J. Med. Chem. 2005, 48, 753—763 753

Surface Plasmon Resonance Thermodynamic and Kinetic Analysis as a
Strategic Tool in Drug Design. Distinct Ways for Phosphopeptides to Plug into

Src- and Grb2 SH2 Domains
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Thermodynamic and kinetic studies of biomolecular interactions give insight into specificity
of molecular recognition processes and advance rational drug design. Binding of phosphotyrosine
(pY)-containing peptides to Src- and Grb2-SH2 domains was investigated using a surface
plasmon resonance (SPR)-based method. This SPR assay yielded thermodynamic binding
constants in solution, and the kinetic information contained in the SPR signal allowed kinetic
analysis, which demonstrated distinct ways for pY ligands to interact with the SH2 domains.
The results for binding to Src SH2 were consistent with sequestration of water molecules in
the interface of the pYEEI peptide/Src SH2 complex. The results for a pYVNV peptide binding
to Grb2 SH2 suggested a conformational change for Grb2 SH2 upon binding, which is not
observed for Src SH2. Binding of a cyclic construct, allowing the pYVNV sequence in the bound
conformation, did not have the expected entropy advantage. The results suggest an alternative
binding mode for this construct, with the hydrophobic ring-closing part interacting with the
protein. In all cases, except for full-length Grb2 protein, the affinity for the immobilized peptide
at the SPR sensor and in solution was identical. This study demonstrates that SPR

thermodynamic and kinetic analysis is a useful strategic tool in drug design.

Introduction

In cell signaling, complex cascades of protein—protein
and protein—lipid interactions occur that eventually
translate an extracellular stimulus through a receptor
into well-defined cellular processes. Intracellular signal-
ing proteins function as molecular switches, ultimately
leading to aggregation of proteins into interacting
networks or just recruiting components to a functional
position. Protein phosphorylation is one of the tools to
switch on signaling routes in the molecular information
circuit.

In these cellular communication processes, not only
binding and affinity are relevant but also allosteric
changes. Kinetics and changes in protein dynamics are
crucial for the functionality of the binding process. As
a consequence, in drug design not only the affinity is
important but also the kinetics and thermodynamics
associated with the interaction may be decisive. Tech-
niques such as structural analysis using X-ray crystal-
lography!? and NMR3# have been of major importance
for the enhancement of the structural basis of rational
drug design. Newer techniques such as calorimetry,>%
protein mass spectrometry,”8 and surface plasmon
resonance (SPR)%19 now have also found a place as
strategic tools in protein-binding studies. SPR is espe-
cially interesting as it also offers kinetic information1%11
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along with affinity data and can be used for thermody-
namic studies,'?13 although examples of this are still
scarce.

Here, we report on thermodynamic and kinetic stud-
ies of phosphotyrosine (pY)-containing peptides binding
to SH2 domains, using SPR assays at various temper-
atures. For this study, we choose two SH2 domains, Src
and Grb2, for which there are firm structural bases for
understanding ligand recognition. This allows a struc-
tural interpretation of the obtained thermodynamic and
kinetic information.

Many signaling proteins contain one or two modular
SH2 domains that are able to recognize specific peptide
sequences containing phosphorylated tyrosine residues.
Further specificity is determined by the two or three
amino acids immediately C-terminal of the tyrosine.
In a number of proteins, specificity is potently increased
by occurrence of SH2 domains in tandem, recognizing
a biphosphotyrosine motif, with proper spacing.!® Phos-
photyrosine ligand/SH2 domain interactions are widely
studied, not in the least because the SH2 domains are
interesting targets for therapeutic intervention and
design of drugs against, among others, cancer, os-
teoporosis, and allergy.16:17

For binding to the Src family of SH2 domains, the
parallel between functioning as a modular switch and
electrical circuits in everyday life can be even drawn
further as its binding mode with the consensus sequence
pYEEI has been compared to a “two-pronged plug two-
holed socket” and the phosphorylation state functions
as an on—off switch.1® The pYEEI peptide binds in an
extended conformation (Figure 1a). The two holes form
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Figure 1. X-ray structures of Src- and Grb2 SH2 domains
binding to phosphotyrosyl peptides. (a) Src SH2 binding to an
11-mer pYEEI peptide derived from hamster middle T antigen.
Three water molecules in a hydrogen-bonding network around
Glu(pY + 2) are indicated as red dots (PDB entry 1SPS). (b)
Grb2 SH2 binding to KPFpYVNV-NH, (only pYVNV shown).
Trp 121 is indicated in magenta (PDB entry 1TZE).

binding pockets for the pY and I residues, both glutamate
residues lie along the surface and are almost completely
accessible to solvent. Well-resolved water molecules may
form a hydrogen-bonding network that links Glu(pY +
2) with the SH2 domain.!® These water molecules are
indicated in Figure la. Interestingly, this mode of
binding can be completely changed by a single amino
acid mutation, introducing a bulky tryptophan in the
EF1 loop of the Src SH2 domain.2 In the SH2 domains
of Sem-5, drk, and Grb2, such a Trp residue occurs in
the EF loop, and these domains selectively select pY-
(L/V)-N-(V/P) sequences.2? The crystal structure of the
complex of Grb2 SH2 with a pYVNV peptide reveals
that the peptide binds in a S-turn conformation (Figure
1b). Trp 121 closes the binding site C-terminal to the
phosphotyrosyl residue of the ligand and prevents it
from adopting the extended conformation as found in
Src family SH2 domains.?!

Next to the single Src- and Grb2 SH2 domains, in our
study full-length Grb2 protein also was included. Full-
length Grb2 consists of a central SH2 domain flanked
by two flexible linked SH3 domains.22

Our aim is to explore the use of SPR in a combined
thermodynamic and kinetic approach and to compare
the results to those obtained from other techniques.
Thermodynamic studies of ligands binding to SH2
domains using isothermal titration calorimetry (ITC)
have been published before.!®23725 In general, the
thermodynamic parameters derived from the SPR ex-
periments compare well to those from ITC. Thermody-
namic and kinetic information is found to be comple-
mentary to each other and is consistent with the
contribution of a water network in the binding interface
of Src SH2. At lower temperatures, SPR kinetic analysis
indicates a conformational change upon binding to the
Grb2 protein but not for Src SH2. The thermodynamics
of binding of a designed cyclic construct of the pY VNV
peptide, in which the pYVNYV sequence can be “locked”
in the binding S-turn conformation, suggests that this
construct binds in an alternative mode in which the
ring-closing part is involved in hydrophobic interactions
with the protein.

Results

Thermodynamic Equilibrium Analysis of pYEEI
Peptide Binding to the v-Src SH2 Domain. In our
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Figure 2. Van’t Hoff plot for binding of peptide EPQpYEE-
IPIYL-NH; to the v-Src SH2 domain in HBS buffer pH 7.4.
Direct binding at the SPR sensor surface (K¢), solid line.
Affinity in solution from SPR competition experiments (Ks),
dotted line. The bars indicate the standard error in the affinity
data. The lines are the fits according to the integrated van’t
Hoff equation (eq 3).

Table 1. Thermodynamic Parameters for Binding of the
EPQpYEEIPIYL-NH; Peptide to the v-Src SH2 Domain in HBS
Buffer pH 7.4 at the Sensor Surface and in Solution, as Derived
from the Van’t Hoff Plots (Figure 2)

sensor surface solution
AH° (kcal/mol)* -944+0.6 -9.6+0.3
TAS° (kcal/mol)® -0.3+0.6 —-0.6£0.3
ACj (cal/mol/K) —920 + 160 —950 + 90
AG® (kcal/mol)eb -9.1 -9.0
Kp (nM)® 220 + 30 237 + 35

@ At reference temperature 25 °C. ® Calculated from AG°® = AH°
— TAS".

assay, two types of affinity data are collected: (1) K¢ is
the (apparent) binding constant for the interaction at
the SPR sensor surface and is obtained from fitting the
equilibrium SPR signal of binding protein in a concen-
tration range to a one-site binding isotherm (Experi-
mental Section), and (2) Ks, which is defined as the
thermodynamic binding constant for bimolecular bind-
ing in solution, is derived from competition experiments
with a constant protein concentration and the peptide
under investigation in a concentration range, as previ-
ously described.26 K as well as Ks has been assayed at
temperatures in a range from 10 to 40 °C. K¢ might be
influenced by artifacts related to the carboxymethylated
dextran surface of the SPR sensor. However, Kg is a
thermodynamic binding constant for the interaction in
solution, which in principle is independent from effects
due to the sensor matrix.26

In Figure 2, the van’t Hoff plots for K¢ and Kg are
shown, and the thermodynamic parameters derived
from the van’t Hoff plots (Experimental section) are
given in Table 1. Interestingly, the plots for K¢ and Kg
are not significantly different, demonstrating that in
this case the affinity at the sensor surface is identical
to that in solution and that K¢ is not influenced by the
sensor environment. The curves are convex, indicating
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a negative heat capacity (AC;) value, and the binding
is almost completely enthalpy driven at 25 °C.

Comparing the thermodynamic parameters with val-
ues from the literature as assayed with isothermal
titration calorimetry (ITC), it appears that our AH® and
TAS° values compare very well with those for an
identical peptide binding to the Src SH2 domain.?*
However, reported AC, values derived from ITC, for
binding of pYEEI peptides to the Src SH2 domain at
pH 6.0 (approximately —200 (cal/mol)/K), are consider-
ably smaller than those observed by us.!827 The reason
for this deviation in ACj, is not clear.

Kinetic Analysis of pYEEI Peptide Binding to
the v-Src SH2 Domain. The SPR signal upon binding
as a function of time contains kinetic information, and
this allows a full kinetic characterization of the binding
with data from the same experiments as used for the
equilibrium assays.

In Figure 3, sensorgrams for the association phase
at various SH2 concentrations are shown for 15 and 40
°C. At 15 °C, the increase of the SPR signal is consider-
ably slower than that at 40 °C. The kinetic information
contained in the SPR curves can be analyzed according
to a predefined binding model using the program
CLAMP. Global analysis of the SPR curves from experi-
ments with different protein concentrations with CLAMP
yields the kinetic parameters as defined by the binding
model.!l We explored a simple binding model for a
bimolecular interaction as described in eq 1.

kg
Abulk = Asensor
k*tr
kon
Asensor +B=AB (1)
koﬁ'

In this model, A is the protein, and B is the immobilized
peptide. This binding model also includes a transport
step for diffusion of the SH2 domain from the bulk
solution to the sensor surface. As reported previously,
such a transport step has to be included because binding
of SH2 domains to an immobilized peptide is strongly
influenced by mass transport limitation (MTL).828 At
high association rates or high binding capacity, diffusion
of the protein from the bulk to the sensor surface
becomes rate-limiting. As shown in Figure 3, the SPR
signal for binding to the Src SH2 domain can be well-
described by this model.

In principle, the off-rate (k.y, eq 1) can be obtained
from the dissociation phase of the sensorgrams. As
reported previously, for MTL influenced processes the
dissociation phase is strongly influenced by rebinding
of released protein.2%2° Rebinding is further enhanced
by the cuvette design of the IBIS instrument, because
released protein is not removed by a flow.28 Therefore,
separate experiments have been performed to assay ko,
by recording the decay of the SPR signal upon addition
of substantial amounts of competing pYEEI peptide to
prevent rebinding, as previously described.® Such dis-
sociation experiments have been performed in the
temperature range of 10—30 °C. At higher tempera-
tures, the baseline was too much disturbed due to small
temperature effects upon addition of the peptide.
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Figure 3. Sensorgrams of binding of the v-Src SH2 domain
(concentration range 250—1000 nM) to immobilized EPQpY-
EEIPIYL peptide at (a) 15 °C and at (b) 40 °C. The red curves

are the fits to the experimental data according to the bimo-
lecular MTL model (eq 1).

Dissociation proceeds extremely rapidly, and k. is
approximately 1 s™!, as also observed for other SH2
domains.3%3! On the basis of the association constant
K, and the off-rate, the association rate constant &, (eq
1) was calculated (ko,n = Kakorr). The temperature
dependence of k., and k. allows analysis of the ther-
modynamics of activation to the binding transition state,
based on the Eyring plots as shown in Figure 4.

It appears that the plot for k. is linear and only
slightly dependent on temperature, corresponding to a
small activation enthalpy (AH?) for dissociation. As a
consequence, the plot for k., has the convex curvature
also observed in the van’t Hoff plot. Here, we have an
example of non-Arrhenius kinetics; it appears that ko,
at a higher temperature is actually decreasing. These
data are consistent with the argument of Truhlar and
Kohen that if the Arrhenius (or Eyring) plot is convex,
then the rate constant under certain conditions must
actually decrease with increasing energy (Discussion).32
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Figure 4. Eyring plots for (a) kon and (b) k. of the v-Src SH2
domain binding to immobilized EPQpYEEIPIYL peptide. The
dissociation rate k. has been assayed in the presence of 0.22
mM pYEEI peptide to prevent rebinding. The association rate
is calculated from k., = Kako. The fit in panel a is according
to eq 3 (Experimental Section).

Table 2. Parameters for Activation of the Transition State for
Binding of EPQpYEEIPIYL-NH; to v-Src SH2 Domain®

activation parameter association® dissociation?
AH* (kcal/mol)? —6.9+0.1 2.0+ 0.6
TAS* (kcal/mol)® -155+0.1 -155+0.6
AC.* (cal/mol/K) 940 + 10 0
AG* (kcal/mol)b-¢ 8.6 17.5

@ The activation parameters + standard error are derived from
fits of the Eyring plots in Figure 4. ® At reference temperature 25
°C. ¢ Calculated from eq 3. ¢ Calculated from eq 4. ¢ Calculated
from AG = AH — TAS.

The activation parameters for formation and dissocia-
tion of the transition state have been obtained from
fitting the data in Figure 4 to eqs 3 and 4 (Experimental
Section). The derived thermodynamic parameters for
activation are shown in Table 2.

The formation of the transition state for binding of
the Src SH2 domain to the pYEEI peptide is character-
ized by a considerable decrease in entropy and a
favorable enthalpy. The decrease in entropy indicates
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Figure 5. Van't Hoff plots for binding of pYVNV peptides to
(a) the Grb2 SH2 domain and (b) full-length Grb2 in HBS
buffer pH 7.4. Affinity at the sensor surface (K¢) binding to
immobilized PSpYVNVQN-NH; (O) and affinity in solution
(Ks) from SPR competition experiments with PSpYVNVQN-
NH; (®) and cyclic pYVNV peptide (¥) are shown.

that formation of the transition state is accompanied
by structural ordering.

Thermodynamic Equilibrium Analysis of pYVNV
Peptides Binding to the Grb2 SH2 Domain and
Full-Length Grb2 Protein. In a similar way as
described above for the Src SH2 domain, a van’t Hoff
thermodynamic analysis was performed for binding of
a pYVNV peptide to the Grb2 SH2 domain and the full-
length Grb2 adaptor. The van’t Hoff plots are shown in
Figure 5.

We also included a cyclic peptide (Chart 1). As
previously reported, molecular modeling showed that
the pYVNV binding epitope in this construct can adopt
a low-energy conformation that closely resembles the
B-turn of the noncyclic analogue binding to Grb2 SH2.33
It was expected that binding of such a cyclic construct
has an entropy advantage.

Comparing the van’t Hoff plots for Grb2 SH2 to those
for Src SH2, it is striking that now the curves are
practically linear, except that of the cyclic construct. For
binding to the single SH2 protein, again no significant
difference between the affinity in solution and at the
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Table 3. Thermodynamic Parameters for Binding of pYVNV Peptides to a Single Grb2 SH2 Domain and Full-Length Grb2 in HBS

Buffer pH 7.4¢

single Grb2 SH2

full-length Grb2

sensor surface solution solution cyclic pYVNV sensor surface solution
AH® (kcal/mol)? —6.8+04 —-6.3+0.3 —5.6 +£0.3 -94+04 -7.3+0.3
TAS® (kcal/mol)® 22+04 26+0.3 3.0+0.3 -1.0+04 1.9+0.3
AC;, (cal/mol/K) —100 + 95 —10 + 80 —460 + 70 —35 £ 100 —140 + 80
AG? (kcal/mol)bc -9.0 -8.9 —8.6 -84 -9.2
Kp (mM)? 270 £ 20 340 + 40 450 + 50 790 + 60 200 + 30

@ Parameters derived from van’t Hoff plots shown in Figure 5. ® At reference temperature 25 °C. ¢ Calculated from AG° = AH® — TAS®.

sensor matrix is obtained. However, for full-length Grb2
the affinity in solution is approximately 3- to 4-fold
higher than that at the sensor matrix.

The thermodynamic parameters for binding to the
Grb2 proteins derived from the van’t Hoff plots are
included in Table 3. The binding of linear pYVNV
peptide is enthalpy driven also with an entropic con-
tribution. This is found for the single SH2 domain as
well as the full-length protein. The results from the SPR
thermodynamic analysis, including the AC, value,
compare well with published results from ITC experi-
ments with a somewhat shorter pYVNV peptide binding
to Grb2 SH2.25 Comparing the solution affinities, it
appears that the affinity of the full-length protein is
somewhat higher than that of the single SH2 domain.
This is due to a more favorable enthalpy contribution
of approximately 1 kcal/mol, which is compensated by
a slightly less favorable entropy contribution. The cyclic
PYVNYV construct has a convex van’t Hoff plot, and a
large negative AC, is found. At 25 °C, the cyclic
construct has a slightly reduced affinity compared to
the linear peptide, and the enthalpy and entropy at 25
°C are very similar (Table 3).

Only for the full-length Grb2 protein, the affinity in
solution is found to be deviant from that at the sensor
surface. This difference is caused by a higher entropy
cost of approximately 3 kcal/mol for binding to the
sensor, which is partly compensated for by the enthalpy.

Kinetic Analysis of pYVNV Peptides Binding to
the Grb2 SH2 Domain and Full-Length Grb2 Pro-
tein. In Figure 6, sensorgrams for the full-length Grb2
protein binding to immobilized pYVNV peptide at 10
and 35 °C are shown. At 10 °C, the transport bimolecu-
lar model (eq 1) does not fit the experimental data well
(Figure 6a). Binding to the Grb2 SH2 domain is ac-
companied by changes in dynamics and structure.® As
shown in Figure 6b, a much better fit is obtained when
a step is added representing a conformational change
in the initial complex AB, leading to formation of the
complex (AB)* (eq 2).

ktr
Apgx = A

—tr

Sensor

kon
A +B—=AB

sensor
koff

keonf
AB = (AB)* (2)

k- conf

The conformation change model better describes the
biphasic nature of the curves for the Grb2 protein; the

Chart 1. Cyclic Construct of the pYVNV Peptide

HO
HO—L=°
R
o)
o)
H NH,
N
HN
o O o7 TNH
HN
o) o)
NH
;\O
o \

initial rapid increase of the signal is followed by a slower
increase before reaching equilibrium. At 35 °C, equilib-
rium is reached within a few seconds (Figure 6¢), and
the conformation model no longer gives a better fit than
the bimolecular model of eq 1. For the single Grb2 SH2
domain, similar results were found (results not shown).

In the conformation change model, binding becomes
more tight after the conformational change; therefore
the association time might influence the value of k.
As described for the Src SH2 domain above, at 15 °C
kot was assayed for the Grb2 protein by adding the
pYVNV peptide after various association intervals
(Figure 7).

Indeed, a slight difference in dissociation kinetics is
observed; from three independent experiments, k¢ was
found to be 0.90 £+ 0.15 s! after short association
(approximately 50 s), while upon reaching equilibrium
the value of kg was 0.60 + 0.10 s!. This finding
supports the conformation change model.

For the Grb2 proteins, k., and ko have been deter-
mined at different temperatures. As reported, dissocia-
tion of the Grb2 SH2 domain was too fast to allow
accurate measurements.® Even at low temperatures, no
reliable assay was possible. The dissociation from the
full-length protein was slower, and dissociation experi-
ments have been performed from 10 to 30 °C. At 25 °C,
koie was found to be 1.6 & 0.2 s71, which is somewhat
higher than the reported value for dissociation of a
pYINQ peptide (0.2 s71) derived in a similar way.?* Such
high on- and off-rates are characteristic for SH2 do-
mains. It should be noted that if the conformation
change model applies (eq 2), then k., and ko formally
are apparent rate constants and the apparent binding
constant is composed of contributions from the initial
binding step and the conformational equilibrium.8
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Figure 6. Global kinetic analysis of sensorgrams for binding of full-length Grb2 protein to immobilized PSpYVNVQN-NH; peptide.
Experiments at 10 and 35 °C were performed with protein concentrations of 375—1000 and 500—2500 nM, respectively. The red
curves are the global fits with the indicated binding models. (a) At 10 °C, fit with the transport bimolecular model (eq 1). (b) At
10 °C, fit with the conformation change model (eq 2). (c) At 35 °C, fit with the transport bimolecular model (eq 1).
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Figure 7. Effect of association time on dissociation of Grb2
protein from immobilized PSpYVNVQN-NH; peptide. During
association of 1 uM of Grb2 protein, PSpYVNVQN-NH; peptide
was added at different time intervals (final concentration 0.22
uM). (a) Sensorgrams, the arrows indicate the addition of
peptide. (b) Overlay of the dissociation phase, fits according
to eq 5. Short association, broken line; association to equilib-
rium, dotted line. The data for the first second were discarded
from the fit due to bulk effects.
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Figure 8. Eyring plots for (a) k., and (b) ko of full-length
Grb2 protein binding to PSpYVNVQN-NH; peptide. k., has
been derived for binding in solution (@) and for binding to
immobilized peptide at the sensor surface (O). The dissociation
rate has been assayed from SPR competition experiments; it
is assumed that this rate is equal for dissociation in solution
and from the sensor surface. The association rate is calculated
from kon = Kakofr. The ko, fits were performed with eq 3. For
kotr, a linear fit was performed according to eq 4.

The Eyring plots for association and dissociation are
shown in Figure 8. It is also found that binding to the
Grb2 protein has non-Arrhenius kinetics; k., decreases
at higher temperature. However, compared to the Src
SH2 domain, the variation of k., with temperature is
small (compare Figures 4a and 8a). The activation
parameters for the transition state as derived from the
Eyring plots are included in Table 4.

Formation of the transition state has unfavorable
entropy and favorable enthalpy. It appears that forma-
tion of the transition state at the sensor surface has a
higher entropy cost than that formed in solution of

Table 4. Parameters for Activation to the Transition State of
pSpYVNVQN-NH; Binding to Full-Length Grb2 Protein in
Solution and at the Sensor to Immobilized Peptide®

activation association®  association®

parameter sensor solution dissociation?
AH* (kcal/mol)® —454+04 -2.34+0.3 49+0.7
TAS* (kcal/mol)® —13.3+0.4 —-10.3+03 —122+0.7
ACy¥ (cal/mol/K) —45+100 —150+ 80 0
AG* (kcal/mol)b-¢ 8.8 8.0 17.1

@ Activation parameters + standard errors are derived from fits
of the Eyring plots in Figure 8. ® At reference temperature 25 °C.
¢ Calculated from eq 3. ¢ Calculated from eq 4. ¢ Calculated from
AG = AH — TAS.

approximately 3 kcal/mol, which is compensated by a
higher enthalpy gain of approximately 2 kcal/mol (Table
4).

Discussion

The thermodynamic data derived from the SPR
experiments compare well to literature data originating
from ITC experiments. The only exception is the large
negative value for the heat capacity AC, of almost
—1000 (cal/mol)/K that we observe. From ITC assays
using similar peptides, much smaller negative values
for AC}, of around —200 (cal/mol)/K are reported.1®2” The
reason for this large difference in AC,, value is not clear;
at 25 °C, the values for AH° and AS° conform to the
results from ITC for binding of an identical peptide.2*
As discussed below, a large negative AC, agrees with
structural considerations. For the linear pYVNYV peptide
binding to Grb2 proteins, the observed AC}, value (Table
3) is close to the reported value of —145 (cal/mol)/K.25
These findings give confidence in the parameters de-
rived from our SPR experiments.

The energy transitions in the binding process for Src
SH2 and full-length Grb2 are schematically represented
in Figure 9. The free energy changes are remarkably
similar for both proteins. Furthermore, both proteins
have a negative AH* for formation of the transition state
and a negative entropy contribution to the free energy.
However, the extent of the underlying enthalpy and
entropy contributions is quite different. Furthermore,
large differences in AC, value are observed. Association
to Src SH2 proceeds with an outspoken convex curve,
which is also found for the cyclic Grb2 SH2 ligand and
indicates a large negative AC}, value.
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Figure 9. Energy transitions at 25 °C as function of the
binding coordinate for binding of the pYEEI peptide to Src SH2
(solid lines) and pYVNV peptide to full-length Grb2 protein
(dotted lines). A- -B represents the transition state, data from
Tables 2 and 4

All of the above-mentioned observations indicate
important differences in the binding mode for Src- and
Grb2 SH2. Here, the thermodynamic and kinetic ob-
servations will be discussed and interpreted in view of
general observations with respect to thermodynamics
of protein binding and the available structure informa-
tion on these SH2 domains in particular.

Truhlar and Kohen?? state that a convex Arrhenius
(or Eyring) plot should be consistent with rate constants
decreasing with temperature rise. Such types of kinetics
are frequently found for protein folding. The Eyring
plots indeed show non-Arrhenius association kinetics,
with ko, rates being slower at higher temperatures
(Figures 4 and 8). In general, a reasonable explanation
for this is that at higher temperatures a wider region
of conformational space is visited and that the prob-
ability of a flexible ligand having the right conformation
for folding or binding is decreasing at higher tempera-
ture. This might especially hold for the pYVNYV peptide,
which binds in a specific f-turn fold to the Grb2 SH2
domain.

For the Src SH2 domain, the reason for the decrease
of &y, with temperature is less obvious at first sight. The
entropy cost for activation of the transition state for Src
SH2 is 5 kcal/mol higher than that for Grb2 protein in
solution, while the entropic contribution to the free
binding energy is approximately 2 kcal/mol less (Figure
9). Therefore, formation of the transition state and
binding is accompanied with more ordering than in the
case of the Grb2 proteins. It has been demonstrated for
Src SH2 as well as the Grb2 proteins that binding
decreases the dynamics of the proteins. From hydrogen/
deuterium exchange experiments, it appears that ap-
proximately 10 protons are less exchanged for these
proteins upon binding.835 Therefore, these changes in
dynamics are expected to have a similar entropy price
for Src- and Grb2 SH2 and do not explain the higher
entropy cost for formation of the transition state and
binding to Src SH2. A special role in binding affinity
and selectivity to Src family SH2 domains has been
attributed to interfacial water molecules in the complex.
Especially, the pY + 2 glutamate residue is involved in
binding to a network of water molecules (Figure 1a) that
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probably also has a role in supporting the binding pocket
of the pY + 3 residue.® Such a role for water molecules
does not apply for binding to Grb2 SH2, where the pY
+ 2 asparagine forms a hydrogen bond network directly
with the protein.3® The organization of water in a
network is reflected in the higher entropy cost of
formation of the transition state and binding to Src SH2.

Frequently, values of AC, have been calculated based
on empirical parametrization of the changes in polar
and apolar solvent accessible surface area.?” For binding
of a pYEEI peptide to Src SH2, the predicted value of
AC}, based on calculated solvent accessible surface areas
was found by Bradshaw et al. to be identical to their
experimental value of approximately —200 (cal/mol)/K,
although in these calculations water molecules were not
included.!’® Also, for a pYVNV peptide binding in an
extended conformation to the Grb2 SH2 domain, the
calculated AC}, value was reported to be in agreement
with the experimental value.?’> However, about the same
time it appeared that this binding model is not correct
and that the phosphopeptide binds in a -turn confor-
mation to Grb2 SH2.2! Although such calculations with
solvent accessible surface areas have been successful in
some cases, effects of solvation and incorporation or
release of water molecules during the binding process
cause problems in the calculation of the solvent acces-
sible surface. Sequestration of water molecules in the
binding interface in general reduces the heat capacity
when ligands bind to proteins. In an elegant model
study, for a one point protein mutation leading to one
additional, ordered water molecule upon binding, it has
been found that AC, decreases approximately 150 (cal/
mol)/K.3® This leads to the conclusion that the large
negative AC, value as derived from our SPR experi-
ments is consistent with the organization of water
molecules in a network in the Src SH2/peptide interface.
The Src SH2 domain represents a highly promiscuous
binding site. Henriques and Ladbury® have pointed out
the role of this water network in the failure to design
Src SH2 ligands with higher affinity than the natural
ligands.

In previous studies using GST fusion proteins, a
higher affinity at the sensor surface was found com-
pared to the affinity in solution. This is explained by
the avidity effect of GST dimers binding to the sensor
surface.2® In the present study for binding of the non-
GST fusion Grb2 and v-Src SH2 domains, equal affini-
ties in solution and at the sensor are observed (Figures
2 and 5a), as is expected when no additional interference
with the sensor matrix occurs. Only for the full-length
Grb2 protein, a lower affinity for the immobilized
peptide is observed (Figure 5b). The affinity for the
immobilized peptide is 3-fold lower than that of the
single SH2 domain binding to the sensor surface, while
in solution the affinity of SH2 and full-length protein
is almost equal (Table 3). This last finding is in line with
the structure of full-length Grb2 protein, with the SH3
domains linked opposite of the binding site of the SH2
domain, leaving it fully accessible.?® Then, the question
arises: what causes the exceptional, lower affinity of
the full-length protein for the peptide coupled to the
sensor surface? A possible explanation is that due to
less partition of the larger full-length protein into the
sensor matrix the local concentration of the protein is
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Scheme 1. Limited Conformational Space Available for
Full-Length Grb2 Protein When Bound to the Sensor
Surface.

solution

dextran chain

sensor surface

less, leading to a lower apparent affinity. However,
through the use of the partition function presented by
Schuck,?? the partition coefficient for the dextran layer
was calculated as 0.68 and 0.58 for the SH2 domain and
full-length Grb2, respectively. This difference is too
small to explain the 3-fold decreased affinity for the
immobilized peptide. The activation parameters for the
transition state indicate that binding to the immobilized
peptide has a higher entropy cost than binding in
solution. This is partly compensated by a more favorable
enthalpy (Table 4), also the equilibrium parameters
indicate a higher entropy price for binding to the sensor
(Table 3). The full-length Grb2 protein is extremely
flexible, and solution structures derived from molecular
dynamics reveal that the two SH3 domains take differ-
ent positions and orientations relative to the central
SH2 domain, occupying an extended conformational
space.?? Therefore, a likely explanation for the dimin-
ished affinity of the peptide coupled to the sensor is
restricted conformational freedom of the full-length
protein due to limited space provided by the dextran
matrix (Scheme 1). Such explanation is in accordance
with the thermodynamic results.

For the Src SH2 domain, over the whole temperature
range from 10 to 40 °C, binding can be described by a
transport limited bimolecular binding model (Figure 3);
this is in agreement with the fact that for this protein
no major structural change upon binding has been
observed.!® The SPR curves for binding to the Grb2 SH2
domain and full-length Grb2 at lower temperatures are
better described by a model including a conformational
change (Figure 6). However, one must be careful to draw
conclusions from kinetic analysis alone. The validity of
the conformation model is supported by the decreased
dissociation kinetics upon longer association (Figure 7).
Furthermore, structural differences are found between
the bound and the free protein®® as well as changes in
the protein dynamics upon binding as previously de-
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Figure 10. Model of the complex of the cyclic construct of
the pYVNYV peptide with the Grb2 SH2 domain. The construct
has been superimposed on the linear pYVNV ligand, and the
energy has been minimized, leaving the SH2 structure (PDB
entry 1TZE) unchanged.?® The pentamethylene bridge is
indicated as green sticks.

scribed by us.® At temperatures higher than 30 °C, a
bimolecular model is also sufficient (Figure 6). Appar-
ently, at higher temperatures the conformation change
is no longer separately resolvable.

As the phosphotyrosine ligand for Grb2 SH2 binds in
a -turn conformation, we and others have tried to fix
this conformation in cyclic ligands.?34%4! From molec-
ular modeling, it appeared that our cyclic compound
(Chart 1) was able to adopt a similar S-turn conforma-
tion as the bound linear ligand. However, the assumed
favorable entropy due to preorganization in the bound
conformation did not result in increased affinity.3? Here,
the thermodynamic analysis indicates that the entropic
contribution to binding is not significantly different from
the linear peptide and that the enthalpy is somewhat
more unfavorable (Table 3). A remarkable difference
with the linear peptide is the more convex van’t Hoff
plot and the accompanying more negative AC,, (Figure
5a, Table 3). A more negative AC}, is compatible with
increased burial of apolar surface upon binding;37 this
could involve the pentamethylene bridge in the cyclic
compound.

A model of the cyclic construct, energy minimized in
the Grb2 SH2 protein,?® is shown in Figure 10. It
appears that the pentamethylene bridge points to the
solvent, without interactions with the protein. The more
negative AC}, suggests an alternative binding mode for
the cyclic construct, involving the hydrophobic bridge.
The binding site of the Grb2 SH2 domain is known to
accommodate large hydrophobic moieties, especially at
pY + 1.2 It is interesting to note that cyclic pYVNV
derived constructs with closing bridges having more
polar functionality indeed have higher affinity than the
linear peptide.*?

Conclusion

Most frequently SPR is used to assay affinity data.
Our research presented here and that of others!213
demonstrates that reliable thermodynamic data can be
derived from SPR experiments. It has been raised as a
point of concern for thermodynamic studies using SPR
that the affinity for an immobilized ligand at the sensor
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surface may deviate from that in solution.*3 However,
from SPR competition experiments, thermodynamic
binding constants for the interaction in solution can be
obtained.?6 The results of the present study indicate that
in many cases the affinity in solution is identical to that
at the sensor. Exceptions can be expected with very
large proteins, where partition in the dextran layer is
low,?° and with very flexible proteins as illustrated here
with full-length Grb2 protein. Use of SPR for thermo-
dynamic studies has some attractive features. In gen-
eral, much less material is needed than for calorimetry,
with a much lower sample concentration, up to a 1000-
fold less of the binding components. The much lower
sample concentration may preclude artifacts due to, for
example, protein aggregation. Notwithstanding this,
direct measurement of enthalpy in a well designed
experiment by calorimetry is a valuable tool.

Another important advantage of the SPR approach
is the kinetic information that is obtained. The kinetic
information allows transition state analysis and analy-
sis of the binding mode by global analysis of the SPR
curves. Our study demonstrates that thermodynamic
and kinetic analysis using SPR can be positioned as a
strategic tool in drug design, complementary to other
techniques that give structural information such as
X-ray crystallography, NMR, and protein mass spec-
trometry. Insight into the fundamentals of binding
processes that goes beyond only the assessment of
affinity, however important this is, is a driving force in
the drug design process.

Experimental Section

Proteins. The v-Src SH2 domain was a generous gift from
Dr. John Ladbury, University College London. The protein
contained 106 amino acids, which correspond to residues 144—
249 of the Src protein.?* The concentration of the protein was
determined by micro-BCA assay (Bio-Rad). The mass of the
protein (12.3 kDa) as obtained from ESI-MS is in excellent
agreement with that determined by Chung et al.?*

The Grb2 SH2 domain was expressed and purified as
described previously.® Experiments with the SH2 domain were
performed with the monomeric form.

The full-length Grb2 protein was expressed and purified as
described by Guilloteau et al.** This protein was in the
monomeric form.

Peptide Synthesis. The synthesis of the Src SH2 binding
peptide derived from the hmT antigen with sequence Ac-
EPQpYEEIPIYL-NH,; has been described previously.?® This
peptide is referred to as the pYEEI peptide. The Grb2 SH2
binding peptide Ac-PSpYVNVQN-NH; is derived from the Shc
adaptor protein (position Y427 in hShe) and was synthesized
as described.® This peptide is referred to as the pYVNV
peptide. For coupling to the sensor matrix, these peptides were
extended at the N-terminus with a 6-aminohexanoic acid (Ahx)
moiety to provide a spatial linker between the sensor matrix
and the phosphotyrosyl binding epitope, as described.?

The synthesis and characterization of the cyclic pYVNV
construct (Chart 1) has been described previously.??

SPR Binding Experiments. SPR experiments were per-
formed with an IBIS II instrument (Eco Chemie, Utrecht, The
Netherlands), essentially as previously described.® In short,
the Ahx-extended phosphotyrosyl peptides were covalently
coupled to an SPR sensor chip through their free amino group
using EDC/NHS chemistry. For the pYVNV peptide, a XanTec
CMD20 SPR sensor disk was used (XanTec Bioanalytics
GmbH, Munster, Germany). A concentration of 2 mM of the
Ahx-pYVNYV peptide in 0.1 M borate/1 M NaCl buffer pH 8.3
was reacted during 10 min. After repeated attempts, it
appeared not to be possible to couple the Ahx-pYEEI-peptide
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to the XanTec chip; therefore this peptide was coupled to a
Biacore CM5 sensor chip (Biacore AB, Uppsala, Sweden). A
concentration of 5 mM of the Ahx-pYEEI peptide in 0.1 M
borate/1 M NaCl pH 8.3 was reacted during 10 min. Experi-
ments were performed in Hepes-buffered saline pH 7.4 (HBS
buffer) in a temperature range from 10 to 40 °C. The solutions
were adjusted to temperature before injection to diminish
temperature effects.

The binding constants of the proteins for the peptides
coupled to the sensor (Kc¢) as well as the maximum binding
capacity were obtained from fitting the equilibrium SPR signal
as a function of protein concentration with a one-site Langmuir
binding isotherm.?® In this assay, the free protein concentra-
tion was corrected for small depletion of protein due to
binding.?® Also, when the conformation change model applied
(eq 2), the equilibrium signal could be excellently fitted with
the one-site binding isotherm.8

The binding constant in solution (Ks), defined as the
thermodynamic binding constant for a bimolecular interaction,
was obtained from SPR competition experiments.?6 The pro-
teins in a fixed concentration (400 nM for both SH2 domains
and 750 nM for full-length Grb2) were mixed with the
phosphotyrosine peptides over a concentration range, and the
SPR equilibrium signal was assayed. Ks was obtained from
fitting the inhibition curve as described.26

Thermodynamic Analysis of Binding Equilibrium and
Transition State Formation. The obtained affinity constants
K, (whether Kg or K¢ (see above)) in a range from 10 to 40 °C
were fitted with the integrated van’t Hoff eq 3.

) s S

3)

From this, the thermodynamic equilibrium parameters for
binding, AH° and AS° at reference temperature 7° (25 °C),
and the heat capacity AC, were derived.

According to transition state theory, kinetic data can be
analyzed via the Eyring equation K*¥ = kh/kgT, in which K¥ is
the thermodynamic equilibrium constant for formation of the
transition state, % is the on- or off-rate constant, A is Planck’s
constant, and kg is Boltzmann’s constant. For linear Eyring
plots, the activation parameters AH* and AS* are obtained
from eq 4.

InK, =

ln(koﬁh) __AH

AS
RT)- RT R @

1
R T
For the nonlinear Eyring plots, K* in the form of the Eyring
equation is treated in the same manner as for the equilibrium
reaction and fitted with eq 3.4 From this fit, AH* and AS* at
the reference temperature (25 °C) and ACp* are obtained.

Assay of Off-Rates. The off-rate constants (ko) of Src SH2
and full-length Grb2 protein have been assayed at tempera-
tures in the range of 10 to 30 °C, essentially as described with
some adaptations for measurement at various temperatures.®
After equilibration of binding of 1 #M protein at the desired
temperature, agitation of the solution in the cuvette was
stopped to obtain a stable signal, and 10 L of ImM pYEEI or
pYVNV peptide with adjusted temperature was rapidly manu-
ally added. The dissociation phase was assayed with a high
sampling rate of five data points per second. The SPR signal
is very sensitive to (small) temperature changes, and this was
sometimes visible as a linear baseline with a small positive
or negative slope within 10 s after addition of the peptide. The
SPR signal in the dissociation phase (R(¢)) could be fit well to
eq 5 with a monoexponential fit superposed on a baseline with
slope b to correct for the above-mentioned temperature effect.

R(@®) =a + bt + ce kot (5)

For temperatures above 30 °C, no k.r values have been
determined due to increased disturbance of the baseline. For
these temperatures k.x was obtained by extrapolation from the
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Arrhenius plot. The data points of the first second after
addition of the peptide were discarded, as in this time interval
the signal is strongly influenced by the bulk effect of mixing
of the 1 mM peptide solution. At least three experiments at
each temperature were performed to obtain k. The dissocia-
tion of Grb2 SH2 appeared to proceed extremely rapid and
could not be accurately measured with this method.

Global Kinetic Analysis of the SPR Signal. Kinetic
analysis of the association phase has been performed with the
program CLAMP." Global analyses were performed by fitting
several curves from different protein concentrations simulta-
neously, using defined binding models (eqs 1 and 2). In the
binding models, a mass transfer step from bulk solution to the
sensor surface was included (k). In these fits, values for the
maximum binding capacity and k., derived from independent
experiments, have been introduced.
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