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ABSTRACT: Periplasmic Skp facilitates folding and membrane insertion of many outer membrane proteins
(OMPs) into the outer membrane of Gram-negative bacteria. We have examined the binding sites of outer
membrane protein A (OmpA) from Escherichia coli in its complexes with the membrane protein chaperone
Skp and with Skp and lipopolysaccharide (LPS) by site-directed fluorescence spectroscopy. Single-Trp OmpA
mutants, W,-OmpA, with tryptophan at position n in the polypeptide chain were isolated in the unfolded form
in 8 M urea. In five 8, W,-OmpA mutants, the tryptophan was located in f-strand x, in four /,W,-OmpA
mutants, in outer loop y, and in three £,W,-OmpA mutants in turn z of the S-barrel transmembrane domain
(TMD) of OmpA. PDW,56-OmpA contained tryptophan in the periplasmic domain (PD). After dilution of
the denaturant urea in aqueous solution, spectra indicated a more hydrophobic environment of the
tryptophans in W, mutants in comparison to /,W,-OmpA and 7.W,-OmpA, indicating that the loops
and turns form the surface of hydrophobically collapsed OmpA, while the strand regions are less exposed to
water. Addition of Skp increased the fluorescence of all OmpA mutants except PDWog6-OmpA, demonstrat-
ing binding of Skp to the entire -barrel domain but not to the PD of OmpA. Skp bound the TM D of OmpA
asymmetrically, displaying much stronger interactions with strands f; to 53 in the N-terminus than with
strands f35 to 57 in the C-terminus. This asymmetry was not observed for the outer loops and the periplasmic
turns of the TM D of OmpA. The fluorescence results demonstrated that all turns and loops /;, /,, and /, were as
strongly bound to Skp as the N-terminal f-strands. Addition of five negatively charged LPS per one
preformed Skp-W,-OmpA complex released the C-terminal loops », /5, and /4 of the TM D of OmpA from the
complex, while its periplasmic turn regions remained bound to Skp. Our results demonstrate that interactions
of Skp-OmpA complexes with LPS change the conformation of OmpA in the Skp complex for facilitated

insertion and folding into membranes.

In recent years, several studies indicated that the assembly of
outer membrane proteins (OMPs)! of Gram-negative bacteria is
facilitated by molecular chaperones (/—4), which prevent mis-
folding in the periplasm (for a review, see ref 5). Deletion of the
genes of either the seventeen kDa protein, Skp, or the survival

"This work was supported by Grant KL1024/4-1/2 to J.H.K. from the

Deutsche Forschungsgemeinschaft (DFG).

*Address correspondence to this author. Tel: +49-7531-882291. Fax:
+49-7531-883183. E-mail: joerg.helmut.kleinschmidt(@ uni-konstanz.
de.

Abbreviations: DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine;
DTNB, 5,5-dithiobis(2-nitrobenzoic acid); LPS, lipopolysaccharide;
MTSSL, 1-o0xy-2,2,5,5-tetramethylpyrroline-3-methyl methanethiosul-
fonate; OM, outer membrane; OMP, outer membrane protein; OmpA,
outer membrane protein A; PD, periplasmic domain; TM, transmem-
brane; TM D, transmembrane domain; TMP, transmembrane protein;
Skp, 17 kDa protein; TCEP, tris(2-carboxyethyl)phosphine hydrochlor-
ide; W,-OmpA, single-tryptophan mutant of OmpA carrying trypto-
phan at position n in the polypeptide chain; W,C,-OmpA, single-
tryptophan (at position n), single-cysteine (at position m) mutant of
OmpA; wt-OmpA, wild-type OmpA.
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factor A, SurA, led to reduced concentrations of OMPs in the
outer membrane (OM), while deletion of both was lethal (6, 7).
Skp is required for the formation of soluble periplasmic inter-
mediates of OMPs, and double mutants deficient of Skp and the
protease DegP did not grow at 37 °C on rich medium (2). How
Skp interacts with unfolded OMPs in the periplasm is not well
understood. In studies on the kinetics of insertion and folding of
outer membrane protein A (OmpA) into preformed lipid bi-
layers, Skp facilitated folding of OmpA into negatively charged
membranes and when lipopolysaccharide (LPS) was present (8).

A wide range of OMPs were shown to bind to Skp of
Escherichia coli (141 residues, 15.7 kDa); see, e.g., reports on
OmpF (/), maltoporin (LamB) (9), phosphoporin (PhoE) (2),
and many others (/0). Skp bound to OmpA at 3:1 stoichio-
metry (8). Later the crystal structures (//, /2) and biochemical
experiments (/3) revealed that Skp is a homotrimer. Stable
1:1 complexes were reported for the Skp trimer and the
OMPs OmpA, OmpG, and YaeT of E. coli, the autotransporter
NalP of Neisseria meningitidis, and the major porin FomA of
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Fusobacterium nucleatum (14). The dissociation constants of
these complexes were in the nanomolar range, indicating that
they are stable. The crystal structure of the Skp trimer (11, 12) is
clamplike and resembles a jellyfish with six a-helical tentacles
that define a central cavity and protrude about 60 A from a
p-barrel body, the association domain. The clamps present a
large surface ideal for binding and protecting of unfolded
proteins until they are transferred to the OM. Skp is a very basic
protein (p/ ~10.5), and positive charges cover the entire surface
of the tentacle domain, in particular at the tips of the tentacles.
The surface also contains hydrophobic patches inside the tentacle
basket. OMP binding to Skp is pH-dependent and not observed

Table 1: List of Plasmids and Proteins of Single-Trp and W,,C,, Mutants of
OmpA

(A) Plasmids and Proteins of Single-Trp Mutants of OmpA

Trp

plasmid vector position products source
pET1102 pTRC99A 7 £1W5 16
pET1115 pTRC99A 15 PiW s 16
pET187 pUCI8 57 f3Ws7 16
pET186 pTRC99A 102 BsWio2 16
pET1103 pTRC99A 143 £7Wia3 16
pET24 pET22b 24 [ Wy this work
pET67 pET22b 67 LWgr this work
pET110 pET22b 110 LEWiio this work
pETI153 pET22b 153 14W 153 this work
pET48 pET22b 48 1 Wyg this work
pETI1 pET22b 91 Wy, this work
pET131 pET22b 131 W31 this work
pET263 pET22b 263 PDW g3 this work
pET185 pTRC99A 16
pET22b185 pET22b this work

(B) Plasmids and Proteins of W,C,, OmpA Mutants”
Trp Cys

plasmid vector position position*  products source
pTB00lde  pTRC99A 7 43 W,Cys unpublished
pTB003rdc pTRC99A 57 35 Ws;,C3s  unpublished
pTB004dc  pTRC99A 7 170 W-,Ci70  unpublished
pTB005dc  pTRC99A 15 162 WisCis>  unpublished
pTB008dec  pTRC99A 15 35 Wi5Css  unpublished

“The two native cysteines, Cys,gy and Cyszg,, of the periplasmic domain
were replaced by alanine by site-directed mutagenesis.
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when either Skp or OMPs are neutralized at very basic or at very
acidic pH (74). Therefore, electrostatic interactions dominated
complex formation (/4). In the OmpA-Skp; complex, Skps
efficiently shielded the tryptophans of the transmembrane
(TM) strands of wild-type (wt) OmpA against fluorescence
quenching by aqueous acrylamide. The addition of LPS resulted
in stronger tryptophan fluorescence quenching by acrylamide,
indicating that shielding of the tryptophans against the aqueous
space is reduced in the presence of LPS (/4). A possible LPS
binding site has been reported and is composed of the basic Skp
amino acid residues Ko7 Ryo7, and Rjog and located near the
center of the tentacle helices on the outer surface of Skp. This site
is conserved among different species (12).

Here, we used site-directed fluorescence spectroscopy to
examine the interactions of unfolded OmpA from E. coli
with both Skp and LPS on the level of individual amino acid
residues within OmpA. We prepared a range of single-tryptophan
mutants of OmpA (W,-OmpA mutants; n indicates the position
of the tryptophan in the polypeptide chain), in which tryptophan
can be selectively excited to study the changes in its microenvir-
onment upon interactions with its binding partners or upon
folding. The residues that we replaced by tryptophan were chosen
to determine whether Skp or LPS preferentially binds to either
p-strand, (-turn, or outer space loop regions of OmpA. We
determined the effect of denaturant dilution on the aqueous
forms of these W,-OmpA mutants and then examined their
interactions in separate experiments first with Skp and then with
LPS. We next investigated whether addition of LPS to preformed
Skp-W,-OmpA complexes alters the environment of tryptophan
in W,-OmpA mutants. We finally isolated five different single-
tryptophan/single-cysteine mutants of OmpA (W,C,-OmpA
mutants). These mutants were labeled with a fluorescence
quencher at the cysteine. Intramolecular site-directed fluores-
cence quenching was used to examine whether OmpA adopts a
partially folded structure in complexes with Skp and LPS.

MATERIALS AND METHODS

Materials. E. coli strain XL1-blue recAl endAl gyrA96 thi-1
hsdR17 supE44 relAl lac [F' proAB lac’ZAM15 Tnl0 (Tet")]
(Stratagene) was used for plasmid manipulations; E. coli strain
BL21(DE3) omp8 fthuA [F, ompT hsdSg (rg~ mp") gal dem
(DE3) AlamB ompF::TnS AompA AompC AfhuA] (15) was used
for the expression of OmpA mutants. Plasmids and primers used
are listed in Tables 1 and 2. All oligonucleotide primers were
purchased from MWG Biotech AG (Germany).

Table 2: Oligonucleotide Primers for Site-Directed Mutagenesis and Plasmid Construction

plasmid sequence of primers”
pET24 5'-CCATGACACTGGTTTCTGGAACAACAATGGCCCG-3
pET67 5-GCCGTACAAAGGCAGCTGGGAAAACGGTGCATAC-¥
pETI110 5-CGACACTAAATCCAACTGGTACGGTAAAAACCACG-3
pET153 5-GGTGACGCACACACCTGGGGCACTCGTCCGGACAAC-3
pET48 5-GTTACCAGGTTAACCCGTGGGTTGGCTTTGAAATG-3
pETI1 5'-CAATCACTGACGACTGGGACATCTACACTC-3
pETI131 5-CGGTGTTGAGTACGCGTGGACTCCTGAAATCGC-3
pET263 5-CAGTCTGTTGTTGATTGGCTGATCTCCAAAGGTATC-3
pET22b185 5-CGGCATATGGCTCCGAAAGATAACACCTG-3

5-CTGCTCGAGTTAAGCCTGCGGCTGAGTTACA-3

“ A pair of complementary primers was used to create each mutant. Only the sequence of the sense strand is shown. Changes in the sequences are shown in
boldface type. Ndel and Xhol cut site sequences are shown underlined. These cut sites were used for cloning pET22b185 into the vector pET22b (Novagen).
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The spin-labeling reagent 1-oxy-2,2,5,5-tetramethylpyrro-
line-3-methyl methanethiosulfonate (MTSSL) was obtained
from Reanal (Budapest, Hungary). Methyl-4-nitrobenzenes-
ulfonate, 5,5-dithiobis(2-nitrobenzoic acid) (DTNB), and tris
(2-carboxyethyl)phosphine hydrochloride (TCEP) were pur-
chased from Sigma-Aldrich (Germany). 1,2-Dioleoyl-sn-gly-
cero-3-phosphocholine (DOPC) was purchased from Avanti
Polar Lipids (Alabaster, AL).

Construction of a Plasmid To Express OmpA Mutants
into Inclusion Bodies. The sequence of the gene encoding a
proOmpA mutant, in which all tryptophan residues were replaced
by phenylalanine, was amplified from plasmid pET185 (16) by
polymerase chain reaction (PCR) with Pfu Ultra polymerase from
Stratagene (Amsterdam, The Netherlands) using the primers listed
in Table 2. In the forward primer, the signal sequence of proomp A
was removed. The PCR product was then cloned into the pET22b
vector (Novagen) to obtain plasmid pET22b185.

Construction of the Plasmids of Single-Tryptophan Mu-
tants. The eight new plasmids, prepared for this work, were
based on plasmid pET22b185. Site-directed mutagenesis was
performed using the QuickChange II kit (Stratagene) as
described using the primers listed in Table 2. The resulting
plasmids were isolated and verified by sequencing.

Expression and Purification of OmpA Mutants. For
expression and purification, plasmids were transformed into E.
coli BL21(DE3) strain (15). Cells were grown in 2 L of LB
medium for 3 h. IPTG was then added to a final concentration of
0.1 mM. After 4—6 h of induction, cells were harvested by 30 min
of centrifugation (1500g, 4 °C). The wet cell paste was resus-
pended in 40 mL of Tris buffer (20 mM Tris, 0.1% 2-ME, pH 8.0)
using an ice/water cooling bath. Lysozyme was added to a
concentration of 50 ug/mL, and the mixture was stirred for
30 min at room temperature and then sonified for 30 min using a
Branson ultrasonifier W-450D (20% power, 50% pulse cycle)
with a macrotip in an ice/water bath. Soluble proteins were
removed by centrifugation at 3000g (4 °C, 30 min). The pellet was
resuspended in 20 mL of 20 mM Tris buffer, pH 8.0, and 0.1%
2-ME, containing 8 M urea. An equal volume of 2-propanol was
added, and the mixture was incubated at 55 °C for 30 min. The
pellet was removed by centrifugation (5000g, 30 min, 25 °C). The
supernatant was loaded onto a Q-sepharose FF column (Amer-
sham), which was pre-equilibrated with buffer containing 4 M
urea and 50% 2-propanol. A NaCl gradient (0—100 mM) was
used to elute the OmpA mutants from the column.

The OmpA mutant plasmids constructed in previous work
expressed OmpA mutants into the OM of E. coli. They are listed
in Table 1 and were purified as reported (17).

MTSSL Spin-Labeling and S-Methylation of Single-
Tryptophan/Single-Cysteine Mutants. The single-trypto-
phan/single-cysteine mutants of OmpA (W, C,, mutants) were
expressed into the OM and purified as described (/7). S-Methyla-
tion was carried out using a modified procedure of Hunziker (18).
A 5-fold molar excess of TCEP was added to denatured W,,C,,
mutants in borate buffer (50 mM, | mM EDTA, pH 9.0)
containing 8§ M urea. After 30 min of incubation at room
temperature, a 40-fold molar excess of methyl-4-nitrobenzene-
sulfonate in acetonitrile was added. The sample tube was
incubated at 37 °C for 60 min. Unreacted methyl-4-nitrobenze-
nesulfonate was removed by extensive dialysis.

MTSSL spin-labeling was performed as published (1/9). About
10 mg of denatured OmpA mutant was diluted in 1 mL of 10 mM
Tris buffer, pH 7.2, containing 8 M urea and 1 mM EDTA.

Quet al.

Disulfide bonds that may form between W,,C,, OmpA mutants
were reduced by reacting denatured OmpA with a 5-fold molar
excess of TCEP for 30 min at room temperature. Subsequently,
90 uL of MTSSL in absolute ethanol was added to the reaction
tube at a molar ratio of MTSSL/OmpA of 10. The mixture was
reacted at least 12 h in the dark at room temperature. Excess
MTSSL was removed by extensive dialysis.

To determine the degree of S-methylation and MTSSL spin-
labeling, an aliquot of the solution was taken, and DTNB
was added in a 10-fold molar excess followed by spectrophoto-
metric determination of free thiol groups at 412 nm, using
ean = 13700 M~ em™" (20).

Purification of Skp. The Skp protein of E. coli was purified
as described (8).

Purification of LPS. E. coli rough mutant F576 was
cultivated as described previously (27), and its LPS (R2 core
type, M ~ 3900 g/mol) was isolated as reported (22).

Fluorescence Spectroscopy. Fluorescence spectra were re-
corded as described previously (§) on a Spex Fluorolog-3
spectrofluorometer with double monochromators in the excita-
tion and emission paths. For each experiment, three samples were
prepared and spectra recorded at 25 °C. The excitation wave-
length was 295 nm, and the bandwidths of the excitation and
emission monochromators were 2.5 and 5 nm, respectively. The
integration time was 0.05 s, and an increment of 0.5 nm was used
to scan spectra in the range of 310—380 nm. Three scans were
averaged. All experiments were performed in 10 mM Tris buffer
at pH 8.0 and at 25 °C. The final concentrations were 1.15 uM
OmpA mutant, 4.6 uM Skp, and 5.75 uM LPS. Fluorescence
spectra were analyzed using IGOR Pro 6.0 (Wavemetrics,
Oregon). Spectra were fitted to a log-normal distribution (23)
to obtain the fluorescence intensities at 330 nm and the wave-
lengths of the fluorescence intensity maxima (A,,ax).

Spectra Aquisition for Urea-Unfolded and for Aqueous
OmpA Mutants. The unfolded OmpA mutant (10 uL) was
diluted into 490 uL of Tris buffer (10 mM, pH 8.0) either in the
presence or in the absence of 8 M urea, and its spectrum was
recorded. The background spectrum of the buffer was sub-
tracted.

Binding of Skp to OmpA Mutants. Skp (4.5 uL, 8 g/L) was
added into 490 uL of Tris buffer (10 mM, pH 8.0), and the
background spectrum was recorded. Ten microliters of the
OmpA mutant (2 g/L) were then added to record the spectrum
after 30 s of incubation.

Binding of LPS to OmpA Mutants. Ten microliters of
unfolded OmpA mutants (57.5 uM) were diluted into 490 uLL of
Tris buffer (10 mM, pH 8.0), and spectra were recorded. After
addition of 4.5uL of LPS (2.5 g/L) and 30 s of incubation, spectra
of LPS-OmpA mutant complexes were recorded. Background
spectra in the absence of OmpA were subtracted.

Binding of LPS to OmpA-Skp Complexes. Skp (4.5 uL,
8 g/L) was added to 490 uL of Tris buffer (10 mM, pH 8.0), and
the background spectrum was recorded. Ten microliters of
OmpA mutant (2 g/L) and then 4.5 uL of LPS (2.5 g/L) were
added. Spectra of the OmpA - Skp- LPS complexes were recorded
after 30 s of incubation. The previously recorded background
spectra were subtracted.

RESULTS

Folding of Single-Trp Mutants of OmpA. To explore
which sites within OmpA are in contact with Skp or LPS upon
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Periplasm

PVVAPAPAPAPEVGTKHFTLKSDVLFN FNKATLKPEGQAALDQq
L

VVSQARRESLGQNYADSGIRDTYGLVVVSGDKPDLNSLQSY

D

Y263LISKGIPADKISARGMGESNPVTGNTC200DNVKQRAALIDC 5, PD
L

/AQPQTVVDKLGKVEIEVRRDPA

FiGuRE 1: Transmembrane topology of wt-OmpA and sites selected to probe binding of Skp and LPS. 5-Strand residues are indicated by squares
and loop and turn residues by circles. Residues facing the hydrophobic lipid chains are indicated by a gray background. A plasmid containing an
OmpA gene, in which the codons for the five native Ws were replaced by codons for phenylalanines (/6), served as a template for site-directed
mutagenesis. Residue positions selected for the preparation of single-tryptophan mutants of OmpA (W,-OmpA) are shown in bold. In 13 different
mutants, a single W was introduced at positions 7, 15, 24, 48, 57, 67,91, 102, 110, 131, 143, 153, and 263 of the OmpA polypeptide chain. Residues
replaced by cysteine (i.e., L3s, Y43, Lig2, and Fi79) to obtain single-tryptophan, single-cysteine mutants (W,,C,,-OmpA) with W, and C,, in
proximity in neighboring 3-strands are typeset in bold italic. The -strands of OmpA are numbered starting from the N-terminus as ;—/3s, the

loops as /;—l4, and the turns as ¢, —3.

complex formation, we expressed and purified 13 different single-
tryptophan mutants of OmpA. The expression systems were
derived from a previously prepared plasmid encoding a trypto-
phan- (W-) free mutant of OmpA, in which all native Ws were
replaced by phenylalanine (/6). Figure 1 shows the topology of
OmpA. In five single-W mutants of OmpA, designated 5, W, the
W was located at position 1 of the polypeptide chain in strand f3,
of the TM domain (TMD), x indicating the number of the strand
starting from the N-terminus. These mutants were 5; W7, 51 Ws,
B3Ws7, BsWigo, and B;W 43 OmpA (76). In four /[, W, mutants,
the single W was located in a TM D-loop /,: [iWa4, bWe7, W10,
and 4W,s3. In three 7.W, mutants, the W was introduced in
TMD-turn t.: iWag, t,Woy, and 13W 3. In addition, a single-W
mutant was prepared, containing the W in the periplasmic
domain, PD, of OmpA: PDW ;.

All mutants were isolated in their unfolded forms in 8 M urea.
Folding of the 5, W, mutants was described previously (16, 24).
We confirmed insertion and folding of the new single-W mutants,
LW, t:W,,, and PDWgs, by reacting them with preformed lipid
bilayers (small unilamellar vesicles, SUVs) of dioleoylphospha-
tidylcholine (DOPC). After incubation with DOPC bilayers, all
mutants migrated at 30 kDa on SDS—polyacrylamide gels
(Figure 2), indicating that they had folded. The 30 kDa form

strictly corresponds to fully functional OmpA as described in
previous studies; see ref 25 for a review. Unfolded fractions
migrating at 35 kDa were minor.

Fluorescence Spectra of Single-Tryptophan Mutants in
Unfolded, Aqueous, and Skp-Bound Form. We first recorded
the fluorescence spectra of four W,-OmpA mutants, f;Wys,
[iWa4, 1Wag, and PDWygs, in denatured (D) and in aqueous
(AQ) forms after urea dilution (Figure 3). In 8 M urea, the spectra
of all mutants had similar line shapes and intensities. The
wavelengths of the fluorescence emission maxima, A.y, were
all at ~347 nm (Table 3). After urea dilution, slight decreases of
the fluorescence intensities of 5 Wys, [{Way, and t;Wyg were
observed (Figure 3), and the A,,.,(AQ) of these three mutants
were shifted to 340.6, 344.4, and 342.6 nm, respectively. The shift
was smallest for /; Woy OmpA with Al & —2.5 nm, followed by
11Wag (Ao ~ —4.3 nm) and ;W5 (Adynax & —6.4 nm). This
indicated that /;W»,4 and #,W4g were in less hydrophobic envir-
onment than f;W;s. PDWag; displayed the strongest fluores-
cence changes, with strong quenching after urea dilution and a
shift in the intensity maximum by Al &~ —12 nm to ~335 nm,
suggesting the W is buried inside the periplasmic domain. The
large differences between the fluorescence properties of Ws
placed into the TMD and the W incorporated into the PD
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Table 3: Fluorescence Intensities at 330 nm (F3) and Wavelength of Fluorescence Emission Maxima (Ayayx) of W,-OmpA Mutants (Fs30in Mcps; Amax in nm)

Wn'ompA F330(D)b F330(AQ)(: F330( + LPS)d F330( + Skp)‘ F330( + Skp + LPS)/ /lmax(D)b Amax(AQ)C lmax( + LPS)[I imax( + Skp)e /‘{max( + Skp + LPS)/

347.8 344.6 344.1 339.8 340.4
347.0 340.6 340.2 336.3 336.8
346.9 344.4 343.0 338.7 340.5
346.9 342.6 342.7 3379 338.1
345.8 339.8 3394 335.9 336.6
346.9 343.9 343.5 338.2 340.8
347.8 343.3 343.2 339.1 339.6
346.5 339.7 339.4 336.9 337.2
346.2 341.8 340.0 338.6 339.7
346.5 342.2 342.4 337.4 338.4
346.7 340.5 339.7 338.3 338.2
347.1 3443 343.7 339.2 342.0
347.2 334.7 334.8 334.4 334.0

BiW; 0.184 0.151 0.162 0.287 0.258
pi1W s 0.193 0.214 0.219 0.438 0.381
[ Way 0.184 0.156 0.170 0.352 0.244
11 Wyg 0.183 0.174 0.180 0.353 0.322
B3Ws7 0.194 0.213 0.220 0.342 0.311
LWe7 0.191 0.187 0.194 0.371 0.257
1HWo) 0.177 0.173 0.177 0.302 0.287
BsWio2 0.195 0.201 0.205 0.314 0.297
Wi 0.196 0.200 0.228 0.346 0.272
13W 31 0.190 0.178 0.181 0.370 0.294
B1W 143 0.189 0.206 0.212 0.331 0.295
14Ws3 0.178 0.148 0.158 0.306 0.197
PWog3 0.188 0.079 0.086 0.096 0.113

“ Jmax Was calculated by fitting the spectra to a log-normal distribution (23). * W,-OmpA in 8 M urea. W,-OmpA in H,O. ¢W,-OmpA in the presence of a
5-fold molar excess of LPS. ¢W,-OmpA in the presence of a 4-fold molar excess of Skp. / W,-OmpA in the presence of a 4-fold molar excess of Skp and a 5-fold

molar excess of LPS.
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FiGure 2: Folding of single-Trp mutants of OmpA into DOPC
bilayers at 40 °C. SDS—PAGE demonstrates that the single-Trp
mutants prepared in this study, namely, all /,W, and £.W, carrying
the single tryptophan either in the outer loops or in the periplasmic
turns, and PDW,g; folded into lipid bilayers of DOPC (SUVs).
Folded and unfolded wt-OmpA are shown for comparison. The
samples were either boiled (+) or not (—) before loading them onto
the gel. The 30 kDa form of OmpA was shown previously by spectro-
scopy (16, 17, 34, 35), by phage inactivation assays (36), by proteo-
lysis (17, 37), and by single-channel conductivity measurements (24)
to correspond to completely folded and functionally active OmpA.

suggested that the PD develops structure independently in
aqueous solution, consistent with the hypothesis that the soluble
PD already folds to its native conformation, while the TM D folds
to an aqueous intermediate.

Upon Skp binding, the fluorescence intensities of /; Wy, 1;Wyg,
and f5,W,5 were strongly increased (Figure 3A—C), doubled at
A = 330 nm (F33). The intensity maxima, A,,..(+ Skp), of the
Skp bound mutants were shifted by Al,,.x & —4.3 nm for f;W s,
by Admax &~ —5.7 nm for [;Woy, and by Ay, ~ —4.7 nm for
11Wag to 336.3, 338.7, and 337.9 nm, respectively (Table 3). In
contrast, Skp affected the fluorescence of PDW4; only slightly
(Figure 3D). F339 of PDW,g3 was increased by just 20%, and the
shift Al was only 0.4 nm (Table 3). The relatively minor
change indicated little or no association of Skp with the PD, in
agreement with previous observations (/4). Most interestingly,
these experiments indicated that the interactions of Skp with
OmpA are not limited to the hydrophobic strand ;. Skp binding
to the polar loop /; and polar turn 7, of the TMD of OmpA
resulted in similar or even larger fluorescence changes.

Skp Binds Strands, Loops, and Turns of the Entire
Unfolded Transmembrane Domain of OmpA. To investigate
whether the results obtained for 5;Wis, [{Wy4, and 1;Wyg are
representative for the entire TMD, we recorded the fluorescence
spectra of unfolded, aqueous, and Skp-bound forms of ,L,Wgs,
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FIGURE 3: Fluorescence spectra of single-Trp mutants of OmpA in
denatured form and after denaturant dilution in aqueous solution in
the absence and presence of Skp. Fluorescence spectra of four
representative single-Trp mutants of OmpA are shown: (A) 5;Ws,
(B) 1Wy4, (C) 1;Wyg, and (D) PDWy4;3. For each OmpA mutant,
spectra were recorded in 8 M urea (- - -), in Tris buffer (10 mM, pH
8.0) (- - ) after 50-fold dilution of urea, and in the presence of a 4-fold
molar excess of Skp (—), The concentration of each OmpA mutant
was 1.15 uM. Spectra were recorded at 25 °C.

LW 110, sWis3, bW, 5W 131, BiW 7, B3sWs7, BsW g2, and 7 W 43,
Figure 4 shows the emission A, of the spectra of the aqueous
and Skp-bound forms of OmpA as a function of the position 7 of
the single W in the polypeptide chain. For the aqueous forms
(Figure 4A, open symbols), shifts of the emission maxima were
strongest for the spectra of f1Wis, f3Ws7, fsWigo, and f7W 143
and were from (D) = ~346—348 nm t0 A.(AQ) ~340 nm;
i.e., Adpax ranged from —6 to —8 nm. This suggests that the -
strands are at the core of the water-collapsed TMD. The ;W5
mutant with W near the N-terminus was an exception among the
mutants containing the W in the TMD. Its emission maximum
(Amax(AQ) = ~345 nm) displayed the smallest change, Al =
—3 nm compared to the denatured form (Figure 4, Table 3),
suggesting it remains closer to the surface of the 7MD. Similar to
B1W3, only small shifts in 4,,,, were observed for /[|W,y, LWg7,
I4W153, 11W4g, and leg] (imax(D) = ~346—348 nm was shifted
t0 Amax(AQ) = ~343—344 nm), indicating that loops and turns
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F1GURE 4: Fluorescence spectroscopy indicates tight binding of the
entire transmembrane domain of OmpA to Skp. (A) The wavelengths
of fluorescence emission maxima A, of single-Trp OmpA mutants
(W,-OmpA) are shown as a function of the position n of the inserted
tryptophan for W,-OmpA in aqueous solution (open symbols) and in
the presence of Skp (filled symbols). For the S-strands 5, (O, W),
fluorescence maxima are mostly located at shorter wavelength, 4.,
than for outer loops, /,, (O, @), and -turns, ¢. (O, #). (B) The absolute
difference of these emission maxima of the W,-OmpA mutants in the
absence and presence of Skp, Amax(W,, AQ) — Anmax(W,. Skp),
indicates that the surface-exposed loops and turns of the aqueous
form of OmpA are more strongly affected by Skp binding than
tryptophans introduced in 5-strands.

remain at the surface of water-collapsed OmpA. Shifts in A, of
LWy and ;W 31 were slightly larger (A (AQ) = ~342 nm).
Changes in A, and in the fluorescence intensities were consis-
tent and indicated that in aqueous OmpA the f-strands are
less exposed to water than the loops and the turns (Figure 4 and
Table 3).

In the presence of a 4-fold molar excess of Skp (Figure 4A,
filled symbols), emission maxima of all M D-W,, mutants were
shifted toward even shorter wavelength, with A,,,, ranging from
~336 to ~340 nm. The relative pattern of the fluorescence data of
the 13 investigated OmpA mutants remained largely unaltered
across the polypeptide chain, suggesting only minor conforma-
tional changes in OmpA upon binding to Skps, except for the
C-terminus of the TMD. The changes in A, were largest for
[,W, and t.W, mutants carrying the tryptophan in a loop or turn.
This is most obvious in a plot of the difference in A,y in the
presence and absence of Skp as a function of the position of the
mutated residue (Figure 4B). The shifts of the fluorescence
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FIGURE 5: LPS binding leads to only minor changes in OmpA. (A)
The emission maxima of the fluorescence spectra of the OmpA
mutants in the absence, A, (AQ) (open symbols), and in the presence
(filled symbols) of a 5-fold molar excess of LPS, A,,.(LPS), are
plotted as a function of the tryptophan location in S-strands (O, H) in
loops (O, ®) and in turns (<, ®). (B) Calculated differences, Aax(AQ)
— Amax(LPS), indicate only minor changes in spectral maxima, except
for loops /; and 4. Fluorescence spectra were recorded immediately
after LPS addition at 25 °C.

maxima, Ay, indicated a strong change in the polarity of the
microenvironment of the fluorescent tryptophans of OmpA upon
Skp binding. This demonstrated removal of water from the entire
TMD of OmpA by Skp, including the polar loop and turn
regions. Aln.c of the W, decreased from the N- to the
C-terminus of the TMD.

LPS Effect on the Single-Trp OmpA Mutants in the
Absence of Skp. We previously reported that Skp facilitates
folding of OmpA into lipid bilayers, when LPS is simultane-
ously present (§). We also observed LPS binding to a pre-
formed OmpA-Skp; complex (/4). This raised the question
whether the interaction with LPS changes the topology of the
OmpA - Skp; complex. To address this question, we first exam-
ined the effect of LPS on OmpA alone in aqueous solution after
urea dilution. Small fluorescence increases, ranging from 2% to
15% at 330 nm, and minor decreases of 4., ranging from 0 to
—1.8 nm, were observed. This is consistent with the previous
report that a 5-fold molar excess of LPS increases F33q of wt-
OmpA by ~12% (8). The strongest changes upon LPS binding
were observed for /;W»4 and 5W o, for which F33 increased by
about +10% and + 15%, respectively. Figure 5 shows the A,
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FI1GURE 6: LPS binds to complexes of Skp and OmpA. The fluores-
cence spectra of four single-Trp mutants of OmpA, ;W5 (A), [{Way
(B), t1Wys (C), and PDWye; (D) in the presence of a 5-fold molar
excess of LPS (— - —), in the presence of a 4-fold molar excess of Skp
(——), and in the presence of both Skp and LPS (—), indicate that
LPS binds to preformed complexes of Skp and OmpA. The concen-
tration of each OmpA mutant was 1.15 uM. Spectra were recorded at
25°C.

of the fluorescence of W,-OmpA mutants in the absence and in
the presence of a 5-fold molar excess of LPS. In comparison to
complex formation of OmpA with Skp, addition of LPS to
OmpA affected the W fluorescence spectra only slightly. The
largest shifts of A, by ~—1.5 nm were observed for /;W,4 and
15, W 110, suggesting sites for LPS interaction in outer loops /; and /5
of TMD-OmpA. In contrast, W in turn and strand regions of
OmpA indicated little or no interaction with LPS although the
strands of OmpA face the fatty acyl chains of LPS in the lipid
bilayer.

LPS Interacts with OmpA - Skp; Complexes in the Loop
Regions of OmpA. To examine the effect of LPS on OmpA - Skps
complexes, we recorded the fluorescence spectra of 51 Wys, /;Woq,
11Wyg, and PDW,g;, each in complex with Skp either in the
absence or in the presence of a 5-fold molar excess of LPS
(Figure 6). Upon LPS binding to these complexes, the fluores-
cence intensities of B;Ws, [{Way, and 1,W 45 were decreased by
—13%, —31%, and —9%, and the A, were shifted toward
longer wavelength by Al ~ +0.5,~ +1.8, and ~ +0.2 nm.
To compare the effect of LPS for all W,-OmpA - Skp; complexes,
we plotted the fluorescence intensity (F330) ratio of each complex
in the absence and presence of LPS (Figure 7A) and the
corresponding differences in the emission maxima, Al
(Figure 7B), as a function of the position of the introduced W.
Mutants containing W in the TM fS-strands or in the periplasmic
turns of OmpA showed only small differences in fluorescence of
their complexes with Skp when LPS was added. In stark contrast,
fluorescence spectra of [ Wy4, LWg7, and [;W 53 indicated a much
stronger effect of LPS binding to W,-OmpA -Skp; complexes.
Their fluorescence maxima were shifted by Al = +1.8 nm,
and their fluorescence emissions at 330 nm were decreased to
~65—70% upon LPS binding, suggesting a conformation change
and exposure specifically of the loop regions /1, /,, and /4 to a more
polar aqueous environment while the shortest loop /3 was less
affected.

The Turn Regions of OmpA Remain Tightly Bound
When LPS Is Added to OmpA-Skp; Complexes. Since
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FiGure 7: LPS binding to preformed OmpA-Skp complexes
changes the environment of the outer loops of OmpA. (A) The ratio
of the fluorescence intensities of the Skp-OmpA complexes in the
presence and absence of LPS at 330 nm is much lower for the outer
loops (@) than for the periplasmic turns () and S-strands (H),
indicating a more polar environment of the loops upon LPS binding
to Skp-OmpA complexes. (B) Correspondingly, the difference of the
wavelength of the fluorescence emission maxima of the complex in
the absence and in the presence of LPS, Al ., Shows the largest shifts
for loops /y, b, and L.

previous work demonstrated that OmpA folds faster in the
presence of both Skp and LPS than in the presence of Skp alone
(8), it is interesting to compare the combined effect of Skp and
LPS in complexes with OmpA to the water-collapsed form of
OmpA. Fluorescence intensity ratios and emission maxima shifts
obtained from the corresponding spectra of the W,-OmpA
mutants are shown in Figure 8 as a function of the position of
the W in the polypeptide chain. Fluorescence spectra of the 2.W,,
mutants displayed the largest changes, with Ad,,, ranging from
3.7to4.5nm and the largest increase in their relative fluorescence
increased between 66% and 86%. In comparison, fluorescence
emissions of 8, W, and /,W, mutants, containing W in strands or
loops, were less affected. The data showed that periplasmic turns
of OmpA remain bound to Skp in a less polar environment even
in the presence of LPS, while loop regions of the TMD are
exposed to a more polar environment when LPS is added. Only
Ws placed into the N-terminal first 5-strand and first outer loop
displayed stronger changes in the presence of both Skp and LPS,
with A4 . ranging from ~3.8 to ~4.2 nm. The influence of both
LPS and Skp on the wavelength of the fluorescence maxima of
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FiGure 8: In OmpA/Skp/LPS complexes, periplasmic turns are
most strongly bound in comparison with strand and loop regions.
(A) Fluorescence intensity ratios at 330 nm and (B) differences in A,
of W, mutants in the presence of both Skp and LPS and in the absence
of Skp and LPS in aqueous form are shown as a function of the
location of the single tryptophan in strands (H), loops (®), and turns
(®). The fluorescence intensity increases and shifts in the wavelengths
of the emission maxima are most pronounced for the N-terminal
region of OmpA, but also observed closer to the C-terminus of the
transmembrane domain.

BW, and [,W, mutants gradually decreased from the N-termi-
nus to the C-terminus. At the C-terminus, A4 ., was only ~2.3
nm for f;W 43 and [sW 53, 1.€., about half the A ., observed for
the periplasmic turns. Similarly, fluorescence ratios Fszq(+Skp +
LPS)/F 330(AQ) exceeded +60% for the £,W,, mutants but were
much lower, i.e., & +33% to +45%, for W57, LWe7, fsW 102,
5Wi10, B7W 143, and [4W 3. These results suggest that binding of
Skp/LPS to OmpA is weaker toward the C-terminus, except for
the periplasmic turns of OmpA.

A comparison of the data sets in Figures 4B and 8B shows that
the /,W,, in the long and flexible loops display a change toward a
more polar environment upon addition of LPS to Skp-bound
OmpA. In contrast, the polarity of the environment of the £.W,, in
the periplasmic turns changes very little, indicating that turns
remain associated with Skp even when LPS is added. Both
conformation and orientation of Skp-bound OmpA therefore
change after binding of LPS, exposing the loops of OmpA to a
more polar environment. This change in orientation of OmpA
correlates well with the observed effect of LPS to facilitate
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insertion and folding of OmpA from its complex with Skp (8),
which already suggested that the stability of the OmpA-Skp
complex is weakened in the presence of LPS.

Intramolecular Site-Directed Tryptophan Fluorescence
Quenching Indicates That OmpA Only Folds after Inser-
tion into Lipid Bilayers. To explore formation of structure in
OmpA upon binding to Skp, we used intramolecular fluorescence
quenching. Tryptophan fluorescence quenching by nitroxyl spin-
labels is distance dependent (26, 27) and can be used to monitor
protein folding for single-tryptophan, single-cysteine mutants
that are nitroxyl spin-labeled at the C (28). We therefore prepared
a second set of OmpA mutants, based on plasmids used for
expression of several TMD W, mutants. The plasmids were used
to introduce a single-C residue on the DNA level for expression
of single-W/single-C mutants, W,,C,,,, and subsequent site-direc-
ted spin-labeling of the sulfhydryl-reactive C. The replaced
residue was selected based on the structure of OmpA (PDB entry
I1BXW) and was in a direct neighbor strand in close proximity to
the W, also facing the outer surface of the OmpA barrel
(Figure 1). Five such W,C,, mutants were prepared (Table 1B).
For reference, spectra were also recorded for all mutants in the
absence of the spin-label under otherwise identical conditions. To
avoid unwanted disulfide dimerization of the non-spin-labeled
mutants, the Cs were methylated. Both methylated and spin-
labeled forms of all mutants were completely folded when
incubated with preformed DOPC bilayers, as judged by cold
SDS—PAGE.

To monitor the degree of folding of OmpA in 8§ M urea, in
water, in complex with either Skp or LPS or both, and in lipid
bilayers, we recorded the fluorescence spectra of spin-labeled or
methylated W,,C,, mutants. The fluorescence spectra of WsCy¢
in 8 M urea, in aqueous buffer, and in the presence of either LPS
or Skp or both Skp and LPS are shown in Figure 9. There was no
difference between the fluorescence intensities at 330 nm (F33() of
the S-methylated or spin-labeled forms of the W;5C,4, mutant,
indicating that residues W5 and Cy¢ (see Figure 1) were not in
close proximity under these conditions. However, when spin-
labeled W,sC;¢, was incubated with preformed DOPC bilayers,
the fluorescence intensity of the S-methylated WsC,¢, mutant
was twice as large as the intensity of the spin-labeled W,5C,¢,
mutant (Figure 9C,D). The same observation was made for
the mutants W7C43, W7C170, W15C35, W15C162, and W57C35
(Figure 10). These data indicated that the entire 5-barrel domain
remains unfolded in water and in complex with Skp, with LPS, or
with Skp and LPS. Folding of the p-barrel domain required the

incubation with a preformed lipid bilayer.

DISCUSSION

In the present study we describe structural properties of
aqueous and Skp-bound forms of OmpA, either in the absence
or in the presence of negatively charged LPS in unprecedented
detail. Several new observations were made. First, trypto-
phan fluorescence spectroscopy demonstrated that, in the
water-collapsed form of OmpA, residues of the hydrophobic
transmembrane strand regions are more shielded against polar
interactions with water than residues of the periplasmic turns and
outer loops, which are more surface exposed. Second, Skps binds
to the entire transmembrane domain of OmpA, and this binding
is asymmetric. Skp binding has a stronger effect on the
N-terminus than on the C-terminus of the TMD of OmpA
(Figure 4). Third, binding is also asymmetric toward loop, turn,
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FIGURE 9: OmpA remains unfolded in complex with Skp and LPS.
Proximity of the single-Trp and the single-Cys residue in the mutant
WisCsz Was tested by intramolecular fluorescence quenching via a
cysteine-linked spin-label. (A, C) Spectra of the S-methylated and (B,
D) spectra of the spin-labeled W{5Cs; OmpA mutant. Panels A
(methylated form) and B (spin-labeled form) show the fluorescence
spectrain 8 M urea (- - -), after 100-fold urea dilution in Tris buffer (10
mM, pH 8) (- - -), and in the presence of a 4-fold molar excess of Skp
(—). Panels C (methylated form) and D (spin-labeled form) show
spectra in the presence of LPS (- - -), Skp and LPS (——), and after
incubation with lipid bilayers of DOPC (—). Only when folded into
DOPC bilayers is fluorescence of spin-labeled W;sC;¢> quenched
compared to the S-methylated mutant.

and strand regions of the TMD of OmpA. Fluorescence data
indicated that the polar loops and turns of OmpA are more
affected by Skp binding than the hydrophobic -strand regions.
Fourth, LPS binding to OmpA -Skps; complexes displaces the
loops of OmpA from the Skp surface, exposing them to the
aqueous solution. In this ternary complex, the periplasmic turns
of OmpA remain tightly bound, indicating that LPS alters the
topology of OmpA in the ternary complex and facilitates a
change in OmpA orientation, preparing it for the more efficient
membrane insertion reported in kinetic studies with wt-OmpA (8).
Fifth, intramolecular site-directed fluorescence quenching
revealed that the f-barrel domain does not fold in the presence
of Skp, as also shown previously by circular dichroism spectro-
scopy (8) and in a recent NMR study (29). Finally, sixth, we
observed that native tertiary contacts are not formed when Skp
and LPS are both present. Instead, OmpA strictly requires the
presence of lipid bilayers for folding (Figure 10).

OmpA Strand Regions Form an Unstructured Outside-
In Conformation in the Aqueous Intermediate. Our site-
directed fluorescence data of 12 different W,-OmpA mutants
indicated a partially “outside-in” conformation of the S-strand
regions of the aqueous form of OmpA. The tryptophans of the
more hydrophobic f-strand regions, which face the lipid acyl
chains in the membrane-inserted folded form, were oriented more
toward the inside of the water-collapsed form of OmpA, while the
loop and turn regions formed the surface. This reduces OmpA
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FiGure 10: Skp and LPS do not induce native-like formation of
antiparallel S-strands. Structure formation in the transmembrane
domain of OmpA was probed as described in the legend to Figure 8
for four additional W,,C,,, mutants, namely, W,Cy3, W-C{79, W;5Css,
and Ws,Css. The fluorescence intensity ratios of each mutant in
methylated and in quencher-labeled form in 8 M urea, in Tris buffer
(10 mM, pH 8), in the presence of a 5-fold molar excess of LPS, a 4-
fold molar excess of Skp, and in the presence of both LPS and Skp,
and finally after folding into DOPC bilayers indicate formation of
native antiparallel S-sheet structure only in lipid bilayers.

aggregation in aqueous solution and is consistent with a previous
circular dichroism study, which indicated that most of the
amphipathic f-sheet secondary structure of the TMD forms
upon membrane insertion (30). A lack of native structure in the
TMD of OmpA was also observed when aqueous OmpA formed
complexes with Skp (Figure 10), consistent with recent NMR
data (29), and when five LPS were added to one OmpA - Skp;
complex (Figure 10). The TMD of OmpA only folded when
complexes of unfolded OmpA, Skp, and LPS were exposed to
lipid membranes. The relative fluorescence changes along the
polypeptide chain were quite similar for the water-collapsed form
of OmpA and for its Skp-bound form (Figure 4A), while the
fluorescence changes upon Skp binding were greater for Wsin the
loops and turns than for Wsin the strands (Figure 4B). Therefore,
it seems likely that reversal of the partially outside-in conforma-
tion of aqueous OmpA does not take place upon complex
formation of OmpA with Skp. Instead, the formation of a
continuous hydrophobic surface and folding of OmpA isinitiated
at the membrane—water interface and coupled to integration into
the hydrophobic core of the membrane (Figure 10).

Skp Interacts Asymmetrically with N- and C-Terminal
Strand Regions of the TMD of OmpA. Tryptophans intro-
duced into turns or loops that were surface-exposed in the
aqueous forms showed stronger changes in fluorescence due to
Skp binding than tryptophans in the pJ-strand regions
(Figure 4B), indicating water removal from the OmpA surface,
in particular from the loops and turns but also from the more
hydrophobic f-strands. In context with our previous study,
which showed that OmpA binding to Skp depends on the pH
and on the ionic strength (/4), our present site-directed fluores-
cence results indicate that polar or electrostatic interactions
between loops or turns of OmpA (p/ ~35.5) and polar or charged
residues of the highly basic Skp (p/ ~10.5) are major determi-
nants for Skp binding to OmpA. The loops /}, >, and /, and the
turns t, and #; contain negatively charged residues that may bind
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to Skp, which contains positively charged residues all over
its tentacle domain, in particular in the tip region of the tentacles
(11, 12, 14). 5-Turn regions containing a negative net charge are
quite common in outer membrane proteins of Gram-negative
bacteria and found, e.g., in OmpA, OmpG, OmpW, OmpT,
FadL, OmpF, LamB, and FhuA of E. coli but also in NalP and
NspA of N. meningitidis. The interaction of Skp with the TM D of
OmpA is asymmetric regarding OmpA, since Skp dehydrates
strand regions closer to the N-terminus of OmpA more strongly
than the C-terminal strands. In OmpA-Skp; complexes, this
asymmetry is not observed for the periplasmic turns and outer
loops of OmpA, which bound similarly to the C- and N-termini
of the TM D (Figure 4B).

LPS Binding Changes the Asymmetry of Skp-OmpA
Interactions and Exposes the Outer Loops of OmpA to a
More Polar Environment. When LPS was added to Skp-OmpA
complexes, the asymmetry previously observed only for the
strand regions (Figure 4) was then also observed for the loop
regions (Figure 8B), indicating a change in the polarity of the
environment of the loops, in particular in the C-terminal half of
the TMD of OmpA. A comparison of Figures 4B, 5B, and §B
suggests that LPS binding to OmpA - Skp; complexes reduces the
shielding of the loops of OmpA against interactions with water
(Figures 4B and 8B). The reduction is strongest at the C-terminus
of the TMD. However, the fluorescence properties of ¢;Wyg,
1,Woy, and ;W 3 remain largely unaltered upon LPS addition,
indicating tight binding of the turns to Skp; even when LPS is
added (Figures 4B and 8B). These results suggest that binding of
negatively charged LPS leads to a partial release of the negatively
charged TMD of OmpA from the complex with the positively
charged Skp, which remains bound mostly to the turn regions of
OmpA and to the N-terminus of the 7MD. This interpretation is
consistent with our previous study (74), which demonstrated that
the tryptophans of wt-OmpA, all located in transmembrane
p-strands (but close to the loops), become more accessible to
the aqueous fluorescence quencher acrylamide when LPS is
added to Skp;-OmpA complexes. This might be caused by the
partial release of loop regions of the TMD of OmpA from the
complex with Skp due to interactions of the complex with LPS.

Electrostatic Interactions Dominate over Hydrophobic
Interactions Regarding Complex Formation of Skp with
OMPs. Figure 11 summarizes tentative models for OmpA
complexes with Skp and with Skp and LPS. Our data demon-
strate that unfolded OmpA (A) develops an outside-in con-
formation in aqueous solution (B) after urea dilution. Aqueous
OmpA is bound by the chaperone Skp via multiple polar and
also hydrophobic interactions of its entire TM domain,
including all strands, turns, and loops (C). We recently showed
that electrostatic interactions between OmpA and Skp are
important for complex formation. The binding constant was
reduced at an increased ionic strength, and binding was not
observed at pH values close to the isoelectric points of either
Skp or OmpA (7/4). This was not expected since the hydro-
phobic nature of transmembrane proteins and their tendency
to aggregate in aqueous solution suggested that hydrophobic
interactions should dominate the binding of a TMP to a
chaperone. However, OMPs form pores through the mem-
brane, and the transmembrane strands therefore have a highly
amphipathic nature in folded form. The unfolded or collapsed
OMPs may not present enough continuous hydrophobic sur-
face area to bind chaperones via hydrophobic interactions
alone. Binding of negatively charged LPS to OmpA -Skps
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FiGuRre 11: Scheme for the interaction of OmpA with Skp and LPS.
(A) Unfolded OmpA in 8 M urea forms a random coil structure. The
dark blue lines represent the transmembrane strand regions of the
OmpA polypeptide chain, the green lines the polar loop, and the red
lines the polar turn regions. The periplasmic domain is colored in light
blue. Overall, OmpA is negatively charged above p/ ~5.5, e.g., in the
turn regions, indicated by (—). (B) The transmembrane domain of
OmpA forms a water-soluble intermediate state in water while the
soluble periplasmic domain folds. (C) The positively charged Skp
tentacles (+) bind the entire transmembrane domain of OmpA
through multiple electrostatic and also hydrophobic interactions.
(D) Negatively charged LPS binds to OmpA -Skp; complexes, lead-
ing to a partial release of OmpA from the complex. The turn regions
of OmpA remain bound to Skps. This leads to a reorientation of
OmpA and might explain the observed LPS-facilitated folding of wt-
OmpA into lipid bilayers in kinetic experiments (8) since the con-
formation of OmpA in the complex is changed.

complexes results in a partial release of the outer loops of
OmpA from Skp;, which likely leads to a reorientation of
OmpA (D). The relatively small amount of five LPS per
OmpA - Skp; complex that was added in aqueous solution
was insufficient to form a hydrophobic environment for
OmpA folding. However, binding of five LPS to the OmpA -
Skps complex is known to result in a partial exposure of the
Ws in the -strands of OmpA to the aqueous environment (14)
and to facilitate membrane insertion (8).

Interestingly, Omp85 (YaeT) of E. coli, which is the receptor
for OMP assembly into the outer membrane, is composed of a
membrane-inserted C-terminal half and an N-terminal periplas-
mic half. The periplasmic domain carries a negative net charge
and may serve as a docking site for positively charged Skp with
bound OMPs. The N-terminal domain might assume the role of
negatively charged LPS in weakening the interactions of Skp with
bound OMPs.

Skp and Sur A Display Different Modes of OM P Binding
to Periplasmic Chaperones. Trimeric Skp binds to the TM D
but not to the PD of unfolded OmpA with nanomolar affinity (74)
and forms stable 1:1 complexes (8, /4). Here we observed that
Skp does not recognize isolated regions of the 7M D but instead
binds the entire M D-OmpA. The fluorescence data also indicate
that there is no specific motif in the -strand regions of the TM D
of OmpA that is preferentially recognized by Skp. Another
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periplasmic chaperone, SurA, has been reported to specifically
recognize and bind the peptide sequence Ar-Rnd-Ar, where Ar is
an aromatic and Rnd any amino acid (3/—33). Although the
tryptophans 53Ws; and 3,W 43 present in OmpA are part of such
amotif (Figure 1), the fluorescence data obtained in this study do
not suggest any preferred sequences in OmpA for Skp binding.
However, the periplasmic turns of OmpA might still be an
exception since they are bound stronger to Skp than loops and
strands. The affinity of SurA for OMPs is in the micromolar
range (32), while Skp binds with nanomolar affinity (8, 74),
indicating that the modes of binding are very different for these
two chaperones. A likely explanation for the high affinity of Skp
for unfolded OMPs is its binding to the entire unfolded trans-
membrane domain and not just a short stretch of amino acids as
reported for SurA (3/-33).
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