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Size and Shape of Detergent Micelles Determined by Small-Angle X-ray Scattering
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We present a systematic analysis of the aggregation number and shape of micelles formed by nine detergents
commonly used in the study of membrane proteins. Small-angle X-ray scattering measurements are reported
for glucosides with 8 and 9 alkyl carbons (OG/NG), maltosides and phosphocholines with 10 and 12 alkyl
carbons (DM/DDM and FC-10/FC-12), 1,2-dihexansylglycero-phosphocholine (DHPC), 1-palmitoyl-2-
hydroxy-snglycero-3-[phosphaac-(1-glycerol)] (LPPG), and 3-[(3-cholamidopropyl)dimethylammonio]-1-
propane sulfonate (CHAPS). The SAXS intensities are well described by two-component ellipsoid models,
with a dense outer shell corresponding to the detergent head groups and a less electron dense hydrophobic
core. These models provide an intermediate resolution view of micelle size and shape. In addition, we show
that Guinier analysis of the forward scattering intensity can be used to obtain an independent and model-free
measurement of the micelle aggregation number and radius of gyration. This approach has the advantage of
being easily generalizable to proteidetergent complexes, where simple geometric models are inapplicable.
Furthermore, we have discovered that the position of the second maximum in the scattering intensity provides
a direct measurement of the characteristic head grbepd group spacing across the micelle core. Our results

for the micellar aggregation numbers and dimensions agree favorably with literature values as far as they are
available. We de novo determine the shape of FC-10, FC-12, DM, LPPG, and CHAPS micelles and the
aggregation numbers of FC-10 and OG to be ca. 50 and 250, respectively. Combined, these data provide a
comprehensive view of the determinants of micelle formation and serve as a starting point to correlate detergent
properties with detergenfprotein interactions.

Introduction detergent micelle geometry can influence the conformation of

Micelle forming detergents are important in a range of proteins pu_ried in.their hydrophobic cqre is reminiscient of thg
scientific and technological applications. In particular, they are fact thatlipid packing preferences can impact membrane protein
used frequently in biochemical studies as a mimetic of cell function in lipid bllayers_1.1Wh|Ie quantitative _models of bilayer
membranes to solubilize integral membrane proté&ifsAn deformation and packing have been obtaitedyuch models
understanding of detergent properties is desired to determine@re lacking for detergent micelles at the present. Accurate
optimal detergent conditions for extraction, purification, and Mmeasurements of the properties of micelles formed by a single
structural and functional characterization of membrane protefns.  detergent species can serve as a starting point to correlate
Even though the presence of the protein component in adetergent packing preferences with trends in pretelietergent
protein—detergent complex (PDC) will in general alter detergent interactions, to calibrate theories of micellizatigAd2 and to
packing with respect to the “detergent only” micelle§, understand more complicated detergent mixtures and their
characterization of detergent micelles can reveal intrinsic interactions with proteins.
detergent packing preferences that have a direct influence on
protein—detergent interactions. More specifically, recent results
suggest that the packing preferences of different detergents hav
an influence on the conformation of membrane spanning helices
buried in their respective micelld8. The observation that

Here, we use small-angle X-ray scattering (SAXS) as a

@owerful probe of detergent micelles. Small-angle scattering can
provide insight into the size, shape, and interactions of biological

macromolecules, polymers, and detergent systems in solu-
tion 214-17 Both small-angle neutron scattering (SARS$* and
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TABLE 1: Detergent Properties

Fwa cmé Vmonb Pdet Nd NGuinierd Ncored I'-\:'ge
detergent (abbreviation) ionic propertyDa)  (mM) A3 (el (lit.) (eq4)  (eq10) A
n-decylphosphocholine (FC-10) zwitterionic 323 M1 494.3 0.360 NR 45-50 50-53 255+ 1.0
n-dodecylphosphocholine (FC-12) zwitterionic 351 M.5 548.1 0.354 5660870-80° 60-70 75-80 34.0+£2.0
n-decyl3-p-maltoside (DM) non-ionic 483 178 644.0 0.407 69 82-86  85-90 27.0+05
n-dodecylB-p-maltoside (DDM) non-ionic 511 0.17 697.8 0.398 78149M140°> 135-140 135-145 35.0+1
n-octyl-3-p-glucoside (OG) (50 mM)  non-ionic 292 98-23% 418.6 0.382 27100°"87*  80-85 100 30.0+ 3.0
n-nonyl$-p-glucoside (NG) (10 mM) non-ionic 306 65 4455 0.377 NR 240-260 230-250 43.0+£5.0
n-decylf3-p-glucoside (DG) non-ionic 320 22 472.4 0.373 200400 NDf NDf ND
1,2-dihexanoykn zwitterionic 453 14152 677.2 0.363 27135% 35-40 25-35 19.0+ 1.0
glycerophosphocholine (DHPC)
1-palmitoyl-2-hydroxysnglycero- ionic 507 0.018 692.8 0.395 ~125" 160-170 160-170 37.0£2.0
3-[phosphorac-(1-glycerol)] (LPPG)
3-[(3-cholamidopropyl)- zwitterionic 615 8.7 830.3 0.405 1% 11-12 16-17 16.0£1.0

dimethylammonio]-1-propane
sulfonate (CHAPS) (25 mM)

aFormula weights of the detergent monomers (FW) and critial micelle concentrations (cmc) were taken from the litttahomer volumes
(Vmon) Were calculated from published specific densifiessing the Tanford formula for alkyl chain volumes to adjust for different chain leri§ths.
For LPPG, the molecular volume was computed by summing the partial chemical group volumes reported by Reynolds and3#¢Taslin.
detergent electron density valugsi) were computed by summing the number of electrons from the chemical composition and dividing by the
molecular volumedMicellar aggregation numbersl) were taken from the literature as far as available and determined from the forward scattering
intensity (Neuinier €9 4) and from the hydrophobic core volumék.f, eq 10) (see texty: Radii of gyration R;) were obtained from Guinier fits
to the SAXS data (see texf)ND, no data were obtained for this detergehNR, no reference was availabfeAnatrace, Inc! For CHAPS, a
one-component ellipsoid model was fit to the scattering data (see text).

snglycero-3-[phosphaac-(1-glycerol)] (LPPG), which features  protein interactions and appears to be a determinant of protein

a 15 carbon alkyl chain, and 3-[(3-cholamidopropyl)dimethy- conformational homogeneity inside of micelf€s.

lammonio]-1-propane sulfonate (CHAPS), which does not have  Taken together, our results provide a comprehensive data set

an alkyl chain, but a steroid-like hydrophobic group. of micelle sizes and shapes for detergents commonly used in
In this study we present three complementary analyses of membrane protein studies. The data highlight trends for micelle

the SAXS data. First, we show that the forward scattering size and shape across different detergents and provide insight

intensity obtained from Guinier analysis of the very low angle into the different contributions to the free energy of micelle

scattering data can be used to determine the micelle aggregatioriormation.

numbem (i.e., the number of detergent monomers in a micelle).

This measurement does not require fitting of geometrical Materials and Methods

parameters to the scattering data and makes no assumptions

about the shape or geometry of the micelle. An advantage of

this approach is that it can be generalized in a straightforward

manner to proteindetergent complexéswhere the fitting of

a form factor model is complicated by the fact that the structure

of the protein in the PDC is a priori unknown.

SAXS Data Collection. SAXS data were measured at the
XOR/BESSRC undulator beam line 12-1D of the Advanced
Photon Source, Argonne, IL, employing a samydetector
distance 62 m and a X-ray phosphor detector optically coupled
to a 3x 3 mosaic CCD. The data were collected with a custom-
] ) ] ) made thermo-controlled sample holéfeat a temperature of

Second, we fit the full scattering profiles with a two-shell 25 °c and an X-ray energy of 12 keV (corresponding to a
ellipsoid form factor model. In this two-component model the wavelength oft = 1 A). The usable range of momentum transfer
electron dense outer shell corresponds to the detergent heata was 0.022< q < 0.28 A~ 1 (q = 4x sin(9)/A, where B is
groups and the less electron dense core corresponds to thehe total scattering angle aids the X-ray wavelength). Further
hydrophobic interior of the micelles. This approach is similar getails of the measurement and beamline are as des@fitéd.
to previous studies that model micelles using simple geometric DM, DDM, FC-10, FC-12, OG, NG, DG, and CHAPS were
shapes, such as two-component sph&tetiipsoids;*2°222%r purchased from Anatrace. LPPG and DHPC were purchased
cylinderg® whose parameters are fit against the experimental from Avanti Polar Lipids. Data were collected at detergent
data. While still a significant simplification, these models can concentrations of 5, 10, 25, 50, 75, 100, 150, and 200 mM
provide a comprehensive picture of the size and shape Of(except for OG, FC-10, and CHAPS, where a profile at 200
detergent micelle$"?2 The hydrophobic core volume computed M was not recorded) with 20 mM phosphate buffer, pH 6.2,
from the ellipsoid model provides an independent estimate of and 150 mM NaCl. Each detergent concentration series was
the aggregation number and we find good agreement with the prepared frm a 1 Mstock solution. For DG only a limited set
values obtained from the forward scattering intensity, and with of data at detergent concentrations of 12.5, 25, and 50 mM was
literature values as far as they are available. obtained with the same buffer conditions.

Third, we observe that the position of the second maximum  We employed 8 mg/mL horse heart cytochromgSigma),
of the SAXS intensity observed for detergents with alkyl tail in 100 mM acetate buffer, pH 4.6, with 0.5 M guanidinium
groups is a direct measurement of the head grdhgad group hydrochloride and 1 mg/mL of a 24mer DNA duplex (prepared
spacing across the micelle. Determination of the characteristicas described in ref 32) suspended in 50 mM Na-MOPS, pH
head group-head group distance from the position of the second 7.0, with 150 mM NaCl as molecular weight standards. All
maximum in the scattering intensity is straightforward and robust samples were centrifuged at 1109y for 10 min prior to data
and the results are in good agreement with the parameterscollection. For each condition, 5 exposures of 0.1 s each were
derived from the two-component ellipsoid models. This char- taken, image corrected, and circularly averaged. The 5 resulting
acteristic distance across the micelle likely constrains detergent profiles for each condition were averaged to improve signal
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quality. Appropriate buffer profiles were collected with identical

procedures and subtracted for background correction. We have
observed radiation damage for proteins and some detergents (in

J. Phys. Chem. B, Vol. 111, No. 43, 2001”2429

_ 1Oyt _ 1(0)ger
I(O)mon K(C - CmC)OOdet_ ps)zvmon2

(4)

particular with sugar-based head groups) using the SAXS setup

at beam line 12-ID at the APS with integration time4.0 s,
therefore, the total exposure time was limited to 0.5 s for all

VmoniS the molecular volume of a detergent monomer. Monomer
volumes were calculated from published specific denstties,

measurements in this study. The absence of radiation damagé/Sing the Tanford formula for alkyl chain volumes to adjust
was confirmed by comparing subsequent exposures of the samdr different chain length&? For LPPG, the molecular volume
sample, and no significant changes were detected (data notVas computed by summing the partial chemical group volumes

shown).
SAXS Theory. For monodisperse solutions of approximately

spherical particles (spherical on the length scale of the inter-

reported by Reynolds and McCaskh.Detergent electron
densities pget Were computed by summing the number of
electrons from the chemical composition and dividing by the

particle spacing), the measured scattering intensity as a functionMolécular volumeVmon and pqer values are reported in Table

of momentum transfeq is given by>24

I(a) = cP(a)S(a.0) 1)

c is the particle concentratior®(q) is the form factor (also
known as particle structure factor), afh,c) is the solution
structure factorP(q) corresponds to the orientationally averaged
scattering profile of a single particle and can be computed from
a structural modelS(q,c) accounts for particle interactions in
solution and modifies the measured scattering profile at finite
concentration$®1933.34 The solution structure facto§q,c)
modifiesl(g) most strongly at small momentum transfe§q,c)
can in principle be computed, at least approximatively, from
solution theory?833:34For weakly interacting particles at low
enough concentration§(q,c) is equal to unity and the scattering
intensity is given by the particle form factor alone.

In the limit that interparticle correlations are negligible, the
scattering intensity for very low momentum transfgs given
by the Guinier approximaticf36

(@) ~ 1(0) exp(-R,q/3) )
The forward scattering intensity0) and radius of gyratiofg
are obtained by fitting a straight line to a plot of Ip@s a
function ofg? The Guinier approximation is valid only for small
gRy. In practice, reliable fits can be obtained by usingrange
such thagRy < 1.31% Guinier fits presented in this work use a
fitting range such thagR, < 1.2, and errors are determined by
varying the fitting range in steps of = 0.0025 A~ 1,

In the absence of interparticle interference effects, the forward
scattering intensity is proportional to the square of the total
scattering contra&t36

1(0) = Ke[V(p — pJ]® (3)

For X-ray scattering, the total scattering contrast/{s —
ps), whereV is the molecular volumeg is the average electron
density of the particle (equal to the total number of electrons in
the particle divided by), andps is the electron density of the
solvent. The solvent in our experiments is 20 mM phosphate
buffer with 150 mM NaCl added anek = 0.34 e/B3"K is a
proportionality constant that can be determined from the
measurement of a molecular weight standard of known con-
centration, molecular volume, and electron density.

Itis a direct consequence of eq 3 that a micelle composed of duantity for characterizin

N detergent monomers scattexsfold more strongly in the
forward direction tharN monomers (as the concentration of
the micelle is reduced by N/ but the molecular volumi-fold

1. The proportionality constar was determined from mea-
surements of cytochrome and a 24 bp DNA duplex as
molecular weight standards (see “SAXS Data CollectioK).
values from both standards deviate by less than 3% (data not
shown) and in the following the cytochroroeesults are used.

Form Factor Models. The X-ray scattering amplitude of a
particle with electron density(r) is given by

A@) = [ (o(r) — pJ exp(a-r) d'r (5)

and the particle form factor is equal to the square of the
amplitude, averaged over all orientatioRég)) = [JA(q)|%[4. For
a sphere of uniform electron densitynd radiuk the scattering
amplitude 352835
sin@R) — qRcos@R)

@R’

SVSpF{p ~ Py

Aspr{q) = 3Vsph(iO - ps)

j1(aR)
gR

(6)

whereVspn = 47R%3 is the volume of the sphere apgdis the
first-order spherical Bessel function. The scattering amplitude
for a spheroid with one semi-axis of lengthand two semi-
axes of lengttb is related to that of the sphere by replacifg

in eq 6 withu = g(x2a? + (1 — x)b?)Y2, wherex is the cosine

of the angle between the axdsand the vectoq and the final
result has to be integrated over all valuescoFor a two-shell
sphere or ellipsoid, the scattering amplitude is computed by
adding the contributions for each shell. In particular, for a two-
shell ellipsoid with a core of density; and one semi-axia

and two core semi-axdsand an outer shell of densipp and
thicknesd, andty, in thea andb dimensions (see Figure 1) the
particle form factor is given by

P(a) = fol 3Vi(py — Pz)hfj_til) +
i 2
s+ Ve — 92 O ()

with uy = q(@2 + b2(1 — x9))2, u; = q((a + t))> + (b +
tp)2(1 — x?))¥2, the core volume/; = 4rab?/3, and the total
volumeV; + V, = 4n(a + t,)(b + t,)%3. Fora < b the spheroid
is oblateand fora > bt is prolate The ellipticity € is a useful
g how spherical or elongated an
ellipsoid is,e = (1 — (a/b)®)¥2 for oblate ande = (1 — (b/
a)9)'2 for prolate shapes.

The radius of gyration for a particle with electron density

increased). Therefore, we can determine the micellar aggregatior?(") 1S given by

number by comparing the measuré()qe: (from Guinier
analysis) to that expected for a detergent monomer

RZ= ([ r(o(r) — pd &I [ (p(r) = p9 &) (8)
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Figure 1. Schematic of the two-component ellipsoid model. The !
rotation symmetry axis is shown as a dashed |lmendb are the 50'{, :{: 1
dimensions ang; the electron density of the hydrophobic cateand {:
tp are the thickness angd the electron density of the head group region. = !
The figure shows the case of an oblate ellipsoid veitk b, for a > 40r | + 1
b the ellipsoid is prolate. i ]
For the two-component spheroid model eq 8 can be evaluated 30 . . i ob— il .
and the result is 0 S0 100 15 - 0.3
[c —cmc] (mM) q (A 1)
Rgz = Figure 2. Scattering data, Guinier analysis, and two-shell ellipsoid fit
—o)a+ )b+ t)(a+ )2+ 2(b + £) + (0. — o)abi(a? + 2b? for FC-10. (A) SAXS profiles I(q)) of FC-10 at detergent concentra-
%(pz 2l ) A J ( 5 o1+ (b1~ pJabt ) tions of 25 (blue), 50 (brown), 75 (green), 100 (purple), and 150 (red)
(02 = @+ )b+ t)* + (o, — pr)ab? mM. Profiles at 5 and 10 mM were recorded, but at these detergent
9) concentrations below the cmc scattering was not detectable within
) ) experimental error. (B) Guinier representation I(rgs a function of
Results and Discussion ¢?) of the low angle data (same color code as part A) and Guinier fits

. . (black lines). The increase in scattering signal (decrease in scatter) with
SAXS profiles were measured at different detergent concen- j,creasing concentration is observed. (C) Apparent aggregation numbers

trations for all nine detergents included in this study as described N obtained from the extrapolated forward scattering intensity and eq 4
in Material in Methods. Below the critical micelle concentration (squares, same color code as in part A). The point at 0 mM (black
(cmc, Table 1), detergent molecules remain monomeric in circle) corresponds to the estimate obtained by linearly extrapolating
solution and do not form micellé$.For a given total detergent the measured profiles to zero concentration. Errors are obtained from

concentrationc, the concentration of detergent molecules repeat fits with different fitting ranges and by propagating the error
S . . . . from repeat measurements of the molecular weight standard. (D) Two-
participating in micelles is approximatelyc (— cmc). No component ellipsoid fit (black solid line) and scattering intensity
significant scattering signal was detected for any of the recorded at 25 mM detergent concentration (blue circles). The residuals
investigated detergents at concentrations below the cmc (dataof the fit are shown in the inset. Fitted parameters are presented in

not shown), indicating that the scattering from individual Table 2.
solvated detergent monomers is very weak. Therefore, scattering
profiles below (or very close to) the cmc are excluded in the 2C—10C. Additionally, the measured scattering profiles were
following analysis. Scattering intensities are shown as a function linearly extrapolated to zero concentration (thus treating inter-
of momentum transfeq for different detergent concentrations particle interference and effects of the detergent concentration
in Figures 2A-10A. on micelle size to second orderdh The aggregation numbers
For concentrations low enough so that interparticle interfer- from Guinier analysis of the extrapolated profile are shown as
ence effects are negligible (typicallg50 mM, see below) black symbols at zero concentration in Figures-20C.
scattering profiles for all detergents except for the glucosides We find that for low detergent concentrations (typicaily
are virtually superimposable after rescaling by-(cmc) (data 50 mM) the apparent values fod (and Ry, not shown) are
not shown). This and the fact that the data show good linearity independent, within experimental errors, of detergent concentra-
in the Guinier region (see below) for low detergent concentra- tion, except for OG and CHAPS. Furthermore, the apparent
tions indicate that the micelle distributions are approximately aggregation numbers at low detergent concentrations agree with
monodisperse, in good agreement with previous results for thethe values obtained from Guinier analysis of the extrapolated
non-ionic detergents DHPF€and DDM25 scattering profile. These results indicate that for the lowest
Determination of Aggregation Numbers from Guinier detergent concentrations used in our measurements interparticle
Analysis. Forward scattering intensitié€D) and radii of gyration interference effects are negligible and micelle aggregation
Ry for the nine detergents included in this study were obtained numbers are relatively independent of detergent concentration.
from Guinier analysis (eq 2) of the lowscattering data. Guinier ~ The radii of gyration and micelle aggregation numbers obtained
fits are shown in Figures 2B10B. In general, the fitte&; and from eq 4 at these low detergent concentrations are reported in
1(0) are expected to be functions of detergent concentration, asTable 1.
(1) the size of the detergent micelles is known to increase with  The only exceptions are OG and to a lesser extent NG and
c and since (2) interparticle interference modifies the scattering CHAPS, for which the micelles seem to grow significantly with
profiles for highc, which leads to changes in the apparBat increasing detergent concentration. The alkyl-glucosides and
and|(0). To probe the effects of increasing concentration and CHAPS results are discussed in more detail in the next section.
to obtain reliable estimates of the micelRyandI(0), Guinier The changes in apparent aggregation numbet(@y (in
analysis of scattering profiles collected at different concentra- addition to the trivial linear dependence I¢0) on c) for high
tions was performed. The apparent aggregation numbers ob-c can reveal the nature of intermicellar interactions. An observed
tained from eq 4 are shown as a functionof{ cmc) in Figures increase in forward scattering intensity with increasmgs



Size and Shape of Detergent Micelles J. Phys. Chem. B, Vol. 111, No. 43, 200I2431

A A B
1 1sf . T T T - ' J
10+ _ :-m%
= 0.5t —_ %
5t S — ]
Mm-,_“ 1
of ST T | o | -2t ) ey
0 01 02 03 0 0.1 02 03 0 0.003
q (A7) q (A a’ (A7)
L . — 2 T 90 g rrre——rrmrrer—s 0.4D - R
70 . { % Residual
$ | o015 0 M 1 80} { 0.3} 0.02 ]
60 } 1 -0.02 {: 0 W
z $ - 041 ) 0.3 - z 70} { =02 . 1
50 ; ) -0.0
‘D 0.3
40 i { 0.05 60+ + . 0.1f 1
30L. il 0 . i L . P i ok h " . ol
100 200 0 01 02 03 505 10 100 0 01 02 03
[c =cmc] (mM) q (A7) [c - emc] (mM) a(A™)

Figure 3. Scattering data, Guinier analysis, and two-shell ellipsoid fit Figure 4. Scattering data, Guinier analysis, and two-shell ellipsoid fit
for FC-12. (A) SAXS profiles [(q)) of FC-12 at detergent concentra-  for DM. (A) SAXS profiles ((q)) of DM at detergent concentrations
tions of 25 (blue), 50 (brown), 100 (green), 150 (purple), and 200 (rgd) of 5 (magenta), 10 (yellow), 25 (blue), 50 (brown), 100 (green), 150
mM. Profiles at 5 and 10 mM were recorded and a weak scattering (purple), and 200 (red) mM. (B) Guinier representation Ijlr€s a
signal was detected; however, the signal-to-noise ratio of the data did fnction of g?) of the low angle data (same color code as part A) and
not allow for a reliable Guinier fit and these profile were excluded Gyinier fits (black lines). (C) Apparent aggregation numiénbtained
from the analysis. (B) Guinier representation Jré(s a function off)  from the extrapolated forward scattering intensity and eq 4 (squares,
of the low angle data (same color code as part A) and Guinier fitS same color code as in part A). The point at 0 mM (black circle)
(black lines). The increase in scattering signal (decrease in scatter) Withcorresponds to the estimate obtained by linearly extrapolating the
increasing concentration is apparent. (C) Apparent aggregation numbersmeasured profiles to zero concentration. Note the logarithmic scale.
N obtained from the extrapolateq forward scattering intensity and eq 4 (D) Two-component ellipsoid fit (black solid line) and scattering
(squares, same color code as in part A). The point at 0 mM (black intensity recorded at 5 mM detergent concentration (magenta circles).

circle) corresponds to the estimate obtained by linearly extrapolating The resjduals of the fit are shown in the inset. Fitted parameters are
the measured profiles to zero concentration. (D) Two-component presented in Table 2.

ellipsoid fit (black solid line) and scattering intensity recorded at 25
mM det_ergent_ concer_ltration (blue circles). The residu_als of the fit are carbonsVi is given by the Tanford formutd Vi = (27.4+
shown in the inset. Fitted parameters are presented in Table 2. 26.9) A 3. An estimate fop, can be obtained by dividing the
number of electrons in the detergent head group by the head
group volume, which is computed a@€,{on — Viai); however,
this approximation neglects the effects of hydration (see below).
We employ a nonlinear least-squares fitting routine imple-
mented in Matlab (Mathworks) to fit two-component spheres
and prolate and oblate ellipsoids to the scattering data. As the
information about the absolute scattering intensity is already
used in the Guinier analysis, the form factor model is fit to the
shape of the scattering profile up to an arbitrary scaling constant.
Fitting parameters ara, b, and the head group thicknegs=
tp,. Additionally, we investigate whether varying and ty
independently and whether treating the head group layer density
L R . . - . ppas a free parameter alter the fit. Micelle aggregation numbers
Guinier analysis indicate that interparticle interference is can be computed from the form factor models by dividing the

negllglble for the lowest detergf_ent concentra_tlons used in our total volume of the dry hydrophobic core by the volume per
experiments. Under these conditions, the solution structure factorrn onomer0:25-27

S(q,c) in eq 1 is equal to unity and the scattering data can be

indicative of interparticle attraction and/or growing micelles,
as observed for the alkyl-glucosides and CHAPS. A decrease
of 1(0) with increasing: is expected if interparticle repulsi&n
is the dominant effect at higher concentrations. For all detergents
investigated, except for the alkyl-glucosides and CHAPS, the
apparent(0) decreased with increasing concentrations at high
¢, indicative of interparticle repulsion, presumably due to
excluded volume effects. For LPPG, the only charged detergent
in this study, the decrease in forward scattering intensity with
increasingc is particularly pronounced and can likely be
attributed to electrostatic repulsion.

Two-Component Ellipsoid Models. The results of the

described by using a model for the particle form fadgq). 4

We employ a two-shell ellipsoid model for the form factor Neore = §ﬂab2/Vtan (10)
(eq 7 in Materials in Methods) to fit the scattering intensity.
The model features an ellipsoidal core with one semi-axis FC-10, FC-12, and DHPC.The scattering profiles of the

two semi-axesh, and electron density;, representing the phosphocholines FC-10, FC-12, and DHPC are well modeled
hydrophobic interior of the micelle, and an outer shell of by two-component prolate ellipsoid form factors. The fitted
thicknesg, andty, in thea andb dimensions and electron density parameters are presented in Table 2, and scattering profiles and
p2, corresponding to the detergent head groups (Figure 1). fits are shown in Figures 2D, 3D, and 8D. Varyipgor t; and

It has been shown that the alkyl chains in the hydrophobic t, independently did not significantly improve the fits, and gave
core of detergent micelles are closely packed and that the corevalues fort, within 0.4 A of tp. The small value for the thickness
contains no or very little wateé#:38 p; can, therefore, be  of the head group layet, ~ 3 A for both FC-10 and FC-12,
computed by dividing the number of electrons per alkyl chain suggests that the head group adopts a compact conformation,
by the monomer alkyl chain volumég;. For a chain oh, alkyl likely with the negatively charged phosphate group in close
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Figure 5. Scattering data, Guinier analysis, and two-shell ellipsoid fit rigyre 6. Scattering data, Guinier analysis, and two-shell ellipsoid fit
for DDM. (A) SAXS profiles ((q)) of DDM at detergent concentrations  for 0G. (A) SAXS profiles [(q)) of OG at detergent concentrations of
of 5 (magenta), 10 (yellow), 25 (blue), 50 (brown), 100 (green), 150 50 (brown), 75 (green), 100 (purple), and 150 (red) mM. (B) Guinier

(purple), and 200 (red) mM. (B) Guinier representation firgs a representation (If as a function obP) of the low angle data (same
function of¢”) of the low angle data (same color code as part A) and color code as part A) and Guinier fits (black lines). (C) Apparent
Guinier fits (black lines). (C) Apparent aggregation numipécbtained aggregation numbens obtained from the extrapolated forward scat-

from the extrapolated forward scattering intensity and eq 4 (squares, tgring intensity and eq 4 (squares, same color code as in part A). The
same color code as in part A). The point at 0 mM (black circle) pointat 0 mM (black circle) corresponds to the estimate obtained by
corresponds to the estimate obtained by linearly extrapolating the |inearly extrapolating the measured profiles to zero concentration. (D)
measured profiles to zero concentration. Note the logarithmic scale. Tyo-component ellipsoid fit (black solid line) and scattering intensity

(D) Two-component ellipsoid fit (black solid line) and scattering recorded at 50 mM detergent concentration (brown circles). The

intensity recorded at 5 mM detergent concentration (magenta circles). residuals of the fit are shown in the inset. Fitted parameters are presented
The residuals of the fit are shown in the inset. Fitted parameters are, Taple 2.

presented in Table 2.
in a significant change from the value computed from the head

contact with the positively charged trimethylamine group. The group volume and did not significantly improve the fit. The
core dimensions for FC-12 are larger than those for FC-10, by results for DDM are in excellent agreement with the findings
~1.7 A in the short dimensions and by aib&A along thea of Dupuy et al., who modeled dodecgtp-maltoside as a two-
axis. The short core dimensidnis smaller for DHPC than for ~ component oblate ellipsoid with a 14.1 A semi-minor axis and
FC-10 and FC-12, as can be expected from the shorter alkyltwo 28.2 A semi-major axes for the core and a 6.2 A outer
chains (see below). For FC-18ginier andNcore are in excellent shell of uniform thicknes$®> For DM the core is smaller than
agreement, and smaller than the aggregation values obtainedor DDM, the short dimensiom by about 1.8 A and the long
for FC-12. This is consistent with the general observation that dimensiorb by about 5 A, while the thickness of the head group
N increases with alkyl chain length as discussed further below. layer is unchanged. This is to be expected as the two detergents
For FC-12,Ncore is slightly larger tharNguinier but the results have the same head group, but DM has a shorter alkyl chain
agree reasonably within error and with the values reported by than DDM (see below). For DDMNguinier Ncore @nd the
Arora and Tamrff (see Table 1). available literature values are in excellent agreement (see Table
DHPC is different from the other detergents in this study as 1). For DM, Ncore and Nguinier are in excellent agreement, but
it has two alkyl chains. Our model for DHPC is in qualitative slightly larger than the value measured by Anatrace, Inc. (http://
agreement with the results of Lin et &.who found DHPC to www.anatrace.com/). This discrepancy might be due to differ-

be a prolate ellipsoid with = 7.8 A anda = 24 A using SANS. ences in solution conditions, which unfortunately are not
Interestingly, in their model the head group layer thickness is explicitly stated for the Anatrace measurement.

significantly different in thea andb dimensions (6 and 10 A, OG, NG, and DG. Then-alkyl-glucosides, in particular OG,
respectively). In contrast, we obtain similar values~&.5 A have been studied extensively with a range of metRb&gs4347

for botht, andty, in good agreement with the models for FC-  An initial SANS study modeled OG micelles as sphéefdsiit

10 and FC-12. These differences may be due to the different subsequent work found them to be nonsphefitdf Giordano
scattering properties of neutrons and X-rays, which may bias et al. modeled OG micelles as monodisperse elongated one-
the fitted models. The values fdgyinier andNcore Obtained for component ellipsoids and found that the micelles grow signifi-
DHPC (Table 1) exhibit some variation but agree reasonably cantly in the long dimension with increasing detergent concen-
within experimental error and are in the same range as the valuedration?* Furthermore, they observed interparticle repulsion
reported by Chou et & (N = 27) and Tausk et &f (N = 35). effects for detergent concentratiors0.6 M. Zhang et al.

DM and DDM. The SAXS intensities for the maltosides are obtained an extensive data set using both X-ray and neutron
well fit by oblate ellipsoid models with parameters given in scattering over a larggrange fom-heptyl$-bp-glucoside (HG),
Table 2. Experimental and fitted scattering profiles are shown OG, and NG They tested a variety of models and found the
in Figures 4D and 5D. Varying, andt, independently did not  best fit using an elongated two-component cylinder form factor.
significantly improve the fit and gave values figrwithin 0.5 Their model accounts for polydispersity in cylinder height using
A of t,. Similarly, treatingo, as a fitting parameter did not result a Shultz distribution and for fluctuations in the monomer
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Figure 7. Scattering data, Guinier analysis, and two-shell ellipsoid fit
for NG. (A) SAXS profiles ((g)) of NG at detergent concentrations of
10 (blue), 25 (brown), 50 (green), 100 (purple), and 200 (red) mM.
(B) Guinier representation (Ij(as a function ofj?) of the low angle
data (same color code as part A) and Guinier fits (black lines). (C)
Apparent aggregation numbef$ obtained from the extrapolated

Figure 8. Scattering data, Guinier analysis, and two-shell ellipsoid fit
for DHPC. (A) SAXS profiles [(g)) of DHPC at detergent concentra-
tions of 25 (blue), 50 (brown), 100 (green), 150 (purple), and 200 (red)
mM. Profiles at 5 and 10 mM were recorded, but at these detergent
concentrations below the cmc no scattering was detectable within
experimental error. (B) Guinier representation I(rgs a function of

forward scattering intensity and eq 4 (squares, same color code as ing?) of the low angle data (same color code as part A) and Guinier fits
part A). The point at 0 mM (black circle) corresponds to the estimate (black lines). (C) Apparent aggregation numbkrsbtained from the
obtained by linearly extrapolating the measured profiles to zero extrapolated forward scattering intensity and eq 4 (squares, same color
concentration. (D) Two-component ellipsoid fit (black solid line) and code as in part A). The point at 0 mM (black circle) corresponds to
scattering intensity recorded at 10 mM detergent concentration (blue the estimate obtained by linearly extrapolating the measured profiles
circles). The residuals of the fit are shown in the inset. Fitted parametersto zero concentration. (D) Two-component ellipsoid fit (black solid
are presented in Table 2. line) and scattering intensity recorded at 25 mM detergent concentration
(blue circles). The residuals of the fit are shown in the inset. Fitted

positions by introducing a Deby@Naller factor-like formalism. 5 rameters are presented in Table 2.

The study found OG micelles to be significantly larger isgD

than in HO and, in agreement with previous results, to grow with a two-component ellipsoid model for scattering data up to
along the long dimension with increasing detergent concentra- g~ 0.3 A~ 1, which suggests that this simpler model is adequate
tion. for the range ofy values considered here.

HG, NG, and DG have been studied less extensively than Our OG scattering data are reasonably fit by a prolate two-
OG, but the existing data suggest that they, too, form micelles component ellipsoid model with parameters presented in Table
with elongated, prolate, shapes. Zhang et al. modeled HG and2 (see Figure 6D). Similar to Zhang et al., we find that the fitted
NG similar to OG as polydisperse two-component cylinders and thickness of the electron dense head group layer is dependent
found HG to adopt much shorter (along the long dimension) on the value used for the electron density of this regigrwWe
and NG to adopt much more elongated micelles, compared tofind the best fit forp, ~ 0.45 e/A3 andt, = t, ~ 4.5-5.0 A,

OG 2% Their models suggest aggregation numberdNof 14 which indicates that hydration effects are important for OG
for HG and ofN = 2700 for NG, but the latter number is subject micelles. The short axes of the micelle are constant with
to considerable uncertainty. Nilsson et al. demonstrated that DGincreasing detergent concentration; however, the apparent length
exhibits a complex phase diagram, which features phaseincreases frona ~ 40 A at 50 mM to 56-55 A at 150 mM in
separation into two liquid isotropic solutions for detergent reasonable agreement with the dimension determined in previous

concentrations from 3 to 500 mi.For detergent concentration
below 3 mM DG forms discrete micelles with an aggregation
number in the range of 26640026

Instead of trying to replicate or improve on the comprehensive
model by Zhang et al., we will use the scattering data for OG
and NG micelles only to serve as a point of comparison with
the other detergents. The scattering profiles for both OG and

studies?1:26:44

The apparent aggregation number computed from the forward
scattering intensitWNguinier increases with increasing OG con-
centration, consistent with micelle growth as a function of
increasingc. Forc = 50 mM Nguinier & 85, in good agreement
with the value of 87 obtained by Kameyama and Takaand
slightly smaller than the value computed from the dimension

NG at different detergent concentrations are not superimposableof the fitted modelNgere ~ 100.

after rescaling by d — cmc) even for low concentrations,

Similar to OG, the NG scattering data can be reasonably

indicating a change in micelle size and shape with concentrationmodeled as a prolate two-component ellipsoid (see Figure 7D).

and/or polydispersity of the size distribution. For simplicity, and
to allow for direct comparison with the other detergents in this
study, we fit the OG and NG scattering data using the two-
component ellipsoid model outlined in the Material and Methods
section. While Zhang et al. obtained better fits at hiplsing
their two-component cylinder model, which includes polydis-
persity and a DebyeWaller factor, they found adequate fits

Fitting parameter are presented in Table 2. Similar to the case
of OG, the shorth dimension is approximately constant and
the micelles grow along the lorjaxis with increasing detergent
concentration, frona ~ 55 A atc = 10 mM toa ~ 105 A at

50 mM. For even higher detergent concentration, the apparent
micelle size decreases, which is likely a result of interparticle
repulsion effects. The aggregation number determined from the
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Figure 9. Scattering data, Guinier analysis, and two-shell ellipsoid fit
for LPPG. (A) SAXS profilesl(q)) of LPPG at detergent concentrations
of 5 (magenta), 10 (yellow), 25 (blue), 50 (brown), 100 (green), 150
(purple), and 200 (red) mM. The effects of interparticle interference
are clearly visible as a decrease in scattering intensity aglawthe (In(1) as a function ofg?) of the low angle data (same color code as
200 mM profile. (B) Guinier representation (Ip@s a function of) part A) and Guinier fits (black lines). (C) Apparent aggregation numbers
of the low angle data (same color code as part A) and Guinier fits N obtained from the extrapolated forward scattering intensity and eq 4
(black lines). (C) Apparent aggregation numbhrebtained from the (squares, same color code as in part A). The point at 0 mM (black
extrapolated forward scattering intensity and eq 4 (squares, same colorircle) corresponds to the estimate obtained by linearly extrapolating
code as in part A). The point at 0 mM (black circle) corresponds to the measured profiles to zero concentration. Note the logarithmic scale.
the estimate obtained by linearly extrapolating the measured profiles (D) One-component ellipsoid fit (black solid line) and scattering
to zero concentration. Note the logarithmic scale. (D) Two-component intensity recorded at 25 mM detergent concentration (blue circles). The
ellipsoid fit (black solid line) and scattering intensity recorded at 5 residuals of the fit are shown in the inset. Fitted parameters are presented
mM detergent concentration (magenta circles). The residuals of the fit in Table 2.
are shown in the inset. Fitted parameters are presented in Table 2.

for this ionic detergent than for the non-ionic detergents

forward scattering intensitycore Shows a similar trend; however,  considered in this study. Analysis of both the hydrophobic core
the experimental error for the Guinier fits is considerable (see volume and the forward scattering intensity gives aggregation
Figure 7C). Varyingo, as an independent parameter improves numbers of 166170 (Table 1). This value is larger than the
the fit slightly and yieldso, values lower than those computed aggregation number of125 reported by Chou et &.This
from the head group volume alone, which might indicate that difference can be at least qualitatively attributed to the fact that
hydration effects are important. Similar to OG, the fitted our measurements are done in the presence of 150 mM NaCl,
thickness of the head group layer depends on the valug,for  whereas the study of Chou et al. used 20 mM phosphate buffer
with lower values ofp, giving rise to larger values fdg = tp. only, since addition of monovalent salt is known to increase
Varying t, andty, independently did not significantly improve  the aggregation number for ionic detergefits.
the fit. CHAPS. CHAPS is the only amphiphile in this study that
We also attempted measurements of DG; however, the has a steroidal group instead of an alkyl chain as its hydrophobic
viscosity and limited solubility of the detergent made handling moiety. The previous arguments about the hydrophobic core
and accurate adjustment of the detergent concentration difficult. volume are, therefore, not directly applicable. Furthermore, there
Furthermore, interpretation of the data is complicated by the is no second maximum in the scattering intensity in the
complex DG phase diagram as discussed above. Therefore, weneasured range (see Figure 10A), suggesting that for CHAPS
limit the analysis of the DG scattering data to the determination the contrast difference between hydrophobic core and hydro-
of position of the second maximum in the scattering intensity, philic head groups is much less pronounced than that for the
as discussed in the Second Peak’ subsection. other detergents. Therefore, we attempt to fit the SAXS pattern
LPPG. LPPG is the only ionic detergent in this study. For for CHAPS using one-component sphere and one-component
high detergent concentrations strong interparticle interference ellipsoid models, i.e., formally using eq 7 witgh = ps. While
is observed (see the Guinier Analysis’ subsection and Figure it is possible to fit a two-component model to the data, we find
9), which is likely attributable to electrostatic repulsion between that the CHAPS scattering profile is well fit by a one-component
micelles. However, for low detergent concentration2% mM) prolate ellipsoid model (see Figure 10D), suggesting that this
the scattering profiles are superimposable after scalingby ( is the minimal model that can account for the data.
cmc) and are well described by an oblate form factor model  The apparent aggregation number derived from the forward
(see Figure 9). Fitting parameters are presented in Table 2.scattering intensity increases for CHAPS with increasing
Interestingly, variation op, as an independent parameter did detergent concentration (see the Guinier Analysis’ subsection
significantly improve the fit and yielded values @flower than and Figure 10C) is similar to the behavior observed for OG
those computed from the volume and chemical composition of micelles. In addition, the fitted dimensions of the micelle from
the head group. This behavior suggests that hydration effectsthe one-component ellipsoid model increase with increasing
and interactions with the counterion cloud are more significant detergent concentration. The fitted value for the short dimension

Figure 10. Scattering data, Guinier analysis, and one-component
ellipsoid fit for CHAPS. (A) SAXS profiles I(g)) of CHAPS at

detergent concentrations of 10 (yellow), 25 (blue), 50 (brown), 75
(green), 100 (purple), and 150 (red) mM. (B) Guinier representation
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TABLE 2: Geometrical Parameters of Detergent Micelles Obtained from the Two-Component Ellipsoid Fits

parameters
detergerit shape  pi1 (e/A?) 02 (elA3) a(A) b (R) ta (A) th (A) € alb Ry (A)
FC-10 prolate 0.273 0.490 26-21.2 13.4-13.6 2.73.0 ~ta 0.76 1.55 25
FC-12 prolate 0.277 0.490 2527.5 16.0-16.5 2.6-3.0 Aa 0.80 1.63 34
DM oblate 0.273 0.520 12:012.5 23.0-24.0 6.0-6.3 ~a 0.85 0.52 26
DDM oblate 0.277 0.520 13:814.3 28.0-29.5 6.0-6.3 ~t, 0.88 0.48 33
OG (50 mM) prolate 0.268 0.450.54 39.0-42.0 12.6-13.2 3.2-5.0 ~a 0.95 3.21 29
NG (10 mM) prolate 0.271 0.560.53 55.0-60.0 13.5-15.0 4.0-5.2 ~ta 0.97 4.00 40
DHPC prolate 0.253 0.464 26:22.5 9.5-10.0 3.0-4.0 ~ta 0.89 2.20 20
LPPG oblate 0.281 0.460.48 19.6-20.0 29.5-30.5 5.5-6.0 A 0.76 0.65 38
CHAPSP (25 mM) prolate n.a. n.a. 31.0 10.5 n.a. n.a. 0.94 2.95 15.4

aFor all detergents, except for OG and DG, similar parameters were obtained from fits to the two or three lowest concentratiof [poofiles.
CHAPS, a one-component ellipsoid model was fit to the scattering data (see text).

b increases from 10.5 A at 50 mM CHAPS to 13.5 A at 150 A -

mM CHAPS, and the long dimension increases froi0 to = 49 z :: 5 ]
~40 A in the same concentration range. An increase in apparent™, 4u; “ | s ]
micelle size could in principle be the result of attractive g 300 VU i UESD ,;" ]
interparticle interactions or of true micelle growth with increas- < sl vy T 25 '6' i
ing detergent concentration. The fact that we find an increase~ 20.° 1 ™ o9 Ry i

in apparent micelle size at relatively low detergent concentra- 65 8 10 12 14 16
tions (<50 mM) suggests that CHAPS micelles indeed grow n.
with increasing detergent, but we cannot rule out a convolution Figure 11. Characteristic head groufnead group spacing determined
of the two effects. from the position of the second maximumyg,y) of the scattering
The aggregation number determined from forward scattering itﬂtensityt.)(A) :‘wellfsluredbvaluis fgvéﬂllnz)a/xlazf ? SFE;NFE)?AS/ SS;/T((:SFn of
~ _ H P € numbper or alkyl caroong ror - re s ue
reement with the value determined by Hjemeland et () Tepbigho-glucoside (HG)OGNGIDG (greem). DHPC (red

20 25 30 35 40 45
d (A)

. 0), and LPPG (browna). The black line indicates the maximum
= 10), but slightly lower than the value computed from the
volume of the prolate ellipsoid model divided by the volume
of the monomer (Table 1). However, modeling the CHAPS

extension of the alkyl chaifsgiven by 2x (1.5+ 1.26%1). The value
for HG was taken from Figure 7 of Zhang et?a(B) Measured values
for 27/qmax @s a function of the head grotthead group spacing

micelle as a one-component ellipsoid neglects the effects of determined from the two-component ellipsoid fits (see text) for FC-
hydration as well as differences in scattering density in the 10/12 (redS), DM/DDM (blue ), OG/NG (greenv), DHPC (redo),

: - . .__and LPPG (browm). A linear regression wittd as the independent
nmul(r:r?tl)lg; tc))?ttk;lgfr\g:clj%rl] would increase the apparent aggregation variable gives g-intercept of—3.5 A and a slope of 1.1 (dashed line).

) ) ) ) ) The correlation coefficient is= 0.95. CHAPS does not have an alkyl
Second PeakThe detergents investigated in this study (with chain and does not exhibit a second peak in the scattering intensity

the only exception of CHAPS) have a characteristic second peakand is, therefore, not included in the graph.
in the scattering intensity, which stems from the large difference
in scattering contrast between the detergent head groups andgpacing from center to center of the head group layers across
the aliphatic micelle core. A second maximum in the scattering the short dimension of the micelle is approximatdly- 2a +
intensity, in addition to the (first) maximum gt= 0 for forward ta for oblate andd = 2b + t,, for prolate ellipsoids. The distance
scattering, is generally characteristic of ceshell structure4?.50 d correlates well with the characteristic length scatéox (r

The position of the maximum at intermediatés independent = 0.95) as shown in Figure 11 B.
of detergent concentration (see Figures-2WA) and will be Trends in Micelle Size and ShapeThe observed trends in
denoted withgmax The peak positiorgmax corresponds to a  aggregation numbeX and micellar shape can be qualitatively
length scale that is given bya2gmax. Figure 11A shows the  understood from theories of micelle formatitiee-5-.5Micelle
length scale 2/gmaxas a function of the number of alkyl carbons formation is governed by two contributions to the free energy.
n for all detergents investigated in this study, except CHAPS. The burial of the hydrophobic moieties in the lipid-like
The maximum extension of an alkyl chain of length is hydrophobic micelle core has a favorable (and mostly ent#§pic
approximatel® I = (1.5 + 1.265) A and the maximal contribution to the free energy that can be estimated from the
thickness across the alkyl core along the short dimensiol.is 2 free energy of transfer of the hydrophobic group from a lipid
2l (Figure 11A, solid black line) correlates well with the to the aqueous phase. This effect alone would favor very large
position of the second peak and the characterstic spacihg 2 aggregates and phase separation. However, since the hydrophilic
Omax (Figure 11A, symbols) is consistently slightly larger than head groups are covalently attached to the hydrophobic tails,
2l.. This observation can be rationalized as follows: The second micelle formation brings head groups into close proximity,
peak position is determined by the scattering interference which is energetically unfavorable and balances the hydrophobic
between the electron dense head groups across the low electroeffect. This balance of “opposing forcé8”causes many
density hydrophobic core. For an elongated micelle, there areamphiphiles (including the detergents in this study) to form
in principle a range of head grotftiead group distances across micelles of a finite size. Several approaches have been proposed
the hydrophobic core. However, the dominant head grdwgad to quantitatively model head grotimead group intercations.
group distance is the short micelle dimension, as there are moreFor ionic detergents electrostatic repulsion is important, but a
monomers separated approximately by the short dimension thartheoretical treatment is complicated by the effect of screening
by other distances, for both prolate and oblate ellipsoids. The counterion$851For non-ionic detergents entropic contributions
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are suggested to be dominant and have been modeled in analogiydrophobic tail and different head groups requires consideration
to electrostaticd? More recently, even more sophisticated of the head grouphead group repulsion. A comparison of the
models have been develop&dyhich in part rely on extensive  non-ionic maltosides (DM and DDM) to the zwitterionic
computer simulations to calibrate parameférs. phosphocholines of the same chain length (FC-10 and FC-12)

For a given head group, increasing the alkyl chain length shows that the phosphocholines have smaller aggregation
favors larger aggregation numbé?$8as the hydrophobic effect ~ numbers, which can be rationalized by the stronger repulsive
from packing the tail groups in the micelle interior become forces between the more polar head groups of the zwitterions.
stronger (by~0.8 kcal/mol per CH, group®). In agreement Comparing non-ionic detergents, the glucosides exhibit larger
with this prediction, the observed aggregation numbers increaseggregation numbers and less spherical micelles compared to
with increasing chain length for the maltoside sequence octyl- the maltosides for the same chain length. A likely explanation
S-p-maltoside N = 21-257), DM (N ~ 85, Table 1), DDM is that the larger head group of the maltosides as compared to
(N ~ 140, Table 1), and tetradecgtp-maltoside N >1000 the glucosides leads to stronger steric repulsion and, therefore,
) and from DHPC {35, Table 1) to 1,2-diheptanogh to smaller micelles (which, as a result, are more spherical).
glycero-phosphocholind(= 428). This prediction is also borne Of all detergents in this study, LPPG has the longest alkyl
out by the newly determined aggregation numbers: FC-10 haschain @ = 15) and is the only detergent with a charged head
a smallerN than FC-12 €50 vs~70, Table 1) and FC-14\ group. The long alkyl chain alone would predict the formation
= 12455). Similarly, the aggregation number for NG 250) is of very large micelles; however, the strong electrostatic repulsion
larger than that of OG (100) and HG-14%9). The elegant between the ionic head groups alone would lead to the
treatment by Chandler and co-workers based on the assumptiorexpectation of much smaller micelles compared to non-ionic
of spherical micelle geomef¥/predicts an increase in aggrega- detergents with a similar length alkyl chain. Apparently, the
tion number with alkyl chains length proportional ng?. The two effects balance such that the observed aggregation number
phosphocholines follow this prediction approximately; however, for LPPG is comparable to the other detergents in this study.
the other micelles investigated in this study exhibit a more rapid ~ Another interesting case is DHPC, the only detergent in this
increase of their aggregation number with alkyl chain length, study with two alkyl chains. DHPC has a shorter alkyl chain
which can likely be attributed to their pronouncedly nonspherical than the other detergents in this study ¢ 6), which would
geometry (see below and Table 2). suggest a very small aggregation number (and a very high cmc).

An important constraint on the micelle shape is the maximum However, the fact that there are two alkyl chains per head group
possible extension of the hydrocarbon chdin= (1.5 + partially compensates for the short alkyl chains, and DHPC

1.2651) A for a n. alkyl carboi® (see the Second Peak forms micelles with a size and cmc comparable to other
subsection). Since there cannot be a “hole” in the middle of detergents in this study. The shortest distance across the micelle

the micelle, one dimension of the micelle is always limited by C€Ore is still limited by the maximum extent of the individual
this extension. Furthermore, this constraint sets an upper limit, chains, though, and consequently DHPC forms the micelles with
Nmax.sph 10 the aggregation number consistent with spherical the shortestdllstanccb(see aboye) of the dgtgrgents in th|§ study.
geometry for micelles with a certain alkyl chain lengifhax sph The behavior of CHAPS is more difficult to predict, as
= (47/3)|3Vsai, as emphasized by Israelachvili efaFor all CHAPS has a rlgld_pol_ycychc ring structure as_the hydrophobic
detergents included in this study > Nmaxsps in agreement region of the amphlphlle.. Expenmgntaﬂy,_we find that CHAPS
with the observation that spherical models are unable to accountfor,mS relatll\./ely small m|cell'es, which is likely a consequence
for the scattering data. Indeed, the data are well described by©f itS Specific steric constraints. _ _
two-component ellipsoid models, with short dimensions for the " Summary, simple theories of micelle formation are suf-
micelle core & for oblate and for prolate ellipsoids) that are ficient to rationalize the observed trends in micelle sizes and

consistently close to, but smaller than the maximum extension shapes qualitatively. However, there is currently no general
lc (see the Second Peak subsection). theory that achieves accurate quantitative predictions of micelle

Since the short dimension of the micelle is constrainet,by shape and aggregation numbefrom first principles. The lack

increasing the number of alkyl carbons for a fixed head group of a truly predictive theory highlights the need for accurate
. . . : experimental determination of micelle parameters.

has two effects on the micelle shape: The micelle grows in the

short dimension by about 1.0 to 1.5 A per additional alkyl group, Conclusions

due to the longer alkyl chain. The additional growth related to

an increase irN (dicussed above) occurs primarily along the

long dimension, which leads to more elongated micelle shapes

reflected in smaller (larger) values fafb for oblate (prolate)

ellipsoids and larger values of the ellipticigywith increasing

The present study of nine detergents commmonly used to
solubilize membrane proteins is similar in spirit to previous
'works employing small-angle scattering techniques to provide
insights into the structure and interactions of detergent micelles.
) The general approach in these studies has been to use simple
n.. Both trends are borne out by the data for the maltosides, geometric form factor models, such as two-component sphéres,
glucosides, and phosphocholines (see Table 2). ellipsoids!920.22.2%yr cylinders2® for the micelle structure. Some

Israelachvili et al. show that, under fairly general assumptions of the studies have included finite concentration interparticle
about the form of the chemical potential, long cylindrical, “rod- interference effects explicitly using simple models for interpar-
like” micelles are predicted to exhibit larger polydispersity in ticle interactiong?33:3456n this study, we use a two-component
their size distribution and a stronger dependence of the ag-ellipsoid model for the micelle structure and, in addition, present
gregation number on detergent concentration than more sphericatwo novel and complementary analyses of the scattering data.
or oblate micelles. In agreement with this prediction, the As the focus of this work is on micelle structure, we only discuss
detergents with the most prolate or “rod-like” micelles in the the effect of micelle interactions qualitatively and limit the form
study, the glucosides and CHAPS, exhibit signs of polydispersity factor modeling to conditions where interparticle interference
and show a stronger dependence of their aggregation numberss negligible.
on detergent concentration than the other detergents in this work.  The two-component ellipsoid model for the scattering intensi-

Comparison of micelles formed by detergents with the same ties is clearly still a crude approximation to real detergent
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micelles. It neglects molecular detail, fluctuations, and possible  (8) le I\/(Iaire,)M.; Champeil, P.; Moller, J. \Biochim. Biophys. Acta
; ; ; ; i iate 2000 1508 (1—2), 86-111.

poI)I/dlspe;sTy. Hdowever, it prO\Qdeiaregs_onallble |gt?rr2ed|ate (9) Lipfert, 3 Columbus, L Chu, V. B.: Doniach, S. Appl.

scale model and appears to be the minimal model that cancysaiogr. 2007 40, S229-S234.

account for the observed scattering profiles. In particular, none  (10) Columbus, L.; Lipfert, J.; Doniach, S.; Lesley, S. 8007

of the detergents measured in this study could be plausibly fit Submitted for publication , ,

by using strictly spherical models. Furthermore, we find that Strglcji)zéggessgegb?—é%; Koeppe, R. E.,Ahnu. Re. Biophys. Biomol.

one-component ellipsoid models fail to reproduce the charac- ™ ;) maibaum, L.; Dinner, A. R.; Chandler, D. Phys. Chem. B004

teristic second maximum in the scattering intensity, which is 108 6778-6781.

observed for all detergents but CHAPS. (13) Stephenson, B. C.; Goldsipe, A.; Beers, K. J.; Blankschteid, D.

: - : ; : Phys. Chem. 2007, 111(5), 1045-1062.
QSmg Guinier analysis of the logyscattering data, we qbtam ' (14) Doniach, SChem. Re. 2001 101, 1763-1778.
an independent measurement of the forward scattering intensity (15) svergun, D. I.; Koch, M. H. Rep. Prog. Phys2003 66, 1735~
and radius of gyration. The Guinier approach requires no 1782.
assumptions about the micelle geometry. The radii of gyration 36((126)3) 151(;Chz'2|\4' H. J.; Vachette, P.; Svergun, DQ. Re. Biophys2003
obtained directly from Gumlgr anaIyS|s agree well with the (17') Lipfert, 3. Doniach, SAnnu. Re. Biophys. Biomol. Struc2007,
values computed from the ellipsoidal form factor models (see 36 307-327.
Tables 1 and 2). The extrapolated forward scattering intensity  (18) Hayter, J. B.; Zemb, TChem. Phys. Lett1982 93 (1), 91—
can be used to obtain an independent measurement of thed4. . .
micellar aggregation numbe¥guinier The values forNguinier 87%96)2382”5;;0““' D.; Chen, S.-H.; Koehler, W.JCPhys. Cherril.983
agree favorably with the aggregation numbers computed from ~20) Lin, T.-L.; S.-H., C.; Gabriel, N. E.; Roberts, M. & Am. Chem.
the ellipsoidal models (see Table 1) and provide a consistencySoc.1986 108 3499-3507.
check on the form factor models. Furthermore, the Guinier _ (21) Giordano, R.; Maisano, G.; Teixeira,J.Appl. Crystallogr1997

f f : . . 30, 761-764.
approach in combination with the values fay: tabulated in (22) Bezzobotnov, V. Y.: Borbig, S.: Cser, L. Farage. Gladkih, I

Table 1 can be applied to proteidetergent complexes, t0 A Ostanevich, Y. M.; Vass, Sl. Phys. Cheml988 92, 5738-5743.
obtain the oligomerization state of proteins inside of a detergent (23) Thiyagarajan, P.; Tiede, D. M. Phys. Cheml1994 98, 10343-
10351.

micelle2°
" . . (24) Chen, S. HAnnu. Re. Phys. Chem1986 37, 351—399.
The position of the second pegkax provides a straightfor- 25) Dupuy, C.. Auvray, X.: Petipas, C.. Rico-Lattes, I.; Lattes, A,

ward and robust measure of the characteristic detergent spacingangmuir1997 13, 3965-3967.
across the short micelle dimension. Recent results indicate that (26) zZhang, R.; Marone, P. A.; Thiyagarajan, P.; Tiede, DLihgmuir
this spacing is a critical determinant of protein structure and 19?297)1545;?(;;1:@3 VMo Funari. S. S« Malfois. M. Willumeit. R -
dynamics in PDCs and that the position of the second peak \iemeyer. BJ. Phys. Chem. B002 106, 7596-7604. Y
provides a convenient way to evaluate the detergent packing in 28y Hayter, J. BProc. Int. Sch. Phy. “Enrico Fermi”1985 90, 59—
mixed micelles' 92. _ _ _ _ _

This study provides a compilation of data that we anticipate 20(()%9)77'-'82%'1'0%3 Millett, I. S.; Seifert, S.; Doniach, 8ev. Sci. Instrum.
to be useful both for experimentalists interested in studies of "~ (30) Beno, M. A.; Jennings, G.; Engbretson, M.; Knapp, G. S.: Kurtz,
membrane proteins as well as for theoreticians trying to improve C.; Zabransky, B.; Linton, J.; Seifert, S.; Wiley, C.; Montano, P NAcl.
on existing models of micellatioF:13 Finally, the analyses  Instrum. Methods Phys. ReSect. A2001, 467—468 690-693.

presented here are easily generalizable to other micelle formingCrgtlg" fgi”ggbg'é;’vi;‘gzrf%& E. Tiede, D. M.; Thiyagarajan) FAppl.

detergents and to mixed micelles. (32) Bai, Y.; Das, R.; Millett, I. S.; Herschlag, D.; Doniach, Bxoc.
Natl. Acad. Sci. U.S.A22005 102 (4), 1035-1040.
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