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Abstract Potassium salts of N-
decanoylglycine and N-decanoyl-
L-alanine oligopeptides (monomer,
dimer and trimer) were synthesized.
For these oligomer salts in aqueous
solutions, the microstructures of
micelles have been investigated by
small-angle neutron-scattering
(SANS). In the calculation of SANS
intensity data, the thickness of the
hydrophilic layer was altered by
changing the conformation of the
oligomer moiety (helical and S-sheet
structures). For micelles of the trimer
salts, the helical structure models
provide the best fit to the observed

SANS intensity data. For micelles of
the monomer- and dimer-salts, the
p-sheet model provides the best fit to
the observed data. For the monomer-
and dimer-micelles, the aggregation
number (n) is not dependent on the
species of amino acid residue, imply-
ing that the decanoyl group plays

a critical role in micelle formation.
However, for the trimer micelles, the
n value is dependent on the species of
amino acid residue.
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Introduction

The sodium N-acyl sarcosinate molecule can be represent-
ed by the structural formula

o, Ch O, CH,COO Na’
/C_N\ - /C_N\
CH,(CH,); CH,-COO™ Na* CH,(CH,)n CH,
o (I

This amide molecule, as well as other simple amides, exists
in both the cis (I) and trans (II) about the C-N bond of
a peptide group, and the N-alkyl groups of these molecules
are not magnetically equivalent due to a high energy
barrier to rotation about the carbonyl carbon-—nitrogen
bond. Accordingly, in the NMR spectrum of this molecule,
splitting of the resonance peaks of N-alkyl groups is ob-

served. In the previous study, we have investigated the
concentration dependence of the 'H and '*CNMR
spectra of the sodium N-acyl sarcosinate in D,O [1, 2].
The results can be summarized as follows.

The percentage of the trans configuration (4.6%) is less
than that of the cis isomer (54%) below the critical micelle
concentration (CMC). However, it increases asymp-
totically with further increasing concentration above the
CMC, and finally approaches the constant value (76%) in
the micellar state. Furthermore, incorporation of the sar-
cosinate anions into the sodium n-dodecy! sulfate micelles
brings about an increase in the percentage of the trans
isomer. These observations reveal that the trans conforma-
tion of a sarcosinate anion is more stable in the micellar
state than in the monomolecular state.

Using vibrational spectroscopic methods, we have
confirmed that aggregates of N-acylglycine oligopeptide
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potassium-salts and simple amides in water bring about
preferential stabilization of a specific conformer
[3,4]. Beaudette et al. [5,6] have found that a con-
formational change upon formation of a giant aggregate
also occurs in complexes of histone proteins. Further-
more, in the lipid-membrane protein complex, we may
expect that a conformational change in the protein
molecule induced by the hydrophobic environment is
possible, since membrane proteins can be crystallized as
protein—surfactant complexes in the presence of detergent
molecules [7-9] and, in fact, surfactant molecules
promote the ordered packing of protein [10, 11]. How-
ever, very little is known about how the conformational
change of the peptide can occur upon formation of an
aggregate or incorporation into a membrane or model
membrane system.

Many problems on the conformational changes of
molecules still remain unresolved, and further study is
needed to clarify the role of the aggregate state in the
function of important biomolecules such as proteins.

In the present study, we report the detailed microstruc-
ture of micelles formed by N-decanoylglycine and N-
decanoyl-L-alanine oligomer potassium salts, determined
by analysis of small-angle neutron-scattering (SANS). In
particular, the conformational effect of the very short
oligopeptide moiety on the SANS intensity profile is
discussed.

Experimental
Materials
N-decanoylglycine and N-decanoyl-L-alanine oligo-
peptides (CH;(CH,)§ CO(NHCH,CO),,OH and

CH;(CH,)gCO(NHCH (CH)CO),,OH, residue number,
m = 1,2 and 3) were synthesized by a stepwise procedure
previously described [12, 13]. These acid type oligomers
were identified by elemental analysis and the agreement
between the calculated and observed values was within
0.5%. The oligomer acid types were then dissolved in
methanol-water and the pH of the solution was adjusted
to 7.0 by slowly adding dilute KOH-H,O at 0°C. The
potassium salts of these oligomers were collected by
lyophilization and dried under high vacuum at room tem-
perature over P,0O5. The monomer-, dimer- and trimer-
salts (DeG,K, m=1, 2 and 3) of N-decanoylglycine
oligopeptides are abbreviated as DeG1K, DeG2K and
DeG3K, respectively, and those (DeAK, m = 1, 2 and 3)
of N-decanoyl-L-alanine oligopeptides as DeAl1K,
DeA2K and DeA3K, respectively.

Molar volume determinations

The apparent molar volumes (&,,,) of the decanoyl
oligomer K-salts were calculated from the densities of the
sample-H,O solutions by using Eq. (1)

171000 + xM 1000 O
PPy d d,
¢app = 450 + AVX (2)

where y is the molality of the solution in units of molkg ™!,

M is the molecular weight of the solute, d is the density of
the solution, and d; is the density of H,O. A, is the
experimental slope and ®° is the infinite dilution molar
volumes of the solutes. The @° values were obtained by
least-squares fitting of the &,,, values to Eq. (2). The
densities of the sample solutions were measured with
a Lipkin—Davison type pycnometer calibrated with the
known density of water. The temperature of the thermo-
stated-bath system was controlled at 25.00 4+ 0.02°C.

Electrical conductivity measurements

The electrical conductivity method was used to determine
the critical micelle concentration (CMC) from plots of the
specific electrical conductivity (x) against the oligomer
K-salt concentration (C, in mol dm ™ 3). The electrical con-
ductivities of the sample solutions were measured with
Conductivity Meter CG-2A (TOA electronics Ltd.) at
250 £ 0.1°C.

Neutron scattering measurements

The small-angle neutron-scattering (SANS) measurements
were carried out using the medium-angle neutron-scatter-
ing instrument (WINK) installed at the pulsed neutron
source KENS at the National Laboratory for High Energy
Physics, Tsukuba, Japan. The sample solutions were
placed in a quartz cell of 2-mm path length at 23 °C. The
scattering length density (p) of each component was cal-
culated using the following equation,

p=2b/V €)
where b; is the scattering length of atom i and V is the
molecular volume. The V values calculated from partial
molar volume data measured in the present investigation

and Zb; values quoted from ref. [16] are listed in Table 1.
The magnitude of the momentum transfer (Q) is given by

Eq. (4),

Q= 4—; sin <§> “
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Table 1 Partial molar volumes (V') and scattering length (Zb.y)
species V(A% Ebeon(A)

CH,3 42.6* —4.57x1073
CH, 28.22 —832x10°¢
—-ND-CH,-CO- 60.5 277x1074
~ND-CH(CH;)-CO— 89.3 2.68 x 1074
COO~ 25.7 1.83x 1074
K* 9.85° 3.71x107°
aref. [14]. ®ref. [15].

where 2 is the incident wavelength (1716;\ for WINK).
The intensity of scattered neutrons was recorded on a posi-
tion-sensitive 2-D detector. Normalization of the data to
an absolute intensity scale was made by using the trans-
mission of a 1 mm water sample. Corrections for the at-
tenuation of the beam due to absorption and for multiple
scattering were also made.

SANS analysis

The dependence of the neutron-scattering intensity
d2(Q)/dQ2 on the magnitude of a scattering vector (Q) can
be expressed as a function of both the particle structure
factor P(Q) and the size and orientation weighted interpar-
ticle structure factor S'(Q), as follows,

d2(Q)/dQ = I,P(Q)S"(Q) (5)

where I, is the extrapolated zero-angle scattering intensity,
which is independent of the micellar shape. Furthermore,
I, is a function of the average aggregation number n and is
expressed by Eq. (6) in terms of the volumes of the micelle
core (V., in A3) and overall micelle (V,,, in A3) and the
average neutron-scattering length densities of the polar
shell, hydrophobic core, and solvent (p,, p. and p,, in A?,
respectively)

(C — CMC)N,

Io = 1000 1

107" °[(pp — po) Ve

+ (ps - pp) Vm]z (6)

where N4 is Avogadro’s number.
The particle structure factor P(Q) for an ellipsoid par-
ticle is given by the following form,

PQ) =[IF(Q, w|*du (N

F@ﬁO=xG“m@Rﬂé£?@%@Rm>
3 (sin(QR,) — OR; cos(QR,))
+(1 - x)< ORP ) ()
X = (pp_pc)Vc (9)

(pp - pc) Vc + (Ps - pp) Vm
R, and R, are given by

Ry = [a®u? + b*(1 — p*)]'/? (10)
Ry =[a+t)u* + (b +t)*(1 — w17 (11)
for the prolate model and

Ry =[a*(1 — p?)p? + b1 (12)
Ry =[(a+ty*(1 — ) + (b + 0> p*]*? (13)

for the oblate model, where a and b are the major and
minor axes of a micellar particle, ¢ is the thickness of the
polar core of a micellar particle, and y is the cosine of the
angle between the direction of the minor axis b and the
scattering vector Q.

The size and orientation weighted interparticle struc-
ture factor S’(Q) can be calculated approximately by use of
the following equation

S0 = 1 + B WISQ) — 1] (14)
ICEQ )7
PO = F 0. s 13)

where S(Q) is the interparticle structure factor and can be
calculated by use of the model proposed by Hayter and
Penfold [17, 18]. In this model, the micelle is assumed to
be a rigid charged sphere of diameter ¢ [19, 20], interac-
ting through a dimensionless screened Coulombic poten-
tial. The dimensionless screened Coulombic potential is
calculated by using the inverse screening length of the
Debye—Hiickel theory, defined by the ionic strength I of
the solution.

For the size-dispersed system of charged hard particles,
the scattering intensity can be expressed in the following
form,

%%Q‘) = (_Z np()[(pp() — p (@) V() + (ps()
— PV u(dI* PG, Q)) S'(Q) (16)
no) = (C — CMCQC)d(i)N fem ] )

1000 i

where (i) denotes the particles having aggregation number
i, and d(i) is the concentration distribution function of the
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monomer. It is assumed that d(i) is a Gaussian function
with standard deviation (square root of mean average
aggregation number) [21].

Results and discussion

In our previous papers, we have reported vibrational
spectroscopic evidence for conformational changes of the
anions of N-acylglycine oligomers in aqueous solution
[3,4]. Results of special relevance for this study
can be summarized as follows. The infrared absorption
spectra of sample solutions diluted below the CMC can be
explained by the coexistence of several conformations con-
taining the polyglycine 1 (PGI)-like extended form and
the polyglycine II (PGII)-like helix. Above the CMC,
the infrared bands arising from the PGII-like helix are
intensified. This result is due to preferential stabiliza-
tion of the helical structure, promoted by intermolecular
association of the oligomer anions. It seems that
micellization promotes an intramolecular arrangement
of peptide dipoles directed along the helical axis and that
this compact array of peptide dipoles strongly interacts
with a CO; group [22], bringing about the stability
of the short helix. That is, a PGII-type array of pep-
tide dipoles is stabilized by one charged-group effect,
which has been previously demonstrated by Shoemaker
et al. [23].

X-ray diffraction powder patterns and vibrational
spectra of trimers and tetramers of N-acyl-L-alanine
oligomer acid types with various acyl chains (acetyl, bu-
tanoyl, hexanoyl and octanoyl groups), their potassium
salts and their benzyl esters have been investigated by
Okabayashi et al. [13]. The results show that only a con-
formation similar to S-poly(L-alanine) is found for these
oligomers in the solid state and that the long acyl chains
induce a further -sheet structure in the hydrogen bonding
of the peptide skeleton. Furthermore, the concentration
dependence of the Raman spectra of these oligomer K-
salts solutions has also been studied, indicating that the
helical structure similar to a-poly(L-alanine) is preferen-
tially stabilized upon micellization and that the effect of
hydration on the L-alanine residues plays a critical role in
stabilization of the very short o-helical structure (to be
published separately).

We have tried to measure the SANS spectra of the
micellar solutions of N-acyl-L-alanine oligomer K-salts
with short acyl chains (acetyl-n-octanoyl chains) as well as
the N-acylglycine oligomer K-salts. But it was unsuccess-
ful, since N-acyl chains are probably too short to form
a micelle with large aggregation numbers, which can be
detected by SANS.

In the present study, N-acylglycine- and N-acyl-L-
alanine = oligomer K-salts (residue number = 1, 2 and 3)
with an N-decanoyl chain were synthesized. The SANS
spectra of the micellar solutions of these oligomer K-salts
were measured and analyzed in order to elucidate the
correlation between the secondary structure of the
oligopeptide moiety and the observed SANS spectra. The
CMCs and partial molar volumes of these oligomer K-
salts in water were also studied to assist the SANS spectra
analysis of these micellar solutions.

Critical micelle concentration and partial molar volume

For DeG,K and DeA, K (m =1, 2 and 3) in aqueous
solutions, the specific electric conductivity (k) was mea-
sured at various concentrations. From the points of inflec-
tion in the plots of x vs. concentration, the values of the
CMC were determined, and are listed in Table 2 together
with average degrees of ionization (o) of the micelles,
calculated from the slopes of the two straight lines below
and above the CMC. For the two series of oligomer
K -salts, the value of the CMC is found to decrease with an
increase in residue number, and the values for DeG,,K are
very similar to those for DeA K.

The free energy values (AG°) of micellization per
monomer [24] calculated by the use of «,,, and the CMCs
measured in the present study are also listed in Table 2.
For the two series of oligomer anions, the AG° values for
micellization are not so markedly dependent on the resi-
due number and that the differences in the 4G° values
between DeG K and DeA_ K are very small, implying
that the longer hydrocarbon portion rather than the
oligopeptide moiety perdominantly contributes to forma-
tion of the oligomer micelles.

For DeG, K and DeA_K (m = 1, 2 and 3) in water, the
apparent molar volumes (®,,,) of a solute molecule was
determined at 25 °C from density measurements. Limiting
partial molar volumes (®°) for the solutes in water were
evaluated from the apparent molar volumes. It has been

Table 2 CMC, «,,, and AG®

cMC x,, 4G

(mol dm~3) (kJ mol 1)
DeG1K 5.68x10°2 0.590 —24.0
DeG2K 442 %1072 0.591 —249
DeG3K 3.64x 1072 0.624 — 250
DeAlK 5.68 x10°2 0.615 — 236
DeA2K 449 %1072 0.681 —23.2
DeA3K 3.63x1072 0.736 —229

*4G° ~ RT(2 — o) InX cppe-

ave.



H. Etori et al.

267

Micelle formation of oligopeptides and mucellar structure

Table 3 The infinite dilution molar volumes (#°. cm® mol ™ ') and the
partial molar volumes (@®,, cm® mol~!) of the micellar oligomer
K-salts, for the series of DeG,K and DeA, K

P° [N

{cm® mol 1) (cm? mol 1)
DeG1K 208.7 219.6
DeG2K 2427 256.8
DeG3K 277.8 292.5
DeAlK 2239 2359
DeA2K 279.2 290.2
DeA3K 3329 3434

found that the @,,, values are almost constant below the
CMCs for these oligomer series, while they increase
linearly with an increase in concentration. Above the
CMC, the & value is expressed by Eq. (18)

CMC -
g0 4 C—CMC

C C

P = (18)

where @, denotes the partial molar volume of the decanoyl
oligomer anion in the micellar state. The ° and @, values
thus obtained are listed in Table 3.

Carmel et al. [25] have measured the apparent
molar volumes of glycine- and L-alanine-oligomers in
water. The results provide evidence for interference of
the ionic end groups of the peptides upon the hydration
of the middle portion and side chains of the oligomers.
In fact, contributions of segmental motions or conforma-
tional changes to the ¢ value cannot be ignored, since
a conformational change of both hydrocarbon and peptide
moieties occurs upon micellization [1, 4, 26,27]. The
differences between the ®° and &, values, as can be
seen in Table 3, are ascribed to the contributions of seg-
mental mobility or conformational changes upon micelliz-
ation for both the hydrocarbon portion and oligopeptide
moiety.

For the two series of decanoy! oligomers in H,O, the
@° and &, values depend on the residue number and
provides the linear relationship between the ®° and
@, values and the residue number (m) (®° = A + Bm,
A =173.9: B=34.5 and 4 = 169.7, B = 54.5 for DeG_,K
and DeA K in monomer state, respectively; &, =
A, + Bm, A,=1835 B,=364 and A4,=1823,
B, = 53.8 for DeG_,K and DeA_ K in micellar state,
respectively). The limiting partial molar volume of
182.9 cm® mol ! for the decanoyl and carboxylate anion
moieties in the micellar state is evaluated by extrapolation
to the intercept. The partial molar volume data thus ob-
tained are used in SANS analysis.

SANS spectra and micellar structure

For the micelles formed by the oligopeptide K-salts, both
prolate and oblate spheroid models have been calculated
by assuming both monodispersity and polydispersity.

A structural model of an oligopeptide micelle, used in
the calculation of the single particle form factor P(Q), is
shown in Fig. 1 only for the prolate model. This model is
based on the results of the SANS analiysis for n-alkyl-
trimethylammonium bromide micelles made by Berr [24].

The shape of an oligopeptide micelle is prolate and has
a hydrophobic core with a major axis @ and minor axis b.
The b value is set equal to the length of a portion of the
fully extended n-decanoyl chain which constitutes the hy-
drophobic core. The hydrophilic layer, of thickness t, con-
sists of head groups including oligopeptide moieties and
carboxylate anions, associated with potassium ions and
water molecules, and the hydrated methylene groups of the
n-decanoyl chain.

Fig. 1 Prolate micellar model used 1n the calculation of P(Q) and
a step model of average neutron-scattering length densities. ¢ is the
thickness of the hydrophilic (Stern) layer, a and b are the major and
minor axes, respectively. p,, p. and p_ are the average neutron-
scattering length densities of the polar shell, hydrophobic core and
solvent, respectively

El 27><ncw5 lpepxm E 3.30 i
E e (. |
! CH» CH: CH: ICH CH :
SR SR S LR JC( :
1CH3 CH> CH2 CHz CH: N COt
H ' { '
: : H m
' b : t ?

Y
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The b and ¢ values are given by the following equations,
which are similar to the equation presented by Tanford

(28],

b=1.50 + 1.27(9 — ney) (19)

t =127 X Hew + lpep X Hpep + 3.30 (20
where n., is the number of hydrated methylenes of an n-
decanoyl chain, I, is the length of an oligopeptide chain
(-CO-ND-CHR—; R=H and R=CH; for a glycine resi-
due and for an L-alanine residue, respectively) along the
molecular axis including an n-decanoyl chain, and n,, is
the number of peptide residues. The [, values are 3.45 A
for a S-type structure and 1. 49 A for a helical one, which
were obtained from geometrical dimensions of f-sheet
[29] and helical [30] structures for polypeptides, deter-
mined by x-ray diffraction analysis. The number 9 is the
sum of the number of methyl carbon atoms and that of
methylene carbon atoms in the n-decanoyl chain. The
number 3.30 is the length of a terminal COO™ group,
which was calculated using both geometrical dimensions
of a COO~ group and van der Waals radius of oxygen
atoms [31].

The volume of the hydrocarbon moiety constituting
the core (V) and that of the polar heads in the hydro-
philic layer (Vy..q) per one oligopeptide anion, used for
calculation of the scattering length densities of the whole
micelle, are expressed as follows
21

Vit = Ven, + (8 — new) X Ven,

Vhead = Rew X VCH; + npep X Vpep + VCOO’ (22)
where Ven,, Ven,» Vpep and Vgo- are the volumes of the
methyl, methylene, peptide and carboxylate anion group,
respectively. These values were calculated using partial
molar volume data [14, 15] listed in Table 1.

In the SANS analysis, the scattering intensity arising
from the oligopeptide K-salts solution was corrected for
the detector background and incoherent scattering. The
intensity spectrum of an oligopeptide solution measured at
concentrations below the CMC was subtracted from those
of the micellar solutions containing the oligomer K-salts in
the Q range 0.06-0.30 A~ 1.

The thickness of the hydrophilic layer (¢) was varied by
changing a conformation of the oligopeptide moiety,
which alters the SANS intensity profiles. For the confor-
mations of the oligopeptide moiety, both PGII-type (or
a-helix) and f-sheet structure models were assumed for the
oligopeptide moieties of DeG3K and DeA3K.

For DeG3K and DeA3K, we have found that the helical
structural model of peptide moiety provides better fit to
the SANS intensity data than the f-sheet structure does,

while, for DeG1K, DeG2K, DeAlK and DeA2K, the
p-sheet structural model provides a better fit than the
helical structure does.

In general, when the concentration of a surfactant
molecule is very low and the intermicellar interaction is
neglected, the SANS intensity spectrum is dominated by
the particle structure factor P(Q), and the interparticle
structure factor S’(Q) is unity throughout the observed
0 range. However, when the interaction cannot be neglect-
ed as the concentration increases, S'(Q) deviates from
unity and the interaction peak appears in the SANS
spectrum.

The SANS intensity spectra calculated by assuming
monodispersity for the micellar solutions of DeG_,K and
DeA_ K are shown in Fig. 2. In the curves of I(Q) against
Q observed in the concentration range 2.0-5.0 wt%, very
broad peaks are observed, showing that there are interac-
tions between the micelles. Moreover, as the concentration
increases the interaction peak increases steadily in inten-
sity and shifts to higher Q values, indicating an enhanced
interparticle structure factor with an increase in micellar
concentration.

The observed intensity data were analyzed with the
aggregation number (n), degree of ionization of a micelle
(x), and number of hydrated methylene groups (n.,.) as
fitting parameters, and the a, b, and t values are calculated
using n., and n. The values of extracted parameters
are listed in Table 4A and 4B. The best fit scattering
intensity profiles for the two series of samples are also
shown in Fig. 2. The closeness of fit between the observed
and calculated data is excellent. The average percentage
deviation per one datum point was within + 2-4% for all
spectra.

It can be seen in Table 4 that the (a + t)/(b + t) ratio of
prolate spherical micelle decreases as the concentration
approaches the CMC. This result indicates that the shape
of an oligomer micelle changes with an increase in micellar
concentration. For a micelle with a minimum aggregation
number ng, (a + t)/(b + t) ratio (0.9-1.1) is very close to 1.0,
showing that the minimum micelle may be spherical. Thus,
we may assume for formation of the oligomer micelles that
both micellar growth and sphere to prolate shape vari-
ation occur with an increase in micellar concentration,
although the variation is not large.

For a series of DeG_ K, as the number of glycine
residue increases, the aggregation number (n) tends to
increase, as can be seen in Table 4A. Moreover, it is
evident that the number of hydrated methylene groups in
the hydrophilic layer decreases with an increase in the
residue number, implying that the DeG_,,K micelles be-
come drier with an increase in glycine residue number.
That is, we may assume that the helical structure of the
glycine oligomer moieties results in a thinner hydrophilic
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Fig. 2 Observed scattering
mtensity spectra (open circles)
for DeG1K-D,O [A],
DeG2K-D,0O [B],
DeG3K-D,O [C],
DeAlK-D,O [D],
DeA2K-D,0 [E],
DeA3K-D,O [F] systems at
23°C: a) 5.0 wt%,; b) 4.5 wt%;
c) 4.0 wt%; d) 3.5 wt%; e)

30 wt%; f) 2.5 wt%,; (solid
lines) fitting scattered intensity
profiles for the prolate model
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Table 4A Scattering intensity spectra observed for N-decanoylglycine oligomer K-salts micellar solutions and theoretically calculated results
for prolate model (assumed monodispersity)*

wt% n 2 n., a b t (a+1) N, 1/x o 4
(A) (A) (A) b+ (A) (A) (%)
DeG1K-D,O system at 23 -C
2.5 353+08 0.43 +0.09 20402 16.5 10.4 9.3 1.32 274 11.8 431 2.8
3.0 355+ 0.7 0.40 £+ 0.06 1.6 £02 159 10.9 8.8 1.26 254 11.5 425 26
35 36.5+05 0.39 + 0.04 1.7+02 16.5 10.8 8.9 1.29 25.5 11.2 429 21
4.0 388 +0.7 0.37 +£0.03 20402 18.2 10.4 9.3 1.40 26.1 11.0 44.0 24
4.5 39.6 + 0.6 0.39 + 0.03 20401 18.5 10.4 9.3 141 25.8 10.6 44.2 21
5.0 413+06 0.38 + 0.02 1.9+ 0.1 19.1 10.5 9.2 1.44 249 10.4 44.4 21
DeG2K-D,O system at 23°C
2.5 353+ 11 041 +£0.12 1.5+02 15.7 11.0 12.1 1.20 444 133 49.2 39
3.0 373+ 12 035+ 0.12 1.5+02 16.5 11.0 121 1.24 43.1 13.0 49.7 4.0
3.5 392+ 1.0 0.36 £+ 0.07 15402 174 11.0 12.1 1.28 419 12.7 50.2 37
4.0 412110 0.37 £ 0.06 14+02 18.1 11.2 12.0 1.30 40.2 12.3 50.5 35
45 426 +10 0.38 + 0.05 1.3+£02 18.5 113 11.9 131 389 11.9 50.7 37
5.0 443 £ 09 0.37 £+ 0.04 1.4+02 19.4 11.2 12.0 1.36 38.7 1L.7 51.2 33
DeG3K-D,O system at 23 °C
2.0 40.8 £ 09 0.43 + 0.08 09+02 17.0 11.8 89 1.25 219 150 44.6 2.5
2.5 429 +12 0.45 + 0.09 07+02 17.6 12.0 8.7 1.27 204 14.4 448 3.0
30 447 +09 048 +0.08 03+02 17.6 12.5 82 1.24 183 13.7 445 26
3.5 469 + 14 0.52 +0.13 05+03 18.8 12.3 8.4 1.32 18.6 13.2 454 39
4.0 480 + 1.3 0.54 + 0.11 0.7+02 19.6 120 8.7 1.37 19.1 12.6 459 39

*n: The average aggregation number of a micelle. a: The degree of ionization of a micelle. In the present SANS analysis, it was assumed that
the micellar solution is a one-component macrofluid and the finite size of the counterion is ignored. Therefore, the « values listed are an
apparent charge [32]. n_,: The number of hydrated methylene groups in the hydrophilic layer. a: The major axis of a prolate micelle given by
a = (3nV,,)/(4=nb?). b: The minor axis of a prolate micelle given by Eq. (19). r: The thickness of the hydrophilic layer given by Eq. (20). N,: The
number of water molecules associated with an oligopeptide anion. 1/k: The inverse Debye-Hiickel screening length. ¢: The macroion
diameter. 4: the average percentage deviation per data point. 4 = 100 x [Z((1,,, — I0 )/ a1, where I, and I, denote the observed
and calculated neutron-scattering intensities, respectively [33].

cale

Table 4B Scattering intensity spectra observed for N-decanoyl-L-alanine oligomer K-salts micellar solutions and theoretically calculated
results for prolate model (assumed monodispersity)*

wt% n o Hew a b t (a+1) N, IZK o 4
@  Ad A b & A%
DeA1K-D,O system at 23°C
3.0 303 £ 0.5 0.43 + 0.06 22402 14.5 10.1 9.5 1.22 29.8 11.5 42.1 23
3.5 31.7 £ 05 041 + 0.04 23+02 154 10.0 9.7 1.27 29.5 11.2 42.6 21
4.0 317+ 04 048 + 0.04 20402 14.8 104 9.3 1.23 28.0 10.7 42.1 2.0
4.5 323405 0.46 + 0.03 22+0. 15.5 10.1 9.5 1.27 28.7 10.5 42.6 22
5.0 349 + 0.7 0.40 + 0.03 24402 17.1 99 9.8 1.37 28.5 10.4 437 3.0
DeA2K-D,0 system at 23 °C
3.0 300 £ 0.8 0.44 £+ 0.09 1.5+02 133 11.0 12.1 1.10 47.0 129 477 35
33 321+ 07 0.38 + 0.07 1.5+0.2 14.2 11.0 12.1 1.14 45.1 12.7 483 34
4.0 329 +0.7 0.37 + 0.05 1.7+02 149 10.8 124 1.18 45.7 124 489 3.1
4.5 34.6 +£ 0.7 0.40 + 0.04 1.6 +£0.2 15.5 10.9 12.2 1.20 43.7 12.0 49.2 32
5.0 350+ 0.7 0.40 + 0.04 1.7 £ 0.2 159 10.8 124 1.22 440 11.7 49.4 32
DeA3K-D,O system at 23°C
3.0 249+ 04 0.46 + 0.06 29 +0.1 13.0 9.2 11.5 1.18 395 14.2 43.7 2.2
35 259 1+ 0.6 0.58 + 0.08 30+ 0.1 13.6 9.1 11.6 1.22 39.2 133 442 32
4.0 278 + 0.5 0.47 + 0.05 30401 14.7 9.1 11.6 1.27 37.3 13.3 448 23
4.5 293+ 0.6 0.49 + 0.05 31+02 15.6 9.0 11.7 1.32 36.7 12.8 454 3.0
5.0 302 +£ 0.7 0.48 + 0.05 3.1+0.1 16.1 9.0 11.7 1.34 36.0 12.5 457 34
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layer and makes smaller the depth of water penetration
into the hydrocarbon core.

For a series of DeA K, it 1s found that the dependence
of the n value on the residue number is very small. In fact,
the n values of the DeG3K micelles are smaller than those
for DeAl1K and DeA2K micelles. We may note the in-

1
06—501

1 1 ul 1
002 003 0.04 005
(X—Xeme)"*

0.06

Fig. 3 Plot of aggregation number (n) as a function of the square root
of the monomer concentration-forming-micelles (X = molar frac-
tion): (@) DeG1K; (a) DeG2K; (m) DeG3K; (0) DeAlK; (») DeA2K;
(o) DeA3K

creased number of hydrated methylene groups for DeA3K
micelles, implying that the DeA3K micelles becomes wetter
compared with the DeA1K and DeA2K micelles.

Figure 3 shows the average aggregation number »n plot-
ted against (X — Xcme)!/?, which is a square root of the
monomer concentration attributable to formation of
micelles expressed by molar fraction [34]. For all micellar
solutions of DeG_,K and DeA, K, the n values increase
with an increase in micellar concentration, and all the
n values fall on a straight line. Therefore, a ladder model of
micellar growth, which has been proposed by Missel et al.
[34], can also be applied to the micellar formation of these
oligopeptide K-salts.

Extrapolation of the straight line n vs. (X — Xcmc)''?
gives the minimum aggregation number (ng) of a micelle at
the CMC: the ng values of DeG K are 26.7, 23.5 and 32.8
for m = 1, 2 and 3, respectively, and those of DeA K are
22.8,20.6 and 13.7 for m = 1, 2 and 3, respectively. When
we compare the ny values for these oligopeptide mono-
mer- and dimer-salts, it is found that these values are not
dependent on the residue number, implying that the
hydrocarbon moiety for these short oligomer K-salts
contributes predominantly to formation of a minimum
micelle. However, for the micelles of DeG3K and DeA3K
anions, it is evident that there exists the significant differ-
ence between the ng values.

For the oblate spheroid model of the DeG,,K and
DeA K micellar systems, the observed intensity data were

Table 5 Scattering intensity spectra observed for N-decanoylglycine and N-decanoyl-L-alanine oligomer K-salts micellar solutions and
theoretically calculated results for oblate model (assumed monodispersity)*

wt% n o Aow a b t (a+1) N, 1/x o Y|
(A) (A) (A) b+ (A) (A) (%)

DeG1K-D,O system at 23°C

2.5 353 +0.7 043 + 0.08 23+02 13.1 10.0 9.7 1.16 28.1 12.1 434 2.5

5.0 41.0+0.5 0.37 +£0.02 24 +02 14.1 9.9 9.8 1.21 26.1 10.5 44.8 21

DeG2K-D,0 system at 23°C

2.5 354+ 10 041 £ 0.11 1.74+£0.2 13.1 10.8 124 450 13.3 494 37

5.0 442 + 0.8 0.37 +£0.03 1.8 +02 14.7 10.6 12.5 39.6 11.7 51.5 2.9

DeG3K-D,O system at 23 °C

2.0 40.8 +0.7 043 +£0.07 12402 14.1 11.4 9.3 1.13 227 15.0 45.0 2.2

40 482 + 09 0.44 + 0.09 1.2+02 154 114 9.3 1.19 20.3 13.1 46.5 3.0

DeA1K-D,O system at 23°C

3.0 303+ 04 0.43 +0.05 24+02 121 9.9 9.8 1.11 304 11.5 423 2.1

5.0 347 +£ 0.7 0.39 +0.03 28 +02 129 94 10.3 1.18 29.6 10.5 440 33

DeA2K-D,0O system at 23°C

3.0 30.1 + 0.7 0.45 + 0.09 1.6 + 0.2 12.1 109 12.2 1.05 474 129 479 34

5.0 350+07 0.40 + 0.04 1.9 +02 13.1 10.5 12.6 1.11 44.6 11.7 49.6 32

DeA3K-D,O system at 23 °C

3.0 249 + 04 0.46 + 0.07 3.0+0.1 10.9 9.1 11.6 39.7 14.2 43.8 22

5.0 299 + 0.7 0.48 + 0.05 33+02 12.0 8.7 12.0 36.2 12.5 45.6 4.0

2 2: The major axis of an oblate micelle given by a = {(3nV,,4)/(47nb)}'2. b: The minor axis of an oblate micelle given by Eq. (19).
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Table 6 Observed scattering intensity spectra for the representative
N-decanoyl oligomer K-salts micellar solutions and theoretically
calculated results for prolate model (assumed polydispersity)

Mave x Mo 4(%)
DeG1K-D,0 50 wt% 42 0.38 1.8 23
DeAlK-D,0 50 wt% 35 0.39 24 32

analyzed with the same fitting parameters (n, « and n.,).
The best fit scattering intensity profiles for the two series of
samples (error: + 2-4%) were obtained (profiles not
shown). The values of extracted parameters were in good
agreement with those calculated by the prolate model, and
are listed in Table 5 only for the representative samples.
The n values vs. (X — Xcme)'’? plots were in accord with
those for the prolate model.

Thus, we may assume that the micellar shape of the
DeG,K and DeA_ K systems is a prolate or oblate sphe-
roid. However, when we consider the packing parameters
of these surfactant molecules, the prolate model seems to
be much better than the oblate model, since the packing
parameters of both the DeG,_ K and DeA_ K surfactants
are in the range 0.25-0.36.

We may discuss the relationship between the mole-
cular packing parameters of a surfactant and micellar
shape. For surfactant molecules of optimal area a,,
hydrocarbon volume V, and critical chain length I, the
packing parameter is defined as V/agl.. As has been
shown by Israelachvili [21], we may expect that surfactant
molecules form prolate micelles at V/aol. < 1/2, and ob-
late micelles at V/agl, > 1/2. Therefore, for the two surfac-
tant series used in the present study, we may expect that
both the DeG,K and DeA_ K systems form prolate
micelles.

In the present study, the scattering intensity (d2 (Q)/d<2)
was also calculated by considering the polydispersity (Egs.
(16) and (17)) and use was also made of the interparticle
structure factor S'(Q). The calculated d2(Q)/dQ profiles
are not shown here. It has been found that the calculated
average aggregation number (n,,.) values are very similar
to aggregation number calculated by assuming monodis-
persity. The results for the representative sample solutions
are listed in Table 6.

Conclusion

For the N-acylglycine and N-acly-L-alanine oligomer K-
salts-D,O solutions, SANS spectra have been measured at
various concentrations. In the SANS intensity spectra,
very broad peaks were observed, showing that there are
interactions between the micelles. Moreover, it was found
that an interparticle structure factor is enhanced with an
increase in micellar concentration.

Both prolate and oblate spheroid models, for the
micelles formed by the N-acyl oligopeptide K-salts in water,
have been calculated by assuming monodispersity. Both the
prolate and oblate models have been found to provide the
best fits to the SANS intensity data. However, we suggest
that the micellar shape of the two surfactant systems may
be a prolate, considering the packing parameters.

In the calculation, the thickness of the hydrophilic
layer was altered by changing a conformation of the
oligomer moiety (helical and f-sheet conformations). For
K-salts of the glycine and L-alanine monomers and
dimers, the B-sheet structural model provides a better fit
than the helical structure does. For the trimer salts, how-
ever, the helical structural models provide a better fit to
the SANS intensity data than -sheet structure does. Thus,
the conformation of an oligopeptide moiety affects the
SANS intensity profile.

In the concentration range 3.0-5.0wt%, for the
micelles of the oligomer, monomer, and dimer anions,
the micellar shape and the aggregation number are
not so dependent on the species of amino acid residue,
implying that the decanoyl group contributes predomi-
nantly to micellization. However, for the micelles of the
trimer K-salts, it is evident that the aggregation number
depends on a species of amino acid residue in the con-
centration range measured. The scattering intensity was
also calculated by considering the polydispersity. The
calculated average aggregation number values were in
good agreement with those estimated by assuming the
monodispersity.

Thus, the SANS results of N-acyl oligomer K-salts in
the micellar state, provide fundamental data in order to
understand the SANS intensity spectra of surfactant-pro-
tein complexes. However, SANS experiments for N-acyl
oligopeptides with higher residue number or with various
species of amino acid are highly desirable.
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