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ABSTRACT: Porins, like outer membrane protein G (OmpG) of
Escherichia coli, are ideal templates among ion channels for protein
and chemical engineering because of their robustness and simple
architecture. OmpG shows fast transitions between open and
closed states, which were attributed to loop 6 (L6). As flickering
limits single-channel-based applications, we pruned L6 by either 8
or 12 amino acids. While the open probabilities of both L6 variants
resemble that of native OmpG, their gating frequencies were
reduced by 63 and 81%, respectively. Using the 3.2 Å structure of
the shorter L6 variant in the open state, we engineered a minimal
porin (220 amino acids), where all remaining extramembranous
loops were truncated. Unexpectedly, this minimized porin still
exhibited gating, but it was 5-fold less frequent than in OmpG. The residual gating of the minimal pore is hence independent of
L6 rearrangements and involves narrowing of the ion conductance pathway most probably driven by global stretching−flexing
deformations of the membrane-embedded β-barrel.

Ion channel engineering aims to alter the electrophysiological
properties of biological pores and/or channels and to

potentially change them into tunable molecular switches, e.g.,
for the design of new biological tools1−5 or to develop them
into alternative therapeutics.1,6−8 For rational engineering and
applications like stochastic sensing, the starting template is
crucial. Porins, like trimeric outer membrane protein F
(OmpF) from Escherichia coli9−11 or the heptameric single-
barrel porin from Staphylococcus aureus α-hemolysin
(αHL),4,12−14 have been subjected to extensive engineering,
but their multimeric nature hampers fine modulation of their
pore regions. OmpG from E. coli, however, has recently
attracted significant attention because of its monomeric nature
and the ease with which it can be modified. For engineering,
OmpG is a promising template, because it forms a robust 14-
stranded β-barrel with a wide, nonselective pore, which exhibits
voltage- and pH-dependent gating caused by loop-driven
transitions.15−19 Current strategies for OmpG aim to
deconstruct the pore or narrow the lumen permeability by
introducing modulators at single or double attachment sites20

to transform it into a more ion- or substrate-specific porin.
Extracellular loops of outer membrane proteins exhibit a vast

repertoire of functions, ranging from the enhancement of
cellular integrity21 and control of substrate permeation22 to

mediation of pathogen−host interactions23 and increasing
bacterial virulence.24 Crystal structures of OmpG at neutral
[Protein Data Bank (PDB) entry 2IWV; pH 7.5] and acidic
(PDB entry 2IWW; pH 5.6) pH have revealed considerable
differences in the conformations of its extracellular loops.19 L6,
connecting strands β11 and β12, underwent the largest
rearrangements by folding from an extended conformation at
neutral pH into the OmpG cavity at acidic pH and thus
occluding the pore (Figure 1A). Differences in the H-bonding
networks in the two structures allowed the identification of a
histidine pair (H231/H261), whose protonation states
apparently determine the formation or breakage of these
networks and potentially act as a pH switch controlling the
open versus closed state of the pore.19 OmpG in planar lipid
bilayers undergoes pH-dependent rapid fluctuations between
the two states manifesting themselves as intense “noise” in
current recordings.25 Consequently, for the development of
OmpG into a template useful for protein engineering, initial
strategies focused on the elimination of this intrinsic noise.
Immobilization of L6 by the introduction of disulfide bonds at
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the extracellular side of strands β12 and β13, as well as
optimization of the H-bonding network between strands β11
and β12 by removal of a β-bulge (Figure 1B) in strand β11
(ΔD215), considerably reduced the extent of rapid switching.15

However, infrequent closure of the channel still occurred. Later
work26 implied that as long as the H231/H261 pair is present,
OmpG variants (like OmpGΔL6) are still capable of
responding to pH changes, thus explaining the rare closing
events observed previously.15 The crystal structure of the
OmpGALA variant (H231A/H261A; PDB entry 2X9K),
however, still shared features of both the open and closed
states of OmpG, with L6 and L7 acquiring a somewhat
intermediate conformation between the two states. Interest-
ingly, Fourier transform infrared (FTIR) spectroscopy studies
of this mutant suggested a lock in the open state,26 but this
behavior was not confirmed by conductance analyses.

Investigations by paramagnetic relaxation enhancement nuclear
magnetic resonance (NMR) could verify fast, pH-dependent
movements of L6.27 Two of three main ensembles observed, in
the latter study, resembled the crystal structures of the open
and closed conformations, while strong influences on gating
were observed in cysteine-based cross-linking experiments.
For engineering an improved template, we pruned OmpG

first at its L6 by 8 (ΔL6I; OmpG/Δ220−227/R228G) and 12
(ΔL6II; OmpG/Δ218−229/W217A) amino acids, while
leaving the H231/H261 pair and the β-bulge intact, and
determined the resulting structure at 3.2 Å resolution. We
further designed an engineered minimal porin (EMP) by
shortening all extramembranous OmpG loops to simple β-turns
(Figure 1C) and investigated its gating characteristics.

Figure 1. OmpG, L6-mediated gating and EMP design. (A) Surface representations of the open (PDB entry 2IWV) and closed (PDB entry 2IWW)
OmpG structures, viewed from the top. At acidic pH, H231 (β12) and H261 (L7) are protonated, their repulsion causing L6 to extend toward the
hydrophilic cavity closing the channel. (B) Side view of the β11−L6−β12 hairpin in the 2IWV structure. (C) Topology of OmpG (opaque) with
rainbow-colored transmembrane β-strands. Strand β14 is repeated on the N-terminal side, reflecting the β-barrel assembly. Gray lines between
strands indicate the H-bonding network; the topology of EMP is colored black, and introduced mutations are colored red. (D) Sequence alignment
of OmpG and its variants, in which strands are colored using the same scheme used in panel C.
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■ MATERIALS AND METHODS

Extended and more detailed descriptions of all methods can be
found in the Supporting Information under Supporting
Experimental Procedures 3.1−3.9.
Construct Design, Mutagenesis, and Protein Produc-

tion. The gene encoding OmpG (residues 22−301; UniProt
entry P76045) with a C-terminal His tag was cloned in the
pET20b(+) vector as described previously.20 L6 deletion
variants OmpG/Δ220−227/R228G (ΔL6I) and OmpG/
Δ218−229/W217A (ΔL6II) were produced from this plasmid,
while the EMP sequence (220 amino acids) was synthesized
(Geneart, Invitrogen Life Technologies) (Figure 1). Recombi-
nant OmpG variants were produced as inclusion bodies in
porin-deficient E. coli28 and a priori purified by being washed, as
previously described20 (sections 3.1 and 3.2 of the Supporting
Information).
Spontaneous Refolding of Denatured Proteins. For

refolding into unilamellar lipid vesicles, OmpG and its variants
were dissolved in 6 M urea buffer and diluted 10-fold into
vesicle-containing buffer. Vesicles were preformed from 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dioleo-
yl-sn-glycero-3-phosphocholine (DOPC), or 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) (Avanti Polar Lipids).29,30

For refolding in detergent, OmpG and the L6 truncations
were dissolved in 6 M urea buffer and rapidly diluted in n-octyl
β-D-glucopyranoside (OG)-containing buffer, and unfolded
protein was removed by proteinase K treatment.25 EMP was
dissolved in 6 M guanidinium chloride buffer and dialyzed in
two steps in the presence of lauryl-dimethylamine-N-oxide
(LDAO)-containing buffer31 (section 3.3 of the Supporting
Information).
Protein Purification. Refolded OmpG, ΔL6I, and ΔL6II

were purified in the presence of n-octyl tetraoxyethylene (C8E4)
using a HiTrap DEAE Sepharose anion exchange column (GE

Healthcare), while EMP was purified in the presence of LDAO
with a TALON metal affinity column (GE Healthcare). SEC
was performed with Superdex200 resin (GE Healthcare)
(section 3.4 of the Supporting Information).

Reconstitution into Lipid Vesicles for CD and OCD
Studies. Proteins refolded in detergent micelles were
reconstituted in preformed liposomes as described in section
3.5 of the Supporting Information. Detergent−lipid exchange
was mediated by the adsorption of the detergent to biobeads
(Bio-Rad). Nonreconstituted forms of OmpG were removed by
centrifugation and ultrafiltration. The lipid content was
monitored by thin-layer chromatography (TLC)29,32,33 (Figure
S8 of the Supporting Information).

CD and OCD Measurements. CD studies were performed
using a J-810 or J-815 spectropolarimeter (Jasco).34,35 Spectra
in LDAO micelles were recorded at 20 °C and spectra in
DMPC at 20 and 35 °C. Thermal denaturation was monitored
at the corresponding CD minima (Table 1), and the
temperature was varied from 10 to 95 °C. Spectra were
recorded at 20 °C before and after the temperature ramps.
Secondary structure predictions were performed using the
CONTIN-LL algorithm36,37 of the DICHROWEB server.38−40

For OCD studies, the lipoprotein sample was deposited on a
quartz glass plate and dried at room temperature under a gentle
stream of air. Samples were subsequently hydrated at the
desired temperature for 15 h in the OCD cell (relative humidity
of 97−99%)35,41 (section 3.6 of the Supporting Information).

Single-Channel Recordings in Planar Lipid Bilayers.
Porin conductances were electrophysiologically monitored in
1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) (Avan-
ti Polar Lipids) and asolectin (Avanti Polar Lipids). Membranes
were generated by painting in a two-chamber apparatus;
detergent-refolded and -purified porins were added to one
compartment next to the planar lipid bilayer, and a voltage

Table 1. CD and OCD Parameters of OmpG-like Porins in Vesicles and Micelles

CD

20 °C, native 20 °C, heat-denatured

in LDAO λMAX (nm) λMIN (nm) MREMAX:MREMIN ratioa λMAX (nm) λMIN (nm) MREMAX:MREMIN ratioa rationative:ratiodenat.

OmpG 192.0 217.5 2.3 192.0 218.0 1.6 1.4
ΔL6I 196.5 217.0 2.6 192.5 216.5 1.9 1.4
ΔL6II 195.0 214.5 3.3 190.0 216.0 2.3 1.4
EMP 192.5 215.5 1.9 191.0 212.5 0.8 2.4

CD

20 °C 35 °C

in DMPC λMAX (nm) λMIN (nm) MREMAX:MREMIN ratio λMAX (nm) λMIN (nm) MREMAX:MREMIN ratio ratio20 °C:ratio35 °C

OmpG 196.0 218.3 1.9 195.0 216.5 1.7 1.1
ΔL6I 192.5 216.2 2.8 192.7 216.1 2.6 1.1
ΔL6II 196.5 218.0 2.6 195.0 216.5 2.0 1.3
EMP 193.3 219.3 4.2 192.4 217.2 2.9 1.4

OCD

20 °C 35 °C

in DMPC λMAX (nm) λMIN (nm) OCDMAX:OCDMIN ratio λMAX (nm) λMIN (nm) OCDMAX:OCDMIN ratio ratio20 °C:ratio35 °C

OmpG 198.2 218.9 7.3 191.8 221.4 6.1 0.9
ΔL6I 196.0 218.5 2.2 191.2 218.5 2.4 0.9
ΔL6II 196.5 214.1 2.2 − − − −
EMP 188.8 220.4 6.9 188.8 217.4 2.0 3.5

aNote that MREMAX:MREMIN ratios for measurements using LDAO micelles are less reliable than for DMPC, as the intense noise in the 190−200
nm part of the spectrum prevented the exact identification of maxima. The increased noise was also indicated by an increase in the magnitude of the
HT voltage signal.
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gradient was imposed while waiting for the insertion of single
channels.20

Open probability Po is the time the porin lingers in fully or
partly open states divided by the total recording time. States
exhibiting a >80% reduction in their current were considered to
be fully closed. The frequency of open to closed/partly closed
transitions ( f) was expressed as the number of observed events
per unit of time (number of events per second). Po and f values
represent the average of triplicate measurements (±SEM)
(section 3.7 of the Supporting Information).
Crystallization and Determination of the Structure of

ΔL6II. Crystallization of ΔL6II was performed using
commercial screens as well as optimized buffer conditions18

in 24- and 96-well sitting-drop plates. Diffraction data of the
ΔL6II variant were collected at ID 14-1 at the ESRF (Grenoble,
France) at 3.2 Å resolution (100 K). Data were indexed and
integrated in space group P1 using XDS and scaled with Scala
(Table 2).42 The structure was determined using AutoMR,43

and structure factors were anisotropy-corrected. Coot44 was
used for manual model building, and the structure was refined
with PHENIX,45 yielding final Rwork and Rfree values of 0.238
and 0.289, respectively [0.253 and 0.298, respectively, in
highest-resolution shell (Table 2), PDB entry 4CTD]. Crystal
contacts in the packing were analyzed with the PISA server46

(section 3.8 of the Supporting Information).

Molecular Dynamics Simulations. Homology models of
OmpG and OmpG variants were generated with Modeler
version 9.10,47,48 and protonation states of the side chains were
determined using the H++ server.49−52 The systems were built
and assembled in a DMPC membrane using the CHARMM-
GUI Membrane Builder,53,54 equilibrated by NAMD-2.8 and
general CHARMM force field 2b755 using an NPT ensemble
with periodic boundary conditions. The equilibrated systems
were used in a 40 ns run. Electrostatic surface potentials were
calculated using the PyMol APBS tool56 (section 3.9 of the
Supporting Information).

■ RESULTS
Denatured L6 Deletion Variants Spontaneously

Refold into Lipids Different from Those of OmpG.
Successful membrane insertion of unfolded OmpG and its
variants into preformed DMPC, DOPC, or DPPC unilamellar
vesicles was confirmed by analyzing unheated and boiled
sodium dodecyl sulfate−polyacrylamide gel electrophoresis
(SDS−PAGE) samples. Misfolded OmpG migrated more
slowly (∼36 kDa) during SDS−PAGE than the folded
membrane-inserted counterparts (∼29 kDa) (Figure S1 of
the Supporting Information). OmpG exhibited preferential
insertion into DPPC (16:0 PC) vesicles, whereas both L6
deletion variants reconstituted only into DMPC (14:0 PC)
vesicles. Furthermore, none of the urea-denatured OmpG-
derived porins incorporated into DOPC vesicles [18:1 (Δ9-cis)
PC] (Figure S1 of the Supporting Information). Consequently,
porin refolding and reconstitution in lipid vesicles, in the
absence of detergent, appeared to be L6-dependent, as shorter
L6 loop variants required phospholipids with shorter acyl
chains. Densitometric analysis of the gels showed that refolding
yields were limited to 20−30% for direct insertion into lipid
bilayers and not affected by the lipid:protein molar ratios
[100:1−300:1 (Figure S1 of the Supporting Information)]. For
comparison, detergent-refolded OmpG variants subsequently
reconstituted into vesicles or artificial bilayers achieved
insertion efficiencies of 40 to >70%.
The structural integrity of the refolded monomeric OmpG

variants was assessed by circular dichroism (CD). All analyzed
variants displayed typical β-barrel line shapes (Figure S2 of the
Supporting Information and Table 1). Thermal denaturation of
OmpG, ΔL6I, and ΔL6II in LDAO detergent micelles showed
cooperative unfolding as indicated by sigmoidal melting curves
with an apparent melting temperature of 77 °C (Figure S2 of
the Supporting Information). Upon cooling to 20 °C, OmpG
and the L6 deletion variants showed a hypsochromic shift of
the 215 nm band and a reduction of the CD bands, thus
indicating incomplete refolding. For qualitative comparisons,
we considered the maximum:minimum ellipticity ratios before
and after thermal denaturation and refolding. Changes in these
ratios reflect overall changes in the integrity of the secondary
structure (Table 1). For OmpG, the ratio was reduced from 2.3
to 1.6 (∼30%); comparable changes were found for the L6
deletion variants. Overall, when denatured OmpG variants were
cooled, their β-sheet and turn content increased without
reaching nativelike values.

Structural Integrity of L6 Deletion Variants in DMPC
Bilayers. For secondary structure predictions, as well as for
oriented CD (OCD) measurements, detergent-refolded OmpG
variants were reconstituted in DMPC vesicles, because these
mimic the natural membranes better than micelles and the
chosen procedure guarantees a high degree of purity for

Table 2. Crystallographic Data of the ΔL6II Variant (PDB
entry 4CTD)

Data Collection and Processing
X-ray source ID 14-1, ESRF
wavelength (Å) 0.9334
detector ADSC Quantum Q210
temperature (K) 100
space group P1
no. of molecules per asymmetric unit 2
cell dimensions

a, b, c (Å) 59.9, 60.1, 59.8
α, β, γ (deg) 70.5, 95.2, 70.6

resolution (Å)a 44.2−3.2 (3.37−3.20)
no. of reflections 19941
no. of unique reflections 11053
multiplicitya 1.8 (1.8)
Rmerge

a,b 0.152 (0.539)
completeness (%)a 92.8 (93.9)
⟨I⟩/σ⟨I⟩a 5.3 (2.0)
mosaicity (deg) 0.798
Wilson B factor (Å2) 35.1
water content 0.579

Refinement
resolution (Å)a 44.21−3.2 (3.522−3.200)
Rwork, Rfree (%)

a,c,d 23.8, 28.9 (25.3, 29.8)
no. of reflections (work, test set)a,d 10858, 529
rmsd from ideal for bonds (Å) 0.015
rmsd from ideal for angles (deg) 1.311
no. of atoms (total; protein, hetero, waters) 3848; 3774, 74, 0
mean B factor (total; protein, hetero) (Å2)e 17.8 (50.1); 50.2, 48.0
aValues in parentheses correspond to those of the highest-resolution
shell. bRmerge = ∑hkl∑i|Ii(hkl) − ⟨I(hkl)⟩|/∑hkl∑ili(hkl).

cRwork = ∑|
Fobs − Fcalc|/∑(Fobs).

dRfree is the crystallographic R factor based on
4.9% of the data not used in refinement. eThe value in parentheses
corresponds to the mean B factor without TLS refinement.
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incorporated OmpG porins. CD spectra were recorded below
and above the lipid-phase transition temperature to investigate
the influence of the bilayer phase on reconstitution and
secondary structure. In general, the CD spectra resembled
those obtained for OmpG in detergent micelles, confirming
that the native OmpG and the L6 deletion variants are well-
folded in lipid bilayers (Figure 2 and Figure S2 of the
Supporting Information). Secondary structure predictions by
deconvolution of the CD spectra showed contents of ∼47% β-
strand, ∼8% α-helix, ∼9% β-turn, and ∼36% unstructured parts
for OmpG, which deviated only mildly from the values for
previously published OmpG structures (Table S1 of the

Supporting Information). For the L6 deletion variants, similar
contents were found.
For deciphering the membrane orientation of β-sheet

proteins by OCD, quantitative theory and evaluation
procedures are still missing. However, the intensities of positive
(∼195 nm) and negative (∼215 nm) bands provide an
indication of the preferred orientation of β-sheet proteins
relative to the membrane.57 The presence of the negative band
and the intensity ratio of the positive band to the negative band
can be used in combination with reference spectra as an
indication to estimate the orientation of β-strand proteins
(Supporting Information). Compared to the CD spectrum of

Figure 2. CD and OCD spectra of OmpG, the ΔL6I variant, and EMP in DMPC. Spectra were recorded below (20 °C, black) and above (35 °C,
red) the DMPC-phase transition temperature. (A) Far-UV spectra and (B) OCD spectra. Gray arrows indicate directional changes in the EMP
spectra. The ratio of the positive and negative OCD signals indicates the tensor of the β-barrel.

Figure 3. Ohm plots for conductances of OmpG and its variants. OmpG conducts similarly in asolectin and DPhPC at pH 7.4 (gray lines). The
conductance of ΔL6I in asolectin at pH 7.4 (yellow line) is reduced; ΔL6II (blue line) conducts as strongly as native OmpG. The EMP conductance
varies with the pH and type of lipid. In asolectin and at neutral pH, EMP occupies only partially closed states (cyan for S1 and red for S2), and at
acidic pH, it additionally acquires a fully open state (green for S0). In DPhPC, the behavior of EMP is inverted as it conducts more strongly at neutral
rather than acidic pH. The OmpG conductance appears in all graphs as a dashed gray line.
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isotropic vesicle samples, the OCD spectrum of OmpG in
macroscopically aligned DMPC bilayers showed at both 20 and
35 °C a much stronger positive amplitude (190 nm), while the
negative amplitude (∼222 nm) remained almost identical
(Figure 2), indicating a preferential orientation in the bilayer.
The calculated intensity ratio of 7.3 for oriented OmpG
(OmpG in isotropic vesicles, 1.9) reflects a linear combination
of the two reference spectra for β-strands that are aligned either
parallel (slightly more strongly represented in the case of
OmpG) or perpendicular to the membrane normal. For
comparison, the shear number of 18 for OmpG implies a
barrel tilt of 43° relative to the membrane plane.18 The OCD
spectra of the ΔL6I variant in DMPC at 20 and 35 °C were
similar (Figure 2), thus demonstrating that its orientation
within the membrane is unaffected by the L6 truncation.
L6 Dominates Spontaneous Gating of OmpG but

Does Not Control Full Closure. The conductance and gating
behavior of OmpG and its variants were derived by BLM
experiments in asolectin and DPhPC membranes. Compared to
that of OmpG (with asolectin, 0.74 ± 0.010 nS and N = 22;
with DPhPC, 0.72 ± 0.011 nS and N = 11), the ΔL6I-
dependent conductance (Figure 3) in asolectin (pH 7.4) was
∼1.3-fold lower (0.58 ± 0.030 nS, N = 30, and P < 10−3). We
attribute this reduction to infrequent switching events, which
caused partial closure of the pore (Figure S3 of the Supporting
Information). Further shortening of L6 as given by the ΔL6II
variant restored wild-type-like conductance (0.73 ± 0.010 nS,
and N = 32). Apparently, the WSNGE motif in L6 in the ΔL6I
variant that is absent in the ΔL6II variant (Figure 1C) suffices
to support a partly closed state of OmpG. Although the
electrophysiological data originated from several protein
batches, the porins’ gating and conductances were found to
be batch-independent.
As expected, the successively shortened L6 loops of the

OmpG variants progressively reduced the rapid open-to-closed
state transitions (gating frequency f) with respect to native
OmpG, as indicated by the lower occurrence of the long
downward current spikes in the 80 mV traces (Figure 4A).
Intact OmpG remained fully open (≥90% of Io) or partly
closed (≤20% of Io), showing events with dwell times between
10 μs and 316 ms. Both ΔL6I and ΔL6II displayed
distributions of conductances similar to that of intact OmpG,
but their dwell times of events were increased up to 100 and 5
s, respectively (Figure 4B). The increases in the mean dwell
times, for both deletion variants, coincided with a decrease in
the level of spontaneous gating. ΔL6I exhibited an ∼3-fold
decrease and ΔL6II an ∼5-fold decrease in their spontaneous
transition frequencies, f (Figure 4C), while sharing with OmpG
the same global probability for occupying an open state (Po).
However, complete closure events in the L6 deletion variants
still occurred, as indicated by the infrequent but prominent
current spikes, despite the fact that the putatively principal
element responsible for gating was removed.
Crystal Structure of the ΔL6II OmpG Variant in the

Open State. To analyze structural changes caused by the L6
truncations, we crystallized the ΔL6II variant and determined
its structure in space group P1 at 3.2 Å resolution (Table 2).
Anisotropy-corrected electron density maps showed two well-
defined β-barrels of ΔL6II in the asymmetric symmetry unit
(asu), including the short periplasmatic turns and less defined
extracellular loop regions (Figure 5A). Several strong density
features close to charged residues were assigned as chloride
ions. Difference density maps further revealed long tubular

structures close to crystal contacts that were modeled as two
complete and two partly defined C8E4 molecules (Figure 5A).

Figure 4. Gating characteristics of OmpG and OmpG variants. (A)
Typical 80 mV single-channel recordings at pH 7.4 in asolectin used
for the generation of the 2D event distribution plots in panel B. (B)
2D event distribution plots of the switching behavior. The distribution
of events for 30 s of recorded time is plotted according to current
intensity I and dwell times. I is expressed as a percentage of the highest
intensity Io. The density of events is color-coded as indicated below
the graphs. (C) Comparison of the gating behavior of OmpG and
OmpG variants (Table S2 of the Supporting Information). f and Po are
expressed as a percentage of the OmpG parameters. Bars denote
standard errors of triplicate measurements and asterisks statistically
significant differences (paired t test with P ≤ 0.0050) with respect to
the corresponding OmpG values.
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Within the hydrophobic plane, each β-barrel contacts one
NCS- and two symmetry-related porins in an antiparallel
fashion, yielding the fifth distinct crystal packing of OmpG
(Figure S4 of the Supporting Information). This crystal form,
as well as those of PDB entries 2F1C18 and 2WVP,20 depends
on type I interactions, in which alternating barrels bury major
parts of their hydrophobic surfaces in contact regions (Results
of the Supporting Information and Figure 5D,E). Additionally,
the detergent molecules occupied positions different from those
occupied in the two previous OmpG crystal structures
determined previously in space group C2 (2F1C and 2WVP).
The ΔL6II porin structure closely resembled all previous

OmpG structures with Cα displacements for the β-barrel being
≪1 Å. The backbone of the shortened L6, as observed in both
ΔL6II molecules, revealed two slightly different conformations,
both leaving the ΔL6’s ion conducting tunnel unaffected
(Figure 5B). Furthermore, the trace of L6 shortened to a β-
hairpin left the preceding β-bulge (G213-L214-D215) intact
(Figure 5C). Compared to the two previous structures of
OmpG in space group C2, different conformations were
observed for the L2 and L5 loops, probably stemming from (a)
a lack of L6-driven stabilizing interactions or (b) differences in
crystal packing.
Modeling and MD Simulations of EMP. The design of

the minimal porin was based on the H-bonding network of the
available crystal structures and was modeled on chain A of the
open state OmpG (PDB entry 2IWV)19 because of its well-
resolved loop regions (Figure S5 of the Supporting

Information). As the structural models were based on
crystallographic data, fast equilibration times were achieved.
In the 40 ns simulations, the rmsd for the non-H protein atoms
increased within ∼17 ns to a plateau and remained constant for
the remainder of the simulation. No unfolding events were
observed in the EMP simulations. It is noteworthy that for the
OmpG and ΔL6II barrel, certain portions protruded above the
membrane, while the shorter engineered minimal pore was
almost completely buried (Figure 6A). In all simulations, the β-
barrel was almost invariant unlike the flexible loop regions. The
relative mobility (B factor) was calculated over the last 20 ns
(stable rmsd for the protein) (Figure S6 of the Supporting
Information) and resembled those of NMR and X-ray studies.27

Electrostatic surface calculations revealed a reduction in the
electrostatic potential of ΔL6II and an almost complete lack of
overall charge for EMP, resulting from the reduction of the
negative charges in the loops (Figure 6B). This observation
correlates with the variable behavior of the porin templates in
different lipidic environments.

Biochemical and Biophysical Characteristics of the
EMP Channel. The folding of the engineered minimal porin
that has a surface charge significantly reduced compared to that
of OmpG could not be monitored by SDS−PAGE analyses,
because folded and unfolded species displayed identical
migration behavior (Figure S1 of the Supporting Information).
The analysis of the folding state hence relied on SEC, CD, and
conductance measurements. LDAO appeared to be the most
effective detergent in EMP’s refolding. After refolding in LDAO

Figure 5. Crystal structure of ΔL6II and crystallization interfaces. (A) View of the pore (red for chain A, yellow for chain B, and gray for symmetry
equivalent molecules) in the plane of the crystal lattice, including the shortened L6 (blue) and the modeled C8E4 molecules (green). (B) SIGMAA-
weighted OMIT electron densities calculated for L6 at 3.2 Å. L6 exhibits two different conformations, in the defined Fobs − Fcalc (contouring level of
1.0σ ≡ 0.33 e/Å3) OMIT densities. (C) Superposition of the 2IWW (closed), 2IWV (open), and ΔL6II crystal structures. (D and E) At least one
interface is represented in each deposited crystal structure: C2 symmetric interface I (D) or antiparallel, nonsymmetric interface II (E). Amino acids
identified as interaction partners in all (some) reported interfaces are colored red (yellow).
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micelles, the recombinant minimal porin eluted in size-
exclusion chromatography like OmpG58 mainly as a well-
shaped peak corresponding to an apparent molecular mass of
85 kDa, and hence to the monomeric species of micelle-
embedded EMP (Figure S7 of the Supporting Information; 26
kDa EMP and 59 kDa LDAO micelle). Interestingly, refolding
attempts in other mild detergents such as OG, DM, and C8E4

failed to yield any homogeneous or monomeric EMP species.
Western blotting and mass spectrometry confirmed the identity
of the refolded monomers (Figure S7C of the Supporting
Information).
CD analyses of the monomeric minimal porin indicated a β-

barrel conformation, being highly comparable to those of
OmpG and its L6 variants (Figure 2 and section S2 of the
Supporting Information). Deconvolution of the 20 °C
spectrum in DMPC revealed an increased relative β-sheet
content, as expected after deletion of the extracellular loops
(Table S1 of the Supporting Information). Thermal unfolding
of EMP proceeded cooperatively and irreversibly, as shown by
the strong hysteresis upon cooling as well as the hypsochromi-
cally shifted CD spectrum of heat-denatured porin. The
reproducible CD spectra and the cooperative thermal unfolding
confirmed the correct assembly of the minimal porin.
Interestingly, the thermal stability of monomeric EMP was
∼10 °C higher than that of its OmpG template, and hence in a
range that prevented the exact determination of EMP’s Tm

(Figure S2 of the Supporting Information). Another difference
with respect to OmpG is the stronger propensity of the
monomeric minimal porin to aggregate at high temperatures.
After thermal denaturation and cooling, the intensity of EMP’s
CD spectrum was reduced by ∼60%. This reduction coincides
with the observation of mild protein aggregation indicated by

the increasing high-voltage/dynode signals of the spectrom-
eter’s photomultiplier during heating (particle-generated light
scattering) (Figure S7D of the Supporting Information).
Nevertheless, the engineered minimal porin is a highly robust
protein as it can be stored for weeks at 4 °C without
aggregation as judged by unaltered CD spectroscopic analyses.
OCD analyses of EMP in DMPC vesicles (Figure 2) revealed

that the minimal porin responded by changing its orientation
when it was present in bilayers below and above the lipid-phase
transition temperature, as indicated by the 190 nm:218 nm
signal ratio, while for OmpG and its L6 deletion variants, no
changes had been observed. In the gel phase (20 °C), when the
membrane is thicker because of the stretched conformation of
its acyl constituents, the EMP’s strong positive band (190 nm)
indicated the expected tilted alignment previously observed for
OmpG. At 35 °C, the significantly increased negative band
(218 nm) indicated a more pronounced strand tilt, in response
to the decreased thickness of the liquid phase of the bilayer.
This suggests that correctly assembled EMP is sensitive to
bilayer thickness and fluidity.

Electrophysiological Properties of EMP. BLM measure-
ments showed for open channels of the engineered minimal
porin conductances at least 1.2-fold higher (N = 38, and P <
10−3) than those for open OmpG channels. The EMP
conductances ranged from 0.86 ± 0.020 to 1.06 ± 0.036 nS
and depended on the pH and chosen lipid bilayer (Figure 3).
Observed gating behaviors were similar among different EMP
preparations. Surprisingly, we observed partly closed states of
EMP, although all structural elements, commonly suggested to
be essential for OmpG gating, were removed. The partly closed
states conducted at 26−66% of the open state. Furthermore,
the occupancy and amplitude of these closed states depended

Figure 6.Molecular dynamics simulations of OmpG, ΔL6II, and EMP. (A) Mean conformation of the pores (4 ns each depicted structure) revealing
the reduced height of the EMP relative to the lipid bilayer. (B) Electrostatics of the engineered extracellular part of the OmpG porin reveal a
diminished overall charge of the EMP and a general decrease in negative charges.
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on the type of lipid bilayer and pH value. In asolectin at pH 7.4,
EMP channels acquired only two partly closed states with
conductances of 0.64 ± 0.015 nS (S1; N = 19) and 0.38 ± 0.014
nS (S2; N = 9). Under acidic conditions (pH 5.0), an open state
(for S0, 0.92 ± 0.026 nS and N = 19) and two partly closed
states (for S1, 0.47 ± 0.020 nS and N = 23; for S2, 0.24 ± 0.015
nS and N = 11) were identified. EMP showed similar
conductances for its open, S1, and S2 states also in DPhPC
bilayers. At neutral pH, the artificial minimal channel switched
between the open (for S0, 1.06 ± 0.036 nS and N = 21) and
two partly closed states (for S1, 0.67 ± 0.050 nS and N = 17; for
S2, 0.42 ± 0.050 nS and N = 8), while at pH 5.0, the
conductance of all states was reduced to 0.86 ± 0.020 nS (S0; N
= 35), 0.52 ± 0.028 nS (S1; N = 24), and 0.28 ± 0.016 nS (S2;
N = 30) (Figure 3).
The EMP channel differed from the OmpG templates also by

its distinct gating characteristics, with open probabilities and
transition frequencies being highly dependent on the bilayer
properties (Figure 7). In asolectin membranes and at pH 7.4,
global open probability Po of EMP channels was reduced 6-fold,
and gating event frequency f was reduced 5-fold compared to
that of OmpG (Figure 7C). Accordingly, the 2D event
distribution plots as derived from current recordings of EMP
in asolectin membranes (80 mV) revealed few gating events
with long durations in the range of 31 ms to 1 s (Figure 7).
Reconstitution of the engineered minimal channels in DPhPC
membranes had a weaker effect on the gating characteristics,
with Po and f being reduced by factors of only 2 and 3,
respectively, relative to those of OmpG (Figure 7C). As with
asolectin, the mean dwell times of EMP gating in DPhPC
ranged from 1 ms to 31 s (Figure 7). Interestingly, under acidic
conditions, the previous effects were inverted, and EMP
channels displayed now stronger gating characteristics in
asolectin than in DPhPC membranes.

■ DISCUSSION
Robustness of the OmpG Porin as a Protein

Engineering Template. The structure of the ΔL6II variant
of OmpG shows a largely unchanged β-barrel with differences
mainly in the loop regions, in agreement with previous
reports,15,20,26 thus confirming the general tolerance of this β-
barrel porin to reengineering. Differences are caused by a lack
of stabilizing interactions with the L6 β-hairpin of ΔL6II as well
as by the different crystal packing. In ΔL6II, the truncated L6
loop adopted a conformation more open than that in OmpG,
explaining the similar conductance values obtained via BLM
measurements (Figures 3 and 5). On the basis of the five
different forms of OmpG crystal packings (Figure S4 of the
Supporting Information), two essential hydrophobic interfaces
were identified (Figure 5D,E). Although they are possibly
crystallographic artifacts, they may explain the oligomerization
tendencies of OmpG59 and EMP. Accordingly, future engineer-
ing may address the modification of outer porin surfaces to
foster selective oligomerization.
MD simulations showed robust and rigid barrels, though

biochemical and electrophysiological behavior suggested
dynamic structures, consistent with previous reports about
OmpG15 and VDAC.60,61 Accordingly, the EMP design and its
found characteristics may serve as a model system to resolve
general issues of porins in terms of folding, gating behavior, and
the role of structural and functional dynamics. We showed by a
combination of various techniques like SEC, CD spectroscopy,
and electrophysiological analyses that the engineered minimal

Figure 7. Influence of the pH and type of lipid on gating
characteristics of EMP. (A) Typical 80 mV single-channel recordings
of EMP at pH 7.4 or 5.0 in asolectin and DPhPC, used for the
generation of the 2D distribution plots in panel B. (B) 2D event
distribution plots of the switching behavior of EMP. The distribution
of events for 30 s of recorded time is plotted according to current
intensity I and dwell times. I (color code below the graphs) is
expressed as a percentage of the highest intensity, Io. (C) Comparison
of the gating behavior of OmpG and EMP (Table S2 of the
Supporting Information). f and Po of EMP are expressed as a
percentage of those of OmpG. Bars denote standard errors of triplicate
measurements and asterisks statistically significant differences (paired t
test; *P ≥ 0.069; **P < 0.0232; ***P ≤ 0.0067) with respect to values
of EMP in DPhPC (pH 7.4).
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porin forms a folded, well-behaving porin with features that
strongly resemble in most aspects those of its OmpG template.
First, we found a homogeneous EMP species by SEC that could
be assigned to the predicted monomeric, micelle-embedded
porin. Second, thermal unfolding showed cooperativity as
required for a compact β-barrel architecture. Third, it forms a
broad ion-conducting pore that shows a uniform conductance
of 1.06 nS at neutral pH.
Shortening of Extracellular Loops Affects Membrane

Insertion. Folding and reconstitution of the β-barrel in the
presence of detergent micelles or lipid bilayers apparently take
different routes. The direct insertion of denatured variants into
preformed vesicles showed a preference of OmpG for DPPC,
while the L6 variants with the shortened β11−β12 hairpin
[compared to those of PDB entries 2IWW and 2IWV (Figure
S5B of the Supporting Information)] preferred the shorter
aliphatic chains of DMPC. In contrast, reconstitution of all
detergent-refolded OmpG variants into DMPC vesicles or in
planar bilayers of DPhPC or asolectin occurred with similar
efficiencies (40−70%), even at temperatures below those of the
lipid-phase transitions. These routes could potentially deter-
mine the direction of the inserted channel62 or the type of
assembly (monomer or dimer).59 The shift in the preference
for different lipids might be driven by (a) the reduction in
barrel height and (b) the diminution of the surface charge
(Figure 6).
For all variants, secondary structure analyses from CD data

match those obtained from X-ray structures (Table S1 of the
Supporting Information). Most interestingly, the OCD spectra
of EMP in DMPC bilayers showed significant differences when
the bilayer thickness changed upon transitions from the gel
phase (20 °C) to the thinner liquid crystalline phase (35 °C),
in contrast to the OmpG and L6 deletion variants. These
changes can be interpreted in terms of an increased tilt angle of
the β-strands in response to a compression by the bilayer.
Having transformed the extracellular loops to short turns, EMP
was converted to a more membrane-sensitive barrel responding
to its lipidic environment. Additionally, elastic fluctuations in
DMPC are stronger at 35 °C, and the levels of hydration of
lipid headgroups63 and protein increase (Table 1, blue shifts in
OCD minima), thus allowing the barrel strands to acquire an
orientation more parallel to the membrane plane. In response

to the hydrophobic mismatch,64 helical membrane proteins
were shown to increase their tilt in lipid bilayers with shorter
acyl chains65 where elastic fluctuations of the lipid membrane
are stronger.16

So far, OCD had been mostly applied to α-helical
transmembrane elements such as the oncogenic E5 protein,35

the platelet-derived growth factor receptor,66 and channel-
forming peptides.41,67−70 Recently, a first example showing the
orientation of a β-barrel structure to a membrane was
presented.71 This work provides thus further evidence that
OCD can detect β-barrel tilts and in combination with
biophysics enhances the understanding of membrane protein
dynamics and domain mobility.

OmpG-like Porins Exhibit Loop-Independent Gating.
Mobile regions of porins and channels are commonly
considered to control gating activity; thus, elimination of
these must generate a constitutively open pore. For OmpG,
gradual shortening of L6 resulted in a sequential reduction of
the level of spontaneous gating (Figure 4) and, together with
the immobilization of L6 with an optimized H-bonding
network,15 provides first steps toward a putative sensor.
However, closing events still occurred, albeit rarely, even
though L6 could no longer fully occlude the pore. Surprisingly,
loop-depleted EMP exhibits strong gating, though the only
element still capable of closing the pore is the β-barrel itself. In
mVDAC1, immobilization of the N-terminal helix altered the
gating properties, events followed different routes, and
complete closure occurred probably via semicollapsed β-barrel
forms.60 Interestingly, EMP responds to changes in bilayer
thickness, as its β-strands realign relative to the membrane,
probably reflecting barrel deformation. In contrast, in OmpG
the interaction of L6 with the lipids has no overall effect on the
pore structure.27

EMP channels were highly conducting with two subcon-
ducting states (Figure 3), exhibiting at least 3-fold fewer rapid
transitions ( f) than OmpG and the L6 deletion variants (Figure
4C) and with significantly reduced open probabilities (Po).
Current traces of the minimal porin appeared remarkably
similar to current blockades resulting from modulators in αHL-
like polyethylene glycols72 or polypeptide loops.12 Occupancy
of these subconducting states cannot be solely attributed to the
newly introduced β-turns, which are too short to protrude into

Figure 8. Hypothetical model on the elastic movements of the EMP barrel. In the gel phase of DMPC (20 °C), the height of the β-barrel matches
the thickness of the bilayer. At 35 °C, where the liquid crystalline membrane is thinner, the pore becomes compressed (red arrow) and the β-strands
acquire a more tilted alignment. In response to the membrane charge and fluidity, EMP shows inverted gating behavior in DPhPC and asolectin at
pH 7.4 and 5.0.
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the pore lumen and account for the blockages. Together with
the susceptibility to the lipid bilayer, the subconducting states
suggest that EMP gating depends on both lipid and pH (Figure
7). In the less compact and charged asolectin, at pH 7.4, the
minimal porin showed a 16.5% Po with an f 5-fold lower than
that of OmpG. In zwitterionic DPhPC, EMP showed a 46% Po
and 3-fold lower f in comparison to those of OmpG. Under
acidic conditions, this behavior was inverted, and the minimal
pore appeared to have a higher Po and a lower f. The
corresponding Ohm plots yielded high- and low-conducting
states at acidic pH in asolectin and DPhPC bilayers,
respectively.
Although these changes may involve strand tilting, tilting on

its own cannot account for this distinct gating. Reduction of the
pore size of 19-stranded human VDAC1 by one and two
strands61 has produced 2- and 3.5-fold reductions in VDAC1’s
conductance, respectively. The smaller EMP exhibited an only
1.5−2-fold difference in conductance, depending on the pH
and lipid composition. This change, albeit less significant than
that observed in the larger VDAC1 porin, suggests that
occlusion of the EMP pore by burial of its strands into the
membrane is unlikely to cause the defined subconducting states
observed in the current measurements. However, a semi-
collapsed, ellipsoidal minimal porin may be sufficiently
narrowed to diminish ion entry and be responsible for the
closing events at 35 °C and pH 7.4 (Figure 8). Alternatively, an
occlusion of the pore by dipping into the membrane due to the
diminished surface charge may be envisioned as a cause of the
defined subconducting states but is unlikely due to the implied
large-scale motion of the EMP transmembrane domain. For
DMPC bilayers, a network of water bridges and charge pairing
links 98% of the headgroups;73 reorganization of these
interactions could enforce structural changes in the barrel,
accounting for further reduction of the Po at pH 5.0 (Figure 8).
In asolectin (40% PC, 16% PE, 11% PI, and 33% polar charged
lipids), the phase transition temperature is below the
biologically relevant range. As a consequence, at 20 °C and
pH 7.4, the effects on the barrel wall resemble those in DPhPC
at 35 °C. Lowering the pH allows the barrel to acquire a more
stretched conformation, because of a shift in the asolectin lipid-
phase transition to higher temperatures or the formation of
stabilizing electrostatic interactions that may involve H231
(Figure 8). The barrel movements responsible for the gating in
EMP might be the origin of the residual gating observed for
ΔL6II and the optimized OmpG variant reported by Chen et
al.,15 as well. Sadly, native OmpG evades these analyses by its
habitual flickering caused by L6.

■ CONCLUSIONS
This work aimed to enhance OmpG’s gating for advanced
protein engineering. The shortening of L6 by 12 amino acids
(ΔL6II) successfully reduced the spontaneous gating ( f) of
OmpG while leaving the open probability (Po) of the channel
unaffected, thus offering a useful template for advanced
engineering. However, EMP’s behavior was unexpected. Instead
of providing a fully open channel, a pore exhibiting a 50% Po
with an f strongly affected by temperature and membrane
compactness was obtained. Loop rearrangements in OmpG
appear to control its spontaneous gating, but they are not the
sole requirement for the channel’s conducting ability. Residual
gating, as observed in the L6 deletion variants, and the unique
gating behavior of EMP most probably involve partial or global
conformational changes of the β-barrel wall. This strengthens

the view that porins form rather dynamic structures reversibly
responding to the mechanical properties of the surrounding
bilayer. Elastic barrel movements and acquisition of semi-
collapsed/ellipsoidal conformations explain the observed loop-
independent complete channel closure and allow a deeper
understanding of the gating of other porins. These movements
need to be considered in the design of more effective
nanopores, as they can potentially regulate the flux of
compounds across the membrane.
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