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NMR Characterization of Cooperativity: Fast Ligand
Binding Coupled to Slow Protein Dimerization

Zil E Huma®, Justin P. Ludeman®, Brendan L. Wilkinson’, Richard J. Payne®,
Martin J. Stone®”

We describe a general approach for analysis of 2D NMR spectra to evaluate the cooperativity
of ligand binding and protein dimerization in coupled systems. The approach is applicable to
systems in which NMR spectra display separate resonances for monomeric and dimeric species
but each resonance shifts in response to ligand binding. Three experimental parameters
(monomer chemical shift, dimer chemical shift and relative monomer:dimer peak intensity) are
fitted globally, as a function of ligand concentration, to yield equilibrium constants for
dimerization, monomer:ligand binding and dimer:ligand binding as well as the cooperativity
between ligand binding and dimerization. We have applied the approach to characterise a
system in which dimerization of the chemokine monocyte chemoattractant protein-1 (MCP-
1/CCL2) is coupled to binding of peptides derived from the chemokine receptor CCR2. The
global fitting approach allowed evaluation of cooperativity with higher precision than is
possible by alternative methods.

Introduction

Dimerization is a common property of proteins and frequently
influences interactions with binding partners, including proteins,
nucleic acids, polysaccharides, lipid membranes, metal ions and
small molecules.'” A fundamental thermodynamic characteristic of
such proteins is cooperativity between protein dimerization and
ligand binding, defined as the factor by which dimerization enhances
(or reduces) the ligand binding affinity. The classical approach to
characterize the cooperativity in such coupled systems is to analyze
the influence of ligand concentration on the position of the
monomer-dimer equilibrium and/or the influence of the total protein
concentration on the apparent ligand binding affinity.>* This
typically requires an extensive series of experiments; the analysis is
further complicated if both monomeric and dimeric species bind to
the ligand. In such coupled systems it would be advantageous to
measure ligand binding using a technique that simultaneously reports
on the dimerization state of the protein. Herein, we show that 2D
NMR can achieve this because different features of NMR spectra are
sensitive to ligand binding and dimerization. We present a novel
theoretical framework for analysis of such 2D NMR data and we
demonstrate application of this approach to characterizing the
interactions of a chemokine with fragments of a chemokine receptor.

Chemokines are soluble proteins that activate G protein-
coupled receptors in leukocyte membranes, thereby inducing
leukocyte trafficking in both inflammation and normal immune
surveillance.'™"" Most chemokine receptors contain sulfated tyrosine
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residues in their extracellular N-terminal regions, the site of initial
binding by chemokine ligands, and receptor tyrosine sulfation
enhances chemokine binding affinity.'*"> Many chemokines
dimerize weakly, although members of the two major chemokine
families (CC and CXC) have distinct dimer structures.'>!” Although
the monomeric form is sufficient for receptor binding and activation,
the dimeric forms of some CC and CXC chemokines are also able to
bind to the N-terminal regions of their receptors'>'®!%; the dimeric
forms of certain CXC chemokines can even activate their
receptors.’?* Here, we analyze the interactions of sulfated N-
terminal peptides derived from the chemokine receptor CCR2 with
both monomeric and dimeric forms of the chemokine monocyte
chemoattractant protein-1 (MCP-1/CCL2).

Results and Discussion
NMR Observation of Coupled Equilibria

Wild type human MCP-1 has been shown previously to
dimerize with a dissociation equilibrium constant (K,p) in the
low micromolar range."*'® The 2D '"N-'"H NMR spectrum ('°N-
HSQC) of MCP-1 displays peaks corresponding to both
monomeric and dimeric species, indicating that the rate of
exchange between these two forms is slow in comparison to the
minimum frequency difference between corresponding
monomer and dimer peaks, i.e. slower than ~100 s'. Upon
addition of sulfated N-terminal peptides derived from
chemokine receptor CCR2, we observe that both monomer and
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dimer peaks in the ""N-HSQC of MCP-1 shift monotonically
until saturation is reached but they remain as separate
resonances (Figures 1 and S1).
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Figure 1. Binding of MCP-1 to sulfopeptides corresponding to a
fragment of the CCR2 extracellular domain [CCR2 (18-31)]. A
detailed region (Leu-25 NH resonances) of the ’N-HSQC spectrum
is shown for 50 uM MCP-1 alone (red) and in the presence of 20 uM
(cyan), 50 uM (orange) and 150 pM (blue) of CCR2 sulfopeptides:
(a) 1 and (b) 2, whose amino acid sequences are shown at the top
(sY = sulfotyrosine); the sulfopeptides have free N-termini and C-
terminal amide moieties. Sulfopeptide-induced shifts of monomer
(M) and dimer (D) resonances are indicated by arrows.
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Figure 2. Thermodynamic Model of Coupled Equilibria. Ligand
binding by monomeric and dimeric protein (K, and Kpy,
respectively) is coupled to protein dimerization (Kyp, Kypr, and

KMDLZ)'

This indicates that (1) both the monomeric and dimeric
species are binding to the peptide; (2) the rate of exchange between
the free and bound forms of the monomer (or of the dimer) is fast in
comparison to the frequency differences between free and bound
resonances (faster than ~100 s™); and (3) the rate of exchange
between the bound monomer and bound dimer species remains slow
in comparison to the monomer-dimer frequency differences.
However, in addition to undergoing frequency changes in response
to ligand binding, the relative intensities of the monomer and dimer
peaks also change, indicating that ligand binding alters the position
of the monomer-dimer equilibrium. Thus, the spectra contain
independent parameters [change in monomer chemical shift (m);
change in dimer chemical shift (d); and the ratio of monomer to
dimer peak intensity (ryp)] that report on each of the three
equilibrium processes [monomer:peptide binding; dimer:peptide
binding; and monomer-dimer equilibrium, respectively]. In theory,
these three parameters can be used to fully characterize the
thermodynamics of the coupled equilibrium system, including
cooperativity.

Thermodynamic Model of Coupled Equilibria

The simplest thermodynamic model to explain these data is the
set of coupled equilibria shown in Figure 2. This model
contains five equilibrium constants of which only three are
independent (coloured red in Figure 2); the others are
mathematically related to the first three. The equilibrium
between the protein monomer (P) and dimer (P,) is
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characterized by the equilibrium dissociation constant Kjp,

= _[P]2 (1)
MD —
[£]

The monomer can bind to a single molecule of ligand (L) with
equilibrium dissociation constant K, defined as:

P][L
_[PIL] o

[PL]
whereas the dimer is assumed to bind independently to two
molecules of ligand with equilibrium dissociation constant Kp,,
defined as:

ML

_[A]IL]

DL —
[AL]
The two additional equilibrium dissociation constants in the model,
which characterize heterodimerization of free and ligand-bound
monomers (K,;p;) and homodimerization of the ligand-bound

monomer (Kyp;,), are related to the above independent parameters
by the relationships:

_[PIIPL] _ K,,K,,
MDL — -
[PZL] KML

_[PL[L] N
(L]

“4)

and
_[PLY _K,,K;,
Y2UIRL] Ky,

®)

The influence of protein dimerization on ligand binding is
represented by the cooperativity factor, ¢, defined as:
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We aimed to determine each of the equilibrium constants
and the cooperativity in the thermodynamic model from the three
experimental observables described above and the total
concentrations of protein (held constant) and ligand (varied) in a
series of samples. The experimental observables are related to the
concentrations of species in the thermodynamic model by the
following relationships:

[PL]
m = mmax
[P]+[PL] 7

" 2AR1+2[PL1+ 2[R L]

L [P]+[PL]
Y 2[R+ 2[PL1+2[P,L,]

©)

in which m,, and d,,,, represent the maximum changes in monomer
and dimer chemical shifts, respectively, upon ligand binding.
Similarly, the total concentrations of protein (P,) and ligand (L,) used
in the experiment can be expressed as:

[B]1=[P1+[PL]+ 2[R ]+2[AL]+2[FL,] (10)
and

[L,]=[L]+[PLI+[RL]+2[PL,] (1)

It is not possible to express the experimental observables
explicitly in terms of the thermodynamic parameters. However, the
relationships between these parameters can be determined using the
iterative algorithm presented in the Supporting Information (Figure
S2). To illustrate these relationships, we have simulated the
dependence of the experimental observables on ligand concentration
for a constant protein concentration (50 puM) and various
combinations of equilibrium dissociation constants (Fig. 3). As
expected intuitively, variation of the dimerization equilibrium
constant (Kp;p, Fig. 3a) influences the relative intensities of
monomer and dimer peaks (),p) but has no effect on the positions of
the two peaks (expressed as m/mp,, and d/d., respectively).
However, as anticipated for a coupled equilibrium system, variation
of Ky, (Fig. 3b) influences not only the position of the monomer
peak (m/my,) but also the position of the dimer peak (d/dy.) and
the relative peak intensities (ry,p). Similarly, variation of Kp, (Fig.
3c) influences all three observable parameters. Consequently, in
order to determine the values of Kyp, K, and Kp; (and therefore the
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cooperativity factor c¢) it is necessary to globally fit all three
experimental parameters to the thermodynamic model.
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Figure 3. Simulation of NMR Parameters. Values of monomer and
dimer peak positions (m/my,, and d/d,.) and the ratio of peak
intensities (ryp) were simulated for several different values of (a)
Kyp, (b) Ky and (¢) Kpp (2 uM, blue; 5 uM, red; 10 uM, green; and
20 uM, cyan). In each case the other equilibrium constants were set
to 10 pM.

50 150 200 0 50 100 150

[Ld (1M)

Determination of Thermodynamic Parameters from NMR Data

We have used the above thermodynamic model (Fig. 2) to determine
the influence of MCP-1 dimerization on binding to CCR2
sulfopeptides. '"N-HSQC spectra were recorded for samples of 50
uM "*N-labeled MCP-1 alone and in the presence of each of the two
receptor peptides 1 and 2 at concentrations of 10, 20, 35, 50, 80 and
150 uM. Spectra were analyzed to yield average values and
estimated standard errors of m, d and 7,y for the five residues for
which both monomer and dimer resonances were resolved across the
full range of peptide concentrations used (K19, L25, 142, F43 and
C52). Finally, for each peptide the experimental observables were fit
to the coupled thermodynamic model, using computational
optimization and Monte Carlo simulations, to yield optimal values
and standard errors for the independent equilibrium constants and
the cooperativity factor.

The globally fitted data are presented in Fig. 4 and the
resulting equilibrium constants and cooperativity values are listed in
Table 1. Overall there is excellent agreement between the fitted
curves and experimental data points. For comparison, we have also
fit the binding data for the monomer and dimer peaks independently
to a simple 1:1 equilibrium model (Conventional Fits, Table 1 and
Figure S3). Although the simple model is not strictly valid for a
coupled system, this conventional approach yields Kp values in
reasonable agreement with those obtained from the global fitting
approach. However, because the conventional K determinations are
independent for monomer and dimer species, the calculated
cooperativity is relatively poorly defined (14-21% error). In contrast,
for the global fitting approach, there is a strong correlation between
the K,; and Kp; values determined for the many Monte-Carlo
simulations (Fig. 5). Consequently, the cooperativity value (defined
as the ratio of these two equilibrium constants; eqn (6)) is
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determined with substantially higher precision by the global fitting
approach (error values <5%; Fig. 5, Table 1). Importantly, the global
fitting approach clearly shows that cooperativity is higher for
sulfopeptide 2 than for sulfopeptide 1, suggesting that the
interactions of the Tyr-28 sulfate group weaken MCP-1
dimerization.
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Figure 4. Experimental NMR Data Fitted to the Coupled
Thermodynamic Model. Shown are values of monomer and dimer
peak shifts (m and d) and the ratio of peak intensities (7yp)
determined for MCP-1 in the presence of increasing concentrations
of CCR2-derived sulfopeptides (a) 1 and (b) 2. Experimental data
are the averages for the 5 NH groups for which both monomer and
dimer peaks were observable across the full range of peptide
concentrations used. Error bars (representing standard errors) are
plotted but are smaller than the data points in many cases. Solid lines
show the best fits of the experimental data to the coupled
thermodynamic model in Fig. 2.
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Figure 5. Distributions of Equilibrium Binding Constants and
Cooperativity Values. Top panels show the fitted values of K, and
Kp; obtained in each of the 475 best Monte-Carlo simulations for
binding of MCP-1 to (a) 1 and (b) 2. Lower panels show the
corresponding distributions of cooperativity (c) values. Methods for
Monte-Carlo described the Supporting
Information.

simulations are in

Peptide K, (uM) Kpy, (pM) 4
Conventional Fits”
1 27.8+5.4 28.1+2.1 1.01£0.21
2 20.1+1.2 46.1 £6.2 2.29+0.33
Global Fits to Coupled Thermodynamic Model®
1 100+ 1.7 144 £2.5 1.42+£0.04
2 155+33 43.4+£10.5 2.80+0.14

Table 1 Fitted Equilibrium Binding Constants and Cooperativity
Values for Binding of MCP-1 to CCR2-derived Sulfopeptides 1 and
2. “Conventional fits were performed independently for monomer
and dimer data using a simple 1:1 binding model with the
concentration of the monomer or dimer species assumed to be
halfway between the two extreme concentrations deduced from the
peak intensities in Figure 4. *Global fits were performed using the
coupled thermodynamic model in Figure 2.
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It is noteworthy that the cooperativity values observed here
are very low in comparison to classical cooperative binding proteins
or allosteric enzymes. Therefore, while binding of MCP-1 to the
sulfated N-terminus of CCR2 does appear to weakly induce dimer
dissociation, the biological consequences of this thermodynamic
coupling are expected to be very subtle. It remains possible, albeit
speculative, that subsequent interactions of MCP-1 with other
regions of CCR2 further select for the monomeric, active form of the
chemokine ligand.

A possible complicating factor in the method presented
here is that the intensities of monomer and dimer resonances could
be influenced not only by the populations of the two species but also
by differences in their relaxation properties giving rise to differences
in line shapes. This could be particularly significant if one species
were undergoing a chemical exchange process not present in the
or if one species were undergoing
aggregation. Such relaxation effects would not influence ry,p values
determined from peak integrals (rather than peak heights), but, as in
the current application, accurate measurement of peak integrals is
often impractical due to low signal-to-noise ratios or partial overlap

other species selective

of resonances. Line broadening effects could be further investigated
by direct measurement of transverse relaxation rates for monomer
and dimer resonances as a function of ligand concentration; in
theory, it would then be possible to correct the ryp values to
compensate for line broadening.

In the current study, the dimer resonance for Leu-25
appears to be selectively broadened in the final titration point with
sulfopeptide 2 (Fig. 1b), although for other residues both monomer
and dimer resonances were broadened in the final titration point
(Figure S1). These results suggest some sample aggregation may
have occurred towards the end of the titration, possibly influencing

This journal is © The Royal Society of Chemistry 2012



Page 5 of 6

the dimer more than the monomer and therefore contributing to the
poorer fit of ), data for the later titration points of sulfopeptide 2
(Fig. 4). Nevertheless, such line broadening effects are not expected
to influence the peak positions, which are the primary determinants
of binding equilibrium constants (K,; and Kp;) and therefore the
cooperativity values. Thus, the observed line broadening does not
change the overall conclusion that cooperativity is higher for
sulfopeptide 2 than sulfopeptide 1.

Potential Applicability to Other Systems

The method presented herein is theoretically applicable to any
system involving two coupled equilibrium processes in which one
process is fast and the other is slow on the NMR chemical shift time
scale. This might include proteins whose dimerization is coupled to
binding of oligosaccharides, small molecules, or metal ions, as
reported previously.>?” Alternatively the slow process of proline
isomerization within proteins may be coupled to binding of partner
proteins.”*?° For example, Breheny et al. have studied the slow
equilibrium between proline cis and frans isomers within the Src
homology 2 (SH2) domain of interleukin-2 tyrosine kinase (Itk).?
The two isomers have similar populations in the unbound domain
but binding to a phosphotyrosine-containing peptide biases the
equilibrium towards the #rans isomer whereas binding to the Itk SH3
domain biases the equilibrium towards the cis isomer. More broadly,
one can envisage other slow equilibria, such as binding to a slowly-
dissociating ligand, alteration of interdomain contacts or protein
folding, being thermodynamically coupled to fast equilibria, such as
binding to  fast-dissociating  ligands  or
protonation/deprotonation.

side  chain

In addition to the requirement that the two exchange
processes occur with substantially different kinetics, several other
factors may limit the practical application of the approach described
here. First, the total concentration of protein used must be close
enough to the Kj;p value to yield observable populations (at least
~10%) of each species (monomer and dimer). Second, as with most
binding experiments, the total protein concentration must be less
than or similar to both the K,;; and Kp; values, allowing observation
of non-linear chemical shift changes upon addition of ligand.
Finally, the signal-to-noise ratios of all peaks must be high enough,
and the line widths must be narrow enough, to allow quantification
of peak positions and intensities for all species across the full range
of ligand concentrations used. With current NMR technology, this
method is therefore limited to the K,;p, K, and Kp; values in the
micromolar to millimolar range. However, future technological
innovations may allow higher affinity equilibria to also be
investigated using this approach.

Conclusions

In summary, we have presented a general framework for analysis of
2D NMR spectra to evaluate the cooperativity of ligand binding and
protein dimerization in coupled systems. This method is applicable
to any system in which dimerization is slow and ligand binding is
fast on the NMR chemical shift time scale and in which both

This journal is © The Royal Society of Chemistry 2012
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monomer and dimer resonances are resolvable in a practical range of
protein and ligand concentrations. We have applied this approach to
a system in which the thermodynamics are well described by the
simple thermodynamic model presented in Fig. 2. However, the
same strategy could potentially be used for more sophisticated
models involving, for example, higher order oligomers or non-
independent binding sites on oligomeric proteins. The approach
presented here extends the array of NMR-based methods for
characterisation of chemical and binding equilibria.
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