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ABSTRACT. The signal transduction protein phospholipasgelGPLC+1) is activated when its C-terminal

SH2 domain (PLCC) binds the phosphorylated Tyr-1021 site (pTyr-1021) ji+hetelet-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 ppepiide 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 diacylglycerol and inositol 1,4,5-triphosphate, two second
regulation of cellular processes. Many of these interactions messengers involved in the activation of protein kinase C
involve small modular binding domains, independently and in the release of €a from internal cellular stores,
folding sequences that occur in a variety of proteins and respectively 8).
mediate intermolecular contacts. For example, the members  Tertiary structures have been determined for several SH2
of the SH2 class of modular binding domains ar&¢00  domains in complex with various peptides-(7), including
amino acids in length and generally recognize phospho-the pLCC SH2 domain in complex with a peptide derived
tyrosine-containing sites in their target proteins. Binding can fom the pTyr-1021 site of PDGFR [pY1028){. The PLCC
affect the subcellular localization of both SH2 domain- s> domain recognizes the consensus pTyr-hydrophobic-
containing proteins and their targets, bringing enzymes andX—hydrophobic sequence®) with the pTyr bound in a deep
their substrates into proximity. Phospholipase/ C{PLC-  ocket and residues C-terminal to the pTyr lying in an
y1)' is activated when its C-terminal SH2 domain (PLCC) gytended hydrophobic groove (Figure 1a). Residues in the
binds the pTyr-1021 site in thg-platelet-derived growth by qrophobic binding groove of the PLCC SH2 domain make
factor receptor (PDGFR), leading to phosphorylation by the exiensive contacts with the bound peptide (Figure 1b), yet

receptor tyrosine kinase.(2). Activated PLCy1 catalyzes it has been shown that the pY1021 peptide can be truncated
the hydrolysis of phosphatidylinositol 4,5-bisphosphate t0 {5 the +1 position (relative to the pTyr, residue 15 in the
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Ficure 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 PDGFB. (The pY1021 peptide is colored dark gray, with methyl groups from the peptide
shown as spheres. This illustration was produced using MOLM&2). (b) Number of intermolecular NOE contacts with the PLCC SH2
domain as a function of peptide residue numb&3).( Resonances for the two N-terminal residues of the free and bound states of
the peptide were not visible itH—15N spectra and so are absent from this and subsequent plots. All plots were produced using Grace
(http://plasma-gate.weizmann.ac.il/Grace).

that is not reduced upon peptide binding. Since van der Waalsconditions and the peptide subsequently cleaved from the
interactions are strongly distance-dependent, this disorderpurified fusion protein using CNBr. For NMR relaxation
may explain why many of the proteirligand interactions  experiments, the Y1021 peptide was expressé&tsaherichia

do not contribute significant binding energydj. coli strain BL21(DE3) cells grownni 2 L of M9 minimal
As illustrated by the results presented above, even thoughmedium (50% BRO/50% HO) with **NH,CI and P3C]-
the tertiary structures of many SH2 domajmeptide com- glucose as the sole nitrogen and carbon sources, respectively.

plexes have been determined, it is currently not possible to After CNBr cleavage, the Y1021 peptide was further purified
identify affinity- or specificity-determining residues based by reverse phase HPLC on a semipreparative C18 column
exclusively on “static” structural data. Consequently, there (Beckman) prior to phosphorylation.
has been much interest in obtaining site-specific dynamics  The Y1021 peptide was phosphorylated using the cyto-
information in an effort to better understand the atomic-level pjasmic domain of the EphA4 receptor protein tyrosine
interactions that govern the stability of protein complexes. kinase (EphAdyro). Plasmid DNA for bacterial expression
NMR dynamics experiments performed on a variety of of EphA4cyro was kindly provided by the laboratory of T.
systems have yielded information about the effect of ligand pawson; the expression and purification protocol for this
binding on motional properties of the protein backbone as protein has been described elsewhe?€).( The kinase
well as side chain methyl groups(; 12, 14—23). For some  reaction, employing EphAdo prepared fren a 2 L LB
proteins, ligand binding leads to a reduction in fast time scale cyjture, was performed at 3 in a buffer containing 10
dynamics {4, 21, 22, 24), while in other instances, the mM HEPES (pH 7.5), 10 mM MgGJ 1.5 mM dATP, and
overall flexibility of the backbone can remain unchanged or 9.6 mM Y1021 peptide and the progress of the reaction
even increasel(, 18, 19, 22). In many cases, these studies monitored by HPLC. Following completion of the reaction
provide insights into the thermodynamics of binding. (~90% phosphorylation of Y1021;3 h), separation of the
The NMR experiments performed on the PLCC SH2 phosphorylated peptide from the kinase and nonphospho-
domain complexed with the pY1021 peptide, as well as rylated peptide was accomplished using reverse phase HPLC
similar studies on related systems, have provided usefulon a semipreparative C18 column (Beckman), and the purity
information about the changes in protein dynamics that occur and integrity of the phosphorylated peptide were confirmed
upon ligand binding. However, data for the other half of the by mass spectrometry.
complex, namely, the peptide, have been lacking. To obtain

information complementary to that previously measured for - ; :
) ) and side chain resonances for the unbound peptide was
the PLCC SH2 domain, we have measut@tiand?H NMR performed using a sample of 1.6 MNN, 1C, 2H(50%)

relaxation parameters for the free and bound states of .
; ) pY1021 peptide in pY1021 NMR buffer [100 mM NaHRO
2,3I{OLm:ydlsN\;1%nzdllac_|azeled and randomly fractionally (pH 6.0) and 100«M EDTA] with a 90% H0/10% DO
-labeled p peptide. mixture. Uniformly 1*N-labeled and unlabeled PLCC SH2
domain were prepared as described previoudly gnd
MATERIALS AND METHODS dialyzed into PLCC NMR buffer (pY1021 NMR buffer with
Expression, Purification, and Preparation &N, °C, 100 uM DTT). The PLCC SH2 domain complex with the
2H(50%) pY1021 Peptid®ligonucleotides encoding Y1021, pY1021 peptide was prepared by adding uniforrix-
a 12-residue peptide derived from the sequence surroundindabeled PLCC SH2 domain in PLCC NMR buffer with a
Tyr-1021 of the PDGFR (DNDYIIPLPDPK), were cloned 90% HO/10% DO mixture to uniformly labeled®N, °C,
into the plasmid pMMHb 25), provided by the laboratory  2H(50%) peptide in pY1021 NMR buffer. However, to
of P. S. Kim, to make the pMMHb-Y1021 plasmid. Purifica- completely eliminate resonances from unbound pY1021
tion of proteins expressed using the pMMHb plasmid has peptide, a small amount of unlabeled PLCC SH2 domain in
been described previous|®25). Briefly, following expression PLCC NMR buffer with a 90% KHO/10% DO mixture was
of the Y1021 peptide as a fusion with a modified form of added to the sample to yield an exces&(% molar excess)
the TrpLE leader sequence, the insoluble fusion protein wasof SH2 domain relative to the peptid&N-labeled PLCC
purified by NP* affinity chromatography under denaturing SH2 domain not available at the time). Following the

Preparation of NMR Sampleéssignment of backbone
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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).

Finerty et al.

and 12 775.5 and 2400 Hz (at 800 MHz, recorded as a
112 x 826 complex matrix) employed in thgd and *°N
dimensions, respectively. Spectra for the free peptide (PLCC

Relaxation dispersion experiments (see below) utilized a SH2 domain-pY1021 complex) were recorded as<6876

similarly prepared sample containing unifornifiN-labeled

(100 x 576) complex matrices with spectral widths of 9000.9

pY1021 peptide (prepared as for the triple-labeled sample) (9000.9) and 750 (1800) Hz employed in thé and '°N

in complex with unlabeled PLCC SH2 domain. The con-

dimensions, respectively. All data sets were processed using

centration of the complex, determined by measuring the the Linux version of the NMRPipe suit&4) with Lorent-
absorbance at 280 nm and using a theoretical extinctionzian-to-Gaussian apodization in both dimensions.

coefficient of 14 417.1 M! cm™%, was adjusted to 1 mM.
All NMR samples were blanketed with argon to prevent
oxidation of Cys residues.

NMR ExperimentsAll NMR experiments were performed
at 30°C on Varian Inova 500, 600, or 800 MHz spectrom-

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 forht) = 1,672 with a
MATLAB script written in house. Errors in relaxation rates
were estimated by Monte Carlo analysis. Steady-state NOE

eters with triple-resonance, pulsed-field gradient probes with values were determined from the ratios of peak heights with

an actively shielded gradient coil.*HN, 5N, *Ca, 3Cg,
13C-carbonyl, and side chaiiC-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

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 Comple¥N R, andRy, rates for the'N,

recorded using enhanced sensitivity pulsed-field gradient 13C, 2H(50%) pY1021 peptide and th¥eN-labeled PLCC

methodology 27—29). Peptide proton assignments of bound
pY1021 peptide were reported previousdy, @nd these were
used to guide assignmentBN- and'3C-methyl resonances
of the pY1021 peptide in spectra of the complex with the
PLCC SH2 domain.®C-methyl chemical shifts for the
peptide were confirmed with an (H)YCC(CO)NH-TOCSY
experiment. The two Leu methyl groups in free pY1021 were
stereoassigned using published chemical shift val@8g (

SH2 domain were measured simultaneously (see above)
using experiments which either selected for (peptide) or
against (SH2 domairfPN spins one-bond coupled t8CO.
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

and the same assignments were used for the complexedhat the free protein has a tendency to self-associdie &
peptide, as the chemical shifts of these groups are veryproperty that has also been noted for other SH2 domains
similar in the free and bound states. Assignments were made(14, 21, 35). While past NMR relaxation experiments with

using the Linux version of NMRViewdJ).
15N Relaxation Experiment®N Ry, Ry,, and NOE values

the complexed state of the PLCC SH2 domain employed
samples containing an excess of peptide, in this study we

were measured at 600 MHz using previously published pulse utilized a complementary strategy in which excess SH2

schemes {1, 32) that were modified to separatél—°N
correlations for which thé&®N nuclei are bonded t5C nuclei

(in the case of the pY1021 peptide) from those that are not

domain was present to maximize the fraction of bound
peptide.
The presence of a slight excess of SH2 domain (and hence

(in the case of the PLCC SH2 domain). Steady-state NOEa small degree of free protein that can self-associate)

values for free pY1021 (PLCC SH2 domain-pY1021 com-
plex) were obtained fromitH—'5N correlation spectra with

saturation of'H for 5 (5) s and a 10 (7) s delay between
scans and withoutH saturation using a 15 (12) s delay
between scans®N R; values were measured from spectra

complicates the extraction of accurate correlation times from
fits of relaxation data. This is particularly the case since very
few *H—N 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

recorded with seven different values of the relaxation delay protein. Data from the pY1021 peptide amide resonances
(10.1, 90.8, 201.7, 322.7, 463.9, 645.4, and 857.1 ms andwould not provide a reliable correlation time since, with only
10.1, 70.6, 151.2, 252, 352.8, 493.9, and 655.2 ms for free seven resonances, there are not enough orientations of bond

pY1021 and complexed pY1021, respectivel{iN Ry,

vectors and some are affected by intermediate time scale

values were measured from spectra recorded with delays ofmotion. We have therefore usedravalue of 6.6 ns from
10, 30, 50, 70, 90, 110, 130, and 150 ms and 10, 20, 30, 40,previous studies and calculated the orientation of the diffu-

60, 80, and 100 ms for free pY1021 and complexed pY1021,

respectively!>N R, values for each residue were obtained
by correction of the observed relaxation rRigfor the offset

Av of the applied spin-lock rf field;) to the resonance
using the relatiorR,, = R, cog 6 + R, sir? 6, where =

tan Y(v/Av). vy 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

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 tensob(/Dy = 1.13) was
found to offer a slightly better fit of the data over the fully

peptide bound to the PLCC SH2 domain, conducted at 500 isotropic model, while the anisotropic model did not sig-
and 800 MHz, were performed and analyzed as describednificantly improve the fit P values obtained from a

previously B3) with spectral widths of 8000.0 and 1500.0
Hz (at 500 MHz, recorded as a 160576 complex matrix)

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 — ,fTTTrrr T T 1171
very small errors are introduced by neglecting anisotropy | e @ 1} s @]
(less than 1% change N & values, on average, withthe 7 [ P . ] 6%
largest change being1.5%; 2.3% change in th& order < 1" el ¢ M e
parameters, on average, with the largest change bedfg), 0.8 =1L J4o
and all of the data has been analyzed therefore with a single e ——
value of .. ] o1F @ ©) 112
The pY1021 peptide used for measurementsiif relax- o e . 1 . 3180 =
ation parameters in the free and bound states was uniformly % 121 ¢ Tb e . s %
labeled with!*N and 13C; however, effects due to dipolar % [ 1L * e T
relaxation viat3Ca. and*3CO spins were not included in our 08, vy AR 142
calculations. We calculate that these pathways would lead o ,f TT T T T T TTTTIFTTTTTTTTTT]
to a nearly homogeneous error in i S values presented 06 08 ©4F M 3 0.8
here of <3%. Wos *° et " . ::g-i W
°H Relaxation Experiment$H NMR relaxation experi- < _1';Z§ : e * d02 %
ments measuring the decay of the spin-operator tddms 4l f_ :—I Ll T—:O
D., 3D2 — 2,D,D, + D,D4, andD.? were recorded at a BYLer3R2ry 8I92R3R2LE

spectrometer field of 600 MHz using previously described

. 2 amin
pulse schemed g, 36). The relaxation rate of thB.* spin state’H—15N NOE ratios (c and f) as a function of residue number

operator term was not measured for the free pepbdeates o the free pY1021 peptide {ec) and for the peptide in complex
were obtained from two-dimensiondH—'3C correlation  with the PLCC SH2 domain (df) with error bars indicating the

spectra with relaxation delays of 0.05, 6.7, 14.1, 22.7, 32.7, uncertainties in the measurements.

44.7, and 60 ms for both the free peptide and the SH2 domain ]

pY1021 complex, whileD, rates were measured with ~PTYr, and'H—"N spectra of the free peptide showed several
relaxation delays of 1.1, 5.6, 11.8, 18.9, 27.2, 37.2, and 50 Weak peaks, indicating the presence of various combinations
ms and 0.2, 4.2, 6.6, 9.4, 12.6, 16.4, and 21 ms for the freeOf proline isomers (data not shown), although only the peaks
peptide and the SH2 domain-pY1021 complex, respectively. Of the major conformer were unambiguously assigned. In
The decay rates for quadrupolar order and doubIe-quantumadd't'On to those peaks (esultlng from the major species, a
coherences were obtained with delay values very similar to Number of weak correlations were also presenttn-1*N
those used fob,, while delays used to record the decay of SPectra of the bound peptide. These likely arise from
D.D, + D,D. were similar to those used for measurement isomerization of the most C-terminal proline residue that
of the relaxation oD.. All spectra were recorded as 162~ Makes only a few contacts with the SH2 domain (Figure
576 complex matrices with spectral widths of 9000.9 and 1P;8), with the other prolines stably populatitrgnspeptide
3600 Hz employed in théH and 13C dimensions, respec- bond configurations. Resonances from_ this minor C-terminal
tively. Processing and analysis of spectra were as describedonformer were not able to be assigned clearly due to

FiGURE 2: 1N R; rates (a and d)R; rates (b and e), and steady-

previously (3). overlap.'H—13C correlation maps of CHD groups of the
free and bound states showed only six resonances, corre-
RESULTS sponding to the six methyl groups in the peptide.

NMR Relaxation ExperimentBackbone'®>N spin relax-

Sample Preparation and Chemical Shift Assignméftte.  ation experimentsi(l) were conducted at 600 MHz and
pY1021 peptide (DNDpYIIPLPDPK, where pY represents 30 °C and analyzed as described in Materials and Methods,
phosphotyrosine) used in NMR experiments was uniformly yielding R, R, and steady-statdH—5N NOE values N
labeled with™>N and**C and randomly fractionally deuterated  relaxation data for seven residues (from the dominant species;
to approximately 50% as described in Materials and Methods. see above) were obtained for the free and bound peptide,
A single preparation was used for all experiments. The PLCC and these values are p|0tted in Figure 2. 'R_nandRz rates
SH2 domain was labeled withiN. Samples of the pY1021  measured for the free peptide are generally similar for a given
peptide complexed with the PLCC SH2 domain contained residue. This is not the case for the bound state, with the
an excess of the SH2 domain (less than 10% molar excesskxception of K12, the most C-terminal position. Interestingly,
to ensure the absence of the free peptiéld.and?H NMR only residues pY4, 15, and 16 exhibR; and R, rates that
relaxation experiments were performed on the same samplesre comparable to those measured for residues in the SH2
except for relaxation dispersion experiments, which utilized domain (data not showrt1), suggesting that the peptide
a sample of theé°N-labeled peptide in complex with the packbone is least dynamic in this region. Steady-stdte
unlabeled PLCC SH2 domain. 15N NOE values are negative for the free peptide, as

Backbone amide and methyl resonances of the peptideexpected, but positive for the bound state, with the exception
were assigned as described in Materials and Methods.again of that of residue K12 (NOE ratre 0, Figure 2f).
Assignments of the bound state of the PLCC SH2 domain  Side chairtH R(D,), R%(D+), R}(3D2 — 2), RY(D+D, +
and 'H assignments of the pY1021 peptide bound to the D,D.), and R}(D;?) relaxation parameters were measured
PLCC SH2 domain were reported previousdy. Resonances  for CH,D methyl groups at 600 MHz and 3C [relaxation
for the two N-terminal residues of both the free and bound of double-quantum coherence?(D-?), was not measured
states of the peptide were not visible H—5N spectra, for the free peptide] and analyzed according to published
likely due to rapid exchange with the solvent. The pY1021 procedures0, 12, 13, 36, 37; see Materials and Methods).
peptide contains three proline residues C-terminal to the The nomenclature used here for firkrates is the same as
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B E 118 =X FiGURE 4: InequalityRR(D,) < %3R(D4?) =< S3RR(3DA — 2) <
L ¢ e 12 2 R(D4+) < SR(D4+D, + D,D:) (a and b) and consistency
. = % relationshipsRe(D.D, + D,D1) = R(D+) — #3R(3D2 — 2)
C . L8 (c and d) andR*(D.?) = Y,R(D,) + YsR(3D2 — 2) (e) evaluated
W = == A using the experimentally measuréd quadrupolar relaxation rates
L Lo ® « 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

FiGURE 3: ?H spin relaxation rates as a function of residue number a5 follows: R(D,) (® and —), R(D;) (¢ and — — —),
for the free pY1021 peptide {ed) and for the peptide in complex  5,,20(3D,2 — 2) (@ and - - -),%:R(D.D, + D,D,) (* and - — +),
with the PLCC SH2 domain (ei) with error bars showing the  and5/,R(D,2) (a and— — —). Best fit lines are also given {ee).

uncertainties in the measurements. The double-quantum coherence

relaxation rate was not measured for the free peptide. . .
noted that the equations given above were completely

in recently published work3g, 37). 2H relaxation rates were ~ Satisfied for all five’H relaxation rates measured on protein
obtained for all six methyl groups in the free and bound L (36). The *H rates for the free and bound states of the
forms of the peptide and are plotted in Figure 3. Rates PY1021 peptide are given in Figure 4. Since tHeelaxation
measured for the free peptide are very similar for each methylrates for the free peptide were not used to calculate order
type and show little variation among the four experiments. parameters (see below), the primary goals of qualitative
In contrast?H rates measured for the bound pY1021 peptide analysis of the trends and testing their consistency were met
show a broad distribution of values (particularly the rates by measuring only four rates. Rates for all methyl groups in
that measure the decay of transverse magnetization), indicatthe free peptide satisfy the inequalities given above (Figure
ing that the dynamics of the various methy| groups are 4a) as well as the first Consistency relation [Figure 4c; note
diverse. While resonances for the bound state are not aghat R¥(D-?) rates were not measured so that the second
intense as those obtained for the free peptide, the resonancéelation could not be verified], while data for one methyl
for one methyl group in particular, 1592, is very weak group in the bound state, 1542, fail the validation tests

(approximately one-third as intense as that of the {&2C

time scale motion that affects the efficiency ¥C—2H
magnetization transfer. The poor signal for the 1@2@nethyl
group results in significantly larger errors in thé relaxation
rates compared to those obtained for the other methyls.

quadrupolar relaxation rates measured here must fulfill

the following inequalities: R(D,) =< 33R(D:?) <
5,R(3D2 — 2) < R(D4) =< %3R(D.D, + D,D-+) so long
asJ(0) = J(wp) = J(2wp) (38). Additionally, °H relaxation

RO(D.D, + DD;) = R(D:) — %sR(3D2 — 2) and
RO(D:?) = ,R(D,) + YgR(3D2 — 2) (38). Millet et al.

(Figure 4b,d,e). Itis likely that the weak signal for this methyl
methyl group, data not shown), likely due to intermediate group prevents measurement of reliable relaxation rates for
D+, 3D/ — 2, orD;D, + D,D; since the experiments that
are used for these elements are less sensitive than those used
to measure th&?(D,) and R(D;) rates. In what follows,

only the longitudinal and in-phase transverse relaxation rates
Previously, it has been shown that the five different are analyzed further for 15 in the bound state.

Analysis of Relaxation Data for the Free Peptidenide

5N relaxation rates and steady-stéte-5N 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
rates can be related by a pair of consistency relationships: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
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prevalent near the ends of theoretical polymer chains on a LS e, e e AL e e
tetrahedral lattice39). Still, the pY1021 peptide does not aa (a)_ - () ¥ |08
behave completely like a homogeneous polymer as evidenceds, "+, "= o B i J08 %
by variations in the relaxation rates and steady-steite i e A | 104
15N NOE ratios along the chain. Some of this variability is 0.4 =l it O
likely caused by the conformational restrictions imposed by éééé Jri ééé:': 'g e e

the three proline residues in the C-terminal half of the i = v v o © § ;

peptide. The variability in the N-terminal half of the pY 1021 Ficure 5: Backbone amide (a) and methyl axis order parameters
peptide may be due to local interactions, although arttitle squared .(b) as a function of residue numi@for the bound state

chemical shifts for the free state (data not shown) are very of the pY1021 peptide with error bars (black lines) indicating the
close to random coil values, indicating that the peptide likely uncertainty in the calculated order parameters. In panel b, thick

has little structure. Furthermore, each of the three different gray lines show the distribution of database values for methyl axis

methyl types in the free pY1021 peptide (lleZ lle Ci1,
and Leu @ 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.
facilitate comparisons of fast time scale dynamics in protein
it is useful to employ the model-freet@, 41) analysis in
which an order paramete®) and effective correlation time
for internal motions %) 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,S,i¢ describes the amplitude of pico- to nano-
second motions for the bond vector between the methy
carbon and its directly attached carbon atom. Note it
and?H 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 (3G), 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 from!®N Ry/R; ratios @2) is on the order
of ~0.7 ng].

N and ?H 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!®N relaxation data have been analyzed using a three-
parameter model, 7., and R.,) that takes into account
contributions to transverse relaxation from exchange between
sites @3). A single overall rotational correlation time
[6.6 ns (L1)] was used for all residues of the peptide; the
anisotropy of the diffusion tensor for the complex is small
(Dy/Dy = 1.13), and order parameters fit using isotropic
versus axially symmetric tumbling models differ by less than
2.5%, on average. In contradH rates were interpreted in
terms of a model in whicl¥ andz. are fitting parameters.
As described previouslyl@, 36), the deuterium relaxation

S,

order parametersi1 standard deviation2@). Note that in panel
b the Sis value for I5 G2 was calculated using only tifel R,
andRy, relaxation rates.

Amide'>N Dynamics in the Bound PeptidEhe structural,
dynamic, and binding properties of the PLCC SH2 domain
have been extensively characterized in previous work by our
group @, 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, 15, and P7, account
for more than 75% of the total proteiipeptide distance
restraints (Figure 1b8). Subsequent binding studies using
peptide ligands that were progressively truncated demon-
strated that the SH2 domain bound the ligand Ac-D-pY-I-
NH. 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 15 amide positions are
the most restricted in the complex, as might be expected on
the basis of structuraB( Figure 1) and binding datal().
Notably, the next most restricted amide position is that of
16, a residue that is not required for high-affinity binding
(10). The absence of 16 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 16, despite the absence of
interactions with the SH2 domain, may be a consequence of
its environment. Of note, 16 is flanked by 15 and P7, residues
with large numbers of intermolecular NOEs.

Methyl DynamicsMain chain atoms constitute approxi-
mately one-fifth of the area at an average protein interface
with the remainder comprising amino acid side cha##.(
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

rates are dominated by the quadrupolar interaction and theinvolved in interactions with the ligand can be less mobile

effects of chemical exchange can be neglectédtest
analyses have established that more complex motional
models do not yield statistically significant improvements
in fits of the data. CalculatetN and?H order parameters
are plotted in Figure 5. As described above, onlyRRED,)
andRX(D.) rates have been analyzed for I5Z

in the bound state than in the free stat, (14). In contrast,
dynamics experiments performed on the PLCC SH2 domain
establish that methyls withi5 A 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 forms1Q). Comparison of the dynamics
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results to binding data suggests that those methyl groupsDISCUSSION
having restricted motional properties in protein complexes ] ] .
contribute energetically to binding while those without  TO gain an understanding of the factors that contribute to
reduced mobility contribute less to the energetics, even the stabilization of proteins and proteitigand interactions,
though they may be important for the specificity of the It1S Importantto understand motions within proteins and at
interaction. Given the importance of I5 to the binding energy Protein interfaces. Several studies have been performed to
(10), it is of interest to examine its dynamic properties and characterize changes in backbone and side chain dynamics
to compare them with other residues that have been shownin proteins upon ligand bindindl0, 11, 13, 14, 16, 17, 19,
to be less important for binding. This study also affords the 21, 24, 46) while other investigations have focused on the
opportunity to compare the extent of side chain mobility on backbone dynamics of peptide ligands’{49).
peptide and protein “sides of the interface”. There are many A large body of spin relaxation data has been recorded to
examples where shape, hydrophobic, and electrostatic com-aid in the understanding of the relation between motion and
plementarity plays an important role in molecular recognition. binding in the case of the PLCC SH2 domain. Backbone
Large hydrophobic residues on one surface may embed in!>N and side chaifH rates have been measured for the free
grooves in the partner molecule, or positively charged groupsand bound states of the PLCC SH2 domdif, (L1, 13, 50),
on one side may attract negatively charged moieties on thesupplemented in this study with relaxation data for the bound
other, for example. An important issue to address in the casepY1021 peptide. Notably.°N relaxation data establish that
of the PLCC-pY1021 complex is one of dynamic comple- nearly all of the backbone amides from residues that interact
mentarity; are the side chains of both the protein and peptidewith the peptide are relatively well ordered in the free protein
at the binding interface mobile? and exhibit no significant reduction in fast time scale
Of the six methyl groups in the pY1021 peptide, only those dynamics in the bound statd ). In contrast, side chain
from residue 15 have significant chemical shift differences dynamics are much more varieth spin relaxation data are
between the free and bound states (see the Supportingconsistent with a restriction of motion for the protein in the
Information). This observation is consistent with binding data pTyr binding region upon addition of ligand, while methyls
showing that removal of lle from the Ac-D-pY-I-NH that contact residues C-terminal to the pTyr are very mobile
sequence decreases thé of binding in excess of 1.7 kcal/  in both apo and ligated states of the protein (for example,
mol and with structural data that establish that large numbersLeuSE4 C51 and @2 and Leu BG2 @1) (10). In addition,
of contacts are formed between this residue and the PLCCside chains of Arg 37, 39, 50, and 59 that contact the pTyr
SH2 domain (Figure 118, 10). The absence of methyl shift  of the peptide are broadened in NMR spectra, indicating
changes for 16 and L8 is consistent with the fact that only a millisecond time scale dynamic5@). The amplitudes of the
relatively small number of intermolecular NOEs are observed fast time scale dynamics of the backbone amides in the
between these residues and the SH2 domain. InterestinglypY1021 peptide are most restricted at 15, positieh, and
the Saxis value for 1601(y2) is 0.08 (0.2) lower than for I5  increase toward the C-terminus (Figure 5a). Order parameters
01 (y2). The order parameters of themethyls of Leu8 are  for D3—D10 average to 0.70, approximately 0.1 below
also lower than for 151 (by ~0.15) and lie at the lower  average values for the protein. The dynamics of methyl-
end of a distribution determined using a database of valuescontaining side chains in the peptide appear to be more
tabulated from studies of several proteinsl1( standard extensive, not surprisingly, than motions of the backbone.
deviation, shown as thick gray lines in Figure 28). Thus, Notably, theSis value for 1561 is higher than for 11 or
both 16 and L8, which contribute less to the binding energy L8 61,02, consistent with previous observations that residues
than 15, have higher levels of dynamics than 15. The that contribute more to binding tend to be more stati@) (
correlation between increased motion and a decrease in theHowever, five of the six methyl groups in the peptide
contribution to the energetics of binding that has been (excluding 15y2) are dynamic, with order parameters that
observed in connection with methyls of the PLCC SH2 are either as low as or lower than one standard deviation
domain is thus also noted for a number of methyl groups in from average values tabulated over a series of proteins. Most
the pY1021 peptide. striking is the complementarity in dynamics of side chains
Slower Time Scale Motionghe relaxation measurements that span the interface. A picture emerges of a dynamic
described above focus exclusively on pico- to nanosecondcomplex, with interacting protein and peptide residues
time scale dynamics. We have also quantified slower motions showing significant mobility. In this context, it is useful to
(micro- to millisecond time scale) by recording relaxation think about an interface in which side chains are exchanging
dispersion experiment838, 45; see Materials and Methods). between conformers, with the dynamics serving to modulate
Both 15 and 16 exhibit small contributions to relaxation from the interaction between the ligand and protein. The potential
slow time scale dynamics witRey values on the order of  relation between dynamics and affinity may be of particular
2 s, while the dispersion profiles for the remaining residues importance to the PLCC SH2Y1021 complex. It is clear,
are flat. Akex value of~75 s'1, with a 5% population of the  for example, that the binding energy has a strong component
minor state, is obtained from a simultaneous analy38 (  from electrostatics for SH2 domain peptide interactions in
of dispersion profiles for these two residues. Notably, since general. However, for the PLCC SH2 domain, this is
both 15 and 16 exhibit similar levels of millisecond time scale particularly the case since four Arg residues line the binding
dynamics, such motion, at least at the level of the backbonepocket 8). In comparison, there are two for the Src SH2
of the peptide, cannot be correlated with the relative domain 6). Thus, the combination of strong electrostatics
importance of these residues for binding to the SH2 domain.and a static hydrophobic interface might decrease the
This Rex contribution is consistent, however, with the weak dissociation rate of the PLCC complex to the point where
resonance of I5 €2. biological function is compromised. In this regard, higher
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1r parameters and amidel chemical shift perturbations, with
3-_2 ZLS PY4 those residues exhibiting the largest chemical shift changes
%, 07 }W also among the most restricted dynamically in the complex.
06110 Concluding Remarksin a set of previous studies, the
0.4 eK12 dynamics of both backbone and side chain methyl positions
0355504 05 08 1 in apo and ligand bound states of the PLCC SH2 domain
[A3| have been probed usifgN and?H spin relaxation 10, 11,

FIGURE 6: Backbone peptide amide order parameters squ&d (13, 50). Here, this work is supplemented by a study of the
as a function of the absolute value of amide proton chemical shift dynamics of a 12-residue phosphorylated peptide comprising
differences in parts per million|44]). |Ad| corresponds to the  the Tyr-1021 site in the8-platelet-derived growth factor
difference in shifts in the free and bound states of the pY1021 receptor. These combined studies underscore the utility of
peptide. The least-squares fit to the experimental data is shown as - . . - ;
a solid line ¢ = 0.81,P = 0.051), excluding data for K12. Qynamlcs experiments in examining conformatlonal fluctua-
tions about low-energy states represented in NMR or crystal
than average dynamics in this complex (at the level of both structures. We have shown for the PLCC SH2 dormain
the protein and peptide) may serve to moderate the affinity pY1021 peptide complex that the interface is highly dynamic,
somewhat, compensating for the charge interactions betweerwith residues on both partners showing extensive mobility.
the pTyr of the peptide and the (very) basic binding pocket. This level of motion may be important for moderating the
Comparison with Other System3he N relaxation strength of the peptideprotein interaction. This work makes
properties of the bound pY1021 peptide are somewhatit clear that an understanding of the factors that contribute
distinct from those measured for a 19-residue peptide derivedto binding requires not only high-resolution static structures
from the smooth muscle myosin light chain kinase but also site-specific information about how such structures
(smMLCKp) calmodulin-binding domain in complex with  change over time.
calmodulin (CaM) 48). Unlike the pY1021 peptide, the
smMLCKp peptide exhibited little variation N relaxation ACKNOWLEDGMENT

along its length & values range from 0.79 to 0.86). The  Thjs project would not have been possible without the
distinction in peptide dynamics likely reflects differences in discovery by Kathleen Binns (1972003), in the laboratory
the way that each peptide interacts with its target. For ot T pawson, that the EphA4 kinase efficiently phospho-
example, CaM binds the smMLCKp peptide with a very high yjates the Y1021 peptide. We thank H. Lin for preparation
affinity (Ks~ 1 nM) and in a manner that largely buries the ¢ the Y1021 peptide, K. Binns and the laboratory of T.
peptide. In contrast,_the_ affinit)_/ of the PLCC SH2 domain pawson for the plasmid encoding the EphA4 kinase, V.
for the pY1021 peptide is relatively modest (088l) and Kanelis for useful comments on the manuscript, O. Millet
much of the bound peptide is solvent accesside The for valuable discussions and for MATLAB scripts used for
dynamics of peptides in other complexes, for example, the fiiting relaxation parameters, and members of the Forman-
22-residue S-peptide bound to the S-protein [both derived Kay and Kay laboratories for valuable discussions.

from cleavage of ribonuclease A by subtilisi7f], show

trends that are similar to those reported here. Although the SUPPORTING INFORMATION AVAILABLE

bound S-peptide has a much longer stretch of residues with , . . N
high order parameter§{values of>0.8 for 13 contiguous Figures showing the differences in methyC and *H
residues), the amplitude of fast time scale dynamics increase$hemical shifts and amidéN chemical shifts between
measurably toward the peptide termini where few residues UnPound and SH2 domain-bound states of the pY1021
interact with the S-protein. Thus, as illustrated by these PePtide and tables with the LS-2 fitting parameters for the

examples, the mode of binding and the extent of interaction 2nalysis of*N & and?H Sy values for the SH2 domain-
can have significant effects on the dynamic properties of bound state of the pY1021 peptide. This material is available
small ligands. free of charge via the Internet at http:/pubs.acs.org.
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