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ABSTRACT. The binding of Src to phospholipid membranes requires both hydrophobic insertion of its
myristate into the hydrocarbon interior of the membrane and nonspecific electrostatic interaction of its
N-terminal cluster of basic residues with acidic phospholipids. We provide a theoretical description of
the electrostatic partitioning of Src onto phospholipid membranes. Specifically, we use molecular models
to represent a nonmyristoylated peptide corresponding to residu#9 af Src [nonmyr-Src(219);
GSSKSKPKDPSQRRRSLE-NfHand a phospholipid bilayer, calculate the electrostatic interaction by
solving the nonlinear PoisseiBoltzmann equation, and predict the molar partition coefficient using
statistical thermodynamics. The theoretical predictions agree with experimental data obtained by measuring
the partitioning of nonmyr-Srcf219) onto phospholipid vesicles: membrane binding increases as the
mole percent of acidic lipid in the vesicles is increased, the ionic strength of the solution is decreased, or
the net positive charge of the peptide is increased. The theoretical model also correctly predicts the
measured partitioning of the myristoylated peptide, myr-Srd@); for example, adding 33% acidic lipid

to electrically neutral vesicles increases the partitioning of myr-Sr&@ 100-fold. Phosphorylating

either serine 12 (by protein kinase C) or serine 17 (by cAMP-dependent protein kinase) decreases the
partitioning of myr-Src(2-19) onto vesicles containing acidic lipid 10-fold. We investigated the effect

of phosphorylation on the localization of Src to biological membranes by expressing fusion constructs of
Src’s N terminus with a soluble carrier protein in COS-1 cells; phosphorylation produces a small shift in
the distribution of the Src chimeras from the plasma membrane to the cytosol.

The v-Src oncoprotein (pp&CG9* and its normal cellular by N-myristoyltransferasest-9) and a stretch of hydrophilic
homologue c-Src (pp60°) are membrane-bound, nonre- amino acids rich in positively charged residuds),(11).
ceptor tyrosine kinasesl{4). The N terminus of Src  Mutations that either prevent myristoylatiod2~14) or
contains two motifs essential for membrane localization: a reduce the net positive charge in the N-terminal cluster of
myristate attached cotranslationally to the N-terminal glycine basic residueslQ, 11) inhibit the association of Src with

the plasma membrane, producing nontransforming pheno-
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(20), the synergism is treated as a local concentration
enhancement effeéipnce the myristate chain has partitioned
into the membrane, the flexible string serves as a tether that
confines the basic cluster to a hemisphere of radiaisove

the membrane, a region of higher lipid concentratidfy
(M~1) is the molar partition coefficient that describes the
binding of myristoylated N-terminal Src peptides to electri-
cally neutral phospholipid vesicles; it can be interpreted as
a measure of the hydrophobic interactioikg (M 1) is the
molar partition coefficient that describes the binding of
nonmyristoylated Src peptides to vesicles containing acidic
phospholipid; it can be interpreted as a measure of the

electrostatic interaction. The ball and string model describes FIGURE 1: Molecular model of the N-terminal region of Src
the overall binding as interacting with the upper leaflet of a 2:1 PC/PS bilayer. The front
portion of the bilayer has been removed to expose the myristate.
The 18-residue peptide (myristate-GSSKSKPKDPSQRRRSLE-
K. K (1) NHy) is shown in an extended conformation. The six basic residues
ATB are blue, and the two acidic residues are red; the serines phospho-
rylated by protein kinase C (serine 12) and cAMP-dependent protein

1y " - : kinase (serine 17) are green, and the,@Frbups of the myristate
whereK (M™) is the molar partition coefficient that describes are gold. In the bilayer, PS is identified by its exposed nitrogen

the binding of myristoylated Src peptides to vesicles contain- hjye): oxygen is red and phosphorus yellow, and carbon and
ing acidic phospholipid; 3/(9 describes the coupling hydrogen are gray.

between A and B (i.e. it is the ratio of the membrane surface

area,tr?, and the solution volumé/znrs, that are accessible A
to the basic cluster when the acyl chain is bound); and
(=4nm/M™1) is a constant that depends only on the surface
area per phospholipid (see 15 for details). This model's
predictions agree qualitatively with measurements of the
partitioning of myristoylated Src(216) onto phospholipid
vesicles 15). The model also predicts that synergism
between hydrophobic and electrostatic interactions produces B
strong membrane binding of a peptide corresponding to the
C terminus of K-Ras 4B (GKKKKKKSKTKC-farnesyl({1,

22).

Although the ball and string model accounts for the
synergism between hydrophobic and electrostatic interac-
tions, it is descriptive rather than predictive. Specifically,
the model requires experimental determinationkafand
Ke, and it assumes the two binding sites are dimensionlesspigyre 2: Effect of phosphorylation on the electrostatic potential
points connected by an electrically neutral string; this adjacent to Src(219). Electrostatic potentials were calculated in
assumption is unrealistic because the basic residues of Srca 100 mM monovalent salt solution. The peptides are shown in a
(2—19) are distributed over a distance of about 50 A (see configuration similar to that in Figure 1. Three-dimensional

- . equipotential contours are shown at 25 mV (blue mesh)-a28
Figure 1). We have developed a more realistic model that .\, (red mesh). The figures were generated using GRASER (

predicts the electrostatic component of the membrane binding(a) unphosphorylated Src{219), net charge o#5; and (B) Src-
of peptides corresponding to the N terminus of Src and (2—19) phosphorylated at serine 12, net charge+. The
describes the synergism between the hydrophobic andPhosphate group is identified by its yellow phosphorus.
electrostatic interactions. We represent the peptide and The N-terminal region of Src contains two serine phos-
membrane in atomic detail and the aqueous phase as ghorylation sites (reR8 and references therein); serine 12
continuum solventZ4, 25). We first calculate the electro-  is phosphorylated by protein kinase C (PKC), and serine 17
static free energy of interaction between the peptide andis phosphorylated by cAMP-dependent protein kinase (PKA)
membrane using classical electrostatic theory and then derivgsee Figure 1). Our model provides an explanation, at the
the molar partition coefficient from the electrostatic results molecular level, for the reduced affinity of phosphorylated
using statistical thermodynamics. Our model extends previ- Src peptides for membranes: phosphorylation of either serine
ous theoretical work that describes the membrane bindingreduces the net charge of the basic cluster, altering its
of simple basic peptide26) and small basic toxins of known  electrostatic potential (Figure 2) and weakening its electro-
structure R7); it is the first application of the methodology  static binding to membranes containing acidic lipids. Al-
to a biologically important protein. though our previous studies used Sre(®B), here we use
Src(2-19), which allows us to examine the effect of

2 Gelb and co-worker<2Q) discuss alternative treatments that invoke ~ phosphorylation at either site. While the biological conse-
the loss of translational and rotational degre_es _of freedom [e.g. Pagequence of phosphorylation is controversial, two studies
and Jencks23)] that occur upon membrane binding of an acylated or suggest that N-terminal phosphorylation may play a role in
prenylated peptide. Uncertainty about changes in the peptide chain .
configurational entropy complicates application of these treatments to translocation of Src from the plasma membrane to the cytosol
the membrane partitioning of myristoylated peptid2g)( or cytoskeletonZ9, 30).
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The studies reported here have four objectives. The first yeastN-myristoyltransferase3(). 3H-myr-Src(2-19) was
is to calculate the electrostatic component of the membranepurified by HPLC over a CBCN gradient (buffer A= H,O
binding of nonmyristoylated (nonmyr) Sre{29) (GSSKSKP- and 0.1% TFA, and buffer B= CH;CN and 0.1% TFA) on
KDPSQRRRSLE-NH) using atomic models. We compared a C18 reverse-phase column; the myristoylated peptide eluted
the theoretical predictions with experimental measurementsat 45:55 HO:CH;CN and 0.1% TFA. The measured activity
of the dependence of membrane binding on the ionic strengthof 3H-myr-Src(2-19) was 0.07Ci/mL.
of the solution and the mole percent of acidic lipid in the PKC Phosphorylation of Myr-Src(219). The reaction
vesicles. The second objective is to account for the apparentmixture contained 20 mM MOPS, 2QeM CaCk, 5 mM
cooperativity between Src’s two membrane binding motifs, MgCl,, 50uM PC/PS/DAG (62:33:5) sonicated unilamellar
the N-terminal myristate and cluster of basic residues, usingvesicles (SUV), 1M Src(2—19), and 5uM ATP with a
atomic models. We compared the model’'s predictions to trace of f°P]JATP. The PC/PS/DAG SUV were prepared
measurements of the partitioning of myristoylated (myr) Src- as follows. The lipid mixture in CHGJ with a trace amount
(2—19) onto phospholipid vesicles. The third objective is of [*C]PC, was initially evaporated under argon and then
to account for the effect of phosphorylation on the binding vacuum-dried fol h in a 33°C water bath. The dried lipid
of myr-Src(2-19). We compared the model’s predictions was resuspended in 100 mM KCIl and 1 mM MOPS at pH
with measurements of the partitioning of phosphorylated 7; the air was displaced with argon. The lipid solution was
myr-Src(2-19) onto phospholipid vesicles containing 33% then sonicated four times for 10 min in &®! bath kept
acidic lipid. The fourth objective is to study the role of between 15 and 30C. Large vesicles were pelleted by
N-terminal phosphorylation on reversible binding of Src to centrifugation at 1000@for 1 h at 25°C. The supernatant
biological membranes. We used chimeric constructs con- containing the SUV was used within 24 h.
taining the Src N terminus fused to soluble carrier proteins  The phosphorylation reaction was started by the addition
to study the localization of phosphorylated and nonphos- of 0.5 uL of PKC and 1 mM DTT, the solution incubated

phorylated protein in vivo. for 5—60 min at 30°C, and the reaction terminated with 10
mM EDTA. The reaction mixture was diluted 10-fold in
MATERIALS AND METHODS 100 mM KCI, 1 mM MOPS (pH 7), and 0.0065% Triton

X-100 and centrifuged at 800§Cor 1 h at 25°C. The
supernatant was used as a source of PKC-phosphorylated
Materials. The zwitterionic lipid 1-palmitoyl-2-oleoyl-  Src(2-19) without further purification. The binding of PKC-

snglycero-3-phosphocholine (PC) and the acidic lipids phosphorylated myr-Src(219) to 2:1 PC/PS LUV was the
1-palmitoyl-2-oleoylsn-glycero-3-phosphoglycerol (PG) and same for two SUV concentrations (25 nM peptide/0M
1-palmitoyl-2-oleoylsn-glycero-3-phosphoserine (PS) were SUV and 50 nM peptide/0.2M SUV), suggesting that the
purchased from Avanti Polar Lipids (Alabaster, AL). Ra- presence of SUV did not affect peptide binding to LUV. The
diolabeled 1,2-di[24C]oleoyl4.-3-phosphatidylcholine {{C]- percentage of peptide bound in the membrane partitioning
PC; specific activity of 108124 mCi/mmol) was purchased experiments was determined by spotting the peptide on a
from Amersham (Arlington Heights, IL). Adenosing-5 P81 Whatman filter (Fischer Scientific, Pittsburgh, PA).
triphosphate (ATP) was purchased from Sigma (St. Louis, Control samples containing the same phosphorylation reac-
MO) andy-*?P-radiolabeled adenosinetsiphosphate tetra-  tion mixture in the absence of peptide were prepared to
(trimethylammonium) salt $fP]JATP, specific activity of subtract the contribution from non-peptide-boudfd. The
3000 Ci/mmol) from NEN Life Sciences Products (Boston, filters were washed two times in 0.4% phosphoric acid and
MA). Protein kinase C (PKC) was obtained from Boehringer transferred to scintillation vials; 1Q@L of 0.001% TX-100
Mannheim (Indianapolis, IN) and Calbiochem Novabiochem and 3 mL of scintillation fluid were added to each for
(San Diego, CA), cAMP-dependent kinase (PKA) from scintillation counting.

Experiment

Sigma, and 1,2-dioleoydrglycerol (DAG) from Avanti PKA Phosphorylation of Myr-Src(219). The reaction
Polar Lipids. mixture contained 20 mM MOPS, 5 mM MgCILOuM myr-
The NH-terminal sequence (residues 29) of myristoyl- Src(2-19), and 5uM ATP with a trace of }2PJATP. The

ated Schmidt-Ruppin A v-Src and avian c¢-Src, myr- phosphorylation reaction was started by the addition of 2.5
GSSKSKPKDPSQRRRSLE-NHcontains six basic residues mg/mL PKA (from a stock solution at 10 mg/mL in 20%
and two acidic residues. Myristoylated and nonmyristoylated glycerol and 30 mM DTT), the mixture incubated for30
peptides corresponding to residuesi® [denoted myr-Src-  min at 30°C, and the reaction terminated with 1 mM EDTA.
(2—19) and nonmyr-Src(219), respectively] were synthe-  The reaction mixture was diluted 10-fold in 200 mM KCl,
sized with an amide-blocked C terminust®5% purity as 1 mM MOPS (pH 7), 0.0065% Triton X-100 and centrifuged
determined by analytical HPLC (Center for the Analysis and at 80006-10000@ for 1 h at 25°C. The supernatant was
Synthesis of Macromolecules, State University of New York used as the source of PKA-phosphorylated Srd(@)
at Stony Brook) and used without further purification. without further purification.
F-MOC-myristoylated glycine was purchased from Nova-  Sucrose-Loaded Vesicle-Binding Ass&ucrose-loaded
biocehm and used in the synthesis of myr-Ste[Q) without vesicles resuspended into salt buffer (the internal sucrose
special treatment. Stock solutions at 5 mg/mL peptide were concentration is adjusted to be isosmotic with the external
prepared in dimethyl sulfoxide. All aqueous solutions were salt buffer) were prepared as described by Buser el ). (
prepared with 18 M2 H,O (Super-Q, Millipore, Bedford, Inthe membrane-binding assay, peptide was mixed with the
MA) that was subsequently bidistilled in an all-quartz still. sucrose-loaded LUV; [peptidek [lipid] so that the peptide
The tritiated myristoylated peptidel-myr-Src(2-19) was did not bind a significant fraction of the acidic lipid. After
prepared enzymatically as described in Tefsing purified 15 min of equilibration at room temperature (Z2), vesicle-
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bound peptide was separated by centrifugation {fdn at start site (5GCTCTAGACACGCTTTTGCATATGATA-
10000@ and 25°C). Ninety percent of the supernatant and CATAA3'). The antisense primer for the wild-type Src20-
pellet was measured by either a fluorescamine assay forfGal included the codons for v-Src amino acids-2® plus
nonradiolabeled peptide, scintillation counting fét-myr- a 3 BanHl site (BGCGGGATCCGGCTCCAGGCTGCGC-
Src(2-19), or P81 filter assay followed by scintillation CGGCGCTG3. Antisense primers for the Src mutants were
counting for32P-phosphorylated Src(219). The fluores- as follows (with mutations underlined): Src20S12A, 5
camine assay and the tritium scintillation counting are GGATCCGGCTCCAGGCTGCGCCGGCGCTGAGC-
described by Buser et al1§). The binding of the®®P- ~ GGGGTCC3 Src20S17A, B5GATCCGGCTCCAGAGC-
phosphorylated Src(219) was determined by spotting 100 GCGCCGGCGCTGGCTGGGGTCC3and Src20S12A/
uL of the supernatant and pellet on the respective P81 filters S17A, BGGATCCGGCTCCAGAGCGCGCCGGCGCT-
and washing and/or scintillation counting the filters as GAGCGGGGTCC3 The PCR pmcts were digested with
described above. The fraction of phosphorylated peptide Xba and BanHI and ligated in-frame toKbal/BamHI-cut
bound to LUV () was determined by deconvolution of the pVALO (37), a eukaryotic expression vector containing
[32P]Src(2-19) and the *)C]PC radiolabelsf, = 1 — [%P-  j-galactosidase under the control of {Bglobin promoter.
(supernatant)?fP(supernatant}- *P(pellet)]]. Calculations  Similarly, oligonucleotide-directed PCR mutagenesis was
of the percentage of bound peptide were corrected for theuysed to generate serine to alanine mutations at positions 12

1-8% lipid that remained in the supernatant. Lipid loss was (S12A), 17 (S17A), or 12 and 17 (S12A/S17A) of Src 20
negligible when [lipid] = 107 M. We added 0.0001% fused toﬂ_gajactosidase_

Triton X-100 to the solution to prevent unbound myr-Src-
(2—19) from spinning down during the binding assay to 2:1
PC/PG or 2:1 PC/PS lipids. We observed the same binding
of 3H-myr-Src(2-19) to 2:1 PC/PG LUV at both 0.0001%
and 0.0005% Triton X-100, suggesting that this concentration
of detergent does not affect peptide binding. In control
experiments, the binding of myr-Src{a9) to PC vesicles
was unaffected over the range of Triton X-100 concentrations
from 0 to 0.0065%.

For technical reasons, we used the acidic lipid PG rather

Cell Culture, Transfections, and Protein Analys&€30S-1
cells were maintained in Dulbecco’s Minimum Essential
Medium (GIBCO catalog no. 121-00061)/10% fetal bovine
serum. Transfections were carried out by the DEAE-dextran
method in 10 cm Petri dishes according to published
protocols 88). Twenty-four hours after transfection, cells
were split (1:2) to generate duplicate plates. Forty-eight
hours after transfection, cells were starvedXd in media
lacking phosphate and then labeledr 8 h with 32P-

than PS for the vesicle binding measurements of nhonmyr- orthophosphate (3000 Ci/mmol, NEN) at a final concentra-
9 YT tion of 0.4 mCi/mL. At the time of labeling, we added the

and myr-Src(219).  (Fluorescamine reacts with primary following cell-permeable phosphatase inhibitors to a final

amines; thus, we avoid using amine-containing lipids SUCh%oncentration of 0.1uM: okadaic acid and calyculin A

as PE and PS in the fluorescamine assay described above. lGibco) and cypermethrin and tautomycin (Calbiochem)
Previous measurements show that simple basic peptides bin ; yp ' dtomyci ! ;
abeled cells were harvested and fractionated by hypotonic

with identical affinities to vesicles formed from either PG ) ;
or PS @2). The theoretical calculations (see below) used lysis (39 to generate S-100 and P-100 fractions. The
following protease inhibitors were included in the lysis

bilayers constructed from molecular models of PC and PS buffer: AEBSF (1Qug/mL), aprotinin (L.5g/mL), pepstatin

bmeé:na}llé?:nlfi is the major acidic lipid in mammalian biological A (1.5 ug/mL), leupeptin (1.5:g/mL), TLCK (10 ug/mL),

Monolayer Adsorption Measurement$Ve used an ap- TPCK (10ug/mL), benzamidine (12g/mL), and E-64 (1.5
paratus designed by FromheB3] to determine directly if pg/mL).
nonmyr-Src(2-19) penetrates the phospholipid monolayer ~ The S-100 fraction was adjusted to<1RIPA buffer
when it adsorbs to the surface. The instrument consists of[radioimmunoprecipitation assay buffer, 50 mM Tris (pH
a Wilhemy plate for monitoring the surface pressure of the 8.0), 150 mM NaCl, 1% NP-40, 0.5% deoxycholate, and
monolayer and a feedback circuit for maintaining the surface 0.1% SDS] and immunoprecipitated as follows. One mi-
pressure at a constant value. Peptides and other ligands thagroliter (2ug) of antifGal monoclonal antibody (Promega)
penetrate the monolayer increase the area, whereas nonperwas added to samples adjusted to 30 of RIPA and
etrating peptides do noR6, 34, 35). The monolayers were  incubated at #C for 3—12 h. Immune complexes were
formed from 1-palmitoyl-2-oleoysnglycero-3-phosphocho-  adsorbed to formalin-fixe&treptomyces aureder 20 min
line (PC) and 1-palmitoyl-2-oleoydrrglycero-3-phospho-  at 4 °C and processed as described previou8E).( The
glycerol (PG) over a solution containing 0.1 M KCl and 1 P-100 fraction was resuspended ir RIPA buffer and the
mM MOPS at pH 7 with ar of 25 °C. insoluble material removed by centrifugation at 1009t

Circular Dichroism (CD) Spectra were recorded on a 15 min followed by immunoprecipitation as above. Immune
J-20 spectropolarimeter (JASCO, Tokyo, Japan) using a 1complexes were washed three times with ice-cold RIPA,
mm cylindrical cell. SUV containing either PC or PG were denatured in sample buffer, and resolved by SIPAGE
prepared by ultrasonicatio®€) in buffer containing 0.1 M on 8% gels. Following transfer to Immobilon—PVDF
KCI, 2.5 mM K;HPQ,, and 2.5 mM KHPQO, (pH 7). membranes (Millipore), the transfected protein was detected

Plasmid ConstructionsThe Src2BGal fusion was created by Western blotting using the ECL method (Amersham).
in two steps. Fragments containing the sequence coding forWestern blot membranes were then bleached by light
the first 20 amino acids of Src were generated by PCR from irradiation and re-exposed to film to generate an autoradio-
a v-Src clone in pGEM3z. The sense primer for all graph. Blots and autoradiographs were scanned using an
constructs contained a’' Xba site and the nucleotide  Epson Twain scanner and the images quantitated with Fuji
sequence starting 243 bases upstream from the v-Src ATGMacbass.
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Theory

Determination of K from Experimental Measurements.
We use a molar partition coefficienk, to describe the
partitioning of Src(2-19) onto phospholipid membranessy.

K (M™Y) is the proportionality factor between the mole
fraction of peptide bound to the membrageand the molar

concentration of peptide free in the bulk aqueous phase, [P]:

[Pl

ATTETL

)

where [P}, is the molar concentration of peptide bound to
the membrane and [L] is the concentration of lipid accessible

to the peptide. The square brackets denote molar concentra-

tions, i.e. the moles of a species divided by the total solution
volume. Previous work showed that Sre(22) does not
permeate LUV 15); this should be true for Src(219) as
well because residues +39 are hydrophilic. Hence, the

peptides bind only to the outer surface of the vesicles, and

[L] is approximately¥/, of the total lipid concentration for

these unilamellar vesicles. For all our measurements, [L]

> [P]n, and eq 2 may be written as
[Pl = KIP][L] 3)

The total molar concentration of Sref29) in the solution,
[Pliot, is the sum of bound and free peptide concentrations:

[Pl = [Pl + [P] (4)

Combining egs 3 and 4, we obtain an expressiorkias a
function of known ([L]) and measured ([F]Pio) quantities:

Pln KL
[Plot 1+ KIL]

(5)

If we plot the fraction of bound peptide, [F]P]wt as a
function of accessible lipid concentration, [L] (Figures 3A
and 4A), we can determine the value Kffrom a least-
squares fit of eq 5 to the data (Figures 3B and 4B). Note
that when [P}/[Plwt = ¥», K = 1/[L]; i.e. the molar partition
coefficient is the reciprocal of the accessible lipid concentra-
tion that binds one-half of the total peptide.

Although, we use the word “binding” in this report,
“partitioning” is a more accurate definition of the phenom-
enon we are studyingt(); our use of eq 3 to determirne
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electrostatic interactions and may be located an appreciable
distance (e.g. 5 A) from the membrane surface (see, e.g.,
Figure 1 of ref26).

Gibbs Surface Exces®ur aim is to calculat& for Src-
(2—19) and compare the theoretical predictions with experi-
mental results. We first provide an overview of the
theoretical calculation by considering an oversimplified
model for the electrostatic interaction based on Geuy
Chapman theory4@), which represents the peptide as a point
charge of valencé-Z, the membrane as a uniformly charged
surface, and the monovalent salt ions as point charges. The
principles are valid for the more realistic model of the
peptide/membrane system we use in our calculations (see
Appendix I).

A membrane containing a mixture of neutral and acidic
phospholipids attracts counterions (e.gt)Ko and repels
co-ions (e.g. Cl) from its surface. The electrostatic attrac-
tion of the counterions is balanced by their statistical
tendency to diffuse away from the region of higher concen-
tration, which results in an ionic atmosphere adjacent to the
membrane surface (the diffuse double layer). In the linear-
ized version of GouyChapman theory, the electrostatic
potential decays exponentially as a function of distance from
the membrane surfac&

P(R) = $(0) exp(-«R) (6)

where ¢ is the electrostatic potentiaR is the coordinate
normal to the membrane surface, andis/the Debye length
(L/k = 10 A'in a 100 mM monovalent salt solution). Basic
peptides added to the aqueous phase are attracted by the
negative electrostatic potential, which results in an excess
concentration of peptide near the membrane surface relative
to that in the bulk solution. The basic peptide concentration
is low compared to the monovalent salt concentration. The
monovalent cations, and not the basic peptide, are the
counterions to the acidic lipids and ensure overall electro-
neutrality of the system. The concentration RJf(of a +Z-
valence peptide a distané&from the membrane surface is

[PR)] = [P(e)] exp[-WR)/KT] ()

where [P¢)] is the peptide concentration in the bulk solution,
W(R) is the free energy change that occurs when the peptide
moves from the bulk solution to a distanéefrom the
membrane, anklis the Boltzmann constant. In the linearized
Gouy—Chapman theorW(R) is simply the product of the

from experimental data makes no assumption about thecharge of the peptideZ (e is the electron charge), and the

specific nature of the interaction. Thus, while eqs 3 and 5

electrostatic potentiafp(R). For a 2:1 PC/PS membrane in

have the same form as the limiting version of a mass actiona 100 mM KCI solution, Gouy Chapman theory correctly

equation for a 1:1 complex, we do not assume a specific,

predicts the electrostatic potential is approximate0 mV

1:1 interaction between a peptide and a lipid. Previous work at the surface;-20 mV 10 A (one Debye length) from the
has shown that the binding of model peptides to membranessurface, and-8 mV 20 A (two Debye lengths) from the

depends only weakly on the chemical nature of either the

surface 44). Gouy—Chapman theory also predicts that at

basic residues (arginine vs lysine) or the monovalent acidic R= 10 A the concentration of 2= +5 peptide is enriched

lipid (PS vs PG) 26). In contrast, the binding of the
multivalent acidic lipid phosphatidylinositol 4,5-bisphosphate
(PIR,) to the pleckstrin homology (PH) domain of phospho-
lipase Cé; is highly specific 41); e.g. this PH domain binds

80-fold with respect to the bulk peptide concentration; our
more realistic model (see below) predicts the concentration
of nonmyr-Src(2-19) (Z = +5) is enriched 30-fold aR =

10 A. Note that the “extra” peptide ions 10 A from the

10-fold more strongly to 2:1 PC/PS membranes when they surface are defined as bound even though they do not

contain 3% PIR (42). As described in detail below, the
nonmyristoylated peptides measured as “bound” in our

physically contact the membrane; they are measured as bound
ions in equilibrium dialysis and sucrose-loaded vesicle

experiments partition onto the membrane through nonspecificmeasurements.
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The Gibbs surface exces4s), I, represents the number translations parallel to the plane of the membraRés the
of moles of peptide adsorbed per unit area of membranevertical distance above the membrane; &g, andg are
surface. It is calculated by integrating the excess peptidethe Euler angles that describe rotations about the peptide’s
concentration over the distand®,from the membrane [see  geometric center. The average over the Boltzmann factor
Figure 1 of Ben-Tal et al.20)]: emphasizes the orientations of the lowest-interaction free
. energy. We use eq 11 to calculate the electrostatic compo-
r= L dR ([P(R)] — [P()]) (8) nent of _the membrgne binding of nonmyr-Sre(®) (see
Appendix | for details).
The concentration of membrane-bound peptide,,[R]given Theoretical Model for Myristoylated Peptidesin our
by model, we consider only the possibility that the myristate
partitions into the membrane first, and not the possibility
[Pl = Al 9) that the basic cluster partitions first. This approximation is
mov reasonable because the partitioning due to the myristate is
] ) greater than the partitioning due to the basic cluster-bg 1
wher_eA is the_ surface area of membra}ne accessible to thegrgers of magnitude (ref5 and this report). As in the ball
peptide and/ is the volume of the solution. Note thatV anq string model, the myristate anchor restricts the basic
= AN[L] where A_is the surface area occupied by one lipid  ¢jyster to a region of space above the membrane (Figure 1).
in the membranel is Avogadro’s number, and [L] is the  \ye do not include an atomic representation of the myristate
accessible lipid concentration (see 2&for more details). in our calculations, nor do we calcula#,. We use the
Combining egs 3 and-79 [and identifying [P]in eq 3with  eyperimental result<a, to describe the hydrophobic con-
[P()] in egs 7 and 8], we obtain an expression for the molar {ripytion due to myristate insertion and solve the Poisson
partition coefficient as a function of the free energy of Bojtzmann equation to determine the electrostatic interaction
interaction between the peptide and membrane: between atomic models of the peptide and membrane. Thus,

- we calculate the membrane binding of myr-Sre{®) using
K= AN [{"dR [exp[~W(R)/KT] — 1] (10)  the expression

Thus, if we know the free energy of interactio(R), we K = K, [@xp[—Wg(XY,R.0,u,¢)/KT] O (12)
can calculate the Gibbs surface excess and obtain a theoreti-
cal binding constant to compare with experimental measure-where the broken brackets denote an average over orienta-
ments R6). tions (see Appendix | for details). In contrast to our
Theoretical Model for Nonmyristoylated PeptideSouy— treatment of the nonmyristoylated peptide (where the pep-
Chapman theory, which assumes the peptide (a dimensionlesside’s orientations with respect to the membrane are uncon-
point) does not perturb the potential produced by the strained), we assume the N-terminal glycine of the myris-
membrane (a surface of uniformly smeared charge), doestoylated peptide is anchored outside the polar headgroup
not provide an adequate representation of Srd@) inter- region of the membrane and the peptide is free to pivot about
acting with a bilayer (see Figure 1). We use a more realistic its N terminus (Figure 1). The orientations of the peptide
theoretical model (ref26 and 27 and Appendix 1) to  with respect to the membrane are generated by rotating the
calculate the electrostatic interaction between the peptide ancheptide about the N-terminal glycine that is anchored 3 A
the membrane. Our model accounts for the finite size of (i.e. one layer of water) from the membrane surface.
the molecules as well as for the reciprocal effects of the  |n the Gouy-Chapman limit for a point charge of valence

peptide and membrane on each other’s potentials. +Z, Wz in eq 12 is replaced bgZp(0):
We built atomic models for the peptide and membrane as
described in Molecular Models of Src(49) and Phospho- K = K, exp[—eZp(0)/KT] (13)

lipid Membranes below. The peptide is docked in the
aqueous phase above the membrane. Assigning atomic radijvhere¢(0) is the surface potential of a membrane containing
and partial charges to the coordinates of the constituent atomsacidic phospholipids ank is the measured adsorption of
characterizes the shape and charge distribution of thethe molecule onto an electrically neutral membrane. This
molecules. We calculate the electrostatic free energy of |imiting form of eq 12 adequately describes the adsorption
interaction,Ws (B for basic), by numerically solving the  of small univalent molecules such as myristic acié)( the
nonlinear PoissonBoltzmann equation for the peptide/ fluorescent probe TNS, and spin-labeled prob4§) (o
membrane system (r@6 and Appendix I). Because we do  negatively charged phospholipid vesicles, but cannot describe
not treat the peptide as a point (Figure 1), we must calculatethe adsorption of larger, multivalent peptides such as myr-
W for many orientations of the peptide with respect to the Src(2-19), which have dimensions comparable to the Debye
membrane and average over these orientations at eachength.
distanceR.  This produces the six-dimensional generalization  Molecular Models of Src(219) and Phospholipid Mem-
of eq 10 @6): branes Our model for the myristoylated peptide (Figure 1)
. is based on experimental studies of its structure and orienta-
K= ALNJ(’) dR [exp[—Wg(Xy,R.0,u,@)/KT] — 10 (11) tion with respect to the membrane. CD measurements (see
Results) and direct structural electron paramagnetic resonance
where the broken brackets denote the average over orientameasurements (K. Victor and D. Cafiso, personal com-
tions at eaclR. The coordinateg, y, R, 6, u, andg locate munication) suggest the peptide has a random coil conforma-
the peptide with respect to the membrane.andy are tion in solution and when bound to membranes. In agree-
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ment with the experimental data, we built atomic models
corresponding to residues-29 of Src (GSSKSKPKDPSQR-
RRSLE-NH) in extended form using the Biopolymer module
of the Insight/Discover molecular modeling program (Insight-
Il, MSI). The extended conformation is often used to mimic

a random coil conformation because all residues are solvated.

This conformation is only one of many possible conforma-

tions the actual (random coil) peptide may assume. How-

ever, by sampling many different orientations of the peptide
with respect to the membrane in the Poiss&oltzmann
calculations, we effectively describe the random coil state.

To correspond to the peptides used in the binding measure-
ments, we constructed models of nonmyristoylated peptides

unblocked at the N terminus and models of both nonmyris-
toylated and myristoylated peptides blocked with an amide
(NHy) at the C terminus. To reduce atomic overlaps and to

relax torsional and dihedral constraints, the models were
energy minimized in the gas phase using the CVFF force

field and neglecting electrostatic interactions. The minimiza-
tions, performed using the Insight/Discover program (IN-
SIGHT-Il, MSI), did not significantly alter the extended
structure of the peptides.

Atomic models of negatively charged phosphatidylserine
(PS) and zwitterionic phosphatidylcholine (PC) were built
as described in Peitzsch et a4.7{. Membrane bilayers are
composed of hexagonally packed lipids in different propor-
tions (1:0, 3:1, 2:1, 1:1, and 0:1 PC/PS) with the lipid species
distributed uniformly. Each bilayer leaflet contains 192 or
360 lipids, with each lipid occupying an area of 68 i
the plane of the membrane (see Figure 1).

Parameter SetsIn the PoissorrBoltzmann calculations,
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Ficure 3: The membrane binding of nonmyristoylated peptides
corresponding to residues—29 of Src (GSSKSKPKDPSQR-
RRSLE-NH) increases as the mole percent of acidic phospholipid
in the membrane increases. (A) Partitioning of nonmyr-Srd(@)

100

the peptide and membrane are characterized by a set ofnto large (100 nm diameter) unilamellar phospholipid vesicles

atomic radii and partial charges (see Appendix ). The
charge distribution within each phospholipid is taken from
Charifson et al.48), and van der Waals radii are used for

(LUV). The results were obtained with a sucrose-loaded vesicle
assay using LUV formed from 3:1 PC/P®E)( 2:1 PC/PG 4), 1:1
PC/PG @), and 0:1 PC/PG%) in 100 mM KCI buffered to pH
7.0 with 1 mM MOPS. Here, and in Figures 4A and 5, each plotted

the atoms. The charges and radii used for the peptide atomsoint is the average of at least two samples at that lipid concentra-

are from the CHARMMZ22 parameter set9). Previous
work (26) has shown that the calculational results are
insensitive to the particular parameter set employed.

RESULTS

Experiments

Circular Dichroism and Monolayer Adsorption Measure-
ments The crystal structure of c-Src was recently solved,
revealing how intramolecular binding of the SH2 domain to
a phosphorylated C-terminal tyrosine (tyrosine 527) inhibits
kinase activity $0); the N terminus of the protein, which
contains the two membrane-binding motifs, was not included

in this structure. CD measurements (not shown) indicate

tion; the errors associated with the points &#0%. The curves
are the least-squares fit of eq 5 to the data. (B) The molar partition
coefficient determined experimentally from the data shown in panel
A (@) and predicted from the theoretical modalg¢ndO) is plotted

as a function of the mole percent of acidic lipid. Here, and in Figure
4, the experimentd values are uncertain by approximately 20%;
see the text for uncertainties associated with the calcukatedues.
Here, and in Figure 4B, the open triangles are the predictions for
K calculated by averaging over many orientations of the peptide
with respect to the membrane (eq Al.3), and the open squares are
approximate values foK calculated by considering only the
orientation of maximum interaction.

polar headgroup region. Our atomic models of the peptide
are based on this structural information.

Partitioning of nonmyr-Src(219) onto Phospholipid

that N-terminal Src peptides are in a random, extended Vesicles and the Effect of the Mole Percent of Acidic Lipid

conformation both in solution and when bound to small
unilamellar vesicles (Figures 1 and 2). Nonmyr-Sre(®)

and lonic Strength The nonmyr-Sr&@—19) peptide contains
six basic and two acidic residues and has a net charge of

does not increase the surface area of a monolayer containingt5 at neutral pH (GSSKSKPKDPSQRRRSLE-NHFigure

acidic phospholipids held at constant surface pressure,

3A illustrates the partitioning of nonmyr-Src(49) onto

indicating the peptides do not penetrate the polar headgroupphospholipid LUV containing 25, 33, 50, and 100 mole
region of the monolayer (not shown). These observations percent of acidic lipid in 100 mM KCI. The filled circles in
have been confirmed and extended by direct electron Figure 3B are the values &f determined by fitting the data
paramagnetic resonance (EPR) measurements on spin-labeleid Figure 3A with eq 5; increasing the mole percent of acidic

myr-Src(2-16) peptides (K. Victor and D. Cafiso, personal

communication); the peptide has an extended conformation,

lipid from 25 to 100% increaseK 100-fold. This steep
dependence of binding on the mole percent of acidic lipid is

and its amino acid residues lie outside the envelope of the characteristic of multivalent basic peptidd$,26, 32, 51).
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FiIGURe 5: Membrane binding of myristoylated peptides corre-
sponding to residues-219 of Src (GSSKSKPKDPSQRRRSLE-
NH,). The results were obtained with a sucrose-loaded vesicle assay

vesicles. The results were obtained with a sucrose-loaded vesicleUSing LUV formed from PC and PG in 100 mM KCl buffered to

assay using LUV formed from 2:1 PC/PG in 50 mm)( 100 mM
(a), and 150 mM ®) KCI solutions. (B) The molar partition

coefficient determined experimentally (see the binding data shown

in panel A) @) and predicted from the theoretical model é&nd
0) is plotted as a function of monovalent salt concentration.

pH 7.0 with 1 mM MOPS. (A) Synergism of the N-terminal
membrane binding motifs. Myr-Src(2l9) partitions onto neutral
LUV formed from 1:0 PC/PGQ®) with aK of 1.1 x 10* 4+ 7.1 x

10? M~L. Myr-Src(2—-19) partitions 300-fold more strongly onto
LUV formed from 2:1 PC/PG@®). The combination of myristate
insertion and electrostatic attraction of basic residues to acidic lipids
produces strong membrane binding of myr-Sre{®) whereK =

As discussed below, the increased binding is due to a3,0x 106+ 6.6 x 10 ML (B) Phosphorylation causes desorption

nonspecific electrostatic effect. Nonmyr-Sre(l9) does not
partition significantly onto electrically neutral PC vesicles

of Src peptides. Myr-Src219) partitions onto LUV formed from
2:1 PC/PG with & of 3.0 x 10° M~ (solid curve). Myr-Src(2

(not shown), suggesting that nonelectrostatic interactions do9) Phosphorylated by protein kinase £)(or cAMP-dependent

not play a significant role in the association of the non-
myristoylated peptide with phospholipid membranes.
Figure 4A illustrates the partitioning of nonmyr-Sre{2
19) onto 2:1 PC/PG LUV in 50, 100, and 150 mM KCI.
The filled circles in Figure 4B are the valuestotletermined
by fitting the data in Figure 4A with eq 5; increasing the
ionic strength from 50 to 150 mM KCI reduc&s100-fold.
At higher salt concentrations, the binding of nhonmyr-Src-
(2—19) is too weak to measure accurately.

protein kinase 4) partitions onto 2:1 PC/PG LUV with K of 1.2
x 1P +£27x 10 M1oraKof 2.1 x 10° + 2.9 x 10* M1,
respectively.

(Figure 5A); the same value df has been reported for
simple myristoylated peptides such as myr-glycih@, (.8),
myr-Src(2-12), and myr-Src(216) (15). Measurements of
the membrane partitioning of fatty acids and acylated
peptides reveal a linear increase in the binding energy as
the number of carbon atoms in the acyl chains incredds®s (

The experimental results shown in Figures 3 and 4 are The slope of 0.8 kcal/mol per GHyroup is similar to that
consistent with our hypothesis that the binding of nonmyr- observed by Tanfords@) for the partitioning of the neutral
Src(2-19) is due mainly to a Coulombic attraction between forms of fatty acids into a bulk alkane phase from water.
the positively charged peptide and the negatively charged Our model (Figure 1) is consistent with these results: 8/0.8
vesicles;K increases as either the mole percent of acidic (=10) CH, groups of myr-Src(219) partition into the
lipid increases or the ionic strength decreases. Similar effects
have been observed with simple basic pepti@&s §énd the
basic toxin charybdotoxin2({).

Partitioning of Myr-Src(2-19) onto Electrically Neutral
Phospholipid VesiclesMyr-Src(2—19) binds to electrically
neutral PC LUV with a molar partition coefficiei of 104
M~ (or a unitary Gibbs free binding energy of 8 kcal/mol)

3 This simplified picture ignores two contributions to the partitioning
that approximately cancel. (a) The ggtoup at the tail of the myristate
contributes an additional 1 kcal/mol to the partitioning due to its larger
water-accessible surface ar&2)( (b) The myristate, which has a cross-
sectional ared\A of 25 A2, must do work to insert into the monolayer
(@AA ~ 1 kcal/mol or 5x 10°* J/mol) wherer ~ 0.04-0.05 kcal
mol- A2 or 30—-35 mN/m (34, 53).
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hydrocarbon interior of the membrane, 4 Gloups traverse

the polar headgroup region, and the N-terminal glycine is

located immediately outside the polar headgroup regjion.

Measurements with spin-labeled peptides provide strong ¢-BGal
independent support for the structure shown in Figure 1 (K.

Victor and D. Cafiso, personal communication).

Synergism between the Myristate and Basic Cluster Results TS

in Strong Partitioning of Myr-Src(219) onto Phospholipid
Vesicles Containing Acidic PhospholipidSThe myr-Src-
(2—19) peptide (myristate-GSSKSKPKDPSQRRRSLE-
NH,), which has a net charge af4 at neutral pH, binds
300-fold more strongly to 2:1 PC/PG LUV than to electri-
cally neutral PC LUV (Figure 5A). A similar effect was
reported for myr-Src(216), which has a net charge &%,
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Ficure 6: Subcellular distribution of wild-type and mutant
Src2@Gal constructs. COS cells were transfected with plasmids
containing the indicated Src sequence fuse@®al. Cells were
radiolabeled witt#2P-orthophosphate and fractionated into cytosolic
(S) and membrane (P) fractions. The total amount®&l fusion

BGal

and for the 'maCt_ c-Src prot'eln; membrang t?lndlng 'ncre.a_SEd protein in each fraction was determined by immunoprecipitation
1000-fold upon incorporation of 33% acidic phospholipid and Western blotting with aniGal antibody (upper panel). The
into PC vesiclesi(1, 15). Myr-Src(2-19) associates strongly  blots were bleached and reanalyzed by phosphorimaging (lower
with 2:1 PC/PG vesicles by a combination of hydrophobic Panel) to quantitate the amount 8P-labeled SrGal protein.
insertion of myristate and electrostatic attraction between ) )

basic residues and acidic phospholipids. The synergismacetate (PMA) to activate PKC. We then examined the effect

between the two membrane binding motifs is illustrated by ©f phosphorylation on SfGal localization. COS-1 cells

noting that, for a lipid concentration of 1®M, electrostatic
interactions alone bind only 1% of the peptide (triangles,
Figure 3A), hydrophobic interactions alone bind only 10%
of the peptide (open circles, Figure 5A), but the two
interactions together bine90% of the peptide (solid circles,
Figure 5A).

Effect of Phosphorylation on the Partitioning of Myr-Src-
(2—19) onto Phospholipid VesiclesThe N-terminal region

expressing Sy@Gal were labeled witl¥?P-orthophosphate,
lysed, and fractionated into membrane and cytosolic frac-
tions. Samples were first analyzed for total Syéaal
protein by immunoprecipitation and Western blotting using
antipGal antibody. The blots were then bleached and
reanalyzed by phosphorimaging for the presence?ef
labeled Src2BGal. In four experiments, 15.3%t+3%) of

the total Src2fGal protein was located in the S-100 cytosolic

of Src contains phosphorylation sites at serine 12 and serineffaction. However, approximately g-5'f0|d more phospho-
17. Phosphorylation of either site reduces the net peptideylated Src2fGal protein (22.6+ 6%) was found in the

charge from+4 to +2 (Figure 2). Figure 5B shows thit
for 2:1 PC/PG LUV decreases 125-fold following phos-
phorylation of myr-Src(219) by either PKC or PKA. As

S-100 fraction wheid?P-labeled protein was analyzed. An
identical 1.5-fold shift was observed for the S12A Sieaal
protein; this protein is phosphorylated to the same extent as

expected, phosphorylation does not affect the partitioning Wild-type Src2@Gal. Thus, there is a small but detectable

of myr-Src(2-19) onto electrically neutral PC LUV (not
shown). Experiments with simple basic peptides ¢Ligss,

and Lys) showed a similar (30-fold) decrease in membrane

shift of some of the phosphorylated Sr@Zgal protein from
the membrane to the cytosol upon phosphorylation.

Theoretical Model

binding as the number of lysine residues (and thus net charge)

in the peptides decreases by 25,

Electrostatic Free Energy of InteractionFigure 7 plots

Effect of Phosphorylation on Membrane Localization of the electrostatic free energy of interactiog( eq Al.3)
Src in Vivo. These experiments were designed to assessbetween nonmyr-Src(219) and a 2:1 PC/PS bilayer in a
whether phosphorylation of serine residues within the N- 100 mM monovalent salt solution as a function of the
terminal region of Src could regulate Src binding to biologi- distance,R, between the van der Waals surfaces of the
cal membranes. The sequences encoding the first 20 amingeptide and bilayer. The peptide is oriented to optimize the
acids of Src were fused in-frame to a heterologous soluble electrostatic interaction; in Figure 2A, the membrane would
carrier protein,-galactosidasefGal), and the chimeric  be below and parallel to the peptide, as illustrated in Figure
protein was expressed in COS-1 cells. Subcellular fraction- 1 for the myristoylated peptide. The orientation of maximum
ation revealed that Src@Gal was predominantly localized interaction was estimated by visually inspecting the peptide’s
to the particulate (membrane) fraction. In contrast, native electrostatic potential profile with the program GRASP
BGal was almost totally confined to the cytosolic fraction. (Figure 2A) 65).
Radiochemical labeling was performed to assess the phos- As the positively charged peptide approaches the mem-
phorylation state of the chimeric protein. As illustrated in brane, it experiences a Coulombic attraction to the negatively
Figure 6, attachment of the Src20 sequengeGal resulted charged bilayer. This long-range attractiéh% 3 A; Figure
in phosphorylation of the fusion protein. The major site of 7) gives rise to the binding we measure experimentally. At
phosphorylation was most likely serine 17, becad¥e shorter distances(< 3 A), however, portions of the peptide
incorporation was much lower in the S17A SrgZal and lipid headgroups are no longer accessible to water and
mutant than in Src28Gal. This is in agreement with  can be thought of as being transferred from a high-dielectric
previous studies where pp68° protein was shown to be region ¢ = 80) to a low-dielectric regionef = 2). This
constitutively phosphorylated on serine B4). We were transfer of charge from high- to low-dielectric regions is
not able to observe significant phosphorylation of serine 12, energetically unfavorable and gives rise to a Born repulsion
even when the cells were stimulated with phorbol myristate (or desolvation force) that dominates the electrostatic attrac-
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Ficure 8: The membrane binding of nonmyristoylated peptides
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calculations. The curve depicts the electrostatic free energy of of the peptide increases. The filled circles are the molar partition

interaction between nonmyristoylated Sre(@) and a 2:1 PC/PS

bilayer in 100 mM monovalent salt as a function of the distance,

coefficients determined from experimental measurements of the
binding of nonmyr-Src(212) (net charge of3), nonmyr-Src(2

R, between the molecules’ van der Waals surfaces. The peptide is19) (net charge o#-5), and nonmyr-Src(216) (net charge o#-6)
oriented with respect to the membrane surface to optimize the to 2:1 PC/PS LUV in 100 mM KCI based on data from this paper
electrostatic interaction; in Figure 2A, the membrane would be and from Buser et all16). The open squares are approximate values
below and parallel to the peptide. The balance between the long-for K calculated by considering only the orientation of maximum
range Coulombic attraction and short-range Born repulsion results interaction.

in the free energy minimum @& ~ 3 A

tion at short distance6, 56, 57). The balance between

decreases the Debye length and the magnitude of the
membrane surface potential, decreasing the depth and width

the short-range repulsive and long-range attractive interac-of the free energy curve (Figure 7).

tions results in the energy minimumRt~ 3 A. The model
describes well the long-range attractive interactiBrnx( 3

The open squares in Figure 8 show the theoretical
predictions for an approximate partition coefficient (see

A), as illustrated by the theoretical predictions discussed below) as a function of net peptide charge; increasing the

below.
Electrostatic Interaction and Membrane Partitioning of
Nonmyristoylated PeptidesWe calculated energy curves,

net charge on the peptide froff8 to +6 should increase its
partitioning onto 2:1 PC/PS bilayers in a 100 mM salt
solution 40-fold. We observe a 20-fold increase experimen-

like the one depicted in Figure 7, for each of 20 randomly tally (Figure 8, filled circles). Increasing the net charge of

sampled orientations of nonmyr-Sre{29) with respect to

the peptide increases the long-range Coulombic attraction

the membrang (see Ap_pendix II). The Boltzmann factors between the peptide and the negatively charged membrane.
of the interaction energies from each curve were averaged Approximate values foK were calculated by considering

at eachR (0 < R < 20 A) to calculate the electrostatic
component oK in eq Al.3 (Appendix I).

The open triangles in Figure 3B show the theoretical
predictions forK as a function of the mole percent of acidic
lipid; the model predicts the partitioning of nonmyr-Sre(2

only the orientation of maximum interaction (Figure 7); at
eachRin the integral of eq Al.3, only the Boltzmann factor
of the interaction energy for this single orientation was
included. The agreement between the approxirdatalues

and the experimental values is fortuitous. These estimates

19) onto PC/PS bilayers in a 100 mM salt solution increases predict the relative binding trends well (open squares in

about 100-fold when the mole percent of acidic lipid

increases from 25 to 100%. This agrees well with the 100-

fold increase observed experimentally (Figure 3B, filled
circles). Adding acidic lipid to the bilayer increases the

Figures 3B, 4B, and 8). Similar results have been reported
for simple basic peptide26) and toxins 27). The success

of the approximate values in describing the relative binding
is significant because averaging over many orientations in

magnitude of the negative surface potential adjacent to thethe Gibbs surface excess calculations is computationally
membrane, deepening the minimum of the free energy curveintensive.

(Figure 7), and producing a stronger electrostatic attraction

Combining Electrostatic and Hydrophobic Interactions for

of the basic residues to the membrane surface. The modeMembrane Partitioning of Myristoylated Peptide#/e used

also predicts nonmyr-Src{219) does not interact signifi-
cantly with an electrically neutral PC bilayer (calculations
not shown), as observed experimentally.

The open triangles in Figure 4B show the theoretical
predictions forK as a function of monovalent salt concentra-
tion; the partitioning of nonmyr-Src(219) onto 2:1 PC/PS

eq 12 to calculate the partitioning of myr-Sre(29) onto
phospholipid bilayers; 50 different orientations of the peptide
were included in the calculations (Appendix Il). The model
predicts myr-Src(219) binds 100-fold more strongly to 2:1
PC/PS bilayers than to neutral PC bilayers, which agrees
qualitatively with the 300-fold increase observed (line 1 of

bilayers decreases about 100-fold when the ionic strengthTable 1). In contrast, the model based on Ge@hapman

increases from 50 to 150 mM. This agrees well with the

theory (eq 13) predicts a 10000-fold increase. Our model

100-fold decrease observed experimentally (Figure 4B, filled predicts myr-Src(212) (myr-GSSKSKPKDPS-NE net

circles). Increasing the ionic strength of the solution

charge of+2) binds 10-fold less strongly than myr-Sre(2
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bilayers. The model predicts how the association of nonmyr-
Src(2-19) with phospholipid bilayers increases upon (a)
increasing the mole percent of acidic lipid in the bilayer
(Figure 3B), (b) decreasing the ionic strength of the solution

Table 1: Relative Membrane Partitioning of Myristoylated Src
Peptided

fold change irK

relative membrane association experiment theory (Figure 4B), or (c) increasing the net charge of the peptide
[myr-Src(2-19), 2:1 PC/PS)/ 300 100 (Figure 8); similar results were reported previously for small
[myr-Src(2—19)_, PCl 1 1 basic peptides26) and toxins 27). We extended the
[myr-Src(2-12), 2:1 PC/PS]/ 110 /10 . . .
[myr-Src(2-19), 2:1 PC/PS] theore_tlcal methodolqu to describe the mgmbrane _blndmg
[pS12, 2:1 PC/PS]/ Yps Ys of myristoylated peptides, and the calculations predict how
[wt, 2:1 PC/PS] ) . the binding of myr-Src(219) increases upon incorporation
[ps[lelz'zz-'lllfc(::/fss]]/ hs s of acidic phospholipids into PC bilayers (Table 1). In

contrast to simpler models that depict myr-Sre(®) as two
dimensionless points, our model provides a more realistic,
molecular picture of how the apparent cooperativity between
the myristate and basic cluster arises. Our theoretical
approach should be applicable to other lipid-modified
proteins with basic clusters that interact with acidic phos-
pholipids, e.g. K-Ras 4B2(, 22) and HIV-1 matrix protein

19) to 2:1 PC/PS membranes, which agrees with the 10-(58—60).
fold decrease observed experimentally (line 2 of Table 1). ~Nevertheless, the model has important limitations. Cal-
Phosphorylation Phosphorylation of either serine 12 or Cculations based on electrostatics alone consistently under-
serine 17 in myr-Src(219) reduces the net charge of the €stimate the measured partition coefficients of simple basic
peptide from+4 to +2; the consequent reduction in the PEPtides 6), basic toxins£7), and Src(2-19) (Figures 3B,
electrostatic potential adjacent to the peptide (Figure 2) 4B, and 8 and Table 1) by about 1 order of magnitude; this
reduces the electrostatic attraction between the basic peptiddmPlies the model may overestimate the repulsive short-range
and acidic lipids. The model predicts phosphorylation of €lectrostatic interactions, ignore some short-range attractive
myr-Src(2-19) reduces its interaction with a 2:1 PC/PS Interactions, or both. The peptide and bilayer in our model
bilayer about 5-fold, which agrees qualitatively with the-15 ~ &re static and do not change structure upon association. The
25-fold reduction observed (lines 3 and 4 of Table 1). Our ¢harged and polar groups of these molecules may rearrange
results indicate that the decreased electrostatic attraction of"émselves to maximize the electrostatic attraction and/or
myr-Src(2-19) to acidic phospholipid bilayers can account Minimize the Born repulsion. Ben-Tal et a7 recently

for the effect of phosphorylation on membrane association, Showed that incorporating attractive nonpolar interactions
between the peptide and membrane into the model (estimated

as the product of a surface tension coefficient and the
reduction in water-accessible surface area of the peptide and
Previous work showed that both hydrophobic and elec- bilayer upon association; see Appendix Ill) can reduce the
trostatic interactions are required to anchor Src to membranesdiscrepancy between the theoretical predictions and experi-
and that peptides corresponding to the N terminus of Src mental results. Including nonpolar contributions in the
bind to phospholipid membranes in a manner similar to that calculation ofK for nonmyr-Src(2-19) overestimates the
of the intact protein 11, 15. We have developed a measured partition coefficient 5-fold (see Appendix II1).
theoretical model26, 27) that describes the role of electro-  Although experimental measurements (e.g. this report and
static interactions in the association of Sre(®) with refs 26 and61) indicate that peptides such as nonmyr-Src-
phospholipid membranes. Using atomic models, we calcu- (2—19) do not penetrate the polar headgroup region, it is
lated the electrostatic component of the membrane bindingnot known to what extent desolvation occurs upon associa-

aMyr-Src(2—19), myristate-GSSKSKPKDPSQRRRSLE-pHhet
charge of+4; myr-Src(2-12), myristate-GSSKSKPKDPS-NHnet
charge of+-2; pS12, myr-Src(219) phosphorylated at Ser12, net charge
of +2; pS17, myr-Src(219) phosphorylated at Serl7, net charge of
+2; 2:1 PC/PS, 2:1 PC/PS LUVs in a 100 mM monovalent salt solution;
PC, PC LUVs in a 100 mM monovalent salt solution.

DISCUSSION

of nonmyr-Src(2-19) and myr-Src(219). We augmented
our earlier experimental studied5 by analyzing the
membrane binding of nonmyr-Sre{49) and the effect of

phosphorylation of serine 12 and serine 17 on binding of

either myr-Src(2-19) to phospholipid vesicles or Src chi-

tion. Further theoreticab, 63) and experimentalbd) work
is required to obtain a more accurate description of short-
range protein/membrane interactions.

The presence of phosphorylation sites within Src’s N-
terminal basic cluster suggests a potential mechanism for

meras to biological membranes. The theoretical predictionsreversing its association with membranes; phosphorylation
agree qualitatively with the experiments. Our measurementsweakens the electrostatic attraction of Src to acidic phos-
(11, 15) and theoretical results are consistent with the pholipids. Our results and calculations indicate that phos-
hypotheses that Src’s N-terminal cluster of basic residuesphorylation of either serine 12 or serine 17 decreases the
interacts electrostatically with acidic phospholipids and that partitioning of myr-Src(219) onto 2:1 PC/PG vesicles
phosphorylation weakens this interaction. (Table 1). Chimeric constructs of Src’s N terminus and
We built atomic models of Srcf219) based on informa-  soluble carrier proteins are singly phosphorylated in COS-1
tion from CD, EPR, and monolayer measurements, and cells: although the chimeras were constitutively phospho-
docked the peptide in a continuum aqueous phase adjacentylated at serine 17, we were unable to detect significant
to atomic models of phospholipid membranes. Using the phosphorylation of serine 12. The partition coefficient of
nonlinear PoissonBoltzmann equation and the concept of myr-Src(2-19) phosphorylated at serine 17 i$ M under
the Gibbs surface excess, we calculated the electrostatiogphysiological conditions (Figure 5B). Previous studies
component of the binding of nonmyr-Sref29) to PC/PS showed the hydrophobic anchoring is about 10-fold weaker
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for the Src protein than for peptides based on the N terminusrepresents the aqueous phase. Salt ions are excluded from
of Src (11, 15); thus, we expect the partition coefficient of a region that extersd2 A (the radius of a Naion) beyond
the monophosphorylated protein to bel0* M~%. For a the van der Waals surfaces of the peptide and membrane
spherical cell with a radius of 10m, the accessible lipid (see Figure 3 in reR6). We calculate the electrostatic
concentration is~102 M, so most of the monophosphoryl-  potential and the mean distribution of the monovalent salt
ated protein should be membrane-bound. Our in vivo studiesions at each lattice point by solving the nonlinear Poisson
with Src chimeras are consistent with this expectation (Figure Boltzmann equation numerically (re26 and references
6). Only if both serines are phosphorylated would we expect therein). A sequence of focusing runs of increasing resolu-
Src to desorb significantly from a biological membrane.  tion is employed to calculate the potentials (see Appendix
The effect Of Serine 12 and serine 17 phosphory|ati0n on I”) In the |n|t|a| Calculation, the peptlde f|"S apprOXimate|y
Src protein function is unknown. Mutation of serine 12 and/ 6% of the lattice and the potential values at the boundary
or serine 17 in v-Src or activated c-Src prevents phospho- Points of the lattice are approximately 0. This procedure
rylation at these sites but has no effect on cellular transfor- €nsures that the system is electroneutral. The solutions of
mation or kinase activity54, 65). Other investigators have the PoissorrBoltzmann equation are used to calculate the
reported increased kinase activity when c-Src is phospho-total electrostatic free energy of the syste8)( The
rylated in its N-terminal region; this may be related to electrostatic free energy of interactiof, is the difference
enhanced dephosphorylation of the negative regulatorybetween the electrostatic free energy when the peptide
tyrosine 527 via some unknown intermediate evést 67). associates with the membranaf(™) and the electrostatic
Mutation of serine 12 to alanine reduces the responsivenesdree energy when the peptide and membrane are an infinite
to S-adrenergic agonists in cells overexpressing c-68 ( distance apartyf +Wm):
and leads to increased association between PK@d c-Src T
(69). Correlations between c-Src localization and N-terminal Wa(xY,R 0,14,¢0) = W™ (xY,R 0,14,0) —
phosphorylation have been ob;erved in speciﬁc cell types. IWB(XY,R,0,0,¢) + WE(X,Y,R.0,u,¢)] (Al.1)
For example, treatment of 3T3 fibroblasts with PDGF results
in translocation of c-Src from the plasma membrane to the The coordinateg, y, R, 8, u, andg locate the peptide with
cytosol, concomitant with an increase in N-terminal phos- respect to the membrana.andy are translations in the plane
phorylation by PKA, presumably at serine 179(. We, of the membraneR is the vertical distance above the
however, have been unable to detect c-Src translocation inmembrane; and, «, andg are the Euler angles that describe
NIH 3T3 cells treated with PDGF (C. T. Sigal and M. D. rigid body rotations of the peptide. We use a single
Resh, unpublished data). Finally, growth factor (PDGF or conformation for both the peptide and the membrane and,
EGF) or agonist (thrombin) stimulation of cells has been thus, do not account for the motion due to internal degrees
reported to induce c-Src translocation to the cytoskeleton of freedom.
(30, 66). These agents have been shown to induce phos- We average over the different orientations of the peptide
phorylation of c-Src at serine 1Z@, 71). Thus, phospho-  with respect to the membrane in the Gibbs surface excess
rylation within Src’s N terminus may affect the function of calculations in order to approximate a complete ensemble
Src by modulating its interactions with other proteins and/ of different configurations. The peptide concentration a

or its cellular localization. distanceR from the membrane depends on the bulk peptide
concentration and the average of the exponent of the free
APPENDIX | energy changéj\, that occurs when the peptide moves from

th Ik solution toR (26, 74):
Theoretical Model. Our model 24, 25, 72) depicts the e bulk solution toR (26, 74)

peptide and membrane in atomic detail and water as a [P(R)] = [P(e0)] @Xp[~Ws(X,Y,R0,u,@)/KTIO  (Al.2)

structureless medium (Figure 1). The univalent ions (e.g.

K* and CI) are dimensionless points, treated in the mean- Note that this formulation assumes the association is purely

field approximation. The theoretical methodology is de- electrostatic. Equation Al.2 is the six-dimensional equivalent

scribed in detail elsewher@, 27). Here we give a brief ~ of eq 7. For each orientation, the interaction free energy

overview, focusing on details that are unique to the Src(2 between the peptide and membrawg, is calculated at each

19) system. R. Combining egs 3, 8, 9, and Al.2 gives eq 11. We restrict
We assign to each atom of the peptide and bilayer a radiusthe integral to 0 A< R < 20 A, for which the integrand is

and a partial charge at its nucleus and then map the peptidedominated by the exponent. Equation 11 can then be

membrane model onto a three-dimensional lattice of points, @Pproximated as follows:

each of which represents a small region of the peptide, 20

membrane, or solven2B). Smooth molecular surfaces for K= A N [(7dR [@xp[~Wg(x,y,R.0,4,¢)/KT] — 10 (Al.3)

the peptide and membrane are generated by rolling a 20

spherical probe with the radius of a water molecule (1.4 &) = ALNL dR [exp[—Wg(XY,R,0,u,)/KT]T

over the surfaces defined by the van der Waals radii of the

constituent atoms; the point of contact between the probe Equation Al.3 forms the basis of our calculations; it allows

and the van der Waals surface defines the molecular surfaceus to make theoretical predictions that can be compared with

We assign a low dielectric constant of 2 to lattice points experimental measurements.

that lie within the molecular surfaces of the peptide and the  Our objective in these studies is to calculate chang&s in

membrane and a high dielectric constant of 80 to lattice as a function of the mole percent of acidic lipid in the

points outside the molecular surfaces; the latter region membrane, the ionic strength of the solution, and the net
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charge on the peptide (including effects of phosphorylation).
These changes are dominated\bly. For a more general
treatment, aimed at calculating the absolute valuk,ahe
interaction energy can include additional terms that may
contribute to the membrane binding: for examphé,, for
nonpolar contributions (see r@&7 and Appendix Ill) and
W, for the hydrophobic insertion of myristate.

The binding of myr-Src(219) should, in principle, be
calculated using eq Al.3 with\s replaced byWs + W,
whereW, is a theoretical description of the interaction of
myristate with the membrane. We did not include an atomic
representation or a theoretical treatment of the myristate in
our model. Including an explicit representation of the : ' ' ' : .
myristate would greatly increase the number of possible 0 10 20 30 40 50
conformations of the peptlde and, hence, the computqtlonal Number of conﬁgurations sampled
expense. The approximate model for the membrane binding
of myr-Src(2-19) (eq 12) assumes the N-terminal glycine FIGURE 9: Calculated partition coefficient for nonmyr-Sref29)
is locatel 3 A (one layer of water) from the membrane interacting with a 2:1 PC/PS bilayer in a 100 mM salt solution

. . . . . . versus the number of configurations sampled. Convergence is
surface. Since the interaction due to myristate iNsertion is 4chieved after 20 peptide orientations are included in eq Al.3. The
stronger and of shorter range than the electrostatic interactiongdashed line is the bootstrap mean, and the dotted lines represent
we make the simplifying assumption that it is equal to the the standard deviation about this mean. See Appendix Il for details.
experimentally determined valu&,, at R = 3 A. By
considering different orientations of the peptide rotated about the average distance between the acidic lipids distributed
the N-terminal glycine that is anchat& A outside the polar ~ evenly in the model membranes.
headgroup region, our molecular model simulates the envi- Cornvergence with Respect to the Number of Orientations.
ronment (i.e. the enhanced lipid concentration) experiencedFigure 9 shows the convergence of the calculated partition
by the basic cluster after the myristate is inserted. In the coefficient as a function of the number of orientations
ball and string model of eq 1, the coupling between the two averaged over in eq Al.3. The partition coefficient is
binding sites appears explicitly as 23 In contrast, a  converged after 20 orientations are included in the calcula-
coupling term cannot be factored out of our theoretical model tion; the difference is insignificant when 55 orientatiois (
(eq 12) for the partition coefficient of myr-SrefA9); it is = 47 M7, rather than 20K = 52 M), are included. We
implicit in the construction of the model. further assessed the convergence using Efron’s bootstrap

As described in the Results and Discussion, our theoreticalProcedure 15), which determines how accurately a limited
model for the partitioning of Src peptides describes well the S&mple of data (e.g. energy curves for 55 orientations)
relative binding, but not the absolute partition coefficients. '€Presents the whole array of possible data (i.e. energy curves
Among the conditions examined here (mole percent of acidic Or @ll possible orientations). Our sample of data consists
lipid, ionic strength, and net peptide charge), the differences Of 55 energy curves, one for each orientation of the peptide
in partitioning are driven by the long-range Coulombic With respect to the membrane. A “new” sample of data is
attraction; contributions that are neglected or inadequately @PProximated by choosing randomly (with replacement) 55
represented (e.g. nonpolar, short-range electrostatic, andEN€rgy curves from the original sample. We generated 1000
entropic) are expected to be similar for the different différent sets of 55 energy curves, calculated a partition
experimental conditions. So upon the relative binding being coefﬁugnt for each, and used these partition cqef_ﬁments to
calculated (by taking the ratio of the calculated molar determine th_e boptst(ap mean and standard deviation (da_shed
partition coefficients), these contributions largely cancel, @nd dotted lines in Figure 9). The bootstrap mean partition
resulting in an accurate description of the relative eiectrostatic O€fficient and standard deviation do not differ significantly

-kT In K (kcal/mole)

effects on binding. from Fhe vqlue of t_he_ pa_rtition coeffipient determined Wit_h
20 orientations; this indicates sufficient convergence with
APPENDIX 1l respect to the number of orientations sampled.

Cornvergence of W We calculate the electrostatic free
Efficient Sampling Procedure for Generating Peptide energies in eq Al.l by solving the PoisseBoltzmann
Orientations The orientation of the peptide with respect to equation numerically26). For most calculations, a grid size
the fixed membrane is defined by three Cartesian coordinatesof 113 was used with a sequence of focusing runs (0.25,
(%, ¥, andR) and three Eulerian angles of rotatiah f, and 0.5, and 1.0 grid/A). Results obtained using a grid size of
¢). The rotations are applied about the peptide’s geometric 113 differed by less than 0.2 kcal/mol between the 0.5 and
center (nonmyristoylated peptides) or about the peptide’s N 1.0 grid/A scales aR = 3 A. Comparable calculations
terminus (myristoylated peptides). We developed an efficient performed on larger grids (17@r 193) to a finer resolution

algorithm for generating orientations of Sre{29) with (2 grid/A) differed from the lower-resolution calculations by
respect to the membrane by randomly choosing values fromless than 0.2 kcal/mol & > 3 A. Calculations for the
a uniform distribution for the three Euler anglésg [0—x]; partition coefficient of nonmyr-Src(219) for a 2:1 PC/PS

u and y € [0—2x]) and the two translations within the membrane in 100 mM salt were performed on a grid off177
membrane planex(@andy € [—8 to 8 A]). The range of 16  to a resolution of 2 grid/A; the result obtained with the high-
A for the x andy translations was chosen to correspond with resolution calculations (68 M) differed insignificantly from
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Table 2: Effect of Including Nonpolar Contributions in the !
Calculation of the Molar Partition Coefficient for Myr-Src{29)
Binding to 2:1 PC/PS Membrane in 100 mM Salt

condition K(M™
experiment 300
high-resolution calculation with electrostatics 70
high-resolution calculation with electrostatics 1600
and nonpolar
low-resolution calculation with electrostatics 50
low-resolution calculation with electrostatics 100

and nonpolar

Free energy (kcal/mole)

the lower-resolution calculation (52 M). Combining -8 I | L L i
uncertainties arising from the calculation of the interaction 0 2 4 6 8 10
energies and from the finite sampling of orientations, we
estimate the binding constants are precise to within 0.5 kcal/ R (A)
mol, which corresponds to a 2-fold uncertaintyir{see ref FiGURE 10: Electrostatic @), nonpolar W), and total &) free
26 for a detailed discussion of convergence issues). energies of interaction between nonmyr-Sre(®) and a 2:1 PC/

PS bilayer in 100 mM monovalent salt as a function of the distance,
APPENDIX Il R, between the molecules’ van der Waals surfaces. The peptide is

oriented with respect to the membrane surface to optimize the
Nonpolar Contributions to the Partitioning of Nonmyris- electrostatic interaction; in Figure 2A, the membrane would be

toylated Src(219). Ben-Tal et al. 27) included nonpolar ~ Pelow and parallel to the peptide.
contributions Wyp(x,y,R,0,u,9), in eq AL3; W is replaced o i
by We + Wi, Wi, is calculated by assuming it is Ccontributions are included. The convergencé\gfatR >
proportional to the change in water-accessible surface area3 A i good at both high and low resolutions (see Appendix
of the peptide and membrane as they approach each other!), but deteriorates aR < 3 A; for example W differs
between the low- e;gd high-resolution calculations by 2.5
_ _ AM kcal/mol atR = 1.5 A but only by 0.1 kcal/mol aR = 3.5
Wagxy,RO.¢) = yIAKY.RO0.9) = A™] - (Alll1) A. When the peptide is close to the membraRe<( 3 A),
Ws is dominated by the Born repulsion (Figure 10, circles).
The interaction energies in this region receive less weight
in the Boltzmann average of eq Al.3 than the more negative
interaction energies aR > 3 A; this accounts for the

wherey = 28 cal molt A=2is a surface tension coefficient
derived from the partitioning of alkanes between water and
liquid alkanes 76), A is the water-accessible surface area of

g;%rg;pe)lttlg;memRbrgne c::;plexar\}/\éh:n?axtir;e tﬁ:%ﬁé r_has robustness of the calculated electrostatic binding with respect
. AR @ . to resolution. Wy, is significant atR < 3 A (Figure 10,
accessible surface area when the peptide and membrane are . . L
Ry . ._ sguares); hence, the suis + W, is very sensitive to the
infinitely far apart. The water-accessible surface area is I fWe in thi . Fi 10, trianal hich
calculated using a modified Shrake and Rupley algorithm va ule_ ° ﬁ mdF IS region (b \gure ,htrlalng es), (\;V r':? h
(77). When nonpolar contributions (eq Alll.1) are included, explains the discrepancy between the fow- an 'gh-

the calculated molar partition coefficient for charybdotoxin resolution cases (lines 3 and 5 of Table 2). Because of the
binding to a 2:1 PC/PS membrane in 100 mM salt agrees problems associated with convergence/gf in the region

: R < 3 A, we can make only the qualitative statement that
more closely with the measured valu&y). : i S :
inclusion of nonpolar contributions increases the calculated
Table 2 compares measured and calculdtedlues for

nonmyr-Src(2-19) binding to a 2:1 PC/PS membrane in 100 molar partition coefficients (Table 2).
mM salt. The calculations were performed with and without NOTE ADDED IN PROOF
nonpolar contributions under two conditions: “high” corre-
sponds to PoisserBoltzmann calculations performed ona A paper on the EPR structural studies of myr-Sre(2)
1778 gnd to 2 gnd/A reso|uti0n, and “low” Corresponds to by K. Victor and D. CaﬁSO, whose work is cited thrOUghOUt
Poisson-Boltzmann calculations performed on a $18id this paper as a personal communication, has been accepted
to 1 grid/A resolution. The theoretical prediction fer ~ for publication 78).
considering only the electrostatic component underestimates,
the measured value by a factor of 4 (lines 1 and 2 of Table REFERENCES
2); including nonpolar contributions overestimates it by a 1. Parsons, J. T., and Weber, M. J. (1989)r. Top. Microbiol.
factor of 5 (lines 1 and 3 of Table 2). Immunol. 14779-127.

The calculation ofK including only the electrostatic 2. Resh, M. D. (1990Pncogene 514371444

component of the interaction energy is relatively insensitive 3'2&?&"’5"2% sz'iffggF:OOper’ J. A (199@jochim. Biophys.
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2 and 4 of Table 2). AlthoughVy, is independent of the 5.Buss, J. E., Kamps, M. P., and Sefton, B. M. (1984)!.
resolution of the PoisserBoltzmann calculations, the Cell. Biol. 4, 2697-2704.

calculation ofK including nonpolar contributions is highly 8- Schultz, A. M., Henderson, L. E., Oroszlan, S., Garber, E.
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10 illustrates how the free energy curve for the orientation (1988)Mol. Cell. Biol. 8 4295-4301.
of maximal interaction (Figure 7) changes when nonpolar 8. Resh, M. D. (1996Fell. Signalling § 403-412.
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