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ABSTRACT. SH2 domains are small protein domains that bind specifically to tyrosyl-phosphorylated
sequences. Because phosphorylation contributes a large part of the binding free energy, it has been postulated
that electrostatic interactions may play an important role in SH2 domain recognition. To test this hypothesis,
we have examined the salt dependence of the interaction between tyrosyl-phosphorylated peptides and
SH2 domains. The dependence of the binding congapt,on [NaCl] was shown to be strong for binding

of the tandem SH2 domain of the Syk kinase (Syk-tSH2) to doubly phosphorylated peptides derived
from immune-receptor tyrosine activation motifs (dpITAMs): the slopes of plots oKlgg(versus log

[NaCl], designated K, ranged from—2.6 £+ 0.1 to—3.1 + 0.2. Binding of the single SH2 domain of

the Src kinase to its consensus singly phosphorylated peptide (sequence pYEEI where pY indicates a
phosphotyrosine) was also highly dependent on [NaCl] witlkKg,sralue of —2.4 £+ 0.1. The ability of

salt to disrupt the interactions between Syk-tSH2 and dpITAM peptides was shown to be anion-dependent
with the inhibitory effect following the order: phosphateCl~ > F~. For the Syk-tSH2 system, interactions

in the pY-binding pockets were shown to be responsible for a large portion of the total salt dependence:
removal of either phosphate from the dpITAM peptide reduced the magnitudé.gfts 40-60% and
weakened binding by-23 orders of magnitude. Consistent with this finding, binding of the single amino
acid Ac-pY-NH; was characterized by a large salt dependence of binding and was also dependent on the
identity of the perturbing anion. The role of peptide residues C-terminal to the pY, which are implicated
in determining the specificity of the phosphopeptid®H2 domain interaction, was next probed by
comparing the binding of the Src SH2 domain to a peptide containing the pYEEI sequence with that of
a lower affinity variant pYAAI peptide: the magnitude oK§sfor the variant peptide was reduced to
—1.34 0.1 as compared te2.4 + 0.1 for the pYEEI peptide, indicating that in addition to pY, residues
conferring peptide binding specificity contribute significantly to the salt dependence of SH2 domain binding.
This study shows that electrostatic interactions play important roles not only in mediating pY recognition
and binding but also in contributing to the specificity of the interactions between tyrosyl phosphopeptides
and SH2 domains.

Src homology 2 (SH2)domains are protein domains of into two parts. On one side, residues form a deep positively
~100 amino acids that have evolved to recognize and bind charged pocket into which the phosphotyrosine (pY) of the
specifically to tyrosyl-phosphorylated sequences located ontarget inserts. On the other side of thesheet, a binding

proteins involved in signal transductioh, ¢). Their role is interface is formed that interacts specifically with the residues
to facilitate recruitment of signaling proteins to tyrosine- C-terminal to the pY. Residues in the SH2 domain that
phosphorylated sites, thereby promoting protgnotein  participate in this interface are not well-conserved among

interactions essential to propagation of cellular signals to SH2 domains and, for this reason, are presumed to be

Va”r?US parts of the cell. SH2 domr;luns aI” hka\:jeba simple responsible for determining peptide binding specificity.

Zﬁ elltiigtsuzliigzpj 'i&'r)]\% O.T_I? ecﬁt?gﬂglei (;Sitdfeinthee Str)l/,l c?tI:/Jcr)e Recently, the role in binding of each residue in an entire
' SH2 domain-tyrosyl phosphopeptide interface, that of the
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Ficure 1: (A) Ribbon diagram of the Src SH2 domaipYEEI peptide complex structuré)( Helices angs-strands are in cyan and green,
respectively. The pYEEI peptide is in stick representation. Notation for secondary structures are & ifBydRibbon diagram of the
Syk-tSH2-CD3- dpITAM peptide complex18). The N-terminal SH2 domain (labeled N-SH2), C-terminal SH2 domain (labeled C-SH2),

and inter-SH2 linker (labeled linker) are shown. The CD&ITAM peptide is in stick representation with the atoms in the pYs in red.

The C- and N-terminal pYs are labeled. (C) Surface electrostatic potential at the Src SH2 domain binding interface. The surface potential
is calculated using the program DELPH0] and displayed using Insightll 95.0 (Biosym/MSI, San Diego). The red circle locates the
pY-binding pocket. A phosphate group is shown bound to the pocket. This group, shown in ball-and-stick representation color-coded in
red, is from the apo form of the Src SH2 domain structdie Ifr this figure, the phosphate group was not included in the calculation of

the electrostatic potential. (D) As in panel C except that, in this figure, the phosphate group was included in the calculation of the electrostatic
potential. In panels C and D, the scales (in kcal/@dler the potentials are shown in the lower right corner.

these studies have suggested that recognition of tyrosylinteractions, i.e., to nonselectively attenuate electrostatic
phosphopeptides by SH2 domains is likely to have a strong potentials by increasing the effective dielectric constant of
electrostatic component. the solvent as predicted by the Debyelckel theory.

To test this hypothesis, we have examined the salt Attempts have been made to partition the binding free energy
dependence of binding of tyrosyl phosphopeptides to the SH2into electrostatic and nonelectrostatic components on the
domains of two protein tyrosine kinases, the SH2 domain basis of the salt dependence of binding using a Debye
of the Src kinase (Src SH2 domain) and the “tandem SH2 Huickel theoretical framework. Such an approach was used,
domain” of the Syk kinase (Syk-tSH2). While the Src kinase for example, to study the role of electrostatic interactions in
contains only one SH2 domain, the Syk kinase contains two the binding of thrombin to hirudinlQ). It was later shown,
SH2 domains located in tandem. The tandem SH2 domainhowever, that for the thrombirhirudin system, the type of
facilitates recruitment of Syk to tyrosine-phosphorylated sites, salt used to adjust ionic strength had a significant effect on
known as immune-receptor tyrosine activation motifs, or the free energy of binding, a result that cannot be explained
ITAMs, which have the consensus sequence YXX(L/I)- by a simple screening mechanism of sa)( The frequency
X7 YXX(L/I) (10, 11); receptor activation leads to phos- with which free energies of biomolecular interactions depend
phorylation of the two tyrosines of the ITAM, thereby on the identity of the salt, and not simply ionic strength,
creating a high affinity binding site for the tandem SH2 underscores the need to understand the mechanism of salt-
domain of Syk (see Figure 1B for details). dependent free energy perturbation on a case-by-case basis

A thermodynamic signature of processes with a large (e.g., refsl4—17).
electrostatic component is a strong dependence of the binding In the study presented here, we investigate the ability of
constants on solution salt concentration. Such an effect resultszarious salts to alter the binding free energy of several
in part from the ability of ions to “screen” electrostatic dpITAM peptides to Syk-tSH2. We show that binding is
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strongly dependent on salt concentration and the magnitudeexcitation and 16 mm for emission. All experiments were
of the salt effect is dependent on anion type. A large portion conducted at 20C. Minor corrections for loss of signal due
of the effect is caused by disruption of electrostatic interac- to photobleaching were applied to the intensity measure-
tions at the pY-binding pocket, confirming the predominant ments. Plots of normalized fluorescence intensity versus total
role of this region of the SH2 domains in molecular ligand concentration were prepared for each titration. Data
recognition of tyrosyl-phosphopeptides. However, these were fit to a single-site binding model to determine the
interactions do not account for the totality of the salt effect, binding constanti.ns and the fluorescence at the end point
an observation that leads us to examine the role of peptideof the titration (k). In instances in which two or more
residues C-terminal to the pY that are known to determine titrations were conducted for a given set of conditions, all
the specificity of the tyrosyl phosphopeptid8H2 domain data were fit to a single value fd€ys

interaction. The results suggest that favorable electrostatic For the monophosphorylated peptides, which bound with
interactions between tyrosyl phosphopeptide targets and SH2ower affinity and induced a weaker fluorescence change in
domain residues may be an important component of high the protein, binding constants at higher salt concentrations
affinity binding. were determined by competitive titration. For these experi-
ments, titrations were conducted using the GD&ITAM
MATER_IALS AND.METHODS o peptide as titrant at several fixed concentrations of the
Protein Expression and PurificatiorSyk tandem-SH2  mpITAM peptide as competitor. All data for a given salt
domain and the Src SH2 domain were expressed and purifiedconcentration were simultaneously fit to a model that
as described previouslyl§—20). Purity was assessed by determined the binding constant for the CB3#pITAM
SDS-PAGE and determined to be95%. Prior to all  peptide, the binding constant for the competitor, and the F
experiments, exhaustive dialysis was carried out into a for each individual titration.
standard experimental buffer consisting of 50 MM HEPES,  |sothermal Titration Calorimetry for the Src-SH2 Domain.
150 mM NaCl, 1 mM EDTA, and 5 mM§-mercaptoethanol  Binding of the pYEEI and pYAAI phosphopeptides to the
at pH 7.5. Salt concentration was adjusted after dialysis with 5 SH2 domain was characterized by isothermal titration
either high salt or salt-free buffer. Protein concentrations were calorimetry using the protocols and conditions previously
determined using the previously reported extinction coef- described). Experiments were conducted at 2D, pH 7.5,
ficients (19, 20). _ _ in 20 mM HEPES, 1 mM EDTA, and 1 m\-mercapto-
~ Tyrosine PhosphopeptideByrosine-phosphorylated pep-  gthanol, and various concentrations of NaCl.
tides and gcetylated, amujated phosphotyrosme (AC'M}NH Data Analysis.All nonlinear least-squares fitting was
were obtained fro.m Quality Con.trolled Blochemlc_als (Hop- performed with the program Scientist (Micromath, Salt Lake
kmton,. MA.‘)' Pept|d.e.concentrat|ons Weff determined using City, UT). Reported uncertainties for nonlinear fits to
an extinction coefficient of 1304 M cm * at 267 nm for determine binding constants represent 65% confidence limits
the doublly p[llosphorylated ITAM (dpITAM) peptides and computed in Scientist using the support plane method.
2079 M= cm at 267 nm for m_onophosp_horylated IT.AM Uncertainties associated with the slopes of Kgs versus
(MpITAM) peptlde§. The extension coefficient fpr _the single log [salt] plots (defined in the text ak$,swhen NaCl only
phczfphotyr05|ne ligands of the Src SH2 dqma_m IS 652.'\./' is used or &'sps When other salts in addition to 150 mM
cm™. These numbers are based on an extinction COEzﬁ'c'emNaCI are used) were determined by standard linear regression

for phosphotyrosine of 652 M cm™* (21) and represent the : . GEO ; [,
sums of extinction coefficients for tyrosin€?) and/or techniques; 65% confidence limits are reported.

phosphotyrosine. Peptides were dissolved directly into the resyLTS
experimental buffer. When Ac-pY-NHwas used, it was
dissolved into the experimental buffer, and the pH was Dependence of dpITAM Binding to Syk-tSH2 on NaCl
adjusted to pH 7.5. Dialysis was then carried out in 200-Da Concentration.The sequences and naming conventions for
molecular weight cutoff dialysis tubing to remove excess the peptides used in this study are shown in Table 1. Three
salt. dpITAM peptides were examined: (i) a peptide derived
Fluorescence Titrationg=luorescence titrations were car- from the CD3¢ chain of the T cell receptor (referred to as
ried out to determine the binding constants for dpITAM CD3<); (ii) a peptide derived from thes-chain of the
peptides by monitoring intrinsic tryptophan fluorescence of FceRI receptor, which is an Fc receptor to IgE (referred to
Syk-tSH2 as described in r&B. In brief, the titrations were  as FcRy); and (iii) a peptide derived from the single chain
carried out on an SLM 8000 spectrofluorimeter equipped Fc receptor class IIA, which is an Fc receptor to IgG (referred
with a water-jacketed cell turret that was used to control to as FcR-Il). Binding constants were determined by
temperature. An excitation wavelength of 295 nm was used, monitoring intrinsic tryptophan fluorescence of Syk-tSH2 as
a wavelength at which phosphotyrosine has negligible a function of peptide concentration at 2C (19). Repre-
absorbance. In quartz cuvettes, 280 mL solutions of sentative titrations for the CD8dpITAM peptide at various
200—-250 nM Syk-tSH2 were titrated by incremental addition salt concentrations are shown in Figure 2A. Titrations for
of peptide solutions at concentrations of 4@D0 uM, each of the dpITAM peptides listed in Table 1 at 350 mM
depending on the anticipated binding constant. Solutions wereNaCl are shown in Figure 2B. Note that the overall
incubated for 3 min or more prior to reading the fluorescence quenching was dramatically reduced for binding of the FcR-
intensity. Emission wavelength was selected using a mono-I1l peptide relative to the other dpITAM peptides. As shown
chromator centered at 345 nm, the wavelength at which thein Table 1, this ITAM is longer than the canonical ITAM
intensity difference between the ligated and the unligated sequence. We speculate that the reduced quenching is related
forms of Syk-tSH2 is maximal. Slit widths were 2 mm for to the ability of the two SH2 domains to adopt a different
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Table 1: Sequences of Peptides Used in This Study

ITAMs
CD3« P D Y* E P | R K G - - - - Q R D L Y S G L N Q R
FcRy G VvV Y T G L S T R - - - - N Q E T Y E T L K H E
NC* G V Y T G L S T R - - - - N Q E T ¥Y* E T L K H E
N*C G v y» T GG L S T R - - - - - N Q E T Y E T L K H E
FcRl G G Y* M T L N P R A P T D D D K N | Yy* L T L P P N
Src SH2 domain ligands
pYEEI P Q Y* E E | P I
pYAAI P Q Y* A A | P |

a Peptides were acetylated at the N-terminus and amidated at the C-terminus. Negatively charged residues are listed in boldface type, positively
charged residues are indicated by italics. Y* indicates phosphotyrosine.
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andKcomp the apparent binding constant of the competitor
(see below and Figure 5 for determinationkafmy). As a
control, binding constants for the FeRdpITAM peptide

at 250 mM NaCl were determined both by direct titration
and by the pY perturbation method and were identical within
error (data not shown).

Results for the salt dependence of the association constants,
Kobs for all three dpITAM peptides examined are shown in
Figure 3A. The slope of the loK(yg versus log [NaCl] plots

. , - . (defined as B9 is approximately constant above 150 mM
0.00 2.00 4.00 6.00 8.00 NaCl, and the reported values oK reflect slopes taken
over this range; these values are listed in Table 2. The values
of SKops range from—2.6 + 0.1 for the CD3¢ dpITAM
peptide to—3.1+ 0.2 for the FcRy dpITAM peptide. Hence
an increase of 1 order of magnitude in [NaCl] concentration
results in a 2-3 order of magnitude decrease in binding
affinity. These results suggest a significant contribution of
electrostatic interactions to binding (see Discussion).

Anion Dependent EffecTo establish whether NaCl acts
exclusively via a nonspecific screening effect or perturbs
binding in a salt-specific manner, we investigated the ability
, . e ' of NaF to disrupt binding. We focused on possible effects
0.00 10.00 20.00 30.00 40.00 of anions because of the highly basic nature of the pY-

. binding pockets (Figure 1C). The fluoride anion has a high
[Ligand] (uM) energy of hydration and is expected to be the least effective

FiGurRe 2: Representative fluorescence titrations of Syk-tSH2: (A) of the monovalent anions at penetrating the surface of a
With the CD3¢ dpITAM peptide at various NaCl concentrations: protein @3, 24). Therefore, if interaction with the protein
150 (open diamond), 250 (open triangle), 450 (open circle), and L ! - ; :
600 mM (open square) NaCl. (B) With various ligands: CH3- surface is parF of the mechamsm_ by which the anion
(open diamonds), FcR-{open triangles), and FcR-I (open circles), ~aftenuates binding, Fshould perturb binding less effectively
dpITAM peptides at 350 mM NaCl and the mpITAMs NC* (filled  than CI. Binding constants for the CD3dpITAM peptide

triangles) and N*C (filled circles) at 150 mM NaCl. The fluores- were measured in the presence of 150 mM NaCl with NaF
cence signal normalized to protein concentration and initial concentrations ranging from 0 to 600 mM (NaCl was

fluorescence is shown as a function of total ligand concentration . luded in th lution b Gl ired f tei
at a constant protein concentration of 250 nM. Solid lines represent'N¢!Ud€d In the Soiulion because Was required for protein

fits to a single-site binding model with resultigpsvalues plotted ~ Solubility). As shown in Figure 3B, the slope of a lelpg
in Figure 3A. plot of KopsVersus total salt concentration ([NaGt][NaF]),

defined as &'qs? shows that F is markedly less effective

relative orientation to accommodate the longer sequence, ashan CI at disrupting binding of the CD3-dpITAM peptide
discussed in ref48 and 19. to Syk-tSH2 (K',psvalue of—1.0+ 0.1). Binding constants

Binding of the CD3¢ dpITAM peptide was investigated ~for the FcRy dpITAM peptide were also measured as a
at salt concentrations ranging from 50 to 1000 mM NacCl. function of [NaF] but were too high to measure accurately
For the FcRy and FcR-Il dpITAM peptides, binding was ~ except at the highest NaF concentrations, 450 and 600 mM
too tight to measure accurately at salt concentrations below(Figure 4B). However, an estimate 0K$,s was obtained
250 mM using direct titration. However, we were able to Using these two points and the valuekgfsat 150 mM NacCl
estimate the binding constants for these peptides at 150 mMin the absence of NaF derived from the pY perturbation
NaCl by using the competitive inhibitor Ac-pY-NHace- experiments described above. This yielded a valuekdf,S
tylated and amidated pY residue) at concentrations ef 20 of —1.6, which is significantly less negative than thi€,&
25 mM to perturb binding. Binding constants in the absence

of inhibitor were ther_1 determined by gsing eq 4 (see details 2 gee also Materials and Methods for usage of the “prime” superscript
below), which describeky,s as a function of [Ac-pY-NH] on Kops

g
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Ficure 3: Salt dependence of the binding of dpITAM peptides to
Syk-tSH2. (A) Logarithm of binding constantsgy,s for the CD3e
(open diamond), FcR-(open triangle), and FcRIl (open circle)
dpITAM peptides as a function of log [NaCl]. Error bars represent
95% confidence limits. (B) Comparison of the effects of fluoride,
chloride, and phosphate. Logarithmkf,sfor the CD3¢ dplTAM
peptide as a function of the logarithm of total salt concentrations
(INaCl], ([NaF] + [NaCl])), or ([Nax-HPG;] + [NaH,PO; +
[NaCl]) for NaCl only (open diamond), NaF added to 150 mM
NaCl (filled diamond), and sodium phosphate added to 150 mM
NaCl (open triangles). Each point represents42individual
titrations, simultaneously fit to determine the binding constant. Error

-1.00

Grucza et al.

strength (i.e., total sodium concentration), the slope was
—3.4. Hence, phosphate is by far the most effective anion
at disrupting binding.

The pY-Binding Pocket and the Salt Effédie influence
of the pY-binding pockets on the salt effect was examined
in two ways: (i) by determining the effects of removal of
either phosphate from the dplTAM peptide and (ii) by
examining the salt dependence of the binding of the single
amino acid phosphotyrosine.

We first examined the salt dependence of binding of two
monophosphorylated ITAM (mpITAM) peptides derived
from the FCRy ITAM sequence: these are designated NC*
and N*C in Table 1, where the asterisk indicates phospho-
rylation of the C-terminal or N-terminal tyrosine in the
ITAM, respectively. Titrations at 150 mM salt are presented
in Figure 2B. At this salt concentration, both mpITAM
peptides have dramatically reduced affinity as compared to
the corresponding dpITAM peptide, and the NC* peptide
has higher affinity than the N*C peptide (Table 2): g
at 150 mM NaCl increases fromy2 nM for the FcRy
dpITAM peptide to 1.3uM and 7.24uM for the NC* and
N*C mplITAM peptides, respectively. Hence, each phosphate
group in the dpITAM peptide makes a sizable contribution
to the total free energy of dpITAM peptide binding (3t9
0.3 kcal/mol for the N-terminal phosphate and 4:80.2
kcal/mol for the C-terminal phosphate). These values are
somewhat smaller than that obtained for the contribution of
phosphate in Src SH2 domatphosphopeptide interactions
(5.6 kcal/mol at 100 mM NaCl)7).

The NaCl dependence of binding for the mplTAM
peptides is shown in Figure 4A. Binding of both mpITAM
peptides was characterized by a markedly lower value of
SKopsas compared to dpITAM peptide bindingl1.8+ 0.2
for the NC* peptide and-1.2 + 0.2 for the N*C peptide
(versus—3.1 for the FcRy dpITAM peptide). Thus, the
individual phosphatepY-binding pocket interactions are

bars for the NaF data are not shown but are approximately the samdarge contributors to the total salt effect observed for dpITAM
size as the symbol height. Straight lines are least-squares fits topeptide binding. As for the dpITAM peptides, the magnitude
data at 150 mM salt concentration and higher. Binding constants of the salt dependence of mpITAM peptide binding was
at 150 mM NaCl for the FcR-and FcRII dpITAM peptides were — .qngigerably reduced when chloride was replaced by fluoride

ﬁ?t;;?&ﬂ‘if’ using a competitor perturbation method as descnbedas shown in Figure 4B (see alsK'ssVvalues listed in Table
2).

To assess the degree to which the overall salt dependence
of binding is influenced by p¥-pY-binding pocket inter-
actions alone, the ability of Ac-pY-Nito perturb binding
of the CD3¢ dplTAM peptide at various [NaCl] was
measured.

The competitive effect of Ac-pY-NEon Kqps for the
CD3-< dpITAM peptide at 150 mM NaCl was first examined
and is shown in Figure 5. According to Wyman linkage
theory @5), the slope of a plot of lodKons Versus log [pY]
yields the change in the number of phosphotyrosine mol-
ecules bound to the protein upon dpITAM peptide binding:

value of—3.1 measured using NaCl. Hence, for all dpITAM
peptides investigated here, the ability of salt to disrupt
binding is anion-dependent.

Because of the role of phosphorylation on ITAM tyrosines
in regulating the affinity of SH2 domain interactions, the
pY-binding pockets are expected to have a particularly strong
avidity for phosphate. In fact, a phosphate ion was seen in
the crystal structure of unligated Src SH2 domain that was
crystallized in phosphate buffes)( The ability of phosphate
anions to interfere with CD3-dpITAM peptide binding was
examined by adding buffered sodium phosphate to the
binding reactions at concentrations ranging from 0 to 250
mM, with a residual NaCl concentration of 150 mM. These
results are plotted in Figure 3B. Phosphate had a stronger
effect on binding than eitheror CI~. Although the trend
is clearly nonlinear, the average value df'&s (here de-
fined as the slope of a legog plot of Kys versus ([NaCl] of the fitted line in Figure 5 ranges from0.6 to —1.9,

+ [Na;HPQ,] + [NaHPQy])) was determined to be-4.5. consistent with the hypothesis that Ac-pY-dlid interacting
When the data were plotted with respect to total ionic with Syk-tSH2 at no more than two discrete sites as would

1)

where a negative slope indicates release of pY. The slope
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Table 2: Dependence of the Binding Constants on Salt Concentration: Valuég@iB8d K'qps for the Various Tyrosyl Phosphopeptides
and Ac-pY-NH Are Reported, as Well as the Values of the Binding Constants at 150 mM NacCl

peptide salt range of [salt] (mM) Kgat 150 mM [NaCl] (nM) Kobs SK'obs
Syk-tSH2 domain

CD3< NaCl 150-1000 20.2+3.5 —2.61+0.05 n/a

FcRy NaCl 150-1000 1.75+ 0.8 —3.06+ 0.17 n/a

FcR—II NaCl 150-1000 1.62+0.8 —2.98+0.26 n/a

NC* NaCl 150-1000 1300+ 120 —1.75+0.18 n/a

N*C NaCl 150-750 7240+ 1900 -1.16+0.17 n/a

pYP NaCl 150-750 (7.2£1) x 10° —1.194 0.09 n/a

CD3< NaF 156-75C* n/a —1.00+ 0.07

FcRy NaF 156-75C* n/a -1.6¢

NC* NaF 156-75C¢ n/a —0.24+ 0.05

N*C NaF 150-750¢* n/a —-0.22+0.21

pYe NaF 150-750¢* n/a —0.65+ 0.06
Src SH2 domain

pYEEI NaCl 156-1000 340+ 140 —2.40+ 0.13 n/a

pYAAI NaCl 150-575 4540+ 400 —1.27+0.07 n/a

2 Total salt concentration includes 150 mM Na€Results from fit to eqs 35 using data from Figure 644 at 150 mM NaCl is Mcomp and
SKobs cOrresponds to Komp © Same as footnotb, except using data from Figure 6BKSps corresponds to I8 comp ¢ Derived from only three

points (Figure 4B); as explained in the text, the complete range of [NaF] could not be investigated. Uncertainty is not reported because of the

limited number of data points.

be expected if it is acting as a competitive inhibitor to
binding.

The salt dependence of CR3dpITAM peptide binding
was next examined at selected Ac-pY-Nebncentrations
(4, 9, and 15 mM; Figure 6A). As evident in Figure 6A,
increasing pY concentrations greatly affects the [NaCl]
dependence of dpITAM binding. For example, while in the
absence of pY, a 10-fold increase in [NaCl] results in a 400-
fold decrease in binding affinity, in the presence of 15 mM
pY, a similar increase in [NaCl] results in a 30-fold decrease
in affinity. Thus, [pY] appears to greatly modulate the
magnitude of the salt effect on binding of dpITAM peptides
to the Syk-tSH2 domain, suggesting that a large part of the
salt effect is caused by perturbations of electrostatic inter-
actions at the pY-binding pocket.

A more quantitative estimate of the effect of pY on the
salt dependence of dpITAM binding was then sought by
attempting to extract from the data an apparent value for
the salt dependence (defined ak.&y of Ac-pY-NH,

curately describes the ld§ons for CD3~< dplTAM peptide
binding versus log[pY] binding curve (see Figure 5) and thus

will provide an accurate estimate of the dependendé,gf

on [pY]. Finally, the salt dependence Kfomp is expressed
as

ref
comp

log K =log Kt SKcompIog([S]/[S]m) (5)

COMAys)

where K’C‘f)fmp is the competitor binding constant at the
reference salt concentration.

Fitting of theKops versus [S] and [pY] data in Figure 6A
to eqs 3-5yielded a value for the parameteiSsnp Kobs
KOe! andK[;ffmp Fitted curves are shown in Figure 6A, and
the parameterskSomp and Ky, are listed in Table 2. The
fitted values for Kops andK%< are not reported since they
were within error of those measured independently (Figure
3).

A value of —=1.2 £+ 0.1 for Kcomp Was obtained. Since

binding. As shown in eq 2, measurement of the dependencethere is two pY-binding pockets in the Syk-tSH2 domain,

of the dpITAM binding constantK,,9 on both salt ([S])
and pY concentrations is sufficient to measut@qsp The

9 log K, e
d log[NaCl]a log[pY]

_ 9log ApYD

SKeomp= log[S]

(2)
dependence df,ps 0N salt concentration is described by eq
3 and that ofkps ON [pY] at a given salt concentration is
described by eq 4. In eq :Kgbs is the dpITAM peptide

®3)

0,ref
obs

=logK

log Kapss) + SKops0g([SV[S] )

Kobs([S
(1 + KeompgsifPY]) ?

binding constant in the absence of pY akys' is K2, at

the reference salt concentration (51150 mM [NacCl]). To
derive eq 4, Ac-pY-NH was assumed to bind to two
independent and identical sites with binding consi&gt,,
Although this may not be mechanistically correct, it ac-

Kobs(pvis) = 4)

then one can infer an approximate value for the total salt
dependence of Ac-pY-Npbinding to the Syk-tSH2 domain

of ~—2.4. This compares with the value oK&s of —2.

for the CD3¢ dpITAM peptide binding, indicating that a
large part of the salt dependence of dpITAM binding is
caused by disruption of electrostatic interactions at the pY-
binding pockets.

The degree to which the pY-binding pockets contribute
to the anion selectivity was next examined by repeating the
above experiments in NaF. Experiments were conducted and
data were analyzed in the same manner as for the pY
competition experiments in NaCl, with the exception that
the solution contained 150 mM NaCl and a variable
concentration of NaF. These results are shown in Figure 6B.
Fitting to egs 3-5 yielded a value of K'comp0f —0.6 £ 0.1
(Table 2). Thus, when only the phosphotyrosine-binding
pocket is probed, there is also a large degree of anion
selectivity.

Role of lonic Interactions Outside the pY-Binding Pocket.
The fact that there are statistically significant differences in
the values of 8,psfor different dplTAM sequences suggests



10078 Biochemistry, Vol. 39, No. 33, 2000

12.00 1
: A
10.00
3 z
< soo+f
[=)]
o
6.00 £
4.00 £ : 0
4.5 -1 0.5 0 0.5
log [NaCl]
12.00 T
. B
10.00 +
< 5 E\“‘\'"--.._
X 800+ ey
‘_UD) F \\\\
6.00 £ E——o0—o—o—o
4.00 + — T
15 - 05 0 0.5
log [NaX]

FiGure 4: Salt dependence of the binding of mpITAM peptides
derived from the FcR+ ITAM sequence. Results for N*C (circle)
and NC* (diamond) mpITAM peptide binding are reported (see
Table 1 for naming conventions). The dually phosphorylated f-cR-
dpITAM peptide is also shown for comparison (open triangle).
Logarithm of binding constant¥.,s (A) as a function of log-
[NaCl] (B) as a function of log([NaFH [NaCl]), where NaCl
concentration is constant (150 mM). Linear fits are indicated by
solid lines except for the FCR-dpITAM peptide in NaF, for which
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Ficure 5: Dependence of the binding constafy;s for the CD3e
dpITAM peptide on Ac-pY-NH2 concentration. Solid line represents
a cubic spline to the data that was used to take the derivative of
the plot to determinA[pY[{defined in text) in a model-independent
manner. Dashed line indicates fit to two independent and identical
site model as described by eq 4 and discussed in the text, with
parameters shown in Table 2.

-1.50 -1.00

Isothermal calorimetry titrations were conducted to study
the salt dependence of the interaction of the Src SH2 domain
with a peptide containing the high affinity binding consensus
sequence pYEEI (referred to hereafter as the pYEEI peptide;
see sequence in Table 1). Likewise, the binding of a variant
peptide with the two glutamate residues at the and+2
positions C-terminal to the pY mutated to alanine (the
pYAAI peptide; Table 1) was characterized. These results
are shown in Figure 7. The pYEEI peptide binds tighter than
the pYAAI peptide to the Src SH2 domain withg of 0.34
+ 0.14uM at 150 mM NaCl as compared with 4.540.4
uM at 150 mM for the pYAAI peptide, a difference in
binding free energy of 1.5 kcal/mol. The salt dependences

only three points were available (see text); linear fit to these three 4 . . )
points is indicated by short dashes. Normal dashes in panel BOf these two peptides are also significantly different: the

indicate fitted lines from the NaCl data for mpITAM peptide binding SKops Value for the Src SH2 domairpYEEI peptide inter-

reported in panel A and are shown to facilitate comparison with gction is—2.4+ 0.1 as compared with a value oK of

the NaF data. Filled symbols indicate that the binding constantwas _1 3 1~ 9.1 for the Src SH2 domairpYAAI peptide

determined by a competitive binding assay in which the ligand was . t : fi ' Table 2). H int fi f the and42

used as a competitor against a tighter binding ligand (see Materials'Nteraction (Table 2). Hence, interactions of thé and-+

and Methods). Linear fits for both panel A and panel B are least- Glu in the peptide with the Src SH2 domain contribute

squares fits to the data between 150 and 1000 mM salt concentrasignificantly to the total salt effect. These results suggest a

tions i.e., data below 150 mM salt were not included in the fits. role for electrostatic interactions in determining peptide-
o ) ) ) ) . binding specificity.

arole for electrostatic interactions involving residues outside  c5|orimetric titration also enables the direct determination

the pY-binding pocket (Figure 3A and Table 2). However, of enthalpies of bindingAHZ,. The enthalpies of binding

a detailed study of the sequence dependence&gfs8sing

1UET ) were virtually independent of salt concentration; no detect-
the Syk-tSH2-dpITAM peptide interaction as a model would - gpje trend was observed within confidence limits (65%) for

be expensive due to the high cost of synthesizing doubly {he Syc SH2 domainpYEE! peptide interaction, and there
phosphorylated peptide sequences. In contrast, the single SHg a5 a modest trend toward more exothermic binding at a
domain of the Src kinase (Src SH2 domain) is more amenablepigher salt concentration for the Src SH2 domaiy AAI

to this kind of investigation. Itis also an appropriate system neniide interaction, with a decrease S, of 0.3 + 0.1

to investigate the role of electrostatic interactions in regions ycai/mol per order of magnitude salt coonéentration change
of the binding interface outside the pY-binding pocket. (gata not shown). Experiments conducted under slightly
Indeed, binding studies utilizing randomized peptide libraries gjtferent solution conditioriameasuring the salt dependence
have shown that the Src SH2 domain has a selectionf gyk-tSH2-dpITAM peptide interactions at various tem-

preference for glutamate residues at-#heand—+2 positions
C-terminal to the pY 26), and these residues have been
shown to contribute to binding of the Src SH2 domain to its
high affinity consensus pYEEI sequend®.(This system
was therefore selected for further study.

peratures showed no detectable trend in the valuekgfsS

3 Glycine (150 mM) was included as an additive for high-temperature
stabilization. Otherwise, conditions were the same as those outlined in
Materials and Methods.
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§ 6.00 £ Solid lines represent linear regression to data at 178 mM NaCl and
= above. The dashed line is the regression from the salt dependence
b of CD3< dpITAM peptide binding to Syk-tSH2 shown for
500 ¢ comparison.
400 + == ‘ of the binding free energy by 3 kcal/mol; the effect is even
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more pronounced when sodium phosphate is used to perturb

binding (Figure 3B).
Ficure 6: NaCl (A) and NaF (B) dependence of the binding . . . S .
constant for the CD3-dpITAM peptide at varying concentrations Protein-protein and proteirpeptide interactions are not

of Ac-pY-NH2. The logarithm of the binding constant, léggJ), necessarily strongly dependent on salt concentration. Several
is plotted as a function of (A) log([NaCl]) (B) log([NaF} [NaCl]), protein—protein interactions have been shown to exhibit little
where [NaCl] is constant (150 mM). Ac-pY-NH2 concentrations or no salt dependence [for examples, see the self-association
are 0 (open diamond), 4 (open square), 9 (open triangle), and 154 the N-terminal domain of thécl repressor or the binding

open circle) mM. Solid lines in panels A and B represent a fit to i . . .
gqps 3-5.1n |c))anel B, the dashed ﬁnes represent thepfits to the Nac| OF histidine-containing phospho carrier protein (Hpr) to HPr-

data reported in panel A and are shown to facilitate comparison SPecific monoclonal antibodie®7, 31)]. The binding of a
with the NaF data. Error bars represent 95% confidence intervals. peptide derived from the 0BHIV-1 antibody (a neutralizing
For the NaCl data, seven additional points at various concentrationsantibody to HIV1) to the RP135 peptide (a fragment of the
of Ac-pY-NH2, including the points reported in Figure 5, were /3 1065 of the capsid gp120 protein), where at least two
incorporated into the analysis but are omitted here for clarity. . . ' -

salt bridges are known to make important contributions, was

weakened by only 1.6 kcal/mol when the salt concentration
between 7.5 and 30C (unpublished data). Therefore, by was changed from ®tl M (28). However, some protein
van't Hoff analysis, we can conclude that the enthalpy protein interactions exhibit greater salt dependence. For
associated with the interaction of NaCl with the binding example, thrombin binding to the highly charged 10 residue
partners is very close to zero for Syk-tSHZITAM peptide C-terminal tail of the inhibitor hirudin (which forms three
interactions, as it is for the interactions between the Src SH2 salt bridges at the interface) is characterized ky,Sf —1.1,
domain and the ligands studied here. whereas binding of the entire 65-residue hirudin peptide,

which contains three additional salt bridges is characterized
DISCUSSION by SKops of —1.2, only slightly higher in magnitude than

In the study presented here, we have probed the role ofthat for the C-terminal tail. Thrombin binding to the cofactor
electrostatics in tyrosyl phosphopeptie®H2 domain inter-  thrombomodulin is characterized by &qps of —2.3 in the
action by investigating the salt dependence of binding of two a@bsence of a chondroitin sulfate moiety attached to the
SH2 domain systems, the single SH2 domain of the Src cofactor, whereas the magnitude increases-%04 in the
kinase and the tandem SH2 domain of the Syk kinase. WePresence of the chondroitin sulfate moiety, which is believed
show here that salt strongly effects the binding energetics t0 interact with the protein. Altogether, these findings are
of tyrosyl phosphopeptide recognition by these SH2 domains consistent with what is observed here for the SH2 domain
and that a large part of this effect is due to anion-dependentPhosphopeptide interactions: polypeptide electrostatic in-
perturbation of electrostatic interactions at the pY-binding teractions are characterized by a modest but significant salt
pocket. dependence, while much larger contributions to the salt

Magnitude of the Salt Effecthe free energies of binding ~dependence are made by specific interactions involving
of dually and singly tyrosine-phosphorylated peptides to the doubly charged ionic groups such as phosphate or sulfate.
Syk-tSH2 and the Src SH2 domains are significantly de- Differential Anion Effects and Localization of the Salt
pendent on salt (Figures 3A and 7). A change of 1 order of Effect to the pY-Binding Pockethe type of salt used to
magnitude in NaCl concentration can reduce the magnitudeprobe binding dramatically influences the sensitivity of the

log [NaX]
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free energy of the SH2 domaitphosphopeptide interaction tSH2—dpITAM peptide interaction. Clearly, then, charged
to salt concentration. The two sodium halides NaCl and NaF residues other than pY can contribute significantly to the
have markedly different effects: Cperturbs binding much  overall salt dependence. These results point to a possible
more efficiently than F. The weaker effect of NaF could role of electrostatic interactions in peptide binding specificity
be due at least in part to the water-ordering property of this and suggest that higher affinity in an optimal SH2 domain
salt. However, this effect is expected to be negligible at low tyrosyl phosphopeptide interaction may partially result from
NaF concentrations; yet the reduced effect of NaF as electrostatic complementarity between surfaces in the SH2
compared to NaCl on binding is apparent even at the lowestdomain and in the peptide.

concentrations of salt. Phosphate ions also have a significant

effect on binding of tyrosyl phosphopeptides. For example, CONCLUSIONS

50 mM sodium phosphate is able to reduce the affinity of
the CD3¢ dpITAM peptide for Syk-tSH2 by a factor of 10,
even when competing with 150 mM NacCl (Figure 3B).

One region of the binding interface that is especially likely
to affect the salt dependence of binding is the pY-binding
pocket. Indeed, clear electron density for a phosphate ion
was observed in this region of the structure of the Src SH2
domain crystallized in the presence of 200 mM sodium
phosphatef). This hypothesis was tested by examining the
salt dependence of binding of mpITAM peptides and of pY
alone. Marked reductions in the magnitude ¢f,% were
observed for mpITAM peptide binding as compared to
dpITAM peptide binding (Figure 4A; Table 2). Moreover,
NaF was found to be ineffective at perturbing binding of
mpITAM peptides (Figure 4B; Table 2). These results are
consistent with the interpretation that a large part of the salt
effect in NaCl is attributable to the perturbation of electro-
static interactions at the pY-binding pockets.

Examination of the salt dependence of binding of phos-
photyrosine alone leads to similar conclusions. Binding of
one molecule of the single amino acid Ac-pY-his also
strongly dependent on salt (approximated by the value of
SKeomp= —1.2). Since there are two pY-binding pockets in
the Syk-tSH2 domain, then binding of two phosphotyrosines
would result in a log-log salt dependence o6f2.4 + 0.3,
which is nearly as large as that observed upon binding of
the 19-residue CD3-dpITAM peptide to the same SH2
domain (2.6 + 0.1). Moreover, as with dpITAM peptide
binding, NaF is not as effective as NaCl in perturbing binding
of pY alone. Altogether, these findings clearly ascribe a large
part of the salt effect to the pY-binding pockets and are
consistent with the interpretation that electrostatic interactions
predominate in these regions of the Syk-tSH2 domain
tyrosyl phosphopeptide interface.

SKops @and Peptide Binding Specificity of SH2 Domains.
Because of the ability of salt to screen electrostatic inter-
actions, the magnitude of the salt effect is expected to be
correlated with the degree of favorable electrostatic inter- i . .
actions at the binding interface. Here we show that, for the electrostatl_cally complement the interacting surfaces of the
Syk-tSH2 and Src SH2 domain systems, valueskof,Sare SH2 domains.
in g_eneral more rjegative for binding _of higher affinity_ ACKNOWLEDGMENT
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