Biochemistry2002,41, 51775184 5177

Quantifying the Energetics of Cooperativity in a Ternary Protein Coniplex

Peter S. Andersei® Peter SchuckEric J. Sundberg,Carsten Geislet Klaus Karjalainerf,and
Roy A. Mariuzza*”

Institute of Medical Microbiology and Immunology, Warsity of Copenhagen, Blegdame§ 3C,
DK-2200 Copenhagen N, Denmark,Zion of Bioengineering and Physical Science, ORS, National Institutes of Health,
13 South Drie, Bethesda, Maryland 20895766, Center for Adanced Research in Biotechnology, W. M. Keck Laboratory for
Structural Biology, Uniersity of Maryland Biotechnology Institute, 9600 Gudelsky.BriRockille, Maryland 20850,
and Basel Institute for Immunology, Grenzacherstrasse 487, CH-4005, Basel, Switzerland

Receied January 9, 2002; Résed Manuscript Receed February 20, 2002

ABSTRACT: The formation of complexes involving more than two proteins is critical for many cellular
processes, including signal transduction, transcriptional control, and cytoskeleton remodeling. Energetically,
these interactions cannot always be described simply by the additive effects of the individual binary reactions
that make up the overall complex. This is due, in large part, to cooperative interactions between separate
protein domains. Thus, a full understanding of multiprotein complexes requires the quantitative analysis
of cooperativity. We have used surface plasmon resonance techniques and mathematical modeling to
describe the energetics of cooperativity in a trimolecular protein complex. As a model system for quantifying
cooperativity, we studied the ternary complex formed by the simultaneous interaction of a superantigen
with major histocompatibility complex and T cell receptor, for which a structural model is available. This
system exhibits positive and negative cooperativity, as well as augmentation of the temperature dependence
of binding kinetics upon the cooperative interaction of individual protein components in the complex.
Our experimental and theoretical analysis may be applicable to other systems involving cooperativity.

Many of the most fundamental of cellular processes rely property that determines the dynamic range within which
on the formation of complexes of multiple proteins, as they they operate, binding capacity either gained or lost via
exceed the mechanistic limitations of simple binary binding cooperative interactions makes important contributions to the
reactions. The recent identification of vast networks of functionality of the resulting multiprotein complegX, 12.
interacting proteins within the celL{-5) has highlighted the ~ To understand fully the role of cooperative binding in protein
interdependency of many of these processes and their reliancéunction, it is necessary to describe quantitatively each binary
on such multiprotein complexes. Analysis of the associations reaction that together comprise the multiprotein association
of multiple proteins will likely become only more important and how each of these reactions is affected energetically by
in the post-genomic era as focus shifts from genomes toothers in the overall complex. Studying the binding mech-
interactomes, the networks of proteiprotein interactions  anisms of multiprotein complexes, however, is complicated
encoded by whole genomes. While the rules that govern theby the intricacy of the reaction schemes, as well as the need
interaction between two individual proteins in forming a for structural information and highly homogeneous sources
bimolecular complex have yet to be fully elucidate( of purified protein. While the rate at which atomic structures
10), the association of more than two binding partners in a of multiprotein complexes are being described continues to
single multiprotein complex introduces further levels of increase, the energetic analysis of these higher order mo-
complexity to the binding reaction that must also be lecular interactions, in which cooperativity is likely to be a
addressed. frequent attribute, has lagged well behind.

One hallmark of multiprotein complexes is cooperativity.  pregently, quantification of cooperative interactions in-
As the affinity of proteins for their ligands is a fundamental volving proteins has been limited largely to oligomeric
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thus techniques that are not system-dependent will often bepassed serially over the four sensor surfaces at a flow rate
required for their analysis. of 10 uL/min and allowed to bind until equilibrium was
Here, we present a quantitative analysis of cooperativity reached, followed by observation of the dissociation phase.
in a model ternary protein complex. In our model system, The response of the blank surface was subtracted from all
we have quantified both negative and positive cooperative data prior to the analysis. The amount of ternary complex
interactions in a complex that exhibits an overall increase formed on TCRofS heterodimer coupled surfaces was
in affinity due to cooperativity. We also show that the estimated from the dissociation phases by extrapolation to
temperature dependence of binding kinetics increases sig-the start of the dissociation phase using the known half-life
nificantly on account of the cooperative interactions of the of the ternary complex of 22 s. On the T@Rchain surface,
three protein binding partners. Our methods of analysis rely total binding at equilibrium was recorded for each mixture
on surface plasmon resonance (SPBghniques and math-  of 3B2 and DR1 [with TCRg chain, the slow dissociation
ematical modeling using standard laws of mass action andphase of the ternary complex is abse®®)]. Bimolecular
of mass balance to quantify cooperativity. While not interactions were studied under conditions similar to those
absolutely required, an accurate structural model aidedused for the ternary complex. The binding of 3B2 to TCR
significantly in the interpretation of the energetic data. As o heterodimer was evaluated by injecting increasing
our experimental and theoretical approach to measuringconcentrations of 3B2 over each of the four flow cells
cooperativity is not specific to our model system, it may described above (Figure 3B, lower inset). TKe of the
prove appropriate for quantifying cooperativity in other DR1—3B2 interaction was determined in two ways. First,
higher order protein complexes. The growing number of 3B2 was immobilized, and serial dilutions of DR1 ranging
multiprotein complexes whose three-dimensional structuresfrom 0.4 to 24uM were allowed to bind. Fitting of isotherms
have been determined provides a rapidly expanding arrayyielded theKy to immobilized 3B2 (Figure 3B, upper inset,
of potential targets for further energetic analysis of coopera- in blue). Second, the binding between 3B2 and DR1 in
tive binding 0—22), perhaps using the approach described solution was determined by mixing/@V DR1 with serial

here. dilutions of 3B2 (from 0.04 to 20@M) and passing these
mixtures over a 3B2-coupled surfa¢&.in solution was then
EXPERIMENTAL PROCEDURES determined by fitting equilibrium binding to a competition

model (Figure 4B, upper inset, in green). Determination of
their solution binding constant was important with regard to
the precise prediction of ternary complex formation. The final
data sets consisted of 199 and 135 unique data points,
respectively, and their mathematical modeling is described
below. A separate, less comprehensive, data set of 77 data
points made on a single TGl heterodimer coupled surface
(including background subtraction) yielded fits of similar
quality that resulted in values virtually identical to those
obtained using the more comprehensive data sets. Average
results of the three fitting procedures are presented in Table
1. Each complete set of isotherms was fitted globally, which
included the titration of immobilized 3B2 with soluble DR1
[with equilibrium association constak sisurr], the solution
interaction between 3B2 and DRK{s) in the competition
experiment, the titrations of immobilized TCRS het-
erodimer and TCEg chain with soluble 3B2Ks 1), and the
experiments with different equilibrium mixtures of soluble

Protein Expression and Purificatio®oluble 14.3.d T cell
receptor (TCR)oS heterodimer was produced in SL-3
Drosophilacells as described previouslg23). Soluble TCR
p chain was produced in transfected myeloma cel§).(
Recombinant protein was purified from culture supernatants
using affinity chromatography followed by ion exchange
chromatography. The major histocompatibility complex
(MHC) class Il molecule HLA-DR1 (DR1) was produced
by in vitro refolding fromE. coliinclusion bodies according
to published methods26). Staphylococcal enterotoxin C3
(SEC3) and the SEC3 phage display variant 3B2 (3B2) were
expressed as soluble proteinskn coli and isolated from
the periplasmic fraction as described previougl§)(

Binding Analysis.SPR studies were performed using
BlAcore X and BlAcore 2000 instruments. General experi-
mental conditions were as described previoug§, (27.
Proteins were immobilized onto the sensor surface using

standard amine coupling chemistry, and experiments WET€3B2 and soluble DR1 interacting with immobilized TCR (two

performgd using HBS running bgffer. To quantify the data sets for TCRy5 heterodimer or one data set for TCR
cooperative effect, two comprehensive data sets were gener-

) L o . p chain) which revealed the binding constdys r of the
ated mdependently, each.co_nS|s't|ng of a titration series for DR1-3B2 complex to TCRug heterodimer or TCR chain,
the pairwise and ternary binding isotherms. In each data set,

two flow cell surfaces were coupled with relatively low re_spectively. As (_jescribed above, the latter data included

densities of TCRof heterodimers, and a third flow cell either the plateau isotherms or the estimated ternary complex,

surface was coupled with TCR chélins Surface densities respectively. Binding experiments at (_jlfferent temperatures

were chosen that corresponded to a .maximum binding of Ver® conducted essentially as described above except that
P 19 9% the flow rate was adjusted to 2@./min. When possible

3B2 of ~500 RU. A fourth flow cell served as negative . . o

control to allow subtraction of the bulk refractive index. (DR1 molecules did not tolerate the immobilization proce-

i . dure), these experiments were repeated in the reverse
Dilutions of 3B2 and DR1, ranging from 0.04 to ZW orientation to confirm that the observed temperature depend-
and from 0.03 to 30uM, respectively, were combined

totaling 55 and 34 different mixtures. Each mixture was gﬁgiﬁﬁ) were independent of assay orientation (data not

1 Abbreviations: 3B2, SEC3 phage display variant 382; DR1, MHC RESULTS AND DISCUSSION

class Il human leukocyte antigen DR1; MHC, major histocompatibility . L .
complex; RU, resonance unit; SEC3, staphylococcal enterotoxin ¢3; A Model System for Quantifying Cooperaty in Multi-
SPR, surface plasmon resonance; TCR, T cell receptor. protein ComplexesAs a model system for quantifying
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Ficure 1: Structural model of the TCRSEC3-DR1 complex.

(A) Model of the MHC-SEC3-TCR o/ heterodimer complex
produced by superimposing the HEE®R1(HA 306-318)-SEC3
complex (E.J.S., P.S.A., and R.A.M., unpublished results), the
SEC3-14.3.d TCRp chain complex 30), and the 2C TCRyfj
heterodimer complex29). Overlapping SEC3 and TGRmolecules
have been removed for clarity. Colors are as follows: SEC3, blue;
MHC o subunit, green; MHGCS subunit, cyan; HA(306318)
antigenic peptide, magenta; TGRchain, orange; TCE chain,

red. (B) Molecular modeling of the DRA subunit-TCR a. chain
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three that has not been defined crystallographically, we have
visualized the MHG3 subunit-TCR a chain interaction by
substituting the md4.2 CDR2 loop residues into the ternary
complex model of Figure 1A. The resulting model was
subjected to rigid-body refinement and conjugate gradient
minimization without X-ray terms using CNS1), indicating

a relatively small interface of 3962Xusing a probe radius

of 1.4 A). The predicted interface consists of eight van der
Waals interactions between main chain and side chain atoms
of residues Ala73 and Thr77 of the MHE subunit and
residues Lys51 and Ala52 of theoM.2 CDR2 loop, as well

as one hydrogen bond between theédtom of Lys51 and
the main chain O of Thr77 (Figure 1B).

Biochemical and crystallographic studies have demon-
strated that isolated TCR chain can interact functionally
with SEC3 80, 32, 33. The contribution of DR} subunit-

TCR a chain contacts can therefore be addressed directly
by comparing DR+SEC3-TCR complex formation in the
absence and presence of the T&Rhain £6). By making
mathematical models based on the laws of mass action and
of mass balance, it becomes possible to obtain estimates of
the cooperative effect by globally fitting binding isotherms
of varying concentrations of DR1 and SEC3 interacting with
TCR fragments immobilized on biosensor surfaces. The low
affinity of the wild-type SEC3-DR1 interaction, however,
precludes the collection of sufficiently resolved binding data
to quantify the cooperative effect (data not shown). Previ-
ously, we had created a SEC3 variant, 3B2, with 50-fold
increased affinity for DR1 by phage display through ran-
domization of a portion of the SEC3 surfac26). The
increased affinity of 3B2 for DR1 enhanced significantly the
quality of the ternary complex binding data, and this variant

interface. Interactions between residues Lys51 and Ala52 from the Was therefore used as a reagent in all subsequent experiments.

CDR2 loop of the \& and residues Ala73 and Thr77 from the OR1

The mutated residues of 3B2 are entirely buried against the

subunit. van der Waals interactions are indicated by dashed lines,syrface of DR1 (E.J.S., P.S.A., and R.A.M., unpublished

and a potential hydrogen bond between theatdm of Lys51 and
the main chain carbonyl O of Thr77 is indicated by a dotted line.
Intermolecular contacts were defined by atomic pair distances (in
A) less than or equal to the following: -€C, 4.1; G-N, 3.8; C-0,

3.7; N—N, 3.4; N-0, 3.4; O-0, 3.3. Colors are as follows: MHC

/3 subunit, cyan; TCRx chain, orange; carbon atoms, black; nitrogen
atoms, blue; oxygen atoms, red.

cooperative interactions, we utilized a triple protein complex

data) and therefore cannot contact the TCR component of
the ternary complex. Thus, the energetic contributions of the
contacts between the DR1 and TCR molecules in the ternary
complex are presumed to be equal whether the cross-linking
reaction utilizes SEC3 or 3B2.

Initial experiments confirmed that binding of 3B2 to
immobilized TCRaf heterodimer increased in the presence

consisting of the bacterial superantigen SEC3 in associationof increasing concentrations of DR1 (Figure 2A). When

with soluble forms of the human MHC class Il molecule
HLA—DR1, and a murine TCRyj3 heterodimer (¥88.2/
Vo4.2). Superantigens activate T cells by interacting simul-
taneously with the Y3 domain of the TCRyS heterodimer
and theo subunit of the MHC molecule2d). Although no
experimentally determined structure of the MHSEC3-
TCR complex exists, crystal structures of SE@IR1

examining binding to the TCRR chain alone, however, the
reverse effect was observed: increasing amounts of DR1
caused a drop in the TCR binding of 3B2 (Figure 2B). This
clearly shows a differential effect of 3BZDR1 complex
binding to TCRa heterodimer and TCR chain molecules
and suggests that both positive and negative cooperative
binding is involved in the formation of the ternary complex.

(E.J.S., P.S.A., and R.A.M., unpublished data), the murine Most bacterial superantigens possess a highly flexible,

2C TCRayp heterodimerZ9), and SEC3-TCR 3 chain B0)

disulfide-bridged loop located between their TCR and MHC

complexes make it possible to construct a structural model combining sites. Indeed, uninterpretable electron density

for the ternary complex by superimposing the common
elements of these individual binary complexes. This model
predicts that SEC3 acts as a wedge prohibiting the MHC-
bound antigenic peptide from contacting the hypervariable
loops of the TCR (Figure 1A). The ternary complex is
stabilized through three distinct proteiprotein interfaces:
SEC3-MHC a subunit; SEC3 TCR VS domain; and TCR
Va domain-MHC g subunit. As the only interface of the

exists for this loop region in both the SEEBR1 and 3B2-

DR1 (E.J.S., P.S.A,, and R.A.M., unpublished data) and
SEC3-TCRf chain @0) crystal structures. Binding of SEC3
or 3B2 at one site could potentially displace the loop in the
direction of the opposing site and thereby reduce its
accessibility. Such a mechanism could explain the negative
cooperativity between the two 3B2 combining sites. In fact,
we have isolated other SEC3 variants by phage display with
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A 200 For the analysis of the solution competition experiments with
soluble 3B2 [S] and a fixed concentration of soluble DR1
150 | 18 M [D]o (Figure 3B, upper inset), mass conservation and mass
. balance leads to the well-known expression for the concen-
= 100 tration of free DR1, [Diee
k= 0.06 M
g . [D]ee = [Dlo — 0.8 [S] + [Dl +
1 1\2 0.
| 2~ (([S] " [D]o+@) - 4[8][010) g] @)
DS DS
B 250 ; S . L .
0.06 uM Whlc_h is subject t(_) Sl_Jrface p_lndmg according to eq 1. For
200 - ﬁ the interactions with immobilized TCR, mass balance was
=) B imposed for the total number of surface sites g, Jthe free
& 150 4 sites ([Thee), and the sites liganded by 3B2 ([$4]) and by
g 100 4 18 uM a 3B2-DR1 complex ([DSTud): [Tliot = [Tltree + [STsur]
8 + [DSTsu (no interaction of free DR1 with TCR occurs,
50 | as this murine TCR does not recognize specifically the
human HLA-DR1 molecule). Similarly, when using mix-
) —— tures of 3B2 and DR1 to study ternary complex formation,
T ; ' ' ; mass balance should be obeyed in the solution phase for the
0 100 200 300 400 total concentration of 3B2, [SF [S]iee + [DS], and for the
Time (s) total DR1 concentration, [D¥ [D]see + [DS], with [DS]

FiIGURE 2: Positive and negative cooperative effects are involved denoting the complex of 3B2 and DR1 in solution according
in ternary com_ple>_( formation. (A) Overlay sensorgrams o_f soluble to the mass action |awK$D°S' = [DS)/[Slred D] ree (the sur-
3B2 (3.84M) binding to immobilized TCRy heterodimer inthe — t5ce concentrations can be neglected relative to the solution
presence of increasing concentrations of DR1 (0.06, 0.18, 0.60, 1.8, trati b f th Il absolut b f
6.0, and 18M as indicated). (B) 3B2 and DR1 binding to concentrations because ol the small absolute number o
immobilized TCRB chain. Concentrations of 3B2 and DR1 are as surface sites, and because of the constant flow of the
in (A). equilibrium mixture of 3B2 and DR1). Finally, we used the
mass action law for surface binding of 3BR3" = [ST]/
mutations in the disulfide loop that exhibit increased TCR [S]dT]wee and, separately, for the surface binding of

affln!ty in which the loop, when TCR bound, inhibits MHC preformed 3B2DR1 complex: KSD”S”T = [DSTV[DS][T]free
binding 34). These equations were solved simultaneously, leading to an

The mixed cooperative nature of this ternary complex expression for the concentration of free 3B2 in solution
complicates determination of the positive cooperativity analogous to eq 3, for the surface concentration of 3B2 bound
component because of the possibility that the T&€Bhain to TCR:

may be partially lost during the immobilization procedure,

which would render the TCR/3 heterodimer-coupled surface Ksé“Tff[s]free
a mixture of TCR o8 heterodimer and TCR3 chain [ST] = [T] i o eurt o 4)
molecules. To avoid the problem of a heterogeneous surface 1+ (Kst — Kpgp[Sliree T KpstlS]

in our analysis, estimates of positive cooperative binding on )

TCR o heterodimer-coupled surfaces were based only on and for the surface concentration of ternary complex:

the amount of full ternary complex, easily determined due surf

to the significant difference in dissociation kinetics (for  per _ Kpst[S] — [Slied)

example, compare dissociation phases in Figure 2A,B). In oty 4 (KT — kuys]  + KS“’HS]

contrast, negative cooperativity was evaluated as total binding ST pSTi=lfee © DS

on TCR/3 chain coated surfaces, assumed to be homoge-These isotherms can be used to model the binary and ternary

neous. complex at the TCR surface as a function of total 3B2 and
Mathematical Modeling of Binary and Tertiary Binding DR1. The surface concentrations were transformed into SPR

Isotherms.Langmuir isotherms were used to model the signal contributions by taking into account the molar mass

binding of soluble DR1 at a concentration, [D], with of the respective complexes, and egs5lwere fit globally

®)

immobilized 3B2, [S., forming a surface complex, [R%], to the respective experimental data sets, using binding
as well as the binding of soluble 3B2, [S], with immobilized constants as global parameters.
TCR, [T], to form complex [ST. at the surface: Quantifying the Free Energy of Cooperaty. To make
a comprehensive data set defining the two-dimensional
[DS,,d = [Se/d 1 1) binding isotherm, 3B2 and DR1 were diluted serially and
su surfitot, (KSD“S'T[D]) -1 mixed at different molar ratios. Each mixture was passed
over TCRo heterodimer and TCR chain coupled surfaces
_ 1 and allowed to bind until equilibrium was reached. Binary
[STsud = [T] oy 4 (KéuTrf[S])ﬂ @) interactions were performed in parallel. 3B2 dilutions were

passed over the same TCR-coupled surfaces in the absence
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Ficure 3: Fitting of ternary complex binding results. Representative plots of the global fitting procedure. Solid lines are calculated best-fit
isotherms for a model including cooperative binding. For comparison, dotted lines represent the best-fit isotherms calculated in the absence
of cooperative binding. (A) Binding to immobilized TCR chain of varying concentrations of DR1 mixed with 3B2 at 18@ (black
squares), 4kM (red squares), 14M (green circles), 4.uM (blue trangles), 1.4M (light blue trangles), 0.4M (purple diamonds), or
0.14uM (yellow crosses). In this representation, in the absence of any DR1 binding to 3B2, horizontal lines would be expected that would
define the binary 3B2TCR isotherm. Deviation from the horizontal lines reflects both the increased signal due to the increased mass of
a DR1-3B2 complex, as well as cooperativity effects of bound DR1 on the-3B2R j chain interaction. (B) Amount of ternary complex
formed on immobilized TCRyS heterodimer using varying concentrations of 3B2 mixed with DR1 atMQblack squares), 9.6M (red

circles), 3.0uM (green triangles), 1.&M (blue trangles), 0.3:M (light blue diamonds), 0.kM (purple crosses), or 0.08M (yellow
crosses). These isotherms reflect the ratio of free 3B2 to-3H21 complex in solution offered to the immobilized T@R heterodimer.

At a fixed concentration of DR1, increasing 3B2 leads to higher-3BR1 complex concentrations available for ternary surface complex
formation. At 3B2 concentrations higher than an optimal value, most surface sites will be occupied with unliganded 3B2. Upper inset in
(B) shows dilutions of DR1 binding to immobilized 3B2 (blue squares) and dilutions of 3B2 competing out binding of DR1 to immobilized
3B2 (green circles). Lower inset in (B) shows binding of 3B2 to two T&@yRheterodimer coupled surfaces (red circles and black squares)
and one TCR surface (green triangles). The data shown in the insets contain the information on the binaiyGB2and 3B2-DR1
interactions.

of DR1 molecules. The affinity of 3B2 for DR1 was estimate of the true DR43B2 affinity in solution, since this
evaluated by solution competition in order to obtain an was the condition used to study formation of the ternary
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Table 1: Summary of Binding Constants

units SEC3 3B2
Previous Estimates
Kd(secarmer) UM 222 -
Kagmm. sec3or382is0l. R1) ~ 4M 270 4.6¢
Independent Fits: Bimolecular Interactions
Ka@s2rrer) uM — 18+ 2
Ka(imm 3B2/sol. DR1) uM - 43+14
K(sol. 382/s0l. DR1) uM — 0.264 0.07
Global Fits of Ternary Complex: Bimolecular Interactions
Ka@s2rrer) UM — 22+7
Ka(imm 382/sol. DR1) uM — 43+ 1.4
Kasol. 3B2/s0l. DR1) uM — 1.25+1.0

Global Fits of Ternary Complex: Cooperative Interactions

AGqp kcal/mol — —1.6+0.3
AGyg kcal/mol - 0.8+0.3
AGyq kcal/mol — —24+0.1

aData from ref26.

Andersen et al.

50-fold increase in 3B2 affinity for TCR as a consequence
of favorable cooperative interactions and illustrates the
significance of the TCR ¥ domain in maintaining the
biological activity of SEC3. Moreover, higher stability of
the ternary complex leads to lower minimal 3B2 concentra-
tions at which ternary complex can be found, as well as
higher 3B2 concentrations at which self-inhibition takes
place. Thus, as a consequence of cooperative binding, the
concentration range over which 3B2 cross-links TGR
heterodimer and DR1 molecules is expanded.

Cooperatie Binding Kinetics Are Temperature Dependent.
For reactions possessing significantly unfavorable entropy,
such as structural rearrangements of the combining site,
dissociation and association rates become visibly slower at
lower temperatures. Recent studies have shown that confor-
mational flexibility is a general feature in the recognition of
antigenic peptide MHC complexes by TCR35—37). To

explore if molecular flexibility might be involved in the 3B2-
mediated cross-linking of TCR heterodimer and DR1,
the binding characteristics of various combinations of TCR
o3 heterodimer, 3B2, and DR1 were analyzed at tempera-

complex. Global fitting of combined data sets resulted in
fits with root-mean-square deviation errors of approximately

10 RU, with all binding constants being well-determined. ;. og ranging from 10 to 36C at 4°C intervals (Figure 4).

The results are presented in Table 1. Binding of DR1 to immobilized 3B2 demonstrated temper-
Representative examples from one such combined data sesture-dependent reaction kinetics, with binding kinetics
are shown in Figure 3. The upper panel clearly shows slowing significantly as the temperature decreased (Figure
decreased binding of 3B2 to TCRchain with increasing  4A). The most likely mediators of temperature dependence
concentration of DR1. In the absence of any cooperativity, in the 382-DR1 interaction are the N-terminal residues of
one would expect an increase in signal due to higher massthe 3B2 disulfide loop, known to be highly flexible, which
and therefore higher signal contribution of the 3H2R1 align to, and make contacts with, thé o helix of the DR1
complex as compared to 3B2 alone (Figure 3A, dotted line). molecule (E.J.S., P.S.A., and R.A.M., unpublished results).
Since the amount of 3B2DR1 complex in solution is  |n contrast, the kinetics of 3B2 binding to TCRS
known, as well as the binding constant of 3B2 to TBR  heterodimer were significantly less temperature dependent
chain in the absence of DR1, this decrease in binding signal(Figure 4B). Combining 3B2 and DR1 in solution and
can be attributed to a reduced affinity of the 3H2R1 monitoring for binding to immobilized TCR heterodimer
complex for the TCR3 chain (i.e., negative cooperativity).  (Figure 4C) showed a significant change in temperature
Figure 3B shows the isotherm for ternary complex formation effects relative to 3B2 binding in the absence of DR1, with
on the TCRa/ heterodimer surface. In this representation, the kinetics of this reaction being slower and more highly
at any fixed DR1 concentration, increasing concentrations temperature dependent. The slower kinetics (at room tem-
of 3B2 first exhibit an increase in ternary complex formation, perature) of the ternary complex had previously been
followed by self-inhibition (i.e., decrease of ternary complex explained by cooperative binding®). The increase in the
due to increased abundance of free 3B2). Cooperativity is temperature dependence of 3B2 binding to TER het-
indicated here by a higher affinity of the 3BDR1 complex  erodimer in the presence of DR1, however, can be explained
for the TCRay heterodimer than the affinity of 3B2 alone  equally well by flexibility contributed by the DR subunit-
for the TCR a3 heterodimer (Figure 3B, dotted lines). TCRa chain interface in the ternary complex. Accordingly,
Inserted graphs in the lower panel show fits of the binary no increase in temperature dependence on binding kinetics
interactions. Note that the binding affinity of 3B2 for DR1 s seen in complexes lacking the TGRchain (data not
is approximately 10-fold higher in solution than when it is shown), indicating that 3B2 alone likely does not undergo
surface-bound (Table 1). While the reason for this is not sybstantial conformational change upon simultaneous binding
clear, it cannot explain the observed cooperativity in our to TCR and DR1. While this increase in the temperature
ternary protein complex as it affects complex formation in dependence of binding kinetics in the 3B2-dependent cross-
the presence or absence of the TG&Rhain equally. linking of TCR a3 heterodimer and DR1 may not be linked
From modeling the two-dimensional isotherms, we esti- to any specific biological function, it does demonstrate that
mate the overall free energy change due to cooperativecooperative binding may influence the molecular flexibility
binding (AG.s) to be —1.6 + 0.3 kcal/mol. By removing dynamics of some biomolecular interactions.
the TCRa chain, and thereby disrupting the cooperative basis
for ternary complex formation, we measure a significant CONCLUSIONS
unfavorable cooperative free energ§Gys) of 0.8 + 0.3 The sum of cooperative binding increases the overall TCR
kcal/mol, which indicates that simultaneous binding of TCR affinity of wild-type SEC3 to 1.4uM, as calculated from
and DR1 to 3B2 has significant energetic costs. Finally, the the cooperative free energy of binding in this ternary
energetic contribution of the DRA subunit-TCR o chain complex, well within the affinity range described for native
interactions AGy, = AG.s — AGyp) was estimated to be  TCR ligands 88). Thus, we find that cooperative binding
—2.44+ 0.1 kcal/mol. This translates into an approximately enhances the stability, and hence potency, of SEC3 to an
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constant of about &M, to mimic binding of the peptide
MHC ligands. Cross-linking with no cooperativity, however,
as indicated in Figure 3B (dotted lines), narrows the range
of concentrations at which SEC3 efficiently cross-links TCR
and MHC molecules. Thus, cooperative binding expands the
concentration range in which SEC3 efficiently stimulates T
cells and hence increases toxin potency. The relatively
modest magnitude of the energetic contribution to complex
formation due to cooperativity could be due to limitations
in the size of the MHE TCR interface. Other cooperative
systems involving similarly sized proteins binding to DNA
(13—17) and cofactorsi8, 19, however, show free energy
changes of magnitudes comparable to those reported here.
While cooperative free energies are unlikely to be constrained
to such a narrow range for all complexes involving multiple
molecules, thermodynamic analysis of additional binding
systems will be required to define their relevant physiological
range.

In the present study, we provide an experimental and
theoretical framework for investigating cooperative binding
in a model ternary protein complex and show how this type
of analysis can enhance our understanding of how the
proteins involved function. As the methodology described
is not particular to our cooperative binding system, it may
be applicable to other molecular associations involving
cooperativity. Alternative techniques for analyzing associa-
tion energetics, such as isothermal titration calorimetry or
fluorescence anisotropy, when merged with the mathematical
modeling using standard laws of mass action and of mass
balance, may also prove useful in dissecting cooperative
systems. With the rates of discovery and structural description
of multiprotein complexes involved in fundamental cellular
processes increasing, the need for methods to quantitatively
analyze cooperativity, a key energetic component of many
of these reactions, is clear.
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grams of binding reactions at selected equidistant temperatures

ranging from 10 to 30C. (A) Binding of 8uM DR1 to immobilized
3B2. (B) Binding of 20 uM 3B2 to immobilized TCR o/
heterodimer. (C) Mixture of #M 3B2 and 3uM DR1 binding to
immobilized TCRoS heterodimer. Colors of sensorgram traces are
as follows: 10°C, magenta; 14C, blue; 18°C, yellow; 22°C,
green; 26°C, red; 30°C, black.

extent that each ternary complex adequately matches the TCR

binding characteristics of agonist peptildHC ligands. The
similarity in TCR binding strength of SEC3 and peptite
MHC ligands seems hardly coincidental and is likely the
result of specific evolutionary pressures. Perhaps factors
influencing the interface between T cells and antigen
presenting cells, such as close alignment of opposing
membranes39) or formation of synapse-like structuret

41), help stabilize the ternary complex to such an extent that
maximum T cell activation is ensured even at relatively low
intrinsic affinities. This, however, would not explain how
cooperative binding can be beneficial to SEC3 function. It
would seem simpler to evolve MHETCR cross-linkers that
have two independent binding sites, each having a binding
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