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Abstract NMR experiments on proteins in simultaneous
equilibria with multiple binding partners can provide a tool
to understand complex biological interaction networks.
Competition among proteins for binding to signaling hubs
is often at the basis of the information transmission across
signaling networks in every organism. Changes in affinity
towards one or more partners, as well as changes of the
relative concentration of the competing partners, can
determine pathways alterations that lead to pathological
consequences. Overall, the knowledge of the interaction
hierarchy of the multiple partners to a single signaling hub
can lead to new therapeutic strategies. Smith and Ikura
(Nat Chem Biol 10:223-230, 2014) have recently proposed
pairwise competition NMR experiments to determine the
binding hierarchy in network interactions. We have taken
the moves from their approach to show how from pairwise
competition NMR experiments the ratios between the
equilibrium constants for multiple binding partners can be
determined, and thus, given their concentration in solution,
the concentrations of all the possible complexes can be
obtained.
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Introduction

Unravelling the interaction networks among proteins is the
ultimate goal of systems biology, with particular reference
to the understanding of signaling pathways (Kholodenko
et al. 2010; Kitano 2002; Papin et al. 2005). Signaling
pathways involve sensing external stimuli (e.g. nutrients,
hormones, growth factors) at receptor level and transmit-
ting the biological information within the cell through
regulation of its activities. This information is encoded by
changes in concentration, structure and localization of
proteins and other molecules, and is processed by a com-
plex cascade of biochemical reactions. Due to this com-
plexity, the detailed investigation of signaling pathways
requires direct and quantitative experimental access to
many of the molecules involved in the interaction network.
In particular, proteins involved in a competitive binding
with multiple partners, commonly encountered in cell
biology, represent challenging systems. Indeed, competi-
tion among partners cannot be predicted by the analysis of
single complexes but should be evaluated in a more real-
istic scenario. For this undertaking, the integration of
multiple and varied data sets is required.

The attempt to measure the outcome of distinct path-
ways requires direct and quantitative experimental access
to the products of signaling reactions, and/or of predictive
tools based on experimental observation and theoretical
modeling. This is of capital importance for GTPases and
other key signaling hubs having a central control on many
essential cellular activities (Bourne et al. 1991; Scheffzek
and Ahmadian 2005). Among all GTPase proteins, RAS is
recognized having an outstanding role in cellular growth,
differentiation and apoptosis because of its control action
on multiple signaling pathways (Olson and Marais 2000).
RAS ability in orchestrating different cell responses stems
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Fig. 1 Example of application A
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of the direct competition
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comprising a hub protein R and
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constants of 1 x 107%;3 x
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The spectra of the individual
complexes are recorded (a),
then the binding proteins are put
into direct competition and the
ratios between the different
bound forms are found

(b) (Smith and Ikura 2014,
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results in three experiments as
tabulated in ¢
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from its possible interaction with multiple binding partners,
in a competitive fashion (Rodriguez-Viciana et al. 2004),
and alteration in this complex mechanism is commonly
associated to oncogenesis (Bos 1989).

The predictive success of a model of a signaling path-
way is largely based on the knowledge of the relative
affinity between competing effectors and inhibitors that
eventually lead to the definition of an interaction hierarchy.
Recently, Smith and Ikura (2014) have proposed an
experimental approach for sorting RAS effectors on the
basis of their relative affinity. Direct pairwise competition
experiments between the selected RAS effectors were used
to devise an interaction hierarchy. Through this method, a
pathologically relevant mutation of RAS was shown to
display altered affinities with the competing effectors, with
a subsequent reordering of the hierarchy. In this commu-
nication we derive the equations for the treatment of
simultaneous equilibria, and we show that the relative
amounts of protein complexes formed at the chemical
equilibria, which are available through direct pairwise
competition NMR experiments, can be used to experi-
mentally derive the relative affinity constants. In turn, the
latter can be used for predicting binding scenarios from
given starting conditions.

Treatment of simultaneous equilibria

The direct competition method proposed by Smith and
Ikura (2014) follows a very simple scheme, reported in
Fig. 1. N partner proteins (competitors) are selected, and
each one is equilibrated separately with the target hub
protein. NMR spectra of the hub protein are recorded and
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some unique features of the spectrum of each complex are
identified and further used as a “fingerprint” of the com-
plex (Fig. la). For instance, in the "H-'>N HSQC spectra,
distinctive peaks of the hub protein which are chemically
shifted in different positions upon binding to the different
partner proteins can be selected. The N competitors are
then equilibrated pairwise with the hub protein, the NMR
spectra are acquired and the relative amount of the two
complexes is obtained by the relative intensity of the fin-
gerprint peaks (Fig. 1b), in the assumption that the hub
protein is quantitatively bound. This results in recording
N(N — 1)/2 NMR experiments (Fig. 1c). N — 1 experi-
ments would in principle be enough to fully determine the
system, although redundancy makes the method robust to
experimental uncertainty.

In the original description (Smith and Ikura 2014), the
ratios between the bound forms of the hub protein to each
of the two competitors were averaged to give a direct
measure of the average affinity of each partner in any mix.
The rank of average affinity of each partner was used to
define the interaction hierarchy between the partners
themselves.

The treatment of the simultaneous equilibria that govern
this system can on the other hand provide a direct esti-
mation of the relative dissociation constants between all
protein—protein complexes and thus a quantitative
description of the species which are formed at some given
concentrations (Baeza-Baeza and Garcfa—Alvarez—Coque
2011, 2012; Bindel 2007; Vander Griend 2011).

In order to determine the ratios of the dissociation
constants from the experimental concentrations of the
protein complexes, the intensity ratios between pairs of
complexes can be related to their dissociation constants
through the relationship:
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After some algebraic manipulation, as reported in the
Supplementary Material, Eq. 2 is obtained:

(— - 1) [RB*+[RB] {c +Cr+ % (C—Cr)| — CCg

(2)

where C = C4 = Cp is the analytical concentration of the
competing binding proteins and Cy is the analytical con-
centration of the hub protein. [RB] is experimentally
determined as the ratio between the intensity of the peak
corresponding to the RB complex and the sum of the
intensities of the peaks corresponding to all species, and
multiplied by Cg. It is convenient to define the normalized

quantities fpa = (%) , which represents the actual
A

observables, i.e., the percentage of the hub protein R bound
to the protein B when in competition with the protein A.

In principle it is possible to determine the ratio IK%* by
solving Eq. 2 to obtain

K (0)(1-8) (6 sm)0 -

Ka % (Cﬂfg] - 1) IBa (C% +fBa — 1)

However, in order to increase the accuracy of the calcu-
lated ratios of the dissociation constants, it is advisable to
perform experiments and then analyze simultaneously the
results of all pairwise combinations of the binding proteins
to take advantage of the relations that link all the % ratios.

(3)

The following system of N(N — 1)/2 equations is thus
obtained:

KY C KY C C
1] —+14+—(=—-1)]| —=—=0;
<Kx )fyx i {CR i Kx (CR ) } Ck
forX=1,...N; Y=1,...,.N; X#Y
(4)
that can be solved for the N — 1 values of the dissociation

. K _ ([RY] .
constant ratios - . Here fyx = (C_R)X is the percentage of

R bound to Y in the competition with X. Given the pre-
sence of experimental uncertainty, this can simply be
accomplished by minimizing (for instance by Powell or the
Newton algorithm) the discrepancy between all the calcu-
lated and experimental ratios.

Once the ratios between the dissociation constants are
available, it is possible to predict the distribution of the
concentrations within any mix of the considered proteins.
Noting that the dissociation constants are interrelated by
the competition for R, since

the dissociation constant for the y-th protein can be written
as:

(Cr = Sy [RX])[Y]
[RY]

Ky = (6)
Equation 6 can be rearranged (as described in the Sup-

plementary Material) to get a system of N — 1 equations

(forY=1,...,N; Y # Z) as the following:

C

_ fz¢,
Cz Ky _ Ky
Cr Kz +fZ(1 KZ)

where fy and f; are the percentage of R bound to Y and Z,
respectively, in the presence of any mixture of the binding
proteins. Equation 7 can be solved to find the N unknowns
(fx, for X =1, ..., N) by imposing the further constraint
that Cgr = ZQ’ZI [RX], i.e., Zgzlfx = 1. The system can
be extended to N(N — 1)/2 equations by considering that Z
ranges from 1 to N. It is to be noted that the result is
independent of the absolute values of the dissociation
constants, but rather depends only on their ratios, as long as
a quantitative binding of the hub protein is established.

Numerical approach to this problem is simplified by
solving the following system of second degree equations
which can be easily accomplished by the Newton method
as described in the Supplementary Material:

Cy+K C § fxCy
2 Y Y Y XAY
fo+ E e | +——"—"—=0
Y <X va Cr )fy Cr CR

fr (7)

(3)

Using this approach, it is necessary to fix the smallest
Ky to an arbitrary value (hereon Kj), sufficient to ensure
quantitative binding, although the results are independent
on this value if such constraint is satisfied, as made evident
by Eq. 7. It is important to notice that the treatment
described in Eq. 8 can be applied also in the case of non
quantitative binding, although in this case the value of Kj
must be known.

As already indicated, rigorous resolution of this and
similar systems, representing coupled equilibria, can be
accomplished via the Newton method. The relevant
expression for the Jacobian matrix is given in the Supple-
mentary Material. Solution may also be sought through
approximations. In particular, Eq. 8 simplifies to a first
degree equation if [RY] is negligible with respect to Cy.
This approach can also be used in a recursive fashion,
approximately as long as [RY]<0.2Cy (otherwise, the
method tends to diverge, with markedly gross errors).
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Table 1 Ratios of the

A o - Synthetic Calculated value at Calculated value at Calculated value at Calculated value at
dissociation constants in the value 0.01 error 0.02 error 0.05 error 0.10 error
performed 3-component
synthetic test K3 3.0 £ 0.1 3.0£02 3.1+04 32+ 1.0

Ke 6 6.1 +02 6.1 +04 62+ 1.0 65+22

Results and discussion
Synthetic example: three competing partners

A synthetic test was built, in which three partners are
interacting with the same protein. The dissociation con-
stants were set to 1 x 107°,3 x 107%and 6 x 107° for the
competitors A, B and C, respectively. A system with these
constants, assuming a concentration of 0.1 M for the hub
protein and 0.2 M for the competitors in the pairwise NMR
experiments, would give rise to ratios in the NMR peaks as
reported in Fig. lc.
With these ratios, the system of Eq. 4 becomes:

K 1)0s+03) 3+ 20 -1 —2=0
(1) osroafs i)

KA KA

(% - 1) (0.2)°+(0.2) [3 + Ié—j (2- 1)] —2=0

(’;_Z - 1> (0.37)°4+(0.37) {3 + I;—Z (2- 1)} —2=0

©)

and the ratios between the constants are thus found to be

Ky _ 3. Ke _ . Ke _
B =3 k=6 k=2

In order to check the stability of the solution, we have
repeated the calculation 1,000 times by introducing a ran-
dom error of 0.01, 0.02, 0.05 or 0.10 in the fyyx values. The
results are reported in Table 1. The standard deviations of
the values obtained over the 1,000 iterations are given as
errors. These calculations show that the results are accurate
even for experimental errors of 5-10 %, which may actu-
ally affect the data, although the standard deviation is
relatively large in these cases.

Once the ratios between the constants are available, it is
possible to devise the relative amounts of the complex in
any arbitrary mix of the components. In the present case we
have chosen to calculate the distribution of the species as a
function of the analytical concentration of components A
and B when component C is set to a concentration
Cc = 4Cp.

Subsequently, the concentration of the 3 bound species
are found by solving with the Newton approach the system
of Eq. 8, that is now in the form:

@ Springer

Fig. 2 Percentage of RA, RB and RC for changing analytical
concentration of A and B, in the presence of 0.1 M R and 0.4 M C, as
derived from (Luchinat et al. 2014). Grey: [RA], red: [RB], blue:
[RC]

[RA]*+ (Z[RI] —Cy—0.1— KA> [RA] +0.1C4
1£]

— Y RICy = 0;

Al
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Figure 2 reports the outcome of the calculation, per-
formed by fixing the highest dissociation constant (i.e., that
of the complex with lower affinity) to K¢ = 6 x 107%. The
discrepancies between the values calculated with either
Kc =6 x 1078 or with the “correct” value of K¢ = 6 x
1076 are below 0.001 %, and are likely due to computa-
tional round off errors.

Experimental example: 9 RAS-binding domains
competing for RAS

The same kind of calculations can be performed for the
case of the experimental data reported in (Smith and Ikura
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Table 2 Re.nios between the dissoc%ation constants of the different S 100 1A =g§|p§:grli%%(rj1 al
competitors in the presence of the wild type or G12V RAS =
WT RAS G12V RAS g %0
S 60
K. 109 + 6.2 62+ 1.8 8 40
K 135+ 77 15.6 + 4.8 £ 20
% 155 £ 8.9 79 +£23 ° g
% 18 £ 10 3.1 £09 1172
Kpassrs 27 £ 16 9.2 +£2.7 2125
1:;_ 66 + 40 13.4 + 4.0 S '-I-----l__---'-llll__'._Il
Kapar g
e 380 & 270 35+ 11 © 078
KIR(L'AH ~ 10,000 400 £ 270 0.5 T - T - T - T - T - !
BRAL 5 10 15 20 25 30
pairwise experiment
2014). In this paper, two sets of experiments were descri- 5 100 - B IR Sxpermental
bed, in which nine partners were competing for the RAS S g
hub protein. In the first set of experiments the protein was § 60
in the wild type form, in the second set the G12V variant of §
RAS was used. A total of 29 and 31 ratios from direct o 40
competition NMR experiments were measured in the two % 20
cases, respectively, with a concentration of 0.1 M for the =0
hub protein and 0.2 M for the competitors. 1_7§
Following the same steps as described above in the case . 112-2
of three partners, the ratios between the dissociation con- Q‘g ' 1 g E_=m= ___-_..__.| __-_.I..___
stants were calculated using Eq. 4 (see Table 2). The O§ 075 o 0
agreement between experimental and back-calculated '
ratios in the concentration of formed complexes for all 0.5 -
5 10 15 20 25 30

pairwise experiments is shown in Figures 3 and S1-S2. The
agreement is good and the consistency among the whole
series of experiments proves the robustness of the method.
The average discrepancy between best-fit and experimental
data is 8 and 6 % for the wild type and the mutant RAS,
respectively (with 5/29 signals of the wild type and 3/31
signals of the mutant showing an error larger than 15 %).
Experimental and back-calculated relative amounts of the
complex of RAS with the different competitors in all
pairwise experiments are also reported in Tables 3 and 4.
The much lower binding constant of RGS14-1 with respect
to the other partners makes it difficult to detect the complex
between RAS and this protein in the presence of stronger
competitors and in this case it was possible to determine
only the order of magnitude of the dissociation rate ratios.

After determining the ratios between the constants, it is
possible to calculate the concentration of all the various
species under different starting conditions. Figures 4 and
S3-S4 show the fraction of RAS bound to different com-
petitors when applied in a 1:4 ratio with a mixture of
competitors. The concentration of one selected competitor
is changed within the mix while, for simplicity, all other
components have equal concentration among them, with
the constraint that the sum of the analytical concentrations

pairwise experiment

Fig. 3 Agreement between experimental and back-calculated ratios
in the concentration of formed complexes for all pairwise experiments
with the wild type RAS (a) and the GI2V mutant (b). The
experimental ratio in the concentration of each complex is determined
from the relative amount of the two complexes formed when two
competitors are equilibrated with the hub protein. This relative
amount was obtained from the relative intensity of the fingerprint
peaks, in the assumption that the hub protein is quantitatively bound
(Smith and Ikura 2014). Experiments are numbered as in Tables 2, 3

of all competitors is 4 times larger than the concentration
of RAS. Panels A-I in Figures S3-S4 show all concentra-
tion profiles calculated for the nine competitors by
changing their molar fraction in the competitors mixture
with either the wild type or the mutant RAS, and Fig. 4a—c
shows some representative examples for the mutant RAS.
Figures 4d, S3J and S4] summarize the concentration
profiles of each competitor analogously to what calculated
in Fig. 2e in (Smith and Ikura 2014): this is helpful to
quickly recover the interaction hierarchy, comparing the
values of each curve at any given point (50 % in analogy to
what is done in Smith and Ikura 2014). Notably, the same
interaction hierarchies determined in (Smith and Ikura

@ Springer



34

J Biomol NMR (2014) 60:29-36

Table 3 Pairwise competition

! BRAF RIN1 ARAF Plcel-2 RGL1 RASSF5 RALGDS AF6-1
data for effector domains and
RAS (Smith and Ikura 2014) RIN1 1: 91 %
(87 %)
ARAF 2:95% 3:67%
(89 %) (54 %)
Plcel-2 4:85% 5:60% 6:51 %
(90 %) (57 %) (53 %)
RGLI 7:87% 8:64% 9:62% 10:52 %
N | ) N 1 %) (59 %) (55 %) (53 %)
Zx;e;?r]ilgnfrr(l)lrrfgzrtas 4 e RASSFS 11:91% 12:64% 13:61% 14:56% 15:60 %
experimental and back- (94 %) (67 %) (63 %) (61 %) (58 %)
calculated (in parenthesis) RALGDS 16:94 % 17:60 % 18:92 % 19:84 % 20:82 % 21: 66 %
relative amount of the complex O7%  @B% (1% (5% (3% (66 %)
of RAS with the effector AF6-1 22:97 % 23:94 % 24:99 % 25:83% 26:92% 27:69 % 28:95 %
indicated on the top of the (99 %) (95 %) (94 %) (93 %) 92 %) (89 %) (79 %)
column, in the presence of the RGS14-1 29: 94 %
effector indicated on the left of ('9 4 %)
the row
Table 4 Pairwise competition BRAF  RGLI  RINI  Pleel-2  RASSF5 RALGDS ARAF  AF6-1
data for effector domains and
G12V RAS (Smith and Ikura RGL1 1: 76 %
2014) (70 %)
RIN1 2:80% 3:56 %
(80 %) (63 %)
Plcel-2 4:83% 5:63% 6:50 %
(83 %) 67 %) (55 %)
RASSF5 7:80% 8:80% 9:56% 10:53 %
) (85 %) (70 %) (57 %) (53 %)
Zf;ei?r'ﬂ:nfﬂr‘fg;ﬂa‘ﬁ 4 e RALGDS 11:86% 12:82% 13:64% 14:55% 15:64 %
experimental and back- (89 %) (76 %) (64 %) (60 %) (57 %)
calculated (in parenthesis) ARAF 16:89 % 17:74 % 18:62 % 19:53 % 20: 73 % 21: 50 %
relative amount of the complex Q0% (8%  (67%) (63 %) (60 %) (53 %)
of RAS with the effector AF6-1 22:98 % 23:94 % 24:84 % 25:83 % 26:57T% 27:76 % 28:57 %
indicated on the top of the (95 %) (87 %) (79 %) (76 %) (74 %) (67 %) (65 %)
column, in the presence of the — pGgi4.1 29:96 % 30:95% 31:86 %
effector indicated on the left of (94 %) (94 %) (87 %)

the row

2014) for wild type and G12V RAS were obtained, as
expected from the fact that the same NMR data have been
analyzed.

The calculated ratios between dissociation constants
(and thus the interaction hierarchy) deviate to some extent
from the values determined through ITC experiments
(Smith and Ikura 2014). Such differences may be due to the
different experimental conditions between ITC and NMR
measurements. On the other hand, it is worthy to note that
the small discrepancies between the observed and calcu-
lated relative concentrations shown in Fig. 3 (6-8 %) can
be due to the experimental uncertainty in the NMR mea-
surements, which may be of this order. These discrepancies
actually reflect in the errors in the ratios of the dissociation

@ Springer

constants reported in Table 2 (and in line with the synthetic
data calculations in Table 1). Further warning is repre-
sented by the possible presence of kinetic effects, which
may affect the concentration of the different complexes,
and of interactions between the binding proteins them-
selves, which may have the effect of decreasing the
effective protein concentration.

Despite the limitation in the use of this approach, the
method is of extreme interest for its immediate application
in the investigation of all cases in which similar interaction
partners compete for the same binding site with similar
affinities, as in the case of drug screening (Bertini et al.
2005; Borsi et al. 2010; Harner et al. 2013; Nazaré et al.
2012; Pellecchia et al. 2008).



J Biomol NMR (2014) 60:29-36

35

Fig. 4 Concentration profiles A 100 B 100+ ——BRAF
calculated for a mixture of 2%'-11
competitors in 4:1 excess with 80 4 — _BRAF 804 ——PLCel-2
respect to G12V RAS. The —— RGL1 RASSF5
concentration of one competitor 3¢ RINT 9 RALODS
. . L. . < 60 ——PLCel-2 ~ 604 -
at a time is varied in the mixture st RASSF5 et AF6-1
(a—c) and the percentage of 5 RALGDS 5 ——RGS14-1
RAS bound to the selected .8 40 QEQ_: _8 404
competitor is calculated. ‘<’(’ ——RGS14-1 2
d Summarizes the concentration T 5 T 59
of all the competitors. The order
of the curves at any percentage 0 7\ 0
is related to the affinity of the 0 20 40 60 80 100 0 20 40 60 80 100
competitors for RAS, thus gives o o
access to the interaction Ratio (%) Ratio (%)
hierarchy
——BRAF
——RGL1
——RIN1
——PLCe1-2
C 100+ Bt D 100+ RASSF5
—RIN1 RALGDS
—— ARAF
J ——PLCe1-2
80 RASSF5 807 AF6-1
— RALGDS —— RGS14-1
&2 —— ARAF 9
< 691 AF6-1 < 604
S ——RGS14-1 °
I} =
S 401 g 40
o [
< \ cg
T 20 \% T 5
0 T T T T | 0
0 20 40 60 80 100 ! !
0 20 40 60 80 100
Ratio (% .
(%) Ratio (%)
onclusions Baeza-Baeza JJ, Garcia-Alvarez-Coque MC (2012) Systematic
q Y

The approach of Smith and Ikura (2014) of direct compe-
tition experiments to devise the relative affinities of any
given number of partners to a hub protein provides a
powerful tool for quantitative systems biology and an
attractive target for a quantitative description in terms of
simultaneous equilibria. By both synthetic and experi-
mental examples, we have shown that such pairwise
competition experiments provide all the information nee-
ded not only to sort the interaction partners but also to
quantitatively predict the relative amount of the possible
complexes in any given mixture of competing proteins.
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