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The B3-sheet-structure-stabilizing potential of 20 kinds of guest amino acids has been evaluated by solvent
titration for the protected pentapeptide, Boc—X-Ala—Glu(OBzl)-Leu-Gly-OPac, described previously. It has
been proved that the <SPB> value was effective in evaluating the (-sheet-structure stability of protected
tri- to heptapeptide in organic solvents. In order to widen the application range of the <SP3> value, deca-
and pentadecapeptides were synthesized by fragment condensation of pentapeptides. The (-sheet-structure-
stabilizing potentials of individual guest amino acids determined from deca- and pentadecapeptides showed
different results from the <SP3> value. Circular dichroism showed that deca- and pentadecapeptides adopted
helix and random coil structures in organic solvents. The helix structure influences the solvation mechanism of

these protected peptides.

One of the great problems in the chemical synthe-
sis of peptides and proteins is the insolubility of pro-
tected peptides in organic solvents with increasing pep-
tide chain length. This insolubility originates in (-
sheet-structure formation by intermolecular hydrogen
bonding of protected peptides, and it causes difficulty
in successive condensation reactions. Therefore, the es-
timation of the §-sheet-structure stability of protected
peptides in organic solvents becomes important in the
design of peptide synthetic routes to avoid the problem
of insolubility.

In previous papers, we proposed an <SP@> value
to estimate the [-sheet-structure stability and sol-
vation mechanism of protected peptides in organic
solvents.?—* The SPS values are the §-sheet-structure
stabilizing potentials of 20 kinds of guest amino acid
residues obtained for host-guest pentapeptides whose
side chain functional groups were protected by suit-
able groups. Here, SP{ represents single residue in-
formation; peptide segment information is represented
by <SPB>. This (-sheet-structure stability and sol-
ubility of protected peptides can be estimated by us-
ing the arithmetic average, <SP3>=XSPf;/Zn,. The
[-sheet-structure stability and the solubility of a pro-
tected peptide were dependent on the SP3; of the amino
acid resudues composing the protected peptide as well
as the peptide chain length. In fact, the <SP#> value
was effective for the estimation of the 8-sheet-structure
stability of protected tri- to heptapeptide fragments of
E. coli ribosomal protein L7/112.%)

On the other hand, it has been proposed that the
secondary structure formation of protected peptides is
dependent on the chain length.6~® It is thought that
the conformational change from [-sheet to helix pro-
ceeds when the chain length is longer than the critical
chain length for the formation of a stable helix. The
formation of a stable helix in the peptides which have
enough peptide chain length in solution is expected to
make their solubility easy in various organic solvents.

Practically, we found that the decapeptide had a (-
sheet structure in the solid state and the icosapeptide
obtained by fragment condenstion of this decapeptide
had a stable helical structure and was easily soluble in
organic solvents.”

In the present study, the (-sheet-structure-stabilis-
ing potential of individual amino acids was obtained for
deca- and pentadecapeptides to estimate the (3-sheet-
structure stability of protected peptides longer than a
decapeptide. The B-sheet-structure-stabilizing poten-
tial obtained here is defined as SP3’. The difference be-
tween the SPS value obtained previously and the SPgS’
was also investigated.

The daca- and pentadecapeptides were synthesized
by fragment condensation reactions between the amino-
and carboxyl components obtained from Boc-X-Ala—
Glu(OBzl)-Leu-Gly-OPac (X=Ala, Arg(Mts), Asn,
Asp(OBzl), Cys(Bzl), Gln, Glu(OBzl), Gly, His(Bom),
Ile, Leu, Lys(Z), Met(O), Phe, Pro, Ser(Bzl), Thr-
(Bzl), Trp(CHO), Tyr(Bzl), or Val) which were used
when the SPS value was obtained. According to the (-
sheet-structure-disrupted behaviors of deca- and pen-
tadecapeptides which were monitored by IR absorption
measurements, guest amino acids were classified into six
groups. Especially, when deca- and pentadecapeptides
were dissolved in organic solvents, they formed random
coil structures accompanied by helix structures. The
helix content of the protected peptides was obtained
from circular dichloroism measurements and the helix-
structure stability of guest amino acid residues was es-
timated from the difference in the CD spectra of the
individual peptides.

Experimental

Materials. Boc-X-Ala-Glu(OBzl)-Leu—-Gly-OPac
was prepared by the procedure reported in our previous
study.®) In order to prepare deca- and pentadecapeptides
by fragment condensation, deprotection of the Pac group
in the protected pentapeptide was performed by treatment
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with Zn/AcOH to yield the carboxyl component. The re-
moval of the Boc group was carried out by treatment with
TFA /anisole (4/1, v/v) to give the amino component. The
synthetic procedure for protected deca- and pentadecapep-
tides is shown in Scheme 1. The coupling reactions were car-
ried out in a mixture of CH2Cly and DMF using DCC and
HOB#t as coupling reagents.!®'?) The reactions were mon-
itored by the Kaiser test. After the usual work-up proce-
dures, all the products were purified by repeated washing
with hot methanol. They gave a single peak on HPLC and
were negative for the Kaiser test. Acid hydrolysis of the
peptides was carried out for the pentapeptide with propionic
acid/12 M HCI (2/1, v/v) at 115° C for 7 d.'? The amino
acid ratios of the acid hydrolysates were in good agreement
with the calculated values as reported previously for the
pentapeptide.®)

Circular Dichroism. The circular dichroism (CD)
spectra were recorded using a JASCO model J-40AS spec-
trophotometer. The spectra were obtained using cyclin-
drical fused quartz cells of 0.2 and 10-mm path lengths.
Dry prepurified nitrogen was employed to keep the instru-
ment oxygen-free during the experiments. The measure-
ments were performed at a sample concentration of 7x107%
M (1M=1 moldm~3) in CH,Cly/HFIP (9/1, v/v) at room
temperature. The CD data represent the average values
from four separate recordings. The calibration was based
upon [0]304=1.12x10"* degcm? dmol ™! for a purified sam-
ple of androsterone (Tokyo Kasei) in 5x10~3 % dioxane so-
lution.

IR Absorption Spectrum Measurements. The
IR absorption spectra of the protected peptides in solution
or in the suspended state were recorded at room tempera-
ture with a JEOL Model JIR-100 FT-IR spectrometer by
employing 0.5 mm-path length cells with sodium chloride
windows or ditched sodium chloride plates. The protected
peptides were dissolved or suspended in CH2Cl, containing
a variety of concentrations of DMSO or HFIP. The peptides
in the suspended state were recorded by placing them be-
tween ditched sodium chloride plates. The concentrations
of individual peptides were kept around 1.6x1072 M.

Results

The IR absorption spectrum of the protected pep-
tide showed bands around 3280 cm™! in the amide A
region and around 1630 cm~! in the amide I region,
assigned to a (-sheet structure.!® The bands observed
around 1670 and 3420 cm~! were assigned to an un-
ordered structure. The stability of the 3-sheet structure
of Boc—(X-Ala—Glu(OBzl)-Leu-Gly),,—OPac (n=2,3)
was evaluated by monitoring the IR absorption band
around 1630 cm~! in CH,Cly containing a variety of
concentrations of DMSO or HFIP. The §-sheet struc-
ture of the protected peptides was disrupted in CH;Cl,
with increasing amounts of DMSO or HFIP, resulting
in the successive increase in the intensity of the band
around 1670 cm~!. The behavior of the S-sheet-struc-
ture disruption of the peptides depended on the guest
amino acid and the results are summarized in Tables 1
and 2. Typical IR absorption spectra in the amide I
regions of the peptides are shown in Fig. 1.
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In order to summarize the results of the IR absorption
spectra in Tables 1 and 2, the IR absorption spectra
of the peptides were classified into five groups. The
first group (Fig. 1a) showed a strong band around 1630
cm~! with no or a weak shoulder band around 1670
cm~!. They are assigned to 8 in Tables 1 and 2. The
second group (Fig. 1b) exhibited a strong band around
1630 cm~! and a medium shoulder band around 1670
ecm~! (B/r(sh) in Tables 1 and 2), the third (Fig. 1c),
medium bands around both 1630 and 1670 cm~! (G/r
in Tables 1 and 2), and the fourth (Fig. 1d), a medium
shoulder band around 1630 cm~! and a strong band
around 1670 cm~! (3(sh)/r in Tables 1 and 2). The fifth
group (Fig. 1e) showed a strong band around 1670 cm™?
with no or a weak shoulder band around 1630 cm™? (r in
Tables 1 and 2). The (-sheet-structure stability of the
protected deca- and pentadecapeptides were dependent
on the nature of the guest amino acid residues. On
the basis of the results, the S-sheet-structure-stabilizing
potentials, SP#’, of the 20 kinds of guest amino acid
residues in the protected peptides were classified into
six groups.

The CD spectrum of the pentadecapeptide in
HFIP/CH3Cl; (9/1, v/v) has two negative bands at 204
nm (the amide 7—mt* transition) and 222 nm (the amide
n-7t* transition). Figure 2 shows representative spec-
tra for the Boc—(X-Ala—Glu(OBzl)-Leu-Gly);—OPac
(X=Arg(Mts), Asn, Asp(OBzl), Ile, Ser(Bzl), and Thr-

Table 1. f3-Sheet-Structure Dispersion® of Decapep-
tides in Mixed Solvents®

Protected Mixed solvents

peptide 1 2 3 4
Boc—(PAELG);—OPac r — — —
Boc-(DAELG);-OPac  — r — —
Boc—(RAELG);—OPac  — r — —
Boc—-(KAELG);-OPac  — r — —
Boc-(NAELG)2-OPac  — r — —
Boc-(HAELG);—-OPac B(sh)/r r —
Boc-(QAELG)2—-OPac B(sh)/r r —
Boc—(CAELG)2—OPac B/r r —
Boc-(MAELG)2-OPac B/t r —
Boc—(WAELG)2—OPac B/r r —
Boc—(LAELG)2—OPac B/r(sh) r —
Boc—(YAELG),—OPac B/r(sh) r —
Boc—(TAELG);—-OPac r —
Boc-(EAELG)2—OPac r —

Boc—(SAELG)2-OPac
Boc—(VAELG)2-OPac
Boc—(FAELG)2—OPac
Boc—(IAELG)2—OPac
Boc—(GAELG)2-OPac T —
Boc-(AAELG)2-OPac Jé] r —

a) Structure: B,3-sheet structure; r, random or a-helix
structure; sh, shoulder. b) Mixed solvents: 1, CH2Cly :
DMSO=4:1 (v/v); 2, CH2Cly:DMSO=3:2 (v/v); 3,
CH2Cl; : DMSO=2:3 (v/v); 4, CH2Cla:HFIP=95:5
(v/v).
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Boc-X-OH + H-AE(OBzl)LG-OPac

X = 20 kinds of amino acids

Boc-XAE(OBzI)LG-OPac

Boc-XAE(OBzI)LG-OPac

DCC, HOBt

TFA, anisole

Boc-XAE(OBzl)LG-OH, DCC, HOBt

HCI/ AcOEt

Zn/ AcOH

Boc-(XAE(OBzl)LG),-OPac

H-(XAE(OBzI)LG),-OPac

Scheme 1.

DCC, HOBt

Boc-XAE(OBzl)LG-OPac

H-XAE(OBzl)LG-OPac :

Boc-XAE(OBzI)LG-OH

Boc-(XAE(OBzl)LG);-OPac
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[B-Sheet-Structure Dispersiona) of Penta-
b)

Table 2.
decapeptides in Mixed Solvents

Protected Mixed solvents

peptide 1 2 3 4
Boc—(PAELG)3-OPac — — r —
Boc-(NAELG)3-OPac — — T —
Boc-(RAELG)3—OPac — — B/r —
Boc-(KAELG)3-OPac — —  (3/r(sh) —
Boc—(WAELG)3-OPac  — —  (§/r(sh) —
Boc—(CAELG)3-OPac — — 15} —
Boc—(YAELG)3-OPac — — Ié} —
Boc—(DAELG)3-OPac — — B r
Boc—(QAELG)3-OPac — — B r
Boc—(LAELG)3-OPac — — Jé] r
Boc—(SAELG)3—OPac  — — B B(sh)/r
Boc—(TAELG)3-OPac — — Ié} B(sh)/r
Boc-(MAELG)3—OPac — — B B(sh)/r
Boc-(EAELG)3-OPac — — B B/r
Boc—(IAELG)3-OPac — — B B/r
Boc-(VAELG)3-OPac  — — B B/r(sh)
Boc-(HAELG)3-OPac — — B B
Boc-(AAELG)3-OPac — — B B
Boc—(GAELG)3-OPac — — I5} B8
Boc-(FAELG)3-OPac — — B Jé]

a) Structure: §,3-sheet structure; r, random or a-helix
structure; sh, shoulder. b) Mixed solvents: 1, CH2Cly :
DMSO=4:1 (v/v); 2, CH2Cl;: DMSO=3:2 (v/v); 3,
CH2Cly: DMSO=2:3 (v/v); 4, CH2Cly:HFIP=95:5
(v/v).

(Bzl)). Judging from the magnitude of [#] and the po-
sition of these bands, these peptides are characteristic
of a-helix and random coil conformation. The helix
content was deduced by following the intensity of the
minimum at 222 nm (—[f]222). Figure 2 shows the he-
lix content of each peptide. The value of —[f]a90 for
100% helix has been estimated at 35000.'4) By compar-
ing the CD spectra of the protected peptides, the a-
helix-structure stability of the protected pentadecapep-
tides was strongly dependent on the nature of the guest

amino acid residues.
Discussion

The host—guest deca- and pentadecapeptides were
synthesized to evaluate the [-sheet-structure stabiliz-
ing potentials of protected peptides longer than deca-
peptides. The SPJ3’ values of 20 kinds of guest ami-
no acid residues evaluated for Boc—(X-Ala-Glu(OBzl)-
Leu-Gly),—OPac (n=2,3) was compared with the SP3
values evaluated for Boc—X-Ala—-Glu(OBzl)-Leu-Gly-
OPac. On the basis of the disruption of the j-sheet
structure of the host—guest deca- and pentadecapep-
dides, the guest amino acid residues, X, were classified
into six groups as shown in Table 3. When the pro-
tected peptide did not dissolve in DMSO alone, the [-
sheet-structure stability was evaluated in a mixture of
CH,Cly /HFIP (90/10, v/v).

The amino acid residue (-sheet-structure-stabilizing
potentials obtained from deca- and pentadecapeptides
were compared. Ala, Arg(Mts), Asn, Cys(Bzl), Gln,
Glu(OBzl), Gly, Leu, Lys(Z), Pro, Thr(Bzl), and Val
are on the same rank. Asp(OBzl), Ile, Met(O), Phe,
Ser(Bzl), and Tyr(Bzl) have one rank differences. The
decapeptide classification is in good agreement with
the pentadecapeptide classification except for His(Bom)
and Trp(CHO) having two rank differences. This result
shows that the [-sheet-structure-stabilizing potential
of each amino acid residue is nearly unchanged even
though the peptide chain length increased from a deca-
to a pentadecapeptide. Thus, the (-sheet-structure-
stabilizing potentials obtained from deca- and pentade-
capaptides were conclusively classified as shown in Ta-
ble 3.

However, when the SPA’ values of the amino acid
residues in the conclusive classification and the SPg val-
ues obtained previously were compared, differences were
observed in the classification of the amino acid residues.
It is believed that the difference in the [(-sheet-struc-
ture-stabilizing potentials of these amino acids between
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Fig. 1. The classification of typical IR absorption
spectra in the amide I region of the peptides in Ta-
ble 1. a) 8, Boc—(QAELG)2—OPac in mixed solvent
1, b) 8/r(sh), Boc<(LAELG)2—OPac in mixed solvent
2, ¢) B/r Boc—-(MAELG)2—OPac in mixed solvent 2,
d) B(sh)/r Boc—(VAELG),—OPac in mixed solvent 3,
e) r, Boc-(DAELG)2—-OPac in mixed solvent 2.

1800

SPA and SPQ’ originates from a difference in the solva-
tion mechanism. When a peptapeptide is solvated suf-
ficiently, it has a random coil structure. On the other
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Fig. 2. CD spectra of Boc<(XAELG)3—OPac (X=Arg-
(Mts), Asn, Asp(OBzl), Ile, Ser(Bzl), Thr(Bzl)) in
CH.Cly/HFIP (90/10, v/v).

hand, when deca- and pentadecapeptides having suf-
ficient chain lengths for helix structure formation are
solvated, they have a mixture of random coil and helix
structures.

In fact, the CD spectra of the deca- and pentadeca-
peptides measured in CH,Cly/HFIP (90/10, v/v)
showed the existence of helix and the results are sum-
marized in Table 4. Also, the helix-structure-stabiliz-
ing potentials, SPa, of 20 kinds of amino acid residues
were determined from the helix content of each pep-
tide resulting from the difference in the guest amino
acid residues. We classified the 20 kinds of amino acid
residues into six groups based on the helix content of
the peptides as determined by SPa.

As a result, Arg(Mts), Asn, and Gln have high helix-
forming tendencies in spite of the fact that they have
high (-sheet-structure stabilizing potentials. It is ex-
pected that the helix-forming tendency has an effect on
the solvation of deca- and pentadecapeptides. On the
other hand, it is confirmed that helix structure is not
contained in pentapeptides. When the -sheet structure
is disrupted by solvation, it is clear that the helix-struc-
ture-stabilizing potential of each amino acid is reflected
in peptide chain lengths longer than a decapeptide.

Hence, the [(-sheet-structure stability of protected
peptides longer than decapeptides and the solubility
correlated with the (-sheet-structure stability are diffi-
cult to estimate correctly by using the <SP#> value.
A new parameter containing the influence of the he-
lix-structure-stabilizing potentials of each amino acid
residue is needed. We determined the (-sheet-struc-
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Table 3. The $-Sheet-Structure-Stabilizing Potentials, SP3 and SPS’, of the 20 Kinds of Guest
Amino Acid Residues®

Class  (XAELG): (XAELG)3 Conclusive SPg3 SPa
classification (SP3')

6 LG, A A G F G, AL R,V,N D,C,S
5 E,S, V,F E,I,V,H E, S, V,F Q,G H A I E,R,Q,N
4 W, LY, T L,S,T,M L, T,Y,H F,W,Y A K, T
3 H,Q, C, M C,Y,D,Q C,Q W M- C,K,L,E,M Y,L,W,[L F
2 D,R,K,N N, R, K, W N,K,R,D S, T , G
1 P P D, P H, P, M

a) Amino acid residues are represented by one-letter symbols.

Table 4. The Helix Content of Protected Peptides®
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Helix content/%

Model peptides

Decapaptide (n=2)

Pentadecapeptide (n=3)

Boc—-(DAELG),—OPac 33 66
Boc—(CAELG),—OPac 28 62
Boc—(SAELG),-OPac 26 61
Boc—(EAELG),—-OPac 23 56
Boc—(RAELG),-OPac 24 55
Boc—(QAELG),—OPac 30 54
Boc—(NAELG),-OPac 25 51
Boc-(KAELG),—OPac 20 48
Boc-(AAELG),-OPac 21 48
Boc—(TAELG),—OPac 18 46
Boc—(LAELG),—-OPac 18 44
Boc—(YAELG),—OPac 18 44
Boc—(WAELG),~OPac 17 43
Boc—(IAELG),-OPac 18 41
Boc—(FAELG),—-OPac 20 40
Boc—(VAELG),-OPac 20 37
Boc-(GAELG),—OPac 10 29
Boc—-(HAELG),—-OPac 15 23
Boc—-(PAELG),—OPac 9 18
Boc-(MAELG),-OPac 26 18

a) Helix content; H=[0]222/ —35000, —[0]2220=¢*xMW /dxcx100.

c; concentration/g

ml~1!, d; cell path length/dm, ¢; deg, MW; molecular weight.

Table 5. The Influence of Chain Length on the (-Sheet-Structure-Stabilizing
Potentials of Protected Peptides
Solid state Comformational Comformational
Chain length conformations changes by solvation parameters
Pentapeptides B-Structure BS—Random SP3
Deca- and
Pentadecapeptides [B-Structure B—Helix+Random SPa3

ture-stabilizing potentials (SPS’) of 20 kinds of amino
acid residues obtained from decapeptides and penta-
decapeptides. When the SPS’ values of deca- and pen-
tadecapeptide segments are estimated, (-sheet-struc-
ture stabilities in organic solvents and the solubilities
corresponding to those shown in Table 5 can be pre-
dicted. The SPa value shows the helix-structure-stabi-
lizing potential of each amino acid residue. We think
that if the SPa value relating to the length of the pep-
tide segment is applied, the helix-structure formation of
the peptide segment can be predicted.

According to the length of the peptide segment, pre-
diction of the B-sheet-structure stability of a peptide by
using the <SPB> and <SPS’'> values can contribute
much to the design of a synthetic route. Prediction of
the formation of helix structure by the <SPa> value
can also contribute much to the design of the synthetic
route of a peptide or protein. The prediction of the g-
sheet-structure stability of protected peptides using the
parameters SP3, SPa, and SP3’ and the relationship
between them will be discussed elsewhere.
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