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In order to demonstrate an important role of a B-sheet aggregation on insolubility of peptides, hydro-
phobic peptides having partial amino acid sequences found in natural proteins have been prepared by the step-
wise elongation and fragment condensation methods. In conformity with the solubility prediction for
protected peptides in our previous paper, solubility data indicate that insolubility of peptides appears to
begin at octa- or nonapeptide levels. In hydrophobic sequences found in proteins, the structure of peptide
backbones, namely, the B-structure clearly plays an-important role on insolubility of peptides, but the com-
position of peptides does not. Solubility improvement in hydrophobic peptides included in a-helical regions
of proteins is easily achieved by replacement of Ala residues with Aib residues. High solubility of the
peptides containing Aib residues is clearly explained by the observation that replacement of C* hydrogen
atoms with methyl groups greatly disturbs B8-sheet structures, promoting helical folding in peptides. The great
ability of an Aib residue to promote helical folding is distinctly revealed in the peptide fragments in-
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cluded in a-helical regions of proteins as demonstrated before in model oligo(Leu)s.

Peptide fragments having only hydrophobic amino
acid residues are often found in signal peptides? and
hydrophobic regions of intrinsic membrane pro-
teins.? On the basis of our solubility prediction
method in a previous paper,? they are predicted to be
extraordinarily less soluble in the solvents used in
peptide syntheses and to be less amenable to further
elongation of peptide chains. For solubility
prediction in the paper,? the peptides 1—5 in Fig. 1
were used as representative examples of hydrophobic
peptide fragments contained in natural proteins and,
as expected, actually found to be extraordinarily less

Boc-Val Ala Val Leu Valy Leu Gly-0B2)
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Fig. 1.

soluble due to their B-sheet aggregations. In Fig. 1,
the peptides 1—5 have the amino acid sequences
corresponding to murine H-2Kb [287—294], murine
H-2K® [291—298], murine H-2K® [287—298], subtilisin
BPN’ [227—235], and T24 human bladder carcinoma
oncogene [6—15], respectively.5~? The numbers in
brackets in the following trivial names represent the
positions of the first and last amino acids from the
N-terminals in the intact proteins.?

In this paper, we describe syntheses and IR
absorption conformational analyses of the peptides
in Fig. 1 and investigate critical chain length for
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Boc-GlyAlaAib Ala Leu Ile Leu- 0Bz
16

Boc - Val Ala Gly Ala Aib Ala Leu lie Leu-0BzI
18

The amino acid sequences of the peptides 1—18 used in this study.
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insolubility of hydrophobic peptides caused by the B-
sheet aggregation since we postulated that peptides
smaller than heptapeptides are readily soluble in the
solvents used in peptide syntheses.? The peptide 6 in
Fig. 1 is further presented as an interesting example
to have high solubility in spite of having the B-
structure in solution. It has the amino acid sequence
corresponding to bacteriorhodopsin [217—224].9
The peptides 7—13 in Fig. 1 are also presented to
investigate the critical chain length for insolubility.
They have partial sequences of the peptides 1—5.
Recently, we also demonstrated that replacement of
Ala residues with Aib residues in peptides con-
strained helical folding in the peptides, and that a
dramatic change took place in solubility.10:10 The
implications of the strategy of solubility improve-
ment for the chemistry of peptides and proteins were
also discussed. The peptides 14—18 in Fig. 1 are
presented to demonstrate the usefulness of replace-
ment of Ala residues with Aib residues for solubility
improvement in hydrophobic peptides included in a-
helical regions of proteins. They have the amino
acid sequences in which Ala residues in the peptides
2 and 4 and in their fragments are replaced by
Aib residues.

Experimental

General. The uncorrected capillary melting points
will be reported. Analytical instruments and conditions
were described in the previous paper.!® The solubility
(¢=1.0g/dl) was divided into the following four classes:
(A) completely soluble at room temperature, (B) completely
soluble at 80°C or refluxing temperature, (C) partially
soluble at 80°C or refluxing temperature, and (D) nearly
insoluble at 80 °C or refluxing temperature.

General Procedure for the Coupling Reaction Using DCC

Activation in the Presence or in the Absence of HOBL.
DCC (1.1 equiv) was added to an ice-chilled, stirred mixture
of a carboxyl component (1.1 equiv) and an amino compo-
nent (10 mmol) in dichloromethane or DMF (100 ml). The
amino components were obtained from a TosOH salt or
HCI salt with an equivalent of NMM. When the carboxyl
component was a peptide, HOBt (1.2 equiv) was added be-
fore the addition of DCC. Peptide chain elongation of
lower peptides was performed in dichloromethane, and
fragment condensation for the peptides 1—6 and 9—13 was
carried out in DMF. The reaction mixture was stirred in
an ice-chilled bath for 3 h, at room temperature overnight,
and then filtered. The filtrate was concentrated in vacuo.
The subsequent work-up procedure was essentially the same
as those described before.10.1

General Procedure for Removal of the Boc Group. Boc-
peptide benzyl esters (10 mmol) in 3 Mt HCI/AcOEt (40
ml) were stirred in an ice-chilled bath for 1.5h. Removal
of the Boc group from the peptide 2 was carried out
in TFA/dichloromethane (1/2, v/v) at room temperature for

t 1 M=1moldm-3.
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1 h. Then, the mixture was concentrated in vacuo, follow-
ed by the repetition of the addition and removal in vacuo
of dichloromethane. The residue was used for a subsequent
coupling reaction without further purification.

General Procedure for Removal of the Bzl Group. Boc-
peptide benzyl esters (7 mmol) were hydrogenated over-
night at atmospheric pressure in a mixture of AcOH/
MeOH (1/4, v/v) (100 ml) using 5% Pd/C (10 wt%) as a
catalyst. After the removal of Pd/C, the filtrate was con-
centrated in vacuo. The residue was washed with water
and recrystallized from appropriate solvents.

Results

Syntheses and Solubilities of Hydrophobic Oligo-
peptides. The typical synthetic procedures are
summarized in Scheme. Starting with amino acid
benzyl esters as amino components, di- to penta-
peptides were prepared by usual stepwise elongation
of the peptide chains using DCC activation!? in
dichloromethane. Further chain elongations were
performed mainly in DMF by fragment condensation
with least danger of racemization using DCC
activation in the presence of HOBt.1® Liberation of
the amino group from Boc-peptide benzyl esters was
carried out by treatment with 3M HCI/AcOEt
followed by treatment with NMM. Removal of the
benzyl group from Boc-peptide benzyl esters was
performed by hydrogenolysis using Pd/C as a catalyst
in a mixture of MeOH and AcOH. All the soluble
peptides were purified by repeated recrystallization,
and, as a result of this purification process, each
peptide gave a single peak on HPLC. Insoluble
peptides were purified by repeated washing with hot
MeOH. Synthetic and analytical results of the
peptides 1—18 are assembled in Tables 1—3. The
amino acid and elemental analyses of the peptides
shown in Tables 2 and 3 are in good agreement with
the calculated values. Solubility of the peptides 1—
18 is also summarized in Table 4. Solubility of the
peptides 1—5 was previously examined and found to
be extraordinarily less soluble in such solvents as
DMSO, NMP, DMA, DMF, and MeOH (Table 4).
For these peptides HMPA turned out to be a better
solvent than the above (Table 4). On the other hand,
the lower oligopeptides 7—11 are easily soluble in
these solvents. The peptides 17 and 18, which are
obtained by replacement of Ala residues with Aib
residues in the peptides 2 and 4, respectively, have
also high solubility in moderately and highly polar
organic solvents. This is in remarkable contrast with
the result that the original peptides 2 and 4 are barely
soluble in these solvents.

IR Absorption Conformational Analyses of Hydro-
phobic Peptides in the Solid State and in Dichloro-
methane. Conformational analyses of hydro-
phobic peptides in the solid state are interesting for
the purpose of elucidating the relationship between
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(a) Val Ala Val Leu Val Val Leu Gly Ala Ala lie Val
&
(Aib) Boct OH  H 0Bzl
Boc 121 ogy
Boc—{-0H H-_'“:'/““‘ [ 0Rz!
Boc D& 082l
Boc{-OH  H{HCIAcOEt 0821
B 1 067 Buc Ogzl Boc|—DCE_14 082!
B P/ | o L AcOEL okl
B HOBt DCC 1 ofzl
3
Boc HOBt , DCC 2,17 0821
Boc HoBt.DCC 3 0821
(b)  Boc-LeuValyGly-OH - H-Ala(ValGly),~0B2] H0BL.0CC > Bac-LeuValqBlyAla®Yal Gly)p-0B2} 5
(¢)  Boc-AlagLeulleleu-082 9 %;ﬂ, Boc-Val AlaGly-OH Boc-Val Ala Gly Alzgleulle Leu-0B21 4
(d)  Boc-ValGlyPhely-OH - H-LeulleLeuy-0B2! —>  Boc -Val GiyPheGiyLeu lie Levy-082i 6
(e)  Boc-YalleuGly-OH - H-AlaglleVal-08z] —>  Boc-ValleuGlyAlaplle Val-08z1 10
(£)  Boc-ValpGly-OH - H-Ala(ValGly),-08zi > Boc-Valy6lyAla(Val 6ly)p-082l (n=1,2,3) 11,12.13
(8)  Boc-GlyAlaAib—OH - H-Ala Leulleleu-0Bzl T Boc-Gly AlaAib Alateulle Leu-0821 16
() Boc-ValAlaGlyAlaAib-08z} 15 Pi/Hg, H-AaleolieLeu- > Boc—Val AlaGlyAlaAibAlaLeulle Leu-08z1 18
Scheme
TABLE 1. SYNTHETIC RESULTS AND PHYSICAL PROPERTIES OF THE PEPTIDES 1—18
G d Yield/o/® Recrystallization Mp [e]D Retention
ompoun ield/% solvent 6, °C (¢=1.0, DMF) time/min
1 88 b) over 250 c) c)
2 76 ” ” ” ”
3 81 ” 7 ” ”
4 71 7 7 7 7
5 87 ” ” 7 7
6 74 Ethanol ” —33.0 13.6
7 81 AcOEt/hexane 178—180 —29.3 14.8
8 85 Methanol over 250 —27.8 14.0
9 75 ” ” —44.3 14.0
10 83 4 244—247 —28.5 13.6
11 95 b) over 250 —19.5 13.1
12 89 ” ” c) c)
13 93 7 7 7 4
14 76 d) 93—95 —14.3 14.8
15 93 AcOEt/hexane 117—120 —15.0 13.8
16 94 7 163—165 —36.8 14.3
17 91 Acetone/water 198—201 —-22.5 13.9
18 82 AcOEt/hexane 152—155 —26.3 13.7

a) Coupling yields in final steps. b) Purified by washing with hot methanol.
in DMF. d) Purified by Sephadex LH-20 column chromatography.

c) Not obtained due to insolubility
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the conformation and solubility of hydrophobic pep-
tides. Figure 2 shows the IR absorption spectra of
the peptides 1—6 in the solid state in the most
significant spectral regions for the conformational
assignments (3600—3200 cm~1, amide A; 1700—
1600 cmm—1, amide I). As representative examples of
the tetra- to hexapeptides, the IR absorption spectra
of the peptides 7—9 in the solid state are also
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depicted in Fig. 3. All the peptides show strong
bands at 3290—3270cm~! and 1635—1625cm™1,
assigned to a typical B-sheet structure.!#=1® On the
other hand, the IR absorption spectra (Fig. 4) of the
peptides 14—18 in the solid state, which are obtained
by replacement of Ala residues with Aib residues in
the peptides 2 and 4 and in their fragments, have
shoulder bands at about 3340 cm~! and 1660—

TABLE 2. ELEMENTAL ANALYSES OF THE PEPTIDES 1—18

Found (Calcd)/%

Compound Formula
C H N
1 CoHgNO,, 61.28 (61.36) 8.70 (8.62) 11.67 (11.68)
2 C;H,sNgOy,y 60.59 (60.62) 8.60 (8.44) 12.03 (12.04)
3 CgeH,13N1,045- H,O 59.79 (59.53) 8.63 (8.60) 12.65 (12.62)
4 CoHg; N, Oy 59.51 (59.55) 8.36 (8.26) 12.72 (12.76)
5 C;9HggN,4O45¢ 1.5 H,O 57.53 (57.49) 8.33 (8.26) 12.44 (12.89)
6 C;Hg NgO,, - 1.5H,O 61.86 (61.87) 8.31 (8.37) 10.86 (10.69)
7 C;,HN,O, 62.74 (63.03) 8.55 (8.53) 9.59 (9.48)
8 CysH;;N;O4-0.5H,0 61.19 (61.38) 8.33 (8.53) 10.63 (10.23)
9 C3HgNgO, - 0.5H,O 60.42 (60.84) 8.47 (8.51) 11.05 (10.91)
10 C,sHgN;0,0-0.5H,0 60.05 (59.98) 8.35 (8.39) 11.59 (11.66)
11 C3H;;N,0,,-0.5H,O 57.29 (57.19) 7.72 (7.72) 12.82 (12.95)
12 CHggNgOy, - 2H,0 55.43 (55.77) 7.53 (7.99) 12.92 (12.69)
13 CH;sN,O,,-2H,0 55.99 (56.25) 8.04 (8.11) 13.42 (12.84)
14 C3oH, 3N, O, 62.31 (62.48) 8.62 (8.39) 9.82 (9.71)
15 CyoH s N;Oq 58.42 (58.87) 8.03 (7.67) 11.82 (11.84)
16 CsHgN, Oy 60.30 (60.63) 8.56 (8.36) 11.53 (11.78)
17 CsHsNgOys- H;O ~ 59.83 (59.85) 8.69 (8.58) 11.33 (11.63)
18 CigoHgsN, Oy, - H,O 58.84 (58.86) 8.38 (8.40) 12.16 (12.36)
TABLE 3. AMINO ACID ANALYSES® OF THE PEPTIDES 1—18
Found (Calcd)
Compound
Gly Ala Val Leu Ile Phe
1 1.09 (1) 1.00 (1) 3.95 (4) 2.12 (2) — —
2 1.06 (1) 2.06 (2) 3.00 (3) 0.95 (1) 0.92 (1) —
3 1.15 (1) 3.17 (3) 5.00 (5) 2.19 (2) 0.98 (1) —
4 1.00 (1) 4.17 (4) 0.99 (1) 2.17 (2) 0.91 (1) —
5 3.00 (3) 0.85 (1) 5.07 (5) 1.15 (1) — —
6 2.07 (2) — 1.07 (1) 3.00 (3) 0.96 (1) 0.98 (1)
7 — 1.14 (1) 2.00 (2) 1.00 (1) — —_
8 1.08 (1) — 2.97 (3) 1.00 (1) — —
9 — 3.27 (3) — 2.00 (2) 0.93 (1) —
10 1.04 (1) 1.92 (2) 1.82 (2) 1.00 (1) 0.90 (1) —
11 3.00 (3) 1.00 (1) 2.87 (3) — — —
12 3.02 (3) 1.00 (1) 3.79 4) — — —
13 3.00 (3) 1.09 (1) 4.93 (5) — — —
14 — 1.10 (1) 1.00 (1) — 1.02 (1) —
15 1.00 (1) 2.07 (2) 0.99 (1) — — —
16 0.90 (1) 1.95 (2) — 2.06 (2) 1.00 (1) —
17 1.00 (1) 0.96 (1) 3.00 (3) 1.03 (1) 0.99 (1) —
18 0.93 (1) 3.01 (3) 0.95 (1) 2.06 (2) 1.00 (1) —

a) For the peptides 14—18, Aib and Ala peaks often overlapped. The ratio of the peak area for Aib/Ala is 1/50.
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TABLE 4. SOLUBILITY PROPERTIES®) OF THE PEPTIDES 1—18 (¢=1.0 g/dl)
Solvent®
Compound
HMPA NMP DMSO DMA DMF MeOH THF AC AcOEt DCM
1 A C C D D D D D D D
2 A D (o] D D D D D D D
3 C D D D D D D D D D
4 A B D D D D D D D D
5 C D C D D D D D D D
6 A A A A A A A C A B
7 A A A A A A A B B A
8 A A A A A B B D D C
9 A A A A A C D D D D
10 A A A A A B C D D C
11 A A A B B C C D D D
12 A C B D D D D D D D
13 B C C D D D D D D D
14 A A A A A A A A A A
15 A A A A A A A A A A
16 A A A A A A A A B A
17 A A A A A A B A c A
18 A A A A A A A A B A
a) Symbols of A, B, C, and D: see experimental in text. b) Abbreviations: AC, acetone; DCM, dichloromethane.

Others, see Ref. 1).
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Fig. 5. IR absorption spectra of the peptides 6 and
14—18 in dichloromethane.

1650 cm™}, indicating that B-structures are distorted

on the Aib residues.
The peptides 6 and 14—18 are soluble in

dichloromethane and their IR absorption spectra in
dichloromethane are presented in Fig. 5. The
spectral pattern of the peptide 6 in dichloromethane
is essentially the same as that in the solid state. The
peptides 14—18 in solution, as expected from
solubility data and the nature of Aib residues, show
no band at about 3280 cm~! and 1630 cm-!, indicat-
ing that the restriction of the values of the backbone
dihedral angles ¢ and ¥ of the Aib residues within
the values in the helical regions (¢=1x60120 and
Y=140120)!7 efficiently hinders development of the
B-sheet structure. The IR absorption spectrum of the
tetrapeptide 14 has two strong bands at 3430 cm~—!
and 3350 cm! in the amide A region, indicating the
existence of both the nonhydrogen bonding NH and
hydrogen bonding NH bonds.10.11.18  The IR
spectrum of the peptide 14 has also a medium-
intensity shoulder band at 1708 cm~! and a strong
band at 1672 cm~! in the amide I region, assigned to
the hydrogen-bonded urethane and free amide
carbonyl groups, respectively.10:11.18  Owing to a
strong preference of the Aib residues to form a helical
conformation (310- or a-helix), the peptides 15—18
show strong intensity bands at 3325—3320 cm—! and
1672—1660 cm™!, indicating a helical structure (310-
or a-helix), although the frequencies of the amide I
region are rather high.1¥ Weak or medium intensity
bands at 3430—3420 cm~! of the peptides 15—18 are
also assigned to the nonhydrogen bonding NH
bonds, which are attributed to the NH bonds of two
or three amino acid residues at the N-terminal
portions.

Discussion

Preparation of the peptides 1—18 were performed
without difficulty by the usual stepwise elongation
and fragment condensation methods. The amino
component peptide having the Aib residue at the N-
terminal, H-Aib-Ala-Ile-Val-OBzl, reacted smoothly
with the carboxyl component peptide, Boc-Valz-Leu-
Gly-OH, to produce the peptide 17 in a high yield
and the carboxyl component peptide having the Aib
residue at the C-terminal, Boc-Val-Ala-Gly-Ala-Aib-OH,
also reacted with the amino component peptide,
H-Ala-Leu-Ile-Leu-OBzl, to produce the peptide 18
in a high yield, in spite of the fact that the N- and
C-terminal Aib residues were sterically hindered.1?
In conformity with the solubility prediction for
protected peptides,? the B-sheet aggregation caused
insolubility in polar solvents of hydrophobic peptides
larger than octa- or nonapeptides and, in their
preparation, gelation took place along with the
reaction. In hydrophobic sequences found in
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proteins, the structure of peptide backbanes, namely,
the B-structure apparently plays an important role on
insolubility of peptides, but the structure of peptide
side chains, namely, the composition does not.

With respect to the critical chain length for
insolubility caused by the B-sheet aggregation,
solubility data of the peptides 1—13 (Table 4)
indicate that insolubility in highly polar solvents of
hydrophobic peptides appears to begin at the octa- or
nonapeptide levels. Solubility of the octapeptide 6 is
rather high in spite of having the B-sheet structure in
the solid state (Fig. 3) and 1.0 g of the peptide 6 is
easily soluble at room temperature in 100 ml of such
solvents as DMSO, HMPA, DMA, DMF, MeOH, and
THF. The spectral pattern of the peptide 6 in
dichloromethane (Fig. 5) and THF (not shown) is
essentially the same as that in the solid state and
indicates that the peptide 6 in both solutions exists in
the B-sheet aggregation form as reported for a homo-
hexapeptide of Glu(OBzl) in 1,2-dichloroethane.2?
Further development of interpeptide-chain inter-
actions through hydrogen bonding will give rise to
severe insolubility as pointed out for model peptides
in our previous paper.2)

Hydrophobic sequences found in natural proteins
are expected to be highly organized since hydro-
phobic amino acid residues have high potentials for
the formation of helix- and B-structures.?2 The
peptides 1—3 are thought to be the partial sequences
of a membrane-binding subregion of the murine H-
2K* molecule and the subregion is practically
considered to be in the conformation of an a-helix.?¥
The peptide 4 is also known to be included in an
a-helical region of subtilisin BPN’.2¥ On the other
hand, the preferred structure, predicted by the Chou-
Fasman method,?? is the B-structure and a-helix for
the peptides 1—3, 5, and 6 and for the peptide 4,
respectively (Table 5). In spite of the disparity
between observed and predicted of the conformation,
a conformational preference for B-structure formation
in the solid state is experimentally demonstrated for
the peptides 1—6 (Fig. 1). The result is illustrated by
the observation that secondary structure formation is
dependent on peptide chain length and that critical
peptide size for development of the a-helix in the

TABLE 5. THE PREFERRED STRUCTURE OF THE PEPTIDES
1—6 PREDICTED BY THE CHOU-FASMAN METHOD

Mitsuaki NariTa, Junn-Yann CHen, Hiroyuki Sato, and Yukio Kim

Compound P, P, z;if:g:g
1 1.15 1.35 J]
2 1.15 1.32 B
3 1.19 1.33 B
4 1.24 1.15 helix
5 1.01 1.29 B
6 1.04 1.23 B
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solid state is among decapeptide and pentadecapep-
tide levels.2® Therefore, in protein syntheses by
fragment condensation methods, the peptide fragments
included in a-helical regions of proteins have the B-
sheet structure and low solubility before they give rise
to helical folding.

Solubility improvement in hydrophobic peptides
included in a-helical regions of proteins is easily
achieved by the strategy of replacement of Ala
residues with Aib residues.10:1V  The strategy for
solubility improvement is based on the restriction of
the values of the backbone dihedral angles ¢ and ¥ of
Aib residues within the values in the region of a- and
310-helices (¢=x60120 and y=1401+20). In fact,
high solubility of the peptides containing Aib residue
is clearly explained by the observation that replace-
ment of C* hydrogen atoms with methyl groups
greatly disturbs B-sheet structures, promoting helical
folding in the peptides 14—18 (Figs. 4 and 5). The
IR spectral patterns of the peptides 14—18 in the
solid state and in dichloromethane are nearly
equivalent to those of the corresponding oligo(Leu)s
containing an Aib residue described before.’¥ The
great ability of an Aib residue to promote helical
folding is distinctly revealed in the peptide fragments
included in a-helical regions of proteins as demon-
strated before in the study of model oligo(Leu)s.10:1D
These results indicate that replacement of a few Ala
residues with Aib residues in helical regions of pro-
teins offers the prospect for creating novel proteins
in ways not possible by any other method as men-
tioned previously.10.1D
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