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ABSTRACT. Small molecules can be discovered or engineered to bind tightly to biologically relevant proteins,
and these molecules have proven to be powerful tools for both basic research and therapeutic applications.
In many cases, detailed biophysical analyses of the intermolecular binding events are essential for improving
the activity of the small molecules. These interactions can often be characterized as straightforward
bimolecular binding events, and a variety of experimental and analytical techniques have been developed
and refined to facilitate these analyses. Several investigators have recently synthesized heterodimeric
molecules that are designed to bind simultaneously with two different proteins to form ternary complexes.
These heterodimeric molecules often display compelling biological activity; however, they are difficult

to characterize. The bimolecular interaction between one protein and the heterodimeric figaraaty(
dissociation constant) can be determined by a number of methods. However, the interaction between that
protein—ligand complex and the second protese¢ondarydissociation constant) is more difficult to
measure due to the noncovalent nature of the original protgjand complex. Consequently, these
heterodimeric compounds are often characterized in terms of their activity, which is an experimentally
dependent metric. We have developed a general quantitative mathematical model that can be used to
measure both the primary (proteih ligand) and secondary (protetfigand + protein) dissociation
constants for heterodimeric small molecules. These values are largely independent of the experimental
technique used and furthermore provide a direct measure of the thermodynamic stability of the ternary
complexes that are formed. Fluorescence polarization and this model were used to characterize the
heterodimeric molecule, SLFpYEEI, which binds to both FKBP12 and the Fyn SH2 domain, demonstrating
that the model is useful for both predictive as well as ex post facto analytical applications.

Small molecules can perturb biological systems by binding the Fyn protein (phosphotyrosyl-glutamyl-glutamyl-isoleu-
to protein targets, and these molecules are widely used asine, pYEEI). Binding experiments using several techniques
therapeutic agents as well as probes of biological processesave shown that the kgof SLFpYEEI for FynSH2 increases
(). Recently, molecules that possess two protein-binding 6-fold in the presence of FKBFY).
moieties have been of particular interest. One class of these The binding affinities of both classes of compounds have
compounds, the chemical inducers of dimerization, includes typically been described in terms of activity g etc.).
FK1012, AP1889, and others that have been used to examinéVhile these metrics provide a general indication of the
cellular processes through the recruitment of a chimeric change in binding affinity (increase in §£= increase in
protein to a cellular target of interes?2{6). These com- Kg) for any given binding event, the dependence on the
pounds are designed to bind simultaneously to two proteins, particular experimental conditions often makes it difficult
presumably with little or no effect on the intrinsic binding to compare compounds. We desired a means of character-

affinities of the ligands. izing the activity of bifunctional molecules that is indepen-
A second class of dimeric molecules is designed to possesgient of experimental conditions in the hope that a knowledge

altered affinity for their cognate binding targe®{12). We of the specific binding constants could lead to more efficient

have demonstrated a strategy that uses prof@iotein designs of and broader uses for bifunctional molecules.

interactions to modulate the activity of synthetic, bifunctional ~ Consider the system shown schematically in Figure 1. The
molecules, where the presence or absence of a nontargebifunctional molecule SLFpYEEI competes with the fluo-
protein affects binding to the target protein of intereat ( rescein-labeled ligand FLGpYEEI (FL) to bind to the
10). For example, the bifunctional molecule SLFpYEEI FynSH2 target protein. We describe the SLFpY#yhSH2
(Figure 1) is comprised of a ligand for the FKBProtein complex by theprimary dissociation constant (FyKql)
(SLF) covalently linked to a ligand for the SH2 domain of because FynSH2 is the first protein bound to SLFpYEEL.
The situation becomes complicated when the FKBP presenter
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Ficure 1: Schematic representation of a fluorescence polarization
competition binding experiment in the presence of presenter protein.
The bifunctional molecule (SLFpYEEI) can bind to the presenter
protein (FKBP) and the target protein (FynSH2) to form a dimeric
or trimeric complexes. Dimeric complex formation is described by
the primary dissociation constants FKBEL and FynKy1. Trimeric
complex formation is described by the secondary dissociation
constants FKBRK42 and FynKg42. Free fluorescent tracer is not
shown for clarity, but is treated explicitly by the model.

protein is included in the system. At equilibrium, the solution
may contain the monomeric species FynSH2, FKBP, SLF-
pYEEI, and FLGpYEEI; the dimeric complexes FLGpYEEI
FynSH2, SLFpYEEIFynSH2, and FKBFSLFpYEEI; and
the trimeric complex FKBFSLFpYEEFFYNSH2. The bind-
ing of the FKBPSLFpYEEI complex to FynSH2 to form
the trimeric complex FKBFSLFpYEEFFynSH2 is dif-
ferentiated from SLFpYEEFynSH2 formation by labeling
the former as theecondanydissociation constant (Fyig2)
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secondary dissociation constant owing to the noncovalent
nature of the bifunctional molecutgrotein complex. For
example, an experiment to determine the value of Ryn
(FKBP-SLFpYEEI+ FynSH2) will likely include a contri-
bution from FynK41 because the FKBBLFpYEEI complex
can dissociate and free SLFpYEEI can directly compete for
FynSH2.

Many methods are available to measure the dissociation
constant of a simple liganeprotein binding event 1(3);
however, fewer methods exist for determining the dissocia-
tion constant of a competitor in a competition binding
experiment. Comparison of §gvalues rather than dissocia-
tion constants is standard practice. One of the earliest
attempts to extract dissociation constants from competition
binding experiments focused on the effects of antagonistic
drugs in isolated tissue sampldsl). These studies yielded
the expression shown in eq 1, where labeled ligand L
competes with competitor ligand C to bind to protein P. P
represents total proteifK, is the dissociation constant for
P-L, and K¢ is the dissociation constant for®.

(LI[P
)

[C]
[L] + KL(KC+

The value oK, can usually be determined using a standard
saturation binding experiment. Total protein concentration
is a known experimental variable, andl[Pis obtained from
the measured signal. Closer examination of eq 1 reveals that
the concentration of ® also depends on the concentrations
of free labeled ligand and free competitive ligand rather than
the total ligand concentrations, and neither of these values
are constant over a range of competitor concentrations. For
example, at low [@, [L] will be very similar to initial [L].
However, as [¢@ increases and more-@ is formed, [L]
increases as well. To circumvent this problem, experiments
using eq 1 must be designed so that f& [P{], which allows
the use of the approximations that [&][L] and [C]~ [C{].

Another method to derive a dissociation constant from a
competition binding experiment was proposed by Cheng and
Prusoff (L5). Their method transforms an dgvalue deter-
mined by a competitive enzymatic inhibition experiment into
aKg for the competitor. This protocol was later modified by
Munson and Rodbard to give eq 26 17). The argument

[PL]=

(1)

because FynSH2 in this case is the second protein to bindfor the modification is that the original expression assumed

to the bifunctional molecule. The same terminology is used that there would be little difference between the total and

for the FKBP complexes. The binding of SLFpYEEI to form  free concentrations of competitor and labeled ligand, as was

the dimeric species FKBBLFpYEEI is described by the also the case with eq 1. Under the experimental conditions

primary dissociation constant, FKBRy1, and the binding treated by the Cheng-Prusoff method (concentration of

of the SLFpYEE{FynSH2 complex to FKBP is described enzyme is much lower than the concentration of either

by the secondanydissociation constant, FKBRy2. competitor or labeled ligand), the assumption that the
This distinction is important because differences between concentrations of either free competitor or free labeled ligand

the primary and secondary dissociation constants provide aare equivalent to the respective total concentrations is usually

direct measure of the stability of the trimeric complex. If reasonable. However, this assumption can lead to substantial

Kq2 > Kql for a given ligane-protein interaction, then the  errors when the Cheng-Prusoff method is applied to nonen-

trimeric complex is less stable than the dimeric complex, zymatic competition binding experiments.

and unfavorable protetrprotein interactions may be re-

sponsible for the reduced stability. Conversely 2 < Kq1,

the formation of trimeric complex is favored, possibly due K=

to energetically stabilizing protetrprotein interactions. It

is difficult to design experiments that directly measure a

ICSO KLyo

LIy, +2) VY, +2
1+y0+[ t](yo ) 6]
2KL(yo+1)
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The modified Cheng-Prusoff method (eq 2) relies upon provides a quantitative tool to determine the experimental
the concentration of competitor required to reduce the signal parameters that best fit the observed data. The studies
by 50% (IGy), the total concentration of labeled ligand {)i- reported herein demonstrate the utility of this procedure
the dissociation constant of labeled ligand for the target through the analysis of the bifunctional molecule, SLFpYEEI,
protein K.), and the initial ratio of bound labeled ligand to using fluorescence polarization competition binding experi-
free labeled ligand y). This expression provides the ments to quantitate the effects of the FKBP presenter protein
dissociation constank() of the competitor ligand for the  on the affinity of SLFpYEEI for the FynSH2 protein.
protein target. The quantity, implicitly includes the total
protein concentration because this variable, along ith ~ MATERIALS AND METHODS

will dictate the initial ratio of bound to free labeled ligand  cype-Fitting EquationsDissociation constants are related
(17). Furthermore, this method explicitly considers the total i kinetic rate constants (eq 3), so the formation of the
concentration of labeled ligand (rather than free concentra- gimeric and trimeric complexes can be described by com-
tion). However, the modified Cheng-Prusoff method depends yinations of rate constants. The formation of FKBP
substantially on the value of the 4 The 1Gy values are ) FpYEE| can be described by the association of FKBP and
often judged by inspection, although nonlinear fit procedures g FhyEE| K,1FKBP), the dissociation of FKBBLFpYEEI
have been used to generatgd@alues (8). Additionally, complex kilFKBP; FKBPK4l = ks1FKBPk.1FKBP), the
modifications to this method to allow for the treatment of 4ggqciation of FKBFSLFpYEEI complex and FynSH2
bifunctional molecules capable of binding to two or more (k-2Fyn), and the dissociation of FKBELFpYEEFFynSH2
proteins are not straightforward. (ks2Fyn; FynKg2 = ke2Fynk.2Fyn), where the descriptors
An ideal method to derive dissociation constants from 1 or 2 indicate a primary or secondary binding event (eq 4).
competition binding experiments would explicitly consider This expression is then expanded so that each monomeric
all species and possible equilibria to generate theoreticalspecies is expressed in terms of initial concentrations and
binding curves. Those curves could then be tested using a:omplex concentrations, as shown for FKBRFpYEEI (eq
least-squares method to determine the experimental params) The same analysis is performed for all possible species

eters that most accurately describe the experiment. Sev_era|n an equilibrium binding reaction (see Supporting Informa-
computer programs have been developed that aim to achleve[ion)_

that goal (9, 20). They appear to be useful for most ligand

binding conditions and can be expanded to consider multiple [SLFpYEEI][FKBP] k;1FKBP
ligands and protein receptors. However, they make the [FKBP-SLFpYEEI] FKBPKy1= K IFKBP
assumption that each ligangrotein complex undergoes no

further reactions once formed. More recently, Wang has 4

described an exact expression of competitive bind2i, ( d—t[FKBP-SLFpYEEI] =

although this solution cannot be applied to our dimeric [FKBP][SLFpYEEIK,1FKBP —
molecules.

Bifunctional molecules that are the focus of our studies [FKBP-SLFpYEEIK1FKBP —
will typically be characterized by more than one dissociation [FKBP-SLFpYEEI][Fynk.2Fyn+
constant (i.e., both primary and secondary binding constants). [FKBP-SLFpYEEFFynJk,2Fyn (4)

We found that solving the explicit equilibrium binding

expressions for an interaction of interest was operationally

inflexible and computationally intensive. As an alternative, [FKBP-SLFpYEEI]= ([FKBP total] -
we considered describing bifunctional molecule dissociation [FKBP-SLFpYEEI] —
constants using ratios of the rate constants for the kinetic
assembly and disassembly of all possible complexes. Equi-  [FKBP-SLFpYEEFFYn])([SLFpYEEI total] -

librium dissociation constants are ratios of rate constants, [FKBP-SLFpYEEI] — [SLFpYEEFFyn] —
so all dimeric and trimeric complexes can be described using [FKBP-SLFpYEEFFYN])k,1FKBP —
rate equations. Using Mathematica to aid in the computations, [FKBP-SLFpYEEIk1FKBP —

we have developed a method to describe complex binding
equilibria for multiple molecules as a collection of partial [FKBP-SLFpYEEI]([Fyn total] - [SLFpYEEIFyn] —

differential rate equations. [FKBP-SLFpYEEFFyn] — [FLGpYEEI-Fyn])k2Fyn+

This method possesses several attractive characteristics, [FKBP-SLFpYEEFFynlk2Fyn (5)
beginning with the fact that all free and bound species are
treated explicitly. There are no assumptions made that The equations describing the formation of the complexes
concentration of free protein is equivalent to the concentra- were treated as partial differential equations and solved
tion of total protein or that an I§ value is equivalent to a  simultaneously as a function of time using software such as
Kq value. Furthermore, binary complexes are allowed to be Mathematica 22). The concentration of SLFpYEEI was
involved in additional binding reactions and can subsequently treated as a variable, emulating experimental conditions. As
form ternary or even higher-order complexes. The method the calculation was run, the concentrations of each potential
is easy to expand, and the inclusion of multiple proteins or noncovalent complex increased from zero and settled to
ligands is allowed. Two different parameters can be varied constant amounts once equilibrium was reached. The equi-
to simultaneously generate multiple theoretical isotherms thatlibrium concentrations of the complexes were then exported
are then compared to the experimental data. Evaluation ofto a plotting program to generate a theoretical competition
these fits using Pearson’s coefficient of determinatigf) (  curve that is comparable to a typical thermodynamic
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competition binding experiment. The theoretical data were buffer to give a maximum competitor stock solution (500
tested against the experimental data using Pearson’s coefuM) that was used to make further 3-fold dilutions. The stock
ficient of determinationR?). A more complete description  solution of FLGpYEEI and the various SLFpYEEI dilutions
of the generation of theoretical binding isotherms and their were added in 2%L aliquots to a black, flat-bottomed,
application to experimental data can be found in Supporting polystyrene 96-well plate. The FynSH2 solutions were added
Information. to each well as 5@ aliquots, and the plate was covered
Saturation Binding Experimentd.he dissociation con-  with aluminum foil and incubated at room temperature. After
stants of the fluorescein-labeled ligands for their target 45 min, the plate was placed in the spectrophotometer and
proteins were determined using saturation binding experi- analyzed.
ments. The degree to which the labeled ligand emits polarized The resulting data file was opened with Excel, the four

:!ghmpk;)_n;xcnat(l)otr;]lséze exrﬁ)teg{y:)er]n(t)?lt;]nd;(lzaéotg Oggr:ﬁ?'gn d polarization values at each competitor concentration were
vl\?;s hellg g(])?l’s?ant Zn dncglarrizéltion waes umera:ure d Igs theaveraged, and the standard deviations were determined. The

) poal . . data were processed to determine the fraction of bound tracer
concentration of target protein was increased. As with all

saturation binding experiments, it is important that the at each competitor concentration, and the data were fit to

. S . determine theKy value of SLFpYEEI as described in
concentration of the constant species is below (ideally at IeastS tina Inf i
10-fold below) the dissociation consta3}. upporting fnformation.

A representative experiment to measure the affinity of ~ Competition Binding Experiments with Presenter Protein.
fluorescein-labeled phosphopeptide (FLGpYEEI) for the A representative competition binding experiment between
FynSH2 protein is described. A stock solution of FLGpYEEI the FLGpYEEHFynSH2 complex and various concentrations
at 2 nM was prepared in fluorescence polarization (FP) buffer of SLFpYEEI in the presence of the FKBP presenter protein
(50 mM KH,PQ;, 150 mM NacCl, pH 7.8, 0.002% Tween- is described. The FLGpYEEI tracer was prepared asa 4
20, 0.1 mg/mL boviney-globulin). A stock solution of  stock solution (4 nM) in FP buffer. The FynSH2 protein was
FynSH2 (100.4:M in FP buffer) was prepared and used to diluted into FP buffer to prepare excess (2®) and 2x
make further 3-fold dilutions of the protein. Equal volumes protein (404 nM) stock solutions. The excess protein stock
(50 uL) of the FLGpYEEI and the FynSH2 stock solutions was used to determine the polarization signal of 100% bound
were added to a black, flat-bottomed, polystyrene 96-well FLGpYEEI. FKBP was diluted into FP buffer to prepare a
plate (Corning, Cat. No. 3915, Corning, NY). Four inde- 4x stock solution of presenter protein at 2M. A prior
pendent binding reactions were prepared at each proteinsaturation binding experiment was performed between FLG-
concentration, and the plate was covered with aluminum foil pYEEI and FKBP to verify the lack of any interaction
and incubated at room temperature. After 45 min, the plate between the two molecules. The SLFpYEEI competitor was
was placed in the spectrophotometer (LJL Analyst) and dissolved in FP buffer to give a maximum competitor stock
analyzed. For all FP experiments, analysis was repeated atolution (500uM) that was used to make further 3-fold
60 and 75 min to verify that equilibrium had been acheived. dilutions.

The resulting data file was opened with Excel, the four 14 giock solution of FLGPYEEI and the various SLF-
polarization values at each protein concentration Were vere| gilutions were added in 25k aliquots to a black

averaged, and the standard deviations were determined. The,_, 1 J+omed polystyrene 96-well plate. The FKBP solution

data were processed to determine the fraction of bound tracerwaS added in 2% aliquots, and the plate was covered with
at each protein concentration and .f'tted for lﬁgvalue of aluminum foil and incubated at room temperature for 15 min.
FLGpYEEI,Ias desqnbed in Su_pportlng Information. The data The FynSH2 solutions were then added in@5aliquots,
\'/:verze SJ/S Obggﬁg Esngg \?ICE]E6I ,;N |th=krl1%\(/)v0r/1 Vb"’:)ltﬁz 'te:rlitgre\((d_ for and the plate was covered with aluminum foil and incubated
Fo [F]O bound fluor% fent il Coné’emraﬂon an%T[P] at room temperature. After 45 min, the plate was placed in
’ T — ’ i 1
= total protein. The sole fitted variablg, is the dissociation the spectrophqtometer and analyzed._Thg resulting data file
constant of ELGDYEEI for FvnSH2 in units identical to the V8S opened with Excel, the four polarization values at each
entered protein Eoncentratigns competitor concentration were averaged, and the standard
' deviations were determined. The data were processed to
Fo— (Fy — Fyo) % determine the fraction of bound tracer at each competitor
o Yo 710 concentration and fitted for the SLFpYEEI dissociation
(Ky+ [Fl+ + [Ply) — \/(Kd + [Fl; + [PI1)? — (4[F1;[Ply) constant in the presence of the FKBP presenter protein as
2[F1, described in Supporting Information.

(6) Curve-Fitting Procedure.Theoretical binding isotherms
were generated using equations that describe the formation

Competition Binding Experiments.representative com- ~ 0f each possible protein complex. All known starting
petition binding experiment between the FLGpYHBINSH2 concentrations and dissociation constants were entered, and
complex and various concentrations of SLFpYEEI is de- data were generated for multiple concentrations of SLFpY-
scribed. The FLGpYEEI tracer was prepared as<asfiock EEI and multiple values of the dissociation constant to be
solution (4 nM) in FP buffer. The FynSH2 protein was fitted. It is difficult to determine the best curve fit by
diluted into FP buffer to prepare excess (2®) and 2x inspection so Pearson’s coefficient of determinatigf) (vas
protein (204 nM) stock solutions. The excess protein stock used to compare the experimental data to the calculated data
was used to determine the polarization signal of 100% bound (eq 7). The dissociation constant provided by the theoretical
FLGpYEELI The SLFpYEEI competitor was dissolved in FP curve with the maximunR? value was taken as the final
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value. A detailed description of this procedure is provided A
in Supporting Information
- &2
T(y. — V.
=g I ™
Ty — ¥)

wherey, = observed datum’?;y= theoretical datum;iy=
mean observed data.

Fraction Bound Tracer

RESULTS AND DISCUSSION
I T T

T T

Validation of Cuwe-Fitting Procedure. Fluorescence 1o 10 10° 10°
polarization (FP) was chosen to analyze the behavior of [FynSH2] (nM)
SLFpYEEI for several reason24). First, FP measures direct
interactions in the solution phase, thus ensuring experimental
homogeniety of all species. Second, FP is quite sensitive,
which allows dissociation constants as low as 1 nM to be
measured using relatively small quantities of reagents. Third,
experiments can be performed in 96-well plate format, which
allows for high throughput and simultaneous replicates.
Fourth, the amount of bound fluorescein-labeled ligand can
be measured directly without requiring an experimental step
to physically separate the bound and unbound labeled ligand
that is required by radiolabeled competition binding experi-

w

Fraction Bound Tracer

ments. 108 107

As is true for any curve-fitting procedure, there are several [FKBP12] (nM)
combinations of parameters that may provide a good fit with rgure 2: Determination of the labeled ligand dissociation
the data even though the results may have limited physicalconstants. (A) The fluorescence polarization of 1 nM fluorescent
meaning. How can we verify that our model is correctly ligand FLGpYEEI with increasing FynSH2 prOteiﬂXz\NaS fit using
describing the experimental results? We compared the abilitythe described method (bold line) fé = 93 nM (R® = 0.9987).

T T

T
101 108

- : . ...~ Error bars represent the standard deviation of four repetitions, and
of our curve-fitting procedure to determine the dissociation 5 hio¢'of the residuals is shown in the inset. Duplicate experiments

constant fromasaturatic_m binding_experiment (Figure 2) wiyh were averaged to vyield a fingkq = 92 = 3 nM. (B) The
that of a standard binding equation (eq 6). If our model is fluorescence polarization of 0.2 nM fluorescent ligand FLSLF with
correct, it should be possible to use the proposed curve-fittingincreasing FKBP proteinX) was fit using the described method

; indi (bold line) for Kq = 3.4 nM (R? = 0.9905). Error bars represent
(plg?gcl?r((jaug to describe the binding of FLGPYEEI to FynSH2 the standard deviation of four repetitions. Duplicate experiments

: . were averaged to yield a fin&ly = 3.3+ 0.3 nM. In both cases,
Theoretical curves were generated for the experimentaligentical results were obtained with fits using eq 6.

data and analyzed as described above. The experimental data
were also analyzed using eq 6. The results obtained usingvarying amounts of the bifunctional molecule, SLFpYEELI.
both methods were identicdf{ = 93 nM), and the generated These studies provided an average dissociation constant, Fyn
isotherms had the same fit for the experimental dRfa= K¢l = 1.16+ 0.12uM (Figure 3A). The same experiment
0.9987) (Figure 2A). The experiment was repeated, and thewas performed using constant concentrations of FLSLF and
results were averaged f&ly = 92 + 3 nM. The analogous  FKBP to provide an average FKBRyl = 12 + 5 nM
process was performed for FKBP and the fluorescein-labeled(Figure 3B). Both of these measured dissociation constants
ligand FLSLF provided an average; = 3.3 £ 0.3 nM are similar to the<{y values of the corresponding fluorescein
(Figure 2B). ligands as well as to binding affinities reported for other
Primary Dissociation Constants of SLFpYEEInce the related compound®5—28), suggesting that our protocol can
dissociation constants between fluorescein-labeled ligandsbe used to measure dissociation constants from competition
and their cognate proteins are measured, competition bindingbinding experiments.
experiments can be used to determinekhk values for the Secondary Dissociation Constants of SLFpYEEhe
competitor ligand, SLFpYEEI. A competition experimentis competition binding experiment that was used to measure
typically performed by adding various concentrations of the affinity of SLFpYEEI for the FynSH2 protein was
competitor to a fixed concentration of the fluorescent ligand repeated in the presence ofudl FKBP presenter protein
protein complex. For a traditional competition experiment, (Figure 1). Since we have measured the primary dissociation
conditions are typically chosen to saturate the protein with constants for this interaction, the only variables that can be
labeled ligand. This design feature is unnecessary with FPused to describe perturbations of FKBP on the affinity of
experiments because the experimental output does notSLFpYEEI for the FynSH2 protein are the secondary
indicate how much fluorescein ligand is bound to protein, dissociation constants. There are two possible paths to form
but rather provides a measure of the fraction of fluorescein trimeric complex (Figure 1), and the total free energy of each
ligand bound to protein. path should be equal (eq 8). Transformation of the free
Competition binding experiments were performed using energies yields an expression in which the primary dissocia-
constant concentrations of FLGpYEEI and FynSH2 and tion constants are shown to be proportional to the secondary
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Ficure 3: Determination of the primary dissociation constants of FiGurRe 4: Determination of the secondary dissociation constants
SLFpYEEI. (A) Increasing concentrations of the bifunctional of SLFpYEEIL (A) Increasing concentrations of the bifunctional
molecule SLFpYEEI in the presence of 1 nM FLGpYEEI and 102 molecule SLFpYEEI in the presence of 1 nM FLGpYEEI, 101 nM
nM FynSH2 were examined by fluorescence polarization Error FynSH2, and %uM FKBP presenter protein were examined by
bars represent the standard deviation of four repetitions. Duplicate fluorescence polarizationd). Error bars represent the standard
experiments were fit using the described method and averaged todeviation of four repetitions. At least five experiments were fit using
yield Fyn Kyl = 1.16 £ 0.12uM. (B) Increasing concentrations  the described method and averaged to yield RyR = 3.9Kq1.
of the bifunctional molecule SLFpYEEI in the presence of 1 nM (B) Increasing concentrations of the bifunctional molecule in the
FLSLF and 10.1 nM FKBP were examined by fluorescence presence of 1 nM FLSLF, 10 nM FKBP, and 1M FynSH2
polarization ). Error bars represent the standard deviation of four presenter protein were examined by fluorescence polarizatipn (
repetitions, and a plot of the residuals is shown in the inset. Error bars represent the standard deviation of four repetitions, and
Triplicate experiments were fit using the described method and a plot of the residuals is shown in the inset. At least five experiments
averaged to yield FKBKy3l = 12 + 5 nM. were fit using the described method and averaged to yield FKBP
] o ) Kg2 = 4.8K41. Data from Figure 3 (open squares) are repeated in
dissociation constants. Therefore, the fractional changepanels A and B for comparison.
between FKBRK 1 and FKBPKg2 should be proportional
to the fractional change between Figgl and FynKg2 (eq infinitely large (K42 ~ ). The resulting theoretical isotherm
9). is shown in Figure 4A (thin line).
The fact that neither theoretical curve matches the
AGerp1 + AGryn, = AGeryng + AGrgp, (8) experimental data obtained in the presence gV6FKBP
(Figure 4A, circles) argues that trimeric complex does form,

In(K;1FKBP) + In(K2Fyn) = In(K1Fyn)+ but its energetics are such that trimeric complex is destabi-

In(K,2FKBP) lized relative to either dimeric complex. Therefore, the actual
Kg2 values must be between tKgl values and infinity IKq1
In(K1FKBP*K 2Fyn)= In(K 1Fyn*K 2FKBP) < Kg2 < o). Theoretical isotherms were generated for

multiple values ofKq2 and were compared to the experi-
KFKBP K 2FKBP mental data using Pearson’s coefficient of determination. This
K4LFyn T K +<2Fyn ©) procedure was repeated for several competition experiments
in the presence of FKBP to provid&2 = 3.9 x Kgl.

If the secondary dissociation constants are equal to the One would expect to obtain the same secondary dissocia-
primary dissociation constant&f2 = K1), then the binding  tion constants when the competition experiment is performed
of SLFpYEEI to FKBP does not affect its binding to using FKBP as the target protein and FynSH2 as the presenter
FynSH2, and the calculated theoretical isotherm (Figure 4A, protein. As before, the theoretical isotherms generated by
dashed line) matches the experiment without presenterKs2 = Kyl (Figure 4B, dashed line) a2 ~ « (Figure
protein (Figure 4A, squares). Alternatively, if SLFpYEEIl is 4B, thin line) do not match the experiment when /A8
unable to bind to both proteins simultaneously and the FKBP FynSH2 is included as the presenter protein (Figure 4B,
SLFpYEEFFYNSH2 trimeric complex cannot form, then the circles). To quantitate the effects of the FynSH2 protein on
secondary dissociation constants can be considered to beéhe secondary dissociation constant, multiple competition
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experiments were fit as described above, and the results werén the presence of both target and presenter proteins. The
averaged providing &42 for this experiment that is 4.8-  utility of this method was demonstrated by analyzing the
fold higher than the primary dissociation constant. The fits interactions of SLFpYEEI with the proteins FKBP and
from the two experiments were used to calculate K2 FynSH2, and these studies yielded similar values for second-
values. From the experiment using FKBP as the presenterary dissociation constants regardless of how the system was
protein, the results wer€s2 FynSH2=4 + 1 uM and K42 probed.

FKBP = 50 £+ 20 nM. The results from the complementary

experiment using FynSH2 as presenter protein we2  ACKNOWLEDGMENT
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