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Abstract CHAPS is a zwitterionic surfactant derivative of bile salts, widely used
in membrane protein isolation. While some studies regarding CHAPS self-aggre-
gation suggest continuous increase in micelle size at increasing CHAPS concen-
tration, other works point to the existence of two definite micelle types. In this work,
stearic acid spin labels (5, 12, or 16-SASL) were added to CHAPS solutions to
obtain information about the micellar structure using electron paramagnetic reso-
nance spectroscopy. The spectra of 12-SASL were processed using Principal Factor
Analysis, and at all concentrations they could be reproduced as linear combinations
of only three fundamental spectra, the first one corresponding to free 12-SASL in
aqueous solution. This fact suggests only two hydrophobic environments that host
12-SASL, assigned to primary and secondary CHAPS micelles. The relative pop-
ulations of the label in each environment were obtained as a function of CHAPS
concentration. Our results suggest barrel-shaped primary micelles with a minimum
mean radius of 1.46 nm, and a critical micelle concentration cmc; = 4 mM. Sec-
ondary micelles are formed by aggregation of primary ones, with cmcy; = 10 mM.
They have several elongated hydrophobic pockets, with similar dimensions for all
aggregate sizes. Our results contribute to the understanding of the mechanism of
interaction of chain amphiphiles with CHAPS micelles.
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1 Introduction

Surfactants are essential tools for the study of biological membranes [1]. They are
frequently used to solubilize proteins from cell membranes, and to investigate the
interactions among membrane lipid components. To obtain a correct description of
these phenomena, it is necessary to obtain information about the interactions among
surfactant molecules in aqueous solutions, leading to self-aggregation and formation
of micellar structures in different conditions.

The zwitterionic surfactant CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonate), a derivative of bile salts (Fig. 1), is widely used in membrane
protein solubilization. It is a peculiar surfactant, with a ring steroid-type chemical
structure, similar to that of bile salts, having a hydrophilic concave side where three
OH groups protrude, and a hydrophobic convex back [2—6]. Due to these features,
CHAPS can be considered as a facial surfactant [7], and this characteristic can
explain why the mechanism of CHAPS interaction with erythrocyte membranes
differs significantly from that of Triton X-100 [8]. CHAPS also has a mobile tail
containing a zwitterionic amido sulfobetaine group.

CHAPS is very effective at breaking protein—protein interactions, disaggregating
protein complexes without affecting secondary or tertiary structures [9, 10]. In a
recent electron paramagnetic resonance (EPR) study of a spin-labeled transmem-
brane B-strand of outer membrane protein A reconstituted in several surfactants
[11], it was shown that the protein-CHAPS interface is very different than that of
straight chain amphiphiles, and there are significant packing defects between the
protein and CHAPS. Although molecular packing in a protein/surfactant complex is
expected to differ to that of a pure surfactant micelle, the study of surfactant self-
assembled structures can give information about its packing preferences that could
affect its interactions with proteins and lipids.

Several studies have been recently performed regarding CHAPS self-assembly.
Using isothermal titration calorimetry, Kroflic et al. [12] concluded that, similar to
bile salts, CHAPS micelles are small (5-6 monomers) and loose aggregates, leaving
a large amount of water molecules in contact with the hydrophobic regions of the
surfactant molecules. Lipfert et al. [13], using SAXS in a wide variety of
surfactants, reported for CHAPS micelles the singularity of lacking the scattering
contrast characteristic of well-delimited hydrophobic and hydrophilic regions. Their
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Fig. 1 Molecular structure of the surfactant CHAPS
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results also point to a continuous increase in micelle size at increasing CHAPS
concentration [13]. A similar conclusion was obtained in a recent molecular
dynamics study [14]. On the other side, '"H NMR studies [15, 16] provided
evidences of the formation of a second type of micellar “staggered” aggregates at
high CHAPS concentration.

Electron paramagnetic resonance spectroscopy with spin labels has been used in
several studies to investigate the self-assembly process and the properties of
surfactant micelles [17-19]. In the present paper, we use EPR spectroscopy to study
CHAPS solutions in which low amounts of the liposoluble spin labels n-SASL,
bearing a stable free radical in a nitroxide moiety at the positionn = 5, 12 or 16 of a
stearic acid chain, were added. From the EPR spectra, we obtain parameters related
to the nitroxide dynamics that contribute to the characterization of the micellar
structures, and the changes appearing at increasing CHAPS concentration.

2 Experimental Section
2.1 Materials

The zwitterionic surfactant CHAPS (3-[(3-Cholamidopropyl)dimethylammonio]-1-
propanesulfonate) was from AMRESCO LLC (Solon, USA). The non-ionic
surfactant Triton X-100, the liposoluble spin labels n-doxyl-stearic acid positional
isomers (n-SASL, n = 5, 16) were from Sigma (St. Louis, USA), and 12-SASL
from Toronto Research Chemicals (North York, ON, Canada). Solvents, inorganic
salts, and all other chemicals were of the highest available purity.

2.2 Spin Labeling

The liposoluble n-doxyl-stearic acid spin labels (n-SASL; n =5, 12 or 16) were
incorporated by room temperature incubation to the surfactant solutions. The final
spin label/surfactant molar ratio was always less than or equal to 1 % to minimize
disturbances in the behavior of CHAPS, and to avoid line broadening effects in the
EPR spectra. Briefly, an adequate volumen of an ethanolic stock solution of each
spin label was deposited at the bottom of test tubes, and the solvent was evaporated.
Aliquots of different surfactant concentrations in isotonic Tris saline buffer (TBS,
pH 7.4) were added. The samples were incubated for 30 min at room temperature,
and afterward suctioned into glass capillaries; subsequently, flame sealed in one end
and put into 4-mm quartz tubes.

2.3 EPR Spectroscopy

Electron paramagnetic resonance spectra were acquired at 22 £ 1 °C at 9.8 GHz
(X-band) in a Bruker EMX-Plus spectrometer. In a first, qualitative analysis, we
evaluated the apparent order parameter S,,, [20]. This parameter is related to both
the dynamics and the angular amplitude of motion of the z-axis of the nitroxide
molecular frame, pointing along the unpaired electron p-orbital, and its values lie in
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the range 0 < S,,, < 1. We also evaluated the isotropic hyperfine parameter ay,
indicative of the polarity of the nitroxide environment [20], from the almost
isotropic spectra of 16-SASL. Details of the calculations are included in the
Supplementary Material. A more detailed analysis of the spectra of 12-SASL at
several CHAPS concentrations was performed using Principal Factor Analysis
(PFA) (Sect. 2.4) and the Easyspin software [21].

2.4 Analysis of the EPR Spectra as a Function of CHAPS Concentration

To study the changes in CHAPS aggregation when surfactant concentration is
increased, we apply PFA [22] to a set of twenty EPR spectra of 12-SASL in CHAPS
solutions of concentrations ranging between 0.8 and 162 mM. The spin label to
surfactant molar ratio was always less than or equal to 1 %. Spectra were
normalized to unit peak-to-peak amplitude, and corrected for the slight differences
in resonance frequencies among samples.

The PFA method is very reliable to determine the number and the characteristics
of the independent components giving rise to the evolution of a series of spectra
involving a linear behavior [23]. It considers the set of measured spectra as vectors
belonging to a vectorial space (the “factor space”), and it allows one to determine
the number N of components of the basis of this vectorial space. With additional
hypothesis and physical criteria, the method also allows one to identify the
independent fundamental spectra that confirm this basis. Once these fundamental
spectra have been identified, least squares fittings can be performed, to reproduce
each experimental spectrum of the series as a linear combination of the fundamental
ones. The coefficients of these linear combinations represent the weight of each of
the components in the composite spectrum at the corresponding surfactant
concentration. More details of the analysis are included in the Supplementary
Material section.

3 Results and Discussion

3.1 EPR Spectra of Liposoluble Spin Labels in CHAPS Micelles at Two
Surfactant Concentrations

The nitroxide EPR spectrum is sensitive to order/dynamics of its environment [20,
21]. The liposoluble spin labels n-SASL bear a nitroxide moiety attached to the nth
carbon of a stearic acid molecule. Thus, when they are incorporated to
“conventional” micellar structures (i.e., those having a hydrophobic core
surrounded by a polar shell), 5-SASL, with the nitroxide in the nearest position
to the stearic acid polar end, senses the outer portion of the hydrophobic region, near
the polar moieties, while 16-SASL senses the innermost part of the hydrophobic
core. A “fluidity gradient”, consisting of monotonically decreasing values of the
apparent order parameter S,,,, is observed in these “conventional” micelles,
indicating more restricted motions near the polar heads, and increased degrees of
freedom for 12- and 16-SASL, due to the increased rate of trans-gauche
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isomerizations of the stearic acid chains in a more fluid environment [20]. This is
the case of Triton X-100 micelles, but it will be shown that CHAPS has a drastically
different behavior.

Electron paramagnetic resonance spectra of spin-labeled CHAPS micelles
prepared at two different concentrations (29 and 162 mM) are shown in Fig. 2a
and b. It can be seen that for a same label, the spectra differ at the two
concentrations, in a subtle way for 5- and 16-SASL, but very clearly for 12-SASL.

Apparent order parameters S,,,, calculated from the spectra of Fig. 2 as
described in the Supplementary Material section, are plotted in Fig. 3 as a function
of the position of the nitroxide moiety in the stearic acid chain. S,,, values for
Triton X-100, a surfactant having a “conventional” micelle structure [24], are also
included in Fig. 3 for comparison. The S,;, values for Triton X-100 show the
expected “fluidity gradient”, i.e., they decrease monotonously as the position of the
nitroxide radical in the stearic acid chain increases. However, the unexpected result
found in CHAPS is the maximum (and unusually high) value of S, for 12-SASL,
indicating that this label is strongly immobilized, and deviating from the “normal”
fluidity gradient. This tendency indicates that the hydrophobic environment hosting
stearic acid spin labels in CHAPS micelles imposes large mobility restrictions to
12-SASL—that bears the nitroxide at the middle portion of stearic acid chain—but
allows higher mobility to 5- and 16-SASL, having the nitroxide ring near both the
ends of the stearic acid chain. A similar tendency was reported by Kawamura et al.
[19] for SASL in bile salt micelles.

These results can be explained if the hydrophobic regions capable to host stearic
acid spin labels in CHAPS micelles are narrow enough to not allow trans-gauche
isomerizations of the stearic acid chain portion inside them, and short enough to
host only 9-10 carbon molecules of the chain. These regions are schematized as
cylinders in Fig. 4 together with the SASL molecules. As it is expected that the
more hydrophobic portions of the SASL are housed into the micelle hydrophobic
regions, the mobility of the nitroxide ring of 12-SASL will be limited due to its
proximity to the immobilized portion of the chain, leading to a high S,,,. However,
in the case of 5- and 16- SASL, the degrees of freedom of the chain portion that does
not fit into the hydrophobic region will give high mobility to the nitroxide ring, thus
explaining the low values of S,y

Information related to water penetration can be obtained from the isotropic
hyperfine splitting ao, which depends on the polarity of the label environment [20],
and can be determined from the almost isotropic spectra of 16-SASL, as shown in
Figure S1b of the Supplementary Material. As instance, for 16-SASL free in
aqueous solution, we obtained ay = 15.9 G, while in a non-polar medium as CCly,
ag = 14.4 G. In TX-100 micelles, ap = 14.6 G, indicating low water penetration in
the center of these conventional micelles. However, in the case of CHAPS, the
hyperfine splitting a, is 15.0 G at 29 mM, and 14.9 G at 162 mM, indicating that
16-SASL is more exposed to water in CHAPS than in Triton X-100 micelles. This is
also consistent with the proposed shape of the hydrophobic region.

These results point to a non-conventional structure of CHAPS micelles, having
narrow hydrophobic “pockets” instead of a central hydrophobic core. Funasaki
et al. [6] proposed micelles with a “back to back” association of seven CHAPS
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Fig. 2 EPR spectra of stearic acid spin labels in CHAPS solutions of two different concentrations
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Fig. 3 Apparent order parameters obtained from EPR spectra of CHAPS micelles. The abscissa values
represent the position of the nitroxide ring in the stearic acid chain. (lower values are closer to the polar
end). Results obtained in Triton X-100 “conventional” micelles are also included for the sake of
comparison. For CHAPS, the non-monotonic dependence of S,,, upon carbon number suggests a non-
conventional micelle structure

molecules, compatible with a barrel structure. In this way, the hydrophobic convex
sides of the ring structure would be pointing to the inside, and the concave sides
bearing the OH groups would be facing the aqueous environment. There is also
consistence with the results of Kroflic et al. [12], who described CHAPS micelles as
loose structures with high water penetration, and with those of Lipfert et al. [13],
showing the absence of separate hydrophobic and polar regions. However, our
results do not support the proposed micelle shape of Qin et al. [15, 16].
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Fig. 4 A scheme showing the O, O O
spin labels 5-, 12-, and 16-SASL,
together with a simplified model
of the hydrophobic regions
inside CHAPS micelles,

O
(0]
|.
depicted as cylinders NJ<
0]

5-SASL 12-SASL 16-SASL

On the other side, the changes in the EPR spectra at increasing CHAPS
concentrations, especially significant in the case of 12-SASL (Fig. 2), deserve to be
analyzed in detail. This task is detailed in the next section.

3.2 EPR Spectra of 12-SASL in CHAPS Solutions at a Wide Range
of Surfactant Concentrations

To analyze in detail the spectral changes as a function of CHAPS concentration, and
taking into account that the more striking changes were seen in the 12-SASL
spectra, twenty CHAPS solutions in the range 1.6-162.6 mM in TBS were prepared,
including a minimum amount of 12-SASL (spin probe to surfactant molar ratio less
or equal to 1 %), and their EPR spectra were obtained. Figure 5 shows a selection of
the spectra.

All the spectra taken at concentrations lower than 4 mM show three narrow lines,
indicating high mobility, and are coincident with the spectrum of 12-SASL in
aqueous solution. The first spectrum of Fig. 5 is representative of this case. This is
the expected behavior for surfactant concentrations below the critical micellar
concentration (cmc), where only monomers are present, and there are no
hydrophobic regions to host 12-SASL. As CHAPS concentration increases, wider
spectral structures appear superimposed; the narrow lines gradually decrease, and
eventually disappear. These facts indicate a decrease in the mobility of 12-SASL,
consisting with its incorporation to micellar structures. In turn, the wider spectra
also suffer a continuous change at increasing concentrations (Fig. 5).

Taking into account these results, the following question arises: are the spectra of
Fig. 5 indicative of a gradual change of the spin label environment, or rather they
represent the superposition of a discrete number of environments whose relative
weights change with CHAPS concentration?
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1326 P. M. Rodi et al.

Fig. 5 Selected spectra of
12-SASL in CHAPS solutions
showing the changes as
surfactant concentration
increases. Points correspond to
experimental spectra, and full
lines are least squares fit with
linear combinations of the three
fundamental spectra identified
by principal factor analysis (see
below). For the sake of
comparison, peak-to-peak
amplitudes of the central lines
have been normalized. (the
whole set of spectra is included
in the Supplementary Material
section)

162.6 mM

T T T T T T T T T T T 1
346 348 350 352 354 356
B (mT)

3.2.1 Principal Factor Analysis

To address the question of the previous paragraph, we analyzed the set of twenty
EPR spectra of 12-SASL in CHAPS solutions of different concentrations with the
method of PFA and target transformation [22, 23]. The method and the procedure
are briefly described in Sect. 2.4 and in the Supplementary Material. This analysis
leads us to determine that all the experimental spectra could be reproduced as linear
combinations of only three fundamental spectra, shown in Fig. 6, and labeled as
Components 1, 2, and 3. The coefficients of the linear combinations that best
reproduce the experimental spectra were calculated by least squares analysis, and
are plotted in Fig. 7 as a function of CHAPS concentration. These coefficients
represent the relative weight of each fundamental component to the experimental
EPR spectrum.

The correctness of our analysis is supported by the fact that each one of the 20
experimental spectra can be reconstructed as a sum of the three independent
components with their corresponding weights, with an excellent agreement with the
experimental data. In Fig. 5, we had included seven reconstructed spectra (full
lines) together with their respective experimental spectra. The whole set of spectra
with their fits is included in the Supplementary Material, Fig. S3a and b.

Therefore, our results indicate that the changes in the EPR spectra at increasing
CHAPS concentrations shown in Fig. 5 are not due to a continuous change of the
environmental conditions, but instead 12-SASL senses only three different
environments in the whole concentration range, whose occupation changes as a
function of concentration. Moreover, we obtained the shape of each of the
fundamental spectra corresponding to these environments, and the spectral weight
they have at each of the CHAPS concentrations.

@ Springer



Insights About CHAPS Aggregation

Fig. 6 The three physically
meaningful EPR spectra
corresponding to the
independent components
obtained from principal factor
analysis. The normalized
spectrum of 12-SASL at any of
the studied CHAPS
concentrations can be well
reproduced by linear
combinations of these three
components, with the weights
displayed in Fig. 7

Fig. 7 Relative weights
obtained by least squares fit of
linear combinations of the
spectra of Fig. 6 to the
experimental EPR spectra of
12-SASL at each CHAPS
concentration. Lines are only an
aid to the eye. The cmc values
pointed to by arrows will be
discussed in Sect. 3.2.2

component 1 _|
component 2 |

component 3 -
1 L 1 L 1 L 1

348 350 352 354 356
B (mT)
10L Y —O—componenHT |
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— 08} A 1
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o
2 02t A ]
II
0,0} z-s%sas .
1 10 100
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The next step is to analyze these fundamental spectra, to propose a physical
interpretation of each one of the environments sensed by 12-SASL.

3.2.2 Analysis of Each Spectral Component

The spectrum of Component 1 (Fig. 6) is typical for a highly mobile spin label
tumbling isotropically in a low viscosity medium. The hyperfine splitting aq is
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(15.9 £ 0.1) G, consistent with the experimental value measured for 12-SASL in
water. In the isotropic mobility regime, the EPR spectrum depends only on the
rotational correlation time of the labeled molecule [20]. A least squares fit with the
Easyspin software [21], using the routines for fast isotropic motion, yielded a
rotational correlation time 7.; = 0.19 ns. The inspection of the relative weights
plotted in Fig. 7 shows that Component 1 is the only present up to 4 mM CHAPS,
indicating that up to that surfactant concentration, the spin label senses only an
aqueous environment in which it is rotating isotropically, i.e., no CHAPS micelles
are still present. No change in the spectral widths of the individual lines of the
EPR experimental spectra is observed in this range (see all the spectra in this
range in Fig. S3a in the Supplementary Material), indicating that the spin label is
not forming micelles by itself, which would lead to exchange widening and
eventually collapse of the spectral lines. The absence of spectral changes in this
concentration range also indicates that no relevant interactions appear between
12-SASL and CHAPS monomers. The gradual reduction of the weight of
Component 1 for CHAPS concentrations higher than 4 mM (in the range of
reported CHAPS cmc values [9, 10, 15, 16]), at the expenses of the increased
weight of the more immobilized Component 2 (Fig. 7) suggests the partition of
12-SASL molecules between the aqueous solution and a “primary micelle” type,
appearing at 4 mM CHAPS (cmcy).

As the EPR spectrum of Component 2 is no longer indicative of high mobility, it
was analyzed by taking into account the “slow motion” behavior [25], using the
Easyspin routine Chili [21], based on the programs developed by Freed and
coworkers [25]. These programs are able to separate effects of dynamics
(correlation times) and order (order parameter). The best fit of this spectrum yields
order parameter S =0, and an isotropic rotational correlation time
Teo = (3.15 £ 0.04) ns. Figure 8a shows the spectrum together with the fit.

Finding an isotropic spectrum in primary micelles seems inconsistent with the
previous results indicating that 12-SASL is hosted in an elongated region with its
movements highly hindered, leading to expect a spectrum showing mobility
restrictions. The inconsistency is removed if we assume that the detected isotropic
spatial dynamics is that of the whole primary micelles, rotating isotropically with a
correlation time fast enough to wipe out any internal anisotropy. Then, considering
that the correlation time calculated from the fit of the EPR spectrum of Component
2 corresponds to the whole micelle, we can make an estimation of the primary
micelle size using the Debye—Stokes—Einstein relationship 7., = % where V}, is the
hydrodynamic volume of the micelle and # is the viscosity of the medium. We
obtain a mean hydrodynamic radius of (1.46 £ 0.01) nm that should be considered
as a lower bound for the mean radius of primary CHAPS micelles. This value is in
excellent agreement with the experimental results obtained by Qin et al. [15, 16],
and Lipfert et al. [13], and it is in the range of the micelle radii calculated by Herrera
et al. [14] using molecular dynamics. These coincidences provide support to our
hypothesis that spectral Component 2 mainly reflects the dynamics of the whole
primary micelles. Also, primary micelle formation is detected at a cmc (cmcy,
4 mM) in the range of published data obtained in pure CHAPS [9, 10, 15, 16],
suggesting that 12-SASL perturbations on CHAPS aggregation behavior are
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Fig. 8 a Circles, second a T T T
independent spectrum Component 2 § —o— experimental
(Component 2) obtained from + fit 4
PFA, and assigned to 12-SASL
in primary micelles. Full line is
the fit assuming isotropic
rotation of the spin label;

b circles, third independent
spectrum (Component 3),
assigned to 12-SASL in
secondary micelles. Full line is
the fit assuming a restricted
rotation. The fit parameters are
reported in the text (Sect. 3.2.2)

348 351 354 357
B (mT)

b T T T

Component 3 —o— experimental |

348 351 354 357
B (mT)

negligible, and that our results are representative of the behavior of pure CHAPS
micelles.

As seen in Fig. 7, the third spectral component appears around 10 mM CHAPS,
and its relative weight increases slowly with CHAPS concentration, at the expenses
of the decrease of Component 2. The best fit of the EPR spectrum of Component 3
with the Easyspin software yields an order parameter S = 0.33, and rotational
correlation times 731 = 4.8 ns, 73,/ = 1072 ns. Thus, 12-SASL dynamics is no
longer isotropic, and it can be described as fluctuations of the angle between the
molecular z-axis (direction of the nitroxide p-orbital) and its most probable
orientation [20], with a characteristic time of 4.8 ns, and a maximum angle aperture
of 63°, estimated from the order parameter S = 0.33 [20]. (The low value of 7.3/,
indicates very fast rotation of the spin label around its long axis that does not affect
the spectral features [20]).

Figure 8b shows the spectrum of Component 2 together with the fit. It is
reasonable to propose that this spectrum corresponds to 12-SASL inserted into a
second micelle type having a cmcy; = 10 mM. Note, in Fig. 7, that the spectral
changes at concentrations higher than cmcy; are very well described by an increasing
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weight of Component 3, correlated with the decrease of Component 2 (primary
micelles).

It has been shown that in bile salts, which have structural similarities with
CHAPS, polydisperse secondary micelles are formed by aggregation of primary
ones (Small [26], Partay et al. [27]). Also, molecular dynamics simulations [14]
have shown that the larger CHAPS micelles have a grain-like heterogeneity, with
several hydrophobic pockets. The presence of only one kind of EPR spectrum
attributed to 12-SASL in secondary micelles, despite the polydispersity and the
expected increase in micelle size at increasing concentrations reported by Lipfert
et al. [13]. can be explained if we assume that CHAPS secondary micelles are also
formed by the aggregation of primary ones, as proposed for bile salts [26, 27]. In
this way, the hydrophobic cavities able to host 12-SASL would have roughly the
same shape and dimensions, regardless the size of secondary micelles. An extra
condition is that the rotational dynamics of any secondary micelle must be slow
enough to not affect the EPR spectrum of an attached spin label. As explained in
detail in the Supplementary Material, from the radius estimated for primary
micelles, the coalescence of 4 or more of them is needed to fulfill this requirement.
Smaller secondary micelles, formed by 2 or 3 primary micelles, are thus expected to
give different EPR spectra. However, our experiments are well described by only
two fundamental spectra attributed to 12-SASL in micelles. Thus, we are led to
conclude that secondary micelles are formed preferentially by the aggregation of 4
or more primary micelles, and/or that the structures formed by the coalescence of
just 2 or 3 of them cause a negligible contribution to the EPR spectra of CHAPS
solutions.

3.3 Concluding Remarks

There is not established consensus regarding the shape of the supramolecular
structures formed by CHAPS upon self-assembly. To obtain additional insights, we
performed EPR experiments adding small amounts of stearic acid spin labels to
CHAPS solutions. According to our results, primary micelles form at about 4 mM,
in coincidence with the range of critical micellar concentrations reported in pure
CHAPS, and have typical dimensions of 1.46 nm. This size is consistent with those
obtained in the molecular dynamics simulations, and the proposed shape of the
hydrophobic region is consistent with barrel type aggregates, like those proposed by
Funasaki et al. [6] for CHAPS, and Kawamura et al. [19] for bile salts. There is also
consistence with the results of Kroflic et al. [12], who described CHAPS micelles as
loose structures with high water penetration, and with those of Lipfert et al. [13],
showing the absence of separate hydrophobic and polar regions. However, our
results do not support the proposed spherical micelle shape of Qin et al. [15, 16].

Secondary micelles are formed at CHAPS concentrations above 10 mM by
aggregation of primary micelles, thus having several hydrophobic pockets of similar
size and shape. Re-orientational dynamics of aggregates formed by more than four
primary micelles is slow enough to not affect the shape of the EPR spectrum,
resulting in only one spectral component (Component 3) for these secondary
micelles.

@ Springer



Insights About CHAPS Aggregation 1331

A final note of caution should be added, as we cannot forget that we are sensing
only the micelles into which a spin label molecule was incorporated, and that stearic
acid spin labels are themselves amphiphiles. Thus, it might be possible that the
12-SASL molecule generates by itself changes in the structure of the hydrophobic
pockets of CHAPS micelles. However, the cmcy determined from our experiments is
in the range of the values measured in pure CHAPS systems, suggesting that the
disturbances caused by 12-SASL are minimal. To test the validity of these
assumptions, molecular dynamics simulations of CHAPS micelles containing
stearic acid spin labels are planned.

Our results contribute to the understanding of the mechanism of interaction of
chain amphiphiles with CHAPS micelles. This information could be relevant for the
solubilization of membrane lipids in aqueous solutions for *'P-NMR studies, where
detergent micelles of small size are essential to avoid lipid—lipid interactions and to
ensure high mobility, leading to high spectral resolution [28]. This task is usually
performed with sodium cholate, but according to our results, CHAPS at 10 mM
concentration, where primary micelles predominate, could be a good candidate to
perform these kinds of studies.
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