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The attachment of synthetic modulators to biological ion
channels is promising for applications in neurobiology and
sensing.[1] While progress has been made on the modification
of channels with a narrow ion conductance pathway,[2] the use
of wider pores for ion-channel engineering has been mainly
limited to hemolysin.[1a,3] The porins offer a broad variety of
b-barrel architectures with pores of variable diameters, which
makes them promising candidates for attaching synthetic
modulators.[4] Unlike the oligomeric hemolysins, porins have
a conductance pathway formed by a single polypeptide chain,
which eases synthetic modifications in the pore interior.
Herein we present functional and structural data for the
implementation of synthetic modulators into the trimeric
porin OmpF.

The OmpF porin from Escherichia coli is 340 amino acids
long and has a 16-stranded antiparallel b-barrel structure
(Figure 1a).[5] Three OmpF molecules assemble to a trimer
within the membrane (Figure 1b). A loop region called L3
folds inside the pore and contributes to a constriction zone.
The pore of OmpF is maximally restricted at this eyelet to an
elliptical cross section of 7 � 11 � and allows passage of

molecules up to 600 Da with minor ion specificity. The N-
terminal region covering b strands 1 and 16 was selected for
synthetic modifications. Within this region the sidechain of
Lys16 faces the constriction zone and was therefore chosen as
a suitable attachment point for synthetic modulators (Fig-
ure 1a).

Two different synthetic routes were examined for the
covalent attachment of a modulator within the OmpF channel
(Scheme 1): protein semisynthesis combined with azide/
alkyne click chemistry (Route A) and introduction of a
cysteine residue by mutation with subsequent S-alkylation
(Route B).

Route A (protein semisynthesis by native chemical liga-
tion, NCL) required the preparation of an N-terminal frag-
ment thiol ester and a C-terminal fragment bearing an N-
terminal cysteine residue, which is crucial for NCL. The N-
terminal fragment 1, in which Lys16 was altered to prop-
argyltyrosine ether P (K16II), was synthesized by fluorenyl-
methoxycarbonyl (Fmoc) solid-phase synthesis. A CuI-cata-
lyzed cycloaddition of the alkyne 1 with the dansyl azide 2,
which was used as a reporter group, gave the peptide 3. The C-
terminal OmpF fragment 4, which lacks the first 26 amino
acids and harbors the N27C mutation, was produced as
inclusion bodies using a porin-deficient E. coli strain. The
ligation between the thiol ester 3 and the N-terminal cysteine
of 4 to the OmpF hybrid 5 proceeded under denaturing
conditions with similar yields (50%) as with the native
analogue of 4 harboring a lysine residue at position 16 (60 %),
as judged by sodium dodecylsulfate polyacrylamide gel
electrophoresis (SDS-PAGE). The starting point for
Route B was the OmpF mutant 6 in which Lys16 is replaced
by a cysteine residue (K16C). The S-alkylation with the
iodoacetamide-activated dansyl derivative 7 provided the
OmpF hybrid 8 in nearly quantitative yields (above 90 %).

The resulting OmpF hybrids 5 and 8 were refolded by
insertion into mixed unilamellar vesicles comprising a 1:1
ratio of 1,2-dimyristoyl-sn-glycero-3-phosphocholine and n-
dodecyl-b-d-maltoside using the procedures established for
the unmodified OmpF protein.[5] Despite the presence of the
bulky dansyl groups within the pore, the refolding yields were
similar to unmodified OmpF (up to 70%), as judged by the
emergence of SDS-resistant OmpF trimers in SDS-PAGE
gels.[6] Like unmodified OmpF, the hybrids 5 and 8 could be
further purified from unfolded protein by trypsin digestion
exploiting the overwhelming stability of intact OmpF trimers
against proteolytic digestion.

The functional consequences of porin modifications were
studied by conductance measurements at high salt concen-
trations in order to focus solely on blockage efficiencies rather
than on effects caused by slight differences of channel

Figure 1. Structure of OmpF. a) Side view of the OmpF monomer. The
peptide stretch used for native chemical ligation (b1) is marked in
yellow; the attachment site for synthetic modulators (Lys16) is shown
in red. b) Top view for the OmpF trimer with the loop region L3.
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electrostatics.[7] Using the black lipid membrane (BLM)
technique, porin-trimer measurements were first performed
at + 140 mV, where individual closure of single pores within
the OmpF trimer can readily be tracked (Figure 2).[8] More-
over, current–voltage (I/U) curves were recorded and ana-
lyzed (�160 to 160 mV). For the dansyl triazole derivative 5,
no significant change in the trimer conductance was observed
(5 : (51.5� 6.0) pA; OmpF: (51.2� 3.0) pA; Figure 2a). The I/

U curves for recombinant full-
length OmpF, wild-type OmpF
generated by NCL, and OmpF
hybrid 5 showed no significant
differences. This result indi-
cated that 1) NCL is indeed a
valid route to assemble native-
like OmpF polypeptides and
2) introduction of a conduc-
tance modulator of a molecular
mass of 319 Da near the con-
striction zone of OmpF is not
sufficient to alter its conduc-
tance.

In contrast, the cysteine-
linked dansyl-OmpF hybrid 8
showed an unusual, large spread
for its trimer conductances (see
the Supporting Information),
which was observed neither for
refolded wild-type OmpF (Fig-
ure 2d) nor for its mutants or
OmpF hybrid 5. This finding
may indicate conformational
mobility and/or heterogeneity
of the synthetic modulator
within the pore of 8. I/U curve
analysis revealed that the aver-
age specific conductance of
hybrid 8 is diminished by 15%
((0.78� 0.02) nS) compared to
unmodified 6 ((0.92� 0.02) nS).
Inspection of trimer events like-
wise demonstrated the reduc-
tion of conductivity for 8 (Fig-
ure 2b). The lack of significant
change, as found for 8, for
hybrid 5 points to the crucial
role of the nature of the chem-
ical linkage for the function of
hybrid ion channels. The size
difference between the modu-
lating groups in 5 and 8 (451 vs.
377 Da) is not large enough to
rationalize this result alone.
Obviously, the synthetic modu-
lator of 5 cannot occupy the
central constriction zone of
OmpF, instead adhering most
likely to the inner wall of the
OmpF pore, whereas in 8 the

constriction site is at least partly blocked.
To address this theory in more detail, another OmpF

hybrid 10 was synthesized, for which Route B was used to
attach the dibenzo-[18]crown-6 derivative 9 to the OmpF-
K16C mutant 6. I/U curve analysis revealed that the OmpF
hybrid 10 shows very similar properties to 8, including a
specific conductance reduction by 18 % ((0.75� 0.01) nS) and
a large spreading of individual trimer conductances in its I/U

Scheme 1. Synthesis of OmpF derivatives with covalently attached modulators at position 16. Route A:
a) CuI-catalyzed [3+2] click chemistry; b) native chemical ligation under denaturing conditions in 8m

urea. Route B: S-alkylation of OmpF-K16C with c) dansyl iodoacetamide 7 and d) dibenzo-[18]crown-6
derivative 9, performed under denaturing conditions in 6m urea. For further experimental details, see the
Supporting Information.
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curves (Figure 2e) with limiting conductances of 0.42 and
1.14 nS. Inspection of single trimer events likewise demon-
strated the reduced conductivity for 10 (Figure 2 c).

For 10, the structural consequences of its modification
could be studied by X-ray crystallography, as two trigonal
crystal forms were obtained, each comprising one molecule
per asymmetric symmetry unit. Crystal form I diffracted to
3.2 � resolution and corresponded to the known crystal form
of OmpF [5c] but lacked ordered density for the synthetic
modulator.

Figure 2. Ion-channel conductances by OmpF hybrids. a)–c) Current
trace of an OmpF trimer (black) and a) the dansyl hybrid 5 (red),
b) the dansyl hybrid 8 (green), and c) the crown ether modified hybrid
10 (orange). BLM measurements were performed in 150 mm KCl at
140 mV. Numbers on the left refer to the number of open monomers
(C = closed, O = open). d), e) Current–voltage measurements for
d) OmpF and e) hybrid 10.

Figure 3. Crystal structure of the OmpF hybrid 10. a) Top view of the
OmpF trimer 10 highlighting the dibenzo-[18]crown-6 moiety (orange).
b) Side view of the cross-section of 10. c) SIGMAA-weighted Fobs–Fcalc

difference density map calculated at 3.4 � resolution for the dibenzo-
[18]crown-6 moiety (contouring level 2.7 s). Note the 2-(4-(2-hydrox-
yethyl)-1-pierazinyl)-ethanesulfonate (HEPES) molecule below the syn-

thetic modulator. d) Crystal packing of the novel OmpF crystal form
indicating the quasi-continuous arrangement of OmpF trimers along
the c axis.
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Crystals of form II were obtained from the same protein
batch as form I and diffracted to 3.4 � resolution. This crystal
form has not been observed to date for OmpF,[5c,9] but it could
be solved by molecular replacement (PDB code 3FYX). This
is first structure of a pore partly blocked by a synthetic
modulator. As in crystal form I, the OmpF trimers associate
to columnar structures along the c axis by interaction of their
loop structures (Figure 3d).

The protein conformations within the two crystal forms
are the same, but in crystal form II there is significant
difference electron density in the ion conductance pathway of
the OmpF channel. One density feature corresponds to the
dibenzo-[18]crown-6 moiety emanating from C16 and trans-
versing the constriction zone of OmpF (Figure 3a–c).
Another portion of the difference electron density could be
assigned to a HEPES buffer molecule whose sulfonate group
electrostatically interacts with the basic patch of the OmpF
pore interior (Lys80, Arg132, Arg167, Arg168). The con-
formation of the rather flexible dibenzo-[18]crown-6 moiety is
generally butterfly-like,[10] but it appears to be severely
distorted in the constriction zone in 10 (Figure 3c). Its
polyoxyethylene ring spans the constriction zone such that
one part of the ring with its ethylene oxygen atoms is close to
the basic sidechains of Arg42, Arg82, and Arg132 along the
inner porin channel wall, while the other part is close to the
acidic sidechains of Asp113 and Glu117 derived from the L3
loop (Figure 4a). The distal aryl group of the crown ether
forms several van der Waals interactions with the surface of
the L3 loop involving the sidechains of Tyr102, Tyr106,

Asp113, Ala123, and Arg132 and thereby closely approaches
the HEPES molecule bound next to it.

Overall, the crystal structure of the OmpF hybrid 10
shows that a wide-pore channel such as OmpF that has been
modified by a synthetic modulator can occupy a uniformly
closed state, although individual trimers of the hybrid exhibit
divergent conductance properties. Given the lack of ordered
density for the crown ether moiety in crystal form I, we may
conclude that the form II structure of 10 represents a
conformational snapshot that was serendipitously stabilized
by the chosen crystallization conditions.

A view of the cross-section of 10 (Figure 4b) shows that
the blocked conformation requires a stretched, inward-
oriented conformation of the crown ether so that it is partly
contacting the L3 loop (blocked conformation). An alter-
native conformation in which the crown ether is pointing
away from the constriction zone would provide significantly
more conformational freedom to the synthetic modulator
(loosened conformation) but would abolish pore blockage.

If interconversion between blocked and loosened con-
formations of the synthetic modulator is hindered by steric
interference, for example with loop L3, the observed hetero-
geneous channel conductances would arise solely from
conformational heterogeneity. The nature of the linker
between the crown ether and position 16 on b strand 1
might then be of utter importance; for example, OmpF hybrid
5 could adopt only an outward conformation for its synthetic
modulator owing to the longer and stiffer tyrosyl–triazole
linker and would hence be arrested in the open state.
Conformational heterogeneity of hybrid ion channels was
previously thought to arise mainly from intrinsic properties of
the protein template employed.[11] As we show that the
interplay of synthetic modulator and protein template is
crucial for conformational heterogeneity, we may conclude
that single-site attachment of a synthetic modulator is not
necessarily sufficient in wide-channel porins but that addi-
tional noncovalent interactions or second-site attachments
are necessary to implement effective pore blockage. The
results obtained herein from the synthetic modulation of
OmpF should be of general use for future ion-channel
engineering efforts in the b-barrel porin area.
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