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Although the R-barrel membrane protein OmpA can be produced in a biologically active form in E. coli from
co-expressed fragments, the fragments have not been demonstrated to associate in vitro. We have produced
3 complementary fragment pairs of OmpA which can associate to form a folded complex according to the
SDS band-shift assay. We are able to convert 25-35% of the fragment populations to non-covalent but SDS-
stable complexes. The periplasmic chaperone Skp effectively prevented this association. Two separately
expressed and purified overlapping fragments of OmpA can form a protease-resistant complex that

gz;vzrds' undergoes the characteristic band-shift upon heating. Our work demonstrates that although membrane
Cleavage sites insertion and folding of R-barrel membrane proteins may be a cooperative process, the fragments can
Association associate in vitro without any additional components. However, the low yield and slow folding rates indicate
SDS-PAGE that partially unfolded or destabilized 3-sheet membrane proteins can potentially engage in many non-
Proteolysis native interactions.

Complementary fragments

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Several models of folding of water-soluble proteins, such as the
diffusion-collision model [1] and the extended nucleation condensa-
tion model [2], propose that folding begins at the local sequence level
with structural elements that stabilize each other by associating,
leading to native-like secondary structure and tertiary packing. The
two models differ in the extent to which they emphasize the stability
of the individual elements, which is considered to be significant in the
diffusion-collision model and marginal in the extended nucleation
condensation model. Support for both models can be found from
studies of protein fragments. There is ample experimental evidence
that peptide fragments (microdomains) with native-like folding
propensity are able to interact with complementary fragments to
form a native protein. For example, fragments of soluble proteins such
as RNase A, Bovine Pancrease Trypsin Inhibitor [3], thioredoxin [4],
Trp repressor [5], PRA-isomerase [6,7], chymotrypsin inhibitor 2 [8-
10] and ubiquitin [11] can associate to form functionally active
protein. In some cases, the fragments do not have persistent structure
on their own and only fold stably when they dock to neighbouring
domains [12,13], whereas in other cases individual fragments can
have high levels of secondary structure [14].

Abbreviations: OM, octyl maltoside; TM OmpA, transmembrane part of outer
membrane protein A.
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Studies on the association of protein fragments provide valuable
insight into the folding of intact proteins. This approach has also been
used with membrane proteins. In this class of proteins, the low
polarity and lack of hydrogen bonding partners amongst the acyl
chains of the membrane hydrocarbon interior drive the protein or
peptide to adopt structures that satisfy internal hydrogen bonding
requirements [15-18]. For a-helical membrane proteins, where each
o-helix is able to form internal hydrogen bonds, this effectively forces
each helix to act like independent folding units. Individual trans-
membrane helices can generally form helical structures on their own
[15,19], although some have higher propensities than others [20]. The
latter aspect may reflect the vectorial folding pattern of a-helical
membrane proteins where the later parts are added stepwise as they
are transferred out from the translocon into the lipid phase and
therefore do not need to have such high a-helix propensities [21].
Split a-helix membrane proteins also assemble in vivo when co-
expressed, as shown for e.g. bacteriorhodopsin [22,23] and lactose
permease [24].

The situation is different for 3-barrel membrane proteins such as
the outer membrane protein OmpA, given that hydrogen bonds are
formed between residues far apart in the primary structure which
need to come together. Indeed, pioneering studies by Kleinschmidt
and Tamm indicate that OmpA folds by a concerted mechanism [25],
in which formation of secondary and tertiary structure is synchro-
nized [26], much like the nucleation-condensation mechanism of
folding of water-soluble proteins [2]. The concerted nature of folding
does not rule out that fragments of barrel-forming proteins can
associate to form the native state. For example, the heptameric o-
hemolysin from S. aureus forms a membrane-spanning (3-barrel pore
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containing one hairpin from each subunit [27], and there is evidence
that most of the secondary structure is formed prior to assembly [28].
Furthermore, Wimley et al. have developed elegant schemes to select
peptides which are unstructured in solution but assemble in the
presence of membranes to form (3-sheet rich pores [29], although it is
not clear whether bona fide 3-barrels are formed.

OmpA itself consists of 325 residues, of which residues 1-176 form
an 8-stranded B-barrel in the outer membrane with 3 periplasmic
turns and 4 surface-exposed loops [30], while the C-terminal domain
extends as a globular domain into the periplasmic domain [31].
Seminal studies by Koebnik showed that fragments of OmpA could
assemble in vivo, provided the polypeptide was split at the second or
third (but not first) periplasmic turn of the transmembrane domain
[32]. In addition to complementary fragments, overlapping fragments
of OmpA (with an overlap of 3-strands 5-6) also formed a functional
complex in vivo [32].

However, it is unclear to what extent fragment association is aided
by periplasmic chaperones and whether they can occur spontane-
ously. We have therefore decided to address to what extent
productive association of OmpA fragments can occur in vitro. OmpA
is a very useful model system for these studies, given that the intact
protein inserts spontaneously into synthetic phospholipid mem-
branes [33] and surfactants [34] without the need for metabolic
energy. We have therefore made constructs of the transmembrane N-
terminal domain of OmpA with engineered protease cleavage sites in
each of the three periplasmic turns, in order to produce complemen-
tary fragments whose association can be monitored by the formation
of stable complexes on SDS-PAGE gels. OmpA is known to tolerate
both insertion of peptides into periplasmic turns [35] and substantial
shortening of surface-exposed loops [36]. To optimize folding
efficiency, we refold the fragments in the presence of 50 mM of the
surfactant octyl maltoside (OM, critical micelle concentration 20 mM)
rather than phospholipid vesicles, as micelles generally lead to faster
refolding than vesicles [26]. We find that equimolar concentrations of
complementary fragments, as well as overlapping fragments, can
indeed assemble to form heat-modifiable and protease-resistant
complexes, although with relatively low (<30%) efficiency and at
very slow rates compared to the intact protein. This highlights the
intrinsic activation barriers facing folding of outer membrane proteins
and emphasizes the cooperative nature of the folding step.

2. Materials and methods
2.1. Materials

Genenase | (hereafter referred to as genenase) and trypsin were
from New England Biolabs (Beverly, MA). Urea, Gly, EDTA were from
Sigma (St Louis, MO). Octyl maltoside (OM) was from Anatrace
(Maumee, OH). All SDS-PAGE was carried out using a 15% polyacryl-
amide separation gel prepared according to Laemmli [37]. Plasmids
pQE60 and pPLT13 were generously provided by Dr. Jorg
Kleinschmidt.

2.2. Construction of engineered OmpA expression plasmids with
genenase cleavage sites

The transmembrane domain of the OmpA gene (residues 1-176)
was engineered to produce four constructs: wild type and three
variants in which a genenase recognition site (sequence GAA-
HYALGQPNV) was inserted in periplasmic turn 1 (TM OmpAT1), turn
2 (TM OmpA2) and turn 3 (TM OmpA3), respectively (see Table 1 for
details). In addition, the sequence Arg-Ser-(His)g was inserted at the
C-terminus. These constructs were made by overlap extension using
the primers listed in Table 2 and two stages of 25 PCR cycles of 95 °C
for 30, 55°C for 30s, and 72 °C for 2 min. First stage included a
relevant mutagenesis primer combined with either 5’-forward or 3’-

Table 1
Amino acid sequence, genenase recognition site, molecular weight and fragment size of
constructs used in this study.

Construct Amino acid Position of genenase Calculated
sequence® cleavage site (GN®) molecular
within the p-strand weights (Da) ¢
sequence®
Wt TM OmpA Aa 1-176 No GN site 20,398
TM OmpA 1 Aa 1-44-GN-aa P1-2-GN-P3_g 5196, 16,399
45-176
TM OmpA 2 Aal1-87-GN-aa P1-4-GN-P5_g 9962, 11,632
88-176
TM OmpA 3 Aa 1-133-GN-aa P1-6-GN-R7_g 14,949, 6646
134-176
F2 Aa 48-176 (Ps3-g) No GN site 15,460
F3 Aa 1-88 (P1-4) No GN site 10,805

2 All sequences contain Met at the N-terminus and RSHHHHHH at the C-terminus.

b Genenase cleavage site (GN): GAAHYALGQPNV. Cleavage occurs between His and Tyr.

¢ Subscripts refer to B-strand numbers.

4" For the three TM OmpA constructs with genenase cleavage sites, molecular weights
refer to the two N- and C-terminal fragments, respectively, produced from cleavage by
genenase.

reverse generic OmpA primer and a full length OmpA cDNA clone as
template, and the second stage relevant pairs of the amplified
fragments from the first stage and 5’-forward and 3’-reverse primer,
as described [38]. The resulting amplified DNA fragments were
digested with EcoRI and BamHI and inserted into pET3a (Novagen).
Following transformation into E. coli TOP10 strain and selection for
ampicillin resistance, a clone for each construct was identified and
verified by DNA sequencing.

2.3. Preparation of F2 and F3 fragments

These were prepared using the primers described in Table 2 using
the same PCR and ligation strategy as for the OmpA engineered
variants. The forward primers includes the restriction site for Ndel and
the translation ATG codon. The reverse primer includes a (His)g tail,
two codons for translational stop and the restriction site for BamHI.

2.4. Purification of Skp and FkpA

Skp was purified as described [39] using plasmids pQE60 and
pPLT13. The gene for FkpA was PCR amplified from the E. coli genome
using the primers listed in Table 2 and cloned into a pET3a vector using
restriction enzymes Nedl and HindIll. After expression, cells were
pelleted and resuspended in a cold solution of 50 mM Tris pH 8.0,
10mM EDTA and 20% (w/v) sucrose before pelleting again. The
supernatant was discarded and the pellet resuspended in water. MES
pH 6.0 was added to 20 mM, and FkpA was purified on an SP-Sepharose
column using a 0-500 mM Nacl gradient.

2.5. Expression and purification of TM OmpA constructs and F2 and F3
fragments

Plasmids were transformed into E. coli BL21 plysS or BL21 Gold.
Protein was expressed and purified from the inclusion body fraction
following standard protocols [33,40,41] with minor modifications.
Instead of 50 pug/ml ampicillin, we used 100 pg/ml. For BL21 plys S host
cell, we also included 25 pg/ml chloroamphenicol to retain the plysS
plasmid. Protein was isolated from the inclusion body (IB) fraction.
The IB fraction was incubated with TEN buffer (20 mM Tris pH 8.0,
1mM EDTA, 100 mM NaCl) as well as 2% (w/v) Triton X-100
overnight at 37 °C, spun down and washed 2-3 times in 5 ml TEN
buffer. Subsequently the pellet was dissolved in 4 ml TNU buffer,
(20 mM Tris, 100 mM Nacl, pH 8.0 and 8 M urea) at 37 °C. All OmpA
constructs except F2 were subsequently purified from the
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Table 2

Design of primers used to prepare TM OmpA variants and other proteins used in this study. The genenase recognition sequence is included in the primer for TM OmpA 1-3.

Constructs Forward primer

Reverse primer

Generic OmpA primers* caccatggctccgaaagataacac

TM OmpA i ggcgeggeccattacgecctaggecagecgaacgtgtatgttggetttgaaatgg

TM OmpA 2° ccgggegeggeccattacgecctaggecagecgaacgtggacgatctggacgtatacacte
TM OmpA 3" ccgggegeggececattacgeectaggecagecgaacgtggaaatcgetacecgtetg

F2? gggaattccatatgtatgttggetttgaaatgggttac

F3? gggaattccatatggctccgaaagataacacctg

FkpA gggaattccatatgaaatcactgtttaaagtaacg

ttattaatggtgatggtgatggtgactacgagctgcttcgeectgaccg
cacgttcggctggectagggegtaatgggecgegeccgggttaacctggtaacca
cacgttcggetggectagggegtaatgggecgegeccggagtgattgggtaacceagtttag
cacgttcggetggectagggegtaatgggecgegeccggaggagtgatcgeatactcaac
gegggatccttattaatggtgatggtgatggtgactacgagetgectegeectgace
gcgggatccttattaatggtgatggtgatggtgactacgagtgattgggtaacccagtttag
ggcccaagcttttattattttttagcagaatctgegg

¢ (His)e sequence underlined and stop codons in italics.
b Genenase recognition sequence underlined.

supernatant on a Ni* 2 NTA column (Qiagen) using the manufacturer's
instructions. The OmpA fractions were pooled and dialyzed overnight
against a 50-fold volume excess of buffer D (20 mM Tris-HCI, 200 mM
NaCl, 8 M urea, pH 8) to remove imidazole. After Ni-NTA purification,
the intact OmpA constructs (OmpA TM 1-3) were refolded by
dialyzing out urea very slowly with gradual (~20 ml/h) addition of
a controlled volume of buffer containing 20 mM Tris, 2 mM EDTA, pH
10 to the dialysis solution bathing the dialysis bag. When the urea
concentration had decreased to 3 M, 50 mM OM was added to the
dialysate as well as the dialysis solution to prevent misfolding and
aggregation. Fluorescence spectra of TM OmpA variants at 3 M urea
showed that the protein remained soluble up to 4 mg/ml and
unfolded, in good accord with Hong and Tamm [42]. Finally, when
the urea concentration had decreased to 50-100 mM, the protein
solution was dialyzed in fresh buffer including 50 mM OM. For
samples subsequently used for genenase digestion, dialysis was
halted at 3 M urea, and the sample was dialysed with genenase di-
gestion buffer (100 mM NaCl, 50 mM Tris-HCl, 1 mM CacCl,, pH 8.0)
containing 3 M urea. F2 was dialyzed against 20 mM Tris pH 9.0 and
8 M urea before being loaded at 0.5 ml/min onto a 2 ml Q-Sepharose
column (Amersham Biosciences, Uppsala, Sverige). The protein is
eluted with a 0-1 M NaCl gradient and F2 fragments are identified by
SDS-PAGE.

2.6. Genenase cleavage

Each of the OmpA constructs was digested with genenase to
generate two fragments. Genenase is a variant of subtilisin BPN’ that
has been engineered to cleave specifically after His in the sequence
Pro-Gly-Ala-Ala-His-Tyr [43,44]. We digested OmpA in the unfolded
state (in 3 M urea) at 28 °C in 20 mM Tris-HCl,200 mM Nacl, pH 8.0.
Genenase cleaves nonspecifically at 37 °C, leading to complete
digestion. 5 g genenase was added to 350 g of OmpA in a final
volume of 100 pl. The solution was incubated for 18-20 h, and the
extent of cleavage was monitored using 15% SDS-PAGE. After com-
plete cleavage of protein, genenase was inactivated by adding 10 ul of
complete protease inhibitor cocktail from Roche and the cleavage
mixture was stored at — 20 °C. Subsequent association experiments
were carried out in the presence of 2 mM EDTA at 4 °C to ensure
essentially complete absence of genenase activity (incubation at
higher temperatures led to degradation of fragments).

2.7. Folding kinetics of intact OmpA constructs

The folding/unfolding kinetics of TM OmpA constructs in OM
micelles were monitored via SDS-PAGE as the folded and unfolded
states migrate differently (with apparent molecular weights of 21 and
23 kDa, respectively) [33]. Typically, protein was diluted directly from
8 M urea to the refolding buffer containing 20 mM Gly, 2 mM EDTA,
50 mM OM pH 10, giving a residual urea concentration of 270 mM. All
folding kinetics of intact OmpA constructs were conducted at 25 °C At
different time points, 30 ul of reaction mixture was immediately
mixed with 10 ul 4x sample buffer (without reducing agents) to

arrest folding and subsequently analyzed by SDS-PAGE without prior
boiling (unless otherwise stated). The amount of folded and unfolded
protein was quantified by scanning densitometry using a conven-
tional scanner in combination with the programme Image]. Band
intensities were and subsequently fitted to a double exponential
decay:

y=A "exp(—x*In2)/t;) + A, exp(—x*In(2)/t,) + ¢ (1)

where A; and A, are amplitudes, t; and t, are half lives and c is the
offset. Fitting was done using the programme Kaleidagraph 4.0
(Synergy Software).

2.8. Association of TM OmpA fragments

100 pl of digested OmpA (~300 pg) in 3 M urea was diluted out to
a final volume of 750 ul in different (30, 50 and 100 mM) concentra-
tions of OM and 20 mM Gly, 2 mM EDTA, pH 10.0 and a residual urea
concentration of 400 mM urea. These conditions are those used for
typical full length OmpA refolding experiments, where the high pH
reduces the degree of aggregation in the denatured state [34]. All
fragment association experiments were conducted at 4 °C. At different
time points, 15 pl were taken out, immediately mixed with 5 nl 4x
sample buffer and subjected to SDS-PAGE. Associated TM OmpA
fragments migrate as a band of ~23 kDa. The band intensity was
quantitated by scanning as above. Genenase also produced some
smaller fragments to a small extent. However, to simplify the analysis
we restricted the densitometry analysis to the bands corresponding to
the 2 fragments and the complex. The fraction of assembled fragments
was plotted as function of time and fitted to a double exponential
decay (Eq. (1)) or to a single exponential decay in which the second
term in Eq. (1) was removed.

Trypsin digestion was performed by mixing 0.2-2% trypsin (w:w)
with 35 pg of total TM OmpA1 (fragments and complex) for 20 min at
room temperature in 20 mM Tris, 2 mM EDTA, pH 8.0, before mixing with
the required amount of 4x sample buffer and carrying out SDS-PAGE.

2.9. Trypsin digestion and mass spectrometry

15 pM OmpA fragments (F2, F3 and F2:F3) in 10 mM borate buffer
pH 8 and 50 mM octyl maltoside were incubated at 37 °C for 12-16 h.
6.25 pul of 2 mg/ml trypsin was added to the sample followed by
30 minute incubation on ice. CaCl, was added to 90 mM, after which
the sample was incubated for 30 min at 37 °C. Proteolysis was halted
by adding 0.33 mg/ml soy bean trypsin inhibitor, incubating 15 min
on ice and mixed 1:1 with SDS sample loading buffer. After running
the samples on SDS-PAGE, the appropriate bands were cut out,
incubated for 20 min in 400 pL 50 mM Tris (pH 8,59) and excess liquid
removed by centrifugation. This was carried out 3 times, after which
the band was mixed with 100 pul 5pg/ml trypsin solution and
incubated for 10 min on ice. Excess trypsin buffer was removed and
the band was covered with 50-100 pl digestion buffer (10 mM Tris,
pH 8) and left at 28 °C for 12-16 h. Proteolysis was stopped by adding
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5pul 10% acetic acid, and the supernatant was subsequently trans-
ferred to an Eppendorf tube containing 10 ul R2 spheres (Applied
Biosystems, USA) onto which the peptides could bind and subse-
quently be eluted. The trypsin-digested peptides were washed with
100 ul aliquots of 10% acetic acid (twice), deionized water, 25%
acetonitrile and deionized water. After each step, the R2 tube was
centrifuged and the supernatant removed. Finally, the peptides were
eluted by adding 3 pl 25% acetonitrile and 0.1% trifluoroacetic acid,
incubating for 5 min, and centrifuging for 5 min. 1 pl of the super-
natant from this solution was mixed with 1 ul DHB matrix, transferred
to the anchor chip plate and analyzed by MALDI-TOF MS (Bruker
Daltronics Reflex III).

3. Results

3.1. Incorporation of genenase sequence does not impair folding of OmpA
although it slightly alters folding kinetics

To prepare fragments of OmpA for association studies, we
introduced genenase cleavage sites into the 3 periplasmic turns of
OmpA. Modification of these periplasmic turns by the insertion of
8 extra residues could affect the topological properties of OmpA, since
the wt periplasmic turns constitute tight B-turns which will be
relaxed by the turn expansion. At the same time, the behaviour of the
OmpA constructs in which these turns are replaced will itself provide
information on the role of these turns in folding. We found that all 3
variants were able to fold according to the usual criteria for folding of
outer membrane proteins. Firstly, they all showed the expected SDS-
PAGE band-shift from the denatured to the native state over time
when allowed to refold from 8 M urea into 50 mM octyl maltoside
(OM) and residual (270 mM) urea (Fig. 1A). Secondly, all 3 variants
underwent a characteristic blue shift in the fluorescence emission
spectrum from 354 nm in 8 M urea to 335 nm in the presence of
50 mM maltoside at low urea concentrations (data not shown). Wt
TM OmpA undergoes a similar blue shift in DOPC vesicles [25] and in
OM. These data confirm that introduction of the Genenase cleavage
sites does not prevent proper folding of OmpA.

Nevertheless, the kinetics of folding could still be affected.
Therefore we followed the OmpA refolding time course by diluting
the protein from 8 M urea into 270 mM urea and 50 mM OM. At
different time points, samples were removed and transferred to SDS-
PAGE loading buffer to halt the folding reaction, after which the
sample was analyzed by SDS-PAGE (Fig. 1A) and band intensities
were plotted versus time (Fig. 1B). As summarized in Table 3, each of
the constructs showed a biphasic folding profile, involving a fast as
well as a slow refolding phase. Since our SDS-PAGE method directly
monitors the formation of the native state (rather than a spectro-
scopic intermediate), this suggests that there are parallel folding
pathways, as reported previously by Kleinschmidt and Tamm [25].
The refolding kinetics of TM OmpA1 (where the cleavage site is
inserted into the first periplasmic turn) are essentially unchanged
compared to wt OmpA, whereas significant changes are observed for
both TM OmpA2 and TM OmpA3. The fast phase is slowed down by an
order of magnitude for these mutants; in addition the slow phase has
become the dominant phase for TM OmpA2, taking up 64% of the total
amplitude (in contrast to 10-20% for the other three constructs). Thus
folding kinetics are strongly affected by changes to periplasmic turns
2 and 3 but not in turn 1. Interestingly, the largest effect is seen in the
most central insertion (turn 2).

3.2. A significant fraction of the OmpA fragment population can associate
to form complexes, though the kinetics vary for different fragment pairs

Having established that the inserted cleavage site does not prevent
proper refolding, we then prepared the individual fragments. Each of
the TM OmpA variants was split in two parts by cleavage with
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Fig. 1. (A) Refolding of the three TM OmpA constructs in 50 mM octyl maltoside (OM)
monitored by SDS-PAGE and followed over time. All experiments in 20 mM Gly, 2 mM
EDTA pH 10, 50 mM octyl maltoside at 25 °C. (B) Plot of the fraction folded vs time of
the three OmpA constructs as well as wt OmpA. Errors on each measurement point ca.
5%. Data fitted to double exponential decays and summarized in Table 3. Note the
logarithmic time scale which makes it easier to distinguish the data from the individual
constructs.

genenase in the presence of 3 M urea. This denaturant concentration
was a compromise between two opposing requirements: high dena-
turant concentrations allow us to keep the fragments soluble and
provide access to the cleavage site, while low concentrations are
required to retain protease activity. Cleavage at lower urea concen-
trations and in the presence of OM did not destabilize the protein
sufficiently to allow access for genenase (data not shown).

Table 3
Band-shift monitored folding of intact OmpA constructs®®.
Amp1 ti, (min) Amp2 ti, (min)
Wt OmpA 81.2+3.1 0.114+0.01 18.8+2.5 170 £ 60
TM OmpA1 81+4 0.14+0.02 19+1 360+ 280
TM OmpA2 2311 33+05 65+1 200+ 10
TM OmpA3 7043 28404 11+£3 110+ 80

2 All experiments in 20 mM Gly, 2 mM EDTA pH 10, 50 mM octyl maltoside and
residual urea (0.4 M).

b Kinetic parameters obtained from fitting band intensities in Fig. 1B to a double
exponential decay (Eq. (1)), giving the amplitudes (Amp) and half lives (t;) for each of
the two phases.
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Cleavage of TM OmpA1 and TM OmpA3 produces two fragments,
each of molecular weights ~16 and ~6 kDa while cleavage of TM
OmpA2 produces two fragments of very similar size (11.5 and
10.2 kDa) (Table 1 and Fig. 2). For TM OmpA1l and TM OmpA2, we
observe a small amount (<10%) of unspecific cleavage, depending on
the genenase batch used (data not shown). The unspecific cleavage
was more pronounced for TM OmpA3, where a smaller band was
consistently observed below the two expected bands (see asterisk in
Fig. 2). However, these bands were not included in the subsequent
densitometric analysis, which only involved the 2 correctly sized
fragments and the non-covalent complex formed by their association.
In accordance with their origin as equimolar cleavage products from a
single precursor protein, the two fragments show approximately
equal band intensities.

Using SDS-PAGE, we are able to follow the association of the two
fragments in the presence of OM through the formation of a band
migrating at the same position as the folded uncleaved protein
(23 kDa, Fig. 3A). In the case of TM OmpA1 we also saw a significantly
fainter band migrating above the folded band at a position corre-
sponding to unfolded OmpA (indicated with an asterisk in Fig. 3A).
This band started to appear well after the folded band. The faintness of
the band meant that it did not contribute significantly to the overall
intensity of the complex bands and was therefore left out of our
calculations. Trypsin-treatment of the sample made this band more
fuzzy (data not shown). This suggested that it was possible for the two
fragments (3-strands 1-2 and B-strands 3-6 to associate to a partially
folded (but protease-sensitive) complex, which was nevertheless
stable enough to (at least partially) withstand dissociation in SDS.

The associated complex was a well-defined species which unlike
the individual fragments was resistant to protease treatment (see also
below for further details) and is dissociated by heat treatment (data
not shown).

We quantified the rate of appearance of the folded TM OmpA
complexes in the presence of 50 mM OM from the increase in
intensity of the complex band (Fig. 3B). The association kinetics varied
significantly among the 3 complexes. Association of TM OmpAl
fragments follows biphasic kinetics, with a fast phase showing a ty,
around 7.1 min and a slow phase with a ty, around 650 min (Table 4).
In contrast, association of the two other fragments followed single
exponential kinetics. Just as for the intact variants, association of TM
OmpA2 fragments is significantly slower than that of the two other
fragments.

To complement our association data, we also monitored the
parallel decrease in intensity of the fragments (Fig. 4A). The half lives
of this decrease agree reasonably with the association kinetics
(Table 4), indicating that we are essentially monitoring the formation
of a folded complex from the individual fragments. The fact that the
two sets of half lives do not correspond exactly to each other may
reflect that the fragments can be engaged in interactions other than
the formation of native complexes. Importantly, we observe the same
distinction between single exponential (TM OmpA2 and TM OmpA3)
and double exponential decay (TM OmpAT1).

TM-Omp
A1l A2 A3 A4
Genenase: - + + +
25—
18—
14—

«—%

Fig. 2. Digestion of TM OmpA1-3 by genenase in 3 M urea. See Table 1 for calculated
molecular weights of the fragments. Asterisk indicates unexpected cleavage product of
TM OmpA3.
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Fig. 3. Kinetics of association of the TM OmpA fragments in 50 mM OM. All experiments
in 20 mM Gly, 2 mM EDTA pH 10, 50 mM octyl maltoside at 4 °C. (A) Association
monitored by SDS-PAGE. Asterisk for TM OmpA1 denotes putative partially denatured
complex. (B) Band intensities from panel A. Data for TM OmpA1 are fitted to a double
exponential decay, while data for TM OmpA2 and TM OmpA3 are fitted to a single
exponential decay. Errors determined from triplicate measurements. Data are
summarized in Table 4.

Table 4

Kinetic parameters for the association of complementary OmpA fragments?.
Mutant Amp1 tl, (min) Amp2 t%, (min)
TM OmpA1l 10+£2% 714+34 184+2% 6504220
Disappearance of 33-8 5.7+0.9% 24+12 189+1.5% 1610+ 200
TM OmpA1™ P 96+05% 217+24  67+06% 940260
TM OmpA2 - - 20.0+1.4% 21504310
Disappearance of B1-4 - - 43 +2% 760+ 140

and 35-8

TM OmpA3 - - 29.1+£2.2% 7154150
Disappearance of 31-6 - - 30.2+1.5% 670490

2 All data based on reassociation of fragments upon dilution of an equimolar mixture
of fragments from 3 M urea into 0.27 M urea, except data in row 3. All experiments in
20 mM Gly, 2 mM EDTA pH 10, 50 mM octyl maltoside at 4 °C. Kinetic parameters
obtained by fitting band intensities (Figs. 3 and 4) to double or single exponential
decays.

b Diluted from 7 M urea into 0.4 M urea.
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Fig. 4. A. The kinetics of disappearance of the larger fragments in TM OmpA1-3 in
50 mM OM monitored by SDS-PAGE. B. TM OmpA1 association in different concentra-
tions of OM and starting from 7 M urea. Data are summarized in Table 4.

Note that in all cases only a fraction (25-30%) of the complexes
associated, according to the intensity of the band of the associated
complex compared to the total band intensity. Incubation of the
fragments for up to 120 h did not increase the level of association
beyond 30% (data not shown). The incomplete degree of association
did not appear to be associated with higher-order structures. Apart
from the partially folded putative complex mentioned above, we did
not observe any higher-order bands which could be digested by
trypsin (data not shown). Furthermore, changing the OM concentra-
tion from 50 to 30 or 100 mM OM did not significantly alter the
association yield (Fig. 4B).

3.3. Residual structure prior to association

For practical purposes, OmpA was cleaved in 3 M urea in the
absence of OM and the two complex fragments were associated by
dilution from this urea concentration. It is possible that the fragments
retain residual structure even at 3 M urea, which could influence the
association reaction. Any such residual structure is likely to disappear
at higher denaturation concentrations. When we transferred the
OmpA1l fragment mixture to 7 M urea and incubated them for 1h
before reconstituting them by diluting out as before, we saw essen-

tially the same folding half lives as when refolding from 3 M urea
(Fig. 4B and Table 4). The fast reaction showed a half life of 21.7 min
whereas the slow reaction had a half life of 941 min (Table 4) which
lie within the same range as the formation of OmpA1 complex from
3 M urea as well as the disappearance of the 33-8 fragment. The only
difference was that the amplitude of the slow phase had decreased
by ~50% (Fig. 4B). This suggests that residual structure in the dena-
tured state does not play a major role for the kinetics of fragment
association, although it may have an impact on the amount of con-
structive association.

3.4. Skp inhibits fragment association

The periplasmic chaperone protein Skp is able to bind to unfolded
OmpA and prevent its folding into phospholipid membranes [39,45].
Commensurate with this, when Skp is present during the fragment
association of OmpA2 fragments at 1:1 weight ratio, it completely
inhibits their association (Fig. 5). In contrast, the periplasmic chap-
erone FkpA, which has not been reported to be involved in the folding
of OmpA [46], was unable to inhibit association (data not shown).

3.5. Specificity of fragment association

Given that we were able to induce association of complementary
fragments, we tested whether other fragment combinations would
also yield SDS-robust complexes. We therefore mixed all fragments of
OmpA1, OmpA2 and OmpA3 generated from 3 separate Genenase
cleavage reactions in an equimolar ratio, and reconstituted the
fragment mixture by diluting from 3 M urea into 50 mM OM. We
observe a band corresponding to the native state of OmpA (Fig. 6A), in
addition to a 25 kDa band. This band corresponds in mobility to the
partially unfolded state (cfr. Fig. 4B). Just as seen for association of TM
OmpA1 fragments alone, the 25 kDa band accumulates more slowly
than the appearance of the folded TM OmpA band and the
disappearance of the large fragment band, probably B;_g (Fig. 6B).
In view of this, the 25 kDa fragment is unlikely to represent a hybrid
complex between overlapping fragments. We can also safely exclude
the formation of a complex between the two longest two fragments
(B1-s and PB3_g), which will give a molecular weight of ~31 kDa, which
clearly is not visible on the gel.

Thus, even in the presence of four other fragments with very
similar binding sites, each fragment preferentially interacts with its
own complementary fragment. However, the data prompted us to
investigate whether it was possible for overlapping fragments to
associate in the absence of competing complementary fragments.

3.6. Fragment pairs with overlapping sequences can also associate to
form a complex where the sequence from the smaller fragment is cleaved

off

We attempted to separate the individual fragments of OmpA in
order to study the extent to which they could individually be folded
beforehand and the effect of this on the subsequent association.

Skp - - -+ o+
Time(days) 0 10 10 0 10 10
Boiled - - + - - +
<— Folded complex
wb Skp
——

$—Fragments

Fig. 5. Skp significantly reduces TM OmpA2 complexation monitored by SDS-PAGE. Skp
is added at the same weight concentration as that of the combined weight
concentration of the two OmpA fragments.
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Fig. 6. (A) Digested TM OmpA1l, TM OmpA2 and TM OmpA3 mixed together in
equimolar amount and allowed to associate, as monitored by SDS-PAGE. All
experiments in 20 mM Gly, 2 mM EDTA pH 10, 50 mM octyl maltoside at 4 °C. Band
A corresponds to either a partially unfolded complex of complementary fragments or
folded overlapping fragments, band B corresponds to the folded complex of
complementary fragments and band C corresponds to the large fragments ([3;_¢ and
3-g). (B) Band intensities of the 3 bands in panel A.

Unfortunately, we were unable to separate the fragments chromato-
graphically. We also attempted to produce the individual fragments
by separate expression of the sequences coding for each of the six
sequences (without the Genenase cleavage site). However, despite
repeated attempts, it was only possible to express and purify the
overlapping fragments F2 (residues 48-176, corresponding to (-
strands 3-8) and F3 (residues 1-88, i.e. p-strands 1-4) separately as
inclusion bodies in E. coli. The other fragments failed to express to
feasible levels (data not shown). We therefore used SDS-PAGE to
investigate the extent to which these two fragments could associate.

As shown in Fig. 7A, F2 and F3 incubated at approximately
equimolar concentrations are able to form a complex which
dissociates upon heating. The association of F2 and F3 occurs with
comparable yields over a wide pH range (pHs 4-8) (data not shown).
Attempts to analyze the association of pre-folded fragments are
complicated by the fact that F2 by itself is able to form an SDS-stable
F2 dimer complex when diluted out into surfactant, although this is
very faint, amounting to less than 5-10% of the entire population
(data not shown). This ability to dimerize is analogous to the reported
in vivo dimerization ability of the OmpA fragment 5_g [32] and may
partially explain the existence of excess free F3 in the complex
mixture. In contrast, F3 upon dilution into surfactant typically forms
visible aggregates which can only be dissociated upon transfer to 4 M
urea.

The formation of a complex between two fragments with
overlapping sequences immediately raises the intriguing question:
which fragment's overlapping sequence is integrated into the
complex and which sequence is displaced and remains unstructured?
We addressed this issue by subjecting the complex to trypsin
digestion under native conditions, reasoning that trypsin will only
cleave off flexible regions of the complex. As shown in Fig. 7B, trypsin
trims down the complex (as well as degrading most of the
uncomplexed fragments), leaving behind a trypsin-resistant core.

A

Boiling

20 —
16 —

10:—=

Trypsin

Boiling
20—
15 —
10 —

Fig. 7. (A) Association of overlapping F2 and F3 fragments in 20 mM Gly, 2 mM EDTA pH
10, 50 mM octyl maltoside at 4 °C. The complex dissociates upon boiling in SDS-PAGE
sample buffer. (B) Trypsin digestion of the complex formed between overlapping F2
and F3 fragments. Note the small decrease in mass of the complex and the
disappearance of most of the uncomplexed fragments.

When this complex is (partly) dissociated by boiling, we observe the
original F2 and F3 fragments as well as what can be interpreted as a
smaller fragment of F2 and two smaller fragments of F3 (Fig. 7B).
Interestingly, the majority of F2 remains uncleaved whereas the
opposite is the case for F3. This suggests that F2 is only partially
trimmed to a small extent whereas F3 is trimmed to a great extent and
the trimming occurs in at least two places. MS analysis (Table 5)
nicely confirms this, identifying in the case of F3 only fragments
corresponding to strands 1-2 (residues 1-64) as well as strands 1-3
(residues 1-73) whereas for F2, we observe both the entire fragment
(residues 1-132, corresponding to strands 3-8) as well as a fragment
with residues 19-132, corresponding to strands 4-8. Thus in all cases,
the 4th B-strand comes from the larger F2 fragment whereas the 3rd
strand may come from either F2 or F3. The topological model of the
F2:F3 complex is summarized in Fig. 8.

4. Discussion
4.1. The second periplasmic turn appears to be central for fast folding

We have been able to monitor the association of complementary
fragments of the transmembrane domain of OmpA through the
insertion of a 12-residue protease cleavage site into each of the 3
periplasmic turns. We will first discuss the properties of the intact
constructs. Previous work by Ried et al. established that the insertion
of 4-12 extra residues in these turns did not interfere with OmpA
assembly in vivo, although at least 12 residues were needed to allow
trypsin to cleave these turns [35]. Nevertheless, it might be expected
that the kinetics of assembly could be affected, given that the
periplasmic turns are tightly constricted and only involve 4 residues
in the wild type structure. Furthermore, the introduction of new
termini in these loops by circular permutation of OmpA led to

Table 5
Summary of fragments from trypsin-digested F2:F3 complex identified by MS.
Fragment® Measured Av Calculated Av Sequence
mass [M +H] mass [M+H]
F3 7190.6 £2.1 7190.9 1Ala— 64Lys
F3 8096.7 + 3.4 8096.9 1Ala— 73Lys
F2 12190.8 +10.5 12185.5 19Gly — 131Arg
F2 14523.24+256 14498.3 1Met — 132Ser

2 Full length F3 is 88 residues while full length F2 consists of 128 residues (Table 1).
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Fig. 8. Models of the two possible topologies of the complex formed by the overlapping
fragments F3 (grey) and F2 (black), as suggested by the trypsin digestion pattern.

significant reductions in assembly yield and phage infectivity [47]. The
greatest effects were seen upon altering the third turn (between 3¢
and 3;), followed by the second turn (B4 and PBs) and then the first
turn (B and P3) [47].

Further insight can be provided from the folding kinetics in vitro of
these constructs, since this will be very sensitive to changes in
topological freedom induced by these insertions. Just for the circular
permutants, the smallest change is effected by the insertion into the
first turn, whose kinetics are essentially identical to that of wildtype
OmpA (Table 3). However, unlike the circular permutants, we observe
the greatest retardation of folding kinetics by the insertion into the
second (central) turn, which skews the distribution between slow and
fast phases so that the slow phase (which only accounts for ~20% of
the folding population in wt TM OmpA) becomes the dominant
species, although its folding kinetics are similar to those of wt TM
OmpA. The fast phase is retarded by an order of magnitude in TM
OmpA2 and TM OmpA3 compared to wt and TM OmpA1. Our data are
consistent with the scenario that OmpA follows parallel folding
pathways, in which the partitioning between the two pathways is
determined by the topological accessibility of the two pathways.
According to calculations using the prediction programme TANGO
[48], the inserted protease cleavage sequence does not possess a high
intrinsic B-turn propensity but does not appear to reduce the intrinsic
3-turn propensities in the turn regions (calculations not shown).
However, the extra loop formed at the turn region may affect the
formation and stability of the B-hairpin involving the two R-strands
around the turn. We speculate that entry into the fast track requires a
well-defined second turn to avoid trapping OmpA in a more slowly
folding state. This conclusion is corroborated by the fact that TM
OmpA2 fragments (which completely lack the second turn) show a
marked reduction in association kinetics compared to the two other
fragment pairs (Fig. 2B). It seems plausible that interference with the
central turn will have a greater impact on the topology than the two
peripheral turns. Analogous conclusions have been drawn from loop-
replacement studies of the 7-helical membrane protein bacteriorho-
dopsin, where mutations in the fourth and fifth inter-helical loops had
the greatest impact on the rate-limiting folding step [49].

4.2. Low refolding yields may reflect trapping of TM OmpA in non-folded
states

The most striking aspect of the association of complementary TM
OmpA fragments is that folding is very slow and gives a very low yield
(<30%) even under stoichiometric conditions. In vivo OmpA folds
within 1-2 min [47], and the large majority of intact TM OmpaA folds
in a fast phase with half lives of a few minutes. The time scales are so
long that the diffusion associated with complex formation will not be
a limiting factor. Kinetics will naturally be slowed down due to the
necessity of incubating at 4 °C, but this is only likely to affect kinetics

by 2-3 fold. A clue to the low yield may come from the observation
that refolding of fragments from 7 M urea (rather than the customary
3 M urea) leads to the same association half lives but a significantly
lower yield. The OmpA fragments are unfolded and non-associated
under both conditions (since our SDS-PAGE data show that associa-
tion only starts upon dilution of the urea to sub-molar concentra-
tions), but it is possible that there is a difference in the amount of
residual structure present, which may affect the formation of different
initial species formed upon dilution of the urea.

In the same way, the slow phase for the folding of intact OmpA
may represent a slightly misfolded or collapsed state which has to
rearrange itself to reach the native state, and that this type of slow
folding phase has become the dominant feature in the association of
TM OmpA fragments. A fast association phase is only observed for TM
OmpAl, the only construct that shows wild type like folding
behaviour in the intact state. The two other constructs show a
retardation of the fast refolding phase and in the case of TM OmpA2 a
dominance of the slow phase, indicating that they have an increased
ability to pass through folding detours. Access to such misfolded states
may be significantly easier for OmpA fragments, witness the ability of
F2 to form (non-native) dimers and the tendency of F3 to form
aggregates if diluted on its own.

Furthermore, Skp is able to recognize and bind to these fragments
and halt the association process despite the presence of micelles,
indicating that they are very easily trapped in the denatured state and
only associate slowly and incompletely even in the presence of sur-
factants. This differs from the association of Skp with intact unfolded
OmpA; Skp forms a stable complex with OmpA in the absence of
membranes, but releases it when membranes are added [39].

It is likely that this tendency to form promiscuous and non-native
interactions is an intrinsic feature among [3-barrel proteins and may
be unveiled by introducing destabilizing conditions where non-native
interactions can occur. Even intact OmpA can be induced to form
dimers and higher-order structures provided it is forced to fold under
conditions where the amount of surfactant micelles is limiting (K.K.
Andersen and D.E.O., unpublished observations). These dimers can
exist both in the folded and partially unfolded state; in the latter case,
the molecules must be held together by weak (but still SDS-resistant)
non-covalent interactions. Similar conclusions about the promiscuity
of p-sheet peptides in membrane environments have been reached
by Wimley et al. [50], who observed that variants of a simple
hexapeptide formed very similar B-sheets in a membrane environ-
ment. In a further testimony to the versatility of 3-sheet interactions,
the Lakey group was able to form asymmetric dimers of the trimeric
porin OmpF [51]. While we cannot make any detailed predictions
about the structures of these non-native states, it is possible that they
include partially folded or molten-globule like structures where
elements of fluctuating structure co-exist with some relatively stable
3-strand structures engaged in intra- or inter-molecular interactions
that prevent the formation of stable native interfaces.

4.3. Overlapping interactions illustrate versatility of 3-sheet contacts

Koebnik reported that overlapping fragments of OmpA (the two
fragments 31_g and Ps_g, where B-strands 5 and 6 overlap) formed a
folded and heat-modifiable complex [32]. He concluded from
proteolytic studies on intact cells and spheroplasts (in which the
orientation of the OmpA complex is constrained to direct the
periplasmic loops inward) that this is caused by displacement of
one -strand from each fragment onto the outer membrane. When we
use mass spectrometry to analyze a complex between two other
overlapping fragments (3;_4 and Ps_g), we are also led to conclude
that at least one of the two possible topologies involves displacement
of one 3-strand from each fragment (Fig. 8), though there is also good
evidence for the scenario in which both strands of the longer fragment
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are incorporated. This highlights the versatility of B-sheet contacts, as
discussed in the previous section.

4.4. Implications for folding of 3-barrel membrane proteins

Our data demonstrate that fragments of P-barrel membrane
proteins are able to associate to form the folded state in vitro. Because
of our inability to separate the individual fragments and the difficulty
of expressing fragments separately, we are not able to make any clear
conclusions about the degree to which the fragments can or must fold
by themselves before productive association occurs. Nevertheless, the
low level of productive folding indicates a pronounced tendency to
engage in non-productive interactions. Such interactions could
include intramolecular hydrogen bonding or intramolecular interac-
tions which are stable enough to trap the fragments in non-native
complexes but too weak to survive exposure to SDS and thus persist
on SDS-PAGE. Such association behaviour is an intrinsic R-sheet
property of interactions, which if unfettered can give rise to large self-
assembled structures such as amyloid fibrils [52]. In contrast, it has
been noted that the inter-helical contacts stabilizing the tertiary fold
of a-helical membrane proteins typically involve van der Waals
interactions mediated by “knobs into holes” contacts [15]. This
provides a degree of specificity which reduces unwanted associations.
Constructive folding of 3-barrel proteins is promoted by retaining an
intact protein and using chaperones such as Skp and lipids [39] to
eliminate potential unwanted contacts. By the use of such chaperones
it is even possible for the cell to efficiently export and fold trimeric 3-
barrel structures such as porins, where the unfolded monomers are
helped to assemble into trimers before membrane insertion [53,54].
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