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Abstract The structural characterization of membrane

proteins remains a challenging field, largely because the

use of stabilizing detergents is required. Researchers must

first select a suitable detergent for the solubility and sta-

bility of their protein during in vitro studies. In addition, an

appropriate concentration of detergent in membrane pro-

tein samples can be essential for protein solubility, stabil-

ity, and experimental success. For example, in membrane

protein crystallography, detergent concentration in the

crystallization drop can be a critical parameter influencing

crystal growth. Over the past decade, multiple techniques

have been developed for the measurement of detergent

concentration using a wide variety of strategies. These

methods include colorimetric reactions, which target spe-

cific detergent classes, and analytical techniques applicable

to a wide variety of detergents. This review will summarize

and discuss the available options. It will be a useful

resource to those selecting a strategy that best fits their

experimental requirements and available instruments.
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Introduction

Membrane proteins represent 20–30 % of all genes, yet

structures of these proteins remain severely under repre-

sented (Krogh et al. 2001). These proteins are of

heightened interest for both structural and functional

characterization because they represent over 60 % of cur-

rent drug targets (Arinaminpathy et al. 2009). Membrane

protein purification requires the use of detergents to extract

the protein from the phospholipid bilayer and to stabilize

the protein in vitro for characterization. The extracted

membrane protein is often referred to as a protein-detergent

complex (PDC). A wide range of detergents have been

applied to membrane research, but a systematic method for

choosing which detergent will best stabilize a particular

membrane protein does not exist (Prive 2007).

The use of detergents in membrane protein research has

been reviewed extensively (Seddon et al. 2004; Prive 2007;

Arnold and Linke 2008; Sonoda et al. 2010; Cross et al.

2011), and the intention of this focused review is not to

repeat previously published work. This article will focus

specifically on the impact of detergents in X-ray crystal-

lography experiments and the importance of quantifying

the detergent concentration used for crystallization. Tight

control of both protein and detergent concentration may

help overcome the ‘‘crystallization bottleneck’’ in struc-

tural studies. This review summarizes over ten distinct

approaches for detergent quantitation in membrane protein

samples, each with their own advantages and

disadvantages.

Selection of a detergent for membrane protein research

The detergent in the PDC represents a large portion of the

complex surface area, and therefore it is not surprising that

the detergent ‘‘belt’’ around proteins can have a strong

influence on many properties of the PDC. The particular

detergent picked to stabilize a given membrane protein is

often chosen empirically after testing a wide range of
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options. Many efforts have been made to miniaturize the

testing of detergents to allow a wide screen to be performed

on a minimal amount of sample. Methods include micro-

dialysis (Postis et al. 2008), ultracentrifugation (Gutmann

et al. 2007), thermal studies using fluorochromes (Alex-

androv et al. 2008; Fan et al. 2011), or size-exclusion

chromatography (Hattori et al. 2012). The interaction

between detergent and protein has also been more specif-

ically studied. Observation of isolated alpha-helical frag-

ments solubilized in detergent has suggested that it is the

interaction of the detergent with the extra-membrane

domains that might be the cause of protein denaturation

and aggregation in some detergents (Tulumello and Deber

2012).

The classical example of a detergent molecule is

amphipathic in nature including a polar head group

attached to a single hydrophobic tail. In an attempt to

produce better detergents for stabilization and crystalliza-

tion, researchers have designed detergents with more

‘‘lipid-like’’ hydrophobic tails to better mimic the bilayer

environment. Examples of these efforts include the bran-

ched-chain maltosides (Hong et al. 2010), the neopentyl

glycols (Chae et al. 2010a, 2013a), tripod detergents

(McQuade et al. 2000; Chae et al. 2008, 2010b), and the

lipopeptides (McGregor et al. 2003; Koutsopoulos et al.

2012). Alternatively, some new detergents have focused on

changing the head group chemistry including the trehalo-

side detergents (Tao et al. 2012), anionic calix[4]arene-

based detergents, and carbohydrate based Triton X-100

analogues (Chae et al. 2013b). In addition, alternatives to

the solubilization of membrane proteins in detergents

continue to be developed (Sanders et al. 2004; Zhang et al.

2011). These include protein-based nanodiscs (Nath et al.

2007), amphipols (Tribet et al. 1996; Gorzelle et al. 2002),

and steroid-based facial amphiphiles (Lee et al. 2013).

Many of these novel compounds are still expensive, not

commercially available, and/or do not have an established

track record in crystallization studies. As a result, most

laboratories working on membrane protein crystallography

still start with traditional detergents, the most common

being n-dodecyl-b-D-maltoside (Newstead et al. 2008).

Selection of a detergent for membrane protein

crystallization

Even when a detergent is found to stabilize a protein, there

is no guarantee that the size of the detergent ‘‘belt’’ around

the protein will allow successful crystallization. Productive

crystal contacts can only be formed on protein surfaces that

are exposed to the solvent (Sonoda et al. 2010). Therefore,

the protein to detergent ratio of the final PDC (DaCosta and

Baenziger 2002), and the buried surface area of the protein

(Gutmann et al. 2007), are important parameters to con-

sider. The amount of detergent bound to a particular

membrane protein can be determined using light scattering

(Strop and Brunger 2005; Kunji et al. 2008; Slotboom et al.

2008) or analytical ultracentrifugation (Maslennikov et al.

2007; Salvay et al. 2007).

During the development of new detergents for crystal-

lography, a detergent’s micelle size is also an important

physical parameter which can be measured using dynamic

light scattering (Chae et al. 2013a, b), refractive index and

light scattering (Strop and Brunger 2005), or neutron

scattering (Marone et al. 1999). Practically, smaller deter-

gents are desirable because they reduce the overall PDC

size (Marone et al. 1999; Kunji et al. 2008), allow tighter

crystal packing (Garavito et al. 1996), and therefore, can

produce PDC crystals with above average diffraction (Prive

2007; Sonoda et al. 2010). Although desirable in crystal-

lization, smaller detergents are considered ‘‘harsher’’ and

are more likely to denature and destabilize a particular

protein or dissociate physiologically relevant oligomers

(Prive 2007; Gan et al. 2011). Therefore, the choice of

detergent for use in structural studies must take into

account the properties of the protein and the requirements

of crystallization.

How much detergent?

The minimum free detergent required to keep most mem-

brane proteins stable is the critical micelle concentration

(CMC), the lowest detergent concentration that will form

micelles. The CMC varies with each specific detergent

based on its physical properties, such as the number of

methylenes in the aliphatic chain of the detergent (Prive

2007). The composition of the solvent (ionic strength, pH,

etc., Ikeda et al. 1978; Kaufmann et al. 2006; Abezgauz

et al. 2010) and temperature (Molina-Bolivar et al. 2004)

also influences CMC. Various techniques can be used to

measure the CMC of detergents including the pyrene 1:3

ratio method (Ruiz and Molina-Bolı́var 2011), surface

tension measurements (Molina-Bolivar et al. 2004; Kauf-

mann et al. 2006), isothermal calorimetry (Hildebrand et al.

2004), dynamic light scattering (Pispas 2006), and fluo-

rescence-based methods (Chattopadhyay and London

1984; Jumpertz et al. 2011).

During crystallization, minimizing free micelles in

solution could reduce unproductive collisions between

molecules, and be beneficial during crystal nucleation and

growth (DaCosta and Baenziger 2002; Wiener 2004). In

contrast, some researchers have shown a correlation

between crystallization success and concentrations of a

detergent near its cloud point (i.e., phase boundary where

inter-micelle attractive forces drive micelles into a separate
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phase, Hitscherich et al. 2001; Wiener 2004). This has been

confirmed by light scattering experiments, which suggest

that for both pure detergent micelles and PDCs, the inter-

particle forces become significantly attractive well before

the actual cloud point is reached (Hitscherich et al. 2000).

During protein extraction and purification, there are

numerous stages in which the detergent concentration can

be altered. A particularly problematic step is concentration

of the protein in centrifugal concentrators, where protein-

free detergent micelles are also enriched (Urbani and

Warne 2005; Prive 2007; Shi et al. 2008). The detergent

concentration factor of centrifugal concentrators has been

shown to vary between manufacturers and within units

from the same manufacturer (Maslennikov et al. 2007).

Therefore, the concentration of detergent is often unknown

after protein concentration. In order to improve the

screening success and reproducibility of experiments, it is

desirable to be able to quickly measure the total detergent

present in concentrated samples immediately before crys-

tallization is attempted.

Quantifying detergent in membrane protein samples

Specific colorimetric reactions

Some of the most popular detergents used in membrane

protein crystallography can be quantified using chemical

reactions that target specific chemical groups in the

detergent structure. These techniques are widely accessible

because they require no specialized equipment and are

relatively quick, although they can only be applied to

certain detergent classes (Table 1). They are based on

colorimetric methods that measure the UV–Vis absorbance

of chemically treated samples. The main disadvantage of

these techniques is that many of the reactions involve

hazardous chemicals such as sulfuric acid and phenol, so

appropriate safety precautions must be observed. These

techniques also destroy the original sample, though the

high sensitivity of these techniques minimizes the sample

loss. The procedure and chemical basis of these reactions

are described briefly in the following sections.

Molybdate assay for total phosphate

This procedure was originally described by Bruce Ames in

1966 for the detection of organic phosphates (Ames 1966).

It can further be applied to the Fos-choline series of

phospholipid-derived detergents. In this procedure, the

sample is diluted to \7 mM expected detergent and a

10 lL sample is added to a glass test tube followed by

magnesium nitrate in 95 % alcohol. The sample is then

ashed over a strong flame and cooled to room temperature.

The resulting powder is suspended in hydrochloric acid and

heated in a boiling water bath for 15 min. The released

phosphate in the sample is quantified by adding a colori-

metric mix of ascorbic acid, ammonium molybdate, and

sulfuric acid. Incubation at 45 �C for 45 min or 37 �C for

1 h results in a phosphomolybdate complex that is reduced

by ascorbic acid to produce the colorimetric product.

Caution must be used when applying this technique to

phosphorylated proteins as the additional phosphate will be

detected. In addition, extremely clean glassware from the

same manufacturer must be used because interference has

been noted from silicates evolved from the glass during

ashing and residue from trisodium phosphate detergents

used during cleaning (Ames 1966).

Phenol/sulfuric acid assay for sugar content

A phenol/sulfuric assay originally developed for the mea-

surement of sugars in solution can also be applied to

membrane protein samples solubilized in glycosidic

detergents, which contain a sugar head group (Dubois et al.

Table 1 Summary of colorimetric techniques for detergent quantitation

Reagents Detergent class Sensitivity Sample volume

(lL)

UV–Vis absorption

peak (nm)

Interference

Ammonium molybdate

Ascorbic acid (1)

Phospholipid

derivatives

3.5 lg

(FC-12)

10 820 Phosphorylated protein and

silicates

Phenol sulfuric acid (2) Glycosidic

detergents

2.5 lg

(DDM)

50 490 Glycosylated proteins and

glycerol

2,6-Dimethylphenol sulfuric

acid (3)

Glycosidic

detergents

0.5 lg

(DDM)

5 510 Glycosylated proteins and

glycerol

Sulfuric acid (4) Bile salt

derivatives

7.65 lg

(CHAPS)

50 389 None reported

Methylene blue chloroform (5) SDS 150 ng 300 651 Many anionic compounds

References: (1) Ames (1966), (2) Dubois et al. (1956); Urbani and Warne (2005), (3) Prince and Jia (2012), (4) Urbani and Warne (2005), (5)

Arand et al. (1992)
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1956; Lau and Bowie 1997; Urbani and Warne 2005).

Examples of detergents in this group include n-dodecyl-

b-D-maltoside, n-decyl-b-D-maltoside, and n-octyl-b-D-

glucoside, the most popular detergents currently used in

membrane protein crystallization (Newstead et al. 2008). In

addition, some of the newly introduced detergents such as

the neopentyl glycols and the trehalose detergents are

sugar-based and should be quantifiable by this technique.

In this single-step procedure, the sample is mixed with

phenol and sulfuric acid in a 1.5 mL tube (designed for

thermal applications). A strong exothermic reaction occurs

during incubation and results in an acid-catalyzed dehy-

dration of sugar moieties and their condensation with

phenol to produce a UV–Vis absorbent species (Mallya and

Pattabiraman 1997). This method has been further refined

to use 2,6-dimethylphenol as a colorimetric reagent with

increased sensitivity (Mallya and Pattabiraman 1997) and

applied to the quantification of glycosidic detergents

(Prince and Jia 2012).

Assay of bile salt with sulfuric acid

The direct reaction of sulfuric acid with bile acid deter-

gents such as CHAPS and cholate (Urbani and Warne

2005) allows for the quantification of these detergents. In

this reaction, a sample of detergent is vortexed with 800 lL

of concentrated sulfuric acid. This results in the direct

reaction of the sulfuric acid with the hydroxyl group in the

cholate ring to produce a colored product with absorption

peaks at 389, 450, and 479 nm (Urbani and Warne 2005).

The band at 389 nm is used for quantitation as it provides

the largest signal.

Methylene blue/chloroform for the detection of SDS

Although SDS is commonly considered a denaturing

detergent used in the unfolding of soluble proteins, it is less

effective in the case of membrane proteins and has been

successfully used for the NMR analysis of some extremely

stable targets (Prive 2007). In this assay, methylene blue

reagent (methylene blue, sodium sulfate, sulfuric acid) is

combined with the sample and a complex is formed

between methylene blue and the SDS. Free methylene blue

is removed by extraction of the complex into chloroform,

after which the absorbance can be measured. Although this

assay is extremely sensitive, it suffers from many poten-

tially interfering anionic compounds including sodium

chloride, sodium bromide, sodium iodide, and trichloro-

acetic acid, which also support the transport of methylene

blue into the chloroform phase (Arand et al. 1992).

Therefore, careful testing of the protein buffer should be

conducted before this method is applied to membrane

protein samples.

General detergent quantification techniques

While the techniques presented in the above section are

based on chemical reactions and absorbance readings that

can be done in any laboratory, they are limited in the range

of detergents for which they apply. Therefore, more gen-

eral techniques have been developed that can work on a

wider range of detergents. Table 2 provides a summary of

detergents for which these general techniques have been

explicitly tested, though most should be amenable to an

even wider range. Factors to consider when selecting a

technique include: its sensitivity, sample volume required,

and the processing time. Table 3 provides a direct com-

parison of the sensitivity of each technique and other

parameters that may be of interest.

Radiolabeled detergents

Radiolabelling was one of the first techniques to be used

for detergent measurement and has been applied in several

studies of protein-detergent complexes (Le Maire et al.

1983; Møller and le Maire 1993; Hannam et al. 1998; Josse

et al. 2002). This technique has the advantage of detecting

specifically labeled molecules; therefore, the experimenter

does not have to worry about the interference from other

components of the membrane protein sample. Specific

labeling also affords this technique the highest sensitivity.

Due to limited availability, high cost, and the ever-

increasing safety requirements of radioactive detergents,

this technique is often considered impractical for routine

measurements despite its accuracy and potential versatility.

FTIR spectroscopy

Fourier transform infrared (FTIR) spectroscopy identifies

characteristic absorption bands for proteins, detergents, and

lipids in a membrane protein sample (DaCosta and Bae-

nziger 2002). This technique is extremely rapid, with col-

lection times as short as 1 min (DaCosta and Baenziger

2002). Detergent quantitation is achieved by calculating

the area under the detergent absorption bands

(1,200–900 cm-1) and comparing to a series of standards.

A solvent corrected baseline is used, and no common

buffer components with problematic absorption bands in

this area have been reported. It should be noted that lipids

also produce absorption bands in the 1,200–900 cm-1

region, but their contribution can be scaled and subtracted

when significant (DaCosta and Baenziger 2002). Compar-

ing the area of the unique lipid ester C = 0 band

(1,740 cm-1) and the protein amide I band (*1,650 cm-1)

can also detect lipid ratios as low as seven molecules of

lipid per molecule of protein (DaCosta and Baenziger

2002). Finally, some protein secondary structure
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information can be inferred from the shape of the protein

amide absorbances, with alpha-helical folds contributing

vibrations at 1,652–1,657 cm-1 and beta-sheet folds con-

tributing vibrations at 1,628–1,635 cm-1, and 1,670 cm-1

(Jackson and Mantsch 1995). The main disadvantage of

this technique is the specialized equipment required, which

includes a diamond attenuated total reflectance (ATR)

accessory designed for small-volume analysis (DaCosta

and Baenziger 2002).

Thin layer chromatography (TLC)

The mobility of different detergents on silica TLC plates in a

solvent system of chloroform:methanol:ammonium

hydroxide (63:35:5) has been observed (Eriks et al. 2003)

and allows many detergents to be distinguished. Detergent is

visualized by iodide vapor staining, in a glass desiccator at

60 �C. The degree of staining provides a linear relationship

between detergent quantity and optical density for quanti-

tation. Plates can be imaged using laser densitometry (Eriks

et al. 2003) or a flatbed scanner (Beebe et al. 2011). During

chromatography of membrane protein samples, it has been

shown that free detergent migrates while detergent bound to

the protein remains at the origin. The intrinsic staining

capacity of the protein can be subtracted from the total

intensity at the origin, and used to determine the amount of

detergent present. Further, total detergent in the sample

would be determined by adding the total of the protein bound

and free detergent spots (Eriks et al. 2003). The experi-

menter should also be aware that glycerol does decrease the

Table 2 Detergents previously shown to work with the general quantitation techniques

Classification Detergent Radiolabeled

(1)

FTIR

(2)

TLC

(3)

HPTLC

(4)

Refractive

index (5)

Contact

angle (6)

NMR

(7)

Gas

chromatography

(8)

Glycosidic OG 4 4 4 4 4

OTG 4 4

NG 4

DM 4 4 4 4 4 4

DDM 4 4 4 4 4 4 4

DDTM 4

FH 4

PCC 4

CYMAL5 4

Zwittergents Zwittergent

3–12

4

Zwittergent

3–14

4

Phospholipid

derivatives

FC-12 4 4 4 4

FC-14 4 4

Glycol ethers C8E4 4

C8E5 4

C12E8 4 4 4

C12E9 4 4

Bile salt derivative CHAPS 4 4

Cholate 4

LDAO 4 4 4 4 4

DAO 4

Sarkosyl 4

SDS 4 4

Triton

X-100

4 4

OG n-octyl-b-D-glucoside, OTG n-octyl-b-D-thioglucoside, NG n-nonyl-b-D-glucoside, DM n-decyl-b-D-maltoside, DDM n-dodecyl-b-D-mal-

toside, DDTM n-dodecyl-b-D-thiomaltopyranoside, FH F4H5-b-maltoside, PCC PCC-a-maltoside, FC-12 Fos-choline 12, FC-14 Fos-choline 14,

LDAO n-dodecyl-N,N-dimethylamine-N-oxide, DAO n-decyl-N,N-dimethylamine-N-oxide

References: (1) Le Maire et al. (1983); Hannam et al. (1998); Josse et al. (2002); Kaufmann et al. (2006), (2) DaCosta and Baenziger (2002), (3)

Eriks et al. (2003), (4) Barret et al. (2013), (5) Strop and Brunger (2005), (6) Kaufmann et al. (2006), (7) Maslennikov et al. (2007), (8) Shi et al.

(2008, 2009)
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staining of n-dodecyl-b-D-maltoside and requires alteration

of the standard curve (Eriks et al. 2003).

More recently, an updated high-performance thin layer

chromatography (HPTLC) based assay has been described.

In this work, an altered solvent system of dichloromethane/

methanol/acetic acid (32:7:0.4) is used to improve the

separation of similar glycosidic detergents for identifica-

tion (Barret et al. 2013). In addition, this work explored the

use of sulfuric acid staining reagents (Barret et al. 2013)

and a modified copper sulfate reagent previously used for

lipid detection (Handloser et al. 2008). The modified cop-

per sulfate reagent gives a tenfold increase in the sensitivity

of this assay above the previous iodide vapor staining

methodology. The limitation of this method thus far is that

the new visualization technique has only been optimized

for detergents with a sugar moiety (Barret et al. 2013).

Refractive index measurement

Refractive indices can be used to determine the concen-

tration of free detergent in a membrane protein sample

after separation of the PDC and micelles by size-exclusion

chromatography (Strop and Brunger 2005). This measure-

ment is most commonly done ‘‘in-line’’ with the chroma-

tography step and allows for convenient analysis of any

detergent, independent of its chemical formula (Strop and

Brunger 2005). Unfortunately, after chromatography some

membrane proteins require additional concentration before

crystallization, which could further change the ratio of

detergent to protein. In addition, refractive index has pre-

viously been used to measure both glycerol and salt con-

centrations (Strop and Brunger 2005), so these buffer

components could cause interference in the detergent

measurement if appropriate standards are not used.

Refractive index, size-exclusion chromatography, and

multi-angle laser light scattering (MALLS) can be com-

bined to determine the oligomeric state of the membrane

protein and the size of a protein-associated micelle during

purification (Strop and Brunger 2005).

Contact angle measurement

Contact angle measurement is a very fast option that relies

on the reduced surface tension caused by the presence of

detergent. This technique takes three images of a 20 lL

sample droplet and uses the change in contact angles

between the drop and parafilm to estimate the amount of

detergent present (Kaufmann et al. 2006). Standard curves

for a range of detergents have been generated and have

determined that the difference in surface tension reductions

between some detergents is due to differences in the head

group chemistry (Kaufmann et al. 2006). Interference in

the measurement can be observed when other surface-

active reagents like glycerol, polyethylene glycols, or lipids

are present in the solution. This technique can only quan-

titate detergent below its CMC, therefore samples are

diluted 50–100 times to determine the concentration of

detergent present (Kaufmann et al. 2006). The main

drawback of this technique is the requirement for special-

ized equipment and software to perform both the mea-

surement and calculations (Kaufmann et al. 2006).

Nuclear magnetic resonance

One-dimensional nuclear magnetic resonance (NMR)

quantifies detergent by integrating the intensity of signature
1H-signals relative to a 2,2-dimethyl-2-silapentane-5-sul-

fonic acid (DSS) internal standard (Maslennikov et al.

Table 3 Comparison of effectiveness of the general quantitation techniques

Technique Expected sensitivity Sample

volume

Additional benefit Potential interferences

Radiolabeling (1) 30.63–663 ng/lL (DDM) n/a None None

FTIR (2) 18–585 lg (OG) 10 lL Secondary structure lipid measurement High lipid concentration

TLC (3) 13–350 lg (DDM) 5 lL Identification Glycerol

HPTLC (4) 0.1–1.6 lg (DDM) 40 lL Identification None reported

Refractive index (5) 0.5–10.5 lg (FC-14) 7 lL Protein oligomeric state Glycerol, salts

Contact angles (6) 0.2–1.8 lg (DDM) 20 lL None Glycerol, lipids, polyethylene

glycols

NMR (7) 2 lg (FC-14);

27 lg (DDM)*

520 lL Identification Proteins

Gas chromatography-FID (8) 0.05–3 lg (DDM) 1 lL Identification None reported

Gas chromatography-MS (9) 0.05–3 lg (DDM) 1 lL Identification None reported

References: (1) Kaufmann et al. (2006), (2) DaCosta and Baenziger (2002), (3) Eriks et al. (2003), (4) Barret et al. (2013), (5) Strop and Brunger

(2005), (6) Kaufmann et al. (2006), (7) Maslennikov et al. (2007), (8) Shi et al. (2008), (9) Shi et al. (2009)

* Minimum detergent detected
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2007). Data is collected using gradient water suppression,

and ‘‘background noise’’ from the protein signal is gener-

ally not a problem given that the molar ratio of deter-

gent:protein in a typical PDC sample is 50:1 (Maslennikov

et al. 2007). Although many different detergents can be

quantified with this technique, the maximum sensitivity

varies dramatically depending on the number of protons

contributing to the distinctive 1H signal.

Gas chromatography

Gas chromatography can be used to separate many of the

detergents frequently applied to membrane protein crys-

tallography, coupled with either flame ionization detection

(FID, Shi et al. 2008) or mass spectroscopy (MS, Shi et al.

2009) for quantification. The use of gas chromatography

has the advantage of separating out the components of a

small-volume sample, minimizing interference caused by

other components of the membrane protein buffer, and

allowing identification of the detergent present. In contrast,

a major disadvantage of this technique is that samples must

be precipitated and re-suspended in organic solvent for

detergent measurement (Shi et al. 2008). The solubility of

the detergent in the organic solvent chosen can also be

limited due to the amphipathic nature of detergent mole-

cules (Shi et al. 2008). In the case of FID detection, a

quadratic regression curve is used to relate the peak area to

different detergent concentrations (Shi et al. 2008). More

recently, mass spectrometry has been substituted for FID

and provides additional confidence in detergent identifica-

tion, but does not improve the sensitivity of the quantifi-

cation measurement (Shi et al. 2009). In this alteration,

detergents eluted from gas chromatography are subjected

to electron impact ionization, and a specific fragment for

each detergent is chosen for quantification after mass

spectrometry. All measurements using FID or MS detec-

tion require use of an internal standard for consistency (Shi

et al. 2008, 2009).

Application of detergent quantitation techniques

in crystallography

Currently, almost all protein crystallography projects begin

with the expression and purification of the protein of

interest. Determining the best conditions for these steps can

require a significant time commitment, but is essential for

producing monodisperse, soluble, protein samples which

are more likely to crystallize (Sonoda et al. 2010). Mem-

brane proteins most likely to crystallize migrate as a single,

uniform peak during size-exclusion chromatography. Using

this technique in combination with refractive index mea-

surement and light scattering can be very informative for

membrane protein stability screening. For example, the

oligomeric state of the protein can be assessed and the

amount of detergent required for protein stability can be

determined. Therefore, this technique is well suited in

establishing the best purification conditions for monodis-

perse protein before crystallization is attempted (Strop and

Brunger 2005; Slotboom et al. 2008). During detergent

screening experiments, the use of FTIR measurements can

also be valuable as a high-throughput technique that

determines detergent and lipid ratios simultaneously in

addition to providing protein secondary structure infor-

mation (DaCosta and Baenziger 2002).

Detergents with long aliphatic side chains can be gentler

and more appropriate for extracting proteins from the

membrane. During purification, some researchers find it

valuable to extract membrane proteins using an inexpen-

sive, low CMC, detergent and later change to a potentially

more expensive, specialized detergent that is more suitable

for crystallization. A recent example of this application is

crystallization of membrane-bound pyrophosphatases. In

this case, crystals could be obtained from n-dodecyl-b-D-

maltoside, but crystals with better diffraction were obtained

after exchange into alternative detergents, the best being

octyl glucose neopentyl glycol (Kellosalo et al. 2013).

During these experiments, detergent measurement tech-

niques that both quantitate and identify the detergent are

especially valuable because they can be used to continually

monitor the exchange for consistency. These techniques

include TLC, gas chromatography, and NMR. NMR has

been specifically used to monitor the exchange of Fos-

choline for n-dodecyl-b-D-maltoside and n-decyl-b-D-mal-

toside in samples of E. coli tyrosine kinase (Maslennikov

et al. 2007). In addition, TLC has been applied to monitor

the exchange of sarkosyl with n-dodecyl-b-D-maltoside in

samples of the mitochondrial citrate transport protein

(Eriks et al. 2003).

During purification, many membrane protein researchers

use a quantity of detergent to extract their membrane

protein that is sufficient to completely remove any lipid

present. This simplification may not always be prudent, as

some membrane proteins absolutely require the presence of

lipids for crystallization. The importance of lipid during

crystallization has been demonstrated in many cases.

Crystals of cytochrome b6f complex could only be obtained

when dioleoylphosphatidylcholine was added to the protein

after purification (Zhang et al. 2003). A more recent

example is GluCl from Caenorhabditis elegans, which has

been crystallized with multiple non-native lipids (Hattori

et al. 2012). Some membrane proteins also require the

presence of native lipids co-purified with the protein to

crystallize, examples of which include the glycerol-3-

phosphate transporter (Lemieux et al. 2003) and the

erythrocyte anion exchanger (Lemieux et al. 2002). The
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use of FTIR spectroscopy to monitor the detergent content

throughout protein purification may be useful in these cases

because of its ability to quantitate lipids simultaneously.

The total detergent content of a membrane protein

sample may be just as important as the protein content

when attempting to reproduce an initial crystallization lead.

Crystallization studies have shown direct correlations

between the propensity of a sample to crystallize and its

total detergent content. For example, during the crystalli-

zation of the membrane protein E. coli tyrosine kinase

(Etk), crystals were only obtained when a minimum of

6.9 mg/mL protein and a minimum detergent content of

0.8 mg n-dodecyl-D-B-maltoside/mg protein was used

(Prince and Jia 2012). Ben-Shem et al. (2003) also noticed

a similar phenomenon and have reported that the ratio of

detergent to chlorophyll during purification of plant pho-

tosystem I was essential to obtaining well-diffracting

crystals. Based on these observations, it is recommended

that the concentration of both protein and detergent be

measured for every sample used in crystallization experi-

ments. The phenol/dimethylphenol assays are desirable in

this application because they require no pre-treatment, use

a small sample volume, and have fast processing times

which facilitate their use in routine measurements. The

limitation of the phenol assays to sugar-based detergents is

mitigated because *57 % of successful crystallizations

have used this class of detergents (Membrane Protein

Databank or MPDB––http://www.mpdb.tcd.ie).

Conclusions

Detergent content is a critical component of membrane

protein samples that cannot be ignored during in vitro

studies. Over the past decade, multiple methodologies for

measuring the detergent content of membrane protein

samples have been developed, each with their own

advantages and disadvantages. The colorimetric methods

are quick and simple, but are limited in application to

specific classes of detergents. By contrast, more general

techniques such as FTIR spectroscopy, TLC, and contact

angle measurement are compatible with a wide range of

detergents. Some of the methods presented in this review

have been cross-validated to confirm their accuracy and

precision. TLC provides good accuracy and precision when

compared directly with the phenol assay (Eriks et al. 2003).

The accuracy of the phenol assay and the contact angles

technique have also been confirmed by direct comparison

to measurements of radioactive n-dodecyl-b-D-maltoside

(Urbani and Warne 2005; Kaufmann et al. 2006).

All the techniques presented here have excellent

sensitivity and are able to detect the micrograms of

detergent present in a small-volume membrane protein

sample (Tables 1, 3). In order to use techniques with

nanogram sensitivities, samples may need to be diluted

before analysis. Unfortunately, the most sensitive tech-

niques, radioactivity and gas chromatography, are often

not the most practical for routine measurements. Ulti-

mately, the choice of technique to use will be dependent

on the needs of the experiment and many of these

techniques could be incorporated into a high-throughput

crystallization pipeline. Understandably, controlling

detergent content alone is not sufficient to ensure growth

of diffraction quality crystals for all proteins, and further

adjustments to the PDC such as the addition of lipids

may be required (Zhang et al. 2003). However, it should

be emphasized that detergent concentration in the final

crystallization sample is an important parameter for

during membrane protein crystallization and monitoring

this variable can improve the reproducibility of crystal-

lization experiments.
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performance thin layer chromatography-based assay of deter-

gents and surfactants commonly used in membrane protein

studies. J Chromatogr A 1281:135–141. doi:10.1016/j.chroma.

2013.01.061

Beebe ET, Makino S-I, Nozawa A et al (2011) Robotic large-scale

application of wheat cell-free translation to structural studies

including membrane proteins. New Biotechnol 28:239–249.

doi:10.1016/j.nbt.2010.07.003

1300 C. C. Prince, Z. Jia

123

http://www.mpdb.tcd.ie
http://dx.doi.org/10.1016/j.jcis.2009.08.045
http://dx.doi.org/10.1016/j.jcis.2009.08.045
http://dx.doi.org/10.1016/j.str.2008.02.004
http://dx.doi.org/10.1016/j.drudis.2009.08.006
http://dx.doi.org/10.1016/j.drudis.2009.08.006
http://dx.doi.org/10.1002/0471140864.ps0408s53
http://dx.doi.org/10.1002/0471140864.ps0408s53
http://dx.doi.org/10.1016/j.chroma.2013.01.061
http://dx.doi.org/10.1016/j.chroma.2013.01.061
http://dx.doi.org/10.1016/j.nbt.2010.07.003


Ben-Shem A, Nelson N, Frolow F (2003) Crystallization and initial

X-ray diffraction studies of higher plantphotosystem I. Acta

Crystallogr D 59:1824–1827. doi:10.1107/S0907444903016056

Chae PS, Wander MJ, Bowling AP et al (2008) Glycotripod

amphiphiles for solubilization and stabilization of a membrane-

protein super assembly: importance of branching in the hydro-

philic portion. Chem Bio Chem 9:1706–1709. doi:10.1002/cbic.

200800169

Chae P, Rasmussen S, Rana R et al (2010a) Maltose-neopentyl glycol

(MNG) amphiphiles for solubilization, stabilization and crystal-

lization of membrane proteins. Nat Meth 7:1003–1008. doi:10.

1038/nMeth.1526

Chae PS, Laible PD, Gellman SH (2010b) Tripod amphiphiles for

membrane protein manipulation. Mol Bio Sys 6:89. doi:10.1039/

b915162c

Chae PS, Rana RR, Gotfryd K et al (2013a) Glucose-neopentyl glycol

(GNG) amphiphiles for membrane protein study. Chem Comm

49:2287–2289. doi:10.1039/c2cc36844g

Chae PS, Wander MJ, Cho KH et al (2013b) Carbohydrate-containing

Triton X-100 analogues for membrane protein solubilization and

stabilization. Mol Bio Sys 9:626–629. doi:10.1039/c3mb25584k

Chattopadhyay A, London E (1984) Fluorimetric determination of

critical micelle concentration avoiding interference from deter-

gent charge 412:408–412

Cross TA, Sharma M, Yi M, Zhou H-X (2011) Influence of

solubilizing environments on membrane protein structures. Tren

Biochem Sci 36:117–125. doi:10.1016/j.tibs.2010.07.005

DaCosta CJB, Baenziger JE (2002) A rapid method for assessing

lipid:protein and detergent:protein ratios in membrane-protein

crystallization. Acta Crystallogr D 59:77–83. doi:10.1107/

S0907444902019236

Dubois M, Gilles KA, Hamilton JK et al (1956) Colorimetric method

for determination of sugars and related substances. Anal Chem

28:350–356. doi:10.1021/ac60111a017

Eriks LR, Mayor JA, Kaplan RS (2003) A strategy for identification

and quantification of detergents frequently used in the purifica-

tion of membrane proteins. Anal Biochem 323:234–241. doi:10.

1016/j.ab.2003.09.002

Fan J, Heng J, Dai S et al (2011) An efficient strategy for high

throughput screening of recombinant integral membrane protein

expression and stability. Prot Exp Purif 78:6–13. doi:10.1016/j.

pep.2011.02.010

Gan SW, Vararattanavech A, Nordin N et al (2011) A cost-effective

method for simultaneous homo-oligomeric size determination

and monodispersity conditions for membrane proteins. Anal

Biochem 416:100–106. doi:10.1016/j.ab.2011.05.007

Garavito RM, Picot D, Loll PJ, Daniel P (1996) Strategies for

crystallizing membrane proteins. J Bioen Biomemb 28:13–27

Gorzelle BM, Hoffman AK, Keyes MH et al (2002) Amphipols can

support the activity of a membrane enzyme. J Am Chem Soc

124:11594–11595

Gutmann DAP, Mizohata E, Newstead S et al (2007) A high-

throughput method for membrane protein solubility screening:

the ultracentrifugation dispersity sedimentation assay. Prot Sci

16:1422–1428. doi:10.1110/ps.072759907.1422

Handloser D, Widmer V, Reich E (2008) Separation of phospholipids

by HPTLC: an investigation of important parameters. J Liq

Chromatogr RT 31:1857–1870. doi:10.1080/1082607080218

8940

Hannam C, Lange G, Mellors A (1998) Synthesis of a radiolabeled

zwitterionic detergent and its use in protein purification. Anal

Biochem 258:246–250

Hattori M, Hibbs RE, Gouaux E (2012) A fluorescence-detection size-

exclusion chromatography-based thermostability assay for mem-

brane protein pre-crystallization screening. Structure 20:

1293–1299. doi:10.1016/j.str.2012.06.009

Hildebrand A, Garidel P, Neubert R, Blume A (2004) Thermody-

namics of demicellization of mixed micelles composed of

sodium oleate and bile salts. Langmuir 20:320–328

Hitscherich C, Kaplan J, Allaman M et al (2000) Static light

scattering studies of OmpF porin: implications for integral

membrane protein crystallization. Prot Sci 9:1559–1566. doi:10.

1110/ps.9.8.1559

Hitscherich C, Aseyev V, Wiencek J, Loll PJ (2001) Effects of PEG

on detergent micelles: implications for the crystallization of

integral membrane proteins. Acta Crystallogr D 57:1020–1029.

doi:10.1107/S0907444901006242

Hong W-X, Baker KA, Ma X et al (2010) Design, synthesis, and

properties of branch-chained maltoside detergents for stabiliza-

tion and crystallization of integral membrane proteins: human

connexin 26. Langmuir 26:8690–8696. doi:10.1021/la904893d

Ikeda S, Tsunoda M, Maeda H (1978) The application of the gibbs

adsorption isotherm to aqueous solutions of a nonionic-cationic

surfactant. J Coll Int Sci 67:336–348

Jackson M, Mantsch HH (1995) The use and misuse of FTIR

spectroscopy in the determination of protein structure. Crit Rev

Biochem Mol 30:95–120. doi:10.3109/10409239509085140

Josse D, Ebel C, Stroebel D et al (2002) Oligomeric states of the

detergent-solubilized human serum paraoxonase (PON1). J Biol

Chem 277:33386–33397. doi:10.1074/jbc.M200108200

Jumpertz T, Tschapek B, Infed N et al (2011) High-throughput

evaluation of the critical micelle concentration of detergents.

Anal Biochem 408:64–70. doi:10.1016/j.ab.2010.09.011

Kaufmann TC, Engel A, Rémigy H-W (2006) A novel method for

detergent concentration determination. Biophys J 90:310–317.

doi:10.1529/biophysj.105.070193

Kellosalo J, Kajander T, Honkanen R, Goldman A (2013) Crystal-

lization and preliminary X-ray analysis of membrane-bound

pyrophosphatases. Mol Membr Biol 30:64–74. doi:10.3109/

09687688.2012.712162

Koutsopoulos S, Kaiser L, Eriksson HM, Zhang S (2012) Designer

peptide surfactants stabilize diverse functional membrane pro-

teins. Chem Soc Rev 41:1721–1728. doi:10.1039/c1cs15180k

Krogh A, Larsson B, von Heijne G, Sonnhammer E (2001) Predicting

transmembrane protein topology with a hidden Markov model:

application to complete genomes. J Mol Biol 305:567–580.

doi:10.1006/jmbi2000.4315

Kunji ERS, Harding M, Butler PJG, Akamine P (2008) Determination

of the molecular mass and dimensions of membrane proteins by

size exclusion chromatography. Methods 46:62–72. doi:10.1016/

j.ymeth.2008.10.020

Lau FW, Bowie JU (1997) A method for assessing the stability of a

membrane protein. Biochemistry 36:5884–5892. doi:10.1021/

bi963095j

Le Maire M, Kwee S, Andersen JP, Møller JV (1983) Mode of

interaction of polyoxyethyleneglycol detergents with membrane

proteins. Eur J Biochem 129:525–532

Lee SC, Bennett BC, Hong W-X et al (2013) Steroid-based facial

amphiphiles for stabilization and crystallization of membrane

proteins. Proc Natl Acad Sci USA 110:E1203–E1211. doi:10.

1073/pnas.1221442110

Lemieux MJ, Reithmeier RAF, Wang D-N (2002) Importance of

detergent and phospholipid in the crystallization of the human

erythrocyte anion-exchanger membrane domain. J Str Biol

137:322–332

Lemieux J, Song J, Kim M et al (2003) Three-dimensional

crystallization of the Escherichia coli glycerol-3-phosphate

transporter: a member of the major facilitator superfamily. Prot

Sci 12:2748–2756. doi:10.1110/ps.03276603.carbon

Mallya HMM, Pattabiraman TNN (1997) Effect of acid concentration

on chromogen formation from hexoses in sulfuric acid-based

reactions. Anal Biochem 301:299–301

Detergent quantification in membrane protein samples 1301

123

http://dx.doi.org/10.1107/S0907444903016056
http://dx.doi.org/10.1002/cbic.200800169
http://dx.doi.org/10.1002/cbic.200800169
http://dx.doi.org/10.1038/nMeth.1526
http://dx.doi.org/10.1038/nMeth.1526
http://dx.doi.org/10.1039/b915162c
http://dx.doi.org/10.1039/b915162c
http://dx.doi.org/10.1039/c2cc36844g
http://dx.doi.org/10.1039/c3mb25584k
http://dx.doi.org/10.1016/j.tibs.2010.07.005
http://dx.doi.org/10.1107/S0907444902019236
http://dx.doi.org/10.1107/S0907444902019236
http://dx.doi.org/10.1021/ac60111a017
http://dx.doi.org/10.1016/j.ab.2003.09.002
http://dx.doi.org/10.1016/j.ab.2003.09.002
http://dx.doi.org/10.1016/j.pep.2011.02.010
http://dx.doi.org/10.1016/j.pep.2011.02.010
http://dx.doi.org/10.1016/j.ab.2011.05.007
http://dx.doi.org/10.1110/ps.072759907.1422
http://dx.doi.org/10.1080/10826070802188940
http://dx.doi.org/10.1080/10826070802188940
http://dx.doi.org/10.1016/j.str.2012.06.009
http://dx.doi.org/10.1110/ps.9.8.1559
http://dx.doi.org/10.1110/ps.9.8.1559
http://dx.doi.org/10.1107/S0907444901006242
http://dx.doi.org/10.1021/la904893d
http://dx.doi.org/10.3109/10409239509085140
http://dx.doi.org/10.1074/jbc.M200108200
http://dx.doi.org/10.1016/j.ab.2010.09.011
http://dx.doi.org/10.1529/biophysj.105.070193
http://dx.doi.org/10.3109/09687688.2012.712162
http://dx.doi.org/10.3109/09687688.2012.712162
http://dx.doi.org/10.1039/c1cs15180k
http://dx.doi.org/10.1006/jmbi2000.4315
http://dx.doi.org/10.1016/j.ymeth.2008.10.020
http://dx.doi.org/10.1016/j.ymeth.2008.10.020
http://dx.doi.org/10.1021/bi963095j
http://dx.doi.org/10.1021/bi963095j
http://dx.doi.org/10.1073/pnas.1221442110
http://dx.doi.org/10.1073/pnas.1221442110
http://dx.doi.org/10.1110/ps.03276603.carbon


Marone PA, Thiyagarajan P, Wagner AM, Tiede DM (1999) Effect of

detergent alkyl chain length on crystallization of a detergent-

solubilized membrane protein: correlation of protein detergent

particle size and particle–particle interaction with crystallization

of the photosynthetic reaction center from R. J Crys Grow

207:214–225

Maslennikov I, Kefala G, Johnson C et al (2007) NMR spectroscopic

and analytical ultracentrifuge analysis of membrane protein

detergent complexes. BMC Str Biol 7:74. doi:10.1186/1472-

6807-7-74

McGregor C-L, Chen L, Pomroy NC et al (2003) Lipopeptide

detergents designed for the structural study of membrane

proteins. Nat Biotechnol 21:171–176. doi:10.1038/nbt776

McQuade DT, Quinn MA, Yu SM et al (2000) Rigid amphiphiles for

membrane protein manipulation. Angew Chem Int Ed 39:

758–761

Molina-Bolivar JA, Aguiar J, Peula-Garcia JM, Ruiz CC (2004)

Surface activity, micelle formation, and growth of n-Octyl-beta-

D-Thioglucopyranoside in aqueous solutions at different temper-

atures. J Phys Chem B 108:12813–12820

Møller JV, le Maire M (1993) Detergent binding as a measure of

hydrophobic surface area of integral membrane proteins. J Biol

Chem 268:18659–18672

Nath A, Atkins WM, Sligar SG (2007) Current topics applications of

phospholipid bilayer nano-discs in the study of membranes and

membrane proteins �. Biochemistry 46:2059–2069

Newstead S, Ferrandon S, Iwata S (2008) Rationalizing alpha-helical

membrane protein crystallization. Prot Sci 17:466–472. doi:10.

1110/ps.073263108.466

Pispas S (2006) Soluble complexes of sodium poly(isoprene-b-

methacrylate) micelles with cationic surfactants in aqueous

media. J Phys Chem B 110:2649–2655. doi:10.1021/jp056008i

Postis VLG, Deacon SE, Roach PCJ et al (2008) A high-throughput

assay of membrane protein stability. Mol Membr Biol 25:

617–624. doi:10.1080/09687680802530469

Prince C, Jia Z (2012) Measurement of detergent concentration using

2,6-dimethylphenol in membrane-protein crystallization. Acta

crystallogr D 68:1694–1696. doi:10.1107/S0907444912040176

Prive GG (2007) Detergents for the stabilization and crystallization of

membrane proteins. Methods 41:388–397. doi:10.1016/j.ymeth.

2007.01.007

Ruiz CC, Molina-Bolı́var JA (2011) Characterization of mixed non-

ionic surfactants n-octyl-b-D-thioglucoside and octaethylene-

glycol monododecyl ether: micellization and microstructure.

J Coll Int Sci 361:178–185. doi:10.1016/j.jcis.2011.05.019

Salvay AG, Santamaria M, Maire M, Ebel C (2007) Analytical

ultracentrifugation sedimentation velocity for the characteriza-

tion of detergent-solubilized membrane proteins Ca??-ATPase

and ExbB. J Biol Phys 33:399–419. doi:10.1007/s10867-008-

9058-3

Sanders CR, Kuhn Hoffmann A, Gray DN et al (2004) French

swimwear for membrane proteins. Chem Bio Chem 5:423–426.

doi:10.1002/cbic.200300830

Seddon AM, Curnow P, Booth PJ (2004) Membrane proteins, lipids

and detergents: not just a soap opera. Biochim Biophys Acta

1666:105–117. doi:10.1016/j.bbamem.2004.04.011

Shi C, Shao W, Xiong Y, Tian C (2008) A gas chromatographic

method for quantification of detergents frequently used in

membrane protein structural studies. Anal Biochem

383:326–328. doi:10.1016/j.ab.2008.08.028

Shi C, Han F, Xiong Y, Tian C (2009) A gas chromatography-mass

spectrometry method to monitor detergents removal from a

membrane protein sample. Prot Exp Purif 68:221–225. doi:10.

1016/j.pep.2009.07.012

Slotboom DJ, Duurkens RH, Olieman K, Erkens GB (2008) Static

light scattering to characterize membrane proteins in detergent

solution. Methods 46:73–82. doi:10.1016/j.ymeth.2008.06.012

Sonoda Y, Cameron A, Newstead S et al (2010) Tricks of the trade

used to accelerate high-resolution structure determination of

membrane proteins. FEBS Lett 584:2539–2547. doi:10.1016/j.

febslet.2010.04.015

Strop P, Brunger AT (2005) Refractive index-based determination of

detergent concentration and its application to the study of

membrane proteins. Prot Sci 14:2207–2211. doi:10.1110/ps.

051543805.requires

Tao H, Fu Y, Thompson A et al (2012) Synthesis and properties of

dodecyl trehaloside detergents for membrane protein studies.

Langmuir 28:11173–11181. doi:10.1021/la3020404

Tribet C, Audebert R, Popot J (1996) Amphipols: polymers that keep

membrane proteins soluble in aqueous solutions. Proc Natl Acad

Sci USA 93:15047–15050

Tulumello DV, Deber CM (2012) Efficiency of detergents at

maintaining membrane protein structures in their biologically

relevant forms. Biochim Biophys Acta 1818:1351–1358. doi:10.

1016/j.bbamem.2012.01.013

Urbani A, Warne T (2005) A colorimetric determination for

glycosidic and bile salt-based detergents: applications in mem-

brane protein research. Anal Biochem 336:117–124. doi:10.

1016/j.ab.2004.09.040

Wiener MC (2004) A pedestrian guide to membrane protein

crystallization. Methods 34:364–372. doi:10.1016/j.ymeth.

2004.03.025

Zhang H, Kurisu G, Smith JL, Cramer WA (2003) A defined protein-

detergent-lipid complex for crystallization of integral membrane

proteins: the cytochrome b6f complex of oxygenic photosynthe-

sis. Proc Natl Acad Sci USA 100:5160–5163. doi:10.1073/pnas.

0931431100

Zhang Q, Tao H, Hong W-X (2011) New amphiphiles for membrane

protein structural biology. Methods 55:318–323. doi:10.1016/j.

ymeth.2011.09.015

1302 C. C. Prince, Z. Jia

123

http://dx.doi.org/10.1186/1472-6807-7-74
http://dx.doi.org/10.1186/1472-6807-7-74
http://dx.doi.org/10.1038/nbt776
http://dx.doi.org/10.1110/ps.073263108.466
http://dx.doi.org/10.1110/ps.073263108.466
http://dx.doi.org/10.1021/jp056008i
http://dx.doi.org/10.1080/09687680802530469
http://dx.doi.org/10.1107/S0907444912040176
http://dx.doi.org/10.1016/j.ymeth.2007.01.007
http://dx.doi.org/10.1016/j.ymeth.2007.01.007
http://dx.doi.org/10.1016/j.jcis.2011.05.019
http://dx.doi.org/10.1007/s10867-008-9058-3
http://dx.doi.org/10.1007/s10867-008-9058-3
http://dx.doi.org/10.1002/cbic.200300830
http://dx.doi.org/10.1016/j.bbamem.2004.04.011
http://dx.doi.org/10.1016/j.ab.2008.08.028
http://dx.doi.org/10.1016/j.pep.2009.07.012
http://dx.doi.org/10.1016/j.pep.2009.07.012
http://dx.doi.org/10.1016/j.ymeth.2008.06.012
http://dx.doi.org/10.1016/j.febslet.2010.04.015
http://dx.doi.org/10.1016/j.febslet.2010.04.015
http://dx.doi.org/10.1110/ps.051543805.requires
http://dx.doi.org/10.1110/ps.051543805.requires
http://dx.doi.org/10.1021/la3020404
http://dx.doi.org/10.1016/j.bbamem.2012.01.013
http://dx.doi.org/10.1016/j.bbamem.2012.01.013
http://dx.doi.org/10.1016/j.ab.2004.09.040
http://dx.doi.org/10.1016/j.ab.2004.09.040
http://dx.doi.org/10.1016/j.ymeth.2004.03.025
http://dx.doi.org/10.1016/j.ymeth.2004.03.025
http://dx.doi.org/10.1073/pnas.0931431100
http://dx.doi.org/10.1073/pnas.0931431100
http://dx.doi.org/10.1016/j.ymeth.2011.09.015
http://dx.doi.org/10.1016/j.ymeth.2011.09.015

	Detergent quantification in membrane protein samples and its application to crystallization experiments
	Abstract
	Introduction
	Selection of a detergent for membrane protein research
	Selection of a detergent for membrane protein crystallization
	How much detergent?
	Quantifying detergent in membrane protein samples
	Specific colorimetric reactions
	Molybdate assay for total phosphate
	Phenol/sulfuric acid assay for sugar content
	Assay of bile salt with sulfuric acid
	Methylene blue/chloroform for the detection of SDS

	General detergent quantification techniques
	Radiolabeled detergents
	FTIR spectroscopy
	Thin layer chromatography (TLC)
	Refractive index measurement
	Contact angle measurement
	Nuclear magnetic resonance
	Gas chromatography


	Application of detergent quantitation techniques in crystallography
	Conclusions
	Acknowledgments
	References


