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the Ligand Activity of the Multifunctional
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Neokyotorphin (NKT) is a multifunctional pentapeptide that is
involved in biological functions as diverse as analgesia, antihi-
bernatic regulation and proliferation stimulus of tumour cells.
The interaction of neokyotorphin with cell membranes is poten-
tially important to all these multiple biological processes since re-
ceptor-mediated processes are thought to be involved in neokyo-
torphin action. Sargent and Schwyzer proposed in their “mem-
brane catalysis” model that ligands interact with membrane
lipids in order to adopt the necessary conformation for cell recep-
tors. We have used fluorescence techniques to study the depth,
orientation and extent of incorporation of NKT with model mem-

Introduction

Neokyotorphin (NKT) is a multifunctional pentapeptide (H-Thr-
Ser-Lys-Tyr-Arg-OH; Figure 1) that was first isolated from
bovine brain by Takagi et al."! NKT is one of the last peptides
obtained from haemoglobin a-chain hydrolysis and contains in
its C terminus the sequence of the powerful endogenous anal-
gesic neuropeptide, kyotorphin (L-Tyr-L-Arg; KTP).? NKT also
possesses neuroactivity, but it has been suggested that differ-
ent analgesic mechanisms are involved in the actions of these
two related peptides.” Moreover, NKT is involved in anti-
hibernatic regulation” and in stimulating the proliferation of
1929 tumour cells® through proposed receptor-mediated pro-
cesses.®”! The interaction of NKT with cell membranes is poten-
tially important to all these biological processes. Sargent and

C

Figure 1. NKT structure: A) tyrosine side chain (phenolic ring), B) threonine side
chain (positively charged N terminus), C) arginine side chain positively charged
(C terminus), D) lysine side chain (positively charged) and E) serine side chain.
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brane systems (lipidic vesicles). The roles of lipid charge, mem-
brane phase and sterol presence were investigated. The phenolic
ring of tyrosine is located in a shallow position in membranes.
The extent of partition is less in gel crystalline membranes than
in liquid crystalline membranes. Addition of cholesterol causes a
reorientation of the tyrosine ring at the interface of lipidic bilay-
ers. Lipidic membranes meet all the conditions required for
acting as potential “catalysts” in the ligand activity of the multi-
functional pentapeptide NKT, because they modulate the expo-
sure and orientation of the phenolic ring, which is most likely
involved in docking to receptors.

Schwyzer proposed in their “membrane catalysis” model that
peptides could interact with membrane lipids in order to
adopt the necessary conformation for docking cell receptors.”
This way, the molecular mechanism of receptor-mediated proc-
esses is based both on receptor and membrane requirements.
The tyrosine residue’s location and orientation in neuropep-
tides is a crucial factor for both interaction with cell receptors
and biological activity, as observed for enkephalin peptides®
for instance. NKT’s phenolic ring exposure and orientation are
therefore very likely to be key requirements for NKT interaction
with receptors and for its biological activity. Moreover, NKT
possesses in its structure two amino acid residues, lysine and
arginine, that are adjacent to the tyrosine residue and are
known to act as peptide anchors in membranes.™ It is our
goal to report structural information on NKT interactions with
model systems of biological membranes. We have used the in-
trinsic fluorescence of tyrosine to study the location, orienta-
tion and extent of NKT insertion in model membranes systems.
The influence of membrane charge, lipid phase and sterol
presence were investigated.
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Results and Discussion

NKT absorption and emission spectra in different media are
represented in Figure 2. Except for NKT absorption spectra in
multibilayer systems, all spectra have vibronic progression and

A/nm

Figure 2. NKT absorption and emission spectra in acetate buffer (20 mm,

pH 4.94, red), ethanol (blue), POPG (3 mm) LUVs (green), POPG multibilayers
(pink) and POPG plus cholesterol multibilayers (orange). Only POPG-containing
systems are represented for the sake of clarity; similar spectra were obtained
for DPPC systems.

energy ranges that are characteristic of L-tyrosine. A slight ab-
sorption/emission red shift is observed when NKT is in lipidic
systems (Figure 2 and Table 1) or in ethanol; this points to the

Table 1. Photophysical parameters for NKT in acetate buffer (20 mm,
pH 4.94), ethanol, POPC LUVs (pH 4.94) and POPC multibilayers (pH 4.94);
maximum absorption and emission wavelength (M, Agy), fluorescence
quantum yield (®g) and mean lifetime ().

AAbs,max [nm] AEm,max [nm] de T [ns]
acetate buffer 275 298 0.03 1.15
EtOH 278 301 - -
LUVs (5 mm) 274 303 0.06 3.27
Multibilayers 278 and 286 303 - -

fact that the tyrosine in NKT is slightly sensitive to the polarity
of the environment. This is a peculiarity since tyrosine emis-
sion, at variance with tryptophan, is generally rather insensitive
to the local environment. A complex combination of 1) the
ability of phenolic rings to
engage excitonic coupling, as

M. A. R. B. Castanho et al.

substituents of benzene are polar groups, the fine structure
disappears in polar solvents. The effect of auxochromes (such
as OH) on the fine structure of the 260 nm bands of benzene
is explained in terms of the interaction of the unshared elec-
trons with the benzene nucleus."? Peptide clustering and/or
the concealment of the phenolic rings in the membrane result
in the albeit weak vibrational resolution observed in lipidic
multibilayers, compared to its absence in homogeneous so-
lution and lipidic vesicles.

Fluorescence quantum yield (®¢) and mean lifetime (7) of
NKT both in homogeneous aqueous solution and in the pres-
ence of large unilamellar vesicles (LUVs) are presented in
Table 1. Higher values are obtained when the peptide is in the
presence of lipidic bilayers; this further demonstrates that the
phenolic ring is interacting with the lipidic vesicles. However
both values are lower than the ones obtained for free L-tyro-
sine in buffer solution." Several authors™'® have suggested
that the fluorescence of an aromatic amino acid side chain can
be quenched by the peptide group as a consequence of a
charge transfer between the excited chromophore (phenol
ring), acting as a donor, and electrophilic units in the amino
acid backbone, acting as acceptors. Moreover, Ross et al,l'”’
also observed that, if the phenol side chain is shielded from
solvent and the local environment contains no proton accept-
ors, many intra- and intermolecular interactions result in a re-
duction of the quantum vyield.

NKT prefers liquid crystalline to gel crystalline phase sys-
tems; the partition coefficient, K, in 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphatidylcholine (POPC) is higher than the K, in
L-a-dipalmitoylphosphatidylcholine (DPPC) vesicles, (Table 2).
Cholesterol addition to liquid-crystalline-phase systems de-
creases the partition coefficient (Table 2), which is expected
given its condensation effect. Apparently increased negative
surface charge has no significant effect on the binding of NKT
(Table 2). The present study was carried out at pH 4.94 to
ensure that the peptide is positively charged. Electrostatic at-
traction is known to play an important role in the binding of
many positively charged peptides and proteins to negatively
charged bilayers."® At pH4.94 and a salt concentration of
20 mMm most of the 1-palmitoyl-2-oleoyl-sn-phosphatidylglycer-
ol (POPG) is fully deprotonated”®?*" with a —1 net charge in
its polar head group. However, it seems to have no effect,
whatsoever on NKT interaction with lipids. In fact, similar K,'s

demonstrated in the phenolic-
related chromophores of Triton
X-100,""" together with 2) con-
comitant multiple solvent ef-

Table 2. Partition coefficient constant (K,), Stern-Volmer quenching constant (Ks,), second rank order parameter
({P,)), mean angle ((W)) displacement from the bilayer normal, fraction of the fluorescence intensity emitted by the
peptide incorporated in the membrane (f,) and fraction of the peptide which is accessible to the quencher (fg) in
different lipid systems at pH 4.94.

fects">'¥ prevents a detailed ex- System Cholesterol K,x 107 Koyx 1073 M) (P,) ) f f,

planation for the altered vibron- | popc - 198406 0.057 0.641 2929 0.94 0.94

ic progression with a simultane- DPPC - 0.12+0.05 - - - - -

ous small red shift. Phenol ab- POPG - 21404 0.031 0.662 2834 0.96 0.90
- . + 0.31+0.02 57408 0.472 36.39 0.78 0.48

sorption in  heptane shows

moderately sharp vibrational — and +, in the cholesterol column denote the absence or presence of cholesterol (33% molar) in the system

resolution, at variance with

studied, respectively. KI or cholesteryl bromide were used as quenchers in systems without and with cholester-
ol, respectively (lipid concentration =5 mw, cholesterol,,, concentration=1.65 mm).

spectra in ethanol."? When the
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were obtained for the peptide in presence of negatively
charged membranes (POPG) compared with zwitterionic mem-
branes (POPC). NKT possesses in its structure two charged
amino-acid residues, lysine and arginine, adjacent to the tyro-
sine residue that have flexible apolar long side chains with
charged terminal groups. Interfacial partitioning of lysine and
arginine has been assumed to be relatively favourable due to
the hydrophobic interaction of their methylenes with the
membrane interface, whereas their charged groups would
have unfavourable contributions and interact with the aqueous
phase (“snorkel effect’'™). Although White and Wimley were
unable to observe this effect in their pentapeptides,'” inter-
facial partitioning might become predominantly favourable if
peptides have aromatic residues, as is the case for tyrosine
(Figure 3). Threonine and serine make small contributions."”

S 30 ¢

£

T

O

4

S

845t

2

S

<]

£ )

S : . . .
2 00

© 1 2 3 4 5
Q

<

e~

s

S 45l

S 15

residue number

Figure 3. Theoretical analysis of partition of NKT into lipidic membranes. 0
and A denote AG,;s and AG,,., respectively. AG,, is the whole-residue free-
energy balance from water to bilayer interface and AG,, is the whole-residue
free energy from water to octanol. Octanol is commonly used for measurement
of bulk-phase hydrophobicities."” AG,,.< 0 denotes a preference of the resi-
due for the membrane interface and AG,,;> 0 a preference of the residue for
the aqueous environment.

To explain the apparent lack of effect of electrostatic interac-
tions on peptide partitioning in membranes, we propose that
the “additional” uptake of peptides by the lipidic bilayers,
which is due to charge effects, occurs at a very superficial
level; this leaves the chromophoric phenolic ring totally ex-
posed to the aqueous medium (Figure 4). This subpopulation
of fully exposed chromophores does not make a large contri-
bution to K, calculation because it does not experience an in-
crease in quantum yield due to binding (i.e., the fluorescence
quantum vyield is similar to unbound NKT). In zwitterionic
lipids, lysine and arginine bury themselves with their aliphatic
chains inside the lipid bilayer, while positioning the charged
group in the aqueous interface of the bilayers (Figure 4 A). This
allowed the phenolic group to penetrate deeper in the lipid
head groups, and therefore resulted in increased fluorescence
quantum vyield. In negatively charged bilayers, the positively
charged lateral chains of lysine and arginine become more re-
stricted in their depth location in the bilayer; this forces the
phenolic ring of tyrosine to a shallower location (Figure 4B).
The phenolic ring is projected from the plane that includes the

ChemBioChem 2005, 6, 697702 www.chembiochem.org
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Lipid charge change

Figure 4. Schematic view of NKT depth location in A) zwitterionic lipids where
the lysine (K) and arginine (R) side chains are able to bury their aliphatic part
inside the lipid bilayer, while positioning the charged group in the aqueous in-
terface of the bilayers. The phenolic group is thus allowed to penetrate deeper
into the lipids’ head group and therefore, has an increased fluorescence quan-
tum yield. B) In negatively charged lipids, where the positively charged lateral
chains of lysine and arginine become more restricted in their depth location in
the bilayer, the phenolic ring of tyrosine (Y) is forced to a shallower location.
Tand S are threonine and serine amino-acid residues. + and — denote the
formal charge in each amino acid at pH 4.94.

positively charged groups of the molecule. (One can speculate
this would be the negatively charged bilayer plane, Figure 4B.)

Fluorescence-quenching studies were performed to confirm
the location of NKT's phenolic ring in the different systems.
Cholesteryl bromide and iodide anions (I7) were used as
quenchers of NKT fluorescence in the presence of bilayers with
or without cholesterol, respectively. The ability or not of the
quenchers to decrease tyrosine fluorescence can be used to
determine the degree of exposure of this amino acid residue
to the aqueous phase or lipidic interface. I~ is able to quench
tyrosine residues that are exposed to the aqueous phase. The
bromide quencher in cholesteryl bromide replaces the —OH
group in cholesterol and is putatively at the same depth in the
lipidic bilayers interface. It is thus able to quench phenolic
rings at this depth. If the fluorophore is exposed to the aque-
ous medium, a considerable fraction of the emitted fluores-
cence will be quenched by I7. On the other hand if it is buried
in the lipidic head group interface (i.e., in the quencher vicini-
ty) quenching by cholesteryl bromide will be effective. The
fraction of fluorescence intensity accessible to each quencher
(f;) was determined by application of the Lerher equation®®? to
the data (Figure 5), whereas the fraction of fluorescence inten-
sity emitted from the lipidic environment (f) was determined
from K, as described in ref. [23]. According to the results pre-
sented in Table 2, we can conclude that at lipidic concentra-
tions of [POPC] =[POPG] =1 mwm, almost all of the fluorescence
signal originated from peptides that interacted with lipidic
membranes (f & 1), and f; is close to 1. This means that the
fraction of phenolic rings buried in the membrane is very
small. When cholesterol is added to POPG, its condensation
effect has a severe influence in hindering the insertion of the
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Figure 5. Stern-Volmer plot for the fluorescence quenching of NKT by A) choles-
teryl bromide in POPG plus cholesterol (z) LUVs (33 % molar of total sterol-
cholesterol plus cholesteryl bromide) and by B) I in the presence of POPC (o)
and POPG (A) vesicles.

phenolic ring in lipidic palissades (therefore K, and f, decrease).
With cholesteryl bromide as fluorescence quencher, fy/f, =60 %;
this means that only 60% of the tyrosine residues in the lipidic
membranes are buried deep in the lipidic head-group inter-
face. The remaining 40% are very shallow in the membrane.
Therefore, we conclude that there is a high degree of exposure
of the tyrosine ring to the aqueous-phase bulk environment,
both in cholesterol-free and cholesterol-rich lipidic mem-
branes.

Cholesterol plays a role in NKT orientation. The lowest-
energy singlet transition of tyrosine is due to the 'L, transition,
oriented across the phenyl ring (Figure 6), with an absorption
maximum of approximately 277 nm."” For an excitation wave-
length above 260 nm, the electronic absorption and emission
occurs from the same 'L, state, and orientation of the phenolic
ring can be obtained.?” The phenolic ring orientation is influ-
enced by the presence of cholesterol (Table 2). The second
rank order parameter suggests that the transition moment is
at an intermediate position between perpendicular and parallel
to the lipidic membrane surface. Although not dramatic, cho-
lesterol seems to increase on average the angle between the
bilayer normal (system director axis) and the phenolic transi-
tion moment. It is not possible to conclude from the data if
this displacement is in-plane (Figure 6A), out-of-plane (Fig-
ure 6B) or both.
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Figure 6. Angular displacements relative to the director axis (ZZ) might occur
A) out-of-plane or B) in-plane. 'L, allowed transition in the phenolic ring is
denoted with the horizontal double arrow.

Conclusion

In spite of its hydrophilic character, the multifunctional penta-
peptide NKT interacts with the models of biological mem-
branes. The observed interaction with membranes’ surfaces
putatively meets the orientational constraints needed for re-
ceptor-ligand interaction. Altered peptide diffusion and pro-
tection from proteolytic processes might be additional out-
comes. A shallow location of the phenolic ring of tyrosine was
concluded, mainly in charged membranes. Phenolic groups are
common in biologically active peptides and are involved in the
interaction with cell receptors (e.g., enkephalins, endorphins
and related molecules™). Exposure and orientation are crucial
for molecular recognition through cellular receptor-mediated
processes, such as the ones proposed for NKT.**' This study
demonstrates that the phenolic ring of NKT is exposed to re-
ceptor interaction with a well-defined orientation relative to
the bilayer plane. Therefore, the structural requirements
needed for the biological membranes to act as “catalysts” are
met. The “membrane catalyst” hypothesis, which states that
the membrane’s role is to allow ligands to adopt the necessary
docking constraints for cell receptors,” is of general accept-
ance and is based mainly on chemical intuition. However, ex-
tensive experimental support for this hypothesis is still lacking.
This paper presents evidence that critical ligand groups might
indeed be exposed and oriented by lipidic membranes, in
order to adopt cellular receptor requirements.

Experimental Section

NKT (Bachem, Switzerland), cholesterol, cholesteryl bromide and 5-
methoxyindole (Sigma, St. Louis, Mo, USA) were 99% pure. All
lipids were from Avanti Polar Lipids (Alabaster, AL, USA). The sol-
vents were from Merck (Darmstadt, Germany) and of spectroscopic
grade.

UV/Vis absorption measurements were carried out in a Shimadzu
spectrophotometer (model UV-3101 PQ).

A spectrofluorimeter SLM-Aminco 8100 equipped with a 450 W Xe
Lamp and double monochromators for both excitation and emis-
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sion, as well as a quantum counter was used. Excitation and emis-
sion wavelengths were 277 nm and 303 nm, respectively.

Fluorescence decays: Fluorescence-decay measurements were car-
ried out with a time-correlated single-photon counting system. A
frequency doubled, cavity-pumped Rhodamine (Rho) dye laser,
synchronously pumped by a mode-locked Ar* laser (514.5 nm, Co-
herent Innova 400-10) was used to excite NKT samples at 285 nm.
The emission wavelength was 308 nm. A Hamamatsu R-2809 MCP
photomultiplier was used for detection. A Corion W-305-S filter
was used to prevent excitation light scattering from interfering
with the detected signal.

LUVs were obtained by extrusion®® with NKT and lipid concentra-

tions of 7x107°m and 5 mm, respectively. Data treatment was as
described in ref. [26]. Fluorescence decays were complex and are
described by a sum of three exponentials. The mean lifetime, was
obtained from:"¥

Partition studies: Partition studies were carried out in LUVs by
using different lipid or lipid plus cholesterol concentrations (up to
5 mm), with a peptide concentration of 7x 107> m. Fluorescence in-
tensity was measured at A, =277 nm and A., =303 nm. The mea-
sured fluorescence intensity, I, is a balance between the fluores-
cence intensity of the peptide in bulk aqueous phase (ly) and pep-
tide inserted in the lipidic matrix (/) [Eq (2)].”® The weight factors
in this balance depend on the partition coefficient, K, which was
calculated as a fit parameter in a nonlinear-regression methodolo-
gy and is dimensionless (Figure 7). y, denotes the molar volume of
the lipid used, and has the reciprocal unities used for the lipid
concentration.

T=

b1 +KpVL“-KIL//w),K _ [NKT],

W TRl T NKT), @)

(Here [L] is the lipid concentration; subscripts L and W in [NKT]
refer to the lipidic and bulk agueous media, respectively).

The fraction of the fluorescence intensity emitted by the peptide

incorporated in the membrane (f,) can be calculated from:?*

_ (IL/IW)KpVL[L]
fo= T+ (I /h)KpyL L] ®)

Details regarding this methodology can be found elsewhere.”

20 r

L, 15 |
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Figure 7. Partition curve of NKT in POPC (o) and DPPC (). Solid lines represent
the fitting of Equation (2) to the data.
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Quenching studies: Quenching studies were performed in order
to study the depth of NKT's phenolic ring in LUVs with or without
cholesterol. In systems without cholesterol, quenching studies
were performed by adding small aliquots of Kl (0.1 M) to the sus-
pension of LUVs with previously added NKT. In systems containing
cholesterol, NKT fluorescence (peptide final concentration 7x
10°m) was quenched by cholesteryl bromide in LUVs (prepared
by extrusion as in ref. [25]) of lipid plus cholesterol with increasing
concentrations of cholesteryl bromide. The bromide (quencher) re-
places the —OH group in cholesterol and is putatively at the same
depth in the lipidic bilayer’s interface. Briefly, in both cases, the
methodology to ascertain the location of the phenolic ring is
based on the dependence of the apparent quenching efficiency on
the local concentration of the quencher in the vicinity of the fluo-
rophore. If quenching with I~ and/or cholesteryl bromide occurs,
the location of the fluorophore exposed to the bulk phase and/or
inserted in the interface (i.e., in the quencher vicinity) can be infer-
red. Data treatment was as described in ref.[27]. All values of
quencher concentration shown in the figures refer to its effective
concentration (calculated by means of Equation Al.6 in ref. [28]).
Fluorescence intensity was measured with excitation and emission
wavelengths of 277 nm and 303 nm, respectively.

The simplest model that describes dynamic or static fluorescence
quenching leads to linear Stern-Volmer plots:

b1kl 4)

Here I, and | denote the fluorescence intensities in the absence
and presence of quencher, respectively, K, is the Stern-Volmer
constant and [Q] is the quencher concentration.

However, nonlinear Stern-Volmer plots can also be observed when
there are multiple classes of fluorophores in solution.”® Consider-
ing that there is a fluorophore population protected from contact
with the quencher (A) and a population that is accessible to it (B),
quenching data can be analyzed by means of a direct fit of the
Lehrer equation:"'?

lo _ 1+Ky[Q] (s)
I (1 4+ Kyy[Qlegr) X (1—F5) +fg
where
Io
fo=10 (6)

[Ql.« is the effective quencher concentration in the membrane, and
I8 is the fluorescence intensity of the fluorophores B in the absence
of the quencher. Ky, has units of reciprocal concentration.

A more detailed description of the interpretation of quenching
results can be found in ref. [27].

UV/Vis linear dichroism studies: Samples of aligned lipid multi-
bilayers, with or without cholesterol, were obtained by semidehy-
dration of liposomes, as described in ref.[24]. The final molar
ratios of lipid to NKT and lipid/cholesterol/NKT were 2.5:1 and
1.5:1:1.

UV/Vis absorption and fluorescence measurements were carried
out as described in ref. [21]. Namely, second rank order parameters,
(P,), were obtained from electronic absorption in aligned multi-
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bilayers. (P,) is obtained through the dichroic ratio calculated from
Equation (7):

sin(y)A, _
Aﬂ/Z N

1+ A=, cos’(y) (7)

Details regarding this methodology can be found elsewhere.*”
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