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ABSTRACT. Protein—protein interfaces can consist of interactions between large numbers of residues of
each molecule; some of these interactions are critical in determining binding affinity and conferring
specificity, while others appear to play only a marginal role. Src-homology-2 (SH2) domains bind to
proteins containing phosphorylated tyrosines, with additional specificity provided by interactions with
residues C-terminal to the phosphotyrosine (pTyr) residue. While the C-terminal SH2 domain of
phospholipase C-y1 (PLCC SH2) interacts with eight residues of a pTyr-containing peptide from its high
affinity binding site on theg-platelet-derived growth factor receptor, it can still bind tightly to a
phosphopeptide containing only three residues. Novel deutefidjrbased nuclear magnetic resonance
(NMR) spin relaxation experiments which probe the nanosecond—picosecond time scale dynamics of
methyl containing side chain residues have established that certain regions of the PLCC SH2 domain
contacting the residues C-terminal to the pTyr have a high degree of mobility in both the free and peptide
complexed states. In contrast, there is significant restriction of motion in the pTyr binding site. These
results suggest a correlation between the dynamic behavior of certain groups in the PLCC SH2 complex
and their contribution to high affinity binding and binding specificity.

Protein-mediated recognition is a critical component in Kay, 1980), and various proteins containing Src-homology-2
many biological processes, such as signal transduction.(SH2) and Src-homology-3 domains (Pawson, 1995; Pawson
Protein—protein interfaces often show interactions between & Schlessinger, 1993)]. It is not clear, however, what
large numbers of residues across the interface. While somedifferentiates those regions of protein interfaces which
of these interactions are critical to recognition, others play contribute to binding and specific recognition from those that
only a marginal role in conferring significant binding energy do not. Studies of the interaction of human growth hormone
and specificity (Clackson & Wells, 1995). In addition, many with the extracellular domain of its bound receptor failed to
molecules involved in mediating protein recognition bind to detect a correlation between the important residues in the
multiple targets, with binding interfaces containing direct “functional epitopes” of the interface and either buried
contacts to nonconserved residues [e.g., calmodulin (Klee

& Vanaman, 1982; Vogel, 1994), troponin C (McCubbin & ! Abbreviations: HSQC, heteronuclear single-quantum coherence;
J(w), power spectral density functioKy, dissociation constant; NMR,
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surface area, number of van der Waals contacts, crystal-
lographic temperature factors, or solvation parameters (Clack-

son & Wells, 1995).

Accelerated Publications

incorporation of deuterium in the methyls does not reflect
the ratio of O/H,O used in the growth media, indicating
that incorporation is not uniform. In the case of Val, Leu,

SH2 domains are modules of approximately 100 residuesAla, and lley methyls, [CHD] ~ [CHD;] ~ 2—3x[CHj],
that bind to proteins containing phosphotyrosine (pTyr) While for Thrand lle§, [CH.D] ~ 0.8x[CHD;] ~ 4x[CHj].

residues and have additional binding specificity depending

In the case of Met, [CkD] ~ 1.5x[CHD;] ~ 1.2x[CHj].

on the nature of the adjacent amino acids, predominantly These results suggest that higher [Offi (see below) can
those residues C-terminal to the pTyr (Songyang et al., 1993).be achieved using a 50%,0/50% HO ratio in the growth

The C-terminal SH2 domain of the phosphoinositol-specific
phospholipase @G- (PLCC SH2) binds with &4 of ~100

nM (Piccione et al.,, 1993) to the pY1021 peptide, a
12-residue pTyr containing peptide from its Tyr-1021 binding
target on theg-platelet-derived growth factor receptor
(PDGFR) (Valius et al., 1993; Valius & Kazlauskas, 1993).
The solution NMR structure of the PLCC SH2 domain in
complex with the pY1021 peptide has been determined,

media.

Purification of the triply labeled PLCC SH2 sample was
as described previously (Pascal et al., 1994). NMR experi-
ments were performed on a 1.5 mM sample, pH 6.4, 90%
H,0/10% DO, and 0.1 M sodium phosphate, at 3. The
pY1021 peptide was synthesized by Dr. Gerald Gish in the
lab of Dr. Tony Pawson and contains 12 residues having
the sequence Asp-Asn-Asp-pTyr-lle-lle-Pro-Leu-Pro-Asp-

based primarily on nuclear Overhauser effect (NOE) data Pro-Lys. The sample of the peptide complex contained an

(Pascal et al., 1994). The PLCC SH2 domain interacts with
eight residues of the pY1021 peptide, from the residue
N-terminal to pTyr extending to the amino acid six residues
C-terminal to the pTyr €1 to +6 positions). Over 130

equimolar ratio of PLCC SH2:pY1021.

NMR Relaxation The pulse schemes for measuriti
T, andT,, relaxation times are given in another publication
(Muhandiram et al., 1995) and will therefore only briefly

NOEs are observed between the PLCC SH2 domain andbe described here. The magnetization transfer pathway for

peptide residues from the pTyr through A%, leading to
a well-determined peptide-binding interface. This extended

peptide/protein recognition has also been observed for the

N-terminal SH2 domain of the Syp phosphatase (Lee, C. H.,
et al., 1994) and is distinct from the “two-pronged plug”
mode of recognition of the pTyr and the3 residue

both T; and T;, measurements is given by

Iy ﬁ lSC(tl) ﬁ 2H M ﬁ e ﬁ 1H(t2)

where the active couplings involved in each transfer step
are indicated above the arrows ahdand t, denote the

demonstrated for the Src (Waksman et al., 1993) and Lck acquisition times. Note that because of both poor deuterium

(Eck et al., 1993) SH2 domains.

The dynamics of side chains in the PLCC SH2 domain,
both in the free state and in complex with pY1021, have
been examined using a novéi-based NMR relaxation
approach for studying picosecondanosecond (psns) time
scale dynamics of methyl-containing side chains (Mu-

chemical shift dispersion and rapid decay of deuterium
magnetization, it is best not to record thé chemical shift
directly. Hence, relaxation times are obtained in an indirect
manner from a series of two-dimension&q,'H) constant
time spectra. Initially, magnetization is transferred fréh

to 13C via an INEPT transfer (Morris & Freeman, 1979),

handiram et al., 1995). We demonstrate that the PLCC SH2and subsequenthC chemical shift is recorded in a constant

domain displays restriction of motion in the pTyr binding
region, the site which is responsible for a large portion of
the binding energy. In contrast, the hydrophobic binding

time manner. During this period, magnetization from methyl
groups of the form*CH,D is selected. During the final
1/(4Jcp) of the constant time carbon evolution period, where

site responsible for recognition of sequences C-terminal to Jeo is the one-bondC—2H coupling constant, evolution due

the pTyr displays significant psns motional disorder. These

to this coupling is allowed to occur, facilitating magnetization

results suggest a correlation between the motional propertiegransfer from**C to?H. During the periodT, the magnetiza-

of various groups in the PLCC SH2 complex and their
importance for high affinity binding and provide insight into
the balance between specificity and lack of selectivity in
protein recognition.

EXPERIMENTAL PROCEDURES

Sample Preparation.The C-terminal SH2 domain used

tion is of the form JC,D, or I.CDy in the T, and Ty,
experiments, respectively, wherg C,, and D, denote the
magnetization components of the methyl proton, carbon, and
deuteron spins, respectively, ang B they component of
deuterium magnetization. Therefore, what is actually mea-
sured in either th@; or the Ty, experiments is the decay of
the triple spin terms, rather than the relaxation of pure
deuterium magnetization. Because the decay of the triple

in the present study was expressed from a construct containgpin terms, 4C,D, and LC,Dy, is dominated by deuterium

ing residues 663759 of bovine phosphoinositol-specific
phospholipase @G- (Stahl et al., 1988), with an additional
three residues at the C-terminus.

(Pascal et al., 1994), the first residue of the construct is
numbered Ala-5. The bacteria were grown in M9 minimal
media, 65% DO/35% HO with 1*NH,Cl and [*Cg]glucose

as the sole nitrogen and carbon sources. Constantkime
13C HSQC experiments (Santoro & King, 1992; Vuister &
Bax, 1992) which select for eithé?CH,D methyl groups

or (3*CH; + ¥CHD,) methyls were employed to evaluate
the deuteration levels of the methyls. The fractional

relaxation, the following relations are an excellent ap-
proximation:

1m,Cb,)=1m(,.C) + LT,(D)

In order to be consistent
with the numbering scheme employed in a previous report

(1)

where 1T3(X) is the longitudinal relaxation rate of X. The
values of 1T,(I,C;) can easily be measured (Muhandiram et
al., 1995), and, therefore, Ti{D) and 1Ty,(D) can be
obtained in a straightforward manner. After the relaxation
period, T, the magnetization is returned to tHe spin for

1/m,(1,CDy) = 1My(1,C) + 1T, (D)
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Ficure 1: Portions of constant-tim&C—1H correlation spectra used to measure the decay rate€.af,Imagnetization of methyls in the
free PLCC SH2 domain. Spectra withvalues of 5Qus (a), 21 ms (b), and 45 ms (c) are illustrated. Examples of the deca@. b, |(d),
1.C.Dy (e), and JC, (f) magnetization for Met-93«), Val-28 y2 (x), Thr-66 (*) and Ala-51 Q) are also shown. For ease of visualization,
a number of the decay curves have been offset.

detection by reversing the transfer steps described above. Athe periods of deuterium decoupling in the pulse schemes.
more detailed description of the magnetization transfer steps The rotational correlation times of the free and complexed
involved in each experiment, the relaxation properties of the states of the PLCC SH2 domain were estimated on the basis
triple spin terms, AC,D, and LC,D,, and justification for of 3N T; and T, experiments as well as steady-stéte-
measuring deuterium relaxation properties in,DNs CHD, 15N NOE experiments, performed on the same sample used
methyl groups are given elsewhere (Muhandiram et al., to measure deuterium relaxation times. The pulse schemes
1995). The effects of cross-correlation between the mech-and the methodology employed are described in detail in
anisms that contribute to the relaxation g2,D, and LC,Dy Farrow et al. (1994). A value of 7.7 ns was obtained for
as well as the effects of cross relaxation between all spinsthe free SH2 domain and 6.5 ns for the complexed state.
within the methyl group and between methyl protons and While the free SH2 domain has a tendency to dimerize at
neighboring protons have been evaluated (Yang & Kay, the concentrations employed in NMR studies, the extent of
1996), and the accuracy of eq 1 has been established fordimerization with the construct employed in the present study
proteins with molecular weights currently amenable for study (see above) is considerably less than previously observed

by NMR. (Farrow et al., 1994) when a slightly different construct, with
In order to obtainT;(I,C,D,) values, nine two-dimensional  four additional residues at the amino terminus, was em-

(2D) spectra were recorded with delaysTof= 0.05, 4.5, ployed. (Note that a correlation time of 9.2 ns was obtained

9.5, 15, 21, 28, 36, 45, and 57.7 ms. Value3f.C,) were for the free SH2 domain in that study.)

obtained using identicdl delays. Values of4,(I.C.Dy) were Data Analysis. T(1.C.D;), Ty,(I.C.Dy), andT.(1,C,) values

based on eight 2D spectra recorded with delayB of0.20, were extracted by fitting cross peak intensities to a function

1.3,2.8,4.4,6.2,8.4,10.9, and 15.1 ms. All data sets wereof the form

recorded as 76< 576 complex matrices with quadrature

obtained int; using States-TPPI (Marion et al., 1989). I(T) = 1(0) expET/T) 2
Spectra were processed and analyzed using routines in

nmrPipe (Delaglio, 1993). Spectra were recorded at both where 17T; (i=1,1p) is the relevant relaxation rate ah)

500 and 600 MHz on four-channel UNIHY spectrometers  is the intensity of a given cross peak at tifie Errors in
equipped with actively shielded triple-resonance pulsed field measured relaxation rates were estimated using Monte Carlo
gradient probes. Th#H lock receiver was disabled during procedures discussed elsewhere (Farrow et al., 1994). Values
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of Ti(I.CD,), Ty(l.CDy), and T,(1,C;) are provided as
Supporting Information. Ty(D) and T1,(D) values were
extracted from measured values T{1.C.D,), T1,(1.C.Dy),

andT,(1,C,) using eq 1. The measuréH relaxation times

are related to motional properties at specific sites in the

protein through the dependenceTafand Ty, on the power
spectral density function)(w), according to the relations
(Abragam, 1961):

1T, = (3/16)€qQh)’[Iwp) + 4)(20p)]  (3)
1Ty, = (1/32)€aQh)7[93(0) + 15)(wp) + 6J(2wp)]
4)

wheree?qQ/h is the quadrupole coupling constant [165 kHz
for methyl deuterons (Burnett & Muller, 1971)P)(w) can
be expressed as (Lipari & Szabo, 1982a,b)

J(w) =
2/5)[S%r, /(1 + (wr,)) + (1 — SHT/(L + (w1)?)] (5)

where§ is an order parameter for methyl groymlescribing
the spatial restriction of motion of tHéC—2H methyl vector
on the ns-ps time scalern, is the overall correlation time,
and 77! = ! + 7t with 7¢; the effective correlation
time describing the internal motions f5tC—2H bond vector

i. The order parameter of the bond vector about which the

Accelerated Publications

Ficure 2: Backbone ribbon diagram (Kraulis, 1991) of the solution
structure of the PLCC SH2pY1021 complex with the locations
of the methyl groups indicated.

methyl group rapidly rotates (i.e., the bond connecting the SH2-pY1021 complex at both 500 and 600 MHz. Figure

methyl carbon and its adjacent carbon) is den@&gd and

is related to Shy §2 = 0.111%.s, assuming tetrahedral
geometry for the methyl group (Nicholson et al., 1992). More
complex forms forJ(w) can, of course, be assumed, but the
values ofSs obtained show little dependence on the model
employed (Nicholson et al., 1992). Note that a value of 1
for Suisindicates complete restriction of motion of the methyl
averaging axis, while s = 0 corresponds to complete
freedom of motion. Finally, motional parameters were
extracted by minimizing the function

xr= Z[(Tlc - T.% 0T12 + (T, = Tlpe)Z/ GTlpz] (6)

lillustrates portions of 2D constant tird—*°C correlation
spectra of the isolated PLCC SH2 domain used to measure
the decay of AC,D, magnetization. Examples of the decay
curves for JC,D,, 1,.C.Dy, and LC, magnetization of Met-93

€, Val-28 y2, Thr-66 y, and Ala-513 methyls are also
illustrated. The positions of the methyl groups within the
PLCC SH2 domain are indicated over the ribbon diagram
of the NMR-derived structure (Figure 2). Values $fyis
were extracted for 45 of the 47 methyl groups in the free
PLCC SH2 domain (Leu-162 and Leu-251 cross peaks
overlap completely in the free SH2 domain). In the case of
the PLCC SH2-pY 1021 complexSayis values for 43 of the
47 methyl groups were determined; resonances of llg-47

where the superscripts ¢ and e refer to calculated andand lle-99 y and those of Leu-162 and Leu-2561
experimentally determined relaxation parameters, respec-completely overlap, preventing their characterization. The

tively, o, j = 11, is the estimate of the standard deviation of
the experimentally determined parametgr,and the sum-
mation is over data obtained at both 500 and 600 MHz.

values 0fS4s, Shown in Figure 3a,b and listed in Table 2
of the Supporting Information, range from approximately 0.1
to 0.95, demonstrating a large range of dynamic behavior

Measurement of Long Range Scalar Coupling Constants. for side chain methyl groups. The large distribution of order

Three bond scalar coupling constaritk,.co andJc,.n for
Thr, lle, and Val residues, affdes-c. for Leu and lle residues
were measured to establish the extent of averaging aiout

parameters reported here is quite distinct from measgted
values of backbonéN or 13C* atoms, which typically are
much less variable, ranging from 0.75 to 0.95 for most

or x* torsion angles. Pulse schemes and methodology nonterminal residues (Kay et al., 1989; Palmer et al., 1991).

developed by Bax and co-workers (Bax et al., 1994) were

The Met methyls, located four atoms away from the

employed. The PLCC SH2 domain in the samples used for 5ckhone, all hav&?. values of 0.3 or less. In contrast,

these experiments was uniformri§N—13C-labeled (i.e., not

Ala methyls, probes of backbone motion, generally display

fractionally deuterated). Samples of both the short constructe . values of 0.8 or higher, with the exception of Ala-5

and the construct containing four additional N-terminal

which is located at the disordered N-terminus. Methyl

residues were utilized to provide information for resonances groups from other residues ha@. values that are, for

overlapping in spectra of one construct but not the other.

the most part, between the values measured for Ala and Met

Sample conditions were otherwise identical to those given resiques. In order to correct for this positional dependence,

above.

RESULTS

DeuteriumT; andT,, values were determined for methyl

averages of thé&s values for each methyl typé®ayil
(Ala CP, Thr C, Val C, lle C, lle C°, Leu ©, and Met
C9), were calculated, and the difference betw&ps and
the appropriate[®a«] was analyzed. The results are

deuterons of the isolated PLCC SH2 domain and the PLCC presented in Figure 3c,d. Thus, tl#.s values in the
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Ficure 3: Order parameters squaré,ys, describing the amplitudes of the motions of the methyl averaging axis (i.e., the bond connecting
the methyl carbon and its adjacent carbon) for methyl groups in (a) the free PLCC SH2 domain and (b) the PG B}24 complex.
Differences inFayis from the average of the square of order parameters for each methy[®pgl) for methyls of (c) the free PLCC SH2
domain and (d) the PLCC SH2Y1021 complex. (e) Differences betwe&f,is values of methyls in the pY1021-complexed and free
states of the PLCC SH2 domain. Error bars are indicated for each value.

N-terminal part of the SH2 domain, particularly in the regions is more rigid in the presence of peptide, but that residues in
of the pTyr binding site (Leu-35, Val-36, Ala-46) for both the hydrophobic binding region, responsible for interacting
the free and complexed states, are higher than average, whilevith peptide residues C-terminal to the pTyr, are not
someSaxis values in the hydrophobic binding site (Leu-69, significantly affected by peptide binding.

Leu-77) and in the smajB-sheet region (Thr-66, Val-67) Additional information regarding side chain dynamics is
are significantly lower than average. Note the extremely low available from measurements of long range homonuclear and
values for Leu-69 and Leu-77 methyls. The differences in heteronuclear scalar coupling constants connecting methyl
Fuxis Values of the free SH2 and the pY1021-complexed carbons to carbon or nitrogen nuclei three bonds removed
domain (Figure 3e) also show that the pTyr-binding region (Bax et al., 1994). Values 6fc,.co and3Jc,.n for Thr, lle,
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Table 1: Three-Bond Coupling Constants (in Hz) Involving Table 2: Recognition Sites for the PLCC SH2 Domain in the
Methyls in the Free and pY1021-Complexed PLCC SH2 Dofain PDGFR and Other Proteins Known To Be or To Potentially Be
PLCC SH2 Binding Targets

free complexed
A) 3Jcy-co ey 33cy-co ey Known sites Sequence

V28yl  0.83(0.11) 1.75(0.04) 1.06(0.16) 1.82(0.03)

V28y2  3.11(0.03) 0.57(0.10)  3.06 (0.05)<0.5 PDGFR-[3 Y1021 GDNDYIIPLPDPK
V3eyl <1 1.84(0.08) <1 1.84 (0.05)

V36y2  3.63(0.06) <0.5 3.68(0.12) <0.5 EGFR Y992 DADEYLIPQQGFF
V60yl  1.10(0.12)  1.73(0.06) <1 1.66 (0.04)

V60y2  336(0.04) 0.56(0.18) 3.56(0.07) 055(0.15) ppore_ Y1018 ADSGYIIPDPDID

V67yl  2.71(0.03) 0.57(0.09) 2.82(0.10)  0.84(0.04)
V67y2  1.73(0.05)  0.69(0.09) 1.86(0.15)  0.53(0.07)
v78y1  1.48(0.05) 1.59(0.03) 1.62(0.07) 1.61(0.02)

V78y2  3.13(0.03) <0.5 3.09 (0.04) <0.5 Potential sites Sequence
Ti7y  2.97(0.06) 0.87(0.14) 2.84(0.10)  0.76 (0.08)

;T??/y <1.67 (0.06) 11.é078(é%%?) A 1.67 (0.09) A 0.93 (0.04) PLCYL ¥v783 NPGFYVEANPMPT

I55y <1 1.95 (0.07) <1 2.05 (0.06)

18y <1 2.09 (0.09) <1 2.11(0.07) Flg Y558 DGPLYVIVEYASK

199y <1 1.70(0.06) b b

free complexed Erb-B2 Y1120 ETDGYVAPLTCS
(B) 3Jcs-co 3Jcs-ca aThe residue number of the pTyr is given, and the pTyr and residues

L1661 c c at the+1, +2, and+3 positions are underlined. PDGFRValius et
L1662 c c al., 1993; Valius & Kazlauskas, 1993); epidermal growth factor receptor
L2561 3.30 (0.069 e (EGFR) (Rotin et al., 1992; Ullrich et al., 1984); PDGERClaesson-
L2562 <1 <1 Welsh et al., 1989; Eriksson et al., 1995); BtiqMeisenhelder et al.,
L3551 <1 <1 1989; G. Gish, personal communication); Flg (Partanen et al., 1991);
L3502 4.03 (0.10) 3.47 (0.07) Erb-B2 (Semba et al., 1985).
L6951 2.46 (0.01) 2.37(0.02)
t??gf 5;32 58;83 §;i§ §8;$i§ for other residues, including those surrounding the pTyr
L7762 2.46 (0.01) 2.83(0.02) binding region, indicate that single rotamer positions are
L8001 3.66 (0.05) 3.44(0.10) populated. These results are consistent with the dynamic
tgggi <i 06 (0.06) <i'16 (0.13) behavior observed in thiH-relaxation studies.
T 12019 biscussion
:;1975662 é.gs% ((8_'8%)) 31,% ((8_'(1)2)) In prinqiple, NMR re!axation. provides a powerful approach
1550 2.84 (0.02) 2.61 (0.07) for studying protein side chain dynamics, and a number of
1816 1.90 (0.06) 1.81(0.11) investigations of methyl dynamics at specifi€ labeled sites
1996 2.42(0.02) 2.16 (0.04) in proteins have appeared (Henry et al., 1986; Nicholson et

aErrors are given in parentheséQuantitation difficult due to al., 1992). In practice, the interpretation of data from such
overlap between I47and 199 resonances.Measured value unreliable  experiments has been fraught with difficulties due to interfer-
dug to strong coupling be}ween thé @rjd G resonances! Quanti- ence effects between the thrédC—!H dipoles which
tation suspect due to partial overlap with the b2Gesonance. Note . . .
that in spectra of the free PLCC SH2 domain (short construct)9216 Cont”bUte to the relaxation of the carbon spin (Kay &
and L2%)1 overlap completely. In spectra of the free domain with the Torchia, 1991; Werbelow & Grant, 1977). These problems
construct having four extra residues at the N-terminal end (see are eliminated with the recently developed methods for
Experimental Procedures), the overlap is much less severe. The valuemeasuringH relaxation rates in uniformly?C and fraction-
repprted for L2851 was measured on this latter constrd&uantitation ally 2H-labeled proteins (Muhandiram et al., 1995). More-
difficult due to complete overlap with the L#@ resonance. . . ! .

over, this new approach permits measurement of relaxation

and Val and values o¥Jcs.co for Leu and lle measured for  parameters at each resolved methyl in the protein. This has
the isolated PLCC SH2 domain and the pY1021 complex allowed a comparative study of the dynamics of methyl-
are shown in Table 1. Thedecoupling constants defing containing side chains in both the free and the pY1021-
or x? torsion angles via Karplus type relations (Karplus, complexed states of the PLCC SH2 domain.
1959,1963). The magnitude of the couplings can be used Table 2 shows the recognition site for the PLCC SH2
to establish which of the three sterically favored staggered domain on the PDGFR as well as other known and potential
rotamer positions are populated. If there is free rotation or PLCC SH2 binding targets. The sequence similarity among
significant rotational averaging of the involved torsion angle, most of these targets in the three residues C-terminal to the
the measured-couplings will reflect this. The values of pTyr is reasonably strong, with a preference for branched
3Jcy-co and 3Jc,.n for Thr-66 in both free and complexed hydrophobic residues in the¢1l and+2 positions and Pro
states provide evidence of free rotation abglytand those  inthe+3 position. The residues N-terminal to the pTyr tend
of Val-67 indicate some motion within thg= —60° well. to be acidic. However, there is considerable divergence of
The values ofJc,.cs for Leu-69, Leu-77, and lle-99 clearly  sequence in residues at the4, +5, and +6 positions,
reflect averaging due to free rotation abgdtin both free residues shown to interact with the PLCC SH2 domain in
and complexed states and somewhat less so for lle-81. Notehe PLCC SH2-pY1021 complex (Pascal et al., 1994).
that residues Leu-69, Leu-77, and lle-81 are located within Binding studies by Cantley and co-workers with peptide
the hydrophobic binding interface. The couplings measured libraries having randomized sequences at-tie +2, and
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+3 sites reported that the PLCC SH2 domain shows lower hydrophobic binding surface similar to that of calmodulin.
selectivity for these three residues than the SH2 domains of The region is flexible in the presence and absence of peptide,
Fyn, Crk, Nck, and the C-terminal SH2 domain of the p85 with no significant increase i&.xs upon binding. This may
subunit of phosphoinositol=Xinase (Songyang et al., 1993). be important for minimizing the entropic penalty associated
Importantly, studies of truncated peptides derived from the with formation of the peptideprotein complex. This
pY1021 peptide have also shown reasonable binding affinity situation is in contrast to the pTyr binding region, where
(lowered ~15-fold) when only the Asp-1, pTyr and lle the methyl groups are less mobile and &gy values
+1 residues are present (Wolf et al., 1996). Thus, the pTyr increase slightly upon binding peptide. The flexibility in
and its immediately adjacent residues are responsible for athe hydrophobic binding surface may also help to explain
major portion of the free energy of binding in this SH2 the minimal free energy imparted by the extensive protein
complex. contacts to positions-2 through+6 of the peptide. The
The apparent conflict between structural data and the combination of significant amplitude motions and the steep
binding results raises a number of interesting questions. First,distance dependence of the van der Waals potential may well
why do the extensive contacts between the SH2 domain andresult in a substantial decrease in the interaction energy that
peptide residues at the2 through+6 positions not confer  would otherwise manifest in a static interaction.
significant binding energy or specificity? Second, why are It is interesting to compare these results to those of a
a multiplicity of residues at positions-2 through +6 previous study of the dynamics of the PLCC SH#/'1021
permissible for binding, and why does reasonable binding complex where broadening of aliphatic resonances of the
occur when these sites are unoccupied? In the case of thdour Arg residues in the pTyr-binding region was observed,
Cat2-binding protein calmodulin which interacts with mul-  providing evidence of modulation of their chemical shifts
tiple targets, a group of flexible hydrophobic Met residues by millisecond to microsecond time scale motion (Pascal et
on the surface mediates protein interactions (Siivari et al., al., 1995). Broadening is not observed in any region of the
1996). Since Met is a long, unbranched, and flexible residue binding interface other than the pTyr-binding site. The
(Lee, K. H., et al., 1994), it is ideally suited to this task. modulation may be the result of exchange between various
The +2 to +6 binding groove on the PLCC SH2 domain, Arg—pTyr interactions due to the large number of hydrogen
however, has no Met residues. Instead, there are a numbebonding configurations possible with four Arg residues
of branched residues (Leu and Val) as well as aromatic (Tyr) present. Regions which are rigid on the nanoseeond
and other hydrophobic residues which are normally consid- picosecond time scale probed by NMR relaxation, therefore,
ered to be conformationally restricted due to steric interac- show mobility on a millisecondmicrosecond time scale,
tions. Therefore, these data regarding-ps motion and indicating that there need not be a correspondence between
torsional averaging in the peptide-binding region are of great different motional regimes. In a similar vein, a lack of
interest. correlation between NMR relaxation (pas motion) and
Results demonstrating the extremely low order parametershydrogen exchange data-illisecond motion) has been
and averaging of couplings for Leu-69, however, are surpris- noted (Kordel et al., 1992).
ing given that this residue is intimately involved in SH2 It is noteworthy that a number of the residues which
domain-peptide contacts, with 14 NOEs to the peptide. display above average amplitudes of motion (i.e., negative
Approximately 30% of the 29 observed NOEs to the Pro values of$.is — [Faxid, Figure 3c,d) have very low or zero
+3 peptide position, as well as NOEs to thd, +2, and surface accessibilities in the PLCC SHRY1021 complex,
+5 positions, are provided by Leu-69. In addition, Leu-69 including Val-67, Leu-69, and Leu-77. This implies that total
is completely buried in the pY1021 complex, with no surface burial of surface area does not necessarily guarantee rigid
area accessible to solvent. The valuessgf;s for the two packing and specific interactions, although in the case of
Leu-69 C-methyls are about 0.2. These values are lower significant flexibility, local breathing or cavities must be
than theS.is value for the Ala-5 &-methyl, which is atthe  present. In this regard, the present resolution of NMR
disordered N-terminus of the protein. Crystal structures of structures that have been obtained provide some indication
peptides (Bendetti, 1977) and proteildsuin et al., 1978)  that a buried cavity is located near the hydrophobic binding
suggest that Leu side chains exist predominantly in only two interface in the PLCC SH2pY1021 complex.
of the nine possible rotamer conformations £ —60°, ¥ Despite the relaxed peptide binding specificity of the
= 180; y* = 180, y?> = 60°). Solid-state’H NMR studies PLCC SH2 domain, the protein does not indiscriminately
indicate that these two side chain conformations interconvert bind to any pTyr-containing sequence. The binding studies
rapidly in both collagen (Batchelder et al., 1982) and in the of Cantley and co-workers demonstrate reasonably strong
fd coat protein (Colnago et al., 1987). Such rapid intercon- preferences for branched hydrophobic side chains intthe
version cannot completely account for the low valueS’gfs and+2 positions and Pro in the-3 position (Songyang et
measured for either Leu-69 or Leu-77 since a minimum value al., 1993). There is also some selectivity at #thé and+5
of 0.33 is predicted from such interconversions (Nicholson positions, and substitution of Ser for Leu at thé position
et al., 1992). Therefore, Leu-69 and -77 methyls must be or Lys for Pro at thet+5 position reduces binding affinity
experiencing additional motion in order to account for the (Larose et al., 1995). The limited specificity may, in part,
low values 0fSayis be due to Leu-89 which, like Leu-69, contacts the peptide
The flexibility in the hydrophobic binding surface of the at multiple sites but interacts particularly strongly with the
PLCC SH2 domain provides a framework for understanding Pro +3 position of the pY1021 peptideS.yis values for
the relaxed specificity of this domain for target phospho- this residue indicate that it is significantly less flexible than
tyrosine-containing sequences. Despite the predominancd.eu-69. Thus, the balance between rigidity and flexibility
of branched side chain residues, as opposed to Met residuedn this binding surface may provide a compromise between
the SH2 domain nevertheless presents a highly flexible complete specificity and lack of selectivity in the interactions
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of this SH2 domain.

In a recent study by Matthews and co-workers, flexibility
was also correlated with plasticity in binding of various
ligands to an internal cavity in lysozyme (Morton et al.,
1995). It was shown that the binding properties of a variety
of ligands could be explained by knowledge of the intrinsic
dynamics of the binding site; precise geometry and interac-
tion energies were not required. Thus, establishing the
flexibility of binding sites rather than pursuing laborious
structural analysis of multiple protein complexes may be
sufficient to determine which regions of a protein interface
are most important for providing high affinity binding and
specificity. Results ofH relaxation studies similar to those
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