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ABSTRACT. The interactions of Alzheimer’'s amyloid-peptide with cyclodextrins were studied B

NMR: the translational diffusion coefficient of the peptide and chemical shift changes were studied by
the presence of variable concentrations of cyclodextrins. For the full-length peptit{&;-40), the
combined results of translational diffusion and chemical shift changes are consistent with a model where
aromatic side chains interact withcyclodextrin with dissociation constants in the millimolar range. The
diffusion data were consistent with tyihcyclodextrin molecules bound per peptide. The binding occurs

at two sites, at s and/or R and at Yo, with dissociation constant§s™ = 4.7 mM andKq' = 6.6 mM,
respectively, in 10 mM sodium phosphate, pH 7.4 and 298 K. Shorter Alzheimer peptide fragments were
studied to measure specific affinities for different binding sites. The N-terminal fragm@it2) with

a putative binding site atJfloes not show measurable affinity fércyclodextrin. The fragment (12—

28) has similar apparent affinityK{ = 3.8 mM) toS-cyclodextrin as the full-length peptideffl—40).

Here, the diffusion data suggests a one-to-one stoichiometry, and the binding sgaisifor k. Both
diffusion results and chemical shift changes give the same affinity. A varig(t2x-28)G9G2o without
phenylalanines does not bind fiscyclodextrin. Other potential ligande-cyclodextrin,y-cyclodextrin,
nicotine, and nornicotine do not bind to thgg@2—28) fragment. This study shows that combiri&tl

NMR diffusion and chemical shift changes may be used to quantitatively determine affinities and
stoichiometries of weak interactions, using unlabeled ligands and hosts of comparable sizes.

The amyloidj-peptide (46)* is the major component of ~ There is experimental evidence that the soluble oligomers
the amyloid plaques found in the extracellular compartment have toxic effects on neurons and synapskess). Thus,
in the brains of patients suffering from the Alzheimer's peptide aggregation is an important feature in Alzheimer's
disease. The aggregation process giving rise to neurotoxicdisease as well as in other amyloid diseases.
ApB-peptide oligomers and consequently the formation of the  Prevention of oligomerization and aggregation is one
neuritic plaques has been suggested to be an early pathologipossible strategy of treatment of amyloid diseases. Examples
cal feature of Alzheimer’s disease. This so-called amyloid of prevention are, for example, immunization where the
hypothesis includes the self-aggregation of th&peptide antibodies reduce deposition of the aggregates, or metal
into fibrils (1, 2). The A3-peptide is a 39-42-residue peptide  chelation, where decreased binding of metal ions to the
that is cleaved from the Alzheimer’s precursor protein (APP) peptide may prevent aggregatioh).(Another approach to
by the proteases- andy-secretasel]. In vitro, the cleaved  this problem is the use of a ligand that binds to the
peptide monomer is in a dominating random coil secondary monomeric state of the/Apeptide and prevents aggregation
structure in solution at room temperature and physiological and structural change fsheet conformation, thus interfer-
pH (3). Toward lower temperatures, the secondary structure ing with the process that leads to formation of fibrils and
of the monomer changes gradually toward a left-handed 3 neuritic plaques.
(PII) helix (4). The monomeric form is in equilibrium with The A3(1—-40) peptide has two hydrophobic regions. The
aggregates of various sizes).(The aggregation includes a C-terminal region corresponds a part of the putative trans-
conformational change of the peptide structurgisheet. membrane segment of the APP, residues£®. The second
hydrophobic region involves residues-17Z1. This central
region takes part in the in the aggregation procéssThe
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Ficure 1: p-cyclodextrin and phenylalanine. The hydrophobic surfacg-ofclodextrin including the two sides of the sugar molecule

with the wider opening (A) and the narrower opening (B) are shown. The dark areas are hydrophobic, and the bright areas are hydrophilic.
The hydrophilic regions on the narrow opening side (B) are the primary hydroxyl groups. The size of an aromatic phenyl ring makes a good
steric fit into the hydrophobic cavity of the-cyclodextrin (C). Panel C shows a schematic picturg-of/clodextrin from a side view with

the aromatic ring in the cavity. The conical shape is exaggerated.

This interaction is considered to be hydrophobic in nature Table 1: Cyclodextrins, Some Relevant Molecular Properties

and has been suggested to involve the hydrophobic central noof molwt diffusio®  diameter of
part of the peptide and the hydrophobic cavity of the dextrins  (Da)  (107°m2s) cavity’c (A)
cyclodextrin. The interaction has previously been studied o _cyclodextrin 6 972.9 265 5.3/4.7
with circular dichroism (CD), nuclear magnetic resonance pg-cyclodextrin 7 1135.0 2.44 6.4/6.0
(NMR), mass-spectroscopy, and scintillation proximity assay y-cyclodextrin 8 1297.1 2.32 8.3/7.5
(SPA) @—11). The interacting residues are suggested to be aDiffusion coefficient at 25°C, dilute solution in RO, pH 7.4.

Fig and Fy. b From refl12. © The two values correspond to the two sides of the cone-

Cyclodextrins are a family of sugars consisting of cyclic Shaped molecule.
oligosaccharides. They are torus shaped rings built up by
different numbers of dextrin units. The three major types of  Earlier studies of the interaction betweerp-peptide
cyclodextrins are thet-, -, andy-cyclodextrins in which fragments andp-cyclodextrin show interaction between
the rings consist of six, seven, and eight sugar units, cyclodextrin and Iy or Fx. The inhibition of aggregation
respectively. The different types of cyclodextrins have has been determined with SPA to a 50% inhibition at 5 mM
different characteristics mainly due to differences in size, concentration off-cyclodextrin. Mass spectroscopy has
but there are also some differences in chemical propertiesshown that the stoichiometry of the reaction mainly is 1:1
that cannot be explained solely with size (e.g., the solubility). (9).
o- and y-cyclodextrin are more easily soluble in agueous  Other substances have been suggested to interact with the
solution thang-cyclodextrin. The cyclodextrin molecules  Alzheimer peptide (e.g., melatonin and nicotine). Melatonin
have some amphiphilic properties. The cavity of the torus is reduces toxicity and interacts with and inhibjtssheet
hydrophobic, while the rest is hydrophilic, making the formation of the A6(1—40) (13). Nicotine has been suggested
cavities favorable places for hydrophobic interactions (Figure to reduce the formation of amyloid fibrils both by inhibiting
1). In the ring, all primary hydroxyl groups, OH-6, are formation and by disruption of preformed amyloid fibiil).
oriented to the side with the narrow opening, of the molecule, Interaction between A-peptide and nicotine in the presence
and the secondary hydroxyl groups, OH-2 and OH-3, are of SDS has been suggested to include binding of the
oriented to the other side. The primary hydroxyls are not pyrrolidine moieties of the nicotine to the histidines of the
able to move freely, but the secondary ones are. This meangeptide 5). In vivo nicotine is metabolized, and one of the
that the cavity toward which the secondary hydroxyl groups metabolites is nornicotine. The mechanism of reduced fibril
are facing is larger (i.e., it has a larger effective volume). formation by nicotine is not known, but it has been suggested
The dimensions of the cavities are listed in Table 1. The that the nicotine metabolite nornicotine interacts with the
smaller diameter corresponds to the narrower side. TheAp-peptide and thereby reduces aggregatiaf).( Nor-
differences in size of the hydrophobic cavity in the different nicotine has been suggested to covalently change the
cyclodextrins give possibilities of specificity in interaction hydrophobic segment in the central region of the peptide,
(12). possibly by glycation oK (16).
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The molecular interactions betwee4eptide and bind-  no intermediate exchange phenomena interfere with the
ing ligands can be studied by various methods, including measurements of the diffusion coefficient, resonance peaks
light absorbance spectroscopy, circular dichroism spectros-that do not show frequency shift upon titration should be
copy, gradient centrifugation, surface plasmon resonanceused for measurements.

(SPR), and fluorescence correlation spectroscopy (FCS), all The diffusion coefficient is inversely proportional to the
methods with their specific advantages and drawbacks. Usinghydrodynamic radius of the particle as described in the
NMR diffusion measurements has the benefit of measuring Stokes-Einstein equation. The hydrodynamic radius is scaled
in solution at conditions where the substrates are close towith a power law of the mass. The exponent in the power
their native state. There is no need of labeling, neither with law is a shape factoB). Thus, when two substances, a ligand
isotopes nor with probes. NMR measurements are also lowand a host, interact, there is a change in both the mass and
energy measurements, and the dipole moments, whichin most cases, the shape. This makes the diffusion coefficient
typically change in an electronically excited state, are not a sensitive observable when measuring interactions. From
altered during the experiment. By using PFG NMR diffusion eq 3, it follows that if the diffusion coefficient of the complex
experiments, improved so that inhomogeneities of the is known, the population may be obtained in a single
magnetic field gradient are accounted for, high accuracy canexperiment. Theiy is obtained from eq 1. This is however
be obtained in the measurements of the diffusion constantsnot always straightforward. The diffusion of the complex
(27). can be difficult to measure directly due to fast exchange,

In this study, the interactions betweer-Aeptide, full- overlap in peaks, or small populations. If the host is
length as well as fragments of various sizes, ang-, and substantially larger than the ligand, one can, however, with
y-cyclodextrins were investigated by studies of NMR good accuracy approximate the diffusion coefficient of the
translational diffusion andH chemical shift analysis. The  complex with the diffusion coefficient of the host§).
interaction between the fragmenp3@2—28) and nicotine For a ligand with a size in the same order as the host, as
and the nicotine metabolite nornicotine was studied as well. in dimerization or protein-protein interactions or in the

current study, one has to measure the diffusion coefficient
MATERIALS AND METHODS over a range of ligand or host concentrations and fit the

Theory and MethodologyNuclear magnetic resonance obtaingd dat.a to egs 1 and 2 assuming Fhat a 1:1 binding
(NMR) is a widely used tool to measure equilibrium Modelis valid. Egs 1 and 2 can be combined to
constants18). The constant is mostly determined by study
of the chemical shift changes caused by the binding of a =D,,.+ (D — Do) [L1o + [H]o + Kq _
ligand to a host. This technique demands well-resolved —°PS ~ee complex  =fre 2[L],
resonances and well-defined chemical shift changes. Over-

lapping peaks require deconvolution, which reduces accuracy. [L]o+ [Hlo+ Kg\2  [Hl
Assuming a 1:1 complex, the dissociation constantan 2] - i (4)
be written in terms of total concentrations of the ligand and 0 0
the actual populations of the host and the complex If the condition thatDeompiec = Dos S fulfilled, a one-
(1 = Peomple) (H] o — PeompieL] o) parameter fit to eq 4 gives a smaller error than the single-
Ky= (1) experiment procedure described previously. A two-parameter
Pcomplex fit is otherwise required with respect BompiexandKq using

Here, the measured fraction of bound liga = arange of host concentrations. .
[CV[Lo. [L]. [M], and [C] are actual free Iiggn(ﬁr:epthost, If the interaction between the ligand and the host is weak
and complex concentrations, and the indices 0 indicate total2nd Or when diffusion data with high accuracy is difficult to
concentration. The complex population has to be measuredo.bta'r,‘ (€.9. due to low Sf”‘mp'e concentration), the fitting of
over a range of concentrations of ligand and/or host. One diffusion data tol eq 4 with resl%ect to boiy an%D“’“T?fex .
approach to measure the population with NMR is to use canﬁ_b_e unsftarl]) €. Un(iler r;suc <t:)ond|t|_ons, (tj € ((jj' usion
translational diffusion measurements. The measured diffusionc0€'Tclent 0 the complex has to be es_tlmate » and a one-
coefficient is then the weighted mean value of the free and parameter fit has to be performed. Eq 4 is stable with respect

bound states of the ligand§) when the ligand is in fast to minor errors iD¢ompexeStimates. The relative error iy

exchange between the bound and the free states on the timeS@used by an error in the estimatBghmpiex iS linear with

. ; the slope approximately 1 (data not shown).
scale of the diffusion experiment.
P The described model assumes a 1:1 stoichiometry. If the

Dops= (1 — pcomple))Dfree + Peomple pcomplex ) stoichiometry is of a different kind, then dissociation equation
is written
D _ Dobs_ Dfree ®) R
complex Dcomplex_ Drree Kd = % (5)

The translational diffusion coefficients are denoidrhe
two populations are in equilibrium, which can be slow on  Here, the ligand to host stoichiometrynsn, and [C] is
the chemical shift time scal@$), resulting in two separate the concentration of then:n complex @2). Using a 1:1
peaks corresponding to free and bound states, but fast orstoichiometry model to evaluate a system with another
the translational diffusion time scale (ms), leading to an stoichiometry gives errors in the calculated affinity. In the
averaged observed diffusion coefficieB0). To ensure that  following treatment, a 1:1 stoichiometry is assumed unless
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otherwise stated. It has been shown to be the most commorNeosystem, France and used without further purification. The
stoichiometry in complexes including cyclodextrit2y. fragment KLVFFA was synthesized and purified by HPLC

When a complex is formed, the local environment of the in our laboratory. The peptides were stored-dt8 °C and
observed spins change. Generally, this gives rise to changeshawed before used.

in the local magnetic field and the chemical shift changes at  The experiments were performed with the peptides in 10
the site involved in the binding. Observations of chemical mM sodium phosphate buffer close to the physiological pH,
shift changes upon complex formation may be used to further ranging from 7.35 to 7.45. All pH values are corrected for
characterize the interactions in a complex, as for all NMR jsotope effects. The pH was adjusted using different fractions
measurements the measured observable is the weighted meagf NaH,PO,/Na;HPO, and was measured on a standard pH-
of the states if the system is in fast exchange. Egs 2 and 4meter. The sample preparation was carried out4t.5The
are valid for the chemical shift as well as for the diffusion quantities of solid materials were determined by weight, and
coefficients. The chemical shift thus also gives information the peptides were dissolved in prechilled pure (99.95%).D
on the binding constant with the diffusion coefficient replaced The low temperature during sample preparation was neces-
by the corresponding chemical shifts and in addition indicates sary to prevent peptide aggregatidii){ The HDO resonance
the site of binding. in the sample was used as an internal chemical shift
NMR MethodsThe spectrometers used for NMR experi- reference. The reference value for HDO at 298.15 K is 4.753
ments were a 600 MHz Varian Inova and a 500 MHz Bruker ppm. All samples were prepared just prior to the experiments.
Avance equipped with a Bruker CryoProbe. All experiments The peptide concentration was 1 mM for all samples except
were performed using spectrometers equipped wittagis for the full-length peptide, which was prepared in 10a
gradient coil at 25C. NOESY experiments were performed concentration.
to assign the resonances using standard procedures. TOCSY The cyclodextrins €, 8-, andy-cyclodextrin), nicotine,

experiments were performed to study the chemical shift 5,4 nomicotine were purchased from Sigma Ltd., Germany.
changes induced by interaction of the peptides With  These substances were quantified by weight and dissolved

cyclodextrin. o in 20 mM sodium phosphate buffer. Once properly dissolved,
NMR Diffusion MeasurementRiffusion measurements  he solution was chilled to 8C and was mixed in equal

wi'gh NMR were .performed with the pulsed' field gradient amounts with the peptide of choice, resulting in 0.5 mM
spin—echo experiment (PFGSE}Y). The gradient coil does  peptide concentration (56M AB(1—40)) in a 10 mM buffer

not generally create a constant gradient over the whole go|ytion. The pH was measured prior to each NMR experi-
sample, and this produces a systematic error in the measurep,ent.

ment. As previously described ), this can be corrected
for by the use of a distribution function for the gradient, a RESULTS
procedure that significantly increases the accuracy. The
distribution function, assumed to be approximately linear, ~ Stability of the Binding ModelUsing diffusion data to
was calibrated using a substance with known diffusion calculate the equilibrium constants of a weak interaction
coefficient, here a standard sample of 99.9599Drhe value ~ demands high accuracy on diffusion measurements. By the
of the HDO diffusion coefficient in BO at 25°C used for ~ use of the modified Stejskal-Tanner experimehf){ one
the calibration is 1.90 16° m¥s (23). takes into account the spatial inhomogenities of the magnetic
The Stejskat Tanner spir-echo experiments to determine  field gradient. This makes diffusion measurements more
the diffusion coefficients were performed using a PFGLED precise, and the typical error is less than 1%. These random
(24) pulse sequence. A gradient prepulse was used to createrrors in measured diffusion coefficients propagate into the
a steady state to ensure that the second and third gradien€alculation ofK4 when fitting data to eq 4. To study the
pulses were equalp, 26). All experiments were performed  effect of errors in the diffusion measurements on the
using 16 (Bruker) or 30 (Varian) different linearly spaced calculated equilibrium constant, numerical simulations were
strengths of gradients. The lengths of and delays betweenmade. Real measured diffusion data were used, and an
the gradient pulses were optimized depending on the studiedncreasing random error was added to the data. The new data
substance and ranged between 4 and 5 ms ard®3 ms,  Set was fitted to eq 4, anly and Deompiex Were calculated.
respectively. The number of scans ranged from 24 to 512 5000 iterations were made at each error level ranging from
depending on the concentration of the measured peptide. AllO to 2% in increments of 0.01%, and the standard deviation
experiments were performed in pured which has a higher ~ of the fitted parameters was calculated. The propagation of
viscosity than water. The viscosity of pure@is a factor error is approximately linear for small values in error in
1.23 higher at 25C (23, 27, 28). There is no need to account measured diffusion coefficients. An error less than 1% in
for the viscosity difference between,® and HO in the diffusion coefficient corresponds to an error less than 35%
calculation because they do not change the binding constantin Ka and less than 2% iDcompiex (Supporting Information
If the correct values of the diffusion coefficients in water Figure 1S). Itis clear that high accuracy is important when
are of interest, the presented values should be multiplied byusing diffusion data to calculate equilibrium constants.
1.23. High accuracy is also important to obtain high sensitivity
Materials. The full-length A3(1—40) peptide was pur- in measuring the apparent dissociation constant for weak
chased from Neosystem, France and used without furthercomplexes. When studying a small peptide binding to a large
purification. Some &(1—40) was obtained as a gift from host, the diffusion coefficient of the complex is very close
Oleg Antzutkin, who had made it by solid-phase synthesis to that of the free host. If the host is in large excess,
and purified it by HPLC. The fragmentsif12—28), AG(1— dissociation constants of the orddrloM can be measured.
9), I-diphenylalanine, and phenylalanine were purchased fromWeak interactions, on the other hand, give small changes in
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Table 2: Results of Diffusion Measurements and Dissociation
Constants Calculation for Interaction of Peptides with Cyclodextrins
(Cdy
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interval, a linear function of/-Cd]. With [5-Cd] in units

of MM, Dcorrectea= (1 + 0.00164B-Cd])Dons Without this
correction, it would appear as if any substance added to the
sample that affects the viscosity would exhibit a weak

Dfree Dbound Kd error . . . . .

peptide Cd (102°m%s) (10°2°mZs) (mM)® (mM) interaction, which is obviously not correct.
phenylalanine B 571 244 58.4 1.8 All diffusion measurements were made using integrated
di-phenylalanine 4.39 2.15 101 20 intensities of methyl proton region, and the measurements
KLVFFA B 2.72 1.92 228 50 are all performed with uncertainty less than 1%. The error
ABA=9) B 241 noné noné in the diffusion coefficient is specified as one standard
Ap(12—28) B 1.76 1.66 384 1.2 L . .
AB(12-28) o 1.76 none none deviation and thus has a confidence interval of 68%. The
AB(12—-28) y 1.76 none none standard deviation is calculated from the deviation of data
AB(12—28)CGre  f 1.86 none none points from the fitted StejskalTanner curve.
AB(1-40) p 1.25 1.20/1.1% g';g&@ 2'8/3'1 Figure 2 shows observed diffusion coefficients fg#(A—

a All values are viscosity corrected and measured in 10 mM sodium
phosphate at pH 7.4 and 2& P Dissociation constant for,&and/or
F20. None denotes that no binding occutéssuming one bound
cyclodextrin or two bound cyclodextrins, respectiveljpissociation
constant for Yo. f Assuming a one-to-one binding model.

40) and AB(12—28) as functions of-cyclodextrin concen-
tration. The figures also include the fitted binding model
functions, 1:2 and 1:1 peptigetyclodextrin, respectively,
for Ap(1—40) (Figure 2A) and A(12—28) (Figure 2B).
Table 2 summarizes all measured diffusion coefficients and
the dissociation constants evaluated from them using eq 4.

the observed diffusion coefficients. These small changes areThe error limits indicated in the values Kf were estimated
possible to measure if the diffusion measurements are preciséy the deviation of the measured data from the binding curve.
and accurate. If the interactions are between substances oMonte Carlo simulations within the error limits of the
the same size, where one is in excess, dissociation constantdiffusion coefficient gave more narrow error limits &f.

of the order of 0.1 M can be measured with good precision.
1:1 StoichiometnWWhen fitting the 1:1model, eq 4, to data
obtained from amn:n stoichiometry, it is not easy to observe

The full-length peptide and the#12—28) fragments bind
pB-cyclodextrin with a similar apparent affinity &g = 3.8
mM in 10 mM sodium phosphate, pH 7.4 and 25 There

systematic errors in residuals from the fitting. However, the are significant differences in peptide interactions with
dynamic range of diffusion coefficient variation changes with j-cyclodextrin (Table 2). The single phenylalanine binds very
different stoichiometry, where the change in diffusion weakly withKq = 58.4 mM. In this case, the interaction is
coefficient is greater if more than one ligand binds to the so weak that the two parameter fit becomes unstable, and
peptide. Thus, the diffusion coefficient of the complex the diffusion coefficient of the complex had to be estimated.
contains information on the stoichiometry, if the diffusion The phenylalanine molecule is significantly smaller than
coefficient of the 1:1 complex differs from the diffusion J-cyclodextrin, and its binding to the hydrophobic cavity
coefficient of the 1:2 complex. This is the case, for instance, would probably not change the diffusion gfcyclodextrin
when the interacting species are of approximately the sameto any large extent. The diffusion coefficient of the complex

size.

Diffusion Studies of the APeptide, Full-Length and
Fragments, andg-Cyclodextrin. The calibration of the
gradient probes for the 600 MHz Varian and the 500 MHz
Bruker were performed as previously describ&d) (Using

was then estimated to be the diffusion coefficient of
pB-cyclodextrin alone. The binding constants of the other
fragments were calculated using the two-parameter fit. The
full length A3(1—40) was studied at low concentration, 50
uM (Figure 2A). For this reason, the convergence radius of

these values, the diffusion experiments were performed usingeq 4 becomes narrow, and the precision of the measured
the PFGLED pulse sequence and fitting the obtained intensity diffusion coefficients has to be high. The short fragment

decline as previously describeii7j. The residuals of data
after fitting were studied to ensure that there was no
systematic error arising from multicomponent diffusion. For

KLVFFA bound withKyq = 22.6 mM. I-Diphenylalanine was
found to have a rather high affinity i8-cyclodextrin with
Kq = 10.1 mM, higher than the KLVFFA fragment.

each peptide, the diffusion coefficient was measured for the To study the importance of the two phenylalanine residues

peptide alone, in the absence of a binding ligand (Table 2).

The diffusion coefficients of all the five peptides were then
measured with an increasing amount @fcyclodextrin,
starting at 1 mM to the solubility limit of 10 mM. The
increasing amount gf-cyclodextrin affected the viscosity
of the solution and thereby the measured diffusion coef-
ficient. This was accounted for by measuring the HDO

in the central hydrophobic region, the substitutefi{ 12—
28)GigGy Was studied. This fragment does not bind to
p-cyclodextrin to any measurable extent (Figure 2B). The
original A3(12—28) peptide binds t@-cyclodextrin withKgy

= 3.8 mM, the sam&g as for the full-length peptide (Figure
2B). The results with £(12—28)Gi¢Gzo show that the
phenylalanine residues 19 and 20 are crucial for the interac-

diffusion at each concentration and then correcting the tion. The fragment £(1—9) was studied to determine the

measured value.

_ DHDO,neat
corrected™ D

D D

HDO,measured

(6)

obs

The viscosity dependence grcyclodextrin concentration,
[5-Cd], is observed as the ratdypo neal DHpo,measured ThiS
ratio is at a first approximation, and in this concentration

binding of g-cyclodextrin to the N-terminal phenylalanine
Fs. No significant binding was observed for that phenyl-
alanine. Figure 3 shows the populations of the different
bound fragments as functions gfcyclodextrin concentra-
tion.

The fragment ££(12—28) was found to bind t@-cyclo-
dextrin with same apparent affinity as the full-length peptide
(Table 2). The observed decrease in diffusion coefficient due
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818 _ Ficure 3: Populations of the studied peptides boungicyclo-
& dextrin. From the observellops DeomplexWas determined from eq
= 1 4; hence, the populations at egleyclodextrin concentration could
% ¥ i be determined from eq 3. The curves shown are derived using the
€ best-fitting dissociation constank;, listed in Table 2, in eq 1.
& AB(12-28) The peptides are 0.5 mM phenylalanime),(0.5 mM KLVFFA
S .7 L _ (m), 0.5 mM I-diphenylalanined), 50 uM full-length peptide
[&] 3
c Af(1-40) @), and 0.5 mM 48(12—28) O).
£ _ i 5 AP(1-40)
Y8
1.6 Az vl vl ol v vl vl 11
0 0,001 0,01 0,1 1 10 100 7.5mM
Concentration of B-cyclodextrin / [mM]
Ficure 2: (A) Diffusion coefficients giving rise to a binding curve
for the A3(1—40) full-length peptide interacting witB-cyclodex- SmM
trin. The diffusion coefficients were measured with PFG NMR
diffusion measurements and are all within 0.5% error. The
measurements were performed at 16 different gradient strengths, 3mM
equally distributed between 0 and 95% gradient strength. The
peptide concentration was 50M, and the concentration of
pB-cyclodextrin ranges from 0 to 5 mM in 10 mM Na phosphate ImM
buffer (pH 7.4) and 25C. All data were viscosity corrected, as Y P\
explained in the text. The two-parameter model was used to fit the
data, and the apparent dissociation constaii is 3.8mM. A two- 0mM
site binding model gives two dissociation constants, one for
phenylalanine and one for tyrosings™ = 4.7 mM andKy" = 6.6 73 7.2 71 70 69 68 67 ppm

mM. (B) Diffusion coefficients giving rise to a binding curve for . .

the AB(12—28) peptide interacting with-cyclodextrin. The peptide ~ FIGURE 4 Resonances of thprotons of i and ko in the full-
concentration was 0.5 mM, and tifecyclodextrin concentration  €ngth A3(1—40) peptide at increasing concentrationgsedyclo-
was increased from 0 to 10 mM in buffer as described above. The d€xtrin. Thed-proton resonance obkis unchanged with increasing
apparent dissociation constant calculated is 3.8 mM. Diffusion concentration ofi-cyclodextrin, in contrast to the corresponding
results for the variant peptide&l2—28)G1sGyo are shown in the resonances of g and Yo that show chemical shift changes. The

same figure. No binding occurs when the phenylalanines are absent?-Proton resonance of sFoverlaps partly with that of f and
All data are viscosity corrected. remains unchanged. The peptide concentration wagNs0and

the -cyclodextrin concentration ranged from 0 to 7.5 mM.

to binding is for the shorter fragment 5.8% and for the full-
length peptide 8%. A simple spherical model shows that the chemical shift changes of th&protons of kg and also of
relative change in diffusion coefficient of the fragment the Yo d-protons, while no shift changes were observed for
ApB(12—-28) would be twice the relative change of the thed-protons of kg, wheng-cyclodextrin was added (Figure
diffusion coefficient of the full-length peptide when binding 4 and Supporting Information Table 1S). Using the HDO
to one pB-cyclodextrin. This relatively large change in resonance as an internal reference, chemical shifts could be
diffusion coefficient for the complex suggests that more than determined with an accuracy &f0.0005 ppm. For A(12—
one 3-cyclodextrin binds to £(1—40). 28), we found that thé-protons of kg but not o exhibited

Chemical Shift Changes in thesAeptide, Full-Length  significant shift changes whefi-cyclodextrin was added
and Fragments, Induced h§Cyclodextrin.In the 'H 1D (Supporting Information Figure 2S). At pH 7 and room
NMR spectrum, the full-length peptide§1—40) showed temperature, the phenylalaningproton resonances overlap,
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and TOCSY experiments were performed to resolve the with this fragment only. The diffusion coefficients of
spectra of (12—28). In the TOCSY spectra, theproton ApB(12—28) in the presence af- and y-cyclodextrin were
resonances of bothyéand ko were shifted downfield with measured (Table 2). All data is viscosity corrected and shows
increasing amount @-cyclodextrin (Supporting Information  that A3(12—28) does not bind to the smaller or the larger
Table 1S). The resonances of thgrotons of the phenyl-  y-cyclodextrin to any measurable extent under the present
alanines were resolved when fecyclodextrin is present  conditions. The experiments were performed with 10 mM
but overlap more and more when the amounpefyclo- a- or y-cyclodextrin and 0.5 mM B(12—28). In preliminary
dextrin increases. The chemical shifts of tharotons of experiments, the smaller-cyclodextrin did not bind to the
the other residues remain unchanged if(22—28). The full-length Alzheimer amyloidg-peptide either (data not
a-proton resonances of the phenylalanines (residues 4, 19shown). The viscosity corrected diffusion of the cyclodextrins
and 20) in A3(1—40) all overlap, and chemical shift changes alone was measured in control experiments and was found
are difficult to determine. to be constant over the measured concentration range.

Quantitative information on ligand binding may also be | ack of Interaction of A(12—28) with Nicotine and
determined from the chemical shift changes observed uponNornicotine.Nicotine and nornicotine have been suggested
binding of the peptides t8-cyclodextrin. Using thew-proton  to interact with the /-peptide and inhibit aggregation both
chemical shift changes ofifand ko to calculate the by hinding to the peptide and by disruption of already formed
dissociation constant givé§ = 2.7+ 0.5 mM for A3(12— fibrils. No interactions of neither nicotine nor nornicotine
28), in agreement with diffusion data (Supporting Information with the fragment /&(12—28) could be observed by diffusion
Table 1S). Using the chemical shifts of the aromatic ring under conditions employed in the present study. By using
protons does not give results consistent with the diffusion diffusion measurements as described here, one should be able
results; for instance, when calculating the dissociation to detect any interaction with a dissociation constant of
constant from the chemical shift of the phenylalanine approximately 100 mM or less in the concentration range

o-protons, the binding appears weakiég,~ 25 mM. used for nicotine and nornicotine studies.
Using the chemical shift changes of tldeprotons for

Ap(1-40), we found that also in this case the dissociation DISCUSSION
constants correspond to significantly weaker binding than
calculated from the diffusion results. The intensity of the = NMR translational diffusion measurements provide a
Fio O-proton resonance shows that it overlaps with the powerful method to measure molecular interactions in a
6-prot0n resonance ofsFThe line Shape Changes upon quantitative way. Both shape and size Change due to blndlng
addition of ﬂ-cydodextrin_ Two over|apping peaks with and are reflected in the diffusion coefficient. Diffusion
slightly different splitting where one changes frequency while measurements have been used to determine equilibrium
the other remains unchanged would reproduce this changeconstants in recent studies&-20, 22). The present study
in line shape, as shown in simulations (Supporting Informa- shows that if the diffusion measurements are accurate and
tion Figure 3S). The apparent chemical shift change is Precise, weak interactions even between substrates of equal
underestimated due to this kind of overlap, and consequently,Sizes can be measured with good precision. By taking into
the binding affinity is underestimated. Theproton chemical ~ account the inhomogenities of the magnetic field gradient
shift of Yyois, however, well-defined. Binding was calculated in standard NMR probes in the diffusion measurements, the
using the chemical shift changes ofpénd was determined ~ accuracy of the diffusion measurements can be significantly
to be Kq"¥0 = 7.7 + 2.5 mM. Using this value and the improved (7). Thus, small changes in diffusion can be
calculated dissociation constant of phenylalanine from the measured and weak interactions studied. The advantage of
Aﬂ(12—28) fragment, a two-site model could be evaluated. using NMR diffusion measurements is the fact that the
The observed diffusion curve was simulated assuming ansubstrates can be studied in solution, in a wide range of
independent two-site binding. If one would use the one-site temperatures, without any added probes and without chang-
model (eq 4) to calculate the dissociation constant, this INg the excitation states and dipoles of the interacting
calculation gived<y @PPaent= 3 34 mM that agrees well with ~ molecules.
the experimental value 3.8 mM determined from diffusion  Binding of ligands to the Alzheimer peptide can be a
measurements. strategy to affect the structural transition from random coill
Using both experimental diffusion data and chemical shift to §-sheet, which leads to aggregation. The interaction
changes and again assuming independent binding, one calbetween 8-peptide andj-cyclodextrin has been shown
calculate the dissociation constant of the phenylalanine previously ©—11). Here, we were able to characterize and
binding site. From such a global fit with a two-site quantitate the interaction betweeiAeptide angs-cyclo-
independent binding model, the calculated values of dis- dextrin and to show that it has an apparent dissociation
sociation constants of the binding sites & = 4.7 mM constantKy = 4 mM at 25°C, pH 7.4 in 10 mM phosphate
and Kq¥ = 6.6 mM. This gives the apparent dissociation buffer. The fact that the A-fragment where s and ko are
constantK#Prarent= 3.8 mM. This suggests that the peptide replaced with glycines does not interact wittyclodextrin
has two independent binding sites f@rcyclodextrin, a shows that these residues take part in the interaction. This
probably mutually exclusive site atiJ~and/or ko, and at is in good agreement with the suggestid@)(that it is the
Y 10. hydrophobic core of the peptide that is important for the
Lack of Interaction with Other Cyclodextrinshe A3(12— interactions. Together with the diffusion studies, measure-
28) fragment seems to be a good model system for the full- ments of chemical shift changes induced by the interaction
length peptide in studies of hydrophobic interactions. Thus, indicates that the full-length peptide interacts at two sites:
interactions with other hosts thgrcyclodextrin were studied  the phenylalanines 19 and/or 20 and tyrosine 10. Here, it is
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interesting to note that the interactions are not always the fragment £(12—28) seems to be similar in strength.
manifested uniformly for all parts of a residue. The induced However, the experiments with the full-length peptide
shifts of the resonances of tleprotons of kg and kg in revealed yet another site of interaction, thg ¥sidue, with
Ap(12—-28) yield the same value dfq as with diffusion only a slightly weaker affinity. This shows thétcyclodex-
measurements, whereas the aromatic resonances show irtrin will target tyrosine as well as phenylalanine side chains
duced shifts corresponding to a weaker binding gfdnd in proteins and peptides. The two-site binding@etyclo-

no binding of k. However, earlier NOE studies ¢f- dextrin to A3(1—40) should make it possible to increase
cyclodextrin with A3(12—28) have shown cross-peaks to specificity by using both binding sites. To further increase
both phenylalanine9}. The full-length peptide has a third affinity, derivatized forms ofs-cyclodextrin can be use@1,
phenylalanine at position 4. The diffusion and induced 32). This interaction might interfere with the oligomerization
chemical shift studies of A(1—40) do not suggest binding  process of amyloigi-peptide.

of -cyclodextrin to this phenylalanine to any measurable

extent. This is supported by the fact that the N-terminal ACKNOWLEDGMENT

fragment A3(1—9) does not interact witl3-cyclodextrin.

The peptide fragment #12—28) does not interact with
the other two main groups of cyclodextring; and y-
cyclodextrin. This suggests that a steric fit may be important.
The cyclodextrins have hydrophobic cavities of different sizes
depending on type. The aromatic rings of phenylalanine and  Chemical shift changes observed fogsFand Ry in
tyrosine are approximately 2.5 A in diameter between the Ap(12—28) and for R, Y10, F1o, and ko in AB(1—40), when
carbons 3 and 5. Adding the hydrogens to this gives an g-cyclodextrin was added; Monte Carlo simulation of the
effective diameter of approximates A (Figure 1). The  error propagation of the fitted parameté€s and Deomplex;
hydrophobic cavity of3-cyclodextrin has a diameter of 6.5 resonances of thé-protons in phenylalanine 19 and 20 of
A, and this should make a good steric fit to the phenylalanine. the peptide fragment#(12—28) at increasing-cyclodextrin
a- andy-cyclodextrins cavities seem to be too small or too concentrations; and simulation of line shape changes for
large to give a good fit. partly overlapping phenylalaniniproton resonances upon

Chemical shift studies alone of these weak interactions interaction withj-cyclodextrin. This material is available
give somewhat contradictory results. The aromatic reso- free of charge via the Internet at http://pubs.acs.org.
nances do not seem to follow directly the diffusion results.
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