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epoc ABSTRACT: Fourf-cyclodextrins (CDs) were prepared bearing eitherMiN{dimethylamino)propylamino group
(1), an (N-methyl)-piperazino group2j or a benzylamino group3}, or seven methylamino susbtituen#).(

Association constants in water with di- and tripeptides reach up to 200*, and after protection at tHé-terminus
up to 680m L. Appreciable binding occurs only in the presence of lipophilic amino acid side-chains, with preference
for this at theC-terminus. A moderate sequence and side-chain selectivity is observet @ahd3, but less so with
the highly charged! where ion pairing dominates. Detailed NMR analyses with advanced techniques including T-
ROESY and GHSQC allow full assigment of md$t and *°C signals, with extraction of many substituent and
complexation induced shifts changes (SIS and CIS values, respectively). The CIS values and NOE cross peaks from
ROESY experiments provide for insight into the binding modes of selected complexes, indicating, e.g., the
simultaneous presence of complexes with a peptide phenyl unit approaching from both the narrow and the wide side
of the CD cavity. With3 one observes self-inclusion of the pendant phenyl ring within the cavity, and its replacement
by analytes such as peptides, or by adamantanecarboxylic acid. The inclusion modes are illustrated with force field
simulated structures and many NMR spectra, which are made available in electronic supplements. Go@@aajht
John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc: (NMR shift
tables; 3D coordinates for molecular structures; 1D- and 2D-NMR spectra)
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INTRODUCTION underlying complex structures in the functional state of
solution.
The binding of lipophilic substrates inside the cavity of ~ Most of the literature on CD complexes is restricted to
cyclodextrins (CDs) has been the focus of many measurements of association constants, including many
investigations. Surprisingly, the complexation of thermodynamic studies. The wealth of information from
peptides has until now received little attention, in these data, however, has not led to a consistent picture of
contrast to many other studies with bioactive guest the relevant binding mechanisms with CDs, which are
compounds, including amino acidsNon-covalent  more diverse than with other host compounds, and still a
interactions with peptides are of paramount importance matter of significant controvery® Often it is not even
for understanding mechanisms of protein folding, but known whether and which lipophilic parts of the substrate
also for, e.g., pharmaceutical applications. The low are bound within the CD cavity. It has been shown that it
toxicity of CDs and their increasingly economic not necessarily the geometric fit that determines this,
availability makes these host compounds particularly against chemical intuition or predictions from computer-
amenable for, e.g., drug protection and delivery. Also aided molecular modellin§The obvious remedy here is
for these reasons the design of suitable artificial peptidethe use of NMR methods, which in view of the
receptors, which are less developed in comparison withunderlying complex CD spin systems require application
host compounds for nucleotides, should be pursued onof high fields and of advanced NMR techniq@e$he
the basis of CDs. The present study addressed this needcomplications are particularly large if the inherent
with an emphasis on a better understanding of the symmetry of the CD moiety is distorted by substitution;
such complexes are the main focus of the present study.
. d .3 Sehneider. FR Oraanische Chemie d Complexes of native, unsubstituted CDs with peptides
s e sy isehe. CPeMIe 9 are very weak, which might be one reason why they have
E-mail: ch12hs@rz.uni-sb.de rarely been studied. We decided to use aminocyclodex-
TOn leave from the Institute of Organic Chemistry of the Bulgarian trins, which have been found to be very effective host
Academy of Sciences. compounds for nucleotides and even nucleosidéke
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Figure 1. Investigated amino-CDs

leadto relatively strongsalt bridgeswith the C-terminus
of peptidestogethemwith thelipophilic side-chairpartof
aminoacidsenhancedndeventuallysequence-selective
recognition might be feasible. CDs with pendant
aromatic side-chainshave been usedin particular by
Ueno and co-workersfor fluorimetric assaysof many
analytes. Detailed NMR analyse$ with such host
compoundshave already provided clear evidencefor
self-inclusionof the pendantaromaticside-chainwithin
the CD cavity, which can be expelled by addition of
stongerbinding analytes.

RESULTS AND DISCUSSION

The amino-CDsinvestigatedare shownin Fig. 1.

Syntheses, protonation state

Monoaminocycldextrins 1-3 were preparedfrom the
correspondingmono-6O-tosylate by nucleophilic sub-
stitution (see Experimentalsection). The monotosylate
was obtainedunder aqueousconditions using toluene-
sulfonyl chloride (T. Ikeda, Tokyo Institute of Technol-
ogy, personatommunicationyiving thesameyieldsand
purity reported before for pyridine as solvent? The
recentlyreported® higheryields with p-toluenesulfonic
anhydrideasreactantverenotreproduciblan ourhands.

The heptaamino-CD4 was preparedaccordingto a
procedureby Breslow et al.'* Insteadof the f-CD-6-
heptatosylatethe §-CD-6-heptaiodidevas usedfor the
nucleophilic substitution. Following the synthesis of
Ashton et al.,*® the iodide was preparedand converted
into thedesiredamine4 in amorereproduciblevay than
thatwith the useof the tosylate.

Thechargedor themonosubstitute@D derivativesl—
3 were estimated from known pK, values of the
correspondingamines(seefootnotesto Table 1). NMR
experimentat pD =2.4,7.4and12.4,however,showed
significantdifferencesdueto ligation of theaminego the
CD moiety,with protonationdegreessgivenin Tablel
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Table 1. Protonation degree and overall charges of
monoamino-CDs 1-3 (calculated from "HNMR measure-
ments at pD =2.4, 7.4 and 12.4)*¢

CD Protonationdegree(%)  Overallchargeat pD 7.4

1 N-14,50; N-3, 90 +1.4
2 N-1, <10, N-4, 60 +0.7
3 60 +0.6

3 At 298K in D,0, c(NaCl)=1 x 10~2mol|~%, pD = 7.4 corresponds
topH=7.0.

P Literature values/overallchargesat pH 7.0 of the underlying
unsubstitutecaminesfrom potentlometncmeasurementm water at
298K (all valueswithin 0.16 units)*®. For 1 (1,3-diaminopropane}®
10.9, 9.0 /+2; for 2 (dimethylpiperazinef® 8.54, 4,63 /+1; for 3
(N-methylbenzylamine)9.57, lowestliteraturevalue®

© At valuesof pD = 2.4and12.4only thefully protonatedpr the fully
deprotonatedforms, respectively,exist. The protonationdegres is
determinedfrom the ratio the differencesin the chemical shifts of
protonslocatedcloseto the protonationsitebetweerpD = 7.4and12.4
to the chemicalshift differenceof the wholerangepD =2.4and12.4
(seesupplementaryableS_Tablel).

(seealsoS_Tablel in the supplementarynaterialat the
epocwebsiteat http://www.wiley.com/epor The hepta-
substitutedd wasestimatedo bear4—5 positive charges
onthe basisof potentiometridnvestigationdoy Hamelin

et al.*® with a comparables-heptaamings-CD.

Association constants

K valuesweremeasuredisingacompetitionmethodwith
the fluorescencedye 1-anilinonaphthkene-8-sulfonate
(ANS), which providesasensitivechangeof fluorescence
emissionupon addition of the substratesalso giving
evidenceéfor anintracavityinclusionmode.Evaluationof
binding isothermswith known equationd’ (seeExperi-

25
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Figure 2. Fluorescence competition of the complex Ac-Gly—
Phe, ANS and the q(clodextrin 4 in water, pH 7.0,
Crnacy=1x 1072 mol 17", T=298K, Aex=360NnM, Aem=
500 nm (for fitting equations and parameters, see Experi-
mental)
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Table 2. Association constants, (K.s (M~') and free complexation enthalpies, AG (kJ/mol~") of complexes with the
aminocyclodextrins 1-4 from fluorescence titrations with 1,8-ANS in water, [pH 7.0, dNaCl)=1 x 102 mol I", T=298 k2P

1 2 3 4
Complex Kass. AG Kass. AG Kass. AG Kass. AG
Gly—-Gly—-Gly* <5 >—4.0 <10 >-5.6 <5 >—4 — —
Phe-Gly—-Gly 13 —-6.3 19 —-7.3 20 74 56° —-10.0
Gly—Phe-Gly 23 -7.8 37 -8.9 36 -89 20 -7.4
Gly—Gly—Phe 50 —-9.7 48 —-9.6 27 -8.2 72 —10.6
Phe—-Gly 22 -7.7 — — 25 -8.0 206 -13.2
Gly—Phe 49 -9.7 — — 35 -8.8 78 -10.8
Ac—Gly-Phe 80 -10.9 — — 53 -9.8 680 —16.2
Phe—Asp — — — — 19 -7.3 — —
Asp-Phe — — — — 73 -10.6 — —
Trp—Gly—Gly 10 -5.6 <20° >-7.3 37 -9.3 52 -9.8
Gly—Trp—-Gh — — — — — — —
Gly-Gly-Trg <50 >-9.7 <100 >-11.4 <50 >-9.7 <100 >-11.4
Leu-Gly-Gly <3 >-2.7 <10 >-5.6 5 -4.0 45 -9.5
Gly-Leu-Gly 18 -7.1 <10° >-5.6 12 -6.2 13 -6.4
Gly—-Gly-Leu 19 7.4 21 7.4 21 -7.5 31 -85

aErrorin K <15%.
bK
asp

4M~ " in water,pH 9.0).

(B-CDIGly-Gly—Phe)x10M ™2, in line with literature’” datafrom UV-VIS measurement®r the «-CD/Gly—Gly—Phesystem(K,ss = 8.1-10-

¢ No fluorescencehangeobservediponaddingpeptideto the system1,8-ANS/CD.

9 Too low solubility of the peptide(<5 x 10~*mol I7Y).
€ Error <20%.

mental) yielded satisfactory linear fitting for a 1:1
stochiometry (Fig. 2) and binding constantsfor the
amino-CDs 1-4 (Table 2). Limiting factors for the
determinationsand the errors in K were often low
solubilities of the peptides; in several cases only
approximatevaluesor upperor lower limits could be
given.

Affinity variations

Appreciableassociationof the peptideswith the CDs
(Table2) wasonly observedn the presencef lipophilic
amino acid side-chains.Thus, the tripeptide Gly—-Gly—
Gly showedho affinity abovethedetectionimit with any
CD host.Removalof thepositivechargein asubstratdy
converting it into the N-acetyl derivative leads, as
expectedon the basisof ion pairing. to an increasein
the associatiorconstantsThis is especiallyso with the
heptasubstituted, in whichthemanychargedeadto ion
paring as the dominating factor. Here, the K value is
increasedby a factor of almost 10 by neutralizingthe
positive chargeat the peptide whereagheincreasewith
host1 or 3 is only moderate.

With a seriesof tripeptidescontainingalwaystwo Gly
and either Phe, Trp or Leu units, we investigatedthe

possible sequenceselectivity of the host compounds.

With all CD hostsexceptthe benzyl derivative 3 the K
values,asfar they could be measuredare largerif the
lipophilic aminoacidis at the C-terminus—thidocation
allowssimultaneougontactof the carboxylateto the CD
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ammoniumgroupsandthe aromaticside-chainwith the
CD cavity. NMR datawith anotherpeptide(seebelow)
supportthis inclusion mode. The alternativedipeptides
Phe-Glyand Gly—Pheshow, in line with the discussed
inclusion mode, within error the sameK valuesas the
tripeptideas long asthe terminal sequences Gly—Phe,
but a much larger constantwith the heptamino-CDand
Phe-Glywith a differentsequenceln the structurewith
thisdipeptide optimumion pairingis nothinderecdby the
interactionsbetweenthe lipophilic partsof the hostand
guest.Thepresencef anadditionalanionicchargen the
Asp-containing peptidesleads to a moderate affinity
increasein comparisonwith Phe—Glyor Gly—Phe,and
this only with the Asp—Phe-sequence.

Selectivitywith respecto the natureof theaminoacid
side-chainis again only moderate,but in line with
expectationdasedntheincreasindipophilicity. Again,
thedominatingion pairingwith the highly chargechost4
leadsto decreasedelectivity.

Host 3 differs from the othersby the possibility of
competingself-inclusionof the pendantphenyl unit, in
line with related literature systemsof Ueno and co-
workers! This geometryis establishedby the observed
NMR shifts and NOEs,and also by an experimentwith
addedadamantanecarboxyliacid and with the added
peptideswhich expelthephenylunit from the cavity (see
below). NMR analysesalso exclude the presenceof
intermolecularassociationst the measuringconditions
(asindicatedin Fig. 3). Theintramoleculaoccupatiorof
the CD cavity by the phenylring in 3 leadsto an affinity
decreas¢éowardspeptideswhichin view of theK values

J. Phys.Org. Chem.2001;14: 159-170
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Figure 3. Complex geometry for intermolecular inclusion of
the benzyl ring in 3

obviouslyis only partially compensatedby interactions
betweenthe expelledphenylring outsidethe CD cavity
andlipophilic partsof the peptides.

NMR analyses

Assignment and measuring methods. Owing to the
complexationthe chemical shifts of both cyclodextrin
andpeptideprotonschangesothatespeciallyin the case
of the mono-substited derivativesseparateassignment
for the complexhasto be made,taking into accountthe
stoichiometryand the binding energeticsCharacteristic
patternsfor a-glucosidic protonsare a doubletwith a
constantaround4 Hz for H-1, a doubledoublet(10 and
4 Hz) for H-2 andtripletswith acouplingconstantround
10Hz for H-3 andH-4, theformerusuallyresonatingata
0.3-0.4ppm lower field. Only the pattern of the spin
system comprising H-5 and H-6a,b protons usually
changewing to substitutionand/orinclusionshielding
effects. Unresolvedor second-orderspectrafor these
protonswere observedevenat 500MHz, dependingon
the chemical shift difference between them. These
signals often overlap with some others; determination
of the coupling constants (3Js g is difficult, thus

precludingdeterminationof the preferredconformation
of the substituentsvith respecto the glucosering. Well
separatedsignals are only observedwith substituents
with largeanisotropyor field effects.Fortheassignment
of theseprotonsmeasuremendf a 2D C—H correlation
suchas HSQC or GHSQC is more advisablethan the
usually first acquiredCOSY. Determinationof the 3Js ¢
couplingconstantsouldbe achievedn stronglycoupled
systemawith the aid of the coupledversionof the HSQC
experiment:® In the hetero-correlatiorexperimentthe
carbonNMR spectrumis obtainedin addition;with this,
theassignmenof thecloselyresonatingC-2,C-3andC-5
atomscould be madeunambiguously.

A particular problemwith the heptasubstitutedom-
poundss their low solubility in water.Protonatiorof the
nitrogen atoms leads to better solubility. However,
complicated spectra are obtained at the pH values
between5 and 7 usually necessaryfor complexation
studiespwing to thedifferent protonationdegreeandthe
pH dependencespeciallyof the H-5 and H-6 signals.
DMSO is usually a better solvent in this case for
identificationpurposes.

Observatio of different shiftsin monosubstitted CDs
doesnot necessarilyindicaterestrictedmotions,but is in
line also with the existenceof predominantconforma-
tions1®*°Forall compoundsindcomplexescquisiton of
2D TOCSY, GHSQCand T-ROESY wasnecessaryThe
areabetweent.1and3.5ppmis alwaysa superpositiorof
manysignalsandonly occasionallycontairs a signalwith
the necessaryshielding separation.For the investigated
compoundshis wasthe case wheneithera phenylring is
fully or partiallyimmersedn the CyD cavity, owingto the
anisotropyeffectsof thecorrespondinging currentand/or
whenthe 6-aminonitrogenis fully protonated.

The2D TOCSY specta 4 afford separateetsof signals
for the different glucose units. From the tracesof the
corresponding anomeric protons, assignmentof the
remainingsignals can be made,taking into accountthe
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Figure 4. TOCSY NMR spectra of the 1-3 (only CyD protons are shown), illustrating the proton shift

dispersion due to different substitution
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coupling pattern of the signals. Owing to the different
resolutionin both directions,tracesand columnsusually
give supplementaryinformation for the overlapping
regions.Whensevereoverlappingof moresignalsoccurs
and/orwhen secondorder effectsdue to small chemical
shift differencesetweervicinal protons(mostlyH-4, H-5
and/or H-5, H-6) arise, 1D TOCSY experimentswith
different mixing times facilitate unambiguos assign-
ments. For the compoundsstudied, COSY-type spectra
evenin the DQF (double quantumfilter) versionof the
experimengavesevereoverlappingandwerethereforeof
little use.
Inthesecondssignmenstepthrough-spaceonnectiv-

ities betweenthe different glucoseunits are established.

Wefoundit mostusefultomeasurd-ROESYspectravith
an800msmixing time,aswith thisversiontheartifacts(J-
crosstalk, TOCSY transfer,etc.) are minimized andthe
intensitiesof the crosspeaksare maximized.The main
crospeaksarealwaysobservedetweerheanomeridi-1
protonsand H-2 protons,belongingto the sameglucose
ring,andH-4 protonspelongingo adjacenglucoseaings.
Theintensitieof bothtypesof crospeaksarecomparable,
correspondingo anaveragedistanceof 2.4 A, according
to the minimized structures(CHARMM/QUANTA V.
4.07°). Largecrosspeaksarealwaysobservedetweerthe
geminalnon-equivalenH-6 protongaveragelistancel.8
A) and betweenthe 1,3- diaxial H-3/H-5 and H-2/ H-4
protonsof eachglucoseing (averagalistance.7A). Near
diagonalsignalsareoften obscuredput the absencef a
crosspeakof the above-mentionedype betweenpeaks
with achemicakhiftdifferenceof morethan0.1 ppmhelps
toavoiderroneousssignmentdn theROESYspectrave
often observedalsoJ-crosstalk mainly betweerH-2 and
H-3 and betweenH-3 and H-4; thesecrosspeakswere
usedhoweveralsoasaid for assignment.
Assignmentof the *3C NMR spectrais donewith the
help of inverse-deteetd heteronucleacorrelation(HSQC
or GHSQC)?!* Replacemenbf the oxygenby a nitrogen
atom (or by anothersubstituent)in the glucos ring A
moves the C-6 and C-5 carbon chemical shifts to
considerablyhigher fields than the remaining glucose
carbonatoms. The correlation then allows an unambig-
uousassignmenbf the protonsin the glucosering A and
thus of the whole molecule, taking into accountthe
through-bond connectivity from the TOCSY and the
through-spaceonnectivityfrom the ROESY spectraThe
heterocorrelatiorxperimentsarealsousefulfor determi-
nation and/or confirmation of some difficult proton
assignmentsBesidesthe nucleiin the substituteding A,
which are usually easyto assign,the remaining carbon
atomsresonatén well-definedchemicalshiftranges101—
103ppmfor C-1, 80—85ppm for C-4 andaround61ppm
for C-6; only therangebetween71 and75 ppmcomprises
C-2, C-3 and C-5 carbonatoms.In orderto achievethe
necessaryigh resolution,we foundit easyandusefulfor
thesesystemsto usefolding®? in the carbondimension.
For this purpose,the carbon excitation frequency was
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Figure 5. Inverse heteronuclear C-H correlation (GHSQC)
NMR spectrum of the complex of 3 with Ac-Phe-Gly,
acquired with high resolution in the second dimension
(SW1 =10 ppm)

centered around 73ppm, in the middle of the most
crowded region and the sampling frequency for the
carbonswasadjustedo a spectralwidth of 10 ppm, with
avery highresolution(Fig. 5). Undertheseconditionsthe
C-1/H-1 pairsarefolded threetimes.However,owing to
the separateregion of the anomericproton shifts, which
arevery well resolved,they could be phasedseparately.
Thesignalsfor C-6/H-6andC-4/H-4arefoldedonce with
someoverlap.In this case recalculationof the regionand
acquisition of a new spectum are inevitade. Linear
predictionin F; wasalwaysusedfor achievingof a better
resolution in the carbon dimension with a significant
signal-to-noisaatio increase®>

Substituent-induced 1H NMR shifts (H-SIS). In the
supplementaryfablesS_Tablell andlll the calculated
substituent-inducegbroton and carbon NMR  shifts of

compoundd—4 aregiven;Figure4 showsthe CD protons
partsof the TOCSY spectraof the compoundsl-3. The
dispersionof the anomericprotonsis 0.09-0.14-ppm,
although these protons are at a considerabledistance
from the substitution site. The non-anomericprotons
showtwo different patternsdependingon the substitu-
tion. For the fully protonatedcompoundsl and 2 (at

pD =2.4), having an aliphatic pendantgroup, distinct
signalsonly for the protonsof rings A, B, G andF were
identified, whereasthe protons of rings C, D and E

possessearly identical chemical shifts. It should be
noted that when the nitrogen atom in ring A is not
protonatedno appreciablespreadof the chemicalshifts
for the individual glucose protons is observed. A

hydrogen bond between protons of the protonated
nitrogen at ring A and nearby oxygen atoms may be
responsiblehere®® Our shift data and the minimized

J. Phys.Org. Chem.2001;14: 159-170



164 F. HACKET, S.SIMOVA AND H.-J. SCHNEIDER

Figure 6. Minimized structure of 1. The proximity of the
protonated nitrogen atom to O 6 of ring B and O in ring A
can be seen. Protons are omitted for a better view

structure (Hyperchem5.02) show that the protonated
nitrogenis locatednearring B, andhydrogerbondscould
existbetweenit andboththe O atomin ring A andalso
the O-6 of ring B (seeFig. 6). At pH 7.00, wherethis

a)

IR

b)

il

c)

My

[ e
5.1 5.0 ppm

STV S

T T T T T T T T T T T T T T
75 70 65 60 55 50 45 4.0 35 3.0 25 20 ppm

Figure 7. TH NMR Spectra of 3 (b) and its complexes with (a)
ADCA and (c) with Ac-Gly—Phe
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Figure 8. Preferred conformation for the benzyl ring of 3 in
the CyD cavity according to the NMR data

nitrogen atom is protonatedto a lesserextent, only a
small dispersionof shifts in the unsubstitutedrings is
observedprecludingtheir unambiguousssignment.

Self-inclusion of the benzyl ring in the CD
cavity of 3

Dilution experimens at congant pD=7.4 in the con-
centrationrangel x 107%-5 x 10~*m do not showany
chemical shift variation, indicating no intermolealar
cavity inclusion of the phenyl ring (Fig. 3). Figure 9
illustrates the characteristicdispersionof the chemical
shifts of all protons, especially of the H-5 and H-6
protonswhich indicateinclusionof the phenylring from
the primaryside.Thisis supporedby the observedNOEs
betweenthe phenyl protons and some H-5 and H-3
protons(rings A, B, E andF), disappearingn addtion of

100
() ¥
1] 1 EH-1

-50) = HH-2
o Ou-3
Iy | OH-4
=150 OH-5
=200 W H-6a
350 W -6k
-300

A B c D E F G

Figure 9. Shielding differences between 3 and 1 showing
the net chemical shift effect arising from the introduction of
the benzyl ring in the CD cavity
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Table 3. Shielding differences between 3 and 1 for the glucose units A-G (Aé x 1072 in ppm) at T=300K in D,0%®

Proton A B C D E F G

H-1 -1.5 8.4 7.3 0.2 8.0 5.1 -8.7
H-2 -0.3 2.4 1.0 -2.4 1.0 1.0 —-6.6
H-3 -8.9 3.6 1.3 3.6 -5.7 2.0 -19.6
H-4 -3.4 8.4 0.8 -5.0 1.7 6.2 -2.8
H-5 -11.6 -1.1 —-15.0 -33.0 -1.0 -1.0 -53.7
H-6a —27.3 12.5 -5.0 —-29.0 -1.0 9.0 -13.1
H-6b —-6.7 -2.0 -1.0 —26.0 -2.0 9.0 —-45.0

a¢(1, 3)=2.0x 10 2moll~%, ¢(NaCl)=1.0x 10 ?mol |, pD=2.4.

b A8 (Hz) = [8(3) — (8()]; negativevaluescorrespondo shieldingandpositiveto deshielding.

an equimolar quartity of adanantane-1-adoxylic acid
(ADCA) as competing guest (see also Fig. 7). More
detailedanalyse®f the chemical shift datarevealthatthe
benzylring hasapreferredconformatonin theCD cavity,
sincethelargestshieldingsareobservedor the protonsof
the oppositey lying rings G andD (seeFigs 7 and8).

In this conformation,the protonatednitrogen atom
pointsin the directionof ring B andcanbe involved in
hydrogerbondinganalogougo thatin 1 and2. However,
only the chemicalshifts of the protonsin ring A showa
pronouncedpH dependencgsee supplementarytable
S _Tablel), indicatingthatthe preferredconformationof
the phenyl ring does not changewith pH. From the
differencesin the chemical shifts of 3 and 1 the net
chemicalshift effect arising from the ring currenteffect
could be calculated,as shownin Table 3 and Fig. 9.
Literaturedataon compoundswith an aromaticpendant
groupat the primary CD side’>>~?"(seealsosupplemen-
tary table S_TablelV) show that the largestchemical
shift dispersionof identical atoms in the individual
glucoseringsis observedor the H-6 atoms locatednear
thesubstituentandalsofor theinner-cavityH-5 protons.

A characteristiadispersionis also observedfor the H-3

protons,whereador the othermoredistantprotonsH-1,

H-2 and H-4, smaller but measurablevalues are also
detected.It should be noted that the values for the
differently substituted naphthyl (dansyl) group$>—2’
showcomparablevaluesthat are about3—4 timeslarger
than those for the correspondingphenyl groups. The
smallervaluesin 3 correspondo the smallershielding
coneof the phenyl group as comparedwith that of the
naphthleneing, andto the fact thatthe phenylring is in

equilibrium betweenthe two preferred conformations,
oneinsideandthe otheroutsidethe cavity.

3¢ SIS values

Small but measurable@lispersionof the carbonchemical
shiftsin the substituteccompoundss detectedallowing
assignmentof the individual signals through hetero-
nuclear correlation. This was possiblefor all carbon
signalsin 3, but for 1 and 2 individual signalscould be
assignednly for the nucleiin rings A, B and G, which

Table 4. 'H CIS values (A8 x 1072 in ppm) in the complex of 1 and Ac-Gly—Phe for the glucose units A-G in D,O at pD = 7.4 and

300 K?
Proton A B C D E F G
H-1 -1.0 9.0for B, C,D -2.0 -4.0
andE
H-2 <5.0 <4.0for
B,C,D, E,Fand
G

H-3 -1.0 —4.0% -9.0* -10.0* —15.0* -1.0 -2.0
H-4 -3.0 <5.0for B, C, <-4.0 <-9.0

D andE
H-5 -14.0 <—11.0*for B -14.0 -10.0

C,D andE

H-6a 19.0 <12.0* <12.0* <6.0* <8.0 <10.0 <12.0*
H-6b 9.0 <-12.0 <12.0* ~15.0-25.0 <8.0 <10.0 <6.0*
CHy(Gly) CHy(Phe) C-a C-b C-c H-o H-m H-p
-6.2 -12.5 56.2 12.5 —-12.5 —-6.2 —-12.5 —-12.5
N(CHs)3 CHs
0.6 —6.

& Determinedfrom the shift_difference betweenthe complex [c(1) =1.2 x 10 2moll~%, 80% in complexedstate, c(Ac—-Gly—Phe)= 6 x 1072

moll~%, ¢(NaCl)=1.0 x 10 >moll~Y] and1 atpD 7.4.
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Table 5. 'H CIS values (A§ x 1072 in ppm) in the complex of 3 and Ac-Gly—Phe for the glucose units A-G in D,0 at pD 7.4 and

300 K?@

Proton A B C D E F G
H-1 0.1 -1.1 -25 34 0.1 -2.7 —-4.4
H-2 -0.8 -2.1 -4.7 34 -0.8 -3.7 -1.6
H-3 6.3 2.6 -6.3 -1.8 -4.0 -3.3 8.1
H-4 15 -2.9 -2.3 3.8 6.6 0 -1.6
H-5 -2.1 <-5.5 7.4 8.2 <3.2 -20.1 -17.0
H-6a 1.1 <-55 —-4.1 5.5 <8.0 2.7 -17.9
H-6b -1.4 <-55 -4.1 55 <2.3 2.7 —-24.2

@ Determinedrom theshift differencebetweerthe complex|c(3) = 1.2 x 10-2mol1~%, 73%in the complexedstate c(Ac—Gly—Phe)= 6 x 10~?mol

171, ¢(NaCl)=1.0x 10 2mol |-t and3 atpD 7.4.

give separatsignalsespeciallyfor C-1,C-4andC-6.It is

difficult to explain thesesmall differencesbecausehe
effects due to conformational distortions, which are
visible particularlyin *3C shift variations areof thesame
order of magnitudeas field and anisotropy effects. It

shouldbe notedthatin all compoundghe carbonatoms
C-3 resonatealways at slightly lower fields than the
usuallyoverlappedC-2 andC-5 carbonswhich could be
usedfor differentiationof the correspondingprotonsin

the complexegqseebelow).

NMR shift analyses of the complexes/inclu-
sion modes

Assignmenif the signalsin the complexesvasdonein
the same manner as with host compounds. The
complexationinduced shifts (CIS), measuredfor the
complexesof 1, 3 and4 with the acetylatedGlyPhe,are
givenin Tables4, 5 and6. Inclusionof the phenylring of
Ac-Gly—Phein 4 is obvious from the complexation
inducedproton shifts: the higher shieldingobservedor
H-5 thanfor H-3 protonsindicatesthatthe aromaticring
is closerto the primary side, fully in line with the NOE

Table 6. 'H and "3C CIS values (A x 1072 in ppm) in the
complex of 4 and Ac-Gly—Phe for the glucose units A-G in
D,0 at pD 7.4 and 300 K?

Bccis Hcls
H(C)-1 -12.0 -1.0
H(C)-2 -20.0 -1.0
H(C)-3 -20.0 -7.0
H(C)-4 ~7.0 -1.0
H(C)-5 -15.0 -15.0
H(C)-6a -28.0 -1.0
H-6b -1.0
CH, —40.0 1.0

& Determined from the shift difference between the complex
[c(4) =5 x 10 3moll~%, 80% in the complexed state, c(Ac—Gly—
Phe)=1 x 10 3moll~%, ¢(NaCl)=1.0x 10 2moll~* and 4 at pD
7.4.

Copyright0 2001JohnWiley & Sons,Ltd.

results (see below). The *3C CIS values were also
determined (Table 6), but seemto give insufficient
selectivityfor structuralelucidation.

In the peptidecomplexesf 1 and3 we werenot able
to usethe CIS valuesfor determinationof the complex
mode. The CIS valuescould be determinedonly if the
chemicalshiftsof thefreeandof thecomplexedorm are
known.This wasnot the casefor 1; the shiftsof thefree
form couldnotbereliably determinedecausef thetoo
heavily overlappedproton spectrumat pD = 7,4, which
is the value in the complexationexperiments.Large
shieldingsareobservedor protonsH-3 andH-5, located
insidethe cavity, andalsofor someof the H-6 protons,
but, the valuesobtainedfor H-6 are not reliable for the
abovereason.The dataindicateinclusionof the phenyl
ring in the CyD cavity, but no conclusion on the
inclusion mode could be drawn solely from shift
arguments.

The ClSvaluesfor the complexof Ac—Gly—Phewith 3
(seeTable5) could be exactlydeterminedthe observed
shielding and deshielding, however, do not allow
unambiguougonclusiongo be drawnon the complexa-
tion mode.

NOE analyses of the complexes

If cavity inclusionof the peptidetakesplace,the ROESY
spectraof the complexesshow intermolecular cross
peaks betweenthe ortho- and/or metaprotons of the
phenyl ring and the H-3 and/or H-5 protons of the
cyclodextrin host. Owing to severeoverlapping,it is
often not possibleto separatall intracavity protons;the
rangesof the H-5 andthe H-3 protonsarethendeduced
from the high-resolutionHSQC experimentsThe NOE
datafor the complexesstudiedare givenin Table7. A
preferredinclusion of the phenylring from the primary
side could be detectecbnly for the complexof Ac-Gly—
Phewith 4 (seeFig. 10). The ortho-protonsin the phenyl
ring arein thevicinity of bothH-3 andH-5 CyD protons,
supportedalsoby the highershieldingof the H-5 proton
(seeabove),whereaghe metaprotonsare closeonly to
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Table 7. Intermolecular cross peaks in the T-ROESY spectra of the complexes with 1, 3 and 4 between the aromatic protons of

Ac-Gly-Phe and the cyclodextrin protons H-3 and H-52°

CDProp(2) CDBenz(3) HMA (4)
H-3 H-5 H-5 H-3 H-5
H-ortho + + + -
H-meta + + + + +
H-para + + + - -

2 1n D,O, c(NaCl)=1 x 107 2moll~, T=300K; c(1, 2)=1.2x 10 2moll1™2, c(4=5x 10 3moll™%), c(Ac-Gly—Phe)=6 x 1072 (for the

complexeswith 1 and3); 1 x 102 (for 4).
b+ = Intermolecula crosspeakobserved:— = no crosspeak.

the H-3 protons.This arrangemenallows interactionof
the multiple positive chargesof the CyD moleculewith
the negativeC-terminusof the peptide.

In contrast,in the complexeswith only one positive
charge(1 and3), no preferredinclusiongeometrycould
be deduced(Fig. 11). Ortho-, meta andthe methylene
protonsfrom the Pheresiduegive crosspeaksto both
intracavity H-3 and H-5 protons. Both arrangements,
inclusionfrom the primary andfrom the secondanside,
seemto existin thesecomplexes.

EXPERIMENTAL

Materials. f-Cyclodextrin was a gift from Wacker-
Chemie(Burghausenzermany).With the exceptionof
Ac—Gly—Phe (for preparationsee below) the peptides
were purchasedrom BachemBiochemica(Heidelberg,
Germany). CM-SephadexC-25 was purchasedfrom
Aldrich-Chemie(Steinheim Germany)in the Na" form,
swollenin distilled waterovernightandconvertedo the
NH4" form by washingwith 0.5M ammoniumhydro-

Figure 10. Complex geometry for the complex of 4 with Ac-Gly—Phe

e
co0 g
NH,—R

A: R

T >

Figure 11. Schematic representation of the possible complex geometries of 1 and 3 with Ac-Ghy—Phe

Copyright0 2001JohnWiley & Sons,Ltd.
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gencarbonatesolution followed by neutralizationwith
water.Deuteratedolventsverepurchasedrom Deutero
(Kastellaun, Germany) (deuteration99.9%). All other
chemicalsverepurchasedrom Fluka-ChemiéA (Buchs,
Switzerland)andusedwithout further purification. With
the exceptionof methylamine all amineswere distilled
over KOH beforeuse.

TLC wasperformedon silica-coatedaluminiumplates
(Alugram-SIL; Macherey—NagelDuren, Germany)For
detectionthe plateswere treatedwith a solution of 5%
sulfuric acidin ethanolandheatedyesultinga black spot
for CD-containing fractions. Elemental analysis was
performedon an ElementarAnalyserModell 1106from
CarloElba.

Mono-6-p-toluenesulfonyl-f-cyclodextrin. To a solu-
tion of 50.0g ( 44.1mmol) of 5-CD in 1.51 of 0.4Mm
sodium hydroxide, 50.0g ( 262mmol) of p-toluene
sulfonyl chloridewereaddedwith vigorousstirring. The
resulting suspensiorwas stirred for 3h at 0°C. The
reactionmixture was filtered and neutralizedwith 1 m
hydrochloric acid to yield a white precipitate. After
filtration, thecrudeproductwaswashedvith acetoneand
dried undervacuum.Recrystallizationfrom water gave
12.2g9 (22%) of mono-6p-toluenesulfonyls-cyclodex-
trin. TLC [acetic acid—chloroform—water8:1:1, v/Vv)],
R;=0.36.

NMR analysesonfirmedthe monosubstitutiorby the
tosylateas describedearlier for the samecompounds®
NMR also showed a purity of only 92%. Repeated
recrystallizationfrom water did not leadto a improved
purity of the product. The productalways showssome
impurities of unreactedCD tosyl chloride. As the
byproductsdid not lead to problemsin the further
preparatiorof theaminesnoadditionalpurificationsteps
werenecessaryvith thetosylate.

Monoamino-CDs 1-3. A 1.0g (0.78mmol) amountof
mono-6p-toluenesulfonyl-S-cyclodextrinwasdissolved
in 5ml of the freshly distilled amineandheatedat 70°C
in an atmosphereof nitrogenfor 15h. The aminewas
evaporated,yielding a pale-yellow syrup that was
refluxedin ethanolfor 30 min. The white precipitatethat
formedwasisolatedby filtration andthe procedurewvas
repeated.Purification was performedby ion-exchange
chromatography on carboxymethyl-Sephade C-25
(NHZ form). The columnwaselutedinitially with water
to replaceimpurities. In a secondstepthe amino-CDs
boundto the columnwereremovedby a gradientfrom O
to 0.5moll~* aqueousammoniumhydrogencarbonate.
CD-containingfractions(assayedy TLC showingonly
one spot) were collectedand dried undervaccum.The
remainingwhite solid wasdissolvedthreetimesin water
and evaporatedto drynessto decomposeammonium
hydrogencarbioate.

Yields (afterpurification): 1, 695mg (73%);2, 708 mg
(75%); 3, 530mg (42%). TLC (2-propanol—ethylace-
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tate—water—ammonid7:7:5:4, viv)], Ri=(1) 0.40, (2)
0.61 and (3) 0.84. Elementalanalysis:1, calc. N 2.30,
C46.30,H 6.78,foundN 2.29,C 45.05,H 6.83%;2, calc.
N 2.30,C46.38,H 6.62,foundN 2.51,C 45.22,H 6.61%;
3, calc.N 1.14,C 48.08,H 6.34,foundN 1.08,C 44.04,
H 6.41%.For NMR spectraseeNMR section.

6-Heptakisdeoxy-6-heptakismethylamino-f-cyclodex-
trin (4). The heptaaminel was synthesizedn two steps
from B-CD.** After a persubstitutionof the primary
hydroxy functiong® by iodide—triphenylphshpine, the
aminewaspreparedvith methylaminan dry ethanoland
purification over carboxymethltSephadex.NMR data
and elementalanalyseswere identical with previously
publisheddata®

Acetyl-glycyl-(L)-phenylalanin: Gly-(I)-Phe was pro-
tectedsimilar to literatureknown synthesig® Gly-(L)-
Phe (1.0g, 4.5mmol) was dissolvedin a minimum
amountof a saturatedaqueoussodiumhydrogencarbo-
natesolutionandaceticanhydride(0.85ml, 9.0mmol)
added. The reaction mixture was stirred at room
temperaturgor 10 min andrefluxedfor another3 min
to destroy the remaining anhydride. The reaction
mixture was passedhrough an ion exchangecolumn
(Dowex 50W8 H*-form). The resulting solution was
evaporatedo drynessyielding 686mg (58%) of Ac—
Gly—(L)-Phe as a white solid. m.p. 169°C, TLC:
(Ethylacetate DMF 9:1) Rf = 0.44,'"H NMR, DMSO-
ds, TMS internal reference,§ [ppm]: 12.82 (s, *H,)
COOH, 8.18 (d, 3J=7.6Hz, *H) NH-Phe, 8.08 (t,
3)=5.6Hz,1H) NH-Gly, 7.32-7.21(m, 5H) phenyl-H,
4.45 (m, 1H) CH-Phe, 3.72 (dd, 2J=16.6Hz,
3J=5.8Hz, 1H) CH,a-Gly, 3.63 (dd, 2J=16.8Hz,
3J=6.0Hz, 1H) CH2b-Gly, 3.06 (dd 2J=13.4Hz,
3J=4.8Hz, 1H) CH.,a-benzyl,2.89 (dd, 2J=13.6Hz,
3J=8.8,1H) CH,b-benzyl,1.85(s,3H)CH3,**C-NMR,
DMSO-d;, ref=DMSO=39.5ppm, § [ppm]: 172.2
(Carbox.),169.4,168.9 (Amide), 137.4,129.1,128.2,
126.4(phenyl),53.3(CH), 41.7 (CH,-Gly), 36.8(CH»-
benzyl),22.4 (CHy).

Fluorescence Spectroscopy. All fluorescencemeasure-
mentswerecarriedoutat 298K in doublydistilled water

using a Hitachi fluorescencespectrophotometef-2000
andHelma'Quarz-cellsl11’. Thesamplesvereexitedat

360nm and emissionintensitiesmeasurecdat 480, 500

and520 nm.

NMR-Spectroscopy: NMR spectrawere recordedon
BrukerAM 400(only for theroutineanalysisof theraw
products)and on AVANCE 500 NMR spectrometers
operatingat 400.1(500.1)MHz for protonsand 100.0
(125.0)MHz for carbon-13.A 5mm dual (inverse)
'H-13C probeheadwas used at room temperatre
300£K. Complexaibn-induced shifts (CIS) values
were calculatel from the differenceof the shiftsin the
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complexandthefreestateusingtheK o-valuesfrom the
fluorescene displacement titration. (Measurerant
conditionsseetables).1 x 102 mol/l NaCl concentra-
tion waspresentn all solutionsfor anequalion strength
as in the binding constantsmeasurementsTypical

measuringconditionsfor the 2D spectrawere: 90°—>

pulsesfor protonsand carbons,9 and 12 s, gradient
pulselength 1 ms, sweepwidth 4000 (2000)Hz; data
size2K/1K in the w,/ w, direction, /3 shiftedsquared
sine-bellwindowsin bothdirections;delaybetweerthe
scans2 s, 8-64 scans,dependingon concentation.

Phase-ansitive spectrausing the TPPI method were
acquired.In the homonuckar experimentslimination

of the water signalwas alwaysmade;usingin the 2D

TOCSY spectra the 3-9-19 pulse sequencewith

gradient$®3° and presaturabn of the water signal at

apowerof 50dbbelowthemaximumoutputin all other
experimens. The 2D T-ROESY*! spectrawere ac-
qguiredusingfor spinlocking field a sequencef 18

180—x pulses,eachwith a durationof 125 s. For a
minimum sweep width in the second dimension
application of quadratue detectionwas possible by

the use of two transmitter frequenges, one for

excitationin the middle of the spectrumandthe other
for the spin locking field at the high-field end of the
spectrum.GHSQC" experimentwas usedfor hetero-
nuclear correlations. For good quality 1D TOCSY
spectrathe z-filtering schem&? with applicatio of a
selectie excitationpulsewasused.

Binding constants. All titrations were carried out at
298K in water,pH 7.0,c(NaCl)= 1 x 10 ?mol . All
binding constantsare averagevalues calculated from
threeemissionwavelengthsas mentionedabove,differ-
ing by <5%from eachother.In afirst steptheassociation
constantshetweenthe amino-CD and the fluorescence
indicatorANS weredeterminedy anormalfluorescence
titration. A CD stock solution was addedto a ANS
containingsolutionfollowing theincreasen fluorescence
intensity. The resultswereevaluatedaccordingto a non-
linear least-squarefitting proceduredescribedearlier®?
The K values[Kass. (M™% =1, 251; 2, 239; 3, 156; 4,
2380] reflectstrongerbinding of the negativelycharged
ANS to the positively chargecaminoCDsin comparison
with unmodified CD ( Kgss=110M77), in line with
earlier studiesin this field** In the secondstep stock
solutionsof the investigatedpeptideswere addedto an
ANS-CD solution and the decreasein fluorescence
intensitieswasfollowed.

The datawere treatedwith a linear least-squareéit
accordingto Eqn.(1),}” yielding the peptideCD-binding
constantK.

S K

B—K—H(Q+1) (1)

Copyrightd 2001JohnWiley & Sons,Ltd.

where

_ SKi1
QK1 + Ki1

(e—ew)

R S

S= [peptide}, S = [peptidétotal
L =CD, Lt = [CDJjggq
| =ANS, | = [ANS]total

[IL] [SL]

A TN

e=measuredluorescenceéntensity
g =fluorescencéntensity of ANS without CD
e, = fluorescencéntensity of the ANS—CD complex

with K in M™%, S P andL in M and other parameters
dimensionless.
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