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ABSTRACT: The signal transduction protein phospholipase C-γ1 (PLC-γ1) is activated when its C-terminal
SH2 domain (PLCC) binds the phosphorylated Tyr-1021 site (pTyr-1021) in theâ-platelet-derived growth
factor receptor (PDGFR). To better understand the contributions that dynamics make to binding, we have
used NMR relaxation experiments to investigate the motional properties of backbone amide and side
chain methyl groups in a peptide derived from the pTyr-1021 site of PDGFR, both free and in complex
with the PLCC SH2 domain. The free peptide has relaxation properties that are typical for a small,
unstructured polymer, while the backbone of the bound peptide is least flexible for residues in the central
portion of the binding site with the amplitude of pico- to nanosecond time scale motions increasing toward
the C-terminus of the peptide. The increase in large amplitude motion toward the end of the pY1021
peptide is consistent with the bound peptide existing as an ensemble of states with C-terminal residues
having the broadest distribution of backbone conformations, while residues in the central binding site are
the most restricted. Deuterium spin relaxation experiments establish that the protein-peptide interface is
highly dynamic, and this mobility may play an important role in modulating the affinity of the interaction.

Protein-protein interactions play an integral role in the
regulation of cellular processes. Many of these interactions
involve small modular binding domains, independently
folding sequences that occur in a variety of proteins and
mediate intermolecular contacts. For example, the members
of the SH2 class of modular binding domains are∼100
amino acids in length and generally recognize phospho-
tyrosine-containing sites in their target proteins. Binding can
affect the subcellular localization of both SH2 domain-
containing proteins and their targets, bringing enzymes and
their substrates into proximity. Phospholipase C-γ1 (PLC-
γ1)1 is activated when its C-terminal SH2 domain (PLCC)
binds the pTyr-1021 site in theâ-platelet-derived growth
factor receptor (PDGFR), leading to phosphorylation by the
receptor tyrosine kinase (1, 2). Activated PLC-γ1 catalyzes
the hydrolysis of phosphatidylinositol 4,5-bisphosphate to

diacylglycerol and inositol 1,4,5-triphosphate, two second
messengers involved in the activation of protein kinase C
and in the release of Ca2+ from internal cellular stores,
respectively (3).

Tertiary structures have been determined for several SH2
domains in complex with various peptides (4-7), including
the PLCC SH2 domain in complex with a peptide derived
from the pTyr-1021 site of PDGFR [pY1021 (8)]. The PLCC
SH2 domain recognizes the consensus pTyr-hydrophobic-
X-hydrophobic sequence (9) with the pTyr bound in a deep
pocket and residues C-terminal to the pTyr lying in an
extended hydrophobic groove (Figure 1a). Residues in the
hydrophobic binding groove of the PLCC SH2 domain make
extensive contacts with the bound peptide (Figure 1b), yet
it has been shown that the pY1021 peptide can be truncated
to the +1 position (relative to the pTyr, residue I5 in the
pY1021 peptide) with only a modest reduction in binding
affinity, despite the fact that numerous NOEs were observed
between the PLCC SH2 domain and residues following I5
in the peptide (Figure 1b) (10).

To investigate why interactions that are evident in the
NMR structure do not contribute significantly to binding
affinity, the free and bound states of the PLCC SH2 domain
were further characterized using NMR relaxation experiments
that probe rapid picosecond to nanosecond time scale
dynamics of backbone amide and side chain methyl groups
(10-13). Interestingly, deuterium-based NMR experiments
establish that side chain methyls in the hydrophobic groove
of the PLCC SH2 domain have significant motional disorder
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that is not reduced upon peptide binding. Since van der Waals
interactions are strongly distance-dependent, this disorder
may explain why many of the protein-ligand interactions
do not contribute significant binding energy (10).

As illustrated by the results presented above, even though
the tertiary structures of many SH2 domain-peptide com-
plexes have been determined, it is currently not possible to
identify affinity- or specificity-determining residues based
exclusively on “static” structural data. Consequently, there
has been much interest in obtaining site-specific dynamics
information in an effort to better understand the atomic-level
interactions that govern the stability of protein complexes.
NMR dynamics experiments performed on a variety of
systems have yielded information about the effect of ligand
binding on motional properties of the protein backbone as
well as side chain methyl groups (10, 12, 14-23). For some
proteins, ligand binding leads to a reduction in fast time scale
dynamics (14, 21, 22, 24), while in other instances, the
overall flexibility of the backbone can remain unchanged or
even increase (11, 18, 19, 22). In many cases, these studies
provide insights into the thermodynamics of binding.

The NMR experiments performed on the PLCC SH2
domain complexed with the pY1021 peptide, as well as
similar studies on related systems, have provided useful
information about the changes in protein dynamics that occur
upon ligand binding. However, data for the other half of the
complex, namely, the peptide, have been lacking. To obtain
information complementary to that previously measured for
the PLCC SH2 domain, we have measured15N and2H NMR
relaxation parameters for the free and bound states of
uniformly 15N- and 13C-labeled and randomly fractionally
2H-labeled pY1021 peptide.

MATERIALS AND METHODS

Expression, Purification, and Preparation of15N, 13C,
2H(50%) pY1021 Peptide.Oligonucleotides encoding Y1021,
a 12-residue peptide derived from the sequence surrounding
Tyr-1021 of the PDGFR (DNDYIIPLPDPK), were cloned
into the plasmid pMMHb (25), provided by the laboratory
of P. S. Kim, to make the pMMHb-Y1021 plasmid. Purifica-
tion of proteins expressed using the pMMHb plasmid has
been described previously (25). Briefly, following expression
of the Y1021 peptide as a fusion with a modified form of
the TrpLE leader sequence, the insoluble fusion protein was
purified by Ni2+ affinity chromatography under denaturing

conditions and the peptide subsequently cleaved from the
purified fusion protein using CNBr. For NMR relaxation
experiments, the Y1021 peptide was expressed inEscherichia
coli strain BL21(DE3) cells grown in 2 L of M9 minimal
medium (50% D2O/50% H2O) with 15NH4Cl and [13C]-
glucose as the sole nitrogen and carbon sources, respectively.
After CNBr cleavage, the Y1021 peptide was further purified
by reverse phase HPLC on a semipreparative C18 column
(Beckman) prior to phosphorylation.

The Y1021 peptide was phosphorylated using the cyto-
plasmic domain of the EphA4 receptor protein tyrosine
kinase (EphA4CYTO). Plasmid DNA for bacterial expression
of EphA4CYTO was kindly provided by the laboratory of T.
Pawson; the expression and purification protocol for this
protein has been described elsewhere (26). The kinase
reaction, employing EphA4CYTO prepared from a 2 L LB
culture, was performed at 30°C in a buffer containing 10
mM HEPES (pH 7.5), 10 mM MgCl2, 1.5 mM dATP, and
0.6 mM Y1021 peptide and the progress of the reaction
monitored by HPLC. Following completion of the reaction
(∼90% phosphorylation of Y1021,∼3 h), separation of the
phosphorylated peptide from the kinase and nonphospho-
rylated peptide was accomplished using reverse phase HPLC
on a semipreparative C18 column (Beckman), and the purity
and integrity of the phosphorylated peptide were confirmed
by mass spectrometry.

Preparation of NMR Samples. Assignment of backbone
and side chain resonances for the unbound peptide was
performed using a sample of 1.6 mM15N, 13C, 2H(50%)
pY1021 peptide in pY1021 NMR buffer [100 mM NaHPO4

(pH 6.0) and 100µM EDTA] with a 90% H2O/10% D2O
mixture. Uniformly 15N-labeled and unlabeled PLCC SH2
domain were prepared as described previously (8) and
dialyzed into PLCC NMR buffer (pY1021 NMR buffer with
100 µM DTT). The PLCC SH2 domain complex with the
pY1021 peptide was prepared by adding uniformly15N-
labeled PLCC SH2 domain in PLCC NMR buffer with a
90% H2O/10% D2O mixture to uniformly labeled15N, 13C,
2H(50%) peptide in pY1021 NMR buffer. However, to
completely eliminate resonances from unbound pY1021
peptide, a small amount of unlabeled PLCC SH2 domain in
PLCC NMR buffer with a 90% H2O/10% D2O mixture was
added to the sample to yield an excess (<10% molar excess)
of SH2 domain relative to the peptide (15N-labeled PLCC
SH2 domain not available at the time). Following the

FIGURE 1: (a) Stereo backbone ribbon diagram of the refined solution structure of the PLCC SH2 domain complexed with a phosphorylated
peptide derived from the pTyr-1021 site of PDGFR (8). The pY1021 peptide is colored dark gray, with methyl groups from the peptide
shown as spheres. This illustration was produced using MOLMOL (52). (b) Number of intermolecular NOE contacts with the PLCC SH2
domain as a function of peptide residue number (53). Resonances for the two N-terminal residues of the free and bound states of
the peptide were not visible in1H-15N spectra and so are absent from this and subsequent plots. All plots were produced using Grace
(http://plasma-gate.weizmann.ac.il/Grace).
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titration, the sample was equilibrated with PLCC NMR buffer
through four rounds of concentration and dilution in a
Centriprep YM10 ultrafiltration concentrator (Amicon).
Relaxation dispersion experiments (see below) utilized a
similarly prepared sample containing uniformly15N-labeled
pY1021 peptide (prepared as for the triple-labeled sample)
in complex with unlabeled PLCC SH2 domain. The con-
centration of the complex, determined by measuring the
absorbance at 280 nm and using a theoretical extinction
coefficient of 14 417.1 M-1 cm-1, was adjusted to 1 mM.
All NMR samples were blanketed with argon to prevent
oxidation of Cys residues.

NMR Experiments.All NMR experiments were performed
at 30°C on Varian Inova 500, 600, or 800 MHz spectrom-
eters with triple-resonance, pulsed-field gradient probes with
an actively shieldedz gradient coil.1HN, 15N, 13CR, 13Câ,
13C-carbonyl, and side chain13C-methyl assignments for the
free pY1021 peptide were obtained from CBCA(CO)NH,
HNCACB, HNCO, (H)CC(CO)NH-TOCSY, H(CC)(CO)-
NH-TOCSY, HACAN, and homonuclear NOESY spectra
recorded using enhanced sensitivity pulsed-field gradient
methodology (27-29). Peptide proton assignments of bound
pY1021 peptide were reported previously (8), and these were
used to guide assignment of15N- and13C-methyl resonances
of the pY1021 peptide in spectra of the complex with the
PLCC SH2 domain.13C-methyl chemical shifts for the
peptide were confirmed with an (H)CC(CO)NH-TOCSY
experiment. The two Leu methyl groups in free pY1021 were
stereoassigned using published chemical shift values (30),
and the same assignments were used for the complexed
peptide, as the chemical shifts of these groups are very
similar in the free and bound states. Assignments were made
using the Linux version of NMRView (31).

15N Relaxation Experiments.15N R1, R1F, and NOE values
were measured at 600 MHz using previously published pulse
schemes (11, 32) that were modified to separate1H-15N
correlations for which the15N nuclei are bonded to13C nuclei
(in the case of the pY1021 peptide) from those that are not
(in the case of the PLCC SH2 domain). Steady-state NOE
values for free pY1021 (PLCC SH2 domain-pY1021 com-
plex) were obtained from1H-15N correlation spectra with
saturation of1H for 5 (5) s and a 10 (7) s delay between
scans and without1H saturation using a 15 (12) s delay
between scans.15N R1 values were measured from spectra
recorded with seven different values of the relaxation delay
(10.1, 90.8, 201.7, 322.7, 463.9, 645.4, and 857.1 ms and
10.1, 70.6, 151.2, 252, 352.8, 493.9, and 655.2 ms for free
pY1021 and complexed pY1021, respectively).15N R1F

values were measured from spectra recorded with delays of
10, 30, 50, 70, 90, 110, 130, and 150 ms and 10, 20, 30, 40,
60, 80, and 100 ms for free pY1021 and complexed pY1021,
respectively.15N R2 values for each residue were obtained
by correction of the observed relaxation rateR1F for the offset
∆ν of the applied spin-lock rf field (ν1) to the resonance
using the relationR1F ) R1 cos2 θ + R2 sin2 θ, whereθ )
tan-1(ν1/∆ν). ν1 was 1041.7 and 1582.3 Hz for free pY1021
and the PLCC SH2 domain-pY1021 complex, respectively.
15N relaxation dispersion experiments with the pY1021
peptide bound to the PLCC SH2 domain, conducted at 500
and 800 MHz, were performed and analyzed as described
previously (33) with spectral widths of 8000.0 and 1500.0
Hz (at 500 MHz, recorded as a 100× 576 complex matrix)

and 12 775.5 and 2400 Hz (at 800 MHz, recorded as a
112 × 826 complex matrix) employed in the1H and 15N
dimensions, respectively. Spectra for the free peptide (PLCC
SH2 domain-pY1021 complex) were recorded as 64× 576
(100× 576) complex matrices with spectral widths of 9000.9
(9000.9) and 750 (1800) Hz employed in the1H and 15N
dimensions, respectively. All data sets were processed using
the Linux version of the NMRPipe suite (34) with Lorent-
zian-to-Gaussian apodization in both dimensions.

Peak intensities were obtained using the Linux version of
NMRView (31) and relaxation times generated from a fit to
a two-parameter function of the formI(t) ) Ioe-tR1,2 with a
MATLAB script written in house. Errors in relaxation rates
were estimated by Monte Carlo analysis. Steady-state NOE
values were determined from the ratios of peak heights with
and without proton saturation using NMRView. Errors in
peak heights were estimated from the root-mean-square value
of background noise in the spectra.

Analysis of Relaxation Parameters for the PLCC SH2
Domain-pY1021 Complex.15N R1 andR1F rates for the15N,
13C, 2H(50%) pY1021 peptide and the15N-labeled PLCC
SH2 domain were measured simultaneously (see above)
using experiments which either selected for (peptide) or
against (SH2 domain)15N spins one-bond coupled to13CO.
Spectra were recorded in an interleaved manner and separated
using software written in house and processed with NMRPipe
(34). In a previous study, values of 9.2 and 6.6 ns were
obtained for the rotational correlation times of the free and
pY1021-complexed SH2 domains, respectively, indicating
that the free protein has a tendency to self-associate (11), a
property that has also been noted for other SH2 domains
(14, 21, 35). While past NMR relaxation experiments with
the complexed state of the PLCC SH2 domain employed
samples containing an excess of peptide, in this study we
utilized a complementary strategy in which excess SH2
domain was present to maximize the fraction of bound
peptide.

The presence of a slight excess of SH2 domain (and hence
a small degree of free protein that can self-associate)
complicates the extraction of accurate correlation times from
fits of relaxation data. This is particularly the case since very
few 1H-15N cross-peaks shift upon binding of the peptide
so that it is not possible to obtain a sufficient number of
unique correlations representing the bound form of the
protein. Data from the pY1021 peptide amide resonances
would not provide a reliable correlation time since, with only
seven resonances, there are not enough orientations of bond
vectors and some are affected by intermediate time scale
motion. We have therefore used aτc value of 6.6 ns from
previous studies and calculated the orientation of the diffu-
sion tensor with relaxation data recorded on the complex
with a slight excess of protein. The analysis was performed
with the quadric_diffusion program provided by the Palmer
laboratory (http://cpmcnet.columbia.edu/dept/gsas/biochem/
labs/palmer/software.html). Residues with NOE ratios of
<0.7 were excluded from the input data set. An axially
symmetric rotational diffusion tensor (D||/D⊥ ) 1.13) was
found to offer a slightly better fit of the data over the fully
isotropic model, while the anisotropic model did not sig-
nificantly improve the fit (P values obtained from a
comparison of the axially symmetric and isotropic models
and the axially symmetric and anisotropic models were 0.006
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and 0.55, respectively). Simulations have established that
very small errors are introduced by neglecting anisotropy
(less than 1% change in15N S2 values, on average, with the
largest change being<1.5%; 2.3% change in the2H order
parameters, on average, with the largest change being<4%),
and all of the data has been analyzed therefore with a single
value ofτc.

The pY1021 peptide used for measurement of15N relax-
ation parameters in the free and bound states was uniformly
labeled with15N and 13C; however, effects due to dipolar
relaxation via13CR and13CO spins were not included in our
calculations. We calculate that these pathways would lead
to a nearly homogeneous error in the15N S2 values presented
here of<3%.

2H Relaxation Experiments.2H NMR relaxation experi-
ments measuring the decay of the spin-operator termsDz,
D+, 3Dz

2 - 2, D+Dz + DzD+, andD+
2 were recorded at a

spectrometer field of 600 MHz using previously described
pulse schemes (12, 36). The relaxation rate of theD+

2 spin-
operator term was not measured for the free peptide.Dz rates
were obtained from two-dimensional1H-13C correlation
spectra with relaxation delays of 0.05, 6.7, 14.1, 22.7, 32.7,
44.7, and 60 ms for both the free peptide and the SH2 domain
pY1021 complex, whileD+ rates were measured with
relaxation delays of 1.1, 5.6, 11.8, 18.9, 27.2, 37.2, and 50
ms and 0.2, 4.2, 6.6, 9.4, 12.6, 16.4, and 21 ms for the free
peptide and the SH2 domain-pY1021 complex, respectively.
The decay rates for quadrupolar order and double-quantum
coherences were obtained with delay values very similar to
those used forDz, while delays used to record the decay of
D+Dz + DzD+ were similar to those used for measurement
of the relaxation ofD+. All spectra were recorded as 102×
576 complex matrices with spectral widths of 9000.9 and
3600 Hz employed in the1H and 13C dimensions, respec-
tively. Processing and analysis of spectra were as described
previously (13).

RESULTS

Sample Preparation and Chemical Shift Assignments.The
pY1021 peptide (DNDpYIIPLPDPK, where pY represents
phosphotyrosine) used in NMR experiments was uniformly
labeled with15N and13C and randomly fractionally deuterated
to approximately 50% as described in Materials and Methods.
A single preparation was used for all experiments. The PLCC
SH2 domain was labeled with15N. Samples of the pY1021
peptide complexed with the PLCC SH2 domain contained
an excess of the SH2 domain (less than 10% molar excess)
to ensure the absence of the free peptide.15N and2H NMR
relaxation experiments were performed on the same samples
except for relaxation dispersion experiments, which utilized
a sample of the15N-labeled peptide in complex with the
unlabeled PLCC SH2 domain.

Backbone amide and methyl resonances of the peptide
were assigned as described in Materials and Methods.
Assignments of the bound state of the PLCC SH2 domain
and 1H assignments of the pY1021 peptide bound to the
PLCC SH2 domain were reported previously (8). Resonances
for the two N-terminal residues of both the free and bound
states of the peptide were not visible in1H-15N spectra,
likely due to rapid exchange with the solvent. The pY1021
peptide contains three proline residues C-terminal to the

pTyr, and1H-15N spectra of the free peptide showed several
weak peaks, indicating the presence of various combinations
of proline isomers (data not shown), although only the peaks
of the major conformer were unambiguously assigned. In
addition to those peaks resulting from the major species, a
number of weak correlations were also present in1H-15N
spectra of the bound peptide. These likely arise from
isomerization of the most C-terminal proline residue that
makes only a few contacts with the SH2 domain (Figure
1b;8), with the other prolines stably populatingtranspeptide
bond configurations. Resonances from this minor C-terminal
conformer were not able to be assigned clearly due to
overlap.1H-13C correlation maps of CH2D groups of the
free and bound states showed only six resonances, corre-
sponding to the six methyl groups in the peptide.

NMR Relaxation Experiments.Backbone15N spin relax-
ation experiments (11) were conducted at 600 MHz and
30 °C and analyzed as described in Materials and Methods,
yielding R1, R2, and steady-state1H-15N NOE values.15N
relaxation data for seven residues (from the dominant species;
see above) were obtained for the free and bound peptide,
and these values are plotted in Figure 2. TheR1 andR2 rates
measured for the free peptide are generally similar for a given
residue. This is not the case for the bound state, with the
exception of K12, the most C-terminal position. Interestingly,
only residues pY4, I5, and I6 exhibitR1 and R2 rates that
are comparable to those measured for residues in the SH2
domain (data not shown;11), suggesting that the peptide
backbone is least dynamic in this region. Steady-state1H-
15N NOE values are negative for the free peptide, as
expected, but positive for the bound state, with the exception
again of that of residue K12 (NOE ratio≈ 0, Figure 2f).

Side chain2H RQ(Dz), RQ(D+), RQ(3Dz
2 - 2), RQ(D+Dz +

DzD+), andRQ(D+
2) relaxation parameters were measured

for CH2D methyl groups at 600 MHz and 30°C [relaxation
of double-quantum coherence,RQ(D+

2), was not measured
for the free peptide] and analyzed according to published
procedures (10, 12, 13, 36, 37; see Materials and Methods).
The nomenclature used here for the2H rates is the same as

FIGURE 2: 15N R1 rates (a and d),R2 rates (b and e), and steady-
state1H-15N NOE ratios (c and f) as a function of residue number
for the free pY1021 peptide (a-c) and for the peptide in complex
with the PLCC SH2 domain (d-f) with error bars indicating the
uncertainties in the measurements.
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in recently published work (36, 37). 2H relaxation rates were
obtained for all six methyl groups in the free and bound
forms of the peptide and are plotted in Figure 3. Rates
measured for the free peptide are very similar for each methyl
type and show little variation among the four experiments.
In contrast,2H rates measured for the bound pY1021 peptide
show a broad distribution of values (particularly the rates
that measure the decay of transverse magnetization), indicat-
ing that the dynamics of the various methyl groups are
diverse. While resonances for the bound state are not as
intense as those obtained for the free peptide, the resonance
for one methyl group in particular, I5 Cγ2, is very weak
(approximately one-third as intense as that of the I6 Cγ2
methyl group, data not shown), likely due to intermediate
time scale motion that affects the efficiency of13C-2H
magnetization transfer. The poor signal for the I5 Cγ2 methyl
group results in significantly larger errors in the2H relaxation
rates compared to those obtained for the other methyls.

Previously, it has been shown that the five different
quadrupolar relaxation rates measured here must fulfill
the following inequalities: RQ(Dz) e 5/3RQ(D+

2) e
5/3RQ(3Dz

2 - 2) e RQ(D+) e 5/3RQ(D+Dz + DzD+) so long
asJ(0) g J(ωD) g J(2ωD) (38). Additionally, 2H relaxation
rates can be related by a pair of consistency relationships:
RQ(D+Dz + DzD+) ) RQ(D+) - 2/3RQ(3Dz

2 - 2) and
RQ(D+

2) ) 1/2RQ(Dz) + 1/6RQ(3Dz
2 - 2) (38). Millet et al.

noted that the equations given above were completely
satisfied for all five2H relaxation rates measured on protein
L (36). The 2H rates for the free and bound states of the
pY1021 peptide are given in Figure 4. Since the2H relaxation
rates for the free peptide were not used to calculate order
parameters (see below), the primary goals of qualitative
analysis of the trends and testing their consistency were met
by measuring only four rates. Rates for all methyl groups in
the free peptide satisfy the inequalities given above (Figure
4a) as well as the first consistency relation [Figure 4c; note
that RQ(D+

2) rates were not measured so that the second
relation could not be verified], while data for one methyl
group in the bound state, I5 Cγ2, fail the validation tests
(Figure 4b,d,e). It is likely that the weak signal for this methyl
group prevents measurement of reliable relaxation rates for
D+

2, 3Dz
2 - 2, or D+Dz + DzD+ since the experiments that

are used for these elements are less sensitive than those used
to measure theRQ(Dz) and RQ(D+) rates. In what follows,
only the longitudinal and in-phase transverse relaxation rates
are analyzed further for I5 Cγ2 in the bound state.

Analysis of Relaxation Data for the Free Peptide.Amide
15N relaxation rates and steady-state1H-15N NOE ratios for
the free peptide show a broad range of values that are largest
in the center and decrease closer to the ends, a pattern that
is characteristic of a small polymer with unrestrained ends.
Simulations performed by other groups have shown that large
amplitude motions occurring on short time scales are

FIGURE 3: 2H spin relaxation rates as a function of residue number
for the free pY1021 peptide (a-d) and for the peptide in complex
with the PLCC SH2 domain (e-i) with error bars showing the
uncertainties in the measurements. The double-quantum coherence
relaxation rate was not measured for the free peptide.

FIGURE 4: InequalityRQ(Dz) e 5/3RQ(D+
2) e 5/3RQ(3Dz

2 - 2) e
RQ(D+) e 5/3RQ(D+Dz + DzD+) (a and b) and consistency
relationshipsRQ(D+Dz + DzD+) ) RQ(D+) - 2/3RQ(3Dz

2 - 2)
(c and d) andRQ(D+

2) ) 1/2RQ(Dz) + 1/6RQ(3Dz
2 - 2) (e) evaluated

using the experimentally measured2H quadrupolar relaxation rates
shown for the free pY1021 peptide (a and c) and the complex with
the PLCC SH2 domain (b, d, and e). The rates (a and b) are depicted
as follows: RQ(Dz) (b and s), RQ(D+) ([ and - - -),
5/3RQ(3Dz

2 - 2) (9 and - - -),5/3RQ(D+Dz + DzD+) (* and ‚ - ‚),
and5/3RQ(D+

2) (2 and- - -). Best fit lines are also given (c-e).
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prevalent near the ends of theoretical polymer chains on a
tetrahedral lattice (39). Still, the pY1021 peptide does not
behave completely like a homogeneous polymer as evidenced
by variations in the relaxation rates and steady-state1H-
15N NOE ratios along the chain. Some of this variability is
likely caused by the conformational restrictions imposed by
the three proline residues in the C-terminal half of the
peptide. The variability in the N-terminal half of the pY1021
peptide may be due to local interactions, although amide1H
chemical shifts for the free state (data not shown) are very
close to random coil values, indicating that the peptide likely
has little structure. Furthermore, each of the three different
methyl types in the free pY1021 peptide (Ile Cγ2, Ile Cδ1,
and Leu Cδ methyl groups) has a similar relaxation rate
(Figure 3a-d), also suggesting little persistence of local
interactions within the peptide at the level of these hydro-
phobic side chains.

Analysis of Relaxation Data for the Bound Peptide.To
facilitate comparisons of fast time scale dynamics in proteins,
it is useful to employ the model-free (40, 41) analysis in
which an order parameter (S2) and effective correlation time
for internal motions (τe) are calculated. Order parameters
describe the amplitude of internal pico- to nanosecond time
scale motions for a particular bond vector and range from
0, for a vector rapidly sampling an isotropic distribution of
orientations, to 1, for no internal motion. For methyl
dynamics,Saxis

2 describes the amplitude of pico- to nano-
second motions for the bond vector between the methyl
carbon and its directly attached carbon atom. Note that15N
and2H relaxation data measured for the free pY1021 peptide
(Figures 2a-c and 3a-d) were not analyzed using the model-
free formalism. Because of its small size (12 residues) and
the relatively high temperature at which the relaxation
experiments were performed (30°C), the peptide is unstruc-
tured, and it would be difficult to quantify the dynamics using
any simple model of motion. Moreover, separation of internal
from overall dynamics is problematic for a small peptide of
this size [a very qualitative estimate of the rotational
correlation time from15N R1/R2 ratios (42) is on the order
of ∼0.7 ns].

15N and 2H relaxation data measured for the pY1021
peptide bound to the PLCC SH2 domain were used to
calculate order parameters with MATLAB scripts written in
house.15N relaxation data have been analyzed using a three-
parameter model (S2, τe, and Rex) that takes into account
contributions to transverse relaxation from exchange between
sites (43). A single overall rotational correlation time
[6.6 ns (11)] was used for all residues of the peptide; the
anisotropy of the diffusion tensor for the complex is small
(D||/D⊥ ) 1.13), and order parameters fit using isotropic
versus axially symmetric tumbling models differ by less than
2.5%, on average. In contrast,2H rates were interpreted in
terms of a model in whichS2 andτe are fitting parameters.
As described previously (12, 36), the deuterium relaxation
rates are dominated by the quadrupolar interaction and the
effects of chemical exchange can be neglected.F test
analyses have established that more complex motional
models do not yield statistically significant improvements
in fits of the data. Calculated15N and2H order parameters
are plotted in Figure 5. As described above, only theRQ(Dz)
andRQ(D+) rates have been analyzed for I5 Cγ2.

Amide15N Dynamics in the Bound Peptide.The structural,
dynamic, and binding properties of the PLCC SH2 domain
have been extensively characterized in previous work by our
group (8, 10, 11, 13), providing the opportunity to compare
measurements reported here for the pY1021 peptide with
these data. The solution structure of the PLCC SH2 domain
in complex with the pY1021 peptide (Figure 1a) establishes
that the protein interacts with peptide residues C-terminal
to the pTyr via an extended hydrophobic groove and that
NOEs from three peptide residues, pY4, I5, and P7, account
for more than 75% of the total protein-peptide distance
restraints (Figure 1b;8). Subsequent binding studies using
peptide ligands that were progressively truncated demon-
strated that the SH2 domain bound the ligand Ac-D-pY-I-
NH2 with an only 15-fold reduction in affinity compared to
the 12-mer peptide used for structural and dynamics experi-
ments.

15N order parameters determined for the bound peptide
(Figure 5) indicate that the pY4 and I5 amide positions are
the most restricted in the complex, as might be expected on
the basis of structural (8; Figure 1) and binding data (10).
Notably, the next most restricted amide position is that of
I6, a residue that is not required for high-affinity binding
(10). The absence of I6 in a peptide which binds with an
only 15-fold reduction in affinity, in combination with the
NOE data (Figure 1b), suggests that this residue does not
make critical interactions with the SH2 domain. The restric-
tion in the mobility of residue I6, despite the absence of
interactions with the SH2 domain, may be a consequence of
its environment. Of note, I6 is flanked by I5 and P7, residues
with large numbers of intermolecular NOEs.

Methyl Dynamics.Main chain atoms constitute approxi-
mately one-fifth of the area at an average protein interface
with the remainder comprising amino acid side chains (44).
Thus, to understand the energetics of protein interactions, it
is necessary to investigate the dynamic properties of side
chain atoms at protein interfaces in addition to those of
backbone atoms. Previous work by our group on the
N-terminal SH2 domain from the tyrosine phosphatase Shp2
and on the SAP SH2 domain showed that methyl groups
involved in interactions with the ligand can be less mobile
in the bound state than in the free state (10, 14). In contrast,
dynamics experiments performed on the PLCC SH2 domain
establish that methyls within 5 Å of positions+2 through
+5 (C-terminal in relation to pY) of the pY1021 peptide
are highly dynamic and exhibit motional disorder in both
bound and free forms (10). Comparison of the dynamics

FIGURE 5: Backbone amide (a) and methyl axis order parameters
squared (b) as a function of residue number (b) for the bound state
of the pY1021 peptide with error bars (black lines) indicating the
uncertainty in the calculated order parameters. In panel b, thick
gray lines show the distribution of database values for methyl axis
order parameters ((1 standard deviation) (23). Note that in panel
b theS2

axis value for I5 Cγ2 was calculated using only the2H R1
andR1F relaxation rates.
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results to binding data suggests that those methyl groups
having restricted motional properties in protein complexes
contribute energetically to binding while those without
reduced mobility contribute less to the energetics, even
though they may be important for the specificity of the
interaction. Given the importance of I5 to the binding energy
(10), it is of interest to examine its dynamic properties and
to compare them with other residues that have been shown
to be less important for binding. This study also affords the
opportunity to compare the extent of side chain mobility on
peptide and protein “sides of the interface”. There are many
examples where shape, hydrophobic, and electrostatic com-
plementarity plays an important role in molecular recognition.
Large hydrophobic residues on one surface may embed in
grooves in the partner molecule, or positively charged groups
on one side may attract negatively charged moieties on the
other, for example. An important issue to address in the case
of the PLCC-pY1021 complex is one of dynamic comple-
mentarity; are the side chains of both the protein and peptide
at the binding interface mobile?

Of the six methyl groups in the pY1021 peptide, only those
from residue I5 have significant chemical shift differences
between the free and bound states (see the Supporting
Information). This observation is consistent with binding data
showing that removal of Ile from the Ac-D-pY-I-NH2
sequence decreases the∆G of binding in excess of 1.7 kcal/
mol and with structural data that establish that large numbers
of contacts are formed between this residue and the PLCC
SH2 domain (Figure 1b;8, 10). The absence of methyl shift
changes for I6 and L8 is consistent with the fact that only a
relatively small number of intermolecular NOEs are observed
between these residues and the SH2 domain. Interestingly,
theS2

axis value for I6δ1(γ2) is 0.08 (0.2) lower than for I5
δ1 (γ2). The order parameters of theδ-methyls of Leu8 are
also lower than for I5δ1 (by ∼0.15) and lie at the lower
end of a distribution determined using a database of values
tabulated from studies of several proteins ((1 standard
deviation, shown as thick gray lines in Figure 5b;23). Thus,
both I6 and L8, which contribute less to the binding energy
than I5, have higher levels of dynamics than I5. The
correlation between increased motion and a decrease in the
contribution to the energetics of binding that has been
observed in connection with methyls of the PLCC SH2
domain is thus also noted for a number of methyl groups in
the pY1021 peptide.

Slower Time Scale Motions.The relaxation measurements
described above focus exclusively on pico- to nanosecond
time scale dynamics. We have also quantified slower motions
(micro- to millisecond time scale) by recording relaxation
dispersion experiments (33, 45; see Materials and Methods).
Both I5 and I6 exhibit small contributions to relaxation from
slow time scale dynamics withRex values on the order of
2 s-1, while the dispersion profiles for the remaining residues
are flat. Akex value of∼75 s-1, with a 5% population of the
minor state, is obtained from a simultaneous analysis (33)
of dispersion profiles for these two residues. Notably, since
both I5 and I6 exhibit similar levels of millisecond time scale
dynamics, such motion, at least at the level of the backbone
of the peptide, cannot be correlated with the relative
importance of these residues for binding to the SH2 domain.
This Rex contribution is consistent, however, with the weak
resonance of I5 Cγ2.

DISCUSSION

To gain an understanding of the factors that contribute to
the stabilization of proteins and protein-ligand interactions,
it is important to understand motions within proteins and at
protein interfaces. Several studies have been performed to
characterize changes in backbone and side chain dynamics
in proteins upon ligand binding (10, 11, 13, 14, 16, 17, 19,
21, 24, 46) while other investigations have focused on the
backbone dynamics of peptide ligands (47-49).

A large body of spin relaxation data has been recorded to
aid in the understanding of the relation between motion and
binding in the case of the PLCC SH2 domain. Backbone
15N and side chain2H rates have been measured for the free
and bound states of the PLCC SH2 domain (10, 11, 13, 50),
supplemented in this study with relaxation data for the bound
pY1021 peptide. Notably,15N relaxation data establish that
nearly all of the backbone amides from residues that interact
with the peptide are relatively well ordered in the free protein
and exhibit no significant reduction in fast time scale
dynamics in the bound state (11). In contrast, side chain
dynamics are much more varied.2H spin relaxation data are
consistent with a restriction of motion for the protein in the
pTyr binding region upon addition of ligand, while methyls
that contact residues C-terminal to the pTyr are very mobile
in both apo and ligated states of the protein (for example,
Leu âE4 Cδ1 and Cδ2 and Leu BG2 Cδ1) (10). In addition,
side chains of Arg 37, 39, 50, and 59 that contact the pTyr
of the peptide are broadened in NMR spectra, indicating
millisecond time scale dynamics (50). The amplitudes of the
fast time scale dynamics of the backbone amides in the
pY1021 peptide are most restricted at I5, position+1, and
increase toward the C-terminus (Figure 5a). Order parameters
for D3-D10 average to 0.70, approximately 0.1 below
average values for the protein. The dynamics of methyl-
containing side chains in the peptide appear to be more
extensive, not surprisingly, than motions of the backbone.
Notably, theS2

axis value for I5δ1 is higher than for I6δ1 or
L8 δ1,δ2, consistent with previous observations that residues
that contribute more to binding tend to be more static (10).
However, five of the six methyl groups in the peptide
(excluding I5γ2) are dynamic, with order parameters that
are either as low as or lower than one standard deviation
from average values tabulated over a series of proteins. Most
striking is the complementarity in dynamics of side chains
that span the interface. A picture emerges of a dynamic
complex, with interacting protein and peptide residues
showing significant mobility. In this context, it is useful to
think about an interface in which side chains are exchanging
between conformers, with the dynamics serving to modulate
the interaction between the ligand and protein. The potential
relation between dynamics and affinity may be of particular
importance to the PLCC SH2-pY1021 complex. It is clear,
for example, that the binding energy has a strong component
from electrostatics for SH2 domain peptide interactions in
general. However, for the PLCC SH2 domain, this is
particularly the case since four Arg residues line the binding
pocket (8). In comparison, there are two for the Src SH2
domain (6). Thus, the combination of strong electrostatics
and a static hydrophobic interface might decrease the
dissociation rate of the PLCC complex to the point where
biological function is compromised. In this regard, higher
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than average dynamics in this complex (at the level of both
the protein and peptide) may serve to moderate the affinity
somewhat, compensating for the charge interactions between
the pTyr of the peptide and the (very) basic binding pocket.

Comparison with Other Systems.The 15N relaxation
properties of the bound pY1021 peptide are somewhat
distinct from those measured for a 19-residue peptide derived
from the smooth muscle myosin light chain kinase
(smMLCKp) calmodulin-binding domain in complex with
calmodulin (CaM) (48). Unlike the pY1021 peptide, the
smMLCKp peptide exhibited little variation in15N relaxation
along its length (S2 values range from 0.79 to 0.86). The
distinction in peptide dynamics likely reflects differences in
the way that each peptide interacts with its target. For
example, CaM binds the smMLCKp peptide with a very high
affinity (Kd ∼ 1 nM) and in a manner that largely buries the
peptide. In contrast, the affinity of the PLCC SH2 domain
for the pY1021 peptide is relatively modest (0.35µM) and
much of the bound peptide is solvent accessible (8). The
dynamics of peptides in other complexes, for example, the
22-residue S-peptide bound to the S-protein [both derived
from cleavage of ribonuclease A by subtilisin (47)], show
trends that are similar to those reported here. Although the
bound S-peptide has a much longer stretch of residues with
high order parameters (S2 values of>0.8 for 13 contiguous
residues), the amplitude of fast time scale dynamics increases
measurably toward the peptide termini where few residues
interact with the S-protein. Thus, as illustrated by these
examples, the mode of binding and the extent of interaction
can have significant effects on the dynamic properties of
small ligands.

Recently, Landry demonstrated a correlation between the
free energy of binding and amide chemical shift perturbations
for various pairings of wild-type and mutant DnaJ J-domain
(Jd) and DnaK ATPase domain (Kase) proteins: those
pairings that bind with higher affinity also show larger amide
chemical shift perturbations for residues in the Jd domain
(51). The author suggests that these results indicate that the
complex is not static but exists as a dynamic ensemble of
conformational states and that the more tightly interacting
pairs have smaller conformational fluctuations in the bound
state (biased toward a state with a larger chemical shift
perturbation) than the more weakly interacting pairs.

Binding of the PLCC SH2 domain to mutated pY1021
peptides has not been investigated; however, it is still
instructive to compare amide chemical shift changes in
pY1021 upon binding PLCC with the dynamics of backbone
amides in the bound pY1021 peptide (Figure 6). This
comparison reveals a correlation between amide15N order

parameters and amide1H chemical shift perturbations, with
those residues exhibiting the largest chemical shift changes
also among the most restricted dynamically in the complex.

Concluding Remarks.In a set of previous studies, the
dynamics of both backbone and side chain methyl positions
in apo and ligand bound states of the PLCC SH2 domain
have been probed using15N and2H spin relaxation (10, 11,
13, 50). Here, this work is supplemented by a study of the
dynamics of a 12-residue phosphorylated peptide comprising
the Tyr-1021 site in theâ-platelet-derived growth factor
receptor. These combined studies underscore the utility of
dynamics experiments in examining conformational fluctua-
tions about low-energy states represented in NMR or crystal
structures. We have shown for the PLCC SH2 domain-
pY1021 peptide complex that the interface is highly dynamic,
with residues on both partners showing extensive mobility.
This level of motion may be important for moderating the
strength of the peptide-protein interaction. This work makes
it clear that an understanding of the factors that contribute
to binding requires not only high-resolution static structures
but also site-specific information about how such structures
change over time.
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