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Abstract Cyclodextrins (CyD) have proven effects on
the stability of proteins and can be used in the formulation
of aggregation prone therapeutic proteins. This effect stems
from specific interactions between the CyD (preferably f-
CyD) and solvent exposed amino acid residues. Here the
interaction with hydrophobic aromatic amino acid residues
stands out and the interaction between CyDs and these
amino acid residues holds the key to understanding the
observed effects, which CyDs exerts on proteins and pep-
tides. Here we present a comparative study of the inter-
actions between free and peptide bound aromatic amino
acids and their derivatives with o, f and y-CyDs using
NMR spectroscopy. We propose a novel, quantitative
means of assessing the penetration depth of guest mole-
cules in CyD cavities, the penetration gauge I1, and apply it
to the observed interaction patterns from ROESY NMR
spectra. We demonstrate that the penetration depths of the
aromatic rings within the CyDs rely highly on the nature of
the remainder of the guest molecule. Thus the presence of
charges, neighboring amino acids and the specific posi-
tioning on the surface of a protein highly influences the
penetration depth and geometry of guest—-CyD interactions.
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Introduction

A major limiting factor in the use of proteins as industrial
and clinical compounds is the instability of protein formu-
lations over extended periods of storage. A method to
increase the long-term stability of the protein is to use
additive compounds. Cyclodextrins (CyD) are quite inter-
esting in this context because they have been shown to have
an effect on protein solubility, thermal and proteolytic sta-
bility, refolding yields, and taste masking [1-14]. We have
previously shown that CyDs interact with proteins at specific
sites, preferably with solvent exposed aromatic amino acids,
which offers a likely explanation for their ability to suppress
aggregate formation, stabilize proteins against degradation
and exert changes to their functionality [15-17]. During
these studies we have observed largely different interactions
of solvent exposed aromatic amino acids with CyD, indi-
cating their dependence on their immediate surroundings.

NMR spectroscopy can be used to obtain structural
information on CyD inclusion complex formation, where
cross peaks in ROESY or NOESY NMR spectra occur if
two hydrogen atoms are within ~5 A of each other (See
Fig. 1 for the position of protons in CyD). Cross peak
intensities are to a first approximation dependent on the
inverse sixth power of the distance between the two atoms
involved and to the concentration of the compound yield-
ing a signal (in this case, the complex concentration). The
latter can be calculated if the association constant is
known. Thus, with unknown association constants, signal
intensities in ROESY spectra cannot readily be converted
into interatomar distances. The calculation of interatomar
distances is however of great interest since it delivers
information on the complex geometry.

Here, we circumvent this problem by calculating ratios
of intensities of cross peaks from guest molecule atoms to
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A penetration gauge of zero (I1=0) means an
- equal distance from the guest molecule

proton to cycldextrin H-3 and H-5.

I1>0: Hydrogen atom of guest molecule

closer to H-3 (shallower penetration)

[1<0: Hydrogen atom of guest molecule

closer to H-5 (deeper penetration)

<0

Fig. 1 The penetrationguage. The logarithm of the intensity ratios of
cross peaks to H-3 and H-5, which is a direct measure of penetration
depth into the CyD cavity. A value of 0 on that scale indicates that the
guest molecule atom in question is equidistant from H-3 and H-5,
positive values indicate a greater distance to H-5 than H-3 (less
penetration), and negative values indicate a greater distance to H-3
than H-5 (deeper penetration of the atom into the CyD cavity)

H-3 and H-5 atoms inside the CyD cavity (Eq. 1). We will
further refer to this quantity as the “penetration gauge”
or II.

I1=1 15;3 1
=1In IZQS (1)

where Ifj;* and Ijj;> refer to the intensity of the ROESY
cross peaks between the investigated hydrogen atom of the
guest molecule and CyD’s H-3 and H-5, respectively.

Hereby we isolate the distance dependence of ROESY
cross peak intensities and obtain information on the pene-
tration depth of aromatic guest molecules (in this case,
amino acids and their derivatives) into the CyD cavity. We
compute the logarithm of the intensity ratios of cross peaks
to H-3 and H-5, which is a direct measure of penetration
depth into the CyD cavity (Fig. 1). A value of 0O on that
scale indicates that the guest molecule atom in question is
equidistant from H-3 and H-5, positive values indicate a
greater distance to H-5 than H-3 (less penetration), and
negative values indicate a greater distance to H-3 than H-5
(deeper penetration of the atom into the CyD cavity).

In this work, we present a structural study of the inclusion
complex formation between CyD and three aromatic amino
acids (phenylalanine, tyrosine and tryptophan) with a-, f5-,
and y-CyD using NMR spectroscopy. We present a novel
gauge for measuring the penetration depth of guest mole-
cules into the CyD cavity. Furthermore, we also describe the
influence of charge on the peptide backbone and its effect on
the inclusion complex structure. Based on the NMR results
we are able to extract information about the molecular
structure for the interaction between CyD and aromatic
amino acids, independent of the association constant.

Materials and methods

Pharmaceutical grade «-, f-, and y-CyD were purchased
from Wacker Chemie GmbH, Burghausen, Germany. 99.9
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and 99% D,0 were purchased from Larodan Fine Chemi-
cals AB, Malmo, Sweden. NaH,PO, and Na,HPO, were
purchased from Bie & Bernstsen A/S, Rgdovre, Denmark.
99% pure phenylalanine, 99% pure tyrosine and 98% pure
tryptophan were all purchased from Sigma-Aldrich. Fmoc
Ala MBHA-HMP column, Fmoc Gly PS column, Fmoc
Phe PS column and reagents for the synthesis of the GGFA
tetrapeptide were all purchased from PE Biosystems. 99%
pure bradykinin was purchased from the American Peptide
Company. Modified amino acids N-Acetyl-tyrosine amide,
N-Acetyl-tyrosine, tyrosine-methylester, tryptophan-meth-
ylester, and N-Acetyl-tryptophan, all with 98% purity were
purchased from Sigma-Aldrich. The molecular structures
of the guest molecules used are shown in Fig. 2.

Stock solutions of 0.5 M NaD,PO, and 0.5 M Na,DPO,
were prepared by dissolving NaH,PO, and Na,HPO, in
D,0 and drying it to reduce the water signal in resulting
spectra. The NMR samples of either o- or y-CyD were
prepared with either phenylalanine, tyrosine/tyrosine
derivatives or tryptophan/tryptophan derivatives to a 550
pL final volume containing 25 mM CyD and 8.3 mM
amino acid in 20 mM phosphate buffer at pH* of 5.9 in
99% D,0. The NMR samples with f-CyD were prepared
with phenylalanine, tyrosine/tyrosine derivatives or tryp-
tophan/tryptophan derivatives to a final volume of 550 pL
of 12 mM CyD and 4 mM amino acids in 20 mM phos-
phate buffer at pH* of 5.9 in 99% D,0. The tetrapeptide
GGFA was synthesised by solid-phase peptide synthesis on
a Perkin Elmer ABI 432 SYNERGY peptide synthesizer
and the protocol from Perkin Elmer was used. After the
synthesis, the peptide was resuspended in 99% D,O and
freeze dried. The amount of synthesized GGFA peptide
was estimated by measuring the absorbance at 257.4 nm on
a UVIKON 934 Double Beam UV/VIS Spectrophotometer
(Kontron Instruments) and assuming an extinction coeffi-
cient of 197 M~ cm™" [18]. After the synthesis, the pep-
tide was resuspended in 99% D,O and freeze dried. For the
NMR samples, the tetrapeptide was mixed with a -CyD
stock solution resulting in a final concentration of 2.5 mM
peptide with 7.5 mM fS-CyD in 20 mM phosphate buffer,
pH* 5.9. The NMR sample with bradykinin contained 550
pL of 1 mg/mL of 99% pure bradykinin in 99% D20 with
5.6 mM f-CyD and 20 mM phosphate buffer, pH* 5.9.

All "H-NMR spectra were recorded at 600 MHz on a
BRUKER DRX600 spectrometer equipped with a 5 mm
xyz-gradient TXI(H/C/N) probe. All spectra were recorded
at 288 K. The spectra were referenced to the residual water
signal (4.86 ppm at 288 K), since chemical shift standards
can interact with CyDs and thereby negatively influence
the inclusion complex formation between CyDs and aro-
matic amino acids. One-dimensional "H NMR spectra were
recorded on all samples to ensure that the sample had not
undergone any degradation or contamination. 'H 2D
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Fig. 2 a Molecular structure of
p-CyD. b Sketch of the proton
positions in a CyD molecule.
¢ Molecular structure

of the guest molecules.
1—Phenylalanine,
2—Tyrosine,
3—N-Acetyl-tyrosine amid,
4—N-Acetyl-tyrosine,
5—Tyrosine methylester,
6—Tryptophan,
7—Tryptophan methylester,
8—N-Acetyl-tryptophan,
9—Bradykinin,
10—GGFA-peptide
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Rotating frame Overhauser Effect SpectroscopY (ROESY)
spectra with a 250 ms continuous wave spin-lock of 6 kHz
were acquired to detect any intermolecular interactions
between CyDs and the aromatic amino acids. The NMR
data were processed with BRUKER XwinNMR Ver. 2.5
software and the spectral analysis was done with XEASY
Ver. 1.3.13 [19].

Results and discussion

The 2D ROESY spectra revealed clear interactions
between phenylalanine (Phe) and «-, f-, and y-CyDs
(Fig. 3a, b). No binding stoichiometries higher than 1:1
were indicated from the data, in accordance with what was
expected from the experimental setup (e.g. the low
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Fig. 3 CyD interaction with A ppm
phenylalanine. a Area of 2D
ROESY spectra with 250 ms Hp . Lo one
mixing time on phenylalanine 30 ! ol P
and CyD in 20 mM phosphate HEo Ho ' A Hs
buffer of a pH* of 5.9 at 288 K. i : A -:n
Left a-CyD; Center: -CyD; 4.0- ! G
Right y-CyD. The cross peaks
between CyDs and * water = <
phenylalanine are highlighted 5.0 . :
and assigned. b The interaction !E
pattern obtained from ROESY I'
spectra; XxX: strong interaction 6.0-
to proton H—x of the CyD. xx:
medium interaction to proton
H—x of the CyD. x: weak 70 -ﬁ" £t
interaction to proton H—x of the :
CyD. ¢ II as defined in Eq. 1
8.0- .
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concentrations used and the high ratio between CyD and
the guest molecule) and structure of the guest molecule
[20]. Cross peak intensities (Fig. 3c) and the penetration
gauge diagram (Fig. 3d) showed a clear difference in the
penetration depths for Phe in relation to the CyD cavity
size. The penetration gauge for the a-CyD-Phe complex
was positive for both H’ and H’, which means that only a
smaller part of the phenyl ring was included in the
hydrophobic «-CyD cavity. The reason for this is that the
cavity diameter of a-CyD (5.2-4.7 A) was too small for a
good fit with the aromatic moiety (6.5 A) of phenylalanine.
Similarly, Inoue and Miyata, (1981) concluded from
relaxation time and chemical shift change studies that the
inclusion of the phenyl ring into the cavity was shallow
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and loose in the case of a-CyD. Other studies of substituted
benzenes have lead to the same conclusion that «-CyD is
only capable of partly including the benzene ring [21-23].
For both f- and y-CyD the penetration gauges indicate that
the whole phenyl ring can enter into their cavities, with
phenylalanine penetrating deeper into the y-CyD cavity.
Figure 2 shows weaker cross peak intensity for y-CyD,
which can be explained by a lower association constant for
the inclusion complex due to the y-CyD cavity being too
wide (7.5-8.3 A) for a good fit for the six-membered
aromatic ring. The $-CyD cavity size (6.0-6.4 A) seems to
fit the phenyl moiety well. Tyrosine displays a very similar
interaction pattern and penetration gauge as found for
phenylalanine, which was also expected (Results not
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shown). X-ray diffraction studies performed by Hamilton
et al. [24] and studies of relaxation time and chemical shift
changes by [24] show that the six-membered aromatic ring
was located in the center of the -CyD cavity having an
optimal fit for each other. Linde et al. [12] presented
equivalent results for the interaction of [-CyDs with
tyrosine and phenylalanine using 2D ROESY experiments.
For tryptophan, similar observations for the interaction
with o- and -CyDs were made, where the six-membered
ring of the indole moiety was included into the cavity of
CyD (Results not shown). Similar results showed that the
indole ring did not penetrate far into the a-CyD cavity and
that the interaction was further favoured by hydrogen bond
formation between the backbone carboxylate and ammo-
nium group with the secondary hydroxyl groups [25, 26].
The wider rim of the y-CyD cavity however, was big
enough to include the whole the indole ring (9.0 10%). Due to
its size, the y-CyD cavity could include tryptophan in
many different conformations, which because of fast
exchange were indistinguishable in the NMR spectra. Even
though the y-CyD-tryptophan complexes had different
conformations, only a 1:1 binding stoichiometry was pos-
sible due to sterical hindrance. y-CyD is more flexible than
both - and a-CyD [20], therefore it is possible for y-CyD
to make a steric fit to the guest without hindrance [27].
Based on the inclusion complex formation between free
aromatic amino acids and the common CyDs, it is clear
that the cavity size of f-CyD is optimal for tyrosine and
phenylalanine while the y-CyD cavity seems to fit trypto-
phan best. Therefore these two CyD were used further in
this study.

Fig. 4 p-CyD interaction with A
tyrosine and tyrosine derivatives OH
with different backbone 3 3
charges. a chemical structure of 55 H AN Hss
tyrosine and its derivatives (Tyr |
Tyrosine, NAc-Y-Amid 333 H H333
N-Acetyl-tyrosine amid, NAc-Y 5 5
N-Acetyl-tyrosine, Y-OMe H——H
tyrosine methylester) with +NH—1—CO0O-
interaction pattern obtained 3
from ROESY spectra; xxx: H
strong interaction to proton H—x Tyr
of the CyD. xx: medium
interaction to proton H—x of the
CyD. x: weak interaction to OH
proton H—x of the CyD. b IT as 33 H 33
defined in Eq. 1 555 H 555
33 33
55 H H 55
H H
o %\I/-IN I COO-
CH; NAc-Y

To further study the influence of backbone charges on
the penetration depth, tyrosine (Tyr) derivatives (Fig. 4)
with backbones of various masking charges were investi-
gated (NAc-Tyr-CONH, (nonionic), NAc-Tyr-COOH
(anionic) and NH,-Tyr-COOMe (cationic)) and compared
to zwitterionic tyrosine (NH,-Tyr-COOH). Based on RO-
ESY cross peak intensities and the derived penetration
gauge (Fig. 4) the elimination of backbone charges of Tyr
increased the penetration depth into S-CyD. Both the
nonionic and the anionic derivative exhibited similar pen-
etration depths while the cationic derivative seemed to
penetrate slightly deeper. In addition, cross peak intensities
seemed to be higher for the derivatives compared to free
tyrosine, indicating that the derivatives have higher
association constants. The elimination of charges in the
vicinity of the aromatic group has been shown by a spec-
trophotometrically detected competition assay to increase
association constant [28], fluorescence [29], NMR and
microcalorimetry [29]. The chemical groups used to mask
the backbone charges might have some effect on the pen-
etration as they can form H-bonds to both water and CyDs
hydroxyl groups. Furthermore, the phenolic hydroxyl
group of Tyr can make H-bonds to the primary rim of CyD
and that stabilizes the inclusion complex. In addition, it has
been suggested that the phenolic hydroxyl group of Tyr
reaches through the cavity in order to be able to make these
H-bonds with the primary rim and this accounts for the
deeper penetration into the CyD cavity [30].

Similar experiments on the influence of backbone
charges on the penetration depth were performed on tryp-
tophan (Trp) derivatives (Fig. 5) with different masking of

B
OH
33
555 H H 225
33 % 33 [JHe
55 1 H 55 C ElHs
H——H NAc-Y
NH.+
HN"| 3
0§< H O »E
CH, Y-OMe
NAc-Y-amid
Con —
555 H H 555 NAc-Y-amid
33 P 33
55 H H 55 Tyr E
H——H
+NH_,'——|-|—O—CH3 _'2 '1 0 ‘; 0
H O
Y-OMe
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Fig. 5 p-CyD interaction with
tryptophan and Trp derivatives
with different backbone
charges. a Chemical structures
of tryptophan and its derivatives
(Trp tryptophan, W-OMe
tryptophan methylester, NAc-W
N-Acetyl-tryptophan) with
interaction pattern obtained
from ROESY spectra; xxx:
strong interaction to proton H—x
of the CyD. xx: medium
interaction to proton H—x of the
CyD. x: weak interaction to
proton H—x of the CyD. b IT as
defined in Eq. 1. ¢ Sketch of
possible inclusion complex
geometries between tryptophan
and -CyD

backbone charges: NH,-Trp-COOH (zwitterionic), NH,-
Trp-COOMe (cationic), and, NAc-Trp-COOH (anionic).
As for Tyr, the cross peak intensities derived from ROESY
spectra were higher for Trp derivatives with one of their
charges masked compared to zwitterionic tryptophan
indicating again a higher association constant. The calcu-
lated penetration gauge diagrams clearly differs between
the Trp derivatives and together with the cross peak
intensity they indicate different inclusion complex geom-
etries shown schematically in Fig. 5c. For Trp the preferred
conformation seems to be II and I, for Trp-OMe mainly II
and III and NAc-Trp can best be explained by geometry III.
For both o- and -CyD inclusion geometry, II is preferred
for Trp (results not shown). It is thus evident, that masking
the backbone charges has a substantial impact on the
inclusion complex conformation and geometry. These
changes may result from alterations in backbone hydration,
hydrogen bonding potential, dipole—dipole and dipole—
charge interactions between the guest molecule and both
water and CyDs. However, there were no indications of
changes in binding stoichiometry between the charge
masked and non-masked amino acids used in this study.
Having demonstrated the influence of the backbone
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charges on complex formation, we moved on to investigate
the effect of the presence of neighboring amino acids on
complex formation.

In the context of proteins, it is interesting to investigate
how the interactions between aromatic amino acids and
CyDs are influenced by the presence of a peptide backbone.
The incorporation of amino acids into a (poly)peptide can
influence complex formation in two ways; firstly, neigh-
boring amino acids might sterically hinder complex for-
mation. This is especially the case if the amino acid is
incorporated into the hydrophobic core of the protein [16].
Secondly, the electrical charges on the amino acid vanish
upon formation of peptide bonds. We have chosen two
peptides, GGFA and bradykinin, which contain one and two
Phe, respectively (Fig. 6a, d) to look at this effect. The 2D
ROESY spectra show that the cross peak intensities were
different for all Phe in the peptides (Fig. 6a, b). Furthermore,
the cross peak intensities seemed to be more intense for the
peptide bound Phe compared to free Phe. The penetration
gauge diagram (Fig. 6¢c) demonstrates more clearly the
difference in penetration depths for peptide bound and free
Phe. Elimination of the backbone charges enhanced the
penetration depths of Phe 8 in bradykinin and Phe in GGFA.
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Fig. 6 p-CyDs interaction with A i
phenylalanine as free and ¢
peptide bound amino acid. Hp 3 H 3
a Area of 2D ROESY spectra %071 - 55 H H 55
with 250 ms mixing time on
GGFA and -CyD in 20 mM ggg H H ggg
phosphate buffer of a pD of 5.9 3.5 He  Hs H o H
at 288 K and sketch of GGFA e = | |
with the interaction pattern g = +NH N\/U\N NYCOO'
obtained from ROESY spectra. 4.0 | : 3 o II-I 0 CH
b Area of 2D ROESY spectra 73 72 7.1  pom 3
with 250 ms mixing time on
Bradykinin (Phe5 and Phe8) and
f-CyD in 20 mM phosphate B C OHe
buffer of a pH* of 5.9 at 288 K. 4:% EHG
¢ II as defined in Eq. 1. GGFA
d Sketch of Bradykinin with the ppm =
interaction pattern obtained Phes €2 Phe5
from ROESY spectra; xxx: 3.0+ HB Hp Phes i
strong interaction to proton H—x e -
of the CyD. xx: medium
interaction to proton H—x of the Phe8 Phe5 Phes Phes
CyD. x: weak interaction to 3.54 He He Hs H3 Phe
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This is in line with earlier results showing that the disloca-
tion of the charges and deeper penetration leads to stronger
interaction [28, 31] and thus to higher association constants
for peptide fragments than for free aromatic amino acids.
Furthermore, the interactions with peptide-bound resi-
dues of the same type do not need to be identical; for bra-
dykinin, Phe 8 displayed a stronger interaction with -CyD
and a deeper penetration than Phe 5. Factors like the con-
formation of the peptide backbone as well as steric hin-
drance from other amino acids will affect both the
association constant and penetration depth [32] and it was
found that both Phe 5 and Phe 8 in bradykinin interacted
with 5-CyD. These results also indicated an interaction with
arginine residues in bradykinin. By ESI-MS they were able
to show an interaction between free arginine and -CyD.

The present study does not show interactions to anything
other than the phenylalanine side-chains of bradykinin.

In our study, no interaction between H* of phenylalanine
and H-3 and H-5 of -CyD can be identified. This could be
caused by the larger distance of HE to the CyD molecule
compared to H? and H®. While there are a number of crystal
structures of proteins with CyD in the PDB database, there
are no NMR structures of protein-CyD complexes avail-
able. We have measured NOESY spectra of protein: CyD
complexes on three proteins: insulin, S6 and CI2 [16]. In
order to learn more about the inclusion complex formation
between aromatic amino acids and CyD we have calculated
the penetration gauge for those amino acids with well-
resolved NMR resonances (Fig. 7). The penetration gauges
for tyrosine in both insulin and S6 (Fig. 7a, b) are similar to
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Fig. 7 The logarithm intensity ratio between H-3s and H-5s protons
to the aromatic protons amino acid in protein and CyDs. a Insulin
Tyrl4 and f-CyD. b S6 Tyr49 and -CyD. ¢ CI2 Trp65 and -CyD
(Strong interaction between H{3and H-5). d S6 Phe97 and -CyD

results obtained for NAc-Tyr-NH,. However for trypto-
phan (CI2) and phenylalanine (S6) (Fig. 7c, d) the pene-
tration gauges cannot be directly compared to those of the
investigated derivatives. This means that complex geome-
try in inclusion complexes of CyD with protein-bound
amino acids is also dictated by sterical demands of
neighboring amino acids of the protein.

Conclusion

We have introduced here a penetration gauge as a means
for the straightforward evaluation of the penetration depths
of aromatic rings into the CyD independently of the asso-
ciation constant. We determined the penetration gauges of
several inclusion complexes of different CyDs with aro-
matic amino acids, their derivatives and peptides contain-
ing these amino acids. Based on the penetration gauges we
can conclude that the backbone charges on aromatic amino
acids reduced the penetration depth of the aromatic ring
and masked the charges, either by modification or incor-
poration into a peptide chain, which lead to increased
penetration depths. We also demonstrated that identical
amino acid residues within the same peptide or protein can
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have largely different inclusion complex geometries and
complex stabilities.
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