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A simple procedure for rapidly measuring lipid:protein ratios

and detergent concentrations at different stages of the

solubilization, puri®cation and crystallization of membrane

proteins has been developed. Fourier-transform infrared

spectra recorded from 10 ml aliquots of solution using a

single-bounce diamond-attenuated total re¯ectance apparatus

exhibit characteristic bands arising from the vibrations of lipid,

protein and detergent. Lipid:protein molar ratios as low as

5:1 (for a protein with a molecular weight of 300 kDa) are

determined by comparing the ratio of the integrated intensity

of the lipid ester carbonyl band near 1740 cmÿ1 with the

protein amide I band near 1650 cmÿ1. Detergent concentra-

tions at levels well below the critical micellar concentration of

most detergents are determined by comparing the integrated

intensities of the detergent vibrations, particularly in the 1200±

1000 cmÿ1 region, with a standard curve. Protein amide I

band-shape analysis provides insight into the effects of

detergents on protein secondary structure. The importance

of monitoring detergent concentration changes during simple

procedures, such as the concentration of a membrane protein

by ultra®ltration, is demonstrated. This analytical tool has

been used to rapidly establish protocols for minimizing lipid

and detergent levels in solubilized membrane-protein samples.
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1. Introduction

The structural characterization of integral membrane proteins

by X-ray crystallography has lagged far behind that of soluble

proteins, mainly because of the dif®culties associated with the

formation of membrane-protein crystals (Garavito & Picot,

1990; Garavito et al., 1996; Kuhlbrandt, 1988; Ostermeier &

Michel, 1997; Rosenbusch et al., 2001). Membrane proteins are

dif®cult to crystallize because they have large hydrophobic

surfaces that render them insoluble in aqueous solution. While

insolubility can usually be overcome by removing the proteins

from their membrane environment with the use of detergents,

®nding suitable conditions that lead to the formation of stable

protein±detergent or protein±lipid±detergent complexes for

crystallization can be a daunting task.

Both the concentration and physical properties of the

detergent are important factors that affect the solubilization of

membrane proteins and thus ultimately their crystallization

(Le Maire et al., 2000). Suf®cient detergent must be present to

®rst remove the protein from its membrane environment and

then to prevent the formation of non-speci®c protein±protein

aggregates or precipitates. Excessive detergent, however, can

lead to both protein denaturation and the formation of

protein-free micelles which may interfere with crystal forma-
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tion. The size of the detergent belt surrounding a membrane

protein, which depends on the physical properties of the

detergent, can also hinder the formation of protein±protein

contacts in a growing crystal (Pebay-Peyroula et al., 1995;

Roth et al., 1989). Furthermore, detergent phase phenomena,

which are highly dependent on detergent concentration, may

have important implications in crystal nucleation (Hitscherich

et al., 2000; Loll et al., 2001). Although membrane proteins are

likely to be most stable in the presence of minimal detergent,

each protein is likely to have a select detergent and detergent

concentration range under which crystallization is favourable.

The level of endogenous lipid in a solubilized membrane-

protein sample can also in¯uence the structural integrity and

thus the crystallizability of a protein. Some proteins, such as

the light-harvesting complex II, crystallize in the presence of a

number of speci®cally bound lipids, whereas others, such as

the porins, only crystallize in minimal lipid (Garavito &

Rosenbusch, 1986; Kuhlbrandt, 1988). Excess lipid can form

protein-free lipid/detergent micelles that interfere with crystal

growth and may also increase the effective size of the deter-

gent belt surrounding the protein's transmembrane domain,

thus making crystal contacts sterically unfavourable. As with

detergents, membrane-protein crystallization is likely to be

optimal under a select range of lipid:protein ratios.

An initial step in the crystallization of a membrane protein

requires an understanding of how the lipid:protein and

detergent:protein ratios in¯uence both the structural stability

and solubility of the protein. Understanding these correla-

tions, however, is hampered because there are no simple rapid

methods available for assessing the levels of lipid and deter-

gent in crystallization solutions. Here, we report on the use of

Fourier-transform infrared (FTIR) spectroscopy to monitor

lipid:protein ratios and detergent concentrations in

membrane-protein crystallization solutions. We have used a

commercially available single-bounce diamond-attenuated

total re¯ectance accessory to rapidly record spectra from

detergent-solubilized membrane-protein solutions using

volumes as low as 5±10 ml per sample. This approach can be

used to quickly and accurately assess lipid:protein ratios and

detergent concentrations, as well as to give an indication of

protein structural integrity at all stages of the crystallization

process.

2. Materials and methods

2.1. FTIR

Spectra were acquired using a single-re¯ection attenuated

total re¯ectance (ATR) apparatus with a diamond internal

re¯ection element (Specac, Kent, England or ASi/SensIR,

Warrington, England). The ATR apparatus was installed in

either a BioRad FTS-40 or FTS-575c FTIR spectrometer

(Randolph, MA, USA). Both spectrometers were equipped

with a deuterated tryglycine sulfate (DTGS) detector and

were purged with dry air (dew point 373 K) from a Balston

(Haverhill, MA, USA) air dryer to minimize spectral contri-

butions from atmospheric water vapour. The temperature at

the surface of the diamond IRE was 295±298 K. All ®gures

were prepared with GPLOTC (NRC, Ottawa, ON, Canada)

and Microsoft Of®ce 97 (Microsoft).

2.2. Lipid±protein standard curve

Standard solutions with different ratios of 1-palmitoyl-

2-oleoyl-sn-glycero-3-phosphocholine (POPC; Avanti Polar

Lipids, Alabaster, AL, USA) to lysozyme (Sigma, Oakville,

ON, Canada) were prepared in 100 mM NaCl, 10 mM Tris±

Figure 1
(a) Dry FTIR spectra of lysozyme and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) at different lipid:protein ratios. The lipid:protein
ratio (mol:mol) for a 300 kDa protein is shown to the right of each
spectrum. The shading denotes the areas for both lipid and protein that
were integrated to calculate the standard curve. (b) Lipid±protein
standard curve calculated from the spectra in (a).



HCl pH 7.5, 0.1 mM EDTA and 0.02%(w/v) NaN3 in H2O. The

®nal concentration of lysozyme in each standard was

30 mg mlÿ1 (BioRad protein assay, BioRad, Mississauga, ON,

Canada). After thorough vortexing, a 10 ml drop of each

standard solution was placed on the diamond internal re¯ec-

tion element and dried completely with a stream of N2 gas (the

absorption of 1H2O at 3500 cmÿ1 was monitored to ensure

complete evaporation). 512 scans at 4 wavenumber resolution

were then collected and co-added. For each FTIR spectrum,

the area under both the lipid ester carbonyl (1710±1765 cmÿ1)

and the protein amide I (1580±1710 cmÿ1) bands were deter-

mined by drawing a line between the minima on either side of

each band and then integrating the area between the line and

the spectrum using the data-analysis software GRAMS 32

(Galactic Industries, Salem, NH, USA). The areas used in the

integration procedure are denoted by the shaded regions in

Fig. 1(a).

Lipid:protein (mol:mol) ratios were calculated from the

relative weights of lipid and protein in each solution assuming

a Mr of 760.1 for POPC and a MW of 300 kDa for the protein.

The latter is justi®ed because the intensity of the amide I band

is proportional to the number of peptide C O functional

groups, regardless of the molecular weight of the protein. A

MW of 300 kDa is relevant to studies of the nicotinic acetyl-

choline receptor (nAChR; see below).

2.3. Detergent standards

All detergent standards were made in 10 mM Tris±HCl
1H2O pH 7.5. The n-octyl-�-d-glucoside (�-OG), N-dodecyl-

N,N-dimethyl-3-ammonio-1-propanesulfonate (Zwittergent

3-12) and cholate were from Sigma (Oakville, ON, Canada),

while the n-decyl-�-d-maltopyranoside (C10M) and octa-

ethylene glycol monotridecyl ether (C12E8) were from

Calbiochem (La Jolla, CA, USA).

For the octylglucoside standard curve, a 10 ml drop of each

standard was placed on the surface of the diamond ATR. 512

scans at 4 wavenumber resolution were co-added for each

spectrum, which took approximately 10.5 min using a DTGS

detector. This length of time is ideal in that the drop does not

dry out appreciably during spectral acquisition. The number of

scans is suf®cient to obtain a very high signal-to-noise ratio.

Comparable spectra have also been recorded with a mercury

cadmium telluride (MCT) detector, which acquires 512 scans

in about 1.5 min. Solvent (10 mM Tris±HCl 1H2O pH 7.5)

subtraction was performed with GRAMS 32 software so that

the region encompassing the detergent bands approximated a

¯at baseline. The area under the spectra corresponding to the

detergent bands (947±1187 cmÿ1) was integrated (GRAMS

32) and plotted against the known octylglucoside concentra-

tion (Fig. 3).

2.4. Protein secondary structure

10 ml of 10, 30 and 60 mg mlÿ1 lysozyme (Sigma, Oakville,

ON, Canada) in 100 mM NaCl, 10 mM Tris pH 7.5, 0.1 mM

EDTA and 0.02%(w/v) NaN3 in 1H2O was placed on the

diamond ATR surface and 512 scans were acquired at 4

wavenumber resolution. For the denatured sample, lysozyme

was incubated at 373 K for 20 min prior to spectral acquisition.

Aqueous buffer and residual H2O vapour was subtracted

using GRAMS 32 software (Reid et al., 1996).

2.5. Ultrafiltration experiment

The nicotinic acetylcholine receptor was af®nity puri®ed as

described elsewhere (daCosta et al., 2002), except that it was

eluted in cholate elution buffer. The eluate was pooled and

concentrated at 1000g using a 100 kDa molecular-weight

cutoff (MWCO) concentrator (Millipore, Ottawa, ON,

Canada). Aliquots were removed at 5 min intervals and the

nAChR concentration was determined by the BCA protein

assay (Pierce). Cholate concentration was determined using

FTIR by integrating cholate spectral features (992±1135 cmÿ1)

and comparison with a cholate standard curve (not shown).

3. Results

3.1. FTIR data-acquisition accessories

Our primary goal was to establish a method for measuring

both lipid:protein ratios and detergent concentrations in

solutions containing detergent-solubilized integral membrane

proteins. FTIR spectroscopy, which is sensitive to bond

vibrational frequencies, could be used to measure both para-

meters (Goormaghtigh et al., 1990; Pistorius et al., 1994). FTIR

can also be used to investigate protein secondary structure and

could thus shed light on how lipid:protein ratios and detergent

concentrations in¯uence protein structural stability (He et al.,

1991). The problem, however, is that the accessories (either

transmission or ATR) commonly used to acquire spectra from

biological samples are not amenable to rapid screening of

many small aliquots. We required a sampling accessory that

allows rapid spectral acquisition from small aliquots at all

stages of our sample preparation.

We tested the utility of a diamond ATR microsampling

accessory for acquiring spectra from detergent-solubilized

membrane-protein samples (Figs. 1, 2, 3 and 4). The advan-

tages of this ATR accessory are the ease of sample preparation

and the small sample requirements. 5±10 ml of solution are

simply placed on the surface of the ATR accessory and spectra

are acquired. The total time for sample preparation and

spectral acquisition can be less than 1 min, although longer

times were used here to increase the number of scans and thus

obtain a higher signal-to-noise ratio. In addition, the diamond

ATR crystal is easily cleaned for repeated spectral analyses.

3.2. Lipid:protein ratios

The utility of the ATR accessory for assessing lipid:protein

ratios is demonstrated in Fig. 1. Spectra recorded from dried

solutions (see x2) containing a constant concentration of the

protein lysozyme and increasing levels of the lipid POPC

exhibit two main infrared vibrations in the 1760±1550 cmÿ1

region (Fig. 1a). The broad amide I band between 1600 and

1700 cmÿ1 arises primarily from the C O stretching vibration

of the polypeptide backbone, whereas the relatively narrow
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band between 1700 and 1760 cmÿ1 arises from the C O

stretching vibration of lipid ester carbonyl groups (Jackson &

Mantsch, 1995; Mendelsohn & Mantsch, 1986). The relative

area of the lipid C O and amide I band is directly related to

the lipid:protein ratio as shown in the standard curve (Fig. 1b).

Note that the molar lipid:protein ratio has been calculated for

a 300 kDa protein (i.e. nAChR). As seen in both Figs. 1(a) and

1(b), the technique can accurately detect lipid:protein ratios

down to roughly ®ve molecules of lipid per molecule of

300 kDa protein.

3.3. Detergent concentration

The applicability of the diamond ATR accessory for

measuring detergent concentrations in solubilized membrane-

protein samples is illustrated in Figs. 2 and 3. Five repre-

sentative spectra of detergents commonly used in

membrane-protein puri®cation and crystallization are

compared with the absorption spectra of DPPC and lysozyme

in Figs. 2(a)±2(e). Each detergent exhibits spectral features in

the 1200±900 cmÿ1 region that do not overlap with the

absorption bands of proteins (Fig. 2g). Although lipid does

absorb in the 1200±900 cmÿ1 region (Fig. 2f), the spectral

contributions of lipids are negligible at the lipid:protein ratios

normally found in our detergent solubilized membrane-

protein samples (usually less than 30:1 mol:mol lipid:protein).

In cases with very high lipid and very low detergent, the

contributions of lipid can be scaled and subtracted from the

spectra in order to quantify the intensities of the detergent

bands (not shown).

Figure 2
Comparison of 1H2O buffer-subtracted FTIR spectra of various
detergents with spectra of lipids and protein. (a) n-Octyl-�-d-gluco-
pyranoside (�-OG), (b) n-decyl-�-d-maltopyranoside (C10M), (c) octa-
ethylene glycol monotridecyl ether (C12E8), (d) Zwittergent 3-12, (e)
cholic acid. Spectrum (f) is a dry spectrum of the phospholipid 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and spectrum (g) is an
1H2O-subtracted spectrum of the protein lysozyme.

Figure 3
(a) Selected aqueous unsubtracted FTIR spectra of various n-octyl-�-d-
glucoside standards (top trace, 100 mM n-octyl-�-d-glucoside; bottom
trace, 10 mM Tris±HCl pH 7.5. (b) Aqueous buffer-subtracted FTIR
spectra of n-octyl-�-d-glucopyranoside standards (baseline-corrected
between 1187 and 947 cmÿ1). The concentration of n-octyl-�-d-
glucopyranoside in each standard is (from top to bottom): 200, 100, 50,
25, 12.5 and 6.25 mM. (c) n-Octyl-�-d-glucopyranoside standard curve
calculated using the spectra in (b).



Spectra recorded from solutions with increasing concen-

trations of the detergent n-octyl-�-d-glucoside are presented

in Figs. 3(a) and 3(b). Fig. 3(a) shows the intensity of the

n-octyl-�-d-glucoside peaks relative to the solvent 1H2O

bending vibration (1640 cmÿ1) before the buffer is subtracted.

Fig. 3(b) shows the buffer-subtracted and baseline-corrected

spectra used to calculate the standard curve (Fig. 3c). The area

of the detergent vibrations in the 1200±950 cmÿ1 region

correlates in a linear fashion with the concentration of the

detergent (Fig. 3c), showing that the infrared technique is a

viable approach for measuring detergent concentrations in

aqueous solutions. Note that accurate spectra of this and other

detergents have been recorded to well below their critical

micellar concentrations (for octylglucoside this is�19±25 mM,

but for dodecylmaltoside the CMC is only 0.18 mM; Le Maire

et al., 2000). In fact, accurate infrared spectra have been

obtained at detergent concentrations as low as 0.08 mM (data

not shown). We have found that our concentrated detergent-

solubilized membrane-protein samples often exhibit detergent

concentrations in the range 10±50 mM, which is a highly

accurate concentration range for spectral analysis.

It is also important to note that both the shape of the

detergent bands and the linearity of their absorption inten-

sities with increasing detergent concentration are unaffected

by the CMC. This shows that association of n-octyl-�-d-

glucoside into micelles does not greatly in¯uence either the

shape or intensity of the infrared absorption bands. This result

is expected as the absorption bands result from fundamental

infrared vibrations, the intensities of which are not dramati-

cally in¯uenced by environmental factors (for example, the

infrared absorption bands of acetylcholine are not dramati-

cally changed upon binding to the nAChR even though

acetylcholine binds tightly with a nanomolar af®nity (Baen-

ziger et al., 1993; other unpublished observations). In addition,

the head-group vibrations should have similar hydration states

in both the monomeric and micellar forms.

For similar reasons, detergent head-group vibrational bands

should not be in¯uenced strongly by the formation of protein±

detergent complexes. In support of this assertion, it has been

shown that the rate of removal of detergent by dialysis in

solubilized N+/K+-ATPase samples is equivalent whether

monitored using FTIR or radiolabelling techniques (Pistorius

et al., 1994).

3.4. Protein secondary structure

The utility of the diamond ATR accessory for monitoring

protein secondary structure was assessed by recording spectra

of lysozyme in 1H2O. The main dif®culty in such an analysis is

that the amide I band, which is the vibration whose shape is

characteristic of protein secondary structure, overlaps with a

strong 1H2O vibration in the 1600±1700 cmÿ1 region (see

Fig. 4a). Analysis of the protein amide I band shape thus

requires subtraction of the overlapping 1H2O vibration.

Fig. 4 shows spectra recorded from solutions containing 10,

30 and 60 mg mlÿ1 concentrations of lysozyme (spectra ii, iii

and iv). In each case, the amide I band shape achieved after

subtraction of the overlapping 1H2O vibration (Fig. 4b) is

similar to that obtained in a spectrum of lysozyme dried on the

ATR accessory (Fig. 4b, spectrum i). Speci®cally, each amide I

band exhibits an intense maximum near 1655 cmÿ1, char-

acteristic of �-helical secondary structure, and less intense

shoulders near 1630 and 1670 cmÿ1, characteristic of �-sheet

(Jackson & Mantsch, 1995). As expected, all four spectra are

indicative of a predominantly �-helical protein with substan-

tial �-sheet.

In contrast, the amide I band shapes differ substantially

from that observed in a spectrum recorded from lysozyme

after thermal denaturation (Fig. 4, spectrum v). Upon dena-

turation, the amide I band exhibits an increase in intensity at

both 1620 and 1680 cmÿ1, features that are observed in the

spectra of numerous denatured proteins (Methot & Baen-

ziger, 1998; Young et al., 1995). Similar, although less

pronounced, changes in amide I band shape have also been

detected in spectra of lysozyme and the nicotinic acetylcholine

receptor (nAChR) recorded in the presence of high concen-

trations of detergent (data not shown), although subtle

changes in the amide I band shape can be dif®cult to detect

owing to the subjectivity involved in the subtraction of the

overlapping water vibration. We have found that FTIR can

provide a qualitative estimate of the structural stability of a

membrane protein in the presence of detergent. A more

de®nitive analysis can be performed by recording spectra in
2H2O buffer, as 2H2O does not exhibit vibrations overlapping

the 1600±1700 cmÿ1 region (He et al., 1991). In addition,

spectra can be obtained after drying the sample on the ATR

surface to eliminate the 1H2O vibrations in the spectra. It

should be noted, however, that drying concentrates the
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Figure 4
(a) Unsubtracted aqueous FTIR spectra of lysozyme. (b) Spectra of
lysozyme. Spectrum (i), dry lysozyme. Spectra (ii), (iii) and (iv) are 1H2O-
subtracted spectra of 10, 30 and 60 mg mlÿ1 lysozyme. Spectrum (v) is
an 1H2O-subtracted spectrum of thermally denatured lysozyme
(10 mg mlÿ1). The spectra in (b) have been scaled relative to their amide
I band to facilitate band-shape comparison.
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detergent in the sample, which could result in protein de-

naturation.

3.5. Changes in detergent levels during sample manipulations

To demonstrate the utility of the ATR technique for

monitoring detergent levels during the preparation of a

membrane-protein stock solution that is suitable for crystal-

lization trials, we examined the changes in detergent levels

that occur during concentration of af®nity-puri®ed nAChR.

The nAChR was ®rst solubilized from its native membranes

and af®nity puri®ed in the presence of the detergent cholate.

The cholate-solubilized nAChR was then concentrated by

ultra®ltration in an Amicon protein concentrator (100 kDa

MWCO).

Protein assays show that there is a very slow increase in

protein concentration during the ®rst 35 min of the spin, but

thereafter the protein concentration increases at a dramatic

rate. In contrast, the detergent concentration increases only

slightly during the ®rst 50 min of the spin (Fig. 5). We believe

that the lag time between the increases in detergent and

protein concentration may be because of the fact that excess

protein-free detergent micelles exist in solution and initially

spin through the 100 kDa MWCO Amicon ®lters. When the

detergent is no longer in excess, it concentrates at the same

rate as the protein because they are tightly associated.

Using our FTIR techniques, we have found that the initial

lipid:protein ratio in our nAChR samples can in¯uence the

degree to which the detergent concentrates during protein

concentration. This may occur because excess lipid forms

protein free lipid±detergent mixed micelles that may be too

large to spin through the 100 kDa MWCO ®lters.

In addition, properties of the detergent (i.e. micellar size) as

well as the size of the ®lter pores may in¯uence how much the

detergent concentrates. With ultra®ltration devices that have a

MWCO that is large enough to allow the free passage of

detergent micelles, the concentration of detergent monomers

and micelles stays the same over the course of a typical

concentration experiment, while the ratio of micelles and

monomers to protein±detergent complexes (PDCs) decreases

(Fig. 6). Therefore, it is best to minimize the initial amount of

excess detergent in a solubilized membrane-protein sample

before ultra®ltration.

4. Discussion

The goal of this work was to develop a rapid and effective

spectroscopic method for monitoring lipid:protein ratios and

detergent concentrations in detergent-solubilized membrane

protein samples. The rationale for developing this technique

stems from the fact that every membrane protein likely has a

limited range of both lipid:protein and detergent:protein

ratios where the protein remains both structurally intact and

soluble as a monomer in solution. In order to prepare

solubilized membrane-protein samples that are ideal for

crystallization, one must establish how lipid:protein and

detergent:protein ratios in¯uence both stability and solubility.

To develop effective puri®cation protocols, it is important to

know how common sample manipulations, such as protein

dialysis and concentration etc. in¯uence lipid:protein and

detergent:protein ratios. The ability to assess lipid:protein and

detergent:protein ratios in ®nal protein stock solutions is also

advantageous to ensure reproducibility and aid in the inter-

pretation of crystallization screens.

Figure 5
A comparison of how detergent and protein concentration change during
the concentration of cholate-solubilized nAChR by ultra®ltration. Solid
circles correspond to [nAChR]. Open circles correspond to [cholate].

Figure 6
Conceptual depiction of how detergent:protein ratios vary with protein
concentration during an ultra®ltration experiment. At the start of the
experiment, there is a low protein concentration and excess detergent is
present as protein-free micelles. If the molecular-weight cutoff of the
protein concentrator is large, the micelles spin through the ®lter of the
concentrator and do not concentrate during the experiment. Although
the absolute concentration of micelles and monomers does not change,
their molar ratio relative to protein±detergent complexes decreases.
Therefore, the ®nal ratio of protein-free detergent micelles and
monomers to protein±detergent complexes depends on both the starting
concentration of the detergent and the ®nal concentration of protein.
Initial detergent concentrations close to the critical micellar concentra-
tion of the detergent are likely to be ideal.



We show here that the diamond ATR sampling accessory

can be used to record FTIR spectra from 10 ml aliquots of

solution. These FTIR spectra can be analyzed to determine

both the lipid:protein ratio and the detergent concentration

in a detergent-solubilized membrane-protein sample. The

lipid:protein ratios are accurate down to a level of ®ve mole-

cules of lipid per molecule of 300 kDa protein. The detergent

concentrations are accurate to well below the CMCs of

common detergents used in crystallization trials. The FTIR

spectra can also be used to qualitatively assess the effects of

detergent on protein structural stability.

The advantages of this FTIR approach include its rapidity

and accuracy. Multiple small aliquots can be analyzed in a

short period of time. In contrast, using thin-layer chromato-

graphy to measure lipid:protein ratios is qualitative (Garavito

& Picot, 1990) and the use of radiolabelled detergents to

measure detergent concentrations (Le Maire et al., 1983) is a

time-consuming and expensive proposition. The ability to

rapidly measure both lipid:protein and detergent:protein

ratios should aid in the rapid development of protocols for the

stable solubilization and puri®cation of any membrane protein

and will thus help open the bottleneck in membrane-protein

crystallization.
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