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Abstract: Complexes between Src-homology 3 domains and proline-rich target peptides can have lifetimes
on the order of milliseconds, making them too short-lived for kinetic characterization by conventional methods.
Nuclear magnetic resonance (NMR) dynamics experiments are ideally suited to study such rapid binding
equilibria, and additionally provide information on partly bound intermediate states. We used NMR together
with isothermal titration calorimetry (ITC) to characterize the interaction of the SH3 domain from the Fyn
tyrosine kinase with a 12-residue peptide at temperatures between 10 and 50 °C. NMR data at all
temperatures are consistent with an effectively two-state binding reaction, such that any intermediates are
either very weakly populated or exchange extremely rapidly with the free or bound forms. Dissociation rate
constants, determined by CPMG and ZZ-exchange NMR experiments, range from koff(10 °C) ) 4.5 s-1 to
koff(50 °C) ) 331 s-1. ITC data at all temperatures follow a simple two-state interaction model. Binding is
favored enthalpically, with a dissociation enthalpy, ∆HD(30 °C) ) 15.4 kcal mol-1, and disfavored entropically,
with a dissociation entropy, ∆SD(30 °C) ) 20.0 cal mol-1 K-1. The free protein and peptide have significantly
higher heat capacity than the bound complex, ∆Cp ) 352 cal mol-1 K-1, which is consistent with the largely
hydrophobic character of the binding interface. An Eyring plot of koff values gives an activation enthalpy of
dissociation, ∆HD

‡(30 °C) ) 19.3 kcal mol-1 and exhibits slight curvature consistent with the ITC-derived
value of ∆Cp. The curvature suggests that nonpolar residues of the hydrophobic interface are solvated in
the transition state for dissociation. Association rate constants were calculated as kon ) koff/KD, and range
from kon(10 °C) ) 1.03 × 108 M-1 s-1 to kon(50 °C) ) 2.0 × 108 M-1 s-1, with an apparent activation
enthalpy, ∆HA

‡ ) 3.4 kcal mol-1. Both the magnitudes and temperature dependence of kon values are
consistent with a diffusion-limited association mechanism. The combination of NMR and ITC data sheds
light on how the Fyn tyrosine kinase is activated by binding to proline-rich targets, and represents a powerful
approach for characterizing transient protein/ligand interactions.

Introduction

Living systems depend on tightly regulated networks of
protein/ligand interactions. In many cases, it is necessary that
complexes form rapidly as well as bind tightly.1-3 This raises
a problem analogous to that of protein folding: how do binding
partners rapidly select the correct conformations and relative
orientations for productive interaction from the landscape of
different options? Numerous theoretical, computational, and
experimental studies have addressed this question.4-9 However,
there are still some aspects of the process that are not well
understood. For example, it can be difficult to assess the extent

to which partly bound intermediates are formed during the
association process. As well, most highly studied systems bind
very tightly and dissociate very slowly, with bound lifetimes
on the order of hours or days. Much less is known about weaker
complexes with bound lifetimes on the order of milliseconds.

Nuclear Magnetic Resonance (NMR) spectroscopy is well-
suited to address these issues. It can be applied to weakly bound
systems with very rapid dissociation rates, and it is sensitive to
the presence of binding intermediates. In a typical, non-NMR
binding experiment, the reaction is initiated by the rapid addition
of ligand, and the progress of the reaction is detected in real
time, using a variety of measures including fluorescence,10-12

spectroscopic absorbance,13 surface plasmon resonance,14,15 or
enzymatic activity.16-18 The lifetimes of the free and bound
states must be several-fold longer than the time required to
completely mix the protein and ligand solutions, otherwise the
reaction proceeds nearly to completion before the start of the
measurement period. In contrast, there is no dead-time for NMR
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measurements of binding rates, since the experiment is con-
ducted under equilibrium conditions. Kinetic information is
derived from a quantitative analysis of the magnetization transfer
and spectral broadening produced by the exchange between
bound and free states in a partially ligand-saturated sample.
NMR dynamics analyses can be applied to systems with
dissociation rates of greater than 104 s-1,19 which is above the
above the upper limit of nonequilibrium mixing experiments.
NMR is also able to discriminate between two-state and
multistate binding mechanisms, since each nucleus in the protein
and ligand whose chemical shift changes upon complex forma-
tion represents an independent probe of the binding reaction.
The existence of binding intermediates may be inferred when
data for multiple nuclei are incompatible with a global two-
state mechanism.20 In comparison, a typical nonequilibrium
mixing experiment monitors the binding reaction with a single
observable and a consistency test of this sort is not possible.

NMR line-shape analysis has been used to determine the rates
of reversible chemical reactions for many years,21 and more
recent investigations have produced quantitative models of
protein interactions from NMR relaxation data.20,22-30 In this
study, we used a combination of multidimensional NMR
dynamics experiments and isothermal titration calorimetry (ITC)
to characterize the interaction between the SH3 domain from
the Fyn tyrosine kinase and a 12-residue peptide. SH3 domains
are small (∼60 aa), eukaryotic, protein interaction modules that
participate in a variety of protein signaling networks and bind
to proline-rich sequences in their targets with affinities on the
order of µM.31-35 SH3 domains interact promiscuously with
different peptide sequences, which may be separated into two

classes, based on the relative orientation of the peptide chain
within the binding site. The peptide used in this study (VS-
LARRPLPPLP)36 follows the type I consensus sequence,
+xΦPxΦP, where (+) is a positively charged residue, (P) is
proline, (Φ) is a hydrophobic residue and (x) is any residue.37

The binding interface is predominantly nonpolar, but includes
an acidic patch adjacent to the peptide arginine side chains. The
relatively low affinity of this system suggested that binding
kinetics would be on the millisecond time scale, and therefore
ideal for study by NMR. In fact, we obtained dissociation rate
constants of this order.

In the case of a two-state binding reaction, the kinetics of
exchange follow,

P. {\}
kon[X]

koff

PX (1)

where P and PX correspond to the free and bound protein states,
respectively, koff is the first-order dissociation rate constant,
kon is the second-order association rate constant, and [X] is
the concentration of uncomplexed peptide in solution. We
prepared an NMR sample in which the protein was partially
saturated with peptide and used a combination of ZZ-
exchange38-40 and Carr-Purcell-Meiboom-Gill (CPMG)19

relaxation dispersion NMR experiments to precisely measure
koff and kon[X]. The equilibrium dissociation constant, KD,
of this interaction is much lower than the concentrations of
protein and peptide required for the NMR sample, i.e., [P]total

> [X]total . KD. As a result, the concentration of free peptide,
[X], is on the order of nanomolar, and the concentration of
the bound state is governed only by the total concentration
of peptide, [PX] ≈ [X]total. This has two important conse-
quences. First, because [PX] is nearly independent of KD at
these concentrations, the affinity of the interaction cannot
be determined by NMR titration analysis. Second, because
[X] is vanishingly small, the association rate constants cannot
be extracted directly from experimentally determined kon[X]
values. In order to determine kon values, equilibrium dis-
sociation constants, KD, were measured by ITC, and used
together with NMR-derived koff values to calculate association
rate constants according to the following:

kon )
koff

KD
(2)

ITC requires much lower protein and peptide concentrations
than does NMR, therefore KD values could be accurately
measured by this technique.

The experimental approach used in this study can be applied
to wide variety of other transiently interacting systems. NMR
dynamics techniques are applicable to proteins with molecular
weights in excess of 300 kDa41 and with dissociation rate
constants, koff, between approximately 1 s-1 and 104 s-1.19,40

ITC can be used to determine equilibrium dissociation constants
ranging from below 1 nM 42,43 to above 10 mM.44 For systems
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with KD g 10 µM, NMR titration analyses can also be used to
determine binding affinities,45 however ITC experiments are still
preferable for KDe 100 µM, since they provide a direct measure
of the binding enthalpy.44 The most stringent requirements of
this approach are that (1) the proteins under investigation are
soluble at relatively high concentration (>100 µM) and provide
well-resolved NMR spectra and (2) the proteins and ligands
can be obtained in relatively large amounts: 0.1 to 1 µmoles
for NMR dynamics experiments and 10 to 100 nmoles for ITC
measurements. Note that in the weak-binding regime with KD

> 100 µM, relatively high concentrations of free ligand, [X],
are present in the partly saturated samples used for NMR
dynamics experiments, and in principle kon can be determined
directly from kon[X].

We performed NMR and ITC experiments on the Fyn SH3
domain and 12-residue peptide at temperatures ranging from
10 to 50 °C. The combined data set provided detailed informa-
tion not accessible from either the NMR or ITC measurements
alone. Using NMR, we tested for the existence of well-populated
binding intermediates, extracted dissociation rate constants, and
from their temperature dependence characterized the energy
barrier to dissociation. Using ITC, we extracted the equilibrium
constants, enthalpies and entropies of dissociation, and fitted
their temperature dependences to obtain the difference in heat
capacity between the free and bound states. With the combined
NMR and ITC data set, we calculated association rate constants,
and from their temperature dependence characterized the rate-
determining step of association. In addition, the comparison of
the NMR and ITC results provided an element of cross-
validation between the two techniques: association rate constants
calculated with a combination of NMR and ITC data are
physically reasonable, exhibiting both the magnitude and
temperature dependence typical of a diffusion-limited reaction,
while curvature of the Eyring plot of NMR-derived dissociation
rates matches the ITC-derived heat capacity value. The internal
consistency of the combined data set highlights the potential of
using NMR and calorimetry in concert to quantitate functional
dynamics in proteins.

Experimental Section

Peptide Ligands. A peptide with the sequence Ac-VSLAR-
RPLPPLP-NH2 was synthesized by the Sheldon Biotechnology
Centre (McGill, Montreal), and purified to >98% homogeneity by
reverse-phase HPLC. A MW of 1356.85 Da was confirmed by mass
spectrometry. The peptide powder was dissolved in water and
dialyzed against 20 mM sodium phosphate, 1 mM EDTA, pH 6.0.
The concentration of the dialyzed solution was estimated by amino
acid analysis (The Hospital for Sick Children, Toronto). Samples
were hydrolyzed in 6 M HCl, 1% phenol for 24 h at 110 °C,
derivatized with phenylisothiocyanate to produce phenylthiocar-
bamyl amino acids, and quantified by reverse-phase HPLC. The
errors in amino acid analyses are typically 10%, but can range from
approximately 5% to 50%.46,47

Protein Sample Preparation. The protein samples used in this
studied were produced with a pET11d-based expression plasmid
(Novagen) coding for the SH3 domain (residues 81 to 148) of the
chicken isoform of the Fyn tyrosine kinase fused to an N-terminal
6-histidine affinity purification tag. Proteins for ITC studies were
expressed in freshly transformed E. coli BL21(DE3) bacteria grown
at 37 °C in Luria broth (LB). Expression was induced at an OD600

of 0.8 by adding 200 mg L-1 IPTG (isopropyl �-D-1-thiogalacto-
pyranoside). Cells were harvested by centrifugation 3 h later.
Isotopically labeled proteins were expressed according to the
protocol of Marley et al.48 Bacteria were first cultured in 4 L of
LB to an OD600 of 0.8, then transferred to 1 L of M9 minimal media,
which contained 15NH4Cl and D-glucose as the sole sources of
nitrogen and carbon. In the case of samples used for triple-resonance
assignment experiments, the D-glucose was uniformly 13C labeled.
Expression was induced 1 h after the transfer to M9 media and
cells were harvested by centrifugation after a further 3 h. Protein
purification was performed with a modified protocol based on that
of Maxwell and Davidson.49 Cell pellets were resuspended in a
solution containing 0.1 M NaH2PO4, 0.01 M Tris, 6 M Gdm-Hcl,
and 0.01 M imidazole, at pH 8.0 and rocked for 1 h at room
temperature to achieve lysis. The lysate was centrifuged, and the
supernatant was applied to a Toyopearl AF-Chelate-650 M column
(Tosoh Bioscience). The column was washed extensively with lysis
buffer and the protein was eluted with a solution containing 0.2 M
acetic acid and 6 M Gdm-HCl. The eluate was dialyzed against a
solution containing 150 mM NaCl, 50 mM Tris, 2 mM EDTA,
and 5 mM benzamidine, at pH 7.9, and purified by size-exclusion
chromatography using a Superdex 75 10/300 GL column (GE
HealthSciences). The elution volume of the protein corresponded
to the nominal molecular weight of the desired product, 8.7 kDa.
Sample purity was estimated by SDS-PAGE to be greater than 99%.
Protein concentration was estimated using a theoretical 280 nm
extinction coefficient.50

NMR Spectroscopy. All NMR experiments were performed on
protein samples containing 20 mM sodium phosphate, pH 6.0, 1
mM EDTA, 10 µM DSS (dimethyl-silapentane-sulfonate) 0.02%
sodium azide, and 10% D2O. NMR spectra were recorded on Varian
INOVA spectrometers operating at 800 and 500 MHz proton
Larmor frequencies, (18.8 and 11.7 T), equipped with high-
sensitivity cold-probes. All 2D spectra were processed with shifted
sine-bell weighting functions in the t1 (15N) and t2 (1H) dimensions.
Chemical shifts and peak intensities were fitted using the nlinLS
program of the nmrPipe package.51

Spectral Assignment. All 66 backbone amide resonances, except
those of the 6-histidine tag, were assigned using HNCACB
spectra,52 recorded at 30 °C and 18.8 T for the Fyn SH3 domain
in both the peptide-free (0.34 mM Fyn) and peptide-saturated (0.34
mM Fyn, 0.5 mM peptide) states. 1H-15N HSQC spectra53 of the
free and peptide-saturated Fyn SH3 domain were recorded at 10,
20, 30, 35, 40, 45, and 50 °C. 1H and 15N chemical shifts varied
approximately linearly with temperature such that the assignments
obtained at 30 °C could be propagated to the other temperatures.
Accordingly, the 15N chemical shift difference, ∆δHSQC, between
the free and peptide-saturated resonances of the protein could be
computed for all temperatures.

ZZ-Exchange Experiments. ZZ exchange NMR experiments40

were performed at 10 and 20 °C at a proton Larmor frequency of
800 MHz, with 64 and 833 complex points in the indirect and direct
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dimensions, collecting 32 scans for each indirect point. Mixing
times, Tmix (labeled T in Farrow et al.40) of (0, 0.0214, 0.0482,
0.0856, 0.1445, 0.1927, 0.3425, 0.5352, 0.7707, 1.0490) s and (0,
0.0214, 0.0482, 0.0856, 0.1445, 0.1927, 0.3425, 0.5352, 0.7707) s
were used at 10 and 20 °C, respectively. Data were fit numerically
to an equation that accounts for exchange during the magnetization
transfer steps:

[ Iff Ibf

Ifb Ibb ] ) [ 1 ybf

yfb ybb ] • exp(Tmix[-k′
on -R1

f koff

k′
on -koff -R1

b ]) •
[I 0

f 0

0 I0
b ] (3)

k′
on ) kon[X]) koff

pB

1- pB
(4)

where I0
f and I0

b are the amplitudes of the free and bound signals
immediately before the mixing delay, R1

f and R1
b are the 15N

longitudinal relaxation rates in the free and bound states, ybf and
yfb account for exchange and ybb accounts for differential relaxation
during the magnetization transfer steps that follow the mixing delay.
Iff and Ibb are the experimentally observed intensities of the free
and bound autopeaks, and Ifb and Ibf are the experimentally observed
intensities of the cross-peaks. The matrix exponential was calculated
numerically in MATLAB. The parameters I0

f, I0
b, yfb, ybf, ybb, R1

f,
and R1

b were optimized on a per-residue basis. The values of koff

and pB were optimized twice, once on a per-residue basis, and again
as global parameters for all residues at a given temperature.
Nonlinear fits were performed by minimizing the residual sum of
squares (RSS) between experimental peak intensities and those
back-calculated using eq 3. The RSS for an individual residue is
given by

RSS)∑
Tmix

∑
j)ff,bb,fb,bf

[Ij
calc(Tmix)- Ij

exp(Tmix)]
2 (5)

The experimental uncertainties of koff and pB were estimated using
Monte Carlo (MC) simulations with 830 iterations, according to
eqs 30 and 3 with global exchange parameters. Uncertainties in
peak intensities, σI, were estimated on a per-residue basis using
the RSS from fits with individually optimized koff and pB values,

σI
2 ) RSS

DF
(6)

where DF is the number of degrees of freedom of the per-residue
fit, 31 for data at 10 °C and 27 at 20 °C. Equation 6 corresponds
to the a posteriori estimate of measurement variance,54 assuming
equal uncertainties in all peak intensities for a given residue.

CPMG Measurements. 15N CPMG single-quantum relaxation
dispersion experiments were performed at 20, 30, 35, 40, 45, and
50 °C using a recently published pulse sequence that utilizes proton
decoupling during the CPMG period.55 A compensation element
was applied at the beginning of each scan in order to suppress
artifacts due to νCPMG-dependent changes in cold probe sensitivity.56

CW irradiation was applied to 15N nuclei for a variable time period,
TCW, given by:

(TCW)i )
(νCPMG)max - (νCPMG)i

(νCPMG)max
Trelax (7)

where (νCPMG)max is the largest value of νCPMG employed in a
dispersion series, typically 1000 Hz, and Trelax is the CPMG
relaxation delay. We found that a compensation power level 8 dB

below that of the CPMG pulse train provided excellent artifact
suppression at both fields and all temperatures. Data obtained
without this compensation element show a characteristic upward
slope of roughly 1 × 10-3 s-1 Hz-1. Flat R2 baselines are obtained
when the compensation element is included, as seen in Figure 2.
Data were collected at 500 (800) MHz proton Larmor frequencies
with 64 (80) and 512 (833) complex points in the indirect and direct
dimensions, respectively, averaging 16 scans for each complex
indirect point, with a constant relaxation delay, Trelax, of 40 ms.
Between 12 and 24 unique values of νCPMG covering a range of 25
to 1000 Hz were used at each temperature and static magnetic field
strength, where νCPMG ) 1/(2τCP), and τCP is the delay between
successive refocusing pulses in the CPMG pulse train. The
transverse relaxation rate, R2, was calculated for each νCPMG value
according to the following:

R2(νCPMG))- 1
Trelax

ln{ I(νCPMG)

I0
} (8)

where I(νCPMG) is the peak intensity obtained with a given CPMG
pulse spacing and I0 is the intensity of the peak when the relaxation
delay is omitted, Trelax ) 0. The uncertainty in peak intensity, σI,
was assumed to be constant across a single dispersion profile, i.e.,
the same at all νCPMG values for a single residue, temperature, and
static magnetic field strength. Values of σI were calculated for each
dispersion profile using replicate spectra collected at several
different νCPMG values, according to the definition of the pooled
standard deviation.57 If replicate experiments were performed at
Ndup different νCPMG values, such that nj replicates were obtained
at (νCPMG)j and the intensities of a given peak in these nj spectra
have a standard deviation sj, then the pooled standard deviation in
peak intensity, σI, was calculated as follows:

σI
2 )

∑
j)1

Ndup

sj
2(nj - 1)

∑
j)1

Ndup

(nj - 1)

(9)

The corresponding errors in transverse relaxation rates, σR2,
across the profile are thus,

σR2(νCPMG))
σII0

TrelaxI(νCPMG)
(10)
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Figure 1. ZZ-exchange peak intensity profiles obtained for Gly34 of the
Fyn SH3 domain in a partially ligand-saturated sample at 10 °C (a) and 20
°C (b). Red (upper) and blue (lower) diamonds correspond to bound and
free auto peak intensities. Blue circles and purple triangles correspond to
association and dissociation cross peak intensities. Fitted curves were
calculated using Equation (3) and globally optimized dissociation rate
constants and bound state populations.
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It has been noted that RF inhomogeneity and carrier offset effects
can produce systematic deviations from ideal behavior in experi-
mental dispersion profiles.58,59 The extent of systematic deviations
may be estimated from residues with ∆ω ≈ 0, since these dispersion
profiles should be flat at all temperatures and spectrometer
frequencies. We defined a parameter,

θ)
IRMSD

σI
(11)

where Irmsd is the root-mean-squared-deviation (rmsd) of peak
intensities from their mean value and σI is the estimate of
experimental uncertainty derived from repeat measurements ac-
cording to eq 9. This expression is equivalent to eq 2 of Ishima
and Torchia.58 When ∆ω ≈ 0, peak intensities should be indepen-
dent of νCPMG and the rmsd of peak intensities should match their
experimental uncertainty, such that θ ≈ 1. If significant systematic
errors are present, then σI will underestimate the variation in peak
intensities and θ . 1. We calculated θ for 231 dispersion profiles
at all temperatures for residues where the free and ligand-saturated
HSQC spectra indicate that ∆ω < 0.1 ppm. The mean value of θ
thus obtained is 1.8, and over 75% of θ values are less than 2.
This matches the empirical θ distribution for a CPMG data set that
was reported to be largely free of systematic errors.58 Furthermore,
the experimental values of θ do not depend on peak position. This
implies that systematic offset-dependent errors do not make a large
contribution to our CPMG data sets, and that σI is a suitable estimate
of experimental uncertainty.

CPMG data were fit using software generously provided by Dr.
Korzhnev and Dr. Kay, which generates dispersion profiles numeri-
cally according to the following:60

R2
calc )- 1

Trelax
ln{ MB(2nCPτCP)

MB(0) } (12)

where 2nCP refocusing pulses separated by delays of τCP are applied
during the relaxation period, Trelax ) 2nCPτCP. MF and MB are the
signals arising from the bound and free states, and are calculated
following the modified Bloch-McConnell equations,

[MF(2nCPτCP)
MB(2nCPτCP) ] )

(exp(A1
2

τCP) exp(ÃτCP) exp(A1
2

τCP))nCP[MF(0)
MB(0) ] (13)

where,

A) [-k′
on -R2,F

∞ + i∆ω koff

k′
on -koff -R2,B

∞ ] (14)

Ã) [-k′
on -R2,F

∞ - i∆ω koff

k′
on -koff -R2,B

∞ ] (15)

koff is the dissociation rate constant, k′on is defined in eq 4, ∆ω is
the difference in precession frequency between the free and bound
states, expressed in radians s-1, and R2,F

∞ and R2,B
∞ are the transverse

relaxation rates in the free and bound states in the absence of
conformational exchange. We assumed that both free and bound
forms of the protein experience similar rotational diffusion and
internal motions and therefore have similar transverse relaxation
rates in the absence of exchange. The parameters R2,F

∞ and R2,B
∞ in

eqs 14 and 15 were therefore replaced with a single value, R2
∞. The

parameters koff, pB, ∆ω, and R2
∞ were fit by minimizing the chi-

squared function

�2 ) ∑
νCPMG

(R2
exp(νCPMG)-R2

calc(νCPMG))2

σR2(νCPMG)2
(16)

according to three different local and collective dynamical models
that are described later in the text. Briefly, in Model 1, koff, pB, and
∆ω were fit on an individual residue basis. In Model 2, koff and pB

were fit globally, and ∆ω was fit locally. In Model 3, a single value
of pB was optimized for all temperatures, koff was fit globally, and
∆ω values were taken from HSQC spectra of the free and peptide-
saturated states. Errors in the extracted parameters were estimated

(58) Ishima, R.; Torchia, D. J. Biomol. NMR 2005, 32, 41–54.
(59) Long, D.; Liu, M.; Yang, D. J. Am. Chem. Soc. 2008, 130, 2432–

2433.
(60) Korzhnev, D. M.; Salvatella, X.; Vendruscolo, M.; Di Nardo, A. A.;

Davidson, A. R.; Dobson, C. M.; Kay, L. E. Nature 2004, 430, 586–
590.

Figure 2. 15N CPMG relaxation dispersion profiles obtained at 500 MHz (blue, lower) and 800 MHz (red, upper) proton Larmor frequencies for Leu7 of
the Fyn SH3 domain in a partially ligand-saturated sample at 20, 30, 35, 40, 45, and 50 °C (a)-(f). Best-fit curves were generated using Model 3, as
described in the text, with fixed chemical shift differences and a temperature-independent value of the bound state population.
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from the covariance matrix obtained by inverting the Hessian
matrix. Covariance matrix uncertainties determined by this software
have been shown to closely match those obtained by Monte Carlo
analyses,61 but are far less expensive to compute, therefore they
were used in the following analyses. In Models 1 and 2, under
conditions of fast exchange, values of kex and Φex were calculated
from the extracted values of koff, pB, and ∆ω according to eqs 34
and 35. A residue was selected for analysis at a given temperature
if its data at 18.8 and 11.7 T met the following criteria: (i) the
magnitude of the dispersion, max(R2

exp) - min(R2
exp) is greater than

1.0 s-1; (ii) the value of �2 obtained with Model 1 is less than 4-fold
larger than the number of degrees of freedom (no. of data points
- no. of fitted parameters); (iii) The fit obtained with eq 13 is better
than the fit provided by a horizontal line, at a 99.9% confidence
level. Following these criteria, 19, 32, 25, 20, 20, and 22 residues
were used in the analysis at 20, 30, 35, 40, 45, and 50 °C,
respectively. In Model 3, optimization of the bound state population
was accomplished by repeating fits with ∆ωCPMG set according to
∆δHSQC values, and pB fixed at 0.01 intervals between 0.66 and
0.86. The sum of �2 values over all temperatures shows a parabolic
dependence on pB with a minimum at pB ) 0.74.

Diffusion Measurements. Translational diffusion constants were
measured with a room-temperature probe at 10, 20, and 30 °C and
a proton Larmor frequency of 500 MHz, using a 1D 1H linear-
encode-decode (LED) pulsed-field-gradient (PFG) experiment62 and
samples containing either the protein alone or peptide alone. In
this method, the peak intensities of the protein or peptide depend
on the translational diffusion constant (D), the duration of the
gradient used for encoding and decoding (δ), the time interval
between the start of the encoding and decoding gradients (∆), and
the gradient strength (Gz), according to the following:

I) I0 exp{-(γH · δ ·Gz)
2 · (∆- δ

3) ·D} (17)

where γH is the proton gyromagnetic ratio, and I0 is the peak
intensity in the absence of diffusion. We set δ ) 2 ms, ∆ ) 200
ms, and varied Gz between 1.8 G cm-1 and 37.1 G cm-1 for the
peptide and between 3.7 G cm-1 and 46.4 G cm-1 for the protein.
The diffusion constant was extracted from a regression plot of ln{I}
versus Gz

2. Integration of peak intensities was done in VNMR using
a spline baseline correction.

Isothermal Titration Calorimetry. Titrations of peptide into a
protein solution were carried out at 10, 20, 30, 35, 40, and 50 °C
using a VP-ITC instrument (MicroCal LLC, Northampton, MA).
Both peptide and protein solutions contained 20 mM sodium
phosphate at pH 6.0 and 1 mM EDTA. At 20 to 50 °C, the
concentrations of peptide and protein were ∼0.2 mM and 0.02 mM,
respectively. Experiments were done in triplicate at each temper-
ature and consisted of 56 injections of 5 µL. At 10 °C, the
concentrations of peptide and protein were ∼0.04 mM and 0.004
mM, respectively. Experiments were done in duplicate, and
consisted of 28 injections of 10 µL. Injections at all temperatures
were made at a rate of 0.5 µL s-1 and at intervals of 300 s. The
first injection peak was discarded from the isotherm, as were
injection peaks without a stable baseline. The baseline was generated
automatically by the MicroCal Origin package and corrected
manually. Offsets were adjusted so that the isotherms approached
0 kcal mol-1 at saturating peptide concentrations.

Isotherms were fitted using the One Set of Sites model in the
MicroCal Origin package, minimizing the weighted residual sum
of squared deviations, SSw, between experimental, qexp, and
calculated heats, qcalc,

SSw )∑
i

Wi(qi
exp - qi

calc)2 (18)

The weights, Wi, were initially taken to be 1 for all data points.
These fits yielded the effective number of binding sites per protein
(Nb), equilibrium association constant (KA), and enthalpy of
dissociation (∆HD) together with the error matrix, V̂, whose diagonal
elements are the variances and whose off-diagonal are the co-
variances of the fitted parameters.54 The error matrix was adjusted
using an a posteriori expression for data of unknown precision,54

V̂post )
SSw

DF
V̂ (19)

where DF is the number of degrees of freedom of the fit. The
entropy of dissociation, ∆SD, was calculated as follows:

∆SD )
∆HD

T
-R ln KA (20)

The uncertainty in ∆SD was obtained from V̂post according to the
following:63

σS
2 ) [ ∂∆SD

∂∆HD

∂∆SD

∂KA
]V̂post[ ∂∆SD

∂∆HD

∂∆SD

∂KA
] )

[ 1
T

-R
KA ][ σH

2 FσHσKA

FσHσKA σKA
2 ][ 1

T
-R
KA

] (21)

where σS, σH, and σKA are the standard errors of the dissociation
entropy, enthalpy, and equilibrium association constant, respectively,
and F is the coefficient of correlation between uncertainties in ∆HD

and KA. The equilibrium dissociation constant and the associated
error were calculated as follows:

KD )KA
-1, σKD )

σKA

KA
2

(22)

The default analysis in the MicroCal Origin package assumes
that data are homoscedastic, i.e., all points in the ITC trace are
treated as equally uncertain and are given equal weights, Wi, in eq
18. It has been shown that a variety of factors can lead to
heteroscedasticity in ITC data, and that applying equal weights
during fitting can reduce the precision of the extracted parameters
and lead to unreliable estimates of their uncertainties.64 The variable
uncertainty of ITC data points has subsequently been modeled using
generalized least-squares analyses of experimental results.65 We
used several of these uncertainty models (A, C, and E in Telling-
huisen65) to estimate individual errors for each ITC data point, σq,i,
and we repeated the nonlinear least-squares minimizations with Wi

) (σq,i)-2. The choice of weighting scheme had essentially no effect
on the results of the fitting. The values of the extracted parameters
from variably weighted fits deviated from those of equally weighted
fits by less than 0.2%, while the estimated uncertainties deviated
by less than 0.5%.

The values of ∆HD, ∆SD, and KD used in the subsequent analysis
were calculated as the error-weighted mean values of replicate
measurements, and the experimental uncertainties were computed
accordingly. For a set of N measurements, X1 to XN, with standard
errors, σX,1 to σX,N, the error-weighted mean is given by the
following:

(61) Neudecker, P.; Korzhnev, D. M.; Kay, L. E. J. Biomol. NMR 2006,
34, 129–135.

(62) Altieri, A. S.; Hinton, D. P.; Byrd, R. A J. Am. Chem. Soc. 1995,
117, 7566–7567.

(63) Tellinghuisen, J. J. Phys. Chem. A 2001, 105, 3917–3921.
(64) Tellinghuisen, J. Anal. Biochem. 2003, 321, 79–88.
(65) Tellinghuisen, J. Anal. Biochem. 2005, 343, 106–115.
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Xj )
∑
j)1

N

Xj(σX,j)
-2

∑
j)1

N

(σX,j)
-2

(23)

and the standard error of the mean is as follows:

σXj )
1

�∑
j)1

N

(σX,j)
-2

(24)

Values of ∆HD, ∆SD, and KD obtained at 10, 20, 30, 35, 40, and
50 °C were fit simultaneously to extract the difference in heat
capacity between the free and bound states, ∆Cp, as well as the
enthalpy and entropy of dissociation at a reference temperature of
30 °C, ∆H0 and ∆S0. In a standard analysis of ITC data at a single
temperature, the stoichiometric parameter, Nb, serves as a correction
factor for both ligand and macromolecule concentrations, and is
usually required for good agreement with experimental data.64

When fitting the multiple-temperature ITC data set, we found it
necessary to introduce an additional correction factor for the
concentration of the injected peptide. The requirement for this
additional correction can be understood by considering the depen-
dence of the extracted values of Nb, ∆HD, and KD on the
concentrations of the protein sample and the injected peptide. If
the estimated protein and peptide concentrations differ from the
true values by factors of R and �, then the fitted values of Nb, ∆HD,
and KD differ from the true values by factors of R-1�, �-1, and �,
respectively.64 Therefore, the fitted values of ∆HD and KD are not
affected by errors in the estimated protein concentration, but are
quite sensitive to errors in the estimated concentration of injected
peptide. Errors in peptide (but not protein) concentration result in
systematic deviations between temperature-dependent ∆HD, ∆SD,
and KD values and curves generated using any set of ∆H0, ∆S0,
and ∆Cp. These systematic deviations can be corrected by allowing
the peptide concentration to vary as an adjustable parameter in the
temperature-dependent ∆Cp fits. Because all ITC experiments were
performed with the same stock of dissolved peptide, it was only
necessary to fit a single peptide concentration correction factor, �,
for all temperatures.

The values of ∆H0, ∆S0, ∆Cp, and � were extracted by
minimizing the chi-squared function

�2 )∑
T

(∆HD
calc(T)-∆HD

exp(T))2

σH
2 (T)

+

∑
T

(∆SD
calc(T)-∆SD

exp(T))2

σS
2(T)

+∑
T

(KD
calc(T)-KD

exp(T))2

σK
2 (T)

(25)

where,

∆HD
calc(T)) �-1(∆H0 +∆Cp(T- T0)) (26)

KD
calc(T)) � exp{ -1

RT (∆H0 +∆Cp(T- T0)-

T(∆S0 +∆Cp ln
T
T0

})) (27)

and

∆SD
calc(T))

∆HD
calc(T)

T
+R ln KD

calc(T) (28)

Errors in ∆H0, ∆S 0, ∆Cp, and � were estimated by Monte Carlo
simulations with 12 136 iterations, where the uncertainty in each
∆HD, ∆SD, and KD point was obtained from eq 24. The extracted
value of � ) 0.85 ( 0.02 indicates that the peptide concentration
determined by amino acid analysis underestimated the true con-

centration by approximately 15%. Under ideal conditions, the
uncertainty in amino acid analysis is less than 5%.47 However, in
practice, errors in amino acid analyses performed at core laboratories
are typically 10% to 15%,46 which agrees well with the value of �
we obtain. The �2 obtained with � ) 1, i.e., no peptide concentration
adjustment, is about 6.7-fold greater than that with � ) 0.85. Note
that experimental, i.e., uncorrected, thermodynamic parameters are
listed in Table 1 and plotted in Figure 5. The true values of ∆HD

and KD are related to the experimental values by factors of � and
�-1, respectively. A corrected value of the equilibrium dissociation
constant, KD

corr, was used to calculate the association rate constant
according to the following:

kon )
koff

KD
corr

)
koff

�-1KD

(29)

where KD is the experimental equilibrium dissociation constant.
Monte Carlo Error Analysis. Monte Carlo (MC) error analyses

were performed by repeating minimization calculations on MC data
sets generated according to the following:

Xj
MC )Xj

exp + σjε (30)

where Xj is the jth experimental datum with experimental uncertainty
σj and ε is drawn randomly from a normal distribution with a mean
of zero and standard deviation of one. Errors in ∆HA

‡, ∆H‡
D, rh,

and ZZ-exchange-derived kinetic parameters were obtained with
this method. In the case of ITC data, uncertainties in KA and ∆HD

are correlated according to the covariance matrix, V̂post. This was
taken in to account by generating MC data sets according to the
following:66

[∆HD
MC

KA
MC ] ) [∆HD

exp

KA
exp ] + L̂[ε

δ ] (31)

where ε and δ are drawn randomly from normal distributions with
means of zero and standard deviations of one, L̂ is the lower-
triangular matrix determined by Cholesky decomposition satisfying:

V̂post ) L̂L̂T (32)

and L̂ T is the transpose of L̂. Errors in �, ∆H0, ∆S0, and ∆Cp were
calculated by applying eqs 20-28 to KA

MC and ∆HD
MC MC data

sets.

Results and Discussion

Temperature Dependence of NMR Spectra. We employed a
single NMR sample of 15N-enriched Fyn SH3 domain that was
partially saturated with a target peptide (VSLARRPLPPLP)36

for the binding kinetic experiments. As discussed elsewhere,
the molar ratio of protein to ligand affects the overall kinetics
of exchange, due to the concentration dependence of the pseudo
first-order association rate, kon[X].67 It was difficult to directly
monitor the protein:peptide ratio, since the peptide lacks a
fluorophore. Amino acid analysis was used to estimate the initial
concentrations of peptide stock solutions; however, some loss
of material is expected during subsequent handling steps.
Therefore, in the fits below, the population of the bound state
was allowed to vary as an adjustable parameter. Values
determined by ZZ-exchange and CPMG methods were reason-
ably similar, 55% and 74%, respectively, therefore we conclude
that the ratio of protein:peptide concentrations in the sample
was close to 3:2. At low temperatures (10 and 20 °C), exchange
was slow enough for separate bound and free protein peaks to
be observed in 1H-15N correlation spectra. At higher temper-

(66) Amsler, C.; et al. Phys. Lett. B 2008, 667, 1–8.
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atures, the kinetics of exchange were more rapid. Amide
resonances with large chemical shift differences (>100 Hz)
between the bound and free states were broadened beyond
detection, while resonances with smaller chemical shift differ-
ences coalesced into single peaks.

ZZ Magnetization Exchange Experiments. At 10 and 20 °C,
separate peaks for the free and bound forms of the Fyn SH3
domain could be observed and ZZ-magnetization exchange
experiments were used to measure the kinetics of binding.40

These are essentially inverse-detection 1H-15N correlation
experiments, with an adjustable delay of duration Tmix inserted
between the 15N chemical shift encoding period and the direct
acquisition of the 1H signal, during which the signal of interest
is stored as longitudinal 15N magnetization. Any free protein
that binds peptide during Tmix gives rise to a cross-peak at the
15N chemical shift of the free form and the 1H chemical shift of
the bound form, and vice-versa. Each amide group in the protein
can therefore produce four peaks in this experiment: two
autopeaks corresponding to the free and bound forms, and two
cross-peaks that are produced by peptide binding and release.
The intensities of autopeaks and cross-peaks vary as a function
of the mixing time Tmix and depend on the dissociation rate,
koff, the fractional population of the bound state, pB,

pB )
kon[X]

koff + kon[X]
(33)

and the 15N longitudinal relaxation rates. We restricted our
analysis to residues for which both auto- and both cross-peaks
are clearly resolved, which comprised seven residues at 10 °C
and twelve residues at 20 °C.

In order to extract dynamical parameters, ZZ exchange data
are usually fit to analytical equations that neglect exchange
during magnetization transfer steps.19,40 This is a reasonable
assumption for slowly exchanging systems, however in this case,
the binding kinetics are rapid such that significant exchange
occurs during the magnetization transfer steps. This is particu-
larly evident in the appearance of cross-peaks with the delay
period, Tmix, set to zero. Therefore, we fit the data numerically
as described in the Experimental Section, extracting values of
pB and koff for each residue on an individual basis. The data for
all residues were then fit together, using global values of pB

and koff. The group fitting increased the residual sum of squares
by factors of only 1.08 (10 °C) and 1.20 (20 °C), compared to
the individual fits, and excellent agreement between the
experimental and back-calculated intensities was obtained, as

shown in Figure 1. Dissociation rate constants extracted from
the group fits are listed in Table 1.

CPMG Experiments. Backbone 15N CPMG relaxation disper-
sion experiments55 were used to quantify the kinetics of Fyn
SH3 domain binding at 20, 30, 35, 40, 45, and 50 °C. These
experiments suppress the contributions of millisecond time scale
chemical shift fluctuations to 15N transverse relaxation rates,
R2, using trains of 180° refocusing pulses.19 Assuming that the
chemical shift fluctuations are due to association and dissociation
events following eq 1, R2 will vary according to the delay
between refocusing pulses (τcp) in a manner that depends on
pB, koff, and the difference in precession frequency between the
free and bound states, ∆ω. Analytical expressions have been
derived for fitting relaxation dispersion profiles of R2 versus
νCPMG ) 1/(2τcp) in various kinetic regimes.68-70 The time scale
of exchange is typically described using the parameter kex,

kex ) (koff + kon[X]))
koff

1- pB
(34)

Under intermediate exchange conditions, where kex e ∆ω,
values of koff, pB, and ∆ω may be extracted directly from the
fits of relaxation dispersion profiles. Under fast exchange
conditions, where kex > ∆ω, the values of pB and ∆ω become
codependent and cannot be extracted separately from the fits.19

Instead, the parameters kex and Φex are obtained, where,

Φex ) pB(1 -pB)∆ω2 (35)

We fit the CPMG data by solving modified Bloch-McConnell
equations numerically as described in the Experimental Section,
using three models of increasing restriction.

For Model 1, each residue was fit independently at each
temperature, yielding residue-specific values of pB, koff, and ∆ω
in the case of intermediate exchange, and residue-specific values
of kex and Φex in the case of fast exchange. This model does
not correspond to a global two-state binding process since
exchange at each residue is treated independently. The estimates
of the exchange parameters obtained using Model 1 are of low
precision, since the fits are highly unrestrained. We used the
residual chi-squared values obtained from Model 1 as a
benchmark for the goodness of fit provided by subsequent
models and did not further interpret the other parameters.

For Model 2, data at each temperature were analyzed
assuming a global two-state process, which increases the

(67) Sugase, K.; Lansing, J. C.; Dyson, H. J.; Wright, P. E. J. Am. Chem.
Soc. 2007, 129, 13406–13407.

(68) Luz, Z.; Meiboom, S. J. Chem. Phys. 1963, 39, 366.
(69) Carver, J. P.; Richards, R. E. J. Magn. Reson. 1972, 6, 89–105.
(70) Tollinger, M.; Skrynnikov, N. R.; Mulder, F. A.; Forman-Kay, J. D.;

Kay, L. E. J. Am. Chem. Soc. 2001, 123, 11341–11352.

Table 1. Summary of Thermodynamic and Kinetic Parameters for the Fyn SH3 Domain/Peptide Interaction

T (°C) KD (nM)a
∆HD

(kcal mol-1)b
∆SD

(cal mol-1 K-1)c koff (s-1)d
kon

(× 108 M-1 s-1)e
Dprotein

( × 10-6 cm2 s-1)f
Dpeptide

(× 10-6 cm2 s-1)g

10 37.5 ( 0.2 11.2 ( 0.4 5 ( 1 4.5 ( 0.2 1.03 ( 0.05 1.55 ( 0.03 0.78 ( 0.03
20 81 ( 16 13.8 ( 0.7 14 ( 3 11.7 ( 0.8 1.2 ( 0.3 2.1 ( 0.1 1.08 ( 0.02
30 161 ( 8 19.6 ( 0.7 34 ( 2 27.5 ( 0.6 1.44 ( 0.08 2.84 ( 0.05 1.46 ( 0.03
35 272 ( 19 21.8 ( 0.5 41 ( 2 62 ( 2 1.9 ( 0.1
40 442 ( 28 23 ( 1 44 ( 4 117 ( 3 2.2 ( 0.2
45 175 ( 2
50 1388 ( 196 27 ( 1 56 ( 4 331 ( 5 2.0 ( 0.3

a Equilibrium dissociation constant determined by ITC. b Molar enthalpy change upon dissociation determined by ITC. c Molar entropy change upon
dissociation determined by ITC. d Dissociation rate constant determined by NMR. Value at 20 °C is the error-weighted average of CPMG- and
ZZ-exchange-derived values. e Association rate constant determined by NMR and ITC according to eq 29. f Translational diffusion constant of the Fyn
SH3 domain determined by NMR. g Translational diffusion constant of the 12 residue peptide determined by NMR.
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precision of the extracted parameters. For example, the uncer-
tainties in global values of kex obtained with Model 2 are reduced
by factors of 5 to 10 compared to those of Model 1. Such
collective models have been successfully used to analyze CPMG
data for a variety of different systems.20,60,71 At 20 and 30 °C,
exchange was in the intermediate regime for all residues; global
values of pB and koff were extracted from the fits at each
temperature, and ∆ω values were obtained on a per-residue
basis. At 35, 40, 45, and 50 °C, exchange shifted toward the
fast regime due to the increase of the dissociation rate with
increasing temperature. The exchange rate, kex, was fit globally
at each temperature, and values of Φex were obtained on a per-
residue basis. As discussed below, the good agreement of the
extracted Φex and ∆ω values with HSQC-derived chemical
shifts, as well as the similar magnitudes of residual chi-squared
parameters obtained with Models 1 and 2 suggest that a
mechanism of concerted two-state exchange between the free
and bound states is sufficient to account for the CPMG data.

For Model 3, additional constraints were imposed on the
exchange equations in order to fit dissociation rate constants,
koff, with the highest possible level of precision. The values of
∆ω were held fixed according to the differences in 15N chemical
shift between the free and peptide-saturated protein HSQC
spectra. In addition, the population of the bound state, pB, was
constrained to be equal at all temperatures. This assumption is
justified since the same sample was used in all cases, and the
concentration of free protein, [P], was more than 100-fold greater
than the equilibrium dissociation constant, KD. Under these
conditions, almost all of the peptide is bound, [PX] ≈ [X]total,
and pB is determined solely by the peptide:protein molar ratio,
which is temperature-independent,

pB )
[PX]
[P]total

≈
[X]total

[P]total
(36)

Since the molar ratio is difficult to determine precisely by
external measurements, we optimized this parameter using
CPMG data and arrived at 0.74, as described in the Experimental
Section. The residual �2 values obtained with Model 3 are about
twice as large as those obtained from Models 1 and 2. This
increase is not due to the constrained value of pB, since allowing
it to vary independently for each temperature while keeping
the values of ∆ω fixed does not significantly reduce the residual
�2. The difference in �2 between Models 2 and 3 is therefore
due to the fixed values of ∆ω. This is not surprising, since the
agreement of CPMG- and HSQC-derived chemical shift dif-
ferences is close, but not exact, due to uncertainties in both
data sets. These discrepancies produce contributions to the
residual �2 of Model 3 that are not present in those of Models
1 and 2. However, fixing ∆ω values provides an advantage that
outweighs this increase in �2. It resolves the codependence of
∆ω and pB values for residues in the fast exchange regime, so
that these data can be included in the global pB optimization,
and it allows koff to be extracted directly from fits involving
these residues. Despite the increase in �2, the agreement between
experimental CPMG data and those back-calculated using Model
3 remains excellent, as shown in Figure 2. In addition, the value
of koff obtained at 20 °C using Model 3 (11.2 ( 0.4 s-1) closely
matches the ZZ-exchange-derived value (12.8 ( 0.5 s-1).

Two-State versus Multi-State Kinetics. We tested the ap-
plicability of a two-state exchange model to the binding reaction

in a number of different ways. First, we investigated the presence
of pre-existing conformational equilibria in the SH3 domain by
performing CPMG experiments on the free protein at 30 and
50 °C. These measurements produced flat dispersion profiles
for all residues, implying that 15N chemical shifts do not
experience significant fluctuations on the millisecond time scale
in the absence of peptide. Therefore, any alternative conforma-
tions of the free protein are either present at low populations
(<0.5%), exchange extremely rapidly (>104 s-1), or have
identical 15N chemical shifts to the major conformer. We
repeated these experiments at the same temperatures for a protein
sample saturated with peptide at a 1:1.5 protein:peptide molar
ratio, to test for the existence of partly bound states in exchange
with the fully bound complex. The dispersion profiles were flat
in this case as well, implying that millisecond time scale
fluctuations of 15N chemical shifts are absent in the complex.
Thus, any partly bound states are either present at low
populations (<0.5%), exchange with the bound complex
extremely rapidly (>104 s-1), or have identical 15N chemical
shifts to the bound complex. A further piece of evidence that
binding is effectively two-state is obtained from an inspection
of the 2-dimensional 1H-15N NMR correlation spectra them-
selves. In all CPMG and ZZ-exchange spectra, as well as in a
peptide titration performed at 30 °C, the only observable signals
correspond to the free, bound, and exchange peaks at low
temperatures, or coalesced peaks at high temperatures. We did
not detect any additional peaks corresponding to binding
intermediates, as has been observed for the interaction of an
SH2 domain with phosphotyrosine-containing peptides.28,29

ZZ-exchange and CPMG data at all temperatures are consistent
with a two-state binding model. The agreement of experimental
peak intensities (Figure 1) and transverse relaxation rates R2 (Figure
2) with those back-calculated using global two-state exchange
models is excellent. For ZZ-exchange data, the total residual sum
of squares obtained using global exchange parameters is only 1.14-
fold greater than that obtained with per-residue exchange param-
eters. For CPMG data, residual �2 values obtained using the global
exchange parameters of Model 2 are only 1.10-fold greater than
those obtained with the per-residue exchange parameters of Model
1. In contrast, there are several examples of more complex systems
that exchange among three or more states and produce NMR
CPMG data that do not agree well with global two-state
models.20,30,60 A final test of whether the NMR data are consistent
with a two-state binding is whether the chemical shift-dependent
parameters, ∆ω and Φex, extracted from the CPMG fits using
Model 2, agree with the absolute differences in 15N chemical shift
extracted from HSQC spectra of the free and peptide-saturated
protein, |∆δHSQC|. If the peak broadening observed in the partially
bound sample is due entirely to exchange between the free and
bound states, then a plot of CPMG- versus HSQC-derived chemical
shift differences should be linear with a slope of 1. Such a plot is
shown in Figure 3a for CPMG data obtained at 20 and 30 °C, and
exhibits the good agreement expected for a two-state binding
reaction. At 35, 40, 45, and 50 °C, the kinetics of the system enter
the fast exchange regime, precluding the direct extraction of ∆ω
values. As discussed above, CPMG fits using Model 2 at these
temperatures instead yield Φex ) pB(1 - pB)∆ω2. Again, if peak
broadening is due to two-state exchange between free and bound
states, then a plot of �Φex versus ∆δHSQC should be linear with a
slope of ( pB (1 - pB))1/2, as is observed in Figure 3b. Notably,
plots of the data obtained at temperatures from 35 to 50 °C coincide
and are therefore consistent with the same value of pB. Taken
together, these observations indicate that binding of the Fyn SH3

(71) Mulder, F. A. A.; Mittermaier, A.; Hon, B.; Dahlquist, F. W.; Kay,
L. E. Nat. Struct. Biol. 2001, 8, 932–935.
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domain to the peptide used in this study is effectively two-state in
the sense that any binding intermediates are either weakly populated
or in very rapid exchange with the free or bound states.

PFG Translational Diffusion Measurements. The translational
diffusion coefficients of the protein and peptide were determined
using 1D 1H linear-encode-decode pulsed-field-gradient (LED-
PFG) NMR experiments62 at 10, 20, and 30 °C. In this method,
transverse magnetization is encoded with a spatially dependent
phase by a pulsed-field gradient. The signal is stored as
longitudinal magnetization for a constant diffusion delay, and
the phase is then decoded in a spatially dependent manner by
a second pulsed-field gradient. Large gradient strengths, diffu-
sion constants, and relaxation delays lead to large attenuation
of the signal. The value of the diffusion constant can be extracted
from the dependence of peak intensities on the strength of the
gradients. We have plotted the translational diffusion constants
thus obtained for protein and peptide as a function of T/η in
Figure 4, where η is the solvent viscosity. If the molecules obey
the Stokes-Einstein diffusion equation,

D)
kBT

6πrHη
(37)

the graph is linear with a slope equal to kB/(6πrH), where kB is
Boltzmann’s constant and rH is the hydrodynamic radius. Data
for both protein and peptide closely follow straight lines with
correlation coefficients of greater than 0.99. The corresponding
values of the hydrodynamic radii of the protein, rH ) 17.4 (
0.4Å, and peptide, rH ) 9.2 ( 0.1Å agree well with the expected

values for a 75-residue globular protein and a 12-residue
unstructured peptide.72 These results indicate that both protein
and peptide are monodisperse in solution. Significant levels of
self-association would result in translational diffusion rates that
are lower than those predicted for the monomeric components.62

The good agreement of experimental diffusion rates with the
Stokes-Einstein eq 37 also suggests that the frequency of
random collisions between the protein and peptide should
approach the Smoluchowski limit,6,73 and be proportional to
T/η, as discussed below.

Isothermal Titration Calorimetry. The thermodynamics of
peptide binding to the Fyn SH3 domain were characterized by
ITC at 10, 20, 30, 35, 40, and 50 °C. Multiple injections of a
peptide solution were made into a sample of the Fyn SH3
domain, and an exothermic binding reaction was observed at
all temperatures, as illustrated in Figure 5a. Good agreement
was obtained by fitting the experimental isotherms to a simple
two-state binding model, yielding the equilibrium dissociation
constant, KD, the enthalpy, ∆HD, and entropy, ∆SD, of dissocia-
tion at each temperature, as shown in Figure 5b. The temperature
dependences of these parameters are governed by the difference
in heat capacity between the free and bound states, ∆Cp,
according to the following:

∆HD )∆H0 +∆Cp(T- T0) (38)

∆SD )∆S0 +∆Cp ln{ T
T0

} (39)

and

KD ) exp{ -∆HD + T∆SD

RT } (40)

where R is the molar gas constant, and ∆H0 and ∆S0 are the
enthalpy and entropy of dissociation at a reference temperature,
T0. Plots of ∆HD versus T and ∆SD versus ln{T} are both linear
with slopes of ∆Cp, while a van’t Hoff plot of ln{KD} versus
T-1 has curvature determined by ∆Cp. The data set of ∆HD,
∆SD, and KD values measured at 6 temperatures can be fit
simultaneously to extract ∆H0, ∆S0, and ∆Cp. We found that
in order to obtain good agreement between experimental and
back-calculated thermodynamic parameters, it was necessary
to also allow the concentration of injected peptide to vary as
an adjustable parameter in the fits, as described in the
Experimental Section. Since the same peptide stock solution
was used for all ITC measurements, this introduced only a single
additional parameter to fits of the complete ITC data set. With
a 15% adjustment in the peptide concentration, excellent
agreement was obtained between the ITC data at all temperatures
and back-calculated values, as shown in Figure 5 c-e. Taking
the 30 °C as the reference temperature, we found ∆H0 ) 15.4
( 0.3 kcal mol-1, ∆S0 ) 20 ( 1 cal mol-1 K-1, and ∆Cp )
352 ( 9 cal mol-1 K-1. These values are quite similar to those
found in ITC studies of the Sem-5,74 Abl,75 and R-spectrin76

SH3 domains. The large positive value of ∆Cp is consistent with
the hydrophobic nature of the binding interface, which includes
the peptide residues Pro7, Leu8, Pro9, Pro10, Leu11, and Pro12
adjacent to a hydrophobic patch on the SH3 domain surface
composed of Tyr8, Tyr10, Trp36, Pro51, and Tyr54. Positive

(72) Wilkins, D. K.; Grimshaw, S. B.; Receveur, V.; Dobson, C. M.; Jones,
J. A.; Smith, L. J. Biochemistry 1999, 38, 16424–16431.

(73) Smoluchowski, M. Z. Phys. Chem. 1917, 92, 129–168.
(74) Ferreon, J. C.; Hilser, V. J. Biochemistry 2004, 43, 7787–7797.
(75) Palencia, A.; Cobos, E. S.; Mateo, P. L; Martinez, J. C.; Luque, I. J.

Mol. Biol. 2004, 336, 527–537.
(76) Casares, S.; AB, E.; Eshuis, H.; Lopez-Mayorga, O.; van Nuland,

N. A. J.; Conejero-Lara, F. BMC Struct. Biol 2007, 7, 22–40.

Figure 3. Chemical shift differences, ∆ωCPMG, extracted from fits of 15N
CPMG data at 20 and 30 °C plotted as a function of the absolute difference
in 15N chemical shift, |∆δHSQC|, between the free and ligand-saturated forms
of the Fyn SH3 domain (a). The line in (a) passes through the origin with
a slope of 1. Plot of �Φex ) (pB (1 - pB))1/2 ∆ω values extracted from fits
of 15N CPMG data at 35, 40, 45, and 50 °C versus absolute chemical shift
differences, |∆δHSQC| (b). The line in (b) passes through the origin with a
least-squares optimized slope.

Figure 4. Translational diffusion constants, D, for the Fyn SH3 domain
(circles) and VSLARRPLPPLP peptide (triangles) determined by NMR
plotted as a function of temperature/viscosity.
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values of ∆Cp in protein folding and binding are usually
associated with the solvation of nonpolar groups.77 Dissociation
of the peptide likely results in an increase in the solvent exposure
of hydrophobic residues of both the protein and peptide and a
concomitant increase in heat capacity.

Association and Dissociation Rate Constants. Protein as-
sociationcanbedescribedusingthefollowingkineticscheme6,78-82

P+X. {\}
k1

k-1

P : X+X. {\}
k2

k2

PX (41)

where PX refers to the bound state and P:X refers to the
transient encounter complex, which may be thought of as an
ensemble of molecular arrangements present at the end-point
of translational diffusion.83 The free energy of the encounter
complex is large compared to that of the bound state, so that
binding according to this model can still be considered two-
state, with only the bound and/or free states having significant
populations. The second-order rate constant k1 describes the
frequency with which the two binding surfaces are brought
into favorable contact through random collisions, resulting
in formation of an encounter complex. Dissociation of the
encounter complex occurs with a rate constant k-1, while
rearrangement of the encounter complex into the bound state
occurs with a rate constant k2. Under steady-state conditions,

the association and dissociation rates are given by the
following:

kon )
k1k2

k-1 + k2
(42)

koff )
k-2k-1

k-1 + k2
(43)

In the diffusion limit, where the rearrangement step is much
faster than the dissociation of the encounter complex, k2 . k-1,
the macroscopic dissociation rate is determined by the stability
and dissociation rate of the encounter complex, koff ) k-2/k2

k-1, while the association rate depends simply on the frequency
of productive collisions, kon ) k1. Values of k1 can vary from
over 109 M-1 s-1, for electrostatically assisted binding reac-
tions78 to a lower limit of about 105 M-1 s-1, which is largely
determined by the geometric specificity of the encounter
complex.84-86 The productive collision frequency, k1, is pro-
portional to the sum of the translational diffusion constants of
the protein and ligand.6 Therefore, in the diffusion limit, the
temperature dependence of kon is governed by T/η, according
to eq 37, and the activation enthalpy of association is close to
the characteristic value for a diffusion-limited reaction in water,
approximately 4.5 kcal mol-1.87 Although electrostatic enhance-
ment of binding could potentially influence the temperature
dependence of kon, this effect does not appear to be large, since
diffusion-limited protein association rates show apparent activa-

(77) Prabhu, N.; Sharp, K. Annu. ReV. Phys. Chem. 2005, 56, 521–548.
(78) Alsallaq, R.; Zhou, H. X. Prot. Struct. Funct. Bioinf. 2008, 71, 320–

335.
(79) Selzer, T.; Schreiber, G. J. Mol. Biol. 1999, 287, 409–419.
(80) Vijayakumar, M.; Wong, K. Y.; Schreiber, G.; Fersht, A. R.; Szabo,

A.; Zhou, H. X. J. Mol. Biol. 1998, 278, 1015–1024.
(81) Berg, O. G Biophys. J. 1985, 47, 1–14.
(82) Solc, K.; Stockmayer, W Int. J. Chem. Kinet. 1973, 5, 733–752.
(83) Gabdoulline, R. R.; Wade, R. C. J. Mol. Recognit. 1999, 12, 226–

234.

(84) Northrup, S. H.; Erickson, H. P. Proc. Natl. Acad. Sci. U.S.A. 1992,
89, 3338–3342.

(85) Zhou, H. X Biophys. J. 1997, 73, 2441–2445.
(86) Schlosshauer, M.; Baker, D. Protein Sci. 2004, 13, 1660–1669.
(87) Pilling, M.; Seakins, P. Reaction Kinetics; Oxford University Press:

Oxford, 1995.

Figure 5. Baseline-subtracted raw ITC data for injections of VSLARRPLPPLP peptide into a solution of the Fyn SH3 domain at 40 °C (a). Fits of ITC data
to a simple two-state binding model (b). Enthalpies of dissociation plotted as a function of reaction temperature (c). Entropies of dissociation plotted as a
function of ln{T} (d). van’t Hoff plot of equilibrium dissociation constants (e). Lines and curve in (c)-(e) were generated with eqs 26-28 using optimized
values of ∆H0, ∆S0, ∆Cp, and �.
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tion enthalpies of 4 to 10 kcal mol-1, in agreement with the
Stokes-Einstein relationship,88-90 even when electrostatics are
known to play a large role, as for barnase and barstar.8 Thus,
diffusion-limited binding reactions are characterized by associa-
tion rate constants greater than 105 M-1 s-1, and apparent
activation enthalpies of about 4.5 kcal mol-1.91

Second-order association rate constants, kon, were calculated from
the NMR-derived dissociation rate constants, koff, and corrected
equilibrium dissociation constants, KD, following eq 29. Values of
kon do not vary significantly with temperature, and range from 1.03
× 108 M-1 s-1 at 10 °C to 2.0 × 108 M-1 s-1 at 50 °C, implying
that association does not involve a large enthalpic barrier. The
association rates are similar to those of other protein-ligand
complexes whose association is believed to be diffusion-limited.4

An Eyring plot of ln{kon/T} versus T-1, shown in Figure 6a, has a
slope of -∆HA

‡/R, where ∆HA
‡ is the activation enthalpy of

association. The level of agreement between the experimental points
and the linear fit is quite encouraging, considering that the values
of kon vary by only a factor of 2 over the entire temperature range,
and that they are obtained from a combination of ZZ-exchange
and CPMG NMR kinetic experiments and ITC equilibrium
measurements. The activation enthalpy of association, ∆HA

‡ ) 3.4
( 0.5 kcal mol-1, obtained from the slope of the plot is close to
the expected value for a diffusion-limited binding reaction. This
suggests that peptide binding by the Fyn SH3 domain is in the
diffusion-limited regime, i.e., that the folding and docking of the
peptide and the rearrangement of the binding site occur rapidly
compared to the dissociation of the encounter complex.

NMR-derived first-order dissociation rate constants, koff,
show a strong temperature dependence, varying from 4.5 s-1

at 10 °C to 331 s-1 at 50 °C, implying that dissociation
involves a significant enthalpic barrier. The kinetics in this
system are much more rapid than those of other protein/ligand
interactions for which the binding mechanism has been
studied in detail. For example, the average survival time of
the SH3 domain/peptide complex is just 3 ms at 50 °C. This
is about 7 orders of magnitude shorter than that of the well-
characterized complex between barnase and its inhibitor
barstar, which survives 35 h on average before dissociation.10

The Eyring plot of dissociation rates, shown in Figure 6b,
exhibits similar curvature to that of the van′t Hoff plot in
Figure 5e. A model to explain this curvature can be derived
in terms of the reaction scheme given in eq 41. Assuming

that k2 . k-1 and that k-1 follows Eyring kinetics,92 the
dissociation rate is given by the following:

koff )
kBT

h
exp{ -∆G‡

RT } (44)

where ∆G‡ ) GTS - GPX, GPX is the free energy of the bound
state, and GTS is the free energy of the transition state separating
the encounter complex (P:X) and the free state (P + X). Curvature
of the koff Eyring plot is consistent with a hydrophobic protein/
peptide interface that is solvated at the rate-limiting step of
dissociation, such that the heat capacity of the transition state, Cp

TS,
is greater than that of the bound state Cp

PX. As mentioned
previously, large changes in heat capacity are usually thought to
accompany changes in molecular solvation.77 We tested whether
the curvature of the Eyring plot matches the ITC-derived value of
∆Cp (352 cal mol-1 K-1) by fitting eqs 38, 39, and 44 to the
experimental koff values, replacing ∆HD, ∆SD, and ∆Cp with ∆HD

‡

) HTS - HPX, ∆SD
‡ ) STS - SPX, and ∆Cp

‡ ) Cp
TS - Cp

PX, and
fixing ∆Cp

‡ ) 352 cal mol-1 K-1. The curved fit with ∆Cp
‡ )

352 cal mol-1 K-1 provides better agreement with the experimental
data than a linear fit with ∆Cp

‡ ) 0, and the residual chi-squared
is lower by a factor of about 2.6. This suggests that the hydrophobic
portion of the protein/peptide interface is largely disrupted, and
the nonpolar groups it contains are hydrated during the rate-
determining step of dissociation. In other words, resolvation of the
hydrophobic interface is a relatively early event in the dissociation
process. Interestingly, this has also been observed for the dissocia-
tion pathway of barnase and barstar,88 even though koff values for
this system are about 7 orders of magnitude smaller than the ones
obtained here.

The results presented here largely agree with recent computer
simulations of the binding reaction between the N-terminal SH3
domain from the Crk adaptor protein and a proline-rich peptide.93

The calculations were initiated from the unbound state with at least
13 Å separation between the protein and peptide. Six out of thirteen
simulations resulted in the formation of tight, stereospecific
complexes. The strong tendency of the protein and peptide to
proceed to the bound state even with large initial separations is
consistent with our observation of a highly solvated transition state.
In addition, these simulations found the peptide binding mechanism
to consist of two distinct stages, analogous to eq 41. The first step
involved the rapid formation of an electrostatically stabilized
encounter complex, while the second step involved the docking
of the peptide into the binding site and the formation of a stable
bound structure. Once formed, the encounter complex did not
dissociate in any of the simulations, while docking of the peptide
occurred rapidly (<50 ns). This is consistent with our observation
of a diffusion-limited reaction, with k2 . k-1 in eq 41.

Other groups have measured the kinetics of peptide binding by
SH3 domains. Recently, Kay and co-workers used a suite of
CPMG-based NMR experiments to characterize the interaction
between the Abp1 SH3 domain and a fragment of the yeast Ark1p
protein, obtaining a dissociation rate constant, koff, of about 230
s-1 at 25 °C.94 Combining this number with a dissociation constant
of 0.55 µM,95 the association rate constant, kon, is 4.2 × 108 M-1

s-1, which agrees well with our results. This contrasts with a
number of SH3 domain studies performed using surface plasmon
resonance (SPR), which have found much slower association and

(88) Frisch, C.; Fersht, A.; Schreiber, G. J. Mol. Biol. 2001, 308, 69–77.
(89) Raman, C.; Jemmerson, R.; Nall, B.; Allen, M. Biochemistry 1992,

31, 10370–10379.
(90) Xavier, K. A.; Willson, R. C Biophys. J. 1998, 74, 2036–2045.
(91) Gabdoulline, R. R.; Wade, R. C. Methods 1998, 14, 329–341.

(92) Castellan, G. Physical Chemistry, 3rd ed.; Benjamin Cummings:
Menlo Park, CA, 1983.

(93) Ahmad, M.; Gu, W.; Helms, V. Angew. Chem., Int. Ed. 2008, 47,
7626–7630.

(94) Hansen, D. F.; Vallurupalli, P.; Lundstrom, P.; Neudecker, P.; Kay,
L. E. J. Am. Chem. Soc. 2008, 130, 2667–2675.

Figure 6. Eyring plot of association rate constants calculated from ITC
and NMR data according to eq 2 (a). Eyring plot of NMR-derived
dissociation rate constants (b). The solid curve and dashed line correspond
to fits of the data with ∆Cp

‡ ) 352 cal mol-1 K-1 and ∆Cp
‡ ) 0,

respectively, as described in the text.
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dissociation rate constants, on the order of 103 to 105 M-1 s-1 and
10-2 to 10-3 s-1, respectively.96-100 Notably, a recent SPR study
of the Fyn SH3 domain and type I ligands derived from Csk
binding protein (Cbp/PAG) determined association rate constants
of about 7 × 104 M-1 s-1, which are more than 1000-fold slower
than those observed here.101 One explanation for this discrepancy
is that the peptide/protein pairs chosen for SPR analysis simply
happen to have much slower binding kinetics than the systems
studied by NMR. Another possibility is that the systems studied
by SPR do, in fact, follow similar kinetics to those observed by
NMR, but that the SPR measurements are not reflective of solution-
state association and dissociation rates. In SPR experiments, the
mass transport of ligand into the hydrated matrix containing the
immobilized binding partner, and impeded diffusion of the ligand
within this phase, can dominate the binding kinetics when the
intrinsic reaction rate is greater than 106 M-1 s-1.102 This is well
below the NMR-derived kon values for SH3 domains. In such cases,
the kinetic parameters determined by SPR can underestimate the
true values by several orders of magnitude.103 This underlines one
of the advantages of equilibrium, solution-state NMR binding
measurements. They do not rely on the net transfer of molecules
from one phase to another and therefore do not suffer from mass
transport artifacts.

SH3 domains play important roles in a wide variety of cellular
processes. Interactions between SH3 domains and proline-rich
targets mediate the formation of protein complexes involved in
cell signaling and actin filament organization, and help to localize
SH3-containing proteins and their binding partners to specific
subcellular compartments such as the cytoskeleton or membrane
ruffles.34,37 SH3 domains participate in mitogenesis,31 T-cell
activation,104 and cell polarization34 by bringing together partners
in signaling cascades and by directly governing enzyme activity.
For example, Fyn belongs to the Src family of tyrosine kinases,
whose members contain an SH3 and SH2 domain separated from
the catalytic domain by a linker region.105 In the inactive form of
these enzymes, the SH3 domain binds a target sequence in the
linker region and the SH2 domain binds a phosphotyrosine-
containing sequence at the C-terminus, which locks the kinase
domain in a closed conformation.106-109 The enzyme can be
activated by displacement of the intramolecular target from the
SH3 domain by a proline-rich region of another protein.110,111

The affinities of SH3 domain/peptide interactions are rela-
tively weak, considering their importance to cellular control.
KD values for synthetic target peptides are generally in the low
µM range.37 It has been suggested that the low affinity of SH3

domain interactions could play a functional role, by maintaining
high rates of dissociation and allowing protein-protein interac-
tions to be rapidly remodeled in response to changing cellular
conditions.37,104 Notably, SH3 domain binding kinetics deter-
mined by SPR are well below the diffusion limit, and are
therefore not consistent with this hypothesis. In contrast, our
results obtained using NMR and ITC suggest that, in fact, SH3
domain interactions are optimized for the rapid assembly and
disassembly of protein complexes. We find that association rates
for the Fyn SH3 domain are close to the theoretical limit, and
match those of cytotoxic nuclease/inhibitor complexes where
rapid binding is thought to be critical for cell survival.8,12 Fast
association rates, in turn, allow maximal dissociation rates for
a given affinity. Thus, the fast binding kinetics observed in this
study are optimal for rapid responses of SH3-mediated interac-
tions to changing intracellular signals.

Conclusions

We used NMR CPMG and ZZ-exchange experiments in
conjunction with ITC to characterize the interaction between the
Fyn SH3 domain and a 12-residue peptide ligand. ITC data
collected at 6 temperatures ranging from 10 to 50 °C are remarkably
self-consistent and can be completely accounted for by 4 param-
eters: the enthalpy and entropy of dissociation, the difference in
heat capacity between the free and bound states, and a correction
factor for the concentration of injected peptide. The free protein
and peptide have a significantly higher heat capacity than the bound
complex, consistent with an increase in the exposure of nonpolar
groups to solvent upon dissociation. On the basis of a number of
criteria, the NMR data are consistent with a two-state binding
mechanism, allowing us to describe the reaction simply with an
association, kon, and dissociation, koff, rate constant. The temperature
dependence of NMR-derived koff values indicates that there is a
significant energy barrier to dissociation. Curvature in the koff Eyring
plot closely matches the ITC-derived value of ∆Cp, which suggests
that the hydrophobic binding interface is highly solvated upon
reaching the rate-limiting-step of dissociation. The magnitudes and
temperature dependence of association rate constants, kon, are
consistent with a diffusion-limited process. Such rapid binding rates
may influence the kinetics of Fyn tyrosine kinase activation. The
complex studied here has survival times on the millisecond time
scale, and would be too short-lived to characterize using standard,
nonequilibrium mixing techniques. However, the combination of
NMR and ITC methodologies has allowed us study the binding
mechanism in detail. This approach promises to extend our
understanding of protein recognition to faster timescales.
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