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ABSTRACT. The outer membrane protein &scherichia coli OmpA, is currently alleged to adopt two
native conformations: a major two-domain conformer in which 171 N-terminal residues form a narrow
eight5-barrel pore and 154 C-terminal residues are in the periplasm and a minor one-domain conformer
in which all 325 residues create a large pore. However, recent studies in planar bilayers indicate the
conformation of OmpA is temperature-sensitive and that increasing temperature converts narrow pores to
large pores. Here we examine the reversibility and kinetics of this transition for single OmpA molecules
in planar bilayers of diphytanoylphosphatidylcholine (DPhPC). We find that the transition is irreversible.
When temperatures are decreased, large pores close down, and when temperatures are stabilized they
reopen in the large pore conformation, with gradually increasing open time. Large pores are converted to
narrow pores only by denaturing agents. The transition from narrow to large pores requires temperatures
> 26°C and is a biphasic process with rates that rise steeply with temperature. The first phase, a flickering
stepwise transition from a low-conductance to a high-conductance state regiitest 26°C but only

~13 min at 42°C, signifying an activation energy of 139 12 kJ/mol. This is followed by a gradual
increase in conductance and open probability, interpreted as optimization of the large pore structure. The
results indicate that the two-domain structure is a partially folded intermediate that is kinetically stable at
lower temperatures and that mature fully folded OmpA is a large pore.

OmpA, a major outer membrane protein B$cherichia studies by Arora et al.19) in which two interconvertible
coli, stabilizes the cell envelopel)( is a receptor for = conductance states were observed: a major population of
bacteriophages2( 3), participates in bacterial conjugation small pores (5680 pS) and a minor population of large
(4, 5), mediates virulence (&), and is an important target  pores (266-320 pS). The large pore conformer was not
in the immune response,(9). OmpA is also a paradigm displayed when only the N-terminal domain was present,
for studies of the mechanism of insertion, folding, and indicating that both domains were involved in its formation.
assembly of integral membrane proteink0<15). The It has further been proposed that the large pores oligomerize
current topological modellg) for the 325-residue protein  (16). The involvement of the C-terminal domain in pore
maintains that it folds into two alternative conformations: a formation is further supported by studies of OmpA homo-
major two-domain conformer in which N-terminal 171 logues 83, 34) in which antibodies to C-terminal residues
residues form a narrow eigtfi-barrel pore in the outer revealed exposure of C-terminal epitopes on the cell surface.
membrane and C-terminal 154 residues associate with the Despite this significant evidence for a two-conformer
peptidoglycan in the periplasml, 18) and a minor paradigm with narrow pores as majority conformers, we find
conformer in which all 325 residues participate in the it incompatible with our recent studg¥), which indicated

production of a largeg-barrel pore. that only large high-conductance pores are formed by OmpA
The two-domain conformation of OmpA was proposed on in planar bilayers at physiological temperatures. Low-
the basis Of bacteriophage mapp”m $), proteo|ysis 20, Conductance narrow poreS were d0m|nant beIOW room

21), Raman spectroscopg3), and mutagenesis studiezs( temper_atures:{Zl"C); however, as temperatures increased,
24). The structure of the N-terminal narrog¢barrel pore  1arge high-conductance pores made up a greater and greater
has been further described by X-ray crystallograsy 26), proportion of the population, and above 3 only high-
NMR (27, 28), and molecular simulation®9, 30). Evidence conductance pores were observed. At |ntermed|ate temper-
that OmpA also forms a large pore structure is based on _atures,_the two conformers appeared t(_)_be |_nterconvert|_ble
studies by Sugawara and Nikaid81( 32), which showed in the bilayer; however, the reverse transmor_w, i.e., conversion
that 2-3% of OmpA molecules form nonspecific diffusion of large pore to narrow pore with decreasing temperature,
pores of~1 nm diameter in liposomes and planar bilayers Was not observed.
Here we examine the reversibility of the narrow to large

; - - pore transition and the kinetics of the transition as a function
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MATERIALS AND METHODS

Purification of OmpA Protein.Wild-type OmpA was
extracted from outer membranes & coli JM109 as
previously described3§). Briefly, stationary-phase cells were
suspended in 20 mM Tris-HCI, pH 7.5, 5 mM EDTA and
disintegrated by ultrasonication (Branson). The OmpA was
extracted from the outer membrane fraction with 2% LiDS,
20 mM Tris-HCI, pH 7.5 and then was loaded onto a column
of Sephacryl S-200 (16 60, HiPrep, Pharmacia) that had
been equilibrated with 0.1% LiDS, 0.4 M LiCl, 20 mM Tris-
HCI, pH 7.5. Fractions were eluted with the same solvent
and examined by SDSPAGE. The OmpA was reconstituted
into liposomes of @E4 (Sigma Chemical) at a concentration
of ca. 80ug/mL.

SDS-Polyacrylamide Gel Electrophoresis AnalysBmpA
in 20 mM GE4 micelles was incubated alternatively at 22
°C overnight, 37C for 1.5 h, 42°C for 1 h, and 100C for
10 min. The protein samples were diluted (1:1, v/v) with
loading buffer (0.125 M Tris-Cl, 4% SDS, 20% glycerol,
10% dithiothreitol, 0.2% bromphenol blue) and run on a 12%
SDS-PAGE gel. OmpA bands were visualized by staining
with Coomassie Brilliant Blue R-250.

Planar Lipid Bilayer Measurement®lanar lipid bilayers
were formed from a solution of synthetic diphytanoylphos-
phatidylcholine (DPhPC Avanti Polar Lipids, Birmingham,
AL) in n-decane (Aldrich) (17 mg/mL). The solution was
used to paint a bilayer in an aperture~0150um diameter
between aqueous bathing solutiorfsldvl KCI in 10 mM
Tris, pH 7.1 in a Delrin cup (Warner Instruments, Hamden,
CT). All salts were ultrapure>99%) (Aldrich).

Temperature Studiesor temperature studies, a Teflon
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Data were filtered through an 8 pole Bessel filter (902LPF,
Frequency Devices) and digitized at 1 kHz using pClamp9
software (Axon Instruments). Single-channel conductance
events were identified automatically and analyzed by using
Clampfit9 software (Axon Instruments). The data were
averaged from 10 independent recordings.

RESULTS

Evidence that the Transition from Narrow to Large Pore
Conformation Is Irreersible.In a previous study35), we
observed the transition of OmpA in planar bilayers from
narrow, low-conductance pores (3039 pS between 15 and
37 °C) to large, high-conductance pores (¥1&5 pS
between 21 and 3%C). Here we examine further the putative
interconvertibility of the narrow and large pore conformers.

We first observed the effects of increasing and decreasing
temperatures on single OmpA molecules in the planar bilayer.
OmpA, reconstituted in §£4 micelles at room temperature,
was incorporated in DPhPC bilayers between aqueous
solutions & 1 M KCI in 10 mM Tris, pH 7.1 at 23°C.
Temperature was increased slowly to°87and after a period
of 30 min slowly cooled back down to Z&. Representative
traces taken from 10 independent experiments for each trace
are shown in Figure 1. Low-conductance pores #6@0
pS) were predominant at 2& (Figure 1A); open probability
(Po) was 0.81f = 219). As the temperature increased to 37
°C, OmpA was completely converted into large pores in
which conductances of 458 70 pS fluctuate with conduc-
tances of 500t 70 pS. Open probability at 37T was high
(Po=0.9;n=60). When temperatures were decreased, the

cuvette was seated in a special outer chamber made of ores first responded by closure to a very small subconduc-
polymer/graphite mixture. The chamber was fitted on a 5nce state of & 2 pS (Figure 1Ba). After the temperature

conductive stage containing a pyroelectric heater/cooler.
Deionized water was circulated through this stage, fed by
gravity to remove the heat generated. The pyroelectric

was stabilized at 23C (~ 1 h), brief sporadic openings were
observed to a large conductance state of 34D pS (Po=
0.2; n = 657) (Figure 1Bb). These openings increased in

heating/cooling stage was driven by a temperature controller . quctance and frequency until afte8 h, the conductance

(HCC-100A, Dagan Instruments). The temperature of the
bath was monitored constantly with a thermoelectric device
in the trans side, i.e., the ground side of the cuvette. Although

there was a gradient of temperatures between the bath

solution and the conductive stage, the temperature within
the bath could be reliably controlled to withir0.5°C. After

the bilayer membrane was formedul of 80 ug/mL of
OmpA in GE4 micelles was added to the cis compartment,
and current fluctuations were observed.

Recording and Data AnalysidJnitary currents were

recorded with an integrating patch clamp amplifier (Axopatch
200A, Axon Instruments). The trans solution (voltage com-

mand side) was connected to the CV 201A head stage input

and the cis solution was held at virtual ground via a pair of
matched AG-AgCl electrodes. Currents through the voltage-
clamped bilayers (background conductances pS) were
low-pass-filtered at 10 kHz—«3 dB cutoff, Besel type

response) and recorded after digitization through an analog-

to-digital converter (Digidata 1322A, Axon Instruments).

1 Abbreviations: DPhPC, diphytanoylphosphatidylcholine; DOPC,
dioleoylphosphatidylcholine; 4E,, tetraethylene glycol monooctyl ether;

TRDDFQ, time-resolved distance determination by fluorescence quench-

ing; SUV, small unilamellar vesicles; Po, open probability.

was 400+ 60 pS and Po equal to that at 3C (0.9 (=
1078) Figure 1Bc,d). The low-conductance state was not
observed.

Next we examined the effects of temperature on the
conformation of OmpA in @4 micelles. In this study,
OmpA was reconstituted into the micelles at the selected
temperature. Then, after a period of incubation, the confor-
mation of the protein was determined by observing the single-
channel activity of samples incorporated into planar bilayers
of the same composition as above af22 Seven trials were
conducted for OmpA incubated at 2€ for periods of 18

24 h and five for OmpA incubated at 42 for periods of

1—-2 h. Representative single-channel current records are

shown in Figure 2. OmpA incubated at 22 has remained
in the low-conductance conformation (8020 pS), whereas
OmpA incubated at 42C forms only large high-conductance
pores (400+ 60 pS) in the bilayer at 22C.

Stability of the Large Pore Conformation of OmpEhe
stability of the large pore conformer was further examined
by determining the effects of prolonged storage at low
temperatures. OmpA-containing micelles were first incubated
at 42°C for 1.5 h to convert all the protein to the large pore
conformation. The preparation was then stored at room
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Ficure 1: Representative single-channel current records showing the effects of temperature on OmpA pores in planar bilayers. The temperature
of the chambers was controlled by pyroelectric controller (see Experimental Procedures). The temperature in the cis bath (ground) was read
directly using a thermoelectric junction thermometer that also served as a point of reference for the pyroelectric controller. Data were
filtered at 1 kHz. Clamping potential was50 mV. The closed state is delineated by a horizontal bar at the left side of each trace. (A)
Effects of increasing temperature. Upper trace: low-conductance currents 280pS) formed by OmpA incorporated into bilayers of

DPhPC between symmetric aqueous solutidnt il KCI in 10 mM Tris-Cl buffer, pH 7.1 at 23C. Lower trace: increasing temperature

to 37°C results in transition to high-conductance currents (#500 pS). Histograms on right of each trace were taken from longer records

(~10 min each) at the same temperatures. (B) Effect of decreasing temperature. Traces show (a) the closure of the large pore to a very low
subconductance state oH62 pS when the temperature is decreased fromM@7(b—d) stages in the opening of the large pore ate3

(b) ~1 h; (c)~4 h, and (d)~6 h). Histograms below each trace were taken from longer recerti8 (nin each) obtained under the same

conditions.
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FIGURE 2: Representative single-channel current records showing -
the effects of preincubation temperature on OmpA pore character-
istics. Experimental solutions and procedures are the same as 5pA|
described in the legend to Figure 1. Upper trace: OmpA preincu- 2s
bated at 22C for 1 h. Lower trace: OmpA preincubated at42 FicurRe 3: Representative single-channel current records showing
for 18 h. Clamping potential was60 mV. The closed state is  the effect of storage temperature on OmpA large pores. OmpA in
delineated by a horizontal bar at the left side of each trace. CsE4 micelles was preheated at 22 for 1.5 h to convert the protein

) to the large pore structure. Then the micellar solution was incubated
temperature, 4C, or alternatively—20°C for 18-24 h. The either at—20°C (upper trace) or alternatively at’€ (lower trace)
channel activity of each sample was then observed in planarfor 24 h before incorporation into planar bilayers as in Figure 1
bilayers as above at 2Z. Four experiments were conducted 2Pove at 22C. Clamping potential was50 mV. The closed state

s delineated by a horizontal bar at the left side of each trace.

at each storage temperature. In all cases, OmpA was found
entirely in the large pore conformation (48060 pS) (Figure times (up to 2 days) with no discernible difference in the
3). Observations were repeated after even longer incubationpore behavior.
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Ficure 4: Electrophoretic mobility of OmpA conformers on SBS
PAGE gels. OmpA in 20 mM C8E4 micellar solution was incubated
overnight at 22C, 1.5 h at 37°C, or 1.5 h at 42C. Incubations
were stopped by addition of SDS. Samples were not heated before
loading. Control sample (108C) was boiled in 2% SDS for 10
min. A total of ~7 ug of protein was loaded on each lane.
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The effects of denaturing agents on large pore stability ” & ¥
was also examined. After incubation at 42 as above, the i
OmpA-containing micelles were incubatedd M urea (five o 20 a0 150 300 450
trials) or alternatively in 2% SDS (three trials) for 2 days at Time, min
22°C, and the channel activity of each sample was observed B
in planar bilayers as above. Urea-treated OmpA displayed
erratic and irregular current fluctuations indicating complete
denaturation, as previously reported by Arora et &b)( 24t
However, the large pores exposed to SDS at'@2were

converted into narrow pores; the current fluctuations were
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indistinguishable from those in Figure 1A (upper trace). F 161
Electrophoretic Mobility of OmpA Conformers on SDS c
Gels. Previous studies have shown that the electrophoretic - osl

mobility of OmpA on SDS gels depends on the temperature
at which the protein is solubilized1®). This behavior,
referred to as “heat-modifiability” is thought to reflect the 0.0}
protein’s conformational state. Accordingly, OmpA is con- " L " L
sidered denatured when it forms a band at 35 kDa and 320 325 330 335
“native” when it forms a band at 30 kDa. 1Tx10°, K™

Here we compared the electrophoretic mobilities of the FiIGURe5: (A) Kinetics of the transition of OmpA single channels
narrow and large pore conformers of OmpA. Accordingly, from narrow to large pore structure at selected temperatul®s: (

- - - - 26 °C, (a) 30 °C, (a) 33 °C, (O) 37 °C, and @) 42 °C.
OmpA in 20 mM GE; micellar solution was incubated Experimental solutions and procedures are the same as those

overnight at 22°C and alternatively for 1.5 h at 37 and 42 gescribed in the legend to Figure 1. The data were averaged from
°C. As above, the former sample displayed only low- at least three experiments at each temperature. (B) Arrhenius plot
conductance pores and the latter two samples displayed onlyof rate constantsk() obtained from the initial quasi-linear phase
high-conductance pores in planar bilayers of DPhPC between©f the rate curves in panel A.

aqueous solutionsfd M KCI in 10 mM Tris, pH 7.1.

i interest. Measurements began with the appearance of ir-
The samples were run on SB,BAOGE gels without  reqyiar current fluctuations, assumed to signal the opening
heating (Figure 4). OmpA, boiled in 2% SDS for 10 min, ¢ 'the narrow pore. Conductance was then followed as a

was used as a control for denatured protein. As shown, bothnction of time until no further change. As shown in Figure
narrow and large pore conformers of OmpA had an apparent5A’ the rate is steeply temperature-dependent and roughly
MW of 30 kDa, whereas denatured OmpA had an apparentishasic. There is an exponential increase in conductance
MW of 35 kDa. This indicates that the low- and high- ¢5jowed by a slow leveling off of conductance. Rate
conductance conformers cannot be distinguished by their oonstantsk,), derived from the initial slopes of the curves,
electrophoretic mobilities; both migrate as “native” protein. oyhibit a linear Arrhenius relationship (Figure 5B), from
Kinetics of the Narrow to Large Pore Transition in Planar  which an energy of activation of 13 12 kJ/mol was
Bilayers as a Function of TemperaturEhe above experi-  calculated.
ments indicate that reconstituted OmpA, which has not been  Segments of current records, taken from five independent
exposed to elevated temperature26 °C), is in the narrow  experiments, which illustrate stages in the transition from
pore conformation. We may infer that after incorporation narrow to large pores at 3, are shown in Figure 6. The
into planar bilayers, the protein will open in the narrow pore process can be divided into two phases, which are conspicu-
conformation and rearrange into the large pore conformation ous by the switch in gating mode. In the first phase, the
only if sufficient heat is applied. These inferences provide currents rapidly flicker as the pore undergoes small stepwise
the basis for kinetic studies of the transition of Single OmpA increases in conductance. This mode extends to about 20
molecules from narrow to large pore conformation in the min and corresponds to the linear part of the curve in Figure
planar bilayer as a function of temperature. 5A. In the ~20th minute, the pore closes briefly and then
Accordingly, the rate of the transition was measured at reopens in a different high-conductance gating mode. Con-
selected temperatures from 26 to 42. At <25 °C, the ductance and open time continue to increase gradually for
transition was too slow to measure or did not occur. OmpA- another 10 to 20 min. At 37C, the conductance at the end
containing micelles were incorporated into planar bilayers of the first phase is~350 pS, and this increases+a@l50 pS
as above between aqueous solutions at the temperature oéit the end of the second phase.
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1—»

2— 38— a5 — , The sum of our data indicates strongly that the mature large
pore structure is the irreversible end-product of the folding
cascade.
Computer modeling studies have supported involvement
of the C-terminal domain of OmpA in pore formation.
20— 24 —» 28 —» Jeanteur et al.36) predicted two transmembrayiestrands
' ' ' within the C-terminal domain. Additional C-terminal trans-
membrane segments were predicted by algorithms of Schirm-
er and Cowan 37), and Ferenci 38). Stathapoulos39)
constructed a 18-barrel structure with eight transmembrane
segments in the C-terminal domain that is consistent with
10 pA|_ the varied biochemical, immunological, and genetic topologi-
8s cal data concerning OmpA. A large pore structure is also
FIGURE 6: Representative single-channel current records of OmpA supported by studies of the three-dimensional structure of
at constant temperature of 3C. The traces are taken from different  other outer membrane porins by X-ray crystallography, which
Segments of the transition with initial time in minutes indicated |ndlcate they typ|Ca”y fornﬁ_barrels Wlth 16 Strongly t||ted

above each trace. Experimental solutions and procedures are th ;
same as those described in the legend to Figure 1. Clamping%trands4o_43)' We did not observe a tendency for the large

potential was—60 mV. conductance pores to oligomerize as has been suggested by
Nikaido (16), but oligomer formation cannot be ruled out
22°c s 37°c for OmpA in outer membranes that have different lipid

components including lipopolysaccharides.

Perhaps the most persuasive evidence for the involvement
of the C-terminal domain in pore formation may be found
in studies that employed monoclonal antibodies to demon-
strate surface exposure of C-terminal residues of OprF in
intact cells ofPseudomonas aerugino$a3) and OmpA of
Salmonella enteric#94% identical toE. coli OmpA) (34).

FiGure 7: Schematic drawing of the transition from a narrow 8 The latter authors founq ,a_ZB'fOId increase in binding When .
B-barrel pore at lower temperatures to a large hypothetical 16 the cells were permeabilized to allow access of the antibodies
B-barrel pore at higher temperatures. to the periplasm and concluded from this result that only a
DISCUSSION minor fraction of C_-terminal _epitopes were expos_ed on the
cell surface. This interpretation supported the view of the
Our studies establish that the native structure of OmpA two-domain narrow pore as the major conformer. However,
in E. coli is that of a single-domain large membrane pore there may be other explanations of the data, e.g., the
(Figure 7). The two-domain structure, which was previously treatment may have increased access to C-terminal epitopes
considered to be the majority conformer, is a folding at the extracellular side.
intermediate that is unusually stable at lower temperatures. We have also determined the rate of the final folding step
In our previous report35), we noted the transition of as a function of temperature in the range 26 t@2 This
OmpA from narrow to large pores in planar bilayers as the folding step was not observed at temperaturet °C. The
temperature of the aqueous solutions was increased. Herestrong temperature dependence of the transition is indicative
we find that this process is irreversible. When the confor- of a major conformational rearrangement; the transition
mational rearrangement is completed, the large pore structureequires~7 h at 26°C but only ~13 min at 42°C. The
is very stable (Figures-13). The large pore frequently shows activation energy, estimated as 13912 kJ/mol for the
fluctuations between two large conductance states, whichfolding of the narrow to the large pore in DPhPC planar
may reflect rapid movements of an extracellular loop (Figures bilayers (Figure 5B), is considerably higher than the 45.4
1A and 2). The immediate response of the pore to a decrease3.8 kJ/mol reported by Kleinschmidt and Tamii) for the
in temperature from 37 to 23 is closure, presumably due folding of denatured OmpA to the native form in DOPC SUV
to a block by the extracellular loops (Figure 1B). This block micelles as determined by tryptophan fluorescence. This
is not complete since a very small subconductance state ofdifference may partly reflect the greater curvature and fluidity
6 + 2 pS is still evident at higher voltages. When temperature of the DOPC micellesl(5) and perhaps also the lower energy
is stabilized, openings to a large conductance state £370 barrier for a folding process in which the eigfhtbarrel
50 pS) reappear sporadically; conductance and open prob-narrow pore is a transient and thereby less ordered structure.
ability then continue to increase gradually fe6 h and reach ~ Our experience and that of others9) indicates that pores
values of 4004+ 60 pS and 0.9, respectively. The narrow formed by urea-denatured OmpA are much less structured
pore is never observed. Even extended periods at lowthan pores formed by OmpA subjected to SDS or LDS at or
temperatures do not reverse the transition (Figure 3). Largebelow room temperature. In the cell, the folding process may
pores are converted to narrow pores only when they arebe assisted by chaperones that lower the activation energy
subjected to denaturing conditions. Apparently, the C- still further.
terminal domain is more easily disordered than the N-  Most previous studies of OmpA structure were conducted
terminal domain. Treatment with urea or boiling in SDS at room temperature or below. In this temperature range,
denatures the entire protein, whereas only the C-terminalfolding is incomplete and the two-domain conformer is the
domain is denatured by SDS or LiDS at room temperature. sole or predominant product of the folding process; thus it
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is not surprising that the large pore conformer was not crystal and NMR structures of the eigbibarrel narrow pore
observed. However, Kleinschmidt and Tami?2<14) fol- (23—26).

lowed the kinetics of membrane insertion and folding of urea-  In both the planar bilayer and fluorescence studies, the
denatured OmpA in dioleoylphosphatidylcholine (DOPC) second intermediate is stabilized at temperatures up to 25
bilayers as a function of temperature by changes in electro-°C; there is no significant change in conductance or further
phoretic mobility and tryptophan fluorescence. We find many movement of tryptophans, which supports our view that the
points of agreement with their results, albeit with some structure is in the stable narrow-pore conformation. At
differences in interpretation of the data. temperaturesz 26 °C, OmpA exhibits flickering currents

In gel shift studies, Kleinschmidt and Tamri2(-14) in the bilayer that increase stepwise in amplitude with time
followed the rate at which the electrophoretic mobility of (Figure 6, 1-19 min), interpreted as intermittent trial
OmpA on SDS gels changed from 35 kDa, characteristic of insertions intermingled with successful insertions of segments
the denatured form, to 30 kDa, attributed to the “native” of the C-terminal domain, resulting in the gradual enlarge-
form, which was considered to be the two-domain narrow ment of the pore diameter and ending with an abrupt closure.
pore. The rates were strong|y temperature-dependent; theThiS phase correlates to the delocalization of tryptophans
process requie8 h at 20°C, 1 h at 30°C, and 30 min at during formation of the third intermediate. Both events may
40°C. In light of our results here, which show no detectable Signal disruption of the eigh-barrel pore by insertion of
difference in electrophoretic mobility between narrow and C-terminal segments into the bilayer and restructuring of the
large pore conformers (Figure 4), we suggest their data agreeProtein into a large pore..The pore reopens in the second
with an interpretation in which the narrow pore conformer Phase as a large pore in a different gating mode. The
was the final product at 28C but that folding undiscernibly ~ subsequent slow increases in conductance (Figure-6220

progressed to the large pore conformer at the higher Min) and matching movement of tryptophans to a position
temperatures. ~10 A from the center of the bilayer, presumably trans, may

then reflect the optimization of the native large pore structure.
This phase closely resembles the reopening of the large pore
after a drop in temperature to 2& (Figure 1B) but at a
much quicker pace as expected at the higher temperature.
In summary, we have observed the final stage of OmpA
Iding from a two-domain narrow pore to a single-domain
arge pore in a planar bilayer as a function of time and
temperature. We find that this folding step is irreversible
and steeply temperature-dependent, requiring temperatures
o= 26°C in vitro due to its high activation energy-{39
kJ/mol). A large pore structure for OmpA is consistent with
structures of other outer membrane pori8-{43) and with
d known functions of OmpA as a receptor for bacteriophages
I,(1—3), which suggest it may serve as a conduit for large
organic molecules such as ssDNA.

Kleinschmidt and Tamm also observed folding of urea-
denatured OmpA into DOPC micelles (SUVSs) using time-
resolved distance determination by fluorescence quenching
(TRDDFQ). They observed three kinetic steps: a fast
temperature-independent step and two slow temperature-
dependent steps, which designated three membrane-boun
intermediates leading to the native state. In the first inter-
mediate, the five tryptophans, all of which are located in
the narrow pore domain, remained-145 A from the center
of the bilayer. Consequently, the first step was attributed t
binding of denatured OmpA to the bilayer surface. In the
second intermediate, the tryptophans wetk A from the
bilayer center. In the third intermediate, the tryptophans ha
become delocalized, their average position being in the cente
of the bilayer. In the final native state, the tryptophans are
again~10 A from the bilayer center. Interestingly, the third
intermediate and subsequent native state were kinetically
accessible only at temperatures26 °C. 1. Sonntag, |., Schwarz, H., Hirota, Y., and Henning, U. (1978) Cell

P envelope and shape BScherichia coli multiple mutants missing
.Our k"_]etlc_measuremems began at each set temp_erature the outer membrane lipoprotein and other major outer membrane
with the first display of low-conductance current fluctuations; proteins,J. Bacteriol. 136 280-285.
thus OmpA was initially in the narrow pore conformation, 2. Morona, R., Klose, M., and Henning, U. (19&cherichia coli
and earlier stages, such as membrane absorption or prelimi- {<12 0Ut'|3f memfbfante thoteln (OmpA) as a baflitterl?jphagti] recep-
nary insertion steps, were unobserved in our study. Our g SFEVAS 9 MO genes expressing afiered protans.
measurements ended when there were no further significant 3 yjorona, R., Kianer, C., and Henning, U. (1985) Bacteriophage
changes in conductivity or gating. Accordingly, we may receptor area of outer membrane protein Omp/AEstherichia
reasonably infer that we were observing the folding of single coli K-12, J. Bacteriol. 164 539-564. _ _
OmpA molecules from the narrow to large pore conforma- 4 gﬁwggg;ﬂzﬂrﬁb&;gﬁe”sg?ggvi#-c éﬁﬂ;&@ﬁt&ﬁér% r:?;‘lgélice”
_t|ons (Figure 7). Since our stt_Jd|es begin with OmpA aIreaQy K12, J. Bacteriol. 12916511652,
in the narrow pore conformation _and the fluorescence studies s Ried, G., and Henning, U. (1987) A unique amino acid substitution
of Kleinschmidt and Tamm with denatured OmpA, we in the outer membrane protein OmpA causes conjugation defi-
propose that our initial current fluctuations correspond ciency inEscherichia coliK-12, FEBS Lett. 223387-390.
roughly to their second intermediate, in which the five 6 $ha|’<‘ivn2\‘-KA-'SSQ'2”d(%)- %T;ltjgg}n‘]én%};ﬂg]b lr%tii’n Eﬂlgtrt]aség/:/.\ﬁ;%
tryptophans are-10 A from the bilayer center. Kleinschmidt necrotizing factor-1 use diverse signaling mechanismsEer
and Tamm assume them to be on the cis side of the bilayer; cherichia coliK1 invasion of human brain microvascular endot-
however, their method does not distinguish cis and trans helial cells,Microb. Pathog. 3535-42.

1 g " . .

locations. Our analysis implies that four of the tryptophans ~ 7-Xie, Y., Kim, K. J., and Kim, K. S. (2004) Current concepts on

. Escherichia colK1 translocation of the blood-brain barri&EMS
have crossed the center of the bilayer and reached the trans | unol. Med. Microbiol. 42271-279.

side, placing them and the fifth tryptophan (cis side) inthe g Godefroy, S., Corvaia, N., Schmitt, D., Aubry, J. P., Bonnefoy, J.
approximate position of the tryptophans—®0 A) in the Y., Jeannin, P., and Staquet, M. J. (2003) Outer membrane protein
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