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A pair of pyrene groups as a conformational probe for designed

four-a-helix bundle polypeptides

Hisakazu Mihara,* { Yuji Tanaka, Tsutomu Fujimoto and Norikazu Nishino *
Department of Applied Chemistry, Faculty of Engineering, Kyushu Institute of Technology, Tobata,

Kitakyushu 804, Japan

A 53-residue polypeptide designed to adopt a four-«-helix bundle structure has been synthesized. To probe the
bundle structure, a pair of L-pyren-1-ylalanine (Pya) residues were introduced into two «-helix segments (the
first and third «-helix segments or the second and third segments, respectively) in the 53-peptide. The peptides
showed induced CD in the pyrene absorption region associated with the «-helical CD corresponding to the
polypeptide main chain. The probe showed strong excimer emission in the fluorescence spectra, indicating the
proximal orientation of the pyrene groups consistent with the formation of the bundle structure. Furthermore,
both polypeptides showed similar CD spectra which were split at 350 nm (a positive peak at longer wavelength
and a negative peak at shorter wavelength), suggesting that both pairs of pyrene rings on helical rods in
parallel and antiparallel orientations are arranged in a right-handed sense in the bundle structure. Moreover,
the pyrene excimer energy was efficiently transferred to dodecyl acridine orange, the efficiency of the transfer
being due to the trapping of the dodecyl group within the polypeptide bundle.

Artificial proteins with «-helix bundle structures have been
designed de novo by assembling secondary structures with
single-chain polypeptides and with short peptides using
templates or metal ions.! ' Attempts were made to
characterize some of the structures by two-dimensional NMR
spectroscopy, ¢ crystallographic analysis !/ and fluorescence
measurement.!®9¢-8® We have developed a new method for
probing the assembly and orientation of «-helices employing
pyrene rings of L-pyren-l-ylalanine (Pya)'!'~'* incorporated
into designed peptides.®*°**1° The method is based on the split
CD and excimer fluorescence emission generated from a pair
of pyrene rings in close proximity. The probe is able to
characterize «-helix—«-helix interactions and the sense of
orientation of a-helices in a 2a-helix peptide °** and a 4a-helix
bundle peptide.® Furthermore, B2« structural transition '°
can be determined by means of simple measurement of CD and
fluorescence spectra.

Although the pyrene group is rather bulky (pyrene is ca.
0.9 nm long; for comparison, indole of Trp is ca. 0.6 nm long),
it has the great advantages of strong fluorescence, excimer
formation capability and an extended n-system with which to
detect interchromophore interaction. Such pyrene functions
have been utilized as a probe for the evaluation of membrane
fluidity and polymer conformation.'®>!” Detection of the
pyrene excimer has enabled the elucidation of the phase-
transition of membranes and the thermal transition of polymer
conformations. In particular, Sisido et al. have utilized Pya as
a chromophoric amino acid in poly(amino acids) to design
molecular electronic devices with a chromophoric array along
an a-helix.’> They applied the techniques of regular and
fluorescence-detected CD to the evaluation of pyrene geometry
on the «-helical structure of poly(Pya). Goedeweeck et al. also
employed Pya as a tool for a molecular dynamics study of
dipeptides by intramolecular pyrene excimer formation.!?
Measurements of pyrene fluorescence and conformational
calculation of diastereoisomers of Ac-DL-Pya-DL-Pya-OMe
dipeptide enabled the population of the extended and folded
conformations of the dipeptides to be determined. Furthermore,
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Fig. 1
(a) amino acid sequences of the 53-peptides and structure of pyren-1-
ylalanine; (b) illustration of the four-x-helix bundle structure; (c¢) «-
helix wheel drawing of the 11-peptide segment; (d) illustration of the
B-turn structure of p-Ala-Pro

Structure of the four-z-helix bundle peptides, 52GI and 52GII:

Pya residues in hormonal,**¢ antimicrobial '#? and amphiphilic
a-helical '*¢ peptides have been utilized as probes for the
detection of interactions between peptides and phospholipid
membranes. Thus, pyrene is a valuable tool for use in the study
of peptide-macromolecular interactions.

Therefore, we have utilized the pyrene probe as an artificial
amino acid Pya for the detection of interaction between «-helix
segments and conformational changes of polypeptides consist-
ing of four «-helices (Fig. 1). That is, when two pyrene groups
are in close proximity in the conformation, the pyrene groups
of Pya residues will show an exciton interaction in CD and an
excimer emission in fluorescence which may provide inform-
ation about the arrangement of the «-helix segments in the 3D
structure. In a previous study, the conformation of a 4«-helix
peptide containing four Pya residues in each «-helix segment
was characterized by this principle.®* However, the pyrene-
pyrene interaction could not define the helix-helix interaction,
because the four segments were equivalent. Therefore, in the
present study, we introduced a pair of Pya residues into the
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same 53-peptide at the two «-helices in parallel or antiparallel
orientations to determine the helix-helix interaction in more
detail (Fig. 1). Furthermore, we found that the fluorescent
energy of the pyrene excimer formed by the bundle structure
was transferred to a dye, dodecylacridine orange, through the
binding of the alkyl chain to the hydrophobic interior of the
bundle.

Results and discussion

Design and synthesis

To design the single-chain 53-peptide which was to form a 4«
bundle structure, a short 11-peptide was designed containing
an amphiphilic «-helical structure'® with three «-helical turns
(Fig. 1). Four Leu and two pairs of Glu and Lys were
incorporated such that side-chain salt bridges'® could be
adopted on the helix or between helices. These hydrophobic and
hydrophilic groups are separately deployed on the helix rod
[Fig. 1(c)]. The probe Pya is placed at the centre of the unit
segments, i.e., the first and third segments for parallel «-helices
(52GI) and the second and third for antiparallel «-helices
(52GII) [Figs. 1(a) and (b)]. D-Ala-Pro was attached to the 11-
peptide to make a 13-peptide. This dipeptide sequence between
two a-helix segments should terminate the helix by adopting a
type 1T’ B-turn conformation [Fig. 1(d)].2° The 13-peptide was
then repeatedly connected starting with a C-terminal Gly to
give 52G, which was expected to fold into a 4a«-helix bundle
conformation ® as illustrated in Fig. 1(b).

The synthesis of the peptides was carried out by the con-
vergent method with solid-phase synthesis (SPS) of protected
peptide segments on Kaiser’s oxime resin?' and segment
condensations of the protected segments in solution.®°® The
hexapeptide Boc-D-Ala-Pro-Glu(OcHex)-Leu-Leu-Lys(CI1Z)-
OH and the heptapeptide Boc-Ala-X-Ala-Glu(OcHex)-
Leu-Leu-Lys(CI1Z)-OPip (X, Pya or Phe) [cHex, cyclohexyl;
Cl1Z, 2-chlorobenzyloxycarbonyl; Pip, piperidine] were synthe-
sized by the stepwise SPS on the oxime resin. The Boc-6-pep-
tide-OH was coupled with the Boc-removed H-7-peptide-OPip
in dimethylformamide (DMF). The Boc-13-peptide-OPip
obtained was subsequently reduced with sodium dithionite to
give Boc-13-peptide-OH as the protected intermediates for the
first, second and third segments. Boc-13G-OBzl (Bzl, benzyl)
was similarly synthesized with Boc-6-peptide-OH and H-7G-
OBzl. The Boc-13-peptide-OH was condensed consecutively
three times with H-13G-OBzl to give the Boc-52G-OBzl. The
intermediates, protected 27-, 40- and 53-peptides, were purified
with Sephadex LH-60 column (DMF) and could be separated
according to the expected molecular weights. The protecting
groups were removed with anhydrous HF. The crude 53-
peptides were purified with reversed-phase HPLC to give the
pure 53-peptides (>95% purity). The 53-peptides showed
satisfactory results on amino acid analysis based on Gly. Gel-
permeation chromatography of the 53-peptides with Sephadex
G-50 (2.0 x 1072 mol dm™ TrisHCI, pH 7.4) gave an apparent
molecular weight of 6000 (calc. 6022), indicating that the
peptides assume a monomeric form in solution.

CD measurements

The 53-peptides 52GI and 52GII showed a typical «-helical CD
pattern in buffer with ellipticities [#] = — 19 000 and — 20 000
deg cm? dmol™! at 222 nm, respectively (60 and 63%; «-helcity 2)
(Fig. 2). Since the B-turn requires four amino acids and the
remaining nine residues are allowed to take the o-helix
conformation, this «-helix content indicates that approximately
90%; of the four 9-peptide segments assume the «-helix structure
as expected in the design. This calculation suggests that the
conformation of 52G consists of almost perfect «-helices and
bridging B-turn moieties. The hydrophobic interaction between
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Fig. 2 CD spectra of 52GI and 52GII in 2.0 x 10 mol dm™3
TrisHCI buffer, pH 7.4 and in MeOH. 52GI in buffer (——), 52GI in
MeOH (- ---) and 52GII in buffer (- ---- - ); [6] in the amide
region is the mean residual weight ellipticity, and [6] in the pyrene
absorption region is the molar ellipticity for the peptide; [peptide] =
3.0 x 103 moldm3, 25°C

the amphiphilic «-helix segments stabilized the whole
conformation probably by folding into the 4a-helix bundle
structure.! The 53-peptides did not show significant changes in
a-helicity with the peptide concentration ranging from 0.5 to
5.0 x 1073 mol dm™. On the other hand, the monomeric 14-
peptide (13G) containing a Pya residue showed poor «-helicites,
25% at 1.4 x 10°> mol dm™ and 39% at 3.0 x 10 mol
dm 3, respectively, in aqueous solution. The observed concen-
tration dependence of the «-helicity is probably due to the
aggregation of the peptide. Pya did not affect the CD spectra in
the amide region, though it showed weak Cotton effects around
250 nm.g"‘b‘lz

The bundle structure of 52G was further confirmed by CD in
the pyrene absorption regions (250 nm at ! L, band and 280 nm
at 'B, band) (Fig. 2). Significant CD observed in the pyrene
region indicates that pyrene rings on the «-helix segments are
arranged in close proximity in the bundle structure. It is
important to note that the split CD spectra at 350 nm with a
positive peak at longer wavelength and a negative peak at
shorter wavelength were observed both for 52GI and 52GII.
This fact indicates that two pyrene groups on different «-helical
rods are arranged in a right-handed sense with each other
according to the exciton chirality method of Harada and
Nakanishi.?* Moreover, the sense could not be distinguished by
the pyrene rings on a-helical rods in parallel and antiparallel
orientations. From these results, it could be assumed that the
four «-helix segments are similarly arranged in a right-handed
sense relative to each other or that the segments on average are
oriented in the same sense within mixed conformations like a
molten globule.!*¢ As compared with the previous reports with
2«-helix peptides containing Pya residues,®®® the intensity of
the split CD at 350 nm region was much smaller (1/10) in the
4a-helix peptides than that in the 2a«-helix peptides (A[6] =
4.0 x 10° deg cm? dmol™?). This fact suggests that the side
chains in the 4«-bundle peptides are more mobile than those in
the 2«-helix peptides, that is, the 4a-helix peptides are more
likely to be in a molten globule, probably because the 4u-helix
bundle structure can be considered to have clockwise or
counterclockwise topology.!® As a comparison, the 53-peptide
containing four Pya residues showed a similar split CD in
aqueous solution with intensity A[f] = 9.6 x 10* deg cm?
dmol™,2* which was a reasonable value for four pyrene groups.

On the other hand, the CD particularly in the 'L, band
region (350 nm) was drastically diminished by the addition of
MeOH (Figs. 2 and 3). MeOH presumably causes the 4« bundle
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Fig. 3 Dependences of CD spectra of 52GI (@) and S2GII (O) on
MeOH content: (a) changes of the ellipticity at 222 nm; () changes in
the CD split at 350 nm; A[f] denotes the difference of ellipticities
between the positive peak (362 nm) and negative peak (346 nm);
[peptide] = 3.0 x 10° mol dm™, 25°C; (c) illustrations of peptide
conformations in buffer and MeOH

peptide to melt the amphiphilic folding. Up to 30% MeOH,
the split CD was not decreased so much. Further addition of
MeOH diminished the intensity and finally the CD
disappeared at 759 MeOH [Fig. 3(b)]. Conversely, the «-
helicity was slightly decreased around 20% MeOH, and then it
was increased to 85% in MeOH ([¢] = —26 000 deg cm?
dmol ') [Fig. 3(a)]. These results indicate that the «-helix
structure is temporarily decreased by the weakened hydro-
phobic interaction around 20% MeOH, but each a«-helix
segment is stabilized by the effect of further added MeOH. In
MeOH there could not be any defined 3D structure {Fig. 3(c)],
because the hydrophobic interaction is cancelled in this solvent.
This assumption was supported by the disappearance of the
exciton interaction in the pyrene region. The profiles of the CD
changes observed for peptides 52GI and 52GII by the addition
of MeOH were not significantly different from each other. This
also suggests that the bundle structure is loose enough to exist
as a molten globule.
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Fluorescent properties

In the fluorescence spectra of 53-peptides in buffer, highly
intense excimer emission was observed [Fig. 4(a)], the ratio of
the intensity of the excimer emission at 470 nm (/) to that of the
monomer at 400 nm (/) being 1.3 and 1.7, respectively, for 52GI
and 52GII at 3.0 x 10~ mol dm™ [Fig. 4()]. For the 53-
peptides there was no observed dependence of the ratio I/l on
concentration (3.0-30 x 107 mol dm3). The monomeric 14-
peptide (13G) in aqueous solution, however, showed monomer
emission only at 3.0 x 10°® mol dm™> (fz/ly = 0), but
significant excimer emission at 3.0 x 10~° mol dm™ (I3/ly =
1.3). The excimer formation directly demonstrates that the 53-
peptides fold into the compact bundle conformation which
allows the pyrene rings to be in close proximity in aqueous
solution. The 14-peptide assumes a similar bundle structure by
intermolecular assembly at higher concentration, but is in
monomeric form at lower concentration. Two pyrenes in 52GII,
in which Pya-containing «-helices are in an antiparallel
orientation, appeared to be better stacked than those in 52GI, in
which the orientation is parallel, resulting in slightly higher
chance of excimer formation in 52GII. This might correlate to
the slightly higher «-helicity of 52GII and the larger split CD
(A[6]) in aqueous solution. The addition of MeOH significantly
decreased the excimer intensity as shown in Fig. 4(b). With higher
MeOH content (75%,), the bundle conformation was completely
destroyed, and the resulting undefined conformation gave no
excimer emission. The results obtained by the fluorescence
measurements were well correlated with those from CD studies.

Denaturation with guanidine hydrochloride

The unfolding experiment with guanidine hydrochloride
(GuHClI) was carried out to investigate the stability of 52GI
(Fig. 5). The process was followed by CD and fluorescence
spectroscopy. The peptide 52GI retained its conformation up to
3.0 mol dm™ of GuHCI, then gradually unfolded on further
addition of GuHC], and finally was almost in random structure
at 7.5 mol dm™. The concentration of GuHCl at the midpoint of
the transition was 5.0 mol dm3, indicating that the «-helical
structure was rather stable as reported for other reported
designed proteins.!® With increasing GuHCI concentration,
the I/l value in the fluorescence spectrum gradually decreased
up to 2 mol dm3, but decreased more steeply at higher
concentration. At higher GuHCl concentration ( >3 mol dm™3),
the decrease in the I/l value was almost parallel with the
decrease in ellipticity at 222 nm. The former fact indicates that
environments around side chains are more easily disrupted by
the denaturant than is the secondary structure, that is, the 3D
structure starts to be denatured faster than the secondary
structure. The latter demonstrates that pyrene excimer
formation strictly requires the «-helix conformation. The
random structure does not allow the pyrene groups to aggregate
in excimer proximity.

Temperature dependence

Since the conformation of proteins depends on temperature, the
thermal stability of the «-helix conformation was examined by
CD measurements. Judging from Fig. 6, the main-chain «-helix
([6],,,) started to unfold from 30 °C. The CD due to the side
chain of pyrene (A[#]) was diminished almost parallel to the
main chain denaturation over 30 °C, but decreased gradually
under 30 °C. These results demonstrate that a pair of Pya
residues can probe the unfolding of the 4«-helix bundle
structure and support the finding obtained by fluorescent
measurements with the denaturant that the environments
around side chains are more easily disrupted than is the
secondary structure. The fluorescence experiments could not be
used for the evaluation of the thermal stability, because the
fluorescent intensities are strongly influenced by temperature.
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Fig. 4 Fluorescence spectra of 52GI and 52GII in 2.0 x 102 mol
dm3 TrisHC, pH 7.4 and in MeOH: (a) 52GI in buffer (——), 52GI in
MeOH (- - - -) and 52GII in buffer (- - — - -); [peptide] = 3.0 x 107°
mol dm3; excited at 345 nm at 25 °C; (b) changes on the ratio Ig/I of
52GI (@) and 52GII (O) by the addition of MeOH; Ig/I,, denotes the
ratio of fluorescence intensities at 470 nm to 400 nm

Energy transfer of pyrene excimer to dodecyl acridine

orange

To characterize further the bundle structure of the 53-peptides,
dodecylacridine orange (DAO) was added to the aqueous
solution of 52GI.%?* When the pyrene was excited at 345 nm,
the pyrene fluorescence (monomer and excimer) almost
disappeared and strong fluorescence of DAO was observed at
530 nm (Fig. 7). The fluorescence energy of pyrene excimer was
almost completely transferred to DAO, because DAO has the
broad absorption band around 480 nm. When the fluorescence
intensity of DAO was measured at various concentrations of
DAO, the intensity increased along with the concentration
(data not shown). The apparent binding constant was 1.5 x 10°
mol! dm?. It is interesting to note that the addition of
methylacridine orange (MAQ) resulted in less effective energy
transfer (Fig. 7). These results suggest that the long alkyl chain
in DAO might be trapped within the inner hydrophobic space of
the bundle structure and the acridine moiety would be oriented
in a close position to the pyrenes, resulting in the highly efficient
energy transfer. On the other hand, MAO, with no long alkyl
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Fig. 6 Effects of temperature on the CD spectra of 52GI; ellipticity at
222 nm (@) and the A[#] value (QO); [peptide] = 3.0 x 10~ mol
dm™

chain, cannot stay around the peptide, therefore, the energy
transfer is not significant.

It is further noteworthy that the excimer emission of the
monomeric 13G at 3.0 x 107° mol dm™ was also quenched by
the addition of DAQO, whereas emission of DAO fluorescence
was not observed (data not shown). Therefore, the compact
folding of 52GI in the 4«-helix bundle structure is essential for
efficient energy transfer. As expected, the addition of MeOH to
the 52GI-DAO mixture resulted in a gradual decrease of energy
transfer (Fig. 7). This is attributed to the prevention of excimer
formation by the addition of MeOH. The incidence of energy
transfer could be regulated by the polypeptide conformation
under various circumstances.

Conclusions

The pseudoprotein designed to form a four-«-helix bundle
structure was synthesized. The conformation was successfully
probed by the pyrene side chains in the incorporated Pya
residues. All the CD and fluorescent data were consistent with
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Fig. 7 Fluorescence spectra of 52GI in the presence of dodecylacridine orange (DAO) and methylacridine orange (MAO) in buffer and MeOH:
£2GI with DAO in buffer (—-—); 52GI with DAO in MeOH (- - - -); 52GI with MAO in buffer (- - — - -); and 52GI without DAO in buffer (- - — -);
[peptide] = [dyes] = 3.0 x 107> mol dm3; excited at 345 nm at 25 °C. The illustration explains the fluorescence energy transfer.

four-a-helix bundle formation and the conformational changes
of the 53-peptides, though the B-turn structure consisting of
D-Ala-Pro is not characterized at present. Furthermore, the
efficient energy transfer from pyrene excimer to DAO was
observed and the incidence could be regulated by the formation
and the deformation of the bundle structure. All the results
demonstrated the usefulness of Pya as a probe for the
conformation of designed polypeptides. Moreover, the inform-
ation on the oriented pyrene groups in the 3D structure of
polypeptide could be utilized in the design of artificial proteins
carrying arranged functional chromophores and catalytic
groups.

Experimental

Materials and methods

Amino acid derivatives and reagents for peptide synthesis were
purchased from Watanabe Chemical Co. (Hiroshima, Japan).
Boc-L-pyren-1-ylalanine was synthesized according to the
method reported previously.®” p-Nitrobenzophenone oxime
resin was prepared according to the reported method.2!4¢
Solid-phase peptide synthesis was carried out manually in a
glass vessel. Dodecylacridine orange bromide was purchased
from Dojindo Laboratories (Kumamoto, Japan) and the
methylated dye was prepared from acridine orange in our
laboratory. Fast atom bombardment mass spectra (FAB-MS)
were recorded on a JEOL JMS-DX-300 mass spectrometer
using threo-1,4-dimercaptobutane-2,3-diol as a matrix and
xenon for bombardment. Amino acid analyses were carried out
on a JEOL JLC-300 system with ninhydrin detection after
hydrolysis in 6 mol dm™2 HCl at 110 °C for 24 h in a sealed tube.

HPLC was carried out on a MS-GEL C4 column (Asahi Glass,
Tokyo) (4.6 x 150 mm or 10 x 250 mm) employing a Hitachi
L-6200 HPLC System.

Peptide synthesis

Protected 6-, 7- and 8-peptides. Boc-D-Ala-Pro-Glu(OcHex)-
Leu-Leu-Lys(ClZ)-resin and Boc-Ala-X-Ala-Glu(OcHex)-Leu-
Leu-Lys(ClZ)-resin (X: Phe or Pya) were synthesized manually
by stepwise elongation of Boc-amino acids on a p-nitrobenzo-
phenone oxime resin 2! according to the reported procedure °°
using benzotriazol-1-yloxytris(dimethylamino)phosphonium
hexafluorophosphate (BOP)2% and 1-hydroxybenzotriazole
hydrate (HOBLt).

To obtain Boc-pD-Ala-Pro-Glu(OcHex)-Leu-Leu-Lys(ClZ)-
OH, the peptide resin was shaken with HOPip (4.0 equiv.) in
DMEF for 24 h. The peptide solution was filtered and washed
twice with DMF. The solvent was evaporated off and the
residues (Boc-peptide-OPip) were dissolved in 95% aqueous
acetic acid. To the solution was added sodium dithionite
(Na,S,0,) (5.0 equiv.) and the solution was stirred for 1.0 h.
The solvent was evaporated off and the residues were solidified
with 109 citric acid to give protected 6-peptide-OH. Boc-Ala-X-
Ala-Glu(OcHex)-Leu-Leu-Lys(C1Z)-OPip was obtained with-
out reductive removal of the Pip ester. To obtain Boc-Ala-X-
Ala-Glu(OcHex)-Leu-Leu-Lys(Cl1Z)-Gly-OBzl, the peptide
resin was shaken with Gly-OBzl toluene-p-sulfonate (4.0
equiv.) in the presence of AcOH (4.0 equiv.) and dipropan-2-
ylethylamine (4.0 equiv.) in DMF for 24 h. The peptide solution
was filtered and washed twice with DMF. The solvent was
evaporated off and the residues were solidified with 109 citric
acid, collected on filter and washed with water.
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All protected peptides were re-precipitated with MeOH-
diethyl ether to over 929 purity (yield 80-90%). The purity was
checked by HPLC (MS-GEL C4 column, 4.6 x 150 mm, with a
linear gradient of 30-100%; acetonitrile-0.1%, TFA over 30 min).
Peptides were identified by the molecular ion peak (M + H)*
or (M + Na)* on FAB-MS; Boc-D-Ala-Pro-Glu(OcHex)-Leu-
Leu-Lys(C1Z)-OH, m/z 1043 [(M + Na)*]; Boc-Ala-Phe-Ala-
Glu(OcHex)-Leu-Leu-Lys(C1Z)-OPip, m/z 1247 [(M +
Na)*]; Boc-Ala-Pya-Ala-Glu(OcHex)-Leu-Leu-Lys(ClZ)-
OPip, m/z 1349 [(M + H)*]; Boc-Ala-Phe-Ala-Glu(OcHex)-
Leu-Leu-Lys(ClZ)-Gly-OBzl, m/z 1289 [(M + H)*]; Boc-Ala-
Pya-Ala-Glu(OcHex)-Leu-Leu-Lys(CI1Z)-Gly-OBzl, m/z 1413
[(M +H)"].

Protected 13-peptides and 13-peptide-Gly-OBzl: Boc-D-Ala-
Pro-Glu(OcHex)-Leu-Leu-Lys(CIZ)-Ala-X-Ala-Glu(OcHex)-
Leu-Leu-Lys(CIZ)-Gly-OBzl (Boc-13G-OBzl). Boc-Ala-X-Ala-
Glu(OcHex)-Leu-Leu-Lys(C1Z)-Gly-OBz1 [1.29 g (Phe), 1.41 g
(Pya), 1.0 mmol] was treated with TFA (5 cm?) at 0 °C for
30 min. After evaporation, the residues were solidified with
diethyl ether. The obtained H-8-peptide-OBzI- TFA (100%,) and
Boc-D-Ala-Pro-Glu(OcHex)-Leu-Leu-Lys(C1Z)-OH (1.02 g,
1.0 mmol) were condensed with 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide hydrochloride (EDC) (190 mg, 1.0
mmol) in the presence of HOBt (150 mg, 1.0 mmol) and Et;N
(0.14 cm?, 1.0 mmol) in DMF (20 cm?3) at 0 °C for 24 h. The
solvent was evaporated off, after which the residues were
solidified with water and washed with 45, NaHCOQj,, 10% citric
acid and water to give the protected Boc-13-peptide-Gly-OBzl.
The crude peptide was purified by re-precipitation with MeOH-
diethyl ether. The crude peptides were purified by gel filtration
chromatography with Sephadex LH-60 (DMF, 2.0 x 90 cm):
X = Phe 1.64 g (75%); X = Pya 1.71 g (74%).

Boc-D-Ala-Pro-Glu(OcHex)-Leu-Leu-Lys(Clz)-Ala-X-Ala-
Glu(OcHex)-Leu-Leu-Lys(C1Z)-OH (Boc-13-OH). Boc-D-Ala-
Pro-Glu(OcHex)-Leu-Leu-Lys(C1Z)-OH (1.02 g, 1.0 mmol)
and H-Ala-X-Ala-Glu(OcHex)-Leu-Leu-Lys(ClZ)-OPip-TFA
obtained from Boc-7-peptide-OPip [1.23 g (Phe), 1.35 g (Pya),
1.0 mmol] were condensed in the same manner. The coupling
solution was diluted with the same volume of AcOH and then
Na,S,0, (5.0 equiv.) was added. The solution was stirred at
room temperature for 1 h to give Boc-13-peptide-OH. The
crude peptides were purified by gel filtration chromatography
with Sephadex LH-60 (DMF, 2.0 x 90 cm): X = Phe 1.64 g
(80%); X = Pya 1.66 g (76%).

53-Peptides: Boc-[D-Ala-Pro-Glu(OcHex)-Leu-Leu-Lys-
(CI1Z)-Ala-Pya-Ala-Glu(OcHex)-Leu-Leu-Lys(CIZ)] - [D-Ala-
Pro-Glu(OcHex)-Leu-Leu-Lys(Cl1Z)-Ala-Phe-Ala-Glu(Oc-
Hex)-Leu-Leu-Lys(CIZ)]-Gly-OBzl (Boc-26G-OBzl). Boc-13-
OH (1.08 g, 0.5 mmol) and H-13G-OBzI-TFA obtained from
Boc-13G-OBzl (1.09 g, 0.5 mmol) were condensed in the
same manner using EDC (1.0 mmol) and HOBt (1.0 mmol)
for 2 days to give the Boc-26G-OBzl. The crude peptide was
purified by gel filtration chromatography with Sephadex LH-60
(DMF, 2.0 x 90 cm): 1.61 g (76%,).

Boc[D-Ala-Pro-Glu(OcHex)-Leu-Leu-Lys(ClZ)-Ala-X-Ala-
Glu(OcHex)-Leu-Leu-Lys(C1Z)]3-Gly-OBzl (Boc-39G-OBzl).
Boc-13-OH [410 mg (Phe for 39GI), 430 mg (Pya for 39GII),
0.20 mmol] and H-26G-OBzI-TFA obtained from Boc-26G-
OBzl (830 mg, 0.20 mmol) were condensed and purified in the
same manner: Boc-39GI-OBzl 900 mg (73%); Boc-39GII-OBzI
1.0 g (79%).

Boc-[D-Ala-Pro-Glu(OcHex)-Leu-Leu-Lys(CIZ)-Ala-X-Ala-
Glu(OcHex)-Leu-Leu-Lys(C1Z)],-Gly-OBzl (Boc-52G-OBzl).
Boc-13-OH [220 mg (Phe for 52GI), 200 mg (Pya for 52GII),
0.10 mmol] and H-39G-OBzI-TFA obtained from Boc-39G-
OBzl [620 mg (39GI), 630 (39GII), 0.10 mmol] were condensed
and purified in the same manner: Boc-52GI-OBzl 510 mg (62%,);
Boc-52GII-OBzl 490 mg (60%,).
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Gel-filtration chromatography showed that the protected
peptides 13G, 26G, 39G and 52G could be separated on a
Sephadex LH-60 (DMF) column (2.0 x 90 cm) and the elution
volumes of the peptides correlated well to the molecular
weights.

H-[D-Ala-Pro-Glu-Leu-Leu-Lys-Ala-X-Ala-Glu-Leu-Leu-
Lys]4-Gly-OH (52G). Boc-52G-OBzl (270 mg, 0.033 mmol)
was treated with anhydrous HF (10 cm?®) in the presence of
anisole (0.5 cm?) at 0 °C for 60 min. After removal of HF, the
peptide was dissolved in 30% AcOH and the solution was
washed with diethyl ether. The aqueous layer was lyophilized to
give the crude peptide: 52GI 200 mg (100%); 52GII 195 mg
(97%). The crude peptides were purified with HPLC on a MS-
GEL C4 column (1.0 x 25 cm) using a linear gradient of 70—
100% acetonitrile-0.1%, TFA (30 min): 52GI 55 mg (27%),
52GII 45 mg (22%); 52GI (3.0 x 107 mol dm™), A_,,
(2.0 x 1072 mol dm™3 TrisHCI buffer, pH 7.4)/nm 346 (¢/dm®
mol™' cm™! 52 900), 330 (44 700), 278 (64 800), 268 (47 500) and
244 (88 400); A,,..(MeOH)/nm 342 (76 500), 326 (56 500), 313
(25 800), 276 (86 300), 265 (57 000), 242 (106 700) and 234
(98 100); 52GIT (3.0 x 10° mol dm™), 1,,.(2.0 x 102 mol
dm™ TrisHCI buffer, pH 7.4)/nm 346 (¢/dm* mol' cm™
53 100), 331 (45 100), 278 (65 500), 268 (46 700), 244 (87 100),
237 (80 600); A.,.,(MeOH)/nm 342 (76 400), 326 (56 300), 313
(25400), 276 (85700), 265 (56 200), 242 (106 700) and 234
(96 500). Amino acid analysis: 52GI, Glug o5 (8), Gly, o (1),
Proy 10 (4), Alay, 3 (12), Leu,s 4 (16), Phe, o, (2), Lys; 65 (8).
52GII, Glug o3 (8), Gly; .o (1), Prog o5 (4), Ala,,, (12), Leuyq 5
(16), Phe; o5 (2), Lys; 55 (8).

CD measurements

CD spectra were recorded on a JASCO 500A spectropolari-
meter equipped with Taiyo thermo supplier EZ-100 using a
quartz cell with | mm pathlength. Peptides were dissolved in
2.0 x 1072 mol dm 3 TrisHCl buffer (pH 7.4), MeOH-buffer or
in the presence of GuHCI in peptide concentration of 0.5-
5.0 x 10° mol dm™.

Fluorescence measurements

Fluorescence spectra were run on a Hitachi 650-10S
fluorescence spectrophotometer at 25°C. Peptides were
dissolved in 2.0 x 1072 mol dm™ TrisHCI buffer (pH 7.4) or
MeOH-buffer in a concentration of (3.0-30.0) x 10" mol
dm3.
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