residuals in

a shorter retention time (Figure 3B) with a commensurate AU

increase in mass, indicating that now twoAR1gGs (Table
2) were bound to each LIGHT molecule. _ _ _ _
A similar study was performed using LIGHT and mono- techniques we applied. Therefore, we used sedimentation
meric LTAR (Figure 3C). LIGHT combined with low Velocity to determine if binding of a third LAR to LIGHT
concentrations of LR resulted in peaks corresponding to Was detectable at higher concentrations of the receptor/ligand
unbound LIGHT and the LIGHT/LBR complex. As the  Pair. First, at high protein concentrations, the masses of the
concentration of LBR was increased, free LIGHT decreased Individual molecules were determined using sedimentation
and a characteristic double peak corresponding to frggRLT ~ €quilibrium and sedimentation velocity experiments to
was observed. The molecular mass of the peak correspondingletermine if there was concentration-dependent protein
to the LTBR/LIGHT complex by light scattering agreed best dimerization or aggregation. Table 3 reports the calculated
with a 2:1 complex of LBR to LIGHT (Figure 3C and Table ~ Molecular weights and determined percent monomer deter-
2) regardless of the molar ratios employed. This is evidencedMined by Sedfit and SEDANAL. LFRIgG, LTAR, and
from the constant value calculated for the molecular weight LIGHT all showed excellent fits as single ideal species with
from the index of refraction and light scattering data (curve the respective expected molecular weights in sedimentation
C, Figure 4). Curve C in Figure 4 is flat, indicating that the €quilibrium or sedimentation velocity.
LTSR complexed with LIGHT is stable during gel filtration Next, we did a series of sedimentation velocity experi-
and the peak does not represent a distribution of one, two,ments using a fixed concentration of LIGHT paired with
and three LBRs bound to LIGHT, in which case the leading increasing concentrations of R. Micromolar concentra-
and trailing edges of the peak would have been expected totions of LIGHT and LT3R were used in these experiments
have lower and higher masses, respectively. to maximize the opportunity to detect any weak binding of
Sedimentation Velocity and Sedimentation Equilibrium LT/AR to the third available binding site. First, individual
AnalysesWe wanted to characterize the interaction ofdRl data sets from the individual samples were fit to the model
with LIGHT at higher concentrations of the ligand and of a single species, holding the molecular weights fixed and
receptor than could be evaluated using the other biophysicalfloating the density increments. This gave a sedimentation
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A

0.2

delta-C(obs) AU

delta-C(obs) AU

6.0 6.4 6.8 7.2 6.0 6.4 6.8 7.2
Radius Radius

Ficure 5: A Global fit of 160 total absorbance scans from four separate velocity sedimentation experiments. Each experiment was performed
with a fixed concentration of 2M LIGHT combined with LT3R at concentrations ratios of (A) 1.5, (B) 2.1, (C) 4.5, and (D) 9 times the
LIGHT concentration. Shown for each LIGHT/ I5R experiment A, B, C, and D are three representative ordered sets out of the 20 sets
used in the fit. The solid points are concentration differena€obs), at constant radius between two absorbance scans taken at different
times. The solid lines are concentration differen@gs(calc), calculated from the parameters being fit. W@&obs) andAC(calc) correspond

to the lefty-axis in units of absorbance at 280 nm. The plotted deviations between the observed and calculated concentration differences
are on the righy-axis using the same units and scale (absorbance at 280 nm) but offset to be at the bottom of each ykutisTisethe

radius of the cell in cm and is the same for bgthxes.
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FiGURE 6: Isothermal calorimetric titrations of LIGHT with LAR. LIGHT (3 uM) in the cell was titrated with either (A) LAR (150xM)
or (B) LTSRIgG (75uM) in the syringe. For both A and B, the top shows the time response of heat change upon each addition of receptor.
The best fits of the data as judged by comparing Chi-squared statistics for each were achieved using a single site binding model.

coefficient § value of 1.31 and 2.46 for LAR and LIGHT, global fit to four data sets of the LIGHT and R mixtures
respectively. We then fixed the fitte8l values, their fitted using SEDANAL (Figure 5). The global model fit was-A

density increments, the ratio of the mixtures, and weight of B = AB, AB + B = ABB, ABB + B = ABBB. The
the individual components in the global fit and performed a reportedS values for the reaction components, determined
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Table 4: Binding Constants and Thermodynamic Parameters for the to all three clefts of LTi152 (35) suggests a divalent binding

Binding of LTAR or LTARIGG to LIGHT from Isothermal of LTAR to its target ligand is sufficient for intracellular
Calorimetric Titrations signaling. We conducted extensive solution-based biochemi-
n Ko AH AS cal studies to characterize the binding of monomeric and
(sites) (nM) kcal/mol  cal/mol°K dimeric forms of LT3R to LIGHT and LTa132 to determine
LTAR 1.88+0.05 126+ 42 11.5+05 69.95 if the symmetrical family member LIGHT conforms to the
LTARIgG  0.820+0.019 notvalid 26.2-0.9 121.1 expected paradigm of a 3:1 complex or resembles the

heteromeric 2:1 paradigm of loll32.

Keq for the final LTSR adding to LIGHT, and the standard _USing SPR solution binding, we _de'Ferr_nin_ed _the app_arent
deviation are in Table 3. In addition, the equilibrium constant Pinding affinity of LTARIGG and the intrinsic binding affinity

for the first two binding events to LAR was held fixed to ~ ©f LTAR to LIGHT and LTa152. At least a 400-fold avidity

the values determined by isothermal calorimetry, and the contribution is observed when comparing the apparent
third value was allowed to float. A global fit using two strong Pinding affinity of the dimeric LPRIGG with the intrinsic
sites and one weak site explains the data with a value for Pinding affinity of monomeric LBR with each ligand. We
the Keq of the third binding site that would be sufficiently ~conclude that the 400-fold increase in the apparépt
weak that binding of a third LAR to the LTBR/LIGHT ~indicates that each LAR arm of an LBRIgG binds to two
complex would not be detectable in the other techniques SEParate clefts on the same ligand, eitheel32 or LIGHT
evaluated. (Figure 7A, left cartoon) when receptor and ligand are in a

Analysis of LTbR and LTbRIgG Binding to LIGHT by 1:1 complex. No such avidity contribution would be expected

Isothermal Titration CalorimetryWe used isothermal titra- i egch arm of L]B.ng(.s were to_bmd tq a S|r_lgle cleft on
; ) ; : o two independent trimeric ligands in solution (Figure 7, model
tion calorimetry (ITC) to further investigate the stoichiometry o . . :
. . S B). In addition, SEC-LS and sedimentation velocity results
and determine the thermodynamics of binding offRTand :
o X . . of LTBRIgG/LIGHT complexes do not support this mode
LTSRIgG to LIGHT. Titrations of identical concentrations . A .

. . of interaction in solution. The £ values of LTBRIgG and
of LIGHT with either LTSR or LTSRIQG revealed both LTAR competing with a fixed concentration of biotinylated
binding events to be endothermic as evidenced by upward petng . y

4 L " LTSRIgG to bind LTal32 were shown to differ by about
deflections upon individual additions of receptor (top panels

- . T 9-fold (Table 1) in a cell-based assay system, using an
of Figure 6, panels A and B, respectively). The individual 2041123 57 T cell hybridoma cell line3§). The
values for the fitted enthalpiekp values, stoichiometry, and . .

. o . : increased Ig value of LTBRIgG over LTBR is also
calculated entropies for each titration are listed in Table 4. attributed to the avidity of the dimeric form of the BRIgG
The data for LPR and LT5RIgG binding to LIGHT were avidity 9.
o | Lo ; Notably, depending on the assay system, the apparent avidity
best fit with a single site-binding model that yielded I . :

o = contribution of a dimeric form of the receptor can vary

stoichiometry determinations of 1.9 SR molecules for the
. between 1 and 2 logs.
monomeric receptor and 0.82 BRIgGG molecules for the W d several bioohvsical studies techni to defin
dimeric receptor per LIGHT trimer. Binding events at only th € used severa blophysical studies techniques to detine

. P : e interaction of LBR with LIGHT and determine the
two of the three potential LAR binding sites on LIGHT . e . . ) X
were detected in the concentrations used in these experi—regi?g;rg'?ngthséor'ﬁg'sosn;?tggr:]aﬁ'g (()afszc.)%.LllJC';Sm'?' Sﬁhrse"ther
ments. Therefore, either binding to the third site has no w u piex WIth €l

detectable associated heat change or no significant binding"TﬁRIgG or LTﬁR' Mixtures of LTBRIQG anq LlGHT at
0GCUrS. Iovx_/ concentrations gave masses correspondln_g to 1:1 molar
ratios. As the concentrations of BRIgG were increased,
CONCLUSIONS the mass of the complex corresponded to a 2:1 ratio.
However, because the dimeric nature of thefSRIgG

The prevailing biochemical model for the interaction of structure, two possible binding models fit these data. In the
TNF family ligands with their target receptor is based on first model, at high concentration, each£R1gG binds with
the crystal structure of the soluble human 55 kDa TNF asingle arm to LIGHT and the third site remains unoccupied
receptor/human TNFcomplex (STNF-p55/TNB) (23). In (Figure 7, model B). In the second model (Figure 7, model
the crystal structure, a TNF-p55 molecule, forming a 3:1 C), one LTBRIgG is bound in a bidentate manner to LIGHT,
receptor/ligand complex, occupies each of three FNgand while the second LBRIgG is bound in a one-arm fashion
molecule clefts. Banner et a3 noted that it was “quite  to the remaining third site. To distinguish between the two
possible a two-receptor cluster may be sufficient for TNF models, complexes of LAR and LIGHT were examined in
signal generation”. The crystal structures of the homotrimeric SEC-LS. Even at high concentrations and with a vast excess
TRAIL ligand showing three DR5 molecules bour8(33) of LTSR to LIGHT, the mass in SEELS always cor-
and BAFF/BAFF-R in which a 3:1 receptor-to-ligand ratio responded to two monomeric SR molecules bound per
was observed30—32) further support a model where three LIGHT trimer (Figure 7, model D). These data suggest that,
receptors are bound to a trimeric ligand. The symmetry of at high concentrations of LARIgG, a second LFRIgG
the crystal structures suggests a biological model in which molecule then displaces one arm of the bidendate-bound
each receptor binds with equivalency to each of three LTSRIgG as depicted in Figure 7 model B. SECS
identical clefts of a homotrimeric ligand. The identification scattering has been used to determine the stoichiometry for
of a functional L7132, a trimeric ligand containing three  protein—protein interactions with affinities at least as high
asymmetric receptor binding clefts, indicated that functional as 0.2uM as demonstrated by the nonequilibrium binding
unsymmetrical receptor/ligand complexes are also possiblegel filtration data showing hFcRn binding to higG with a
in the TNF superfamily49). The inability of LTSR to bind clear 2:1 stoichiometry50). These data indicate that if a
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FiGure 7: Receptorligand complex models. (A) A single LARIgG bound to LIGHT by both arms; the two-arm binding is reflected in
the enhanced binding avidity observed when comparingRI§G and LT3R binding affinities. (B) Two LPRIgGs bound to a single
LIGHT, each by a single arm. (D) The addition of BR to LIGHT results in the titration of the first two sites on LIGHT with the third

site remaining unoccupied except at very high concentrations BRLTE) LTSRIgG cross-linking of LIGHT was not observed in SEC
LS.

third site on LIGHT is occupied, but not detected, theSRT molecular masses corresponding to one (Figure 7, model A)
would have to bind with &p significantly weaker than 0.2 or two (Figure 7, models B or C) LARIgG molecules bound
UM. to a single LIGHT trimer but none corresponding to a
We used sedimentation velocity to study the complexation polymeric species (Figure 7, model E) were detected. The
of LTAR binding to LIGHT. SEDANAL was used to fitthe  observation that, at high LARIgQG/LIGHT ratios, two
results and evaluate the ability of various kinetic models to LTSRIgGs can be bound to a single LIGHT by SECS
explain the results. Several kinetic models gave reasonableappears to be inconsistent with the determine@RIgG/
residuals when fit to the experimental data, but were LIGHT stoichiometry of 1:1 determined in the ITC titration
eliminated because the calcula®dalues for the intermedi-  experiments. However, the ratio and concentrations of
ates were unreasonable given the additional mass added fot TSRIgG to LIGHT were significantly lower for ITC studies
each LT3R added to the LIGHT complex or because the than those used for SE€S, hence, favoring a 1:1 stoichi-
calculatedKeq values were inconsistent with results from ometry as depicted in Figure 7A. In addition, a 2:1 versus
other binding data. For example, a model in which all three 1:1 stoichiometry of LBRIgG binding to LIGHT may not
LIGHT binding sites were considered equivalent gave be observed in ITC if the initial binding event involves both
residuals similar to the two tight sites and one loose site arms of a single LBRIgG to two of the three LIGHT clefts,
model. However, th&.q values returned for such a model as shown in Figure 7A. This binding scenario is likely since
suggested that the binding constants were in the micromolarthe LTSRIgG binds with a tighter appareit than LT3R,
region for all binding events, including the initial binding presumably due to the avidity afforded by the bidentate
event of LTBR to LIGHT; aKeqvalue this high is inconsistent  nature of LTPRIgG binding to LIGHT. At the concentrations
with the SEC-LS, Biacore, and ITC binding data. An used in the ITC experiments, no additional binding events
attempt to fit the ITC data to a similar three equivalent are observed. Using this model, the binding of a second
binding site model resulted in theoretical fits that were clearly LTSRIgG to the LTBRIQG/LIGHT complex can only occur
incorrect and did not fit the experimental results. The binding if a single arm of a second L3RIgG displaces one arm of
model using two tight sites and one weak site best explainedthe first bound LBRIgG. If this event were isoenthalpic as
the data that resulted in a fit most consistent with the other expected, it would not be observable by ITC.
kinetic binding measurements. The sedimentation velocity We have determined the binding affinities of interaction
results suggest that a third binding event can occur, but thatfor monomeric LPR and dimeric LBRIgG binding to the
the LTSBR affinity for the third site is significantly poorer  heteromeric L®152 and homotrimeric LIGHT ligands.
than the first two binding sites. Further, we have shown the stoichiometries of monomeric
The AH for LTSR and LTpRIgG binding to LIGHT was LTAR and dimeric LPRIgG bound to LIGHT to be 2:1.
determined using ITC. The observed positive reaction heatsLTSR binding to LIGHT, surprisingly, does not fit a 3:1
show that the reaction is an entropically driven binding event. binding model in which each site would represent an
An entropically driven reaction could result from a large independent and equivalent binding pocket for each receptor
overall conformational rearrangement of the LIGHT mol- ligand binding interaction. All the biophysical techniques
ecule upon binding of LBR and/or substantial desolvation employed confirmed that LAR binds to the homotrimer
of the protein as water molecules are displaced from the LIGHT with good affinity at only two of the three potential
LTAR binding interface. The latter hypothesis was offered binding sites. The third site may still bind the receptor, but
to explain the entropically driven binding of p75 to NGF with an affinity too low to be detectable in the systems
(51). The titration of LIGHT with LT3R gives aKp value employed in these studies. Two of the biophysical techniques
of 104 nM, a value that is only 2.5-fold different from the employed, sedimentation velocity ultracentrifugation and
value of 38 nM determined by SPR. The low nanomolar SEC-LS, are nonequilibrium approaches. Both of these
affinity value for LTSRIgG binding to LIGHT precludes  approaches show that R readily occupies the first two
determining an accurat&s value by ITC, as this technique sites on LIGHT. No clear, discrete binding event could be
is typically limited toKp determinations>10 nM @7, 52). assigned to the third site, even at the high micromolar
ITC results support the 2:1 binding model for R and a concentrations of protein used in the experiments. On the
1:1 LTSRIgG binding model to LIGHT, with determined basis of these data, we suggest a model in whichR.Tan
stoichiometric values of 1.88 and 0.82, respectively. These readily bind only to two binding sites on LIGHT (Figure
results are consistent with the SECS analysis in which 7D). While interaction of LBR with the third cleft on
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LIGHT may occur at high receptor concentrations, this
interaction has only been observed at micromolar concentra-
tion ranges that would appear to be levels that are too high
to be physiologically relevant. Hence, these data suggest that
LIGHT-dependent signaling into cells through surface-bound
LTSR may occur through dimerization of ISR receptor
molecules on the surface of the cell. The apparent dimer-
ization of LTSR with homotrimeric LIGHT suggests that
the current TNF family structural paradigm in which three
receptors bind a trimeric ligand for cellular signaling is not
universal and certainly not correct for LIGHT and that
receptor dimerization as the sole prerequisite for cellular
signaling may extend into other homotrimeric TNF family
members.
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