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ABSTRACT The binding of alkyl polyglucoside surfactants to the integral membrane protein bacteriorhodopsin (BR) and the
formation of protein-surfactant complexes are investigated by sedimentation equilibrium via analytical ultracentrifugation and by
small-angle neutron scattering (SANS). Contrast variation techniques in SANS enable measurement of the composition of the
protein-surfactant complexes and determination of the thickness of the surfactant shell bound to the protein. The results indicate
that alkyl polyglucosides can bind to BR as single surfactant layers or as a thicker shell. The thickness of the surfactant shell
increases with increasing surfactant tail length, and it is generally unrelated to the aggregation number of the micelles even for a
small and predominantly hydrophobic membrane protein such as BR. The aggregation numbers determined by sedimentation
equilibrium methods match those measured by SANS, which also allows reconstruction of the shape of the protein-detergent
complex. When the surfactant is present as a single layer, the BR loses activity, as measured by absorption spectroscopy, more
quickly than it does when the surfactant forms a thicker shell.

INTRODUCTION

Study of the interactions between membrane proteins and

solubilizing surfactants (or detergents) is an active area of

research because of its direct effects on the stability and

functionality of these proteins outside of their native bio-

logical membranes (1). The ability to preserve protein ac-

tivity and conformation in solution is also a prerequisite in

the choice of optimal surfactants for membrane protein

crystallization. Among the various classes of surfactants

available or specifically developed for this purpose, the

nonionic alkyl polyglucosides are commonly chosen to sol-

ubilize biological membranes because of their low toxicity

(1,2). Alkyl polyglucosides also aid in the successful crys-

tallization of membrane proteins (3).

Knowledge of how surfactants bind to solubilized mem-

brane proteins can provide a path toward understanding how

the surfactant molecules interface with the hydrophobic do-

mains of the protein and affect their structural conformation.

Determination of surfactant binding can be accomplished by

sedimentation equilibrium analysis in analytical ultracentri-

fugation experiments. For soluble proteins, such studies are

widely used to determine the protein oligomeric states and

interactions in solution (4,5), and can be extended to mem-

brane proteins if the effects of bound surfactant are taken into

consideration (6). In some cases, the surfactant contribution

to the buoyant mass of the complex can be masked by per-

forming experiments in density-matched mixtures of H2O

and D2O, as proposed by Tanford and Reynolds (7). How-

ever, this approach is not feasible in the case of alkyl poly-

glucosides, because their density is above that of D2O. The

alternative of using solutions with densifiers (such as sucrose

or glycerol) is limited by the modifications of surfactant

micellization properties and protein activity caused by such

additives. For surfactants with a density lower than that of

H2O or higher than that of D2O, Reynolds and Tanford

proposed an approach wherein the molar mass of the protein-

detergent complex (PDC) can be calculated by extrapolation

of its buoyant mass measured at different solvent densities

(8). The amount of bound surfactant can then be estimated if

the molar mass of the protein and its oligomeric state are

known. This method has been used to determine the associ-

ation state and the amount of bound surfactant in complexes

of the light-harvesting complex LH II and N,N-dimethyldo-

decylamine N-oxide (LDAO), a surfactant with a density

lower than that of H2O (9). Although the density-matching

procedure is limited by accurate determination of the sur-

factant density, the extrapolation method also suffers from

limited applicability. Precise determination of the amount of

bound surfactant is possible only in cases where protein

samples are highly monodisperse and not prone to aggrega-

tion.

Scattering methods are powerful techniques for investi-

gating the structure of colloidal particles and biological mac-

romolecules in solution. In particular, the technique of

contrast variation in neutron scattering can selectively high-

light parts of assemblies made of different materials that have

different scattering-length densities, such as proteins and

surfactants. The pair distance distribution function, p(r),

obtained from analysis of neutron or x-ray scattering data,

reveals the size and shape of aggregates in solution (10). In

conformational studies of soluble proteins, this function has

been simulated and the computed p(r) compared to measured

data to reconstruct a low-resolution structure of the arrange-

ment of protein subdomains (11,12).
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Here we characterize the binding of alkyl polyglucoside

surfactants by bacteriorhodopsin using contrast variation

studies in both sedimentation equilibrium and small-angle

neutron scattering experiments. Bacteriorhodopsin (BR) is an

integral membrane protein found in the purple membrane of

Halobacterium salinarum. One of the first membrane pro-

teins to be crystallized, BR is the most extensively studied

transmembrane protein and its structure and molecular

mechanism are known at atomic resolution (13,14). BR is a

retinal-bound protein that pumps protons across the cellular

membrane when it is exposed to light. Most of the mass of

BR (;80%) is embedded in the bilayer region, with ;30

lipid molecules per protein trimer (15). The active form of BR

in purple membrane exhibits a characteristic absorption

maximum around 568 nm. This absorption peak shifts to 550

nm for monomeric BR after solubilization in surfactant so-

lutions. Both the trimers and the individual monomers of BR

are active in pumping protons (16).

The alkyl-b-monoglucosides C8bG1 and C9bG1 and the

alkyl-b-maltosides C8bG2, C9bG2, C10bG2, and C12bG2

were chosen for study because BR could be solubilized into a

single homogeneous phase with these surfactants at room

temperature. The effect of systematically changing the alkyl

chain length of the glucoside while keeping the headgroup

properties constant was investigated. Furthermore, the protein-

surfactant assembly was modeled using an atomistic approx-

imation wherein the form factor and pair distance distribution

function of the aggregate can be computed. Comparing these

functions with experimental data provides insight into the

distribution of surfactant around the protein. Finally, the

properties of surfactant binding to BR are related to the sta-

bility of the membrane protein as determined by absorption

spectroscopy.

EXPERIMENTAL METHODS

Materials

Alkyl-b-monoglucosides (C8bG1 and C9bG1) and alkyl-b-maltosides (C8bG2,

C9bG2, C10bG2, and C12bG2) of the highest purity (Anagrade, .99%) were

purchased from Anatrace (Maumee, OH) and used as received. Deuterium

oxide (DLM-4, 99.9% deuterated) was obtained from Cambridge Isotope

Laboratories (Andover, MA). Buffer salts were purchased from Sigma-Aldrich

(St. Louis, MO) and were of the purest grade.

Surfactant preparation and characterization

Surfactant solutions were prepared by dissolving a weighed amount of the

alkyl polyglucoside in aqueous or deuterated solvents buffered at pH 5.5 with

25 mM potassium phosphate. The acidity of buffer solutions in D2O was

corrected to take into account the difference in pH meter reading between

H2O and D2O solutions (pD¼ pHreading 1 0.4) (17). Solution densities were

measured using an Anton Paar DMA 60 density meter with measuring cell

DMA 602 (Anton Paar, Graz, Austria). The temperature of the measuring

cell was controlled with a circulating water bath stable to 60.01�C.

The critical micelle concentrations of the surfactants were determined by

isothermal titration calorimetry using a VP-ITC microcalorimeter (MicroCal,

Northampton, MA). Experiments were conducted at 20�C. In each experi-

ment, 40 aliquots (6 mL each) of a concentrated solution of the alkyl poly-

glucoside were automatically injected into the sample cell initially filled with

pure buffer. The critical micelle concentration (CMC) value was determined

at the point where the first derivative curve of the enthalpogram displays an

extremum (18).

Protein sample preparation

Bacteriorhodopsin was extracted from the purple membrane of H. salinarum

(strain ET1001) as described by Dencher and Heyn (19). The solubilized BR

was of optical purity, A280/A550, ;1.6. BR concentrations were determined

spectroscopically at room temperature using molar extinction coefficients of

62,700 M�1 cm�1 at 568 nm, measured for light-adapted BR in purple

membrane (20), and 58,000 M�1 cm�1 at 550 nm for solubilized BR (19).

The molecular mass of the retinal-bound protein (27,092 g mol�1) was

calculated from its amino acid sequence and used in all calculations relative

to the active form of monomeric BR.

Samples containing BR were prepared using freshly extracted protein

(within 24 h). The removal and subsequent exchange of surfactant were

carried out by diafiltration on Amicon Ultra-4 filters (Millipore, Billerica,

MA) with 30,000 MW cut-off using 25 mM phosphate buffer at pH 5.5

containing 30 mM of C8bG1 (CMC ;25 mM). A 20-step diafiltration with

equivalent volumes of this exchange buffer could be performed in a few

hours and caused no detectable loss of protein activity, yielding a final

sample of excellent optical purity (A280/A550 ¼ 1.55 and A385/A550 ¼ 0.20).

A phospholipid assay (21) showed that the overall delipidation of the protein-

surfactant complex was ;70%. Complete delipidation was avoided as BR

has very limited stability in that state (22). The final concentration of alkyl

glucoside in the protein samples was verified using the anthrone method,

a colorimetric assay developed for the quantification of carbohydrates and

adapted to solutions of surfactants with glucose headgroups (23).

Protein/surfactant solutions with different levels of deuteration were

prepared by mixing appropriate volumes of stock solutions made in aqueous

and fully deuterated buffers. These two stocks were prepared by extensively

washing the protein solutions with the desired buffer in centrifugal filters

(Amicon Ultra-4, Millipore). Surfactant concentrations were chosen to be

;10 mM above the CMC so that the number of molecules available to bind

to the protein in the micellar phase was comparable for all the surfactants.

In protein stability studies, UV-visible spectra of BR were collected using

a Lambda 2 spectrophotometer (Perkin-Elmer, Wellesley, MA). Small ali-

quots of protein samples were spun before each measurement and the su-

pernatant absorbance was measured using quartz microcuvettes.

Analytical ultracentrifugation

Sedimentation equilibrium experiments were performed in an Optima XL-I

analytical ultracentrifuge from Beckman Coulter (Fullerton, CA) using

photoelectric absorption optics for the protein solutions and Rayleigh in-

terference optics for the surfactant solutions. The centrifuge was equipped

with a four-place An-60 Ti analytical rotor. Samples were loaded in six-

sector cells with Epon charcoal-filled centerpieces (optical path length, 12

mm) assembled between two windows made of optical-grade quartz for

absorbance or sapphire for interference. All experiments were conducted at

20�C. Achievement of equilibrium conditions was established by comparing

scans recorded every 2 h until the distribution profiles were invariant with

time.

In experiments with absorption optics, sample volumes were 110 mL for

protein solutions and 125 mL for the reference solvent. A radial step size of

0.001 cm and 10 averages per scan were used. Protein concentration distri-

butions were recorded at 550 nm, which corresponds to the absorption of

retinal-bound monomeric BR in its active state. Protein samples with initial

concentrations in the range 0.3–0.5 OD/cm at 550 nm were measured, cor-

responding to concentrations of active BR of 6–10 mM. In experiments with

interference optics, sample volumes were 110 mL for surfactant solutions and
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115 mL for the reference solvent (buffer). The detection wavelength was 675

nm. A blank correction for window distortion on the fringe displacement data

was performed at the same equilibrium speed using water in both the solution

and the reference channel (24).

Sedimentation equilibrium data were evaluated by fitting the absorption

profiles as a function of radial distance in the cell at equilibrium. For a single

noninteracting species in solution, the equilibrium distribution is described

by (25,26)

cðrÞ ¼ cðr0Þ3 e Mcð1�ncrÞ v
2

2RTðr
2�r

2
0Þ

� �
; (1)

where Mc and nc are the molar mass and partial specific volume of the

protein-surfactant complex, respectively, r is the solvent density, and v is

the rotor speed. Mc and nc were obtained independently from the buoyant

molar mass of the complex Mb ¼ Mcð1� ncrÞ measured at different sol-

vent densities (26). Mc and nc were then related to the composition of the

complex by

Mc ¼ Mpð1 1 +
i

diÞ (2)

and

nc ¼
ðnp 1 +

i

niÞ

ð1 1 +
i

diÞ
; (3)

where di is the amount (g/g protein) of bound component (surfactant and

lipid) in the complex, and the subscript p refers to the protein component of

the complex. For BR, Mp was calculated from the sequence as described

above. Eq. 2 was then used to evaluate dsurf once the oligomeric state of the

protein in the complex at the solution condition was known.

In the case of alkyl polyglucoside surfactants, with densities larger than

that of D2O, Mc and nc were determined by extrapolating the fitted line of the

experimental buoyant molar masses beyond the measured range of solvent

densities. The buoyant molar masses obtained at different levels of solvent

deuteration were first corrected for deuterium substitution of the complex

labile hydrogens. In a fully or partially deuterated solvent, isotopic substi-

tution increases and decreases Mc and nc; respectively, giving an apparent

buoyant mass (27)

Mb ¼ Mcðk � ncrÞ; (4)

where k is the ratio of the deuterated molar mass of the complex to the

nondeuterated mass and can be expressed as

k ¼ Mc 1 Hex f

Mc

; (5)

where Hex is the number of exchangeable hydrogens in the complex and f is

the fraction of deuteration of the solvent.

After extraction and surfactant exchange, BR solutions contained ap-

proximately three lipids per protein monomer, as determined by phosphorus

analysis. Assuming that the lipid composition of purple membrane was that

reported by Renner et al. (28), the mass of lipid in the complex was estimated

to be 2700 g/mol/BR monomer. The lipid contribution to the buoyant mass of

the complexes was estimated after separating the contribution of each

component using (8)

Mcð1� ncrÞ ¼ Mp ð1� nprÞ1 dsurfð1� nsurfrÞ
�

1 dlipð1� nliprÞ�: (6)

The partial specific volume of BR (0.747 cm3/g) was calculated from the

amino acid sequence using the mean residue volumes (29) and it was

corrected for temperature (30). The lipid contribution to the complex from

Eq. 6 was estimated to be 0.5% by weight at most, and was therefore

neglected in the analysis of sedimentation equilibrium data.

The analysis of sedimentation equilibrium data with Eq. 1 was per-

formed by nonlinear least squares (Levenberg-Marquardt algorithm) and

the global fitting package provided in Igor Pro software (WaveMetrics,

Lake Oswego, OR). At each solution condition, the buoyant molar mass Mb

was globally fitted among equilibrium profiles recorded at two or three

rotor speeds, chosen to be significantly different (31). For most of the

surfactants, experiments were run at speeds in the range 9000–20,000 rpm,

except for C9bG1 and C12bG2, where speeds from 7000 to 12,000 rpm

were used.

BR was found to be stable in the monoglucosides C8bG1 and C9bG1 for a

few days at 20�C, and analytical ultracentrifugation experiments could be run

at three different velocities consecutively for 2 days. On the other hand, due

to the limited stability of BR in the short-chain maltosides at 20�C, experi-

ments were run at each velocity using a fresh sample.

Small-angle neutron scattering

In the small-angle neutron scattering (SANS) experiments, performed at the

Center for High Resolution Neutron Scattering of the National Institute of

Standards and Technology (NIST) in Gaithersburg, MD, the scattered neu-

tron intensities were measured as a function of the magnitude of the scat-

tering vector, q ¼ 4p=l sin ðu=2Þ;where u is the angle between the scattered

and incident beams. Here, the average neutron wavelength was 6 Å, with a

spread Dl/l of 15%. Data were collected on the NG-3 instrument at sample-

detector distances of 1.33 m, 4.5 m, and 13.2 m (with a detector offset of 25

cm from the center at the shorter distances and 10 cm at 13.2 m), covering a

q-range of 0.004 to 0.5 Å�1. The target protein concentration in all samples

was 1 mg/mL. All experiments were carried out at 20�C and within 24 h after

sample preparation. Because of the sensitivity to light of retinal-bound

bacteriorhodopsin, measurements were conducted in the dark by covering

the sample chamber windows. The raw scattering data were corrected for

solvent, empty cell, and buffer solution scattering, all measured separately,

and placed on an absolute scale using standards calibrated by NIST. The

incoherent background was calculated from a Porod plot for values of q
.0.25 Å�1 and subtracted from the scattering data before analysis.

Contrast variation experiments were performed in solvents with deuter-

ation levels of 0, 25, 50, 75, and 100%. Solutions with D2O content ,50%

were held in quartz cells with 1 mm optical path length, whereas 2-mm

cuvettes were used for samples with D2O content of 50% and above. Scat-

tering from the corresponding hydrogenated and partially deuterated buffer

solutions was measured separately and subtracted from the protein/surfactant

intensities before Guinier analysis.

The scattering-length densities of surfactants and proteins were calculated

from the tabulated atomic coherent scattering lengths (32) and the atomic

volumes. Surfactant volumes were calculated from partial specific volumes

obtained by density measurements with an accuracy of 1.0%. The molecular

volume of BR was obtained from the partial specific volume calculated from

the amino acid sequence (29). The calculation of the scattering length density

for both proteins and surfactants takes into account the extent of hydrogen/

deuterium substitution that occurs when the molecule is dissolved in a

deuterated buffer. For the alkyl monoglucoside surfactants, the four labile

hydrogens on the headgroup were assumed to be fully exchangeable. For

proteins, hydrogens bound to nitrogen and oxygen (on peptide bonds and

side chains of amino acid residues) readily exchange when they are exposed

to deuterated solvent. The exchange can be considered complete for hy-

drogens on residues on the exterior of the protein, whereas peptide protons

that are buried in the protein core or involved in secondary structure hy-

drogen bonding exchange slowly (33). The extent of the hydrogen exchange

on the protein peptide backbone depends on sample preparation procedures

and experimental conditions. Previous work on BR in purple membrane has

shown that ;20% of peptide hydrogens exchange in the first 2 h of exposure

to D2O, followed by a gradual exchange that reaches values of 45% for dark-

adapted samples and 38% for illuminated samples over a 40-h period (34,35).

In this work, 40% of the hydrogens on BR peptide backbone were consid-

ered exchanged with deuterium, in addition to residue side chains. This
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corresponds to 215 exchanged protons, and to an average r for BR of 2.36 3

10�6 Å�2.

SANS data analysis

Analysis of the scattering data was carried out either by directly fitting the

scattering profiles using shape-dependent models (36), or by applying

the method of indirect Fourier transformation (IFT) (37,38). When fitting

the SANS data using shape-dependent models, a least-squares procedure

was implemented, and the goodness of the fit was assessed through the chi-

squared (x2) parameter (36).

The IFT method allows simultaneous determination of the form factor and

structure factor without assuming a model for the shape of the particles.

Under the decoupling approximation (39), the total scattered intensity I(q)

can be written as the product of the form factor P(q), which represents the

contribution to the scattered intensities from the particle geometry, and the

structure factor S(q), with contributions from interparticle interactions,

IðqÞ ¼ npPðqÞSðqÞ; (7)

where np is the number density of particles in solution. In dilute solutions,

interparticle interactions are negligible (S(q)� 1) and the scattering intensity

is related to the pair distance distribution function, p(r), by the Fourier

transformation

IðqÞ ¼ 4p

Z N

0

pðrÞsinðqrÞ
qr

dr: (8)

Modeling of PDCs by the sphere method

The sphere method is a technique that enables the simulation of the scattering

function and the distance distribution function p(r) of objects with arbitrary

shape for small-angle scattering experiments (40). The scattering object (the

PDC) was built by assembling two subunits: the protein core and the sur-

factant shell. The atomic coordinates in the protein subunit were taken from

file 1QHJ (13) in the Protein Data Bank, a 1.9 Å resolution data set that

includes the retinal moiety. The surfactant component was modeled as a

hollow cylinder surrounding the hydrophobic region of the protein. Each

subunit was made of spheres of radius 1 Å to fill up the required volume, and

it was weighted by the difference of scattering length densities (or contrast)

between the subunit and the solvent. No effects due to interparticle inter-

ference were included in this calculation.

RESULTS

Activity of solubilized BR by
UV-visible spectroscopy

The activity of retinal-bound BR in the various surfactant

solutions was monitored over time via the absorption ratio

A280/A550. Samples with high optical purity (;1.6) were

obtained immediately after extraction and removal of excess

C8bG1 using a phosphate buffer at pH 5.5. After surfactant

exchange, BR showed approximately the same optical purity

(;1.7) in all the alkyl polyglucosides studied. BR samples

were then kept at 4�C and in the dark for 14 days. Absorption

spectra were measured at intervals of 2 days and used to

plot the ratio A280/A550 versus time in solutions of alkyl-

b-monoglucosides and alkyl-b-maltosides (Fig. 1). For each

set of alkyl polyglucoside homologs, the surfactant’s ability

to preserve BR activity correlates directly with the length of

the alkyl tail, so longer-chain maltosides (C10 and C12) and

C9bG1 are the best choice to maintain BR activity for more

than a few days.

Sedimentation equilibrium of
micellar aggregates

For each surfactant, the effective molar mass, and conse-

quently the micellar aggregation number (Table 1), was

calculated from the micellar buoyant mass measured by an-

alytical ultracentrifugation and the solvent density and the

partial specific volume of the surfactant found by densimetry

(41). The aggregation numbers of C8bG1, C8bG2, and

C12bG2 are in good agreement with values reported in the

literature (1,44). For C9bG2 and C10bG2, lower values of the

aggregation numbers were reported by the manufacturer

(Anatrace). However, these values were obtained by static

light scattering, and they are valid at surfactant concentra-

tions very close to the CMC (so that the concentration of

micellar aggregates is nearly zero) due to the use of extrap-

olation. Values measured by sedimentation equilibrium are

unaffected by this limitation and represent actual micellar

FIGURE 1 Comparison of bacteriorhodopsin stability in solutions of

alkyl polyglucosides with C8 and C9 tails (A) and in solutions of alkyl-b-

maltosides with tails C8–C12 (B).
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masses even when micellar growth occurs above the CMC. In

the case of C8bG1, measurements were also obtained at 70

mM surfactant concentration. The micellar aggregation

number was found to be 127, which is 37% larger than that

for micelles in solution at 35 mM C8bG1. Control samples

with surfactant concentrations below the CMC were run to

assess the influence of the free surfactant on the measure-

ments, and showed no fringe displacement at the rotor speeds

used to evaluate the micellar buoyant masses.

Sedimentation equilibrium of
bacteriorhodopsin-surfactant complexes

The structures of BR complexes in solutions of various alkyl

monoglucosides and alkyl maltosides were examined. For

each surfactant a series of 0, 25, 50, 75, and 100% buffer

deuteration was used. The apparent buoyant molar mass

obtained from the global fitting of the concentration profiles

was corrected for isotopic substitution of the protein labile

hydrogens, as well as the exchangeable hydrogens of the

bound glucoside molecules (see Methods). A peptide hy-

drogen exchange of 40% was assumed, with 215 total ex-

changed hydrogens per BR molecule (k¼ 1.008). This value

is also very close to the number calculated by considering

exchange of the protein hydrophilic residues only (218 hy-

drogens). For BR solubilized in surfactant solutions the ex-

tent of hydrogen peptide exchange may differ from that in

purple membrane due to an increase of water accessibility in

the interior regions of the delipidated protein. However, the

difference between complete and partial peptide hydrogen

substitution (142 hydrogens) would change the molecular

mass of BR by only ;0.5%, and this change would have a

negligible effect on the calculated amount of bound surfac-

tant.

For alkyl polyglucoside surfactants, the number of labile

hydrogens on the headgroup (4 H1/molecule for mono-

glucosides and 7 H1/molecule for maltosides, all of which

are completely exchangeable) contributes significantly to the

increase of the complex mass in deuterated and partially

deuterated solutions, and cannot be neglected. However, the

amount of bound surfactant is not known a priori. To take

into account this contribution, an iterative procedure was

used wherein the value of k was adjusted to include the total

number of hydrogens exchanged by the surfactant compo-

nent of the complex.

The monomeric state of BR in all the surfactants used was

confirmed based on the absorption maximum at ;550 nm of

monomeric, active BR in its light-adapted form solubilized in

C8bG1. After each surfactant exchange, no shift in the ab-

sorption peak could be observed, suggesting that the retinal-

bound protein retains its monomeric form when bound to the

other alkyl polyglucosides at the concentrations used here.

The monodispersity of the sedimenting species was as-

sessed by plotting ln(c), or equivalently ln(A), versus r2,

according to Eq. 1. The linearity of the plots indicated that the

solutions contain monodisperse protein-surfactant com-

plexes, so the single-species model used in fitting the con-

centration profiles is a valid approximation. For each

surfactant, radial absorption profiles at three different rotor

speeds were globally fitted to obtain the buoyant mass of the

complex. Results of this analysis for BR-C9bG1 complexes

are reported in Fig. 2.

To determine the mass of alkyl polyglucoside bound to

BR, density contrast variation studies were carried out using

mixtures of hydrogenated and deuterated buffers. Fig. 3

shows the buoyant molecular mass of complexes of BR with

alkyl monoglucosides and alkyl maltosides as a function of

TABLE 1 Properties of complexes of bacteriorhodopsin and

CibGj as determined by sedimentation equilibrium experiments

at 20�C in 25 mM potassium phosphate buffer

BR-surfactant

complex Mc (Da) vc ðcm3=gÞ

Bound

surfactant

(mol/mol

protein)

Micelle

Naggr

BR-C8bG1 60,800 6 2100 0.820 6 0.041 115 6 7 93

BR-C9bG1 85,900 6 3100 0.836 6 0.043 192 6 10 637

BR-C8bG2 83,700 6 2900 0.789 6 0.041 125 6 6 47

BR-C9bG2 91,000 6 3300 0.798 6 0.055 136 6 7 63

BR-C10bG2 103,500 6 4100 0.814 6 0.046 158 6 8 80

BR-C12bG2 118,400 6 4000 0.823 6 0.040 179 6 8 135

The number of bound surfactant monomers is calculated considering 40%

hydrogen/deuterium exchange of BR labile peptide hydrogens and full

exchange of the surfactant shell. Micellar aggregation numbers refer to

measurements by sedimentation equilibrium of surfactant solutions with

concentration CMC 1 10 mM.

FIGURE 2 Results of the global fitting of radial absorbance profiles

collected at three different velocities for BR-C9bG1 complexes in aqueous

buffer (25 mM potassium phosphate, pH 5.5) at 20�C. Concentrations of

active BR and C9bG1 are 8 mM and 15 mM, respectively. The residuals of

the fit are shown above the absorbance profiles.
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the solvent density. The molar masses and partial specific

volumes of the complexes of BR and individual surfactants

were evaluated using the extrapolation procedure described

above (Table 1). Except for solutions of C8bG1 and C12bG2,

the number of surfactant molecules bound by BR is mostly

unrelated to the micellar aggregation numbers. In solutions of

maltosides with alkyl chains C8 to C10, BR binds large

amounts of the amphiphile, and the amount bound is not

comparable to the aggregation number of the individual

micelles. In contrast, when C9bG1 is used to solubilize BR,

each protein monomer is surrounded by an amount of sur-

factant that is approximately one-third of that needed to form

a C9bG1 micelle.

Experiments on BR samples with 20 mM C8bG1 were also

performed, although this concentration is below the surfac-

tant CMC (25 mM). The nonrandomness of the residual plots

from the global fitting procedure and the curvature observed

in the graphs of ln(A) versus r2 indicate that BR was highly

aggregated, confirming that optimal solubilization of mem-

brane proteins occurs only at surfactant concentrations above

the CMC.

Surfactant shell geometry from sedimentation
equilibrium data

A structural interpretation of the above results was obtained

by modeling the surfactant bound to BR as a shell sur-

rounding the hydrophobic transmembrane domain of the

protein. The shell length was set equal to the hydrophobic

thickness of BR (30 Å) (45). The shell thickness for each

surfactant was then calculated from the volume of the am-

phiphile bound by BR determined in the sedimentation

equilibrium and densimetry experiments.

The size of the BR core in the complex and, consequently,

the inner dimension of the surfactant shell were estimated

from the crystal structure. The hydrophobic domain of BR

was then represented as a cylinder of elliptic section with

major and minor axes of 30 Å and 20 Å, respectively. Table 2

compares the resulting calculated thickness of the BR sur-

factant shell in various solutions of alkyl polyglucosides and

the calculated amphiphile length. The tail length of the sur-

factant was calculated using the Tanford expression and was

multiplied by 0.8 to account for the fact that hydrocarbon

chains in the micellar interior are not fully extended (46). The

length of one glucose headgroup was estimated to be 4 Å

from its molecular structure and dimensions.

SANS contrast variation studies of
BR-surfactant complexes

Contrast variation studies in SANS are useful for determining

the composition of protein-surfactant complexes. At the point

where the scattering-length density of the complex matches

that of the solvent, contributions of the protein and surfactant

parts to the coherent scattering length of the complex can be

separated using

Vpðrp � rsolvÞ ¼ Vsurfðrsurf � rsolvÞ; (9)

where rp; rsurf ; and rsolv are the average scattering length

densities of protein, surfactant, and solvent, respectively,

evaluated at the complex match point. The surfactant mass in

the complex (Msurf) can then be calculated from

Msurf

Mp

¼
ðrp � rsolvÞnp

ðrsurf � rsolvÞnsurf

; (10)

FIGURE 3 Buoyant molar mass of bacteriorhodopsin-surfactant com-

plexes as a function of solvent density in solutions of alkyl-b-monogluco-

sides (A) and of alkyl-b-maltosides (B) at 20�C. Error bars on the individual

data points are smaller than the symbols.

TABLE 2 Comparison of the surfactant shell thickness

bound to bacteriorhodopsin from sedimentation equilibrium

data and the surfactant length

BR-surfactant complex Shell thickness (Å) Surfactant length (Å)

BR-C8bG1 13.3 6 0.6 13.3

BR-C9bG1 20.2 6 0.7 14.3

BR-C8bG2 18.0 6 0.6 17.3

BR-C9bG2 19.7 6 0.7 18.3

BR-C10bG2 22.4 6 0.8 19.4

BR-C12bG2 25.8 6 0.8 21.4

Surfactant length was calculated according to Tanford (46).
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where np and nsurf are the partial specific volumes of protein

and surfactant, respectively.

The contrast match point of the protein-surfactant com-

plexes was obtained from SANS experiments in solvents

with different levels of deuteration. In dilute solutions, where

interparticle interference is negligible, the intensity scattered

from the complexes is

IðqÞ ¼ ncðrc � rsolvÞ
2
V2

c PðqÞ; (11)

where the subscript c refers to the complex. For q/0; the

form factor of the complex P(q) is unity, and the scattered

intensity is proportional to the square of the contrast,

Ið0Þ ¼ ncðrc � rsolvÞ
2
V

2

c : (12)

The scattering-length density of the complex can then be

determined at the point where the intensity scattered from the

solution becomes negligible.

The scattering profiles of protein-surfactant complexes in

solvents with different levels of deuteration were fitted using

the Guinier equation (47),

IðqÞ ¼ Ið0Þexp
�R

2

gq
2

3

 !
; (13)

which is valid in the q-region where qRg#1: Here Rg is the

radius of gyration of the protein-surfactant complex and I(0)

the extrapolated intensity at q ¼ 0. Fig. 4 shows the Guinier

analysis for SANS data from BR solubilized in solutions of

C9bG1 (15 mM). Data uncertainty increases with the H2O

content of the solvent due to the larger incoherent scattering

from the background aqueous buffers.

Applying Eq. 12, the fitted values of I(0) were normalized

by the protein and surfactant concentrations, and the square-

root values were plotted as a function of the percentage of D2O

in the solvent. This V-shaped plot displays a minimum near

the contrast match point. The negative root of
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Ið0Þ=c

p
was

taken for samples with D2O concentration past the minimum,

and the contrast match point of the complex was determined

from the intersection of the fitted line through these square-

root values with the x axis. Fig. 5, A and B, shows such an

analysis for BR-C8bG1 and BR-C9bG1 complexes, respec-

tively.

The contrast match points for the protein-surfactant com-

plexes and the micelles are summarized in Table 3. Contrast

variation experiments were also performed on BR solubilized

in a mixture of deuterated and hydrogenated C8bG1 (70:30

mol ratio). Note that the amount of surfactant bound by BR in

solutions of C8bG1 (;121 molecules) is comparable to that

bound in the mixture d-C8bG1/C8bG1 (;106 molecules),

showing that there is no effect of surfactant deuteration on the

composition of the protein-surfactant complexes.

FIGURE 4 Guinier profiles of BR-C9bG1 complexes in buffers with

various D2O contents (25 mM potassium phosphate, pH 5.5). Protein and

surfactant concentrations were 1 mg/mL and 15 mM, respectively.

FIGURE 5 The positive or negative value of the square root of zero-angle

scattering from BR-C8bG1 complexes (A) and BR-C9bG1 complexes (B),

and the corresponding protein-free micellar solutions. Data points are

normalized by protein and surfactant concentrations (mg/mL). Error bars

on single data points are smaller than the symbols.
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Analysis of the full spectra for membrane
protein-surfactant solutions

The SANS data from the protein-surfactant solutions in fully

deuterated solvent were analyzed for insight into the size and

shape of the PDCs, and how these compare with the features

of the micelles in the protein-free solutions. Fig. 6 shows data

from solutions with BR and C8bG1 (35 mM), and BR and

C9bG1 (15 mM). In both cases, the scattering profiles are

compared with those from the corresponding micellar solu-

tions. Data from micellar solutions were fitted directly using

shape-dependent models. The micelles of C8bG1 were best

fitted with cylinders having a radius equal to the length of the

surfactant molecule (13.3 Å), and a length of 67 Å. The

lengths of the surfactant molecules were calculated by adding

the contributions from headgroups and alkyl chains, as de-

scribed above. Micelles of C9bG1 can be best fitted with a

model for semiflexible cylinders (48), where radius, Kuhn

length, and contour length are 14.4 Å, 236 Å, and 435 Å,

respectively. The scattering models used in both cases con-

sider excluded volume effects, but neglect other intermicellar

interactions because the surfactant solutions are dilute (10

mM in excess of the CMC).

The micellar dimensions determined from SANS can be

used to calculate the volume of the micelles, and hence their

aggregation numbers. For these calculations, the individual

surfactant volumes were obtained from density measure-

ments at the same conditions as in the SANS experiments.

The estimated aggregation numbers of the micelles formed in

solutions of 35 mM C8bG1 and of 15 mM C9bG1 are 89 and

632, respectively.

The SANS profiles from the PDC solutions were analyzed

using the IFT technique, which allows determination of the

particle form factor and pair distance distribution function

without assuming a model for its shape. Fig. 7 A shows the

calculated pair distance distribution functions for both the

BR-C8bG1 complexes and the C8bG1 micelles. Micelles in

solutions of 35 mM C8bG1 have an elongated shape with a

maximum length of ;70 Å, in agreement with the results

obtained above by directly fitting the scattering data to the

cylindrical micelle model. On the other hand, the PDCs are

more globular than the micelles and the thickness of the ob-

ject, which is denoted by the position of the peak of the

function p(r), is larger than that of the corresponding micelles.

For BR solubilized in C9bG1 solutions, the interpretation

of the IFT analysis becomes more challenging. The pair

distance distribution function of the micelles shows a sig-

nificant shoulder after the first peak (Fig. 7 B). Generally,

shoulders similar to this indicate the presence of intermicellar

interactions. Since the investigated surfactant solution is di-

lute (micelle volume fraction¼ 2 3 10�3), these interactions

are likely to be of an intramicellar nature reflecting the in-

teractions of the locally rigid cylinders that form the semi-

flexible micelle. After BR is solubilized in the C9bG1

solution, the shoulder decreases significantly. This suggests,

TABLE 3 Contrast match points of bacteriorhodopsin-

surfactant complexes and their corresponding

protein-free micelles

Protein-surfactant

complexes

Match point

(D2O %)

Bound surfactant

(mol/mol protein)

BR-C8bG1 25.9 6 1.5 121 6 35

BR-C9bG1 23.1 6 0.9 235 6 46

BR-(d-C8bG1/C8bG1) (70/30 mol) 63.6 6 2.9 106 6 23

Match point (D2O %)

Micelles Experimental Theoretical

C8bG1 (35 mM) 19.8 6 3.7 18.7

C9bG1 (15 mM) 18.3 6 5.8 17.7

d-C8bG1/C8bG1 70/30 mol (35 mM) 81.0 6 6.0 81.5

Contrast match points were determined by small-angle neutron scattering in

potassium phosphate buffer (25 mM, pH 5.5) at 20�C. Protein concentration

is ;1.0 mg/mL. Values of the bound surfactant are calculated assuming

40% exchange of bacteriorhodopsin peptide hydrogens.

FIGURE 6 SANS data for BR-C8bG1 (A) and BR-C9bG1 (B) complexes

and their corresponding micellar solutions (open symbols) in fully deuterated

buffer (25 mM potassium phosphate, pD 5.5) at 20�C. Protein concentration

was 1 mg/mL. Concentrations of C8bG1 and C9bG1 were 35 mM and 15

mM, respectively. The solid lines are the best fit to the micelles in protein-

free solutions.
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perhaps unsurprisingly, that the micelles are more flexible

than the PDCs.

Modeling of BR-C8bG1 complexes by the
sphere method

The complexes formed by BR and C8bG1 were approxi-

mated by an aggregate of sufficiently small spheres. The

surfactant subunit was modeled as a featureless shell com-

posed of spheres, each weighted by the calculated average

scattering length density of C8bG1. In this calculation, the

headgroup of the alkyl monoglucosides was assumed to be

strongly hydrated, with four solvent molecules bound to each

glucose (49). The length of the surfactant shell was set equal

to 30 Å, which is the measured hydrophobic length of bac-

teriorhodopsin (45).

The pair distance distribution function of the modeled

PDCs was computed for surfactant shells with fixed length

and variable thickness. Increments of 3 Å were used for the

shell thickness in these calculations. By comparing these

functions with the experimental p(r) determined in the IFT

analysis, it is possible to estimate the thickness of the shell of

surfactant around bacteriorhodopsin. The best agreement was

obtained for a shell thickness of 15 6 3 Å (Fig. 8).

DISCUSSION

Membrane proteins are often characterized by poor stability

when solubilized in surfactant solutions. Understanding how

surfactants self-assemble around these proteins and affect

their stability is important for optimal manipulation of these

proteins outside native membranes. The absorption optics of

analytical ultracentrifuges has been used for the analysis of

surfactant binding by membrane proteins in highly dilute

samples, where interaction effects can be neglected and the

structural properties of the sedimenting complex can be

determined. In the sedimentation equilibrium experiments

described here, BR concentrations of 6–10 mM (active

monomer form) could be used, which correspond to volume

fractions of at most 2310�4. Use of the retinal-bound form,

the activity of which is characterized by absorption at 550

nm, allows measurements of concentration profiles in the

visible region to be used to highlight the features of the sole

active species. Contributions from nonspecific aggregates,

which are generally retinal-free clusters and would contribute

to the overall protein peak at 280 nm, can thereby be avoided.

The result is a highly accurate measurement of only the

protein monomers.

Surfactant binding by membrane proteins has been ex-

tensively studied by several approaches. Based on results

from equilibration chromatography on various transmem-

brane proteins solubilized in solutions of Triton X-100,

C12E8, and C12bG2, Moller and le Maire concluded that the

general mode of binding by these proteins is consistent with a

monolayer type of surfactant rather than a micellar one (50).

BR represented an isolated case, as it was found to bind

relatively high amounts of surfactant, so the PDCs were al-

ways significantly larger than the corresponding micelles.

These results were explained in terms of the high hydro-

FIGURE 7 Pair distance distribution functions from IFT analysis for BR-

surfactant complexes and micelles in C8bG1 solutions (35 mM) (A) and in

C9bG1 solutions (15 mM) (B).

FIGURE 8 Comparison between the experimental (IFT) and the modeled

(sphere method) p(r) of BR-C8bG1 complexes. The thickness of the

modeled surfactant shell is 15 Å.
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phobicity (;80% based on amino acid composition) and

small size of BR, which could result in almost complete

burial of the protein in the interior of the micelle. Further-

more, the binding did not change with the extent of delipi-

dation of BR.

Analysis by sedimentation equilibrium clearly indicates

that for BR the binding modality can vary from a single layer

of surfactant to a larger shell. In general, the size of the

surfactant shell is unrelated to the dimensions of the protein-

free micelles, and can be larger or smaller than the corre-

sponding micelles. When BR forms complexes with C8bG1,

the amount of bound surfactant is comparable to the micellar

aggregation number at 35 mM C8bG1, but it does not change

at concentrations where larger micelles exist. In fact, BR

binds approximately the same number of surfactant mole-

cules of C8bG1 at 70 mM as at 35 mM, within the precision of

the experimental method, whereas the micellar aggregation

number increases by 37%. This result corroborates the hy-

pothesis that membrane proteins do not need a preformed

micelle to be solubilized. Future investigations with other

surfactants will test the generality of this behavior. No direct

correlation can be established between the amount of bound

surfactant and its free monomer concentration. For example,

the protein binds approximately the same number of surfac-

tant monomers in solutions with C9bG1 as it does for

C12bG2, two surfactants characterized by a 40-fold differ-

ence in their CMC values.

Results from the IFT analysis of membrane protein-

surfactant solutions indicate that the PDC shape is signifi-

cantly different from that of the corresponding micelles. In

addition to the findings of surfactant binding from the con-

trast variation studies, this suggests that membrane proteins

are not embedded in preformed micelles. Rather, surfactant

molecules shield the hydrophobic region of the protein by

forming a shell of a thickness that varies with the type of

surfactant. This hypothesis was proposed by le Maire et al.

(1), who suggested monolayer rings as the most probable

structure of surfactant bound by membrane proteins. How-

ever, they also excluded any structure where the surfactant is

not in direct contact with the protein (51).

The SANS studies of BR confirm that it binds significantly

more of the longer-chain C9bG1 than of its homolog C8bG1.

The amount of C9bG1 bound is not consistent with a

monolayer arrangement around BR. Instead, increasing the

length of the alkyl chain of the glucoside by one methylene

group causes drastic changes in the micellar morphology.

The ratio of the fitted micellar length to the diameter is 2.5 for

C8bG1, whereas it is 15.1 for C9bG1. Nilsson et al. reported a

similar value for the axial ratio of C8bG1 using NMR self-

diffusion experiments in water (52), but an axial ratio of only

11 for C9bG1. However, they used a rigid prolate model for

the C9bG1 micelles, whereas the SANS data here could be

fitted best using the semiflexible model.

When the stability of BR is monitored over time by

spectroscopy, the same trend of increase in stability with

longer surfactant chains is observed for homologs of both the

monoglucosides and the maltosides. The higher stability of

bacteriorhodopsin in C9bG1 than in C8bG1 was previously

recognized (53,54). Further, stability of solubilized rhodop-

sin was correlated with the length of the surfactant alkyl tail,

and generally increased in solutions of longer chain amphi-

philes (55). However, the properties of the surfactant head-

group also appear to have a critical role in promoting protein

stability. Indeed, surfactants with the same tails but different

headgroups have remarkably different effects on the stability

of BR (Fig. 1).

The patterns of stability of the bacteriorhodopsin are ra-

tionalized in terms of the thickness of the surfactant layer at

the hydrophobic interface of the protein, and how that

thickness compares with the length of a single surfactant

molecule. Because of the polarity of the molecule, shells

made of a single layer of surfactants are highly curved and

form an environment significantly different from the native

lipid bilayer. On the other hand, when the membrane protein

is embedded in larger shells of surfactants, the detergent

molecules that are in contact with the hydrophobic surface of

the protein, and further away from the curved end of the shell,

are more likely to be oriented parallel to the transmembrane

helices. In this case the interaction between the amphiphile

alkyl chains and the protein helices is more similar to those

within the lipid membrane. In fact, the helical turns of

membrane proteins are highly interdigitated with the alkyl

chains of the surrounding lipid molecules (56,57), and

structure destabilization has been shown to occur when al-

tering specific protein-lipid interactions by directed muta-

genesis (58,59). Then, altering the surfactant tail packing

around solubilized membrane proteins should affect the sta-

bility of the protein. In addition, larger surfactant shells are

likely to exert a higher lateral pressure on the transmembrane

helices than single surfactant layers, thereby favoring tertiary

contacts between the helices that keep the chromophore in its

functional conformation. Supporting this hypothesis is the

observation that C8bG1-solubilized BR exhibits a much

higher hydrogen/deuterium exchange of the peptide protons

(65%) than in purple membrane (40%), indicating that the

accessibility of the solvent to the protein interior has in-

creased in the solubilized state (60). This situation was found

to be linked to irreversible denaturation of the protein, which,

in fact, occurs through destabilization of the helical assembly

and consequent loss of the chromophore contacts.

There is substantial evidence that the surfactants optimal

for membrane protein stability are not always the best for

crystallization. Specifically, BR crystals have been grown in

solutions of C8bG1, where the protein stability is limited to a

few days, whereas attempts using its homolog C9bG1, in

which BR is highly stable, have failed (61,62). Nucleation of

the BR-C8bG1 complex is indeed favored from the single-

layer arrangement of bound surfactant because protein-pro-

tein hydrophilic contacts are not sterically hindered as in

solutions of C9bG1, where the hydrophobic domain of BR is

3656 Santonicola et al.

Biophysical Journal 94(9) 3647–3658



surrounded by a much larger surfactant shell. However, the

limited stability of BR in C8bG1 (a few days) often resulted in

poorly ordered crystals. Subsequently, the alternative ap-

proach of lipidic cubic phases was devised and produced BR

crystals with high-resolution diffraction properties (63,64).

CONCLUSIONS

Contrast variation techniques in sedimentation equilibrium

and small-angle neutron scattering studies have revealed the

properties of surfactant binding by BR in solutions of alkyl

monoglucosides and alkyl maltosides with chains containing

from 8 to 12 carbons. These features are related to the sta-

bility patterns monitored by UV-visible spectroscopy, and

the protein stability in a surfactant environment directly

correlates with the thickness of the bound surfactant layer.

Specifically, surfactants that bind to BR as single layers offer

poor stability over time. Optimal levels of stability for BR are

achieved in solutions of C9bG1 and C12bG2, where the

numbers of bound surfactant molecules are comparable. In

each individual class of surfactant (glucosides or maltosides),

molecules with shorter alkyl chains generally bind as single

layers, whereas longer-chain surfactants bind in shells of

increasing thickness. No relation was found between the

number of surfactant molecules bound to the protein and the

aggregation number of the corresponding protein-free mi-

celles. As a consequence, membrane proteins are solubilized

in a highly cooperative process that depends on the properties

of the surfactant molecule, rather than being incorporated in

preformed micelles.

For complexes of BR and C8bG1, the surfactant arrange-

ment around the hydrophobic region of the protein can be

reconstructed by comparing the experimentally determined

pair distance distribution functions with those computed

using the sphere method approximation. The shell of C8bG1

bound to BR is made of a single layer of surfactant that is

bound around the hydrophobic region of the protein. This

geometry is consistent with the findings from the sedimen-

tation equilibrium experiments.

These results are a useful heuristic guide toward the ra-

tional selection of surfactant solutions for optimal solubili-

zation of membrane proteins. Such selection will increase

success rates in crystallization and functional studies of these

proteins.
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