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ABSTRACT

Gram-negative bacteria such as Escherichia coli are surrounded by two membranes with a thin peptidoglycan
(PG)-layer located in between them in the periplasmic space. The outer membrane protein A (OmpA) is a
325-residue protein and it is the major protein component of the outer membrane of E. coli. Previous structure
determinations have focused on the N-terminal fragment (residues 1-171) of OmpA, which forms an eight
stranded transmembrane [3-barrel in the outer membrane. Consequently it was suggested that OmpA is com-
posed of two independently folded domains in which the N-terminal 3-barrel traverses the outer membrane
and the C-terminal domain (residues 180-325) adopts a folded structure in the periplasmic space. However,
some reports have proposed that full-length OmpA can instead refold in a temperature dependent manner
into a single domain forming a larger transmembrane pore. Here, we have determined the NMR solution struc-
ture of the C-terminal periplasmic domain of E. coli OmpA (OmpA'8°-32%), Our structure reveals that the C-
terminal domain folds independently into a stable globular structure that is homologous to the previously report-
ed PG-associated domain of Neisseria meningitides RmpM. Our results lend credence to the two domain structure
model and a PG-binding function for OmpA, and we could indeed localize the PG-binding site on the protein
through NMR chemical shift perturbation experiments. On the other hand, we found no evidence for binding
of OmpA'8°-325 with the TonB protein. In addition, we have also expressed and purified full-length OmpA
(OmpA'~32%) to study the structure of the full-length protein in micelles and nanodiscs by NMR spectroscopy.
In both membrane mimetic environments, the recombinant OmpA maintains its two domain structure that is
connected through a flexible linker. A series of temperature-dependent HSQC experiments and relaxation disper-
sion NMR experiments detected structural destabilization in the bulge region of the periplasmic domain of OmpA
above physiological temperatures, which may induce dimerization and play a role in triggering the previously
reported larger pore formation.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

(OM; [1]). Outer membrane protein A (OmpA) is the major OM protein
of E. coli. OmpA has multiple functions (reviewed in [2]) including its

Escherichia coli and other Gram-negative bacteria are protected by a
cell envelope that is made up of two lipid membrane bilayers and a sin-
gle peptidoglycan (PG')-layer. A total of 2-3% of all the genes in such
bacteria encode for proteins that are located in the outer membrane
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contribution to maintaining the outer membrane integrity [3] and F-
factor dependent bacterial conjugation [4-6]. In addition, OmpA can
mediate virulence and pathogenicity of E. coli, and it has become an im-
portant target in the immune response (reviewed in [7]). It also acts as
the receptor for several bacteriophages [8-10] and colicins [11,12]. The
325-residue OmpA protein is thought to consist of two independently
folded domains that are connected by a short linker [13] that can be
digested by trypsin [14,15]. The N-terminal domain (residues 1-170)
has been predicted to cross the OM eight times [16], and indeed it
forms a narrow trans-membrane eight-stranded (3-barrel structure [17,
18]. Although it has been shown that OmpA forms a non-specific diffu-
sion pore [19], the available high-resolution crystal structures do not
display a continuous passage pathway for any solutes. However, molec-
ular dynamics simulation studies have demonstrated that hydrogen
bond switching inside the barrel can create a transient channel for
small solutes such as water molecules and ions [20], and this mecha-
nism has later been demonstrated experimentally [21]. Nevertheless,
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this narrow channel is unlikely to allow permeation of larger molecules,
given the relatively rigid backbone conformation of the barrel [22-24].
Density gradient centrifugation studies have shown that two differ-
ent conformations of OmpA can be purified from the outer membrane.
After separation, it was concluded that 2-3% of all OmpA proteins
could form a larger pore structure [19,25]. Arora et al. have observed
that incorporation of OmpA into planar lipid bilayers creates two
channels with distinctive membrane conductance properties (50-80
and 260-320 pico-siemens (pS)), whereas the N-terminal truncated
OmpA (residues 1-171) could only create the smaller pore [26]. This
suggested that the C-terminal domain of OmpA is required for the
formation of the larger pore. The structural transition from the small
pore into the large pore is markedly temperature dependent [27] where
the large channel becomes more prominent above physiological tem-
peratures. On the other hand, a number of reports have indicated that
the C-terminal domain of E. coli OmpA (residues 196-325) can form
an independently folded structure with a high proportion of a-helix
[16,28-30]. This portion of the protein resides in the periplasm and
it may interact with the PG-layer [28,31]. Therefore, the role of the C-
terminal domain of OmpA in the pore forming mechanism has
remained controversial. To better understand the native conformation
and the possible structural transition of E. coli OmpA, knowledge of
the structure of its C-terminal domain, and its stability is essential.
Here, we report the solution NMR structure of the isolated C-terminal
domain (residues 180-325) of OmpA (OmpA'8°->32°) from E. coli strain
K12. Our structure indicates that, like the N-terminal domain, the C-
terminal domain can also fold independently into a stable globular
structure. The structure is very similar to the previously reported
bacterial PG-binding domain of Neisseria meningitides RmpM [32]
and to other PG-associated domains such as Haemophilus influenzae
PG-associated lipoprotein (PAL) [33]. We could also identify the
PG-binding site for E. coli OmpA. Therefore, our results strongly support
the two domain structural model of OmpA together with a PG-binding
function to maintain outer membrane integrity. In order to further
confirm this, we have also expressed and purified full-length
OmpA (OmpA'~32°) to study the structure of the complete protein
in micelles and nanodiscs by NMR spectroscopy. In particular, nanodiscs
are thought to make excellent mimetics of biological membranes
(reviewed in [34]). These data confirm that the full-length recombinant
OmpA is also folded into two domains in these membrane mimetic
environments, and that they are connected by a flexible linker. A series
of temperature-dependent HSQC experiments and relaxation disper-
sion experiments detected structural destabilization in the bulge region
of OmpA above physiological temperature, which enhances the dimer-
ization of the protein that in turn may trigger the previously reported
temperature-dependent structural alterations.

2. Materials and methods
2.1. Protein expression and purification

The full-length OmpA protein from E. coli strain K12 (OmpA!—>2°)
and its C-terminal domain (OmpA'8°-32%; residues 180-325; Fig. 1a)
were chemically synthesized (Geneart AG) and subcloned into the pE-
SUMO vector (LifeSensors, Inc., Malvern, PA) and the pET15 vector
(Invitrogen), respectively, using Ndel and Xhol sites. The proteins
were overexpressed in the cytoplasm of E. coli strain BL21 (DE3) follow-
ing addition of 0.5 mM IPTG. The uniformly '°N- and °N,'3C-labeled
OmpA'89-325 were produced from bacteria grown in minimal M9
media containing 0.5 g/L ""NH4Cl and 3 g/L "3Cs-glucose (or unlabeled
glucose). Uniformly 2H,'>N-labeled OmpA!~32° was produced from bac-
teria growing in M9 media containing 0.5 g/L ">NH,4Cl in 99% 2H,0.
OmpA'8%-325 was purified from the soluble fraction of the lysate using
a chelating-Sepharose fast flow resin (GE Healthcare) column charged
with Ni2* for the immobilized metal affinity chromatography. The
SUMO fusion protein was excised by SUMO proteinase I (LifesSensors,

Inc., Malvern, PA). Purified OmpA'8°-32> contained the cloning artifact
His-Met at its N-terminus. On the other hand, full-length OmpA!-32>
was purified from inclusion bodies that were solubilized in the denatur-
ing buffer containing 8 M urea using a Ni2™ column and refolded into
membrane mimetic solutions as previously described [23,35]. The puri-
fied OmpA'~32 in 8 M urea was concentrated and then diluted by
adding 60 volume refolding buffer containing 15 mM DPC, 20 mM sodi-
um borate (pH 10), 150 mM NaCl, and 1 mM EDTA followed by over-
night incubation at room temperature. The refolding of the full-length
protein was confirmed by SDS-PAGE as previously described ([36], Sup-
plementary Fig. 1). The refolded protein was precipitated by addition of
0.15 volume 4 M NaCl and 20 volume cold ethanol (— 20 °C). The mix-
ture was kept at —20 °C for 4 h and then centrifuged. The pellet was
washed in 1 mL of the refolding buffer and again precipitated. To pro-
duce the NMR sample of OmpA' 2> in micelles, the pellet was resus-
pended in 500 mL of the NMR buffer containing 300 mM DHPC. In
order to reconstitute OmpA'~2° into the nanodiscs, the pellet was re-
suspended to 30 UM in the solution containing 120 uM of the MSP1D1
nanodisc protein [37], 8 mM POPC, 16 mM sodium cholate, 20 mM
Tris-Cl (pH 7.5), 100 mM NaCl and 0.5 mM EDTA and incubated for
1 h at room temperature. The gene for the MSP1D1 nanodisc protein
was chemically synthesized (Geneart AG) with an N-terminal His-tag
and subcloned into the pET15 vector. The protein was expressed and
purified analogous to the procedure described above. The detergent
was removed by addition of 80% (w/v) Bio-Bead SM2 (Bio-Rad) follow-
ed by 2 h incubation at room temperature and then the beads were re-
moved by passing through a 0.45 pm filter. The formation of uniformly
sized OmpA'~32%/POPC nanodiscs was analyzed by S200 gel filtration
chromatography, where the column was equilibrated with a buffer con-
taining 20 mM sodium phosphate (pH 6.5), 50 mM NaCl and 0.5 mM
EDTA (Supplementary Fig. 1). The fractions containing the OmpA!-32%/
POPC nanodiscs were pooled and concentrated down using a centrifu-
gal filter unit (Amicon) to the NMR sample.

2.2. NMR measurements

All NMR samples of OmpA!8°-325 contained approximately 0.5 mM
N- or N,'3C-labeled OmpA'3°-325) 20 mM sodium phosphate
buffer (pH 6.0), 0.03% NaNs, and 0.5 mM 2,2-dimethyl-2-silapentane-
5-sulfonate (DSS) in 90% H,0/10% D,0O or 99.9% D,0. The NMR
sample of OmpA'—2° in the DHPC micelles contained approximately
0.5 mM 2H,">N-labeled OmpA'—2> 300 mM DHPC, 20 mM sodium
phosphate buffer (pH 6.5), 100 mM NaCl, and 0.03% NaNs3 in 90%
H,0/10% D,0. The NMR sample of OmpA!~32 in the POPC nanodiscs
contained approximately 0.1 mM 2H,'°N-labeled OmpA'!~3?> embedded
in the POPC/MSP1D1 nanodisc, 20 mM sodium phosphate buffer
(pH 6.5), 50 mM NaCl, and 0.5 mM EDTA. Residual Dipolar Coupling
(RDC) measurements were achieved using the pentaethylene glycol
monododecyl ether/1-hexanol system (3%, r = 0.96) as previously
described [38]. All NMR experiments required for the structural deter-
mination were performed at 25 °C on Bruker Avance 500 or 700 MHz
NMR spectrometers equipped with triple resonance inverse Cryoprobes
with a single axis z-gradient. Sequential assignments of HN, N, CO, Cg,
and Cp, resonances of OmpA'8°-325 were achieved using a series of
three-dimensional experiments including CBCANH, CBCA(CO)NH,
HNCO and HN(CA)CO. Aliphatic side-chain assignments were obtained
through three-dimensional C(CCO)NH-TOCSY, H(CCO)NH-TOCSY, and
HBHA(CBCACO)NH experiments. Assignment of aromatic side-chains
was achieved using two-dimensional (HB)CB(CGCD)HD and (HB)
CB(CGCDCE)HE experiments. All NOESY experiments including three-
dimensional '*N-edited NOESY-HSQC and '*C-edited NOESY-HSQC,
and two-dimensional NOESY were measured with a mixing time of
100 ms. H-N RDC measurements were performed using the in-phase/
anti-phase (IPAP)-('H,'>N)-HSQC experiment. All NMR experiments
for the backbone dynamics studies of the >N-labeled OmpA!80-325
were acquired at 50.68 MHz for the '°N frequency. The '°N T; data
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Fig. 1. a) The amino-acid sequence of the C-terminal domain of E. coli OmpA (180-325) is aligned with the PG-binding domains from different periplasmic proteins including Neisseria
meningitidis RmpM, Mycobacterium tuberculosis OmpATB, E. coli YiaD, Haemophilus influenzae PAL, and Helicobacter pylori MotB. The positions of the secondary structure elements deter-
mined for OmpA are also displayed and a broken line indicates the region of the bulge structure. The residues that show an intensity loss and/or a slow motion in NMR time scale at higher
temperature are indicated using the same color code as Fig. 5. b) The 30 lowest energy structures of OmpA'#°-32% are superimposed using the backbone atoms of residues 191-314 (left
panel). Ribbon representation of the lowest energy structure of OmpA'°-32°, All the secondary structure elements are colored differently and are labeled (right panel); the disulfide bond
is also displayed. c) OmpA'8°-32° is compared to the PG-binding domains of RmpM (left panel; PDB ID: 1R1M) and MotB (right panel; PDB ID: 3CYP). OmpA'#°-32% is colored in blue in both

panels.

were acquired using '°N relaxation delays of 14 (x 2), 98,350,490 (x2),
700, 896, and 1190 ms in a randomized order with a recycle delay of
1.5 5. The '°N T, relaxation data were obtained using a Carr-Purcell-
Meiboom-Gill (CPMG)-type T, experiment, where the field strength
of the 180° pulse was 5 kHz, and the 180° pulses were applied every
1 ms. The relaxation delays used were 8.8 (x2), 17.6,26.4 (x2), 35.2,
44,0, 70.4, and 79.2 ms in randomized order. The recycle delay used
was 2.5 s. {'H}-'°N heteronuclear NOE data were obtained usinga 4 s

train of 120° proton pulses. The '°N relaxation dispersion measure-
ments were acquired by using standard experiments and the decay
rate, RS™, was obtained for two different rf fields of CPMG (0.05 kHz
and 1 kHz) using the formula described previously [39]. The length of
the CPMG period was kept constant at 40 ms for both experiments.
The reference spectrum was obtained using the same experiment
omitting the CPMG period. To investigate the PG-binding properties
of OmpA'8°-325 N-acetylglucosamine (NAG), N-acetylmuramic acid
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(NAM), and PG tri-peptide: L-Ala-p-y-Glu-mDap (Anaspec, Inc.,
San Jose, CA) were titrated into samples containing '°N-labeled
OmpA'89-325 The concentration of the PG tri-peptide was estimated
from the peak volume relative to that of DSS with known concentration.
Chemical shift perturbations (CSP) were monitored by recording
TH,’>N-HSQC experiments. All spectra were processed using
NMRPipe/NMRDraw [40] and analyzed using the NMRView soft-
ware [41].

2.3. Structure calculation

The initial structure of OmpA'8°-32> was calculated with CYANA [42]
version 2.0 using distance restraints derived from the automated NOE
assignment protocol implemented in CYANA, a-helix hydrogen bond
restraints based on the secondary structure from the chemical shift
index, and dihedral angle restraints as predicted by TALOS + [43]. The
hydrogen bond restraints for p-sheets were carefully introduced in
the later stages of the calculations. The Cg signals of Cys219 and
Cys302 appeared in the chemical shift range expected for oxidized Cys
residues (40.1 and 40.6 ppm, respectively). The addition of a reducing
agent, TCEP caused a large change in 'H,'>N-HSQC spectra (data not
shown). These data confirm that the disulfide bond was spontaneously
formed during the protein preparation. Therefore, the disulfide bond
between these Cys residues was also implemented in the structure
calculation. Further structure refinement with the addition of backbone
H-N RDC restraints were performed by XPLOR-NIH [44] version 2.20.
Initial estimates for the axial component of the molecular alignment
tensor (Da) and the rhombicity (R) were obtained from the lowest
energy structure calculated by CYANA using PALES [45]. Finally, the 30
lowest energy structures from a total of 200 were selected and used
for the analysis. All molecular graphics used in this manuscript were
created using MOLMOL [46].

2.4. Rotational diffusion dynamics

The >N T; and T, data were fitted with the program CurveFit (A. G.
Palmer, Columbia University). The uncertainties for the peak intensity
used for the fitting were estimated from duplicated data points. The
uncertainty for the {'H}-'>N NOE values was evaluated using the
standard deviation of the noise in empty spectral regions of the spectra.
Those residues that show low NOE values (less than 0.65) were exclud-
ed from further analysis, because these residues have a slow internal
motion which contributes to the T, relaxation. Those residues which
are involved in chemical exchange processes that affect the T, relaxa-
tion time were detected and removed as described by Tjandra et al.
[47]. For the remaining residues, the rotational correlation time for the
global tumbling (T,,) for each residue were estimated from the Ry/R;
ratio using the program R,R;_ty, (A. G. Palmer, Columbia University).
The T, values were globally fit to the OmpA'8°-32° structure using the
program quadric_diffusion (A. G. Palmer, Columbia University).

2.5. Differential scanning calorimetry

DSC experiments were performed on a VP-DSC microcalorimeter
(MicroCal, GE Healthcare). The sample contained 30 uM OmpA!80-325
and 20 mM HEPES (pH 7.0). The heating scan consisted of a 15-min
pre-scan thermostat period at 10 °C, and a 10-125 °C heating scan
with the rate of 90 °C/h with a filter period of 16 s, and passive thermal
compensation between the sample and reference cells. The subtraction
of the baseline and the melting curve fitting were performed using
MicroCal Origin software. The experiments were repeated several
times with different sample concentrations and scanning rates and all
produced very similar results.

2.6. In vitro cross-linking experiments

In vitro cross-linking experiments were performed with
DPM (dimethyl pimelimidate). The samples contained 150 uM
OmpA'8%-235 20 mM sodium phosphate buffer (pH 8.0), and 100 mM
NaCl. Samples with and without 3 mM DPM were incubated for 1 h at
25, 37 or 42 °C. The cross-linked protein was detected by SDS-PAGE
and Coomassie brilliant blue staining.

The atomic coordinates and resonance assignments have been
deposited in the Protein Data Bank (PDB ID: 2MQE) and the BMRB
database (BMRB-25030), respectively.

3. Results
3.1. NMR structure determination

All backbone amide resonances of the C-terminal domain of OmpA
from E. coli (OmpA'89-32%) could be assigned in the 'H,'’N-HSQC
spectrum (Fig. 2) except for a few residues including Lys206, Ala207,
R242, and 1243 that were not detected most likely due to severe broad-
ening caused by chemical exchange. In addition, three Ala residues
in the N-terminal Ala-Pro repeat could not be unambiguously assigned,
however it was confirmed that this region of the protein was completely
disordered (see below). In addition, the slightly truncated protein,
OmpA'38-325 in which the Ala-Pro repeat region from the linker is omit-
ted, produced an HSQC spectrum that is essentially identical to that of
OmpA'89-325 (Supplementary Fig. 2). This result confirms that the
inter-domain linker region is not important for the overall folding of
this domain. The chemical shift index (CSI) analysis using Co and C’
atoms revealed that periplasmic OmpA'8°-32> domain contains several
a-helices consistent with previous circular dichroism spectroscopy
observations (Fig. 3; [29]). The side-chain 'H resonance assignments
could be obtained for 91.7% of all the 'H resonances. The initial struc-
tures were calculated using torsion angle dynamics and the automated
NOE assignment protocol of CYANA. 2437 NOE cross-peaks in the
3D '>N- and 3C-NOESY-HSQC spectra were automatically assigned by
CYANA and this generated 1960 upper distance restraints. The distribu-
tion of the distance restraints available along the protein sequence is
displayed in Fig. 3a. The calculated structure contained a relatively
large bulge structure from residues 281 to 307 (see below), which did
not show significant interactions with the rest of the OmpA'8°-32° struc-
ture. Therefore, in order to position this part of the structure correctly,
we have employed backbone H-N RDCs in further refinements of
the structure with the program XPLOR-NIH. The RDC values were

°
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Fig. 2. The assigned 'H,'>N HSQC spectrum of OmpA'8%-324, The positions of the signals
that are invisible at this contour level are indicated with asterisks. The spectrum was
acquired at 25 °C.
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successfully measured for 99 residues ranging between -20.7 and
29.4 Hz. The backbone r.m.s.d. for the well-folded region (residues
192-314) of the calculated 30 structures with the lowest energy was
0.38 + 0.08 A (Fig. 1b). There are no considerably flexible regions ex-
cept for the N- and C-terminal ends of the protein in agreement with
the {"H},>N hetero-nuclear NOE data (Fig. 3b and c). A total of 99.6%
of the residues were found in the favored region or the additionally
allowed regions of the PROCHECK Ramachandran plot and no residues
were found in the disallowed regions. All the structural parameters
from the final stage of the structure calculation are summarized in Sup-
plemental Table 1. The main architecture of OmpA'3°-32 consists of two
long a-helices and four 3-strands which form a combination of parallel
and anti-parallel B-sheets, which is referred to as “BapBapp” fold
(Fig. 1b; [48]). The OmpA'8°-325 structure also features a relatively
large bulge containing two small a-helices bridged by a disulfide bond
between Cys219 and Cys302 that is relatively isolated from the main
structure. The positions of all the secondary elements are consistent
with those predicted from the chemical shifts (Fig. 3d).

3.2. Structural comparisons of 0mpA'89-32> with other OmpA-like domains

Recently, the crystal structure of the C-terminal domain of Salmonela
enterica OmpA has been deposited (without a detailed publication) in
the Protein Data Bank (PDB ID: 4ERH). The structure appears to be a
dimer containing two slightly different conformations (the backbone
r.m.s.d. to each other is 2.0 A). Surprisingly, despite the fact that this
domain shares >94% sequence identity to OmpA'8°~32> our structure
is different in some regions, resulting in a backbone r.m.s.d. of 2.7 A
and 2.0 A to chains A and B, respectively (discussed below). The small

differences may be due to crystal packing restraints. Other than
S. enterica OmpA, the results from a search in the database for homolo-
gous structures using the program DALI [49] found that the structurally
closest homolog was RmpM [32], a peptidoglycan-binding protein from
the Gram-negative bacteria Neisseria meningitidis. The amino acid se-
quence identity compared to RmpM is 35.8% and the backbone r.m.s.d.
is 2.48 A (Fig. 1a and c). The main structure (Bopapp fold) is almost
identical however the bulge region is different. N. meningitidis RmpM
has an even larger bulge that includes two longer a-helices, but they
are linked in a similar manner by a disulfide bridge. Other known
bacterial peptidoglycan-binding domain protein structures include the
flagellar motor protein, MotB from Helicobacter pylori (Fig. 1a and c;
[50]), the peptidoglycan-associated lipoprotein, PAL from H. influenzae
[33] and YiaD from E. coli [51], and the outermembrane protein A
from Mycobacterium tuberculosis (OmpATB; [52]) and these were also
found to be structurally closely related. The sequence identity/the
best-fit backbone r.m.s.d. of OmpA'8°->32° to these proteins are MotB:
18.06%/7.53 A, YiaD: 27.4%/6.66 A, OmpATB: 28.57%/5.93 A, and PAL:
22.45%/8.07 A. Regardless of the low sequence identity the main struc-
ture is very similar in all cases although the last 3-strand of E. coli OmpA
is replaced with an a-helix in several of these proteins. The remarkable
difference compared to OmpA is again the bulge structure and all these
proteins have a much smaller bulge region containing a single small
a-helix and no disulfide bond, in contrast to OmpA and RmpM.

3.3. ®*N-dynamics studies by NMR spectroscopy

It has been shown through in-cell cross-linking studies and proteo-
mics analysis that the C-terminal domain of OmpA can form a dimer
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in vivo [53]. Most recently, studies using a combination of mutagenesis
and mass spectrometry have confirmed the presence of such a dimeric
form in vitro [54]. Indeed, the C-terminal domain of the homologous
S. enterica OmpA protein appears as a dimer in the asymmetric unit
(PDB ID: 4ERH). Moreover, the periplasmic domain of RmpM has also
been shown to form a dimer in vitro [32]. Therefore, we have examined
whether E. coli OmpA'3°-32> 3lso forms a dimer in our solution
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conditions using NMR techniques. NMR dynamics experiments that
measure the T; and T, relaxation times of the backbone >N atoms
have been performed (Supplementary Fig. 3). Reliable '°N relaxation
data were available for 130 residues of OmpA'89-325, After filtration of
the relaxation data (see Materials and methods section), 93 residues
were selected for analyzing the rotational diffusion properties of
OmpA'89-325 jn solution. The correlation time (T,,) for each residue
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Fig. 4. a) Cross-linked proteins could be detected by SDS-PAGE. The protein bands originating from dimeric OmpA'8%-2%® are indicated with an arrow. b) The thermal denaturation of

Omp

A'80-325 was monitored by DSC. The temperature dependence of the excess heat capacity (solid line) was fitted to two different structural transitions (dotted lines). The small

heat detected before the main denaturation is indicated by an arrow. c) The intensity ratios of the signals in 'H,'>N-HSQC spectra recorded at 25 and 49 °C are plotted as a function of
the residue number (top). The open and filled circles represent an intensity gain and loss, respectively. The differences between R§" values with different CPMG frequencies (0.05 kHz
and 1 kHz) are plotted for each residue (bottom). The data obtained at 25, 37, and 42 °C are plotted with open circle, triangle, and filled circle, respectively. The shaded area experiences
the structure destabilization above physiological temperature. d) The residues with intensity loss in the shaded regions are mapped in orange on OmpA'8°-3?>, The residues that show
significant slow motion are shown in yellow. The residues that experience both are shown in red. e) The structure of OmpA'#°-23 is superimposed onto the crystal structure of Salmonella
enterica OmpA (PDB ID: 4ERH) using chain B. Chain A is also shown in gray. The bulge region that displays temperature dependent structural differences seems to provide an interface for

dimerization in the S. enterica structure (pointed by the arrow).
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was estimated from the R,/R; ratio and ranged between 9.3 and
15.4 ns (Supplementary Fig. 3). The 7, data was globally fitted to
the OmpA!8°-325 structure using the axially symmetric diffusion
model. Finally, the correlation time for the overall molecular tum-
bling of OmpA'8°-23> was defined to be 12.8 ns. This value is some-
what larger than what is expected for a monomer but it is much
smaller than expected for a dimeric protein, suggesting that a
monomeric-dimer equilibrium may exist in solution. The parame-
ters obtained from this analysis are summarized in Supplemental
Table 2.

3.4. In vitro chemical cross-linking experiments

The results from the rotational diffusion NMR were further evaluat-
ed by in vitro cross-linking experiments (Fig. 4a). Although a very weak
band could be observed at a position on the SDS gel corresponding to
the dimeric OmpA'8°-325 the majority of the proteins (>90%) appear
as a monomeric protein when the samples were incubated at 25 °C.
Therefore, we have concluded that although a very small population
of dimeric protein may exist, OmpA!8°-32> is essentially monomeric in
solution under our experimental conditions. This is in agreement with
the recent report that the C-terminal domain of OmpA exists as a mix-
ture of monomers and a smaller amount of dimer [54]. We have also
noticed that when the incubation temperature was increased to 37 °C,
the amount of the dimeric OmpA!8°-325 increased by about 50%
(Fig. 4a). However, further increasing the temperature to 42 °C did
not cause any additional changes.

3.5. Structure destabilization by increasing the temperature

The thermal denaturation of OmpA'8°-32> was monitored by DSC
and its melting curve could be fit to the sum of two distinctive melting
temperatures (Tn,s) (Fig. 4b). The main denaturation occured at
64.8 °C with the enthalpy of denaturation (AHg) of 2.49 x 10%, however
a smaller amount of heat was also released at 54.7 °C. Therefore, we
have attempted to determine which part of OmpA'8°-32> undergoes
unfolding prior to the main denaturation event. 'H,'>N-HSQC spectra
were acquired at 3 °C intervals between 25 and 49 °C (Supplementary
Fig. 4a) and the intensity changes were monitored for each residue. Al-
though the majority of the signals gained in intensity by raising the tem-
perature (because of the accelerated molecular tumbling leading to
slower relaxation), several signals lost intensity around physiological
temperature (Supplementary Fig. 4). Intensity ratios at 25 and 49 °C
were plotted as a function of the residue number in Fig. 4c. Whereas
some intensity losses were observed for the residues from both termini
of OmpA!89-323 those regions are disordered and fully exposed to the
solvent (Fig. 1b and Fig. 3). Therefore, an enhanced exchange rate of
the amide HN group is most likely responsible for these intensity losses.
However, the region in the middle of the OmpA'8°-32° structure also
exhibited many residues with a loss of intensity.

To obtain more information about possible motions in the protein,
we have also performed NMR relaxation dispersion experiments to
monitor slow motions (from micro- to millisecond). A structural ex-
change process could be detected for several residues only when the
temperature was increased above 37 °Cand these residues are identical
to the ones experiencing a loss of intensity by raising the temperature
(shaded area in Fig. 4c). These results corroborate the notion that
these residues undergo slow conformational exchange on the NMR
timescale. When these residues are highlighted on the OmpA'80-32°
structure (Fig. 4d), taken together with the outcome of the DSC experi-
ments, it seems reasonable to conclude that the bulge region of
OmpA8°-325 (residues 283-304) becomes unstable above physiological
temperature and denatures at an approximately 10 °C lower tempera-
ture than the main structure.

3.6. The peptidoglycan (PG) binding site of OmpA'89-32>

The ability of the C-terminal domain of OmpA to interact with
PG was examined using three components of the E. coli PG-unit, N-
acetyl muramic acid (NAM), N-acetylglucosamine (NAG) and PG-
tri-peptide (1-Ala-p-y-Glu-mDap) which were titrated into '>N-
labeled OmpA'8°-325, Chemical shift perturbations (CSPs) were
monitored by recording 'H,'>N-HSQC spectra at 25 and 42 °C. The re-
sults were very similar at both temperatures. The addition of the PG-
peptide caused obvious CSPs in fast to intermediate exchange on the
NMR timescale (Fig. 5a and b). However, NAM and NAG caused nei-
ther chemical shift changes nor signal broadening, suggesting no in-
teraction. The loss of intensity was plotted for each residue (Fig. 5a)
and the residues that exhibited a significant intensity loss were
highlighted on the OmpA'8°325 structure (Fig. 5¢). The structure
was then superimposed onto the structure of Acinetobacter
baumannii OmpA (AbOmpA) that is complexed with a PG-peptide
[55]. It is clear that binding of the PG-peptide to E. coli OmpA180-
325 causes a series of CSPs that includes the conserved D241 residue
(D271 in AbOmpA) that is thought to directly interact with the mDAP
residue of the peptide. Another important residue R258 (R286 in
AbOmpA) could not be directly analyzed due to signal overlap how-
ever the adjacent residue A257 was influenced by the binding. These
results indicate that OmpA'8°-32° binds to the mDAP residue of the
penta-peptide of the E. coli PG-layer probably in a similar fashion
as AbOmpA.

3.7. A TonB binding site on OmpA89-32>7

The TonB protein is intimately involved in energy transduction
across the periplasmic space [56,57]. This protein is known to span the
entire periplasmic space with its N-terminus anchored in the inner
membrane, while its folded C-terminal domain can be cross-linked
in vivo to the outer membrane [58]. The exact location of the TonB bind-
ing site on the outer membrane is currently unknown, although some
studies have suggested that the Lpp and OmpA proteins may play a
role in this process [59]. Binding to the periplasmic domain of OmpA
would position the TonB protein at the correct location in the periplasm
to grab on to the so-called TonB-box regions from the relevant outer
membrane receptors [60]. We therefore studied the binding of the unla-
beled TonB domain (residues 103-239) [61] to the isotope-labeled '°N-
OmpA'8°-325 domain. In addition, we also recorded HSQC NMR spectra
to follow the binding of unlabeled OmpA!8°-320 to 15N isotope-labeled
TonB!%%-23% No chemical shift differences were detected in the NMR
spectra, we therefore conclude that these two domains are unable to
bind each other in vivo, unless additional components are involved
that can stabilize or mediate this interaction.

3.8. Structural insights into full-length OmpA’—32°
environments

in membrane mimetic

In order to determine if there are any interactions between the two
independently folded regions of OmpA, we also studied the intact pro-
tein in membrane mimetic environments. The 'H,'">N-TROSY spectra
obtained for full-length OmpA!~32> in DHPC micelles and in POPC/
MSD1 nanodiscs are compared with that of OmpA!8°32> (Fig. 6).
OmpA'—2?% in the DHPC micelles produced a high quality spectrum,
where peaks for both the N-terminal and C-terminal domain could be
seen. On the other hand, we had some difficulty to concentrate
OmpA' %’ in the nanodiscs. With the low sample concentration, the
signals from the N-domain which is directly embedded in the nanodiscs
are not visible due to the large overall molecular size, while almost all
the signals from the C-domain are visible, suggesting that the two
domains are connected by a flexible linker and that they experience
very different correlation times. All the signals from the C-domain of
OmpA!~325 appear in very similar region of the spectra as those of
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Fig. 5. a) The intensity losses in the 'H,"*N-HSQC spectra of OmpA'8%-32 gbserved after addition of NAM (top), NAG (middle), and PG-tri-peptide (bottom) are plotted as a function of the
residue number. b) The selected region of the overlaid 'H,'*N-HSQC spectra of OmpA!#°-32> with different amount of PG-peptide. The residues that are influenced are labeled. c) The res-

idues with a significant intensity loss (<0.4) are highlighted on the OmpA'#°-32% structure as red spheres. Omp.

A'80-325 in yellow is then superimposed on to the PG-binding domain of

AbOmpA in the complex with a PG-peptide shown in purple (PDB ID: 3TD5). The bound PG-precursor is displayed as a green stick. The side chains of D241 and R256 of OmpA'80-32°

which may directly interact with the DAP residue of PG-peptide are also shown.

OmpA'89-325 We conclude that the C-domain structure is located out-
side of the membrane and retains the same structure as that of the
OmpA'89-325 jn both membrane mimetic environments.

4. Discussion

In this work we have determined the solution structure for the
carboxy-terminal periplasmic domain of the E. coli OmpA protein. This
part of the protein adopts a characteristic fold that is seen in many
other bacterial periplasmic peptidoglycan-binding proteins. Through
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Fig. 6. Superposed 'H,'>N-TROSY spectra of '°N-labeled OmpA'#°-32 (red) in aqueous so-
lution, 2H,'>N-labeled OmpA’~32 in the DHPC micelles (black) and the POPC/MSP1D1
nanodiscs (green). All spectra were acquired at 42 °C.

NMR chemical shift perturbation experiments we could determine
the binding site for peptidoglycan (see Fig. 5). These results indi-
cated that the unique diaminopimelic acid of Gram-negative PG
plays a major role in the recognition, similar to what has been re-
ported for A. baumannii OmpA [55]. The individual sugar moieties
of PG, NAM and NAG did not appear to bind to the periplasmic do-
main of OmpA. This raises questions about previous modeling and
docking studies for those carbohydrates when binding to the relat-
ed RmpM protein [32]. We also noted that previous suggestions
that the TonB protein would bind to OmpA [59] were not supported
by our experimental results. An interesting feature of the E. coli
OmpA periplasmic domain structure is the bulge region which seems
to be grafted onto the protein sequence and is stabilized by a disulfide
bond. Interestingly, the only other two related proteins which are
known to have a similar bulge region (RmpM and S. enterica OmpA)
also have a disulfide bond located in exactly the same position showing
that these two features seemingly evolved together. The majority of the
OmpA related proteins that have been structurally characterized to date
do not have a bulge or the disulfide linkage.

The C-terminal domain of E. coli OmpA has previously been pro-
posed to act as a PG-binding domain because of the high sequence
similarity and the presence of several conserved residues compared to
other known PG-associated domains. For example, the C-terminal do-
main of Pseudomonas aeruginosa OprF which shares 39% amino-acid
sequence identity to its counterpart in E. coli OmpA also interacts with
PG [31,28,62]. Our data showed that the penta-peptide portion of
E. coli PG-layer could interact with the C-terminal domain of E. coli
OmpA. The chemical shift perturbations caused by the addition of the
PG-peptide appeared to be in fast to intermediate exchange on the
NMR timescale (Fig. 5b), suggesting a relatively weak interaction. This
is consistent with the recent report that the Ky of the PG-peptide bind-
ing to the PG-binding domain of A. baumannii OmpA is 10~ M [55]. This
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relatively weak interaction may explain why we did not observe any co-
purified PG-precursor together with E. coli OmpA!8°-325, This differs
from a previous report concerning the related H. influenzae PAL protein
[33], where a '3C signal in the 100 ppm region corresponding to the C1
atom of the disaccharide of the PG-precursor was detected in the 'H-'>C
HSQC spectrum; this signal is lacking in the spectrum of E. coli OmpA
(data not shown). These data suggest that PAL, which is also anchored
to the outer membrane, albeit through attached fatty acids, has a higher
affinity for PG than OmpA.

The permeability of the bacterial membrane is governed by a set of
integral porins that are located in the OM. Together, these proteins are
the major determinants of the susceptibility of bacteria to numerous an-
tibiotics (reviewed in [63,64]). For example, P. aeruginosa has intrinsic
resistance to many antibiotics due to the low permeability of its OM
(one hundred times lower permeability than E. coli; [65]). One of the
major porins of P. aeruginosa, OprF is closely related to E. coli OmpA in
its amino-acid sequence and functional aspects, and a large population
of it exists as a closed pore, which is thought to be responsible for the
resistance. Given that OmpA is one of the most abundant E. coli porins
(100,000 copies/cell; [66]), it is important to gain a better understand-
ing of its pore forming mechanism. Recently, the idea that the E. coli
OmpA protein can give rise to two distinctive porin conformations has
received strong experimental support (reviewed in [67]). The larger
pore is only observed when the C-terminal domain of OmpA is present
and the population of it drastically increased above physiological tem-
perature ([26,27]). The absence of OmpA in E. coli causes deficiency in
the uptake of amino acids such as glutamine and proline, and this effect
is more apparent when the temperature was increased from 30 °C to
42 °C[68]. Furthermore, it has been shown that only a very small per-
centage of OmpA proteins were able to form a large pore when the ex-
periments were carried out at low temperature [19]. Taken together,
these data suggest that the population of OmpA capable of forming a
large pore depends on the temperature. However, the structure of the
C-terminal domain of OmpA, OmpA'8°~325 represents a well folded
globular conformation with no obvious flexible or unstable regions ex-
cept for both termini at 25 °C (Fig. 3) and it is highly soluble and stable
in solution. Thus, it seems unlikely that this would completely unfold
and then insert itself into the outer membrane to help create a large
pore. Our NMR data obtained for the full-length OmpA protein in
two membrane mimetic environments are also consistent with the

notion that OmpA is comprised of two separate domains even at
42 °C (Fig. 6), although we cannot rule out the possibilities that a
small amount of alternatively folded protein is not visible in our
NMR spectra.

In this contribution, we have carefully examined the thermal sta-
bility of the C-domain in an attempt to discover any signs of a struc-
tural transition around the physiological temperature. Our data
showed that the characteristic bulge region (residues 288-304) of
OmpA'89-325 js more sensitive to heat than the rest of the structure
and that it becomes unstable above physiological temperatures
(Fig. 4). The bulge structure is made up of two small helices and a
single disulfide bridge. Since this region is found in only a subset of
bacterial OmpA proteins, it would likely be involved in a specific
function (Fig. 1a). Interestingly, it has recently been reported that
the presence of the disulfide bond of E. coli OmpA is indispensable
for the formation of the large pore [69].

Our proposed model for the role of the C-terminal domain of OmpA
is summarized in Fig. 7. When the temperature is low, the vast majority
of OmpA forms a two domain structure and the C-terminal domain in-
teracts with at least the penta-peptide part of the PG-layer, which
would help in holding the OM and the PG-layers together (Fig. 7a).
Considering the overall shape and size of the C-terminal domain of
OmpaA in addition to the extended ~20 residue linker region between
the two domains, the C-terminal domain can indeed reach the PG-
layer that is located within 10 nm from the inner leaflet of the OM in
E. coli [70]. Thereby OmpA, being the major outer membrane protein,
would contribute to the membrane integrity of E. coli cell as previously
reported [3] and this may be the primary function of E. coli OmpA. How-
ever, once the temperature is increased above the physiological temper-
ature, the bulge structure of the C-terminal domain becomes unstable.
From our results, a small fraction of it appears to form a dimer and
seemingly the amount increases above physiological temperature
(Fig. 4a). As mentioned above, when the structure of OmpA'8°-32°
is compared to the crystal structure of the C-terminal domain of
S. enterica OmpA (Fig. 4e), the backbone r.m.s.d. is 2.0 A. However, by
excluding the bulge region (residues 281-307), the backbone r.m.s.d.
isreduced to 1.4 A, indicating that the structural differences arise mainly
from the bulge region. Importantly, the bulge region is one of the inter-
faces for the dimerization of the C-terminal domain of S. enterica OmpA
and helix 4 which is well defined in the structure of E. coli OmpA (Figs.

c

Y

Larger pore
16-stranded B-barrel?

Fig. 7. A model for the role of the C-terminal domain of E. coli OmpA. a) At lower temperatures, the majority of OmpA forms the two domain structure; the C-terminal domain forms a
highly soluble and stable globular domain and it resides in the periplasm. The flexibility and the length of the linker between the N- and C-domain enable the C-domain to reach the
PG-layers and interact with the penta-peptide portion of the PG-layer. The structure of the N-terminal domain of E. coli OmpA was taken from the PDB (PDB ID: 1QJP). b) The destabilized
bulge increases the chance of dimerization of the C-terminal domain. The crystal structure of the Salmonella enterica OmpA (PDB ID: 4ERH) was used to visualize the dimerization. c) The
dimerized OmpA may trigger the formation of the larger pore. It seems unlikely that the large pore would be a 16 stranded 3-barrel made up of two N-terminal domains, because similar
16-stranded barrels (e.g. OmpF) would have a conductance of 840 pS [75] at least twice as much as that measured for E. coli OmpA (~300 pS; [26]).
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1b, 2 and 4e) is absent. Therefore, we suspect that a destabilized bulge
structure may trigger dimerization of the C-terminal domain of E. coli
OmpaA (Fig. 7b). CD spectra of OmpA'8°-32> showed decreased helical
content above physiological temperature (data not shown), which is
consistent with loss of structure in the bulge.

It is currently unclear how this melting behavior of the bulge region
in the C-terminal domain can be directly correlated to the previously
observed structural transition of E. coli OmpA to form the large
transmembrane pore. A number of studies have suggested that the for-
mation of the large pore also requires the conjugation of oligo-(R)-3-
hydroxybutyrate groups to the C-terminal domain of OmpA. These
post-translational modifications are mediated by an enzyme that is lo-
cated in the periplasm [69,71]. These post-translational modifications
are absent under our experimental conditions as our OmpA!8°-32 pro-
tein was expressed in the cytoplasm. It is worth mentioning that the
homologous OprF protein from Pseudomonas species has been shown
to have a tendency to form an oligomer only when it forms a large
pore [29]. To explain the appearance of the larger pore for E. coli
OmpA, a model for a 16-stranded (3-barrel structure that involves both
the N- and C-portions of E. coli OmpA has been proposed [72,67]. How-
ever, such a transition would require the complete unfolding and
refolding of the stable N-terminal B-barrel, as well as unfolding of the
C-terminal domain, which is independently folded and also forms a sta-
ble structure. Others have already demonstrated that a properly folded
OmpA C-domain can coexist with an unfolded N-domain [73]. There-
fore, the possibility that more than one OmpA molecule may participate
in the formation of the larger pore would necessitate the consideration
of other possible structures for the large pore, perhaps being made up of
two reassembled N-domains. The role of the C-domain would then be to
place the two N-domains in a correct orientation and in close proximity
to allow this reassembly process to occur. Alternatively, the conjugated
oligo-(R)-3-hydroxybutyrate moieties on OmpA may play a direct role
in the formation of the larger channel. Such compounds have indeed
been shown to be able to participate directly in channel formation in
E. coli [74]. Be that as it may, the functional significance of the large
pore formation of E. coli OmpA in response to increasing temperatures
is unknown. Perhaps, these bacteria benefit from adjusting the perme-
ability of their outer membrane in response to changes in the tempera-
ture. Nonetheless, once formed the large pore cannot be converted
back into the small pore by lowering the temperature at least not in
model membrane systems [27]. Cleary, further studies including a
molecular level structural characterization of the large pore are neces-
sary for a more complete understanding of the role of the C-terminal
domain of OmpA in the membrane permeability of E. coli.
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