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Refolding of a membrane protein in a microfluidics reactor
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Abstract Membrane protein production for structural

studies is often hindered by the formation of non-

specific aggregates from which the protein has to be

denatured and then refolded to a functional state. We

developed a new approach, which uses microfluidics

channels, to refold protein correctly in quantities suf-

ficient for structural studies. Green fluorescent protein

(GFP), a soluble protein, and bacteriorhodopsin (BR),

a transmembrane protein, were used to demonstrate

the efficiency of the process. Urea-denatured GFP

refolded as the urea diffused away from the protein,

forming in the channel a uniform fluorescent band when

observed by confocal microscopy. Sodium dodecyl

sulphate-denatured BR refolded within the channel

on mixing with detergent–lipid mixed micelles. The

refolding, monitored by absorbance spectroscopy, was

found to be flow rate dependent. This potential of

microfluidic reactors for screening protein-folding con-

ditions and producing protein would be particularly

amenable for high-throughput applications required in

structural genomics.
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Abbreviations
BR Bacteriorhodopsin

CHAPS 3-[(3-Cholamidopropyl)dimethylammonio]-

1-propanesulphonate

DMPC Dimyristoyl-phosphatidylcholine

DTT Dithiothreitol

EDTA Ethylenediaminetetraacetate

GFP Green fluorescent protein

GST Glutathione S-transferase

SDS Sodium dodecyl sulphate

UV Ultraviolet

Introduction

The structural study of membrane proteins constitutes

an important and difficult area of cellular and molecular

biophysics — important, because membrane proteins

represent 30–40% of the proteins encoded in the human

genome and 70% of current drug targets — difficult,

because membrane protein purification, solubilisation

by detergents or lipids, reassembly and crystallisation

remain massive challenges in biochemistry. Currently,
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the protein structure data bank contains over 30,000

structures, of which fewer than 200 are for membrane

proteins (Raman et al. 2006). Recently, the application

of high-throughput methods to purification, crystallisa-

tion and structural determination has accelerated

significantly the rate of structural determination for

soluble proteins. Because of the inherent difficulties

mentioned above, structural genomic projects of mem-

brane proteins lag far behind. A substantial effort is

invested in the development of reproducible methods

for crystal growth, not only from detergent solution,

but also from more physiological lipid environments.

This is illustrated by the remarkable work on the

archaeal rhodopsins, including the first complex of two

membrane proteins: sensory rhodopsin II and trans-

ducer II that mediate phototaxis in Natronobacterium

pharaonis (Gordeliy et al. 2002). In parallel with crys-

tallisation efforts for X-ray studies, membrane protein

as well as relevant lipid structures are being investigated

by a wide range of biophysical methods including X-ray

and neutron solution scattering (Gabel et al. 2002),

solid-state NMR (Watts 2005), electron microscopy

(Subramaniam et al. 2002), atomic force microscopy

(Engel and Muller 2000) and Fourier transform infrared

spectroscopy (Nyquist et al. 2004). A biochemically

well-purified and well-characterised preparation of the

membrane protein, however, is an essential prerequisite

for all these studies as well as, in the case of diffraction

methods and NMR, milligram amounts of sample

material.

Obtaining the correctly folded native state continues

to pose an important technical challenge during the

production of recombinant proteins. Escherichia coli is

the oldest of the expression systems used for the pro-

duction of recombinant proteins and it remains very

popular as it is well understood, easy to use, relatively

cheap, quick to use and offers the possibility of isotope

labelling. A limitation of E. coli recombinant protein

production is that most eukaryotic proteins form in-

soluble aggregates or inclusion bodies. In structural

genomics efforts targeted at non-membrane proteins

from the Methanobacterium thermoautotrophicum

genome, approximately 40% of expressed proteins did

not form soluble protein but accumulated as an insol-

uble aggregate (Christendat et al. 2000). Similarly for

human gene constructs expressed in E. coli, it is esti-

mated that only 15–20% form soluble protein, 20–40%

form inclusion bodies with the remainder being poorly

expressed or degraded (Tresaugues et al. 2004). Strong

denaturants (like urea and guanidine-HCl) or deter-

gents [like sodium dodecyl sulphate (SDS)] are re-

quired to solubilise the protein in inclusion bodies;

most of its structure is lost during this process; and the

protein needs to be folded into its native configuration.

This procedure has been successful not only for soluble

proteins, but also for several integral membrane pro-

teins (Booth 2003).

To meet the requirements of structural genomics

projects, a folding technique has to be broadly appli-

cable to a wide range of proteins. Folding of proteins in

the laboratory is not a straightforward process, often

requiring extensive trial-and-error experimentation

(Stevens 2000), making essential a high-throughput

screening procedure. Automated refolding by rapid

dilution has been attempted with some success using a

multiwell plate format with chemical panels generated

using a fractional factorial approach (Armstrong et al.

1999; Scheich et al. 2004). However, attempts to

scale up the process to produce sufficient material for

structural studies have often been unsuccessful. An

alternative approach is to scale the process down to a

millilitre-sized reactor, where folding takes place

within a capillary or microfluidic channel. Previous

microfluidic devices developed for proteins were

designed to study the initial refolding events (ls–ms)

by rapidly mixing a denatured protein solution and

a refolding buffer through either turbulent flow

(Akiyama et al. 2000; Shastry et al. 1998; Sudarsan and

Ugaz 2006) or through diffusion (Hertzog et al. 2004);

neither devices were, however, optimised for continu-

ous protein production nor described for refolding

integral membrane proteins.

The basis of the microfluidics device detailed in this

paper is to produce protein by slowly mixing through

diffusion a denatured protein solution and a refolding

buffer flowing parallel to each other (in a laminar

manner) through a capillary. This approach can be

moreover automated and offers a generic method to

screen refolding conditions and subsequently refold

protein in quantities sufficient for structural studies.

Green fluorescent protein (GFP), a soluble protein,

and bacteriorhodopsin (BR), a transmembrane pro-

tein, were used to develop and illustrate folding within

microfluidic channels. Both proteins have spectral

properties that make their effective refolding easy to

demonstrate and follow.

Green fluorescent protein, from the jellyfish Aequo-

rea victoria, is a single domain soluble protein of 238

amino acids, which generates its own fluorophore in an

autocatalytic fashion. Upon excitation at 395 or 475 nm,

wild-type GFP emits green light with an emission

maximum around 508 nm (Morise et al. 1974). The

protein adopts an 11-stranded b-barrel structure. The

fluorophore spans the inner portion of the cylinder,

isolated from the bulk solvent (Cody et al. 1993). Since

it only forms after protein folding, its fluorescence can
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be monitored as a criterion for GFP folding correctly.

Indeed, GFP, denatured either by acid (Enoki et al.

2004), urea (Reid and Flynn 1997) or guanidine (Fuk-

uda et al. 2000), has been successfully refolded by

dilution into appropriate refolding buffers. The fluo-

rescent characteristics of GFP have moreover been used

as indicators for correct refolding of a target protein,

engineered with a fusion GFP tag (Waldo et al. 1999).

Bacteriorhodopsin is an integral membrane protein

that acts as a light-driven proton pump and is the sole

protein component of the purple membrane of the

archeabacterium, Halobacterium salinarium. BR is a

single polypeptide that folds to a seven-helix trans-

membrane structure and binds a retinal chromophore

(Haupts et al. 1999). Time-resolved changes in the ret-

inal absorption band has enabled the kinetics of BR

folding to be studied. The absorption spectrum of the

bound chromophore is significantly different from that

of free retinal (absorbance peak at 550–560 nm, instead

of 380 nm) and can serve as an easily measurable indi-

cator for the active protein. BR has been refolded in

vitro in a variety of detergent and lipid systems

(reviewed in Seddon et al. 2004). As with other trans-

membrane proteins (Baneres et al. 2003), the recovery

yields were strongly affected by the concentrations and

types of lipids and detergents used in the refolding

process.

Experimental

Microfluidic device fabrication

Glass wafers (Soham Scientific, Ely, UK) were cleaned

using a piranha solution [3:1 mixture of concentrated

sulphuric acid (H2SO4) with hydrogen peroxide

(H2O2)]. The wafers were then blow-dried using a

clean nitrogen supply after being rinsed several times

in Milli-Q water to remove any residual impurities.

A microchannel design, as detailed in Fig. 1, was

fabricated on the cleaned wafers using standard

photolithographic techniques (Geppert 1996; Jeong

et al. 1994; Levenson 1995; Okazaki 1991). A technical

drawing software package was used to create a scaled

black-and-white artwork of the microchannel design,

which was then transferred onto a high-resolution

photographic negative using standard photography

techniques. Thin films of approximately 250 lm

Microchem SU82100 photoresist (Microchem, Newton,

MA, USA) were coated over the glass wafers using a

Karl Suss Delta 10 spin coater (Karl Suss, Germany)

and were pre-baked at 65�C for 12 min and 95�C for

60 min. The photographic negative was used to project

an ultraviolet (UV) light source (340 nm) from a mask

aligner (Karl Suss MJB3) onto the substrates coated

with the film of photoresist. The exposed films of

photoresist were then post-baked at 65�C for 1 min and

95�C for 21 min before being developed using an EC

Solvent developer solution (Microchem, Newton, MA,

USA) to reveal the desired photoresist pattern. After

the developing process, the substrates were washed

with Milli-Q water thoroughly before being blow-dried

in a clean supply of nitrogen. Prior to sealing the micro-

channels using a thermal plastic, holes were drilled into

the glass to create an inlet and outlet for the device and

the glass tubing was glued in place.

The flow cell used to refold urea-denatured GFP

was 6 cm long and 250 lm high, the main channel was

500 lm wide, the channels leading from ports A and B

Fig. 1 Confocal images of microfluidic channels where reassem-
bly of urea-denatured GFP is occurring. a Schematic diagram of
a channel layout as seen from the top and side. b Presence of
correctly assembled GFP, approximately 1 cm down the micro-
fluidic channel, showing the presence of correctly assembled

GFP viewed by confocal microscopy. The denatured GFP was
added through port C and the refolding solution through port A;
ports B and D were blocked off. The channel’s edges are
indicated in red
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were 250 lm wide and the ports leading from ports

C and D were 100 lm wide (Fig. 1a). Reagents were

delivered under laminar flow conditions using a syringe

pump delivering 5 ll min–1 refolding buffer and

1 ll min–1 denatured GFP. Fluorescence was observed

using a Leica TCS-NT-UV confocal laser-scanning

microscope.

Capillary device assembly

The capillary reactor for refolding BR was constructed

using 0.8 mm I.D. PEEK tubing (Sigma Aldrich, Poole,

UK) connected using a Y-piece constructed from Per-

spex, designed to minimise dead space. An Amersham

UPC-900 in-line monitor, set to measure absorption at

280, 400 and 550 nm, was used to monitor BR folding. It

was fitted 11 cm downstream of the Y-piece, giving a

total reactor volume of 55.3 ll. Pumping was by a syr-

inge pump, delivering equal flows of refolding buffer

and of denatured protein solution into the reactor.

Expression, purification, denaturation and refolding

of GFP

Recombinant GFP was expressed as glutathione

S-transferase (GST) fusion protein (vector pGEX-5X-

1, Pharmacia) in the BL21 strain of E. coli. In the case

of acid denaturation, the GST-fusion GFP was purified

using glutathione Sepharose (Amersham) with 10 mM

of reduced glutathione and denatured by diluting in

an equivalent volume of buffer AD [29 mM Tris,

147 mM NaCl, 0.74 M L-arginine, 0.74 mM ethylene-

diaminetetraacetate (EDTA), 1.47 M HCl]. For

urea-denaturation, GFP was directly cleaved from the

glutathione Sepharose column with factor Xa in buffer

UC (20 mM Tris pH 7.3, 200 mM NaCl, 5 mM CaCl2).

An equal volume of this GFP solution was added to

buffer UD [8 M urea, 20 mM Tris pH 8.14, 10 mM

EDTA, 200 mM NaCl, 10 mM dithiothreitol (DTT)]

and heated at 95�C for 5 min (final protein concentra-

tion 0.16 mg ml–1). In each case, the subsequent lack of

fluorescence confirmed that the protein was denatured.

The acid-denatured GFP was subsequently refolded

by mixing with an equal volume of buffer AR (765 mM

Tris pH 8.0, 147 mM NaCl, 0.74 M L-arginine,

0.74 mM EDTA). The urea-denatured GFP was re-

folded by mixing with 5 volumes of buffer UR (20 mM

Tris pH 7.4, 200 mM NaCl, 10 mM DTT).

Purification, denaturation, and refolding of BR

Wild-type BR was prepared from purple membrane of

H. salinarium and denatured in SDS, as previously

described by Oesterhelt and Stoeckenius (1974) and

Booth et al. (1996). The protein was at first delipidated

by adding 1 ml of purified purple membrane to 30 ml

of buffer B [chloroform/methanol/triethylamine (100/

100/1)] and centrifuged at 8,000 rpm for 20 min. After

discarding the supernatant, this process was repeated

twice. After a final centrifugation of 8,000 rpm for 1 h,

the supernatant was again discarded and the pellet was

left to air-dry. The pellet was then resuspended in 2 ml

of 1% SDS and the absorption spectrum measured

confirmed that the retinal had been fully dissociated

from the protein. The final protein concentration was

0.1 mg ml–1. BR was then refolded by mixing with an

equal volume of buffer LR [20 mM Tris pH 7.4,

250 mM NaCl, 2% dimyristoyl-phosphatidylcholine

(DMPC), 2% 3-[(3-cholamidopropyl)dimethylammo-

nio]-1-propanesulphonate (CHAPS), 2.5 mM retinal,

sonicated for 1 h]. The extinction coefficient for un-

folded BR in SDS was 66,000 cm–1 M–1 at 280 nm. The

concentration of refolded BR was determined using an

extinction coefficient of 52,000 cm–1 M–1 at 551 nm

(Greenhalgh et al. 1993).

Background

Microfluidics is the term used to describe flow in de-

vices capable of handling volumes of fluid in the range

of nano- to microlitres. Mixing (or lack thereof) is of-

ten crucial to the effective functioning of these devices.

Much research has focused on enabling rapid mixing

through turbulence (Nguyen and Wu 2005). However,

it is also possible to produce stable laminar flows: at

sufficiently low flow rates, two initially segregated

streams would co-flow side by side, and the mixing

would occur by molecular diffusion alone. The time for

a particle to diffuse across the full width of a micro-

fluidics channel, which we define as mixing time scale of

the particle, would therefore provide a good estimate

of the time required for complete mixing to occur.

It was shown by Albert Einstein that for the diffu-

sion of a particle, the mean square displacement in a

particular direction, x2
� �

is proportional to time t

(Einstein 1905),

x2
� �

¼ 2D � t ð1Þ

where D, the particle’s diffusion coefficient, is of the

order of 10–7 cm2 s–1 for proteins like GFP [0.5–

8.7 · 10–7 cm2 s–1 (Dayel et al. 1999)], 6.0 · 10–7

cm2 s–1 for DMPC/CHAPS micelles (Andersson and

Maler 2005) and of the order of 10–5 cm2 s–1 for small

molecules like urea [1.4 · 10–5 cm2 s–1 (Gosting and
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Akeley 1952)] and SDS [0.06–0.5 · 10–5 cm2 s–1 (Orfi

et al. 1998)].

Protein refolding is often initiated by the removal of

the much smaller denaturant, the much slower diffu-

sion rate of the protein can be disregarded and we need

to focus only on the diffusion of the smaller molecules.

The mixing time scale, tD, would therefore be equal to

a2/2D, where a is the width of the channel. Assuming a

diffusion coefficient of the order of 10–5 cm2 s–1 for

small molecules (both denaturing and renaturing) and

a typical channel width of 0.5 mm, we obtain mixing

time scales tD ~ 125 s.

Mixing during integral membrane protein refolding

in lipid–detergent micelles is more complex, as the

individual diffusion coefficients for both lipid and

detergents (CHAPS and SDS) would be directly

affected by their individual concentrations, as well

as by the composition of the renaturation buffer.

A simple mechanism of bidirectional diffusion of

protein and of DMPC/CHAPS micelles across the

channel width would nevertheless result in mixing

under 10 min.

Residence times of 10 min or more within the mi-

crofluidics device would therefore provide sufficient

time for the protein to transfer from a denaturing

solution to the refolding buffer. This duration is much

slower than refolding protein by dilution, but much

faster than times typically involved in refolding by

dialysis. In the latter case, small solutes would require

approximately 14 h to fully diffuse out of a bag of 1 cm

radius.

Results and discussion

Refolding of urea-denatured GFP

Green fluorescent protein was denatured using 8 M

urea at 95�C for 5 min, which eliminated its fluores-

cence. Larger-scale refolding in a cuvette indicated

that most fluorescence was recovered after 10–15 min,

suggesting that similar residence times in the micro-

fluidic channel would be required. Refolding was sub-

sequently achieved within a glass-enclosed microfluidic

channel, where the correctly assembled GFP could

be observed with the aid of a confocal microscope

(Fig. 1). The device’s main channel contained the

refolding buffer and a smaller side channel contained

denatured GFP (Fig. 1a). The fluid streams flowed in a

laminar manner down the channel and refolding of the

GFP occurred as the urea diffused away. This was

observed as a uniform stream of fluorescence further

down the microchannel. The uniformity of the GFP

stream indicated that the protein was not aggregating

or binding to the channel walls (Fig. 1b).

Reassembly of acid-denatured GFP by neutralisa-

tion of the pH was observed to form a very uneven

fluorescence indicating that a degree of aggregation

was taking place (supplementary figure). The aggre-

gates were not observed to interfere with the fluid flow

along the channel, indicating that blockage of the de-

vice due to aggregation is unlikely to be a problem.

Folding of BR

This microfluidics approach was consequently ex-

tended to refolding integral membrane proteins. In the

refolding reactor, the denatured protein is transferred

from a detergent solubilising environment into a lipid-

rich environment, which enables the protein to cor-

rectly refold due to its interaction with surrounding

lipids and detergents (Booth et al. 1996; Sugiyama and

Mukohata 1996).

In order to study the rate of BR folding, the SDS-

denatured BR and the folding mixture, containing

DMPC, CHAPS and retinal, were flushed through the

capillary reactor at different flow rates (Fig. 2a). BR

was shown to fold under these conditions as shown in

Fig. 2b.

Fig. 2 a Schematic diagram of the capillary reactor used for
refolding BR. b BR refolding within a capillary reactor (11 cm
long with a 0.8 mm diameter) detected as a shift in absorption
at 550 nm, with respect to absorption at 400 nm, by an inline
spectrometer. The screening phase, which can assess if refolding
is occurring, is followed by the production phase, when the
refolding reactor’s operation has reached a stable state
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The flow rate was varied in order to measure

refolding yields associated with different residence

times in the microfluidics reactor (Fig. 3a). The data

suggests that in the steady-state production mode, the

kinetics associated with the first 60 min of folding

closely followed that seen in larger-scale experiments

in a mixed cuvette (the former had rate constants of

~0.04 min–1, compared to ~0.09 min–1). The resultant

refolded protein had similar optical absorption char-

acteristics as that of the native BR from the purple

membrane of H. salinarium [OD280/OD550 ~ 3.4–3.8

for refolded BR (>30% yield) against OD280/

OD550 ~ 1.9 for native BR (70% yield)].

If the folding rate were dominated by the rate of

diffusion between the fluid streams or by the kinetics of

folding alone, the flow rate through the reactor would

not be expected to affect the folding rate. The role of

flow rate on BR folding was assessed and was found to

have an important effect on the initial rate of folding

(Fig. 3b). The reactor was rapidly filled and subse-

quently emptied at different flow rates. The initial rate

of folding was strongly influenced by the flow rate

through the reactor, with the higher folding rate being

linked to slower flow rates. The rational behind the

observed influence of flow rate on folding rate is not

obvious. The observation may be due to the effect the

flow rate has on the lipid–detergent micelles, rather

than directly on BR folding, and due to the interaction

between the micelle and the wall of the tubing. How-

ever, from a screening standpoint, it is clearly possible

to rapidly identify successful refolding conditions at

flow rates under 3 ll min–1.

Conclusion

The work described in this paper illustrates that micro-

fluidic channels can be used as reactors for refolding

soluble and transmembrane proteins. Observation of

fluorescence using confocal microscopy enabled GFP

refolding to be demonstrated as well as observing

phenomenon within the reactor, such as any inter-

action with channel walls and aggregation taking place.

The work with BR illustrated that this technology

could also be applied to refolding transmembrane

proteins. The discovery of the role played by the flow

rate on the BR folding rate, however, indicates that

there is still much to understand about this technique,

especially when folding the more complex transmem-

brane proteins.

These data suggest that this method can potentially

open to study a diverse range of proteins. A modular

system can in principle be easily implemented. The

addition of other fluid streams would enable incre-

mental, time-controlled mixing of different renaturing

agents with the protein. The transmembrane region of

a protein could, for example, be refolded prior to its

soluble domain. Moreover, this type of refolding is

principally controlled by the diffusion of the denatur-

ing and renaturing molecules and hence not limited by

the size of the protein. Further study would however be

required to assess its suitability for refolding polymeric

proteins, like myelin and tubulin; in particular, whether

the physical constraints of a microfluidics system would

be able to define polymer length, as previously observed

during the synthesis of the polymer poly (2-hydroxy-

propyl methacrylate) (Wu et al. 2004).

The microfluidic refolding reactor has the flexibility

to be used in two modes of operation. To screen

folding conditions, the system can sequential process

the protein under different refolding conditions. The

effects of different lipids, detergents, salts and pHs

can therefore be rapidly assessed. Once an optimum

refolding solution has been identified, the reactor can

subsequently be operated continuously to generate

Fig. 3 a Refolding yields of BR according to residence time
within the capillary reactor. The yields’ mean and observed
variations during the production phase are shown. b Refolding
rates of BR according to flow rates within the capillary reactor
during the screening phase
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sufficient amounts of protein for crystallisation trials. It

would currently be able to process >0.15 mg of GFP

and >0.10 mg of BR overnight. This work presents the

first step in developing a functional microfluidics pro-

tein refolding device for high-throughput applications

in structural genomics research.
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Theorie der Wärme gefordete Bewegung von in ruhenden
Flüssigkeiten suspendierten Teilchen. Ann Phys 17:549–560

Engel A, Muller DJ (2000) Observing single biomolecules at
work with the atomic force microscope. Nat Struct Biol
7:715–718

Enoki S, Saeki K, Maki K, Kuwajima K (2004) Acid denatur-
ation and refolding of green fluorescent protein. Biochem-
istry 43:14238–14248

Fukuda H, Arai M, Kuwajima K (2000) Folding of green
fluorescent protein and the cycle3 mutant. Biochemistry
39:12025–12032

Gabel F, Bicout D, Lehnert U, Tehei M, Weik M, Zaccai G
(2002) Protein dynamics studied by neutron scattering.
Q Rev Biophys 35:327–367

Geppert L (1996) Semiconductor lithography for the next
millennium. IEEE Spectr 33:33–38

Gordeliy VI, Labahn J, Moukhametzianov R, Efremov R,
Granzin J, Schlesinger R, Buldt G, Savopol T, Scheidig AJ,
Klare JP, Engelhard M (2002) Molecular basis of transmem-
brane signalling by sensory rhodopsin II-transducer complex.
Nature 419:484–487

Gosting LJ, Akeley DF (1952) A study of the diffusion of urea in
water at 25-degrees with the Gouy interference method.
J Am Chem Soc 74:2058–2060

Greenhalgh DA, Farrens DL, Subramaniam S, Khorana HG
(1993) Hydrophobic amino-acids in the retinal-binding
pocket of bacteriorhodopsin. J Biol Chem 268:20305–20311

Haupts U, Tittor J, Oesterhelt D (1999) Closing in on bacterio-
rhodopsin: progress in understanding the molecule. Annu
Rev Biophys Biomol Struct 28:367–399

Hertzog DE, Michalet X, Jager M, Kong X, Santiago JG, Weiss
S, Bakajin O (2004) Femtomole mixer for microsecond
kinetic studies of protein folding. Anal Chem 76:7169–7178

Jeong HJ, Markle DA, Owen G, Pease F, Grenville A,
Vonbunau R (1994) The future of optical lithography. Solid
State Technol 37:39–47

Levenson MD (1995) Extending optical lithography to the
gigabit era. Solid State Technol 38:57–66

Morise H, Shimomura O, Johnson FH, Winant J (1974)
Intermolecular energy transfer in the bioluminescent system
of Aequorea. Biochemistry 13:2656–2662

Nguyen NT, Wu ZG (2005) Micromixers—a review. J Micro-
mech Microeng 15:R1–R16

Nyquist RM, Ataka K, Heberle J (2004) The molecular
mechanism of membrane proteins probed by evanescent
infrared waves. Chembiochem 5:431–436

Oesterhelt D, Stoeckenius W (1974) Isolation of the cell
membrane of Halobacterium halobium and its fractionation
into red and purple membrane. Methods Enzymol 31:
667–678

Okazaki S (1991) Resolution limits of optical lithography. J Vac
Sci Technol B 9:2829–2833

Orfi L, Lin MF, Larive CK (1998) Measurement of SDS micelle-
peptide association using H-1 NMR chemical shift analysis
and pulsed field gradient NMR spectroscopy. Anal Chem
70:1339–1345

Raman P, Cherezov V, Caffrey M (2006) The membrane protein
data bank. Cell Mol Life Sci 63:36–51

Reid BG, Flynn GC (1997) Chromophore formation in green
fluorescent protein. Biochemistry 36:6786–6791

Scheich C, Niesen FH, Seckler R, Bussow K (2004) An automated
in vitro protein folding screen applied to a human dynactin
subunit. Protein Sci 13:370–380

Seddon AM, Curnow P, Booth PJ (2004) Membrane proteins,
lipids and detergents: not just a soap opera. Biochim
Biophys Acta 1666:105–117

Shastry MC, Luck SD, Roder H (1998) A continuous-flow
capillary mixing method to monitor reactions on the micro-
second time scale. Biophys J 74:2714–2721

Stevens RC (2000) Design of high-throughput methods of
protein production for structural biology. Structure
8:R177–R185

Subramaniam S, Hirai T, Henderson R (2002) From structure to
mechanism: electron crystallographic studies of bacterio-
rhodopsin. Philos Trans R Soc Lond A Math Phys Eng Sci
360:859–874

Eur Biophys J (2007) 36:581–588 587

123



Sudarsan AP, Ugaz VM (2006) Fluid mixing in planar spiral
microchannels. Lab Chip 6:74–82

Sugiyama Y, Mukohata Y (1996) Dual roles of DMPC
and CHAPS in the refolding of bacterial opsins in vitro.
J Biochem 119:1143–1149

Tresaugues L, Collinet B, Minard P, Henckes G, Aufrere R,
Blondeau K, Liger D, Zhou CZ, Janin J, Van Tilbeurgh H,
Quevillon-Cheruel S (2004) Refolding strategies from
inclusion bodies in a structural genomics project. J Struct
Funct Genomics 5:195–204

Waldo GS, Standish BM, Berendzen J, Terwilliger TC (1999)
Rapid protein-folding assay using green fluorescent protein
[see comment]. Nat Biotechnol 17:691–695

Watts A (2005) Solid-state NMR in drug design and discovery
for membrane-embedded targets. Nat Rev Drug Discov
4:555–568

Wu T, Mei Y, Cabral JT, Xu C, Beers KL (2004) A new synthetic
method for controlled polymerization using a microfluidic
system. J Am Chem Soc 126:9880–9881

588 Eur Biophys J (2007) 36:581–588

123


	Refolding of a membrane protein in a microfluidics reactor
	Abstract
	Introduction
	Experimental
	Microfluidic device fabrication
	Capillary device assembly
	Expression, purification, denaturation and refolding of GFP
	Purification, denaturation, and refolding of BR

	Background
	Results and discussion
	Refolding of urea-denatured GFP
	Folding of BR

	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


