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ABSTRACT: Surface tension and isothermal titration calorimetry (ITC) were
used to determine the critical micelle concentration (cmc) of the zwitterionic 0.7 b
amidosulfobetaine surfactants ASB-14 and ASB-16 (linear-alkylamidopropyldi-
methylammoniopropanosulfonates) at 25 °C. The cmc and the heat of micelliza-
tion were determined from 15 to 75 °C by ITC for both surfactants. The increase
in temperature caused significant changes in the enthalpy and in the entropy of
micellization, with small changes in the standard Gibbs energy (AG™), which is
consistent to an enthalpy—entropy compensation with a compensatory tempera-
ture of 311 K (ASB-14) and 314 K (ASB-16). In the studied temperature range,
the heat capacity of micellization (AC,™) was essentially constant. The experi-
mental AC,;" was lower than that expected if only hydrophobic interactions were
considered, suggesting that polar interactions at the head groups are of significant
importance in the thermodynamics of micelle formation by these surfactants. T ' y ' y T
Indeed, a NMR NOESY spectrum showed NOE:s that are improbable to occur
within the same monomer, resulting from interactions at the polar head groups
involving more than one monomer. The ITC and NMR results indicate a tilt in the polar headgroup favoring the polar interactions. We have
also observed COSY correlations typical of dipolar interactions that could be recovered with the partial alignment of the molecule in solution,
which results in an anisotropic tumbling. The anisotropy suggested an ellipsoidal shape of the micelles, which results in a positive magnetic
susceptibility, and ultimately in orientation induced by the magnetic field. Such an ellipsoidal shape was confirmed from results obtained by
SAXS experiments that revealed aggregation numbers of 108 and 168 for ASB-14 and ASB-16 micelles, respectively. This study characterizes
an interesting micelle system that can be used in the study of membrane proteins by solution NMR spectroscopy.
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1. INTRODUCTION

Hydrophobic interactions are essential in the self-association
of amphiphilic molecules in aqueous solution, but the headgroup
also plays an important role on micelle formation. Therefore,
the physicochemical properties of a surfactant depend on the
hydrophilic—hydrophobic balance of the headgroups and the
acyl chains. For ionic micelles, the increase in ionic strength can
decrease the electrostatic repulsion between head groups, allow-
ing a low curvature and the formation of larger micelles.
Zwitterionic surfactants are electrically neutral, but they bear
formally charged groups, presenting a higher polarity than
nonionic compounds™ and properties similar to those of both
ionic and noninonic micelles.' > These micelles can bind ions
selectively. Zwitterionic sulfobetaine micelles behave as cationic
micelles and show a charge gradient between the interior and the
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interfacial surface. The anion binding increases with decreasing
ionic charge density, following the Hofmeister series and the
Pearson hard—soft classification.*”” Although hexadecylpho-
sphorylcholine (HPC) micelles present an opposite ion-head-
group to that of sulfobetames, they also 1ncorporate anions
in the interfacial region.”® Cuccovia et al.’ showed that the
interfacial anion concentrations in zwitterionic micelles of
HPC and 3-(N-hexadecyl-N,N-dimethylammonio) propane-
sulfonate (HPS) depends on the bulk salt concentration as
well as the dipole orientation of the detergent headgroup and
the nature of the cations.
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Scheme 1. Chemical Structure of the Zwitterionic
Amidosulfobetaine Surfactants
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The critical micelle concentration (cmc) and the aggregation
number (N) are important properties of surfactants that depend
on experimental conditions. The cmc of a surfactant can be
determined by surface tension,” '* dgre solubility,"* ™" light
scattering,"* ™ '° electrical conductivity,'> "7 and spin label mobi-
lity."® By using isothermal titration calorimetry (ITC) it is possi-
ble to measure both the cmc and the enthalpy of micelliza-
tion,"” > allowing a more accurate calculation of the entropy
and the free energy involved in the process.

The zwitterionic detergents with an amidosulfobetaine head-
group and alkyl tails of 14 (ASB-14) and 16 (ASB-16) carbon
atoms have been described as very effective for the solubilization
of membrane proteins.** ™" Despite their recognized biological
application, only a preliminary study of the micellization of these
surfactants was done at 25 °C by electron spin resonance.'®

In this work we describe the physicochemical characterization
of the ASBs micelles by different techniques. The thermody-
namics of micelle formation for both ASB-14 and ASB-16 was
studied by high sensitivity titration calorimetry (ITC) in a wide
temperature range (from 1S to 75 °C). Molecular details on the
micelle organization were revealed by NMR measurements,
whereas the micellar shape, size and aggregation number N were
determined by small-angle X-ray scattering.

2. MATERIALS AND METHODS

2.1. Materials. The zwitterionic amidosulfobetaine detergents tetra-
decanoylamido propyl dimethyl ammonio propanesulfonate (ASB-14) and
hexadecanoylamido propyl dimethyl ammonio propanesulfonate (ASB-16)
were obtained from Calbiochem, La Jolla, CA, and used without further
purification. The structures of these surfactants are shown in Scheme 1. All
other reagents were of analytical grade.

2.2. Surface Tension. Surface tension was measured in a Sigma-
701 tensiometer from KSV Instruments Ltd. (Helsinki, Finland). ASB-
14 and ASB-16 solutions with concentrations ranging from 1 to 500 #M
were used. Briefly, the surface tension () of the liquid is measured prior
to any addition of the surfactant and after each addition and solubiliza-
tion of a determined amount of surfactant. The cmc was calculated from
the semilogarithmic plot of surface tension as a function of the surfactant
bulk concentration.

2.3. Isothermal Titration Calorimetry. Heats of dilution and
demicellization of ASB-14 and ASB-16 were measured in a VP-ITC from
MicroCal, Llc (Northamptom, MA, USA) from 15 to 7S °C. At 10 °C
the signal obtained with both surfactants was poor with fluctuations in
the heat effect, and the data were not analyzed. The principles of the
technique were described by Wiseman et al*® Aliquots of micellar
solution of each surfactant were injected at 5 min intervals into the
sample cell (V = 1.422 mL) filled with Milli-Q water, under continuous
stirring at 300 rpm. The thermograms of the heats of dilution of the
detergents were analyzed with the ORIGIN 5.0 software provided by

MicroCal. The cmc was determined by the minimum of the first
derivative of the curve obtained for the enthalpy of detergent dilution
as a function of total detergent concentration in the cell. The initial
concentration of ASB-14 in the syringe was 5 mM. For ASB-16, the
concentration in the syringe was 0.21 mM for the titrations up to 45 °C,
and 1 mM from S5 to 75 °C.

2.4. Nuclear Magnetic Resonance. The NMR spectra were
acquired in a Bruker DRX 400 MHz and/or a Bruker Avance III 800
MHz at 25 °C. NMR samples of ASB-16 (45 mM) and ASB-14 (45 mM and
500 mM) were prepared in Milli-Q water containing 10% “H,O. Phase
sensitive NOESY* and TOCSY" spectra were acquired at 9.4 T (400.13
MHz) with presaturation for solvent suppression, 4,096 complex points in
F2, and 512 complex points in F1; quadrature detection in the indirect
dimension was obtained by States-TPPI method.*' A mixing time of 50 and
100 ms was used for the NOESY spectra and 69.7 ms of spin lock*® for the
TOCSY experiments. Both spectra were processed using Topspin 2.1.
COSY™ spectra were acquired at 9.4 T (400.13 MHz) in magnitude mode
with 4,096 complex points in F2 and 256 points in F1. The spectra were
processed using squared sine bell as window function with zero filling
doubling the number of points. "*C—"H splitting due to scalar and residual
dipolar coupling were measured using coupled HSQC spectra at two fields
(18.8 and 9.4 T). We used gradient selected HSQC™ with 2,048 complex
points in F2 and 512 complex points in F1. Echo/antiecho TPPI* mode was
used for quadrature detection in the indirect dimension; the sweep width was
15 ppm for 'H centered in water and 70 ppm for **C centered at 40 ppm. To
obtain the coupled HSQCs, the 180° 'H pulse in the middle of "*C evolution
was abolished. Fully decoupled HSQCs were also acquired as a control.

2.5. Small-Angle X-ray Scattering. SAXS experiments were
performed at the National Laboratory of Synchrotron Light (LNLS,
Campinas, SP, Brazil) at room temperature (22 & 1 °C), with radiation
wavelength 4 = 1.488 A and sample-to-detector distance of ~900 mm.
Micelle aqueous solutions of 50 mM ASB-14 and ASB-16, were prepared
in Milli-Q water. Samples were set between two mica windows, 1 mm
spacer, handled in a liquid sample-holder, and placed perpendicular to
the X-ray beam. The obtained images (two-dimension position sensitive
detector) were radially averaged and normalized by taking into account
the decrease in the intensity of the X-ray beam during the experiment
and the time for the measurements (data acquisition of 15 min).

The SAXS intensity I(q) of an isotropic solution of noninteract-
ing spheroidal particles of low anisometry (smaller than 3) can be
described as*’ ™%

I(q) = kn,P(q) (1)

where n, and k correspond to the particle number density and the
normalization factor related to the instrumental effects, respectively. The
scattering vector q = (47t/4) sin 0, in which 26 is the scattering angle and
A is the wavelength of the X-rays. P(q) corresponds to the orientational
average of the scattering particle form factor. In the case of the ASBs, the
micelle form factor P(q) is represented by a prolate ellipsoid of two shells
of different electron densities p in respect to the solvent electron
density.‘m’49 In this work, p,, = 0.333 ¢/A® for water. The prolate micelle,
with axial ratio v, is represented by a hydrophobic paraffinic core with
electron density p,,, = 0.275 e/A3, being the shortest semiaxis on the
order of the paraffinic chain length, R, and the longest semiaxis
defined as VR,,,,. The hydrophobic core is surrounded by a polar shell of
thickness ¢ and electron density p,.;, which includes the polar head
groups and hydration water. The structural parameters R,,,,, ¥, 0, and
Ppot are obtained by the fitting of the experimental data to eq 1. We used
the Global fitting procedure (GENFIT software)*®™ >*that performs a y*
minimization with a simulating annealing process,”® changing the free
parameters until y* reaches a minimum value. This allows the linkage
among different fitting parameters from distinct scattering curves. This
process improves the uniqueness of the final solution. Once R, and v
are determined, the micellar aggregation number, N, can be calculated by
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Table 1. Effect of the Temperature on the Critical Micelle Concentration (cmc) and Thermodynamic Parameters of Micellization

of ASB-14 and ASB-16

compound T (°C) cmc (mM) AH™* (k] -mol™) AG™* (kJ - mol™) TAS™* (kJ - mol™)
ASB-14 15 0.128 +0.010 1.24+£0.05 —31.09+0.18 3236 £0.15
20 0.109 % 0.006 —1.50 £ 0.05 —31.46+0.12 29.96 £0.12
25 0.119 £ 0.004 —3.85£0.05 —32.34+0.08 29.25+£1.78
25¢ 0.115°
30 0.104 £ 0.046 —6.28 £0.05 —32.25 +£0.07 25.9540.09
35 0.147 = 0.009 —837+0.17 —32.93+0.15 24.58 £0.14
40 0.148 +0.003 —10.39+0.22 —32.87 £0.05 22.23£0.39
45 0.169 £ 0.006 —12.79£0.45 —33.58+0.10 20.74 4 0.58
SS 0.204 +0.016 —16.93+1.97 —34.14+£021 17.08 £1.90
65 0.262 £ 0.022 —21.16+1.41 —3448+ 0.24 1325+ 1.18
75 0.349 £0.032 —25.02 +2.81 —34.67+£0.27 9.64 +2.54
ASB-16 15 0.0104 £ 0.0093 1.39+£033 —37.37+0.05 38.76 £ 1.1
20 0.00854 = 0.0007 —3.89+0.18 —37.58+0.20 33.93+0.21
25 0.0096 £ 0.0003 —5.56 £0.34 —38.59+0.09 33.03+0.38
25¢ 0.011¢
30 0.0101 £ 0.002 —7.00 £0.69 —38.78+0.22 31.40+0.73
35 0.0115+£0.0011 —9.92£0.68 —39.29+0.34 29.56 £0.99
40 0.116 +0.0021 —11.39+ 1.36 —39.41+0.36 27.86£1.63
45 0.0147 £0.0013 —15.11+1.30 —40.07 £ 0.32 25.07£091
SS 0.0213 £ 0.0029 —21.71+0.61 —40.31+ 0.36 18.87 £1.12
65 0.0272 £0.0023 —2522 +0.64 —40.84+0.24 15.62£1.38
75 0.037 £0.0016 —29.9+0.32 —41.12+0.12 13.27+1.21
“Values determined by surface tension.
taking into account the volume of the ellipsoidal micelle hydrophobic 60 A 5
core I
47V (Ryer)’ /3 = NV, (2) o } 70k
with Vi, = 27.4 4 26.9n, the hydrophobic volume of linear surfactant FE E
with n¢ carbon atoms in the alkyl chain.’” The hydration number per E £
polar head, W, can be further evaluated from the combined values of N, § 50 L g 60
0, and p,,;. Details can be found elsewhere *7>¢ § '%
° =
3. RESULTS AND DISCUSSION £ g%r
@ 45 3
3.1. Critical Micelle Concentration. Table 1 shows the cmc
values for ASB-14 and ASB-16 determined by surface tension ¥ 40
measurements at 25 °C (Figure 1) and by ITC from 15 to 75 °C. a0l v I R R
The cmc values obtained by surface tension were very similar to 10 100 1 10 100
those previously determined by ESR'® and to the ones deter- ASB-14 (iM) ASB-16 (uM)

mined by ITC (Table 1).

Figure 2 illustrates a typical ITC experiment of the demicelli-
zation of ASB-14, where a solution of ASB-14 micelles was
injected into the calorimetric cell containing water. In the first seven
injections, the endothermic peaks from these injections were due to:
(i) the heat of dilution of micelles and monomers in solution and (i)
the heat due to the disruption of the micelles. As the surfactant
concentration increased, the heat effect due to the demicellization
gradually decreased and the final injections reflect the heat of dilution
of micelles and monomers. The heat flux as a function of time was
integrated from the baseline and the area under each peak was
normalized for the number of moles of injectant in the cell. These
integrations gave rise to the sigmoid curve in Figure 2B of the
calorimetric enthalpy (AH,,) as a function of the surfactant concen-
tration. The enthalpy of demicellization (AHge;) was calculated as
the difference between the average enthalpy obtained above the cmc

Figure 1. Surface tension as a function of bulk concentration of ASB-14
(A) and ASB-16 (B) at 25 °C in Milli-Q water. The cmc corresponds to
the surfactant concentration where maximally reduced surface tension is
achieved.

and that obtained below the ecmc. AHgepc is equal in number but
opposite in sign to the enthalpy of micelle formation (AH,;.). Cmc
values were determined from the minimum in the first derivative of
the sigmoid curve of AH, as a function of ASB concentration
(Figure 2C).

The effect of the temperature on the cmc of both ASB-14 and
ASB-16 is shown in Figure 3 and the data is summarized in
Table 1. As expected, cmc values of ASB-16 were lower than
those for ASB-14 (Table 1 and Figure 3).

The cmcs of both ASB-14 and ASB-16 are lower than that deter-
mined in water at 25 °C for the sulfobetaines SB-14 (0.25 mM>” and
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Figure 2. Titration of ASB-14 micellar solution (S mM) into the
calorimetric cell (1.422 mL) containing water at 25 °C. (A) Heat flow
as a function of time for 24 injections of 3 uL ASB-14 into Milli-Q water.
(B) Reaction enthalpy (AH" *!) as a function of ASB-14 final concentra-
tion in the cell where the AH*™" is indicated by an arrow. (C) First
derivative of curve B where the minimum corresponds to the cmc.
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Figure 3. Effect of temperature on cmc’ for ASB-14 (@) and ASB-16
(O). The solid lines represent the curve fitting according to eq 3.

0.27 mM>®) and SB-16 (0.028 mM>"*%), suggesting that the amide
group favors the micellization.

3.2. Thermodynamics of Micelle Formation. The effect of
temperature on the thermodynamic parameters of micellization

280 300 320 340

Temperature (K)

Figure 4. Thermodynamic parameters for micelle formation of ASB-14
(solid symbols) and ASB-16 (open symbols) in Milli-Q water as a
function of the temperature. Solid lines represent the best fits of the
experimental data. AH™ (@, O) was fitted according to eq 9; TAS™*
(A, A) was fitted by a linear correlation and AG™ (M, O) by a second
degree polynomial.

of ASB-14 and ASB-16 is shown in Figure 4, and it is summarized
in Table 1. For both surfactants, the micellization was endother-
mic at 15 °C and exothermic from 25 to 75 °C.

Assuming a pseudophase separation model, the standard
Gibbs energy of transfer of a monomer from water to a micelle
(AGS,, Figure 4 and Table 2) can be calculated from the van’t
Hoff equation:

AG°

mic

= —RT In cmd (3)

where cmc’ is the critical micelle concentration in mole fraction
units. Equation 3 leads to the correlation between the cmc and
the enthalpy of micelle formation:

d(In cmc’)
aT

AH™ = —RT? (4)

The van’t Hoff enthalpy at 25 °C (AH®) and the heat capacity
change (ACE) of micellization were calculated from the tem-
perature dependence of the cmc’ (Table 2):

In(emc’) = a —I—%—i— cxInT (8)
AH =R(—b+cT) (6)
AC) = Re (7)

For both surfactants, AH® obtained from eq 6 was close to the
AH,;c obtained by ITC at 25 °C (Table 1). AH® and ACS—
(Table 2) where also calculated according to Kresheck® from the
molar enthalpy change (AH ) and the heat capacity change
(ACpR) at a reference temperature (Tg = 298 K), by fitting the
experimental data to:

. B
AH = AHg + (AC,, — BTR)(T — Tx) + (T* = Tx?) (8)
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Table 2. Thermodynamic Parameters of Micelle Formation for ASB-14 and ASB-16

compound nep,*(mon)* AC;,"iC," J/mol-K
ASB-14 13.5 —480+ 7
ASB-16 18.5 —605 =45

B coefficient, J/mol - K" AHCf kJ/mol ACPO,CJ/mol-K'1
—1.385+0.6 464+£12 —524+10
—1.596 +0.8 7.69 £ 1.7 —713 £ 59

“nep, *(mon) is the effective number of methylenes driving self-association, and it was calculated as described in the text, considering 1 for each
methylene group, and 1.5 for methyl groups. AC""C is the heat capacity change for micelle formation calculated from the fitting to eq 9 of the
temperature dependence of AH™ (Figure 4). AHO and AC values were calculated from the fitting of the curves obtained for In CMC’ as a function of

temperature according to eq 6 and 7, respectively.

where

AC) = AC,, + B(T — Tz) (9)

The entropic term for micellization (TAS,,,, Figure 4 and
Table 2) was, then, calculated by the Gibbs—Helmholtz equa-
tion:

AGY. = AH,,;. —

mic

TAS (10)

The enthalpy—entropy compensation in the micellization of
both ASB-14 and ASB-16 can be better visualized in Figure 4.
Similar to that found for other compounds,”” > the micelle
formation of ASB-14 and ASB-16 was enthalpy-driven at hlgher
temperatures and characterized by a large and negative AGS,. that
did not significantly change with temperature (Figure 4 and
Table 1).

Entropy-enthalpy compensation was first described by Lumry
and Rajender®® in which a proportionality constant, defined as
the compensation temperature, was found in a narrow range,
from about 250 to 315 K, for different processes. The entropy-
enthalpy compensation in micelle formation can be explained by
the interplay between the water molecules in contact with the
acyl chains (solvation or “bound” water) and the bulk water
molecules (“free” water). With the increase in temperature, the
exchange between “bound” and “free” water is easier than it is at
lower temperatures. As a consequence, the entropic contribution
decreases with the temperature and the slope from the curve of
A8 as a function of AH,;. gives the compensation tempera-
ture. Sugihara and Hisatomi®® calculated the compensation
temperature for more than 15 nonionic, anionic, and cationic
surfactants and found a compensation temperature ranging from
299 to 315 K, depending on the species. In this work, we found
very similar values with a compensation temperature of 311 K for
ASB-14 and 314 for ASB-16.

An approximate value for AAG ;. and AAH, ;. per methylene
group was calculated from the plots of AGui and AHp
obtained at 25 °C as a function of the effective methylene
number, nCH,*(mon). According to Heerklotz and Epand,30
this number considers only methylene groups that are exposed to
water in the monomeric form, the methyl group counting as 1.5.
Thus, nCH,*(mon) is 13.5 for ASB-14 and 15.5 for ASB-16. The
incremental AAG,,; per methylene group (AAG,,;, = —3.13
kJ-mol ') found for the ASBs is 1n 2 very good agreement to
those reported for other surfactants.*® The 1ncremental enthalpy
per methylene group at 25 °C was —0.86 kJ-mol . From the
relation AAG = AAH - T-AAS, the entropic term found here
(—TAAS = —2.27 kJ-mol ') was similar to the —3 kJ-mol '
reported for liquid hydrocarbons.*

For ionic surfactants the interactions at the polar headgroup
region should also be considered. Therefore, the enthalpy and
the Gibbs free energy of micellization are not only a result of
contributions from the acyl chains. Depending on the conforma-
tion of the head groups upon formation of the electrical double

layer one can expect to have Coulombic repulsions due to the
surfactant headgroup charges. Nevertheless, favorable interac-
tions can also take place. In order to evaluate the energetic of the
headgroup contribution of the ASBs upon micelle formation, we
analyzed changes in heat capacity.

3.3. Heat capacity changes and methylene group con-
tributions. The heat capacity changes on micelle formation
(ACy'™, Table 2) is a temperature dependent variable,

(AC,) = 6(AH,,.) | OT (11)

and in the temperature range studied here, we found a good
linear correlation of AH,;. as a function of temperature. How-
ever, a better fitting was ach1eve with the nonlinear model (eq 9)
described by Kresheck?® (Figure 4 and Table 2).

AC,"™ for the ASBs were smaller than the expected from the
empirical correlation determined from the dissolution of hydrocar-
bons.®" This behavior was also observed for other surfactants.”>***°
Considering this empirical correlation, in which AC, = 33 ny
(J-mol '-K™"), where ny is the number of hydrogen atoms ex-
posed to water, one could expect a AC,™ = —891] ~mol '+ K for
ASB-14 and AC; = —1023 J-mol YK for ASB-16. Heat capa-
city were obtamed in two ways: ACO from the temperature depen-
dence of the cmd’ (eq 6, Table 2) a.nd AC;"from the temperature
dependence of AH™. ACO values are hlgher than AC,"obtained
from ITC data (Table 2). Nevertheless, both values obtalned from
the experimental data are significantly lower than the predicted ones
from the empirical correlation from dissolution of hydrocarbons
shown above.

The discrepancy in the methylene contributions to the ther-
modynamic parameters of micellization could be an indication that
at least half of the methylene groups are exposed to water after
micelle formation. This would lead to very unstable aggregates if one
considers the contribution of the amidosulfobetaine headgroup. We
suggest that the micelles are also stabilized by intermolecular
interactions at the headgroup region between neighboring surfac-
tants, ie., by the formation of a salt bridge between the quaternary
amine group of one surfactant and the sulfonate group of another
surfactant, as well as the formation of a hydrogen bond between the
amide groups of these surfactants. This is possible if the head groups
are not tethered as it occurs with sulfobetaines, where the highly
hydrophilic sulfonate group is located at the micelle surface while the
less hydrophilic quaternary amine is located near the hydrocarbon
region of the micelle.*> The conformation of the ASBs micelles are
more similar to that observed with hexadecyl phosphorylcoline
(HPC)® micelles and in bilayers of phosphatidylcholine (PC) or
phosphatidylethanolamine (PE).5*%*

3.4. NMR Studies of the ASB Micelles. In order to better
understand the interactions at the polar headgroup region in
both ASBs micelles, we used NMR spectroscopy. We have fully
assigned 'H and ">C nuclei of ASB-14 and ASB-16. A NOESY
spectrum of 100 ms mixing time showed several NOEs connect-
ing adjacent hydrogens (Figure S, solid arrows) within the
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CH, CH3

Figure S. Representation of the nuclear Overhauser cross-peaks de-
tected between hydrogens of the polar headgroup region of ASB
detergents.

surfactant monomer. We also observed NOEs that are improb-
able to occur within the same monomer. We interpreted these
NOE:s as a result of interactions involving more than one monomer,
as depicted in Figure 5 by dotted arrows. Therefore, the micelles
formed by both ASB-14 and ASB-16 displayed intermolecular
NOEs that evidence polar head tilts, which are represented in
Figure 6. This finding is in agreement with the prediction from the
discrepancies of the experimental and predicted AC,that suggested
polar interactions between adjacent monomers.

We assigned both surfactants using COSY correlations
(Figure 6). We have noticed the expected COSY correlation
through scalar coupling involving adjacent hydrogens linked by
three bonds. Remarkably, we have also observed the presence of
COSY correlations involving hydrogens that are not linked to
adjacent carbons. These correlations are typical of dipolar
interactions, rather than the interaction that results from scalar
coupling. In solution, dipolar coupling is zero for isotropic
solutions since it is averaged due to isotropic molecular tumbling.
In the case of the ASBs, dipolar coupling is higher than zero,
meaning that it is not completely averaged. This suggests a partial
alignment of the micelle in solution resulting in anisotropic
tumbling. The anisotropy could be explained by an ellipsoid
shape of the micelles, which results in a positive magnetic
susceptibility vector, and ultimately in orientation induced by
the magnetic field.

To confirm the orientation by an independent parameter, we
measured the '*C—'H splitting for each hydrogen in the
molecule (Table 3). If the splitting was only due to 'Jcy, it
would be independent of the magnetic field. However, we
observed that the splitting changed with the magnetic field due
to different degrees of orientation in the different fields. We
actually measured the sum of the scalar coupling and residual
dipolar coupling (‘Jcy + 'Dcp)- Residual dipolar coupling
(IDCH), that is a consequence of the partial alignment, is the
parameter that varies with the magnetic field, since the residual
alignment tends to increase with the magnetic field.

3.0/ (CH10)

4.0

5.0

6.0 4

7.0

8.04{ ®(NH.11)
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)

5.0

6.0 4

7.0

8.0 [@:‘ it - Y V-
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Figure 6. NMR correlation spectroscopy (COSY) spectra of the ASB-
14. (A) COSY spectrum of 45 mM ASB-14. The red lines show the
through bond conectivities used for the assignment of the surfactant.
(B) COSY spectrum of 500 mM ASB-14. The increase in concentration
evidence the correlations via residual dipolar coupling. (C) Model of
ASB-14 headgroup with the number of each heavy atom to serve as a
reference for the visualization of the COSY spectra and Table 3 that
contains the full assignment. The spectra were obtained at 25 °C.

We have also tested if the orientation was due to crowding effects,
rather than magnetically induced. The observed *C—"H splitting
was the same for ASB-14 at 50 mM and 500 mM (data not shown),
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Table 3. Scalar Couplings (*Jcn) of ASB-14 (A) and ASB16
(B) Measured at 19.2 and 9.6 T*

chemical e Hz Jew Hz AJ
A group 800 MHz 400 MHz (Hz) ppm
1 SO,
2 CH, 268.87 273.84 -4.97 2.89
3 CH, 255.20 257.78 -2.58 2.15
4 CH, 302.54 289.20 -13.34 3.43
S CH;3 253.99 252.16 3.63 1.18
6 CH;, 0.77
7 N
8 CH, 293.11 289.03 4.08 3.30
9 CH, 261.61 258.18 3.43 1.92
10 CH, 276.11 280.88 -4.77 321
11 NH - - - 7.97
12 CO
13 CH, 3.05

chemical

B group 800 MHz 400 MHz Av (Hz) ppm
1 SO,
2 CH, 268.87 273.84 -4.97
3 CH, 255.20 257.78 -2.58
4 CH, 302.54 289.20 -13.34
S CH;3 253.99 252.16 3.63
6 CH,
7 N
8 CH, 293.11 289.03 4.08
9 CH, 261.61 258.18 3.43
10 CH, 276.11 280.88 -4.77
11 NH
12 CcO
13 CH,

“ The difference AJ (Hz) reflects the partial orientation of both micelles
induced by the magnetic field. The assignment of each hydrogen in the
ASBs molecules is in the fifth column.

implicating that the orientation is exclusively due to the magnetic
susceptibility of the micelle. The results thus suggested that the
micelles of ASB-14 and ASB-16 are not spherical, which can be an
advantage to the application of these micelles to study structural
properties of proteins by NMR. In order to better explore the
structural features of ASB-14 and ASB-16 micelles, SAXS measure-
ments were then performed, as follows.

3.5. SAXS studies of the ASB micelles. Figure 7 shows the
SAXS curves of ASB-14 and ASB-16 along with the best fittings
to the experimental data (eq 1), and the fitting parameters are
described in Table 4. The experimental data are well represented
by the scattering profile of prolate ellipsoid micelles for both
surfactants. It corroborates the NMR results that indicated an
ellipsoid shape for both micelles.

The micelle structural parameters are similar for both surfac-
tants concerning the polar shell features and the ellipsoid axial
ratio (Table 4). The main difference resides on the paraffinic
radius, Ry, which is shorter for ASB-14, as expected. The R,,,
values are in very good agreement with those obtained for C14
and C16 extended chain length of 19.2 and 21.7 A, respectively
(I.= 1.5 4 1.265n,). Therefore, the interface between the polar
and apolar regions of the micelle must reside near the carboxyl

0.00 0.05 0.10 0.15 0.20 0.25

Intensity (a.u.)

0.00 0.05 0.10 0.l15 0.20 0.25
-1
q(A)

Figure 7. SAXS curves of SO mM ASB-14 (A) and S0 mM ASB-16 (B).
The solid lines represent the best fittings obtained with the ellipsoidal
model. See text for details. The fitting parameters are described in
Table 4.

Table 4. Fitting Parameters Obtained from the Scattering
Curves of Samples Composed of 50 mM of ASB-14 and
ASB-16 in Water Using the Ellipsoidal Model”

surfactant R, (A) 0 (A)  puu (e/A%) v N w
ASBl4  180(5) 81(5) 0391(7)  1.80(2) 108(12) 12
ASBI6  217(5)  9.1(6)  0392(7)  180(2) 168(13) 13

LpC” 22.5(3)  9.0(2) 0.39(1) 1.6(1)  166(13) 11
HPS'  225(3) 74(4)  039(1)  16(1) 166(13) 11

“Rpa, is the paraffinic radius, 0 and p,, are the thickness and the
electronic density of the polar headgroup, respectively, v is the ratio
between the largest and the shortest semiaxes of the ellipsoid, N and W
are the micellar aggregation number and the number of water molecules
per surfactant molecule into the polar shell, respectively.* Values
extracted from the literature.”"%® The uncertainties are represented in
parentheses.

group (C=0O region, see Scheme 1). Considering the extended
chain length of the polar head of about 13.2 A and the observed
thickness of the polar head of 8.1 A for ASB-14 and 9.1 A for ASB-
16, we estimated the polar head tilt angle as 38° for ASB-14 and
44° for ASB-16. The shortest hydrophobic semiaxis dimensions
are compatible to the respective extended alkyl chain lengths.

The aggregation numbers (N) found for ASB-14 and ASB-16
were 108 and 168, respectively (eq 2, Table 4), which are
considerably higher than that observed for sulfobetaines where
Nwas reported as 60 by Di Profio et al.? for SB-14, and 67 for SB-
14 and 71 for SB-16 by Graciani et al.>®

Considering the ASBs N values and the polar shell thickness o,
circa 12 water molecules must be hydrating each amidosulfobe-
taine polar head (Table 4). For comparison, Table 4 also contains
the structural parameters determined for two other zwitterionic
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surfactants, 3-(N-hexadecyl-N,N-dimethyl-3-ammonium) pro-
panesulfonate (HPS) and r-a-lysophosphatidylcholine (LPC),
both having the same hydrophobic contribution of ASB-16. Note
however that, in spite of the differences in the polar head groups,
LPC, HPS, and ASB-16 present similar values of R,,,, and v. As a
consequence, the aggregation numbers are also quite similar
(Table 4). This fact suggests that, although the micellization of
the ASBs is driven by hydrophobic contribution and polar head
interaction, the aggregation number depends mainly on the
length of the hydrophobic paraffinic tail.

4. CONCLUSIONS

The thermodynamics of micelle formation of the amide
sulfobetaine surfactants ASB-14 and ASB-16 showed enthalpy—
entropy compensation as already observed with other
surfactants. The thermodynamic data indicated that headgroup
interactions play an important role to the micelle formation and
stability. It is important to note that the discrepancies in the heat
capacity values obtained from the experimental data and from
the theoretical estimation suggested the orientation of the polar
headgroup. This conformation as showed by direct NOE ob-
servation (NMR) and by the structural SAXS parameters, as seen
by the tilt angle of about 40° at the polar head groups of the ASBs.
NMR dipolar coupling measurements provided information
on the anisotropic character of the ASBs micelle, which was
corroborated by the SAXS determination of the ellipsoid struc-
ture of ASBs micelles.

This work shows that ASB-14 and ASB-16 are good candidates
for membrane protein solubilization. In addition, the observed
anisotropy can be useful for the measurement of residual dipolar
couplings in solution NMR structural determination.
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