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Outer membrane protein A d&. coli folds
into detergent micelles, but not in the
presence of monomeric detergent
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Abstract

Outer membrane protein £OmpA) of Escherichia coliis a 8-barrel membrane protein that unfolds8 M urea to a

random coil. OmpA refolds upon urea dilution in the presence of certain detergents or lipids. To examine the minimal
requirements for secondary and tertiary structure formatioB-barrel membrane proteins, folding of OmpA was
studied as a function of the hydrophobic chain length, the chemical structure of the polar headgroup, and the concen-
tration of a large array of amphiphiles. OmpA folded in the presence of detergents only above a critical minimal chain
length of the apolar chain as determined by circular dichroism spectroscopy and a SDS-PAGE assay that measures
tertiary structure formation. Details of the chemical structure of the polar headgroup were unimportant for folding. The
minimal chain length required for folding correlated with the critical micelle concentration in each detergent series.
Therefore, OmpA requires preformed detergent micelles for folding and does not adsorb monomeric detergent to its
perimeter after folding. Formation of secondary and tertiary structure is thermodynamically coupled and strictly
dependent on the interaction with aggregated amphiphiles.

Keywords: B-barrel; critical micelle concentration; membrane protein folding; outer membrane protein A; porin;
protein—detergent interaction; protein—lipid interaction

Integral membrane proteins are generally stable only in lipid bi-proteins(Helenius & Simons, 1975; Tanford & Reynolds, 1976
layers or detergent micelles. Although detergents are widely usefinding an appropriate detergent for the solubilization of a mem-
in membrane protein research for the purpose of protein solubilibrane protein is not only crucial for maintaining the activity of a
zation, purification, characterization, and structure determinationprotein, but also very important for solving protein structures by
the thermodynamics of membrane protein stabilization by deterX-ray crystallography or solution phase NMR spectroscopy. There-
gents are less well understood. Mild detergents are often used ffore, it is not surprising that numerous studies of protein—detergent
extract biomembranes and solubilize membrane proteins while prénteractions have been undertaken to elucidate the required deter-
serving their native structure, mostly with retention of their func- gent properties for preserving the native structure and function of
tional properties. In contrast, strong ionic detergents such as SD8embrane proteinéMakino et al., 1973, 1975; Robinson & Tan-
cause a complete disruption of the native structure, coupled to ford, 1975; Le Maire et al., 1983; Lund et al., 1989; Eisele &
complete loss of biological activity of most integral membrane Rosenbusch, 1990; Rosenbusch, 1990; Mgller & Le Maire, 1993;
Song & Gouaux, 1997 An interesting question regarding the
Reprint requests to: Lukas K. Tamm, Molecular Physiojdgjplogical stability Of_ membrane _proteins and the mechanism of protein_—
Physics, University of Virginia Medical Center, P.O. Box 10011, Char- detergent interactions is whether an integral membrane protein
lottesville, Virginia 22906; e-mail: kt2e@virginia.edu. folds first and then binds monomeric detergents on its hydrophobic
Abbreviations:CqE4, alkyl-tetraethyleneglycol; Eglucoside, alkylB-  perimeter or whether it requires detergent in a micellar aggregate

p-glucoside; G-lysoPC, 1-acyl-2-hydroxgnglycero-3-phosphocholine; ; ; ; ; P—— i
C,-maltoside, alkylg-p-maltoside: CD, circular dichroism: CMC, criti. to fold into its native structure. Thorough investigations of protein

cal micelle concentration; e;NO, N-alkyl-N,N-dimethylammonium- detergent interactions with respect to th(_e aggreggtion_ state of the
N-oxide; G,P-choline; alkyl-phosphocholinegiC,PC, 1,2 diacylsn detergent have been undertaken primarily withelical integral
glycero-3-phosphocholinétiCigeis 9,10PC, DOPC, 1,2-dioleoysnrglycero-  membrane proteins, for example cytochrolbbgéRobinson & Tan-

3-phosphocholine; EDTA, ethylenediaminetetraacetic acid; OmpA, outegqq 1975, and C&"-ATPase(Mgller & Le Maire, 1993, or
membrane protein A; PAGE, polyacrylamide gel electrophoresis; P . : . o ' ;
SB-G,, N-alkyl-N,N-dimethyl-3-ammonio-1-propane-sulfon&i@wittergent- serum lipoproteingMakino et al., 1975; Bjerrum et al., 1950

n); SDS, sodium dodecylsulfate; SUV, small unilamellar vesicle; Uv, Results obtained with serum albumin and cytochrdssuggested
ultraviolet. that monomeric detergentgleoxycholate and Triton-X-100, re-
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spectively bind directly to these proteins and that preformed mi- mair et al., 1990 These studies took advantage of the observation
celles are not required for productive detergent—protein interactionthat if not boiled prior to electrophoresis, OmpA migrates on SDS
(Helenius & Simons, 1972; Makino et al., 1973; Nozaki et al., polyacrylamide gels to different positions depending on the com-
1974; Robinson & Tanford, 1975For cytochromebs, it was pactness of its structure. Native OmpA migrates with an appar-
proposed that the protein could function as a nucleus for micelleent MW of ~30 kDa, whereas completely unfolded OmpA migrates
formation at concentrations close to the critical micelle concentraas a ~35 kDa protein. Furthermore, it has been shown that
tion (CMC) (Robinson & Tanford, 1975 Le Maire et al.(1983 membrane-incorporated and completely refolded On@& kDa
suggested that detergent molecules could form a single monolaydéorm), but not its 35 kDa unfolded form, is partially protected from
torus around the hydrophobic segment of sarcoplasmit'Ca trypsin digestion by the membrane in the same way as native
ATPase. Theoretical considerations based on detergent binding e©@mpA in the outer membrane &. coli; a membrane-inserted 24
periments lead Mgller and Le Mai(@993 conclude that detergents kDa fragment is produced under these conditi@shweizer et al.,
bind individually as monomers to the hydrophobic perimeter 0f1978. Here, we have used this gel-shift assay to study the folding
Ca?*-ATPase. Systematic studies on the interaction of detergentsf OmpA into detergent as a function of the hydrophobic chain
with B-barrel membrane proteins have focused mainly on condidength, the chemistry of the headgroup, and the concentration of
tions for crystal formatioriEisele & Rosenbusch, 1980rhermo-  the detergent. In addition, we used circular dichroi€D) spec-
dynamic and mechanistic studies Brbarrel membrane protein— troscopy to monitor the formation of secondary structure as a
detergent interactions are so far lacking. function of detergent concentration. Since unfolded OmpA also
In the present work, we have investigated the modes of interfolds into lipid bilayers(Surrey & Jéahnig, 1992; Kleinschmidt &
action of detergents with the outer membrane protei@/pA) of Tamm, 1996, this protein serves as a suitable model to study
Escherichia coli This protein forms g8-barrel composed of eight membrane protein folding. The question of particular interest here
amphipathic antiparallel membrane-spannpwgtrands(Pautsch  is whether an aggregated stéphysical property, pathway A or B
& Schulz, 1998; see also Fig).1Denaturationi 8 M urea leads in Fig. 1), certain functional group&hemical propertiesor both,
to a complete loss of all secondary and tertiary structure of Omp/Aof the amphiphiles are required for productive folding of OmpA.
(Schweizer et al., 1978and urea-denatured OmpA can be suc- The chemical structures of the detergents used in this study are
cessfully refolded into micelles formed gfoctylglucosidg Dorn- shown in Figure 2.

Fig. 1. Crystal structure of OmpAfrom Pautsch & Schulz, 199&nd two possible modes of interaction with detergeAtsBinding

of monomeric detergent to hydrophobic surfaces of prefolded OrBpAolding of OmpA into preformed detergent micéle The

micelles are drawn in arbitrary sizes. They actually vary quite significdatigregation numbers 16—140; MWs~5,000—60,000

for the detergents used in this study. In some cases, more than one micelle will be needed to refold a single OmpA molecule and to
form a mixed proteiidetergent micelle. Therefore, the 1:1 stoichiometry shown is also arbitrary and may actually vary significantly

in the various systems investigated.
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Fig. 2. Chemical structures of the detergents used in this study.

length limit of Gy to C, for folding, but that the second acyl chain

in the phosphatidylcholines reduces this limit fromeGo C;.
Obviously, the chain length itself is not the limiting factor for
successful folding of OmpA.

We first inveStigated the fOIdlng of OmpA as a function of the alkyl Because the critical micelle Concentrati@MC) of amphi_
chain length for different detergent species. We utilized the differ-ph"es also depends on the length of the hydrophobic chain, we
ent migration behavior of unboiled samples of folded vs. unfoldedsuspected that the folding of OmpA might depend on the aggre-
OmpA in polyacrylamide gels as a folding ass&¢hweizer etal.,  gation state of the amphiphiles. To test this hypothesis, we com-
1978. Appearance of the 30 kDa band has been previously cormared the ability of OmpA to fold in the different detergents with
related with formation of the native structure of OmpA. All ex- the CMCs of these detergents. Table 1 shows that, at a constant
periments were performed at a fixed deterggnotein ratio of 800 amphiphile concentration of 6.9 mM, the minimum hydrophobic
mol/mol and a detergent concentration of 6.9 mM. Figure 3Achain length required for folding correlates well with the CMCs of
shows the migration of OmpA incubated with alkyl-dimethylamine- the detergents. Most CMCs listed in Table 1 were taken from the
N-oxides of increasing chain lengths from 6 to 13 carbon atoms. Injterature, but some had to be interpolated using the known linear
these experiments, the folded form of OmpA appeared only wheRe|ationship between the logarithm of the CMC and the length of

the Iength of the alkyl chain exceeded a lower ||m|t, which was athe hydrophobic chain as shown in Figuré'ﬁanford, 1980, Cevec
Cio-chain for the alkyl-dimethylamine-N-oxides. Similar to the g marsh, 1987.

results shown in Figure 3A, tetraoxyethyleneglycols, glucosides,
maltosides, and sulfobetaines exhibited similar chain length limit
for folding of Cg, Co, Cy, and G, respectively(data not shown

Based on these results, one might conclude that successful foldinip rigorously prove that OmpA requires an aggregated substrate,
of OmpA requires a minimum hydrophobic chain leng@ to i.e., detergent micelles, for folding, we measured folding as a
C,,), but not a specific polar headgroup structure. To test thisfunction of detergent concentration at constant protein concen-
hypothesis we performed additional studies with a series of singlération for decyl-maltoside and dodecyl-phosphocholine. The CMCs
chain phosphocholine&C,P-cholines, limit G, data not shown of the two detergents are 1.8 and 1.5 mM, respectively. Folding
lyso-phosphatidylcholineglyso-PCs, Fig. 3B and 1,2-diacyl- experiments were carried out at deterg@notein ratios of 400,

phosphatidylcholine$PCs, Fig. 3Q. The data show that the ad- 200, 100, and 50 mgimol, respectively(Fig. 5. Clearly, OmpA

dition of the glycerol group does not significantly alter the chain folded only when the detergent concentrations were above their

Results

Folding of OmpA in detergents of different chain lengths

SDependence of OmpA folding on the detergent concentration
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Fig. 4. Logarithm of the critical micelle concentrations of detergents and
Fig. 3. SDS-PAGE showing the folding of OmpA int¢A) alkyl- lipids used in this study plotted as a function of the number of carbon atoms
dimethylamine-N-oxides(B) lyso-phosphatidylcholines, antC) phos- in the hydrophobic chains. Linear interpolat_ion and extrapolation were
phatidylcholines of different hydrophobic chain lengths. The lengths ofused to calculate some of the CMCs shown in Table 1.
the hydrophobic alkyl chains are indicated on top of each laneu®816
OmpA was reacted with an 800-fold molar excess of detergent in borate
buffer (20 mM borate, pH 10)0 Incubation was stopped by addition of

SDS after 12 h at 28C. Samples were not boiled before loading onto : - ¢ : :
the gels. The upper arrow in each gel indicates the unfolded 35 kD experiments carried out at a deter tein ratio of 800

form, the lower arrow the native 30 kDa form of OmpA. The minimal (Fig. 3B) would result in folding. Indeed, OmpA folded in
hydrophobic chain lengths required for refolding at 6.9 mM detergent172 mM Gg-lysoPC whose CMC is estimated from Figure 4 to

are 10, 10, and 7 carbon atoms for alkyl-dimethylamine-N-oxides, lyso-be about 80 mMdata not shown In addition to demonstrating
phosphatidylcholines, and phosphatidylcholines, respectively. that detergent micelles are required for folding of OmpA, these
results also indicate that the protein does not measurably perturb
the CMC of the detergents investigated.
respective CMCs. Similarly, OmpA folded in ;gglucoside
(CMC = 2.2 mM) at a detergent concentration of 3.4 mM, but
only to about 40% at 1.7 mMdata not shown In a comple-
mentary experiment with £lysoPC, we increased the detergént To follow the development of secondary structure as OmpA folded
protein ratio to determine whether the unsuccessful foldinginto detergent micelles, we recorded CD spectra as a function of

CD spectroscopy at different detergent concentrations

Table 1. Correlation between the minimum hydrophobic chain length required for refolding of OmpA
and the CMCs of the corresponding detergents and lipids

CMC (mM) atn = Refolding
Detergent or at 6.9 mM
lipid 7 8 9 10 11 12 14 surfactant
Cp-glucoside 65 20 6.5 2.2 0.62 0.19 0.02 9
Cy-maltoside 91 25 6 1.8 0.59 0.17 0.01 9
CiE4 26 7.2 2.4 0.68 0.20 0.04 5.6x107° 8
SB-G, 1,430 435 132 38 12 3.6 0.33 12
C,Me;NO 334 122 44.7 16 5.7 2.1 0.28 10
C,P-choline 220 102 19 13 3.9 1.5 0.2 10
Cy-lysoPC 240 78 26 8 2.6 0.9 0.09 10
diC,PC 1.4 0.27 0.029 0.005 7.6x10™ 1.2x10™ 2.7x10°® 7

aAt a given detergent concentratiéB.9 mM), the minimum chain lengtfiast column for successful refolding of OmpA correlates
with the CMC of the surfactant. The CMCs closest to 6.9 mM are shown in boldface for each class of surfactant. OmpA refolds only
close to or above the CMC. CMCs shown in roman type are from the literatyglu€osidesn = 8, 10 from Rosert1989, n = 7-9
and G-maltosidesn = 8-12 from Anatrace Cord.Maumee, Ohip Catalog; GE,4 from Shinoda(1978; CgE4 from Zulauf (1990;
C10E4 and G E,4 from Rosen1989; SB-C;, from Goenne and Ern§1978; SB-C,4 from Bailyes et al(1983; C,P-cholinen = 8-10,
12 from Anatrace Corp. Catalog:alkyl-dimethylammonium-N-oxidea = 10, 12, 14 from Shinod&l978; C,-lysoPCn = 10, 12,
14 from Helenius et al1979; diC,PC:n = 7, 8, 10 from Tanford1980, n = 9 from Tausk et al(1974. All other CMCs shown in
italics were estimated from the plots of I@MVC) vs. the hydrophobic chain lengtkee Fig. 5.
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Fig. 5. Folding of OmpA in solutions of different concentrations (&)
decyl-maltoside andB) dodecyl-phosphocholine. Detergent concentra- | 1 | |
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ratios of 400, 200, 100, and 50, respectively. All other experimental con- . .
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Fig. 7. Correlation of secondary structure formation of OmpA with the
formation of detergent micelles of dioctanoyl-PC. Filled circles: mean
residue molar ellipticity at 200 nm of 17.4M OmpA titrated with
. . ioctanoyl-PC. Open circles: wavelength of the absorption maximum of
detergent concentration. Figure 6 shows far-UV CD spectra o oomassie blue as a function of dioctanoyl-PC concentrd@viC as-

OmpA in 8 M urea, detergent-free buffer, anddiCg-PC at 0.3 say. The same buffef20 mM borate, pH 10)0and temperaturé20°C)
and 10 mM. The spectrum 8 M urea is typical for a random coil. conditions were used in both sets of experiments.
The CD spectrum of OmpA diluted into borate buffey a residual
urea concentration of 20 mMndicates that the protein adopts a
mixture of secondary structures, including helix, sheet, and ran-
dom coil. These spectra are quite similar to those reported b%econdary structure, mainlg-sheet, was complete after about
Surrey and Jahnig1992. When 0.3 mMdiCg-PC was added, _10 min. Spectra taken 10 min after initiation of the folding
the CD spectrum was qualitatively similar to that in buffer, indi- yeaction were indistinguishable from those of samples that were
cating only a small change in secondary structure. However, inincubated over night. The spectra of the refolded protein were very
creasing the detergent concentration to 10 mM, i.e., well above it§jmilar to those of the native protein reported by Sugarawa et al.
CMC, resulted in a very different CD spectrum, indicative of a (1996. The spectral changes upon unfolding are most evident at
much larger content g8-structure. We found that the formation of _>0g nm. Therefore, we monitored the mean residue molar ellip-
ticity at this wavelength as a function diCg-PC concentration.
Figure 7 shows a titration witkliCg-PC in the range from 0 to
2 mM detergent. The mean residue molar ellipticities show a sig-
5 moidal transition with a mid-point at 0.37 miliCg-PC. The data
point at 10 mMdiCg-PC (Fig. 6), which had an ellipticity of-2 X
10° deg cnt dmol~! at 200 nm, was included in this fit. Micelle
formation of diCg-PC was independently measured by an assay
that monitors a red shift of the absorption maximum of Coomassie
Blue (BB R-250 upon binding of the dye to aggregated, but not to
monomeric detergent. Again, a sigmoidal curve was recorded with
a transition from monomeric to aggregated detergent occurring at
0.40 mM, in reasonably good agreement with the published CMC
of 0.27 mM ofdiCg-PC (Tanford, 1980. The close superposition
of the two transition curves provides further strong support for our
conclusion that OmpA folds into detergent micelles, but not in the
presence of monomeric detergent.

Mean Residue Molar Ellipticity, ©®
(103deg cm?dmol l)

| | | 1
200 210 220 230 240 Discussion

Wavelength, A (nm)

OmpA has become a popular model for studying the folding of
Fig. 6. Circular dichroism spectra of OmpA B M urea(short dashed line integral membrane proteins, particularly those that form transmem-
in detergent-free buffe20 mM borate, pH 10.0, long dashed linand in  braneg-barrels. Folding of OmpA was previously studied mainly
S 30 o S S b pasaof " 1 presence of fid blayers, bu ony o & mted exent
respective solutions without protein wer'epsubtr'ac.ted. OgmpA waE;iIVI.l detergent m|cell_es. In the present work, vye haye critically evalu-
in a volume of 100uL. Spectra were recorded 10 min after diluting un- ated the respective roles of the hydrophobic chain length, the head-

folded OmpA(in 8 M urea 12.3-fold with the prepared solutions. group chemistry, and the physical state of aggregation of the
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detergent on the folding of OmpA. Folding was monitored at themight occur when OmpA uses the interface of detergent micelles
level of secondary structure formation by CD spectroscopy and a&s a catalyst for folding. However, folding into micelles is much
the level of tertiary structure formation by a SDS-PAGE gel-shift faster(complete after a few minutgghan folding into lipid bilay-
assay. Under all conditions investigated, the requirements for se@rs(minutes to hours which may be a result of the faster dynam-
ondary and tertiary structure formation were the sdewen if in ics of lipids(or detergenfsin micelles compared to lipids in bilayers.
kinetic experiments the two levels of structure did not alwaysA possible explanation for the requirement of an aggregated sub-
appear simultaneousglyThermodynamically, secondary and ter- strate may be that OmpA needs to form hydrogen bonds between
tiary structures were formed in a two-state all-or-none process aseighboringg-strands to form thes-barrel and to incorporate it
demonstrated by the sharpness of the transition presented in Figito a hydrophobic environment such as a detergent micelle or a
ure 7. Our results clearly show that amphiphileietergents or lipid bilayer. The low average hydrophobicity ef0.4 to —0.6 of
lipids) must be present in an aggregated state to support folding cimphipathicg-strands compared to that of about 1.6 for hydro-
OmpA (pathway B in Fig. 1. OmpA folded into detergent micelles phobic helices ofx-helical proteins(Vogel & Jahnig, 198pand
only above their respective CMCs. Absolute detergent or proteirthe alternating occurrence of hydrophobic and hydrophilic residues
concentrations and deterggptotein ratios were irrelevant param- in the amino acid sequences@barrel membrane proteins require
eters for folding of OmpA. The hydrophobic chain length of the a shielding of all polar groups including unsatisfied backbone hy-
detergents also had no direct influence on the folding behavior ofirogen bonds from the hydrophobic environment of the lipid bi-
this integral membrane protein. This result raises interesting quedayer or detergent micelle. In this context, it is interesting that the
tions about how the detergents pack around the hydrophobic pehemical composition of the interface, i.e., the polar headgroup
rimeter of theB-barrel. It appears that a model with a bilayer-type structure, apparently has no effect on the folding of OmpA. While
torus around the protein is unreasonable, at least for the shortehis is definitely true for folding at equilibrium as studied here, we
chain lipids because of an excessive hydrophobic mismatch bezannot exclude at the present time the possibility that interfacial
tween the bilayer thickness and the hydrophobic length of theproperties play a role in the kinetics of OmpA folding into deter-
B-barrel, which is about 30 APautsch & Schulz, 1998A mono-  gent micelles. Nevertheless, headgroup structures as diverse as
layer or prolate ellipsoid arrangement of detergent on the hydrophosphocholines, sulfobetaines, ammoniumoxides, polyethylene-
phobic protein surface seems to be a more realistic model. Suchglycols, and mono- and disaccharides did not seem to drastically
model was previously proposed for detergent complexes with thaffect structure formation of OmpA. However, it should be noted
sarcoplasmic reticulum Ga-ATPase(Mgller & Le Maire, 1993. that these are all zwitterionic or uncharged detergents. OmpA does
However, these authors suggested that monomers of detergent amt refold into the harsher charged detergents, even though it has
sembled one-by-one on the hydrophobic surface of thé*Ca long been known from the gel shift assays employed in this
ATPase, which is clearly not the case for the refolding of OmpA.work) that some kind of compact structure is preserved even in
Because of the strict correlation between folding and micelleSDS at room temperature.
formation, we may tentatively reach the reverse conclusion, i.e.,
that the dependence of refolding of OmpA on detergent concen-
tration measures the CMC of that detergent. Accepting this reciMaterials and methods
procity, we may further conclude from the very similar transition
curves that we obtain in the presence and absence of pis&in  Materials
e.g., Fig. 7 that OmpA does not change the CMCs of the deter- . .
gents investigated in this study to any significant degree. This b>pm_pA was ,p““f'e‘? from the outer membrgne ef coli as _de-
itself is a remarkable new finding that to our knowledge has notscr't?ed(Kle'nSChmIdt & Tamm, 1996 1,.2-d|acylphosph.at|dyl- )
been previously reported in the literature. The result is remarkabl&nlines and 1-acyl-2-hydroxyphosphatidylcholines with chain

because many of the micelles of this study are smaller than thi€n9ths of 6 to 14 carbon atoms were from Ava(iabaster,

membrane-inserte@-barrel portion of the proteir{l9 kD; the Alabama. Alkylsulfobetaines, SB-¢; n = 8, 10, 12, 14, 16, and

aggregation numbers of the detergents range between appro)ajkyl-sucroses were obtained from Calbioché&an Diego, Cali-

mately 16 and 140 and their aggregate molecular masses betweiHni&)- Alkyl-glucosides(n: 7-10, 13, alkyl-maltosidedn: 8-14,
approximately 5 and 60 kDTherefore, two or more micelles will 16), and alkyl-phosphocholinés: 8-10, 12 were from Anatrace
have to coalesce in some cases to form larger structures in tHel2umee, Ohig n-alkyl-N,N-dimethylamine-N-oxides were from
mixed proteirydetergent micelles. Since the CMC is a measure OfFIuka(Ronkonkoma, New YorkAI_kyI-tetra_ethyleneglycol_s, Ea
the difference of the chemical potentials of the surfactants in thd™ 6:8,10 were from BachentPhiladelphia, PennsylvanigCoo-
monomeric and aggregated forms, we must conclude that the cherf12ssie Brilliant Blue R-250 was from Sign@t. Louis, Missoufi
ical potentials of a given surfactant are similar in the pure and
mixed detergent micelles.

How then does OmpA fold into preformed detergent micelles?
We imagine that this occurs by a process that is similar to thaB.6 uM protein (1.5 uL in 8 M urea, 10 mM borate, pH 10,
observed for the folding of OmpA into lipid bilayer&lein- 2 mM EDTA) was incubated with an 800-fold molar excess of
schmidt & Tamm, 1996; Kleinschmidt et al., 1999 our previ-  detergent or lipid in 20uL of borate buffer(HsBOs/NaOH,
ous kinetic work, we were able to distinguish between threel0 mM, pH 10.0, containing 2 mM EDTAat 20°C for 12 h if
structurally different intermediates on the folding pathway, whichnot described otherwise. All incubation experiments were done
were each characterized by different degrees of polypeptide chaim parallel for detergents with the same headgroup, but different
penetration into the lipid bilayer. Most secondary but no tertiarychain lengths, and with protein from the same stock solution to
structure was completed in the early folding intermediates withensure proper comparisons in dependence of the hydrophobic
mainly surface-located polypeptide chains. A similar mechanisnthain length. Incubation was stopped by addition of 20 of

Folding and membrane insertion detected by SDS-PAGE
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0.125 M Tris buffer, pH 6.8, containing 4% SDS, 20% glycerol Helenius A, Simons K. 1972. The binding of detergents to lipophilic and hy-

0 _ _ drophilic proteins.J Biol Chem 2473656—-3661.
and 10% 2 mercaptoethanol at room temperature. SDS P.AGEelenius A, Simons K. 1975. Solubilization of membranes by detergBius.
was performed as describ€@d/eber & Oshorne, 1964; Laemmli, chim Biophys Acta 41533-170.

1970, but samples were not boiled in SDS. Refolding experi- Kleinschmidt JH, den Blaauwen T, Driessen A, Tamm LK. 1999. Outer mem-
ments were carried out at pH 10 because a yield close to 100% brane protein AoE. coliinserts and folds into lipid bilayers by a concerted

. . L . mechanismBiochemistry 38&006—-5016.
was achieved at this pH. Similar experiments conducted at pH Z(Ieinschmidt JH, Tamm LK. 1996. Folding intermediates g8-&arrel mem-

or 8 yield about 80 to 90% refolded protein and lead to the  prane protein. Kinetic evidence for a multi-step membrane insertion mech-
same general conclusions. anism.Biochemistry 3612993-13000.
Laemmli UK. 1970. Cleavage of structural proteins during the assembly of the
head of bacteriophage THlature 227680—685.
Le Maire M, Kwee S, Andersen JP, Mgller. 1983. Mode of interaction of
Folding monitored by CD spectroscopy polyoxyethyleneglycol detergents with membrane protefins.J Biochem
129:525-532.
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