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Abstract

Understanding aqueous protein]protein interactions is crucial for the development of a molecular]thermody-
namic model for salt-induced protein precipitation. In addition, protein interactions are important in many disease
states, including cataract formation and a-amyloid diseases. Fluorescence anisotropy provides a means to measure

Ž .intermolecular interactions. In this work, monomer]dimer equilibrium of the peptide T4 LYS 11]36 was studied by
fluorescence anisotropy over the pH range 4]7 and the NaCl concentration range 0.0]1.0 M, in a 25 mM sodium
phosphate buffer. This 26 amino-acid peptide is derived from the b-sheet region of the T4 lysozyme molecule and
has the potential to form amyloid fibrils. The association constant for dimerization increases with rising pH and ionic
strength. The potential of mean force for peptide]peptide interactions was calculated from these association
constants. Circular-dichroism measurements show that the peptide becomes more structured as the pH rises, possibly
contributing to increased association. Q 2000 Elsevier Science B.V. All rights reserved.

Keywords: Protein]protein interactions; Specific interactions; Potentials of mean force; Fluorescence polarization anisotropy;
Amyloid fibrillogenesis; Circular-dichroism

1. Introduction

A quantitative understanding of aqueous pro-
tein]protein interactions has several applications.
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One important application is to establish a molec-
ular-based theory for salt-induced protein precipi-
tation, a common first-step method for protein
recovery. At present, most salting-out procedures
are based on experience, trial-and-error methods
and empirical correlations. Consequently, selec-
tion of a good separation procedure may be
labor-intensive and costly. Through measure-
ments of protein]protein interactions under di-
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lute-solution conditions, a model can be devel-
oped for predicting phase separation of proteins
in concentrated electrolyte solutions.

Protein]protein interactions are also important
in certain disease states. In Alzheimer’s disease,
for example, it has been hypothesized that
monomers or dimers of the Ab protein associate

w xto form protofibrils with b-sheet structure 1]3 .
These protofibrils lengthen to full-length fibrils
that form clusters. In time, the plaques which
accompany the disease are observed. There are
other diseases that involve protein aggregation
and deposition, including cataract formation,
Huntington’s disease and bovine spongiform en-

Ž .cephalopathy Mad Cow disease . Determining
the intermolecular forces that lead to protein
aggregation can thus play a role in understanding
how these diseases arise.

This work is concerned with protein]protein
interactions that may be related to b-amyloid
formation. Various forms of lysozyme are capable
of undergoing amyloid fibrillogenesis. Human
lysozyme variants have been shown to form fibrils

w xwith b-structure 4 . In addition, peptide frag-
ments from the b-sheet region of hen egg-white
lysozyme associate to form an extensive b-struc-

w xture 5 . In this work, the interactions that lead to
b-amyloid fibrillogenesis are examined using flu-
orescence-anisotropy measurements of the pep-

Ž .tide T4 LYS 11]36 , a 26 amino-acid peptide
derived from the b-sheet region of the T4
lysozyme. Circular-dichroism spectropolarimetry
is used to determine whether the secondary struc-
ture of the T4 lysozyme peptide plays a role in
association. The two-body interactions between
peptide molecules are modeled using a potential
of mean force composed of a repulsive hard-
sphere potential, an electric double-layer-repul-
sion potential, an attractive dispersion potential
and an attractive site-specific square-well poten-
tial.

2. Fluorescence anisotropy and Brownian motion

Changes in the association state of molecules
are reflected by changes in molecular motion.
Fluorescence-anisotropy measurements are use-

ful for investigating these changes provided that
fluorescently-labeled molecules are available. The
equation governing rotational Brownian motion is
w x6]8 :

RT Ž .D s 1r 6hV

where D is the molecular rotational diffusionr
coefficient, R is the universal gas constant, T is
the absolute temperature, h is the solution vis-

w xcosity and V is the molar volume, given by 9,10 :

Ž . Ž .VsM ¨ q h 2

Here, M is the molecular weight of the
molecule, ¨ is the partial specific volume and h is
the hydration. As the solution temperature in-
creases, the molecules tumble at an increasing
rate; as the solution viscosity or the particle
volume increase, the molecules rotate more
slowly. Association of molecules results in an
increase in particle volume.

Ž .While Eq. 1 fully describes rotational diffu-
sion, it cannot be used directly for analysis of
fluorescence-anisotropy data. Instead, we use the
Perrin equation that relates anisotropy to molecu-

w xlar motion 11 :

Ao Ž .As 3Ž .1q RTtrhV

Here, A is a constant representing theo
anisotropy in the absence of molecular motion
and t is the fluorescence lifetime of the fluo-
rophore used. In this work, the effect of peptide
concentration on the measured anisotropy is used
to determine the association state of the peptides.

3. Measurement of fluorescence anisotropy

Fluorescence anisotropy is measured by first
exciting a molecule with vertically polarized light,
then observing the fluorescence intensity of emit-
ted light passing through a polarizer held alter-
nately parallel to and perpendicular to the direc-

w xtion of polarization of the incident light 7,10 .
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The anisotropy is related to these intensities by
w x11 :

I yI5 H Ž .As 4I q2 I5 H

where I is the intensity of emitted light measured5

in the direction parallel to excitation and I isH
the intensity of emitted light measured in the
direction perpendicular to excitation.

4. Relation of anisotropy to the association
constant, K a

Anisotropy is measured as a function of pep-
tide concentration to provide information on
monomer]dimer equilibrium. The sample solu-
tions contain both fluorescently-labeled and un-
labeled peptide molecules. The use of unlabeled
peptides serves to keep the total peptide concen-
tration high while lowering the risk of energy
transfer between fluorophores. Thus, reversible
binding of monomers leads to three types of
dimer molecules:

KL2

LqL m L2

K UL LU UL qL m L L

K UL2U UU Ž .L qL m L 52

where L is the unlabeled T4 lysozyme peptide
Ž . U Ž11]36 and L is the labeled peptide. The pep-
tide is labeled with 7-methoxycoumarin-3-carbo-

.xylic acid. A 1:9 molar ratio of labeled to un-
labeled peptide was chosen to ensure that the
concentration of the dimer LU is small compared2
to the concentration of the other dimers, and can
therefore be neglected. This simplification is nec-
essary to solve the system of equations which
would otherwise be underdetermined. At equilib-
rium, the remaining association constants in Eq.
Ž .5 are given by:

w xL2K sL 22 w xL
w U xL L Ž .UK s 6UL L w x w xL ? L

We assume that the fluorescent label does not
affect the interactions between the peptide
molecules. Association would only be altered if
the label was located at the site of interaction, or
if the label altered the conformation of the pep-
tide. The label was placed on the N-terminus to
avoid these possibilities. Thus, the two association

Ž .constants in Eq. 6 are equal and equivalent to
K .a

For a mixture of monomers and dimers carry-
w xing the same fluorophore 12 :

AsA F qA Ff f b b

Ž .F qF s1 7f b

where the subscript f denotes molecules in the
Ž .monomer free form and b denotes molecules in
Ž .the dimer bound form. A is the infinite-dilu-f

tion anisotropy, while A is the limiting value atb
very high peptide concentrations where all
molecules are in the bound form. F , the fractionb
of labeled molecules in the dimer form, is given
by:

w U xL L Ž .F s 8Ub w xL T

w U xwhere L is the total concentration of labeledT
peptide in the mixture.

The mass-balance equations for this system are:

w U x w U x w U x Ž .L s L q L L 9T

w x w x w U x w x Ž .L s L q L L q2 L 10T 2

w U x U w x Ž .L sl L 11T T

w x w x Ž .L sl L 12T T

w U xwhere L is the total unlabeled peptide con-T
centration,

w x w U x w xL s L q LT T T
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is the total molar peptide concentration, lU is the
mole fraction of labeled peptide, and l is the
mole fraction of unlabeled peptide. Combination

Ž . Ž .of Eqs. 6 ] 12 relates the experimental
anisotropy to the association constant:

2AyA AyAf fqA yA A yAž / ž /b f b f
w x Ž .L s 13T 2AyAf

K ? 1ya A yAž /b f

AyAf U? ly lA yAž /b f

w U x w xL and L are measured experimentally toT T
U w xobtain l , l, and L . Parameters A and AT f b

are estimated by plotting the experimental
w x Žanisotropy, A vs. log L and extrapolating seeT

. ŽFig. 1 . Non-linear least-squares regression using
.the program SigmaPlot is used to fit the data to

Ž .Eq. 13 and to obtain the association constant
for dimerization, K .a

5. Calculation of the potential of mean force

The association constant can be related to the
sum of several contributions to the potential of
mean force. The association in this system is
assumed to be driven primarily by specific attrac-

Ž .Fig. 1. Anisotropy measurements for T4 LYS 11]36 in a 25
mM sodium phosphate buffer as a function of pH. NaCl
concentration is zero. Symbols represent experimental data at
188C. Solid lines represent extrapolation to infinite dilution
Ž . Ž .A and to saturation A .f b

tive interactions between the peptide molecules
w x13,14 . These attractive interactions arise due to
hydrophobic forces, hydrogen-bond formation,

w xand short-range attractive electrostatic forces 15 .
The potential of mean force also depends on the
size and net charge of the peptide molecules.
Thus, the potential of mean force is given by a
sum of pairwise potentials:

Ž . Ž . Ž . Ž .W r sW r qW r qW rhs elec disp

Ž . Ž .qW r 14spec

where r is the center-to-center distance between
Ž .peptide molecules. Here, W r is the peptidehs

Ž .hard-sphere potential, W r is the electric dou-elec
Ž .ble-layer-repulsion potential, and W r is aspec

square-well potential that accounts for specific
interactions between two peptide molecules. Der-

Ž .jaguin]Landau]Verwey]Overbeek DLVO the-
ory accounts for the first three terms in the sum
w x16 .

w xThe hard-sphere potential is given by 16 :

` for rFsŽ . Ž .W r s 15hs ½ 0 for r)s

where s is the effective spherical diameter of the
peptide. The electric double-layer-repulsion po-

w xtential is derived from Debye]Huckel theory 16 :¨

2 2 w Ž .xz e exp yk rysŽ . Ž .W r s for r )s 16elec 2Ž .4p r« « 1qksr2o r

where z is the valence of the peptide, e is the
unit charge on an electron, 4p« is the dielectrico
permittivity of free space, and « is the relativer
dielectric permittivity of water; k is the inverse
Debye length given by:

2 e2N IA2 Ž .k s 17kT« «o r

where N is Avogadro’s number and I is the saltA
ionic strength. When the ionic strength of the salt
is below 0.1 M, it is reasonable to approximate
the salt as a point charge. As ionic strength
increases, the Debye]Huckel model breaks down¨



( )C.O. Anderson et al. r Biophysical Chemistry 84 2000 177]188 181

because ionic size becomes significant. Fortu-
Ž .nately, however, the effect of ion size in W r iselec

of minor importance because at high salt concen-
trations, the electric double-layer repulsion tends
to vanish due to screening.

The attractive dispersion potential for these
w xmolecules is well approximated by 17 :

6H sŽ . Ž .W r sy 18disp ž /36 r

where H is the effective Hamaker constant for
the peptide]peptide interaction. The Hamaker
constant is primarily a function of the chemical

w xcomposition of the peptide 17 . The ionic strength
has little effect on the dispersion interaction be-
cause the time constant for spatial adjustment of
ions in the double layer is much larger than that

w xfor electronic fluctuations between atoms 18 .
The Hamaker constant of a protein is on the

w xorder of 5 kT 17 .
The site-specific square-well potential devel-

w xoped by Wertheim 19 represents binding
between two attractive sites; each site is located
on the surface of a distinct peptide molecule. The
orientation-dependent potential is given by:

y« for x-xspec cŽ . Ž .f r s 19½ 0 for x)xc

where x is the distance between the sites and xc
is the cutoff distance of the attractive potential.

Ž .The function f r is orientation-averaged to ob-
Ž .tain the spherically symmetric potential W r .spec

To ensure that only dimers are formed, the cutoff
distance for sites located on the surfaces of the
molecules must be less than or equal to 0.134s
w x19 . Since we assume only a monomer]dimer
association, this cutoff distance is used in the
present work. The square-well depth, « , is aspec
fitting parameter.

The association constant, K , is related to thea
w xpotential of mean force by 20 :

`1 2Ž . w Ž . x Ž .K s S r ?exp yW r rkT ?4p r d r 20Ha 2 0

Ž .where S r is defined as:

1 for r- rcŽ . Ž .S r s 21½ 0 for rG rc

and r sx qs. Values of z are calculated fromc c
experimental K .a

6. Results

6.1. Anisotropy measurements

Ž .Experimental details are given in Appendix A
Ž .The anisotropy of T4 LYS 11]36 was measured

in a 25 mM sodium phosphate buffer at pH 4, 5, 6
and 7; results are shown in Fig. 2. The total

w xpeptide concentration, L , was varied in theT
range 0.5]160 mM. All measurements were per-
formed at 188C. Anisotropy increases with rising
peptide concentration, signifying greater binding
of peptides. At pH 4, anisotropy increases slightly
as concentration rises, indicating that little bind-
ing occurs at this low pH. As pH rises, the
anisotropy becomes a stronger function of con-
centration, indicating increased binding, as ex-
pected, because the isoelectric point of the pep-
tide is pH 9.9.

Figs. 3 and 4 show the ionic-strength depen-
dence of the anisotropy at pH 4 and 5. At pH 4,
increasing the ionic strength slightly to 0.1 M has
little effect on the concentration dependence of

Ž .Fig. 2. Anisotropy measurements for T4 LYS 11]36 in a 25
mM sodium phosphate buffer as a function of pH. NaCl
concentration is zero. Symbols represent experimental data at

Ž .188C. Solid lines represent the best-fit curves using Eq. 13 .



( )C.O. Anderson et al. r Biophysical Chemistry 84 2000 177]188182

Ž .Fig. 3. Anisotropy measurements for T4 LYS 11]36 in a 25
mM sodium phosphate buffer at pH 4 as a function of NaCl
concentration. Symbols represent experimental data at 188C.

Ž .Solid lines represent the best-fit curves using Eq. 13 .

anisotropy. As ionic strength increases further, a
significant concentration dependence is observed.
Similar behavior is observed at pH 5.

6.2. Association constants

Association constants for dimerization of T4
Ž .LYS 11]36 are calculated by fitting the experi-

Ž .mental data with Eq. 13 . For these measure-
ments, ls0.9 and lU s0.1. Parameters A andf
A are estimated by plotting the experimentalb

w x Žanisotropy, A vs. log L and extrapolating seeT
.Fig. 1 . A and A are 0.085 and 0.3, respectively;f b

Ž .Fig. 4. Anisotropy measurements for T4 LYS 11]36 in a 25
mM sodium phosphate buffer at pH 5 as a function of NaCl
concentration. Symbols represent experimental data at 188C.

Ž .Solid lines represent the best-fit curves using Eq. 13 .

Fig. 5. Association constant, K , for dimerization of T4a
Ž .LYS 11]36 at 188C as a function of pH. NaCl concentration

is zero. A spline fit is used to guide the eye.

they are assumed independent of pH and salt
concentration. The best-fit curves are shown in
Figs. 2]4. Fig. 5 shows the association constant
for peptide dimerization as a function of pH. The
association constant increases with pH. The asso-
ciation constants shown in Fig. 6 are for measure-
ments at pH 4 and 5 with sodium-chloride con-
centrations in the range 0.0]1.0 M. The associa-
tion constant increases with salt concentration.

6.3. Potential of mean force

The potential of mean force is calculated using

Fig. 6. Association constant, K , for dimerization of T4a
Ž .LYS 11]36 at 188C as a function of NaCl concentration. A

spline fit is used to guide the eye.
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Table 1
Ž .Net electric charge of T4 LYS 11]36 as a function of pH

Ž .calculated from free-amino-acid titration in 0.1 M KCl

pH 4 5 6 7

Net charge q3.1 q2.5 q2.1 q1.7

˚Ž . Ž .Eqs. 14 ] 21 . The peptide diameter is 18.8 A
Ž .see Appendix A . The peptide charge, shown in
Table 1, was calculated using results from free-
amino-acid titration in 0.1 M KCl. The Hamaker
constant is 5 kT. Two sets of calculations are
shown in Figs. 7 and 8; in one set, the DLVO
potentials and the specific-interaction potential
are used and in the other, only the hard-sphere
and specific-interaction potentials are included.
As pH rises, well depth, « increases for bothspec

Ž .calculations see Fig. 7 . Fig. 8 shows that «spec
increases with sodium-chloride concentration for
both models.

( )6.4. Circular-dichroism CD spectropolarimetry

CD spectra were obtained as a function of pH
at 258C with peptide concentrations in the range
5]10 mM. Because the buffer contribution to the
molar ellipticity was significant with a 25 mM
sodium phosphate buffer, these measurements
were taken in a 5 mM buffer. Results are shown
in Fig. 9. The CD spectrum at pH 4 has a mini-
mum at 197 nm, consistent with the peptide hav-

Fig. 7. Square-well depth, « , as a function of pH. NaClspec
concentration is zero. A spline fit is used to guide the eye.

Fig. 8. Square-well depth, « , as a function of NaCl concen-spec
tration.

w xing a random coil conformation 21 . This spec-
trum is similar to that obtained by Najbar et al.
w x22 at pH 4.8 in a 10 mM potassium phosphate
buffer. As pH increases to 7, the spectrum devel-
ops a minimum at 216 nm, indicating that the

w xpeptide adopts a b-strand conformation 21 .

7. Discussion

7.1. Strength of interaction

Interactions between the peptide molecules are
driven by attractive forces similar to those
observed for various proteins known to undergo

Ž .Fig. 9. Far-UV CD spectra of the T4 LYS 11]36 peptide in a
5 mM sodium phosphate buffer at 258C.
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amyloid fibrillogenesis. The observed well depths
of the specific interaction potential, « , are inspec
the range 14]20 kT. At 188C, this corresponds to
bond energies on the order of 34]48 kJrmol. The
strength of a hydrogen bond is approximately
13]30 kJrmol, while a covalent C]C bond has a

w xdissociation energy of 347 kJrmol 23 . The
strength of an intramolecular salt bridge can range
from zero if it is on the surface, to 21 kJrmol if it

w xis buried 24 . For a hydrophobic molecule with a
˚diameter of 18.8 A, the hydrophobic free energy

w xof dimerization is ]38 kJrmol 18 .
It is possible that the attractive interaction is

due to the formation of hydrogen bonds or salt
bridges. There are a number of amino acids in
the peptide that could participate in such interac-

Ž .tions see Appendix A . Alternatively, a hy-
drophobic bond could be responsible for the
strong attraction. There are 10 amino acids in the
sequence that can readily participate in hy-
drophobic interactions.

7.2. pH dependence of interaction

Increased association is observed with rising
pH. The well depth is a stronger function of pH
than of ionic strength. Fig. 7 shows that there is
an appreciable difference in the « values ob-spec
tained when the electric double layer is included
compared to when it is neglected. At pH 4, where
the peptide molecules have the highest charge,
there is a large discrepancy between the two
models. At pH 7, where the molecules have the
smallest net charge, there is less difference, indi-
cating that it is necessary to include the electric
double-layer-repulsion potential in the model. In-
clusion of this potential does not greatly affect
the strong pH dependence of the well depth.
Thus, there must be some other intermolecular
forces that induce the observed pH-dependent
interaction. Short-range electrostatic forces may
be responsible, in the form of multiple salt bridges.
Alternately, hydrogen bonds could cause this
strong attraction. It may be that the interaction is
not affected by the net charge of the molecule,
but rather by the charges on the amino acids that
are responsible for binding.

7.3. Role of structure in association

An increase in secondary structure is another
consequence of increasing pH. The formation of
b-structure may drive the interaction, suggesting
hydrogen-bond formation as the cause of attrac-
tion between peptide molecules.

7.4. Ionic-strength dependence of interaction

Association also increases with sodium chloride
concentration. Fig. 8 shows that at low ionic
strength there is a difference in the « valuesspec
obtained when the electric double layer is taken
into account and when it is not. As the ionic
strength increases to 1.0 M NaCl, the differences
between the two models decline. There is a larger
difference between the models at pH 4 than at
pH 5. The difference between the models indi-
cates that screening of the overall charge occurs
as the ionic strength increases.

If association in this system is due to short-
range electrostatic interactions, these should be
screened out as the ionic strength increases, caus-
ing a decrease in attraction rather than the
observed increase. The ionic-strength dependence
of association may be due to the effect of salt on
hydrophobic interactions. The effect of salt type
on the surface tension of water follows the ly-

w xotropic series 25 . If the specific interactions in
this system are due to interactions between hy-
drophobic patches, an increase in the surface
tension of water would lead to a decrease in
protein surface]water contacts, or in effect,
stronger peptide]peptide attraction. Naq and Cly

ions are intermediate in the lyotropic series, indi-
cating that neither has a strong tendency to in-
crease the surface tension of water.

8. Conclusions

This work describes interactions of the peptide
Ž .T4 LYS 11]36 measured by fluorescence

anisotropy. The association constants increase
with pH and sodium chloride concentration. The
observed dimerization equilibrium constants can
be described by a potential of mean force consist-
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ing of the DLVO potentials and a specific inter-
action potential. It was shown that specific inter-
actions play a large role in the interactions of the

Ž .peptide T4 LYS 11]36 .
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Appendix A

Experimental procedures

A.1. Peptide synthesis

Ž .T4 LYS 11]36 , which has the amino acid se-
quence EGLRLKIYKDTEGYYTIGIGHLLTKS,
was assembled on an Applied Biosystems 431A

Žsynthesizer using the Fmoc 9-fluorenyl-
.methoxycarbonyl group for protection of the a-
Žamino function Dr David King at the Howard

Hughes Medical Institute PeptiderMass Spec-
.trometry Laboratory . The peptide was cleaved

from the resin and deprotected with reagent K.
The crude product was purified by reversed-phase,
high-performance liquid chromatography using an

Ž .acetonitrile]water]TFA trifluoroacetic acid
mixture. Approximately 1 mol TFA per positive
charge and 20% H O were present in the ly-2
ophilized peptide powder. Electrospray ionization
mass spectrometry yielded a molecular weight of
2969.4 Da, consistent with the theoretical value.
The peptide has an isoelectric point of 9.9.

A.2. Conjugation of fluorescent label

Ž7-Methoxycoumarin-3-carboxylic acid Molecu-
.lar Probes, Inc., Eugene, Oregon, cata M-1420

was attached to the N-terminus of the protected
peptide on the resin by activation with HBTUr

ŽHOBt hydroxybenzotriazol-1-yl tetra-methyl-
uronium hexafluorophosphater1-hydroxybenzo-

.triazole . Electrospray ionization mass spectrome-
try yielded a molecular weight of 3171.7 Da.

A.3. Sample preparation

Water used to prepare the sample solutions
was filtered through a Barnstead Nanopure Wa-

Žter Purification System. Sodium chloride cata
.S271-500 , sodium phosphate dibasic heptahy-

Ž .drate cata S373-500 and sodium phosphate
Ž .monobasic monohydrate cata S369-500 were

purchased from Fisher Scientific Company, Pitts-
burg, PA, USA. Cellulose ester dialysis mem-
branes with a nominal molecular weight cutoff of

Ž .1000 Da cata 131 087 were purchased from
SpectrumW , Laguna Hills, CA, USA. Buffer solu-
tions were prepared by dissolving suitable
amounts of monobasic sodium phosphate, dibasic
sodium phosphate and sodium chloride in 1 l
Nanopure water. The solutions were adjusted to
the desired pH with sodium hydroxide or phos-
phoric acid solutions.

Peptide solutions for fluorescence polarization
measurements were prepared such that the mole
ratio of fluorescently-labeled to unlabeled peptide
was 1:9. This ratio was optimal for ensuring that
there was sufficient fluorescent signal for mea-
surement, while at the same time ensuring that
the fluorophore concentration was below the level
where fluorescence transfer between fluorophores
would occur. The solubility of the peptide was
greatest at pH 4 in a 25 mM sodium phosphate
buffer. Therefore, 1-ml peptide solutions with a
concentration of 160 mM were made in 25 mM
sodium-phosphate buffer at pH 4 and dialyzed
overnight against 1 l of the buffer or salt solution
of interest. Dialysis also served to dilute the tri-

Ž .fluoroacetic acid TFA present in the lyophilized
peptide by 1000-fold. This was advantageous, as
TFA drastically changes the pH of peptide solu-
tions.

After dialysis, the pH was adjusted to the cor-
rect value using either 10]20 ml of 8.5=10y5

grg phosphoric acid or 10]20 ml of 0.5 M sodium
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hydroxide. The 160 mM peptide solution was di-
luted with buffer to obtain solutions in the con-
centration range 0.5]160 mM. The solutions were
allowed to equilibrate for 2 h before the
anisotropy was measured.

A.4. Fluorescence-anisotropy measurements

Fluorescence anisotropy was measured on a
SLM 4800S Spectrofluorimeter using the L-for-

w xmat 10 . Excitation was measured at 360 nm and
emission was measured at 404 nm, based on exci-
tation and emission spectra obtained for the cou-

Ž .marin-labeled peptide unpublished results .

A.5. Correction of anisotropy ¨alues

To eliminate background fluorescence, the in-
tensities of the horizontally and vertically polar-
ized components of the buffer were measured
and subtracted from the intensities of the peptide
solutions before the anisotropy was calculated.

The viscosity of the buffer solution increased
slightly due to increasing salt concentration. To
measure aggregation, only the effect of changes
in molar volume on the anisotropy are of interest.
Therefore, the anisotropy was corrected using the
viscosity of pure water, h , and the viscosity ofo
the salt solution, h:

Ž .1qRTtrhV Ž .A sA ? A.1corrected observed Ž .1qRTtrh Vo

Values for h and h were obtained from theo
w xCRC Handbook of Chemistry and Physics 26 .

The fluorescence lifetime used in the calculation
Žwas ts3.01 ns personal communication, Molec-
.ular Probes, Inc. . The molar volume was calcu-

lated using a number-average molecular weight,
because the peptide solutions contain both labeled
and unlabeled peptide. The partial specific
volume, ¨, was estimated to be 0.7 mlrg, based on

w xvalues for a variety of proteins 24 . The hydra-
tion, hs0.2 g H Org peptide, obtained from2

w xLakowicz 10 , was converted to milliliter per gram
using the appropriate solution density.

( )A.6. Circular-dichroism CD spectropolarimetry

It was not possible to obtain spectra under the
solution conditions used for fluorescence polar-
ization measurements because of the large signal
of the sodium chloride and the 25 mM sodium
phosphate buffer. Thus, unlabeled peptide solu-
tions were prepared in a 5 mM sodium phosphate
buffer. Peptide concentrations were between 5
and 10 mM. CD spectra were recorded at 258C on
an Aviv Model 62DS circular-dichroism spec-
tropolarimeter using a 1-cm pathlength cuvette.
The wavelength range was 190]250 nm, with in-
tervals of 0.5 nm and a bandwidth of 1.5 nm.

Ž 2Mean molar ellipticities degree-cm rdmol-re-
.sidue are shown in Fig. 9.

A.7. Peptide concentration measurements

Concentrations were measured using a Beck-
man DU640 Spectrophotometer. The total molar

w U xconcentration of labeled peptide, L , was de-T
Žrived from the absorbance at 360 nm the wave-

length of maximum absorbance of the fluo-
.rophore and the fact that only one fluorophore

was conjugated to a peptide molecule:

A360Uw x Ž .L s A.2T « lc

where A is the absorbance measured at a360
wavelength of 360 nm and « is the extinctionc
coefficient of the coumarin label; « s16 000c

ŽMrcm personal communication, Molecular
.Probes, Inc. . The pathlength of the cuvette is,

ls1 cm. The total peptide concentration was
calculated by:

A y0.16 A280 360Uw x w x w x Ž .L s L q L s A.3T T T « lL

where A is the absorbance measured at 280280
nm. The extinction coefficient of the peptide, « ,L
was estimated from the absorbance of aromatic
groups in a 0.02 M phosphate buffer at pH 6.5

w xand 6.0 M guanidinium hydrochloride 27 . The
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peptide contains three tyrosine groups, thus « sL
3840 Mrcm. The correction factor, 0.16, was in-
cluded to compensate for absorption of the cou-

Žmarin label at 280 nm personal communication,
.Molecular Probes, Inc. .

A.8. Calculation of peptide diameter

The effective spherical diameter of the peptide
w xwas calculated using the relation 24 .

1r33M¨ Ž .ss2 A.4ž /4pNA

where the peptide molecular weight, M, is 2969
grmol, and the partial specific volume of the
peptide, ¨, is 0.7 mlrg. N is Avogadro’s number.A

A.9. Accuracy of fit

Figs. 2]4 show the best-fit curves to the data
Ž .using Eq. 13 . When there is no sodium present,

as in Fig. 2, the fit is excellent. R2 values are
greater than 95%. At increasing salt concentra-
tion, the fit becomes less accurate. The R2 values
for curves at pH 4 fall from 83 to 76% as the
sodium-chloride concentration increases from 0.1

Ž . 2to 1.0 M see Fig. 3 . At pH 5, R ranges from 75
to 92%. Lowered accuracy of fit may be due to
the formation of higher aggregates than dimers at
higher ionic strengths. Our model does not ac-
count for the existence of such oligomers. To
model more accurately the peptide]peptide inter-
actions, these higher aggregates would have to be
considered.
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