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Abstract A recent molecular dynamics study ques-
tioned the protonation state and physiological role of
aspartate 127 (D127) of E. coli porin OmpF. To
address that question we isolated two OmpF mutants
with D127 either neutralized (D127N) or replaced by a
positively charged lysine (D127K). The charge state of
the residue at position 127 has clear eVects on both
conductance and selectivity. The D127K but not the
D127N mutant expresses resilient conductance and
selectivity Xuctuations. These Xuctuations reXect, we
think, either changes in the ionization state of K127
and/or transitions between unstable subconformations
as induced by the electrostatic repulsion between two
positively charged residues, K127 and the nearby R167.
Our results slightly favor the view that in WT OmpF
residue D127 is deprotonated. As for the role of D127
in OmpF functionality, the gating of both mutants
shows very similar sensitivity toward voltage as WT
OmpF. Moreover, the current Xuctuations of the
D127K mutant were observed also in the absence of an

applied electric Weld. We therefore dismiss D127 as a
key residue in the control mechanism of the voltage-
dependent gating of OmpF.

Keywords Current Xuctuations · OmpF D127 
mutant · Ion selectivity · OmpF Loop L3

Introduction

The outer membrane porin OmpF from E. coli was one
of the Wrst membrane proteins of which the X-ray crys-
tal structure was resolved at high resolution (Cowan
et al. 1992). OmpF forms a �-barrel-based structure
with the 16 anti-parallel strands connected by turns at
the periplasmic side and loops at the extracellular side
(Delcour 2003; Klebba and Newton 1998; Schirmer
1998; Schulz 2002). One of the eight extracellular loops
(L3) folds into the pore lumen. In the constriction
zone, approximately half way down the channel, an
aspartate (D113) and glutamate (E117) at the tip of L3
face an arginine cluster located at the channel wall
(R42, R82 and R132) (Fig. 1). These Wve charged
amino acid residues determine to a large extent the ion
selectivity of the channel (Bredin et al. 2002; Danelon
et al. 2003; Phale et al. 2001; Saint et al. 1996; Saxena
et al. 1999), though residues located outside the eyelet
contribute as well (Philippsen et al. 2002). OmpF also
gates and the opening and closing is sensitive to the
membrane potential (Bainbridge et al. 1998; Van Gel-
der et al. 1997; Phale et al. 1997; Robertson and Tiel-
eman 2002; Schindler and Rosenbusch 1978).

Electrostatic interactions play a key role in ion chan-
nel functionality (Eisenberg 1996a, b). The role of elec-
trostatics in OmpF is evident from the sensitivity of
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selectivity and gating to pH and ionic strength as both
parameters aVect the electrostatic proWle of the pore
lumen (Alcaraz et al. 2004; Baslé et al. 2004; Nestoro-
vich et al. 2003; Saint et al. 1996; Todt and McGroarty
1992; Todt et al. 1992). As for selectivity, in general,
the more negative the net charge of, especially, the
constriction zone, the more cation selective the chan-
nel and vice versa (Vrouenraets et al. 2006). The pic-
ture that arises from gating studies is less clear. So far,
all eVorts to correlate the net charge of the eyelet to the
gating properties of OmpF failed (Phale et al. 2001).

Brownian dynamics (Phale et al. 2001; Schirmer and
Phale 1999) and molecular dynamic studies (Danelon
et al. 2003; Im and Roux 2002a, b; Tieleman and
Berendsen 1998) have contributed considerably to a
better understanding of the role of electrostatics in
OmpF functionality. BD and MD simulations require
knowledge of the protonation state of all the basic and
acidic residues. Incorrect charge states of particular
residues may lead to inconsistencies of structure
derived from the crystallization (at 77 K) and BD/MD
simulations (at 310 K). For instance, the assignment of
incorrect protonation states to residues D312 and E296
of OmpF during MD simulations resulted in a signiW-
cantly smaller cross-sectional area at the constriction
zone than that implicated by its crystal structure
(Varma et al. 2006).

The actual pK value of an amino acid residue
depends not only on pH and its intrinsic pK (as in free
solution) but in addition also on charged residues in
close proximity (Alcaraz et al. 2004; Cymes et al. 2005;
KarshikoV et al. 1994; Varma and Jakobsson 2004).

The calculation of the contribution of the dielectric
environment to the pK requires a value for the dielec-
tric constant (�) (Alcaraz et al. 2004; KarshikoV et al.
1994; Nestorovich et al. 2003; Varma and Jakobsson
2004). Of all the titratable residues considered, the cal-
culation of the pK of D127 appears to be extremely
sensitive to the value of � and ranges from 4.9 (with
� = 20) to > 14 (with � = 4) (Varma and Jakobsson
2004). Residue D127 is located at the root of loop L3
(Fig. 1). Its position and the uncertainty regarding its
charge state make D127 an interesting candidate to be
involved (somehow) in the gating and/or selectivity of
OmpF. The present study aims to shed some more light
on the role of D127 in OmpF functioning, and by doing
so to identify its ionization state under physiological
conditions. We isolated two D127 mutants, D127N and
D127K, and explored their permeation and gating
properties in solutions of diVerent pH and ionic
strength. In addition, we addressed the accessibility of
residue D127 by trying to chemically modifying a
D127C mutant with the cysteine-dependent MTSEA
and MTSET reagents.

Materials and methods

The procedures for site-directed mutagenesis, isolation
and puriWcation of OmpF have been described in detail
previously (Miedema et al. 2004). In short (mutated)
OmpF monomer was puriWed from inclusion bodies in
large amounts. Subsequent in vitro refolding led to a
mixture of mono-, di- and trimeric protein, from which
the latter was isolated with a yield of 5–10 mg per liter
cell culture.

Chemical modiWcation

The chemical modiWcation was performed as in
Vrouenraets et al. (2006). In short, the methanethio-
sulfonate-based labels [2-(trimethylammonium)ethyl]-
methanethiosulfonate (MTSET) and 2-aminoethylme-
thanethiosulfonate (MTSEA) were purchased from
Anatrace (Maumee, OH, USA). Chemical modiWcation
was achieved after overnight incubation of 5–10 �g/ml
mutant OmpF with 50 mM MTS reagents in a 100 mM
NaPi buVer, pH 7.5, containing 0.3% n-octyl-poly-
oxyethylene (OPOE) detergent (Alexis Biochemicals,
San Diego, CA, USA).

Electrophysiology

The detailed description of the entire procedure can be
found in Miedema et al. (2004). BrieXy, Planar Lipid

Fig. 1 Cross-section of a single WT OmpF porin at the height of
the constriction zone and with the positions of D127, at the root
of loop L3, and R167, at the root of loop L4, indicated
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Bilayer (PLB) experiments were performed using a
chamber and Delrin cuvette (Warner Inst., Hamden,
CT, USA). By means of 3 M KCl/2% agar salt bridges,
the Cis compartment was connected to the headstage
of the Axopatch 200B ampliWer (Axon Instruments,
Foster City, CA, USA) and the Trans compartment
was connected to ground. The PLB was painted across
a 250 �m diameter aperture and was composed of
phosphatidylethanolamine (PE) and phosphatidylcho-
line (PC), in an 8:2 ratio (v/v) and dissolved in n-decane.
While stirring, »0.2 �l of a 1–10 �g/ml OmpF stock
solution (in 0.1 M KCl buVer supplemented with 1%
OPOE) was added to the Trans side. Conductance (g)
is deWned as the trimeric slope conductance at 0 mV
and calculated in between ¡10 and 10 mV, as
recorded in symmetrical 0.1 M KCl solution. Data
were low-pass Wltered and digitized at 1 and 5 kHz,
respectively.

Unless stated otherwise, chemicals, including PE
and PC, were purchased from Sigma. All recording
buVers contained, apart from NaCl, KCl or CaCl2,
20 mM HEPES (pK = 7.4) or 20 mM CAPS
(pK = 10.4) and were adjusted with n-methyl-D-
glucamine to pH 7.4 or 11, respectively. Gradients are
represented Cis//Trans; for instance, a 0.1//1 M NaCl
gradient indicates 0.1 M NaCl in the Cis compartment
and 1 M NaCl in the Trans compartment. Reversal
potentials measured in 0.01//0.1 or 1//0.1 M gradients
NaCl have been corrected for liquid junction potentials
of ¡11 and 11 mV, respectively. Selectivity was
assessed in NaCl because OmpF expresses a higher
selectivity in NaCl than in KCl (Vrouenraets et al.
2006). Conductance measurements, on the other hand,
were performed in KCl because the conductance in
KCl is signiWcantly higher than in NaCl (Miedema
et al. 2004).

Results

DiVerences between WT and mutant OmpF were most
pronounced when recording at constant potential.
Fig. 2 shows current traces at either ¡50 or 50 mV. The
trimeric current level of WT OmpF (Fig. 2a) shows
very little variation at these potentials. The calculated
trimeric conductances in 0.1 M KCl of 661 pS at
¡50 mV and 721 pS at 50 mV are indicated in Fig. 2a.
The diVerence between these two levels reXects the
slight current rectiWcation of WT OmpF (Nestorovich
et al. 2003; Alcaraz et al. 2004).

Current traces of the D127N mutant are shown in
Fig. 2b. On a rather rare occasion, we observed a con-
ductance change as shown here at 50 mV, from 788 to

700 pS. Similar conductance changes but larger in mag-
nitude and on a much more frequent basis were
observed in the D127K mutant (Fig. 2c). This mutant
switches resiliently between distinct current levels,
both at negative and positive potentials. The all-points
histograms in Fig. 2d, e, derived from D127K record-
ings at ¡50 and 50 mV, indicate two major conduc-
tance levels of 516 and 620 pS (at ¡50 mV) and 587
and 736 pS (at 50 mV).

Fig. 3a shows the eVect of high ionic strength (1 M
KCl, pH 7.4) on D127K behavior. This condition
strongly inhibits the current to Xuctuate, possibly due
to strongly reduced electrostatic interactions. A similar
result at low ionic strength can be achieved by raising
the pH to 11 (Fig. 3b). We take this result as evidence
that pH 11 promotes the deprotonation of K127 (the
pK of a lysine in free solution is 10.4; but see
Sect. ’Discussion’). As a result, this mutant starts to
behave very much the same way as the D127N mutant.
Note, for example, the small conductance step of
D127K in Fig. 3b at 50 mV, very similar to the one
observed in the D127N mutant at pH 7.4 (Fig. 2b).
Compared to the conductance level in 0.1 M KCl, pH
7.4 (Fig. 2c), the conductance at pH 11 was increased
by 25–33%. A similar pH-induced increase of conduc-
tance was observed in WT OmpF (data not shown) and
has been reported previously (Todt and McGroarty
1992). Although divalent cations screen negative
charges more eVectively than monovalent cation spe-
cies, 0.1 M CaCl2 does not suYce to suppress D127K
current transitions (Fig. 3c). Only in 1 M CaCl2
(Fig. 3d) are the Xuctuations reduced to the same level
as in 1 M KCl (Fig. 3a). Figure 3c shows diVerences in
frequency and dwell times of the Xuctuations between
the recordings at ¡50 and 50 mV. The trimeric nature
of OmpF does not allow a quantitative dwell time anal-
ysis but what became clear is that these diVerences are
not Ca2+ speciWc. Occasionally, similar behavior was
observed in 0.1 M KCl (see, e.g., Fig. 7).

To test the voltage dependence of these current Xuc-
tuations, recordings were repeated at 0 mV and with an
asymmetrical salt gradient of 1//0.1 M KCl as driving
force (equivalent to »52 mV). As the diVusion poten-
tial of a 1//0.1 M KCl gradient is just 1.1 mV, these
recordings were thus performed in the virtual absence
of an electric Weld. As shown in Fig. 4, under these con-
ditions both mutants behave very much the same way
as in symmetrical 0.1 M KCl solutions with an applied
electrical potential of 50 mV (Fig. 2b, c). Apparently,
these current Xuctuations of D127K do not require per
se the presence of an electric Weld across the mem-
brane. In addition, both D127 mutants have retained
their ability to respond to the membrane potential.
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Fig. 5 shows current responses of D127N and D127K to
a voltage ramp protocol in which the voltage was swept
(10 mV/s) from 0 to § 150 mV and then back to 0 mV.
The bell-shaped voltage sensitivity of the two mutants
and WT OmpF is very similar (at least at the qualita-
tive level): they open at potentials in the range of

approximately ¡ 100 to 100 mV and close at more neg-
ative and more positive potentials. Note that the
D127K trace of Fig. 5b shows the voltage-independent
current Xuctuations superimposed on the typical volt-
age gating of OmpF (this is most clearly seen in
between ¡ 100 and ¡ 40 mV).

Fig. 2 Current traces of WT (a), D127N (b) and D127K (c) in
0.1 M KCl, pH 7.4, at a constant potential of either ¡50 or 50 mV.
The indicated conductance levels of the D127K mutant were de-
rived from Gaussian Wts through the data of the all-points histo-
grams in d (at ¡50 mV) and e (at 50 mV). Both histograms are

based on a total recording time of 30 s (150.000 counts in total)
and plotted at a bin width of 0.195 pA. Numbers at the base line
indicate relative probabilities as calculated from the surface areas
under the two peaks
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These observations make us to conclude that resi-
due D127 does not play a dominant role in OmpF
voltage gating. To emphasize this conclusion, the
current transitions described here are typiWed consis-
tently as current Xuctuations rather than gating
events.

Subpopulations with distinct conductance

In contrast to WT conductance, conductance measure-
ments on the two D127 mutants clearly identiWed the
existence of subpopulations. Table 1 lists calculated tri-
meric slope conductances (at 0 mV and in symmetrical

Fig. 3 EVect of 1 M KCl (a), pH 11 (b), 0.1 M CaCl2 (c) and 1 M CaCl2 (d) on D127K behavior (at § 50 mV, as in Fig. 2)
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ties). Note that the diVusion potential of the 1//0.1 M KCl gradi-
ent of » 1 mV is neglectable
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0.1 M KCl, pH 7.4) after applying the voltage ramp
protocol from Fig. 5. As was observed at constant
potential (Fig. 2b, c), when exposed to the voltage
ramp protocol OmpF mutant, notably D127K,
expressed diVerent conductance levels. The data of
Table 1 refer to the dominant, i.e., most frequently
observed trimeric conductance level of an individual
porin protein. Although the subdivision into three
(D127N) and two (D127K) subpopulations is some-
what arbitrary, both the relatively large diVerences
between the average values and the relatively small
variations in these averages seem to justify the classiW-
cation. Note that the values in Table 1 slightly diVer
from the values given in Fig. 2. Bearing in mind the
diVerent deWnition of conductance between the two
protocols (current magnitude at ¡ 50 and 50 mV ver-
sus the slope conductance at 0 mV) and the rectiWca-
tion of OmpF, results are nevertheless considered to be
in good agreement. The main diVerence is the third
conductance level found in the D127N mutant when
applying the voltage ramp protocol.

Selectivity

We also addressed the ion selectivity of the D127
mutants. Results derived from reversal potential mea-
surements (Erev) in 1//0.1 M NaCl, pH 7.4 are summa-
rized in Table 2. As is seen with conductance, both
D127N and D127K but not WT show subpopulations
with clearly distinct Erev values. The Wrst subpopulation
is characterized by an Erev of » ¡ 11 mV, very similar to
that of WT OmpF, and is typiWed here as ‘low’ selective
(PNa/PCl = 1.8). Erev of the second subpopulation is, on
average, 8 mV more negative (» ¡ 19 mV), and repre-
sented here as ‘high’ selective (PNa/PCl = 2.8). As
already remarked for the conductance data in Table 1,
dividing the Erev data into two subpopulations seems
justiWed by the relatively small variations seen in the
average values. Although these same two levels of
selectivity are found in the two mutants, the distribution
of each diVers markedly. In D127N, the ‘high’ selectiv-
ity prevailed and only 5 out of 22 trimers are found in
the ‘low’ selectivity conformation. The ‘low’ selectivity
conformation, on the other hand, is dominant in the

Fig. 5 Current traces of the D127N (a) and D127K (b) mutant in
0.1 M KCl, pH 7.4, in response to a voltage ramp (10 mV/s) from
0 to ¡ 150 mV, back to 0 mV (not shown), followed by a ramp
from 0 to 150 mV
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Table 1 Calculated slope conductance (g) in symmetrical 0.1 M
KCl, pH 7.4 solutions, derived from traces as shown in Fig. 5b, c

Numbers in bold represent subpopulations of each mutant

g (pS)
0.1 M KCl

WT 710 § 6 (14)
D127N
1 675 § 9 (8)
2 717 § 10 (8)
3 787 § 26 (5)

D127K
1 593 § 16 (6)
2 690 § 10 (5)

Table 2 Measured reversal potentials (Erev) in 1//0.1 M NaCl and
0.01//0.1 M NaCl, pH 7.4

Values were obtained after applying the voltage ramp protocol as
used in Fig. 5. Numbers in bold represent subpopulations of each
mutant

Erev (mV)
1//0.1 M NaCl

Erev (mV)
0.01//0.1 M NaCl

WT ¡ 12.3 § 1.1 (15) 45.6 § 1.5 (6)
D127N
 1 ¡ 11.1 § 0.4 (5) 45.3 § 1.6 (4)
 2 ¡ 18.9 § 2.9 (17)
D127K
 1 ¡ 10.8 § 2.3 (19) 43.5 § 1.6 (4)
 2 ¡ 18.8 § 1.0 (3)
D127C ¡ 19.1 § 2.5 (16) 45.9 § 1.2 (5)
D127C + MTSEA ¡ 18.7 § 2.5 (10)
D127C + MTSET ¡ 18.1 § 1.7 (8)
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D127K mutant and here just 3 out of 22 porins express
‘high’ selectivity. Fig. 6 shows reversible switches of
selectivity (and conductance) as observed in a single
D127K mutant during an Erev measurement. These
shifts of Erev are interpreted in terms of a trimeric selec-
tivity that depends on the number of open monomers in
a particular conformation (and with a particular selec-
tivity). Note that this is essentially diVerent from an
OmpF trimer composed of three monomers with identi-
cal selectivity where Erev is independent of the number
of open monomers.

All these diVerences in Erev between WT/D127K
and D127N disappeared when similar recordings were
performed in a 0.01//0.1 M NaCl gradient (Table 2).
Under these lower ionic strength conditions Erev of
WT, D127N, D127C and D127K mutant is essentially
the same (» 45 mV) and more cation selective (PNa/
PCl = 20) compared to the PNa/PCl of 2–3 measured 1//
0.1 NaCl.

Accessibility of C127

We were also interested in the accessibility of residue
D127. After the substitution of D127 by a cysteine (in
the cysteine-free WT OmpF), this D127C mutant was
exposed to MTSEA or the slightly larger MTSET,
both positively charged (+ 1). Judged from the values
of Erev, essentially identical to that of unmodiWed
D127C (Table 2), we conclude that these attempts to
chemically modify the D127C pore were all unsuc-
cessful.

Discussion

The present study discusses the protonation state of resi-
due D127 in the context of the functionality of OmpF.
As already concluded from its crystal structure (Kars-
hikoV et al. 1994), the side-chain carboxylate is in H-
bonding distance (0.26 nm) of the main-chain carbonyl
of residue 237, which necessarily implies the protonation
of D127. However, outside the crystal and at room tem-
perature the situation may be more dynamic, dependent
on the dielectric environment of D127. In fact, a recent
detailed MD simulation found that both, a protonated
or a charged D127, is energetically feasible (Varma et al.
2006). Regarding to the extent D127 is buried, the
inability to chemically modify the D127C mutant with
the highly reactive cysteine-dependent MTSEA and
MTSET may indicate low accessibility because this resi-
due (and by implication D127 as well) is indeed partly
buried. Although this study does not reveal the charge
state of D127 in WT OmpF, we are inclined to interpret
the results slightly in favor of a deprotonated D127. The
D127N mutant is the only protein containing a 127 resi-
due with a rather well-deWned charge. Given the occur-
rence of subpopulations in D127N, one may argue that
WT OmpF containing a protonated, also zero-charged
D127 would expect to show similar behavior, i.e., show-
ing diVerent conductance and selectivity levels. This is
however not what we observed. Actually, of the three
proteins studied, WT is the only one that lacks conduc-
tance and selectivity subpopulations.

Interestingly, the voltage-independent current Xuc-
tuations of D127K described here show strong resem-
blance with those of previously characterized OmpC
mutants. Compared to our D127 OmpF mutants, the
D315A OmpC mutant carries a mutation at the other
end of the loop, where D315 (i.e., D312 in OmpF) at
the barrel wall interacts via hydrogen-bonding with
residues E109 and F110 at the tip of L3 (Liu and Del-
cour 1998). Remarkably, the neutralization of E109
(i.e., E117 in OmpF) instead resulted in much faster
Xuctuations than those observed in the D315A mutant
(Liu et al. 2000). A third OmpC mutant, D118Q (i.e.,
D126 in OmpF), also showed a variable conductance
level, though the Xuctuations occurred at much lower
frequency than those observed with the D315 and E109
mutants (Liu and Delcour 1998).

The MD studies of Varma et al. (2006) reproduced a
cross-sectional area of the eyelet that was identical to
the one determined from the crystal structure of OmpF
and independent of the charge state of D127. Apart
from the subpopulations we observed, that conclusion
and our Wndings can be reconciled in the sense that we
identiWed a (more or less) common conductance level

Fig. 6 Reversible transitions of selectivity of the D127K mutant,
as visible by shifts of Erev. Trace a (black) was recorded Wrst, then
traces b (black) and c (gray) and Wnally, after Erev had shifted
back to its initial value, trace d (black, overlap with trace a). The
observation that Erev depends on which monomers contribute to
the total current indicates that all three monomers diVer in their
selectivity. Traces were recorded in 1//0.1 M NaCl, pH 7.4, using
the same voltage ramp protocol as in Fig. 5
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for WT (710 pS), D127N (717 pS) and the D127K
mutant (690 pS).

Although we clearly identiWed subpopulations of
distinct conductance, we only observed a limited num-
ber of conductance levels. Given the trimeric nature of
OmpF, a two state model for each individual monomer
(with distinct conductance) gives four possible combi-
nations (trimers) with diVerent output (conductance).
Considering the rather small variation in the conduc-
tance data (Table 1), the measurements should have
allowed the identiWcation of other levels. How to
explain this limited number of subpopulations that was
actually identiWed? One reason seems to be related to
statistics. Suppose an OmpF monomer can adopt two
conformations with either a ‘low’ (L) or ‘high’ (H) con-
ductance. Further, suppose that the current Xuctua-
tions in the traces of Fig. 2c reXect transitions between
the L and H state of a single monomer. Let P be the
probability that a particular monomer occupies the L
state. Chances for a trimer to be in the HHH or ‘HLH’
(i.e., HLH, LHH or HHL) state are (1 ¡ P)3 and
3P(1 ¡ P)2, respectively. The probability ratio’s, as
given by the ratio of surface areas of the all-points his-
tograms (indicated at the base line in Fig. 2d, e), trans-
late in a 26% (at ¡ 50 mV) and 21% (at 50 mV) chance
for an individual monomer to be in the L state. The
probability to catch two (= 3P2(1 ¡ P)) monomers in
the L state simultaneously then is 15% (at ¡ 50 mV)
and 10% (at 50 mV). Chances to Wnd all three mono-
mers in the L state (= P3) at ¡50 and 50 mV are just < 2
and < 1%, respectively. Based on these numbers we
would probably have expected to see more D127K tri-
mers with two monomers in the L state. Actually, only
one out of eight D127K trimers analyzed clearly
showed all four conductance levels (Fig. 7).

For now, we can only speculate about the origin of
current and selectivity Xuctuations observed. We will
shortly discuss two possible scenarios. As is the case
with D127, the pK of a lysine at position 127 may devi-
ate signiWcantly from its value of 10.4 in free solution.
As a result, the ionization state of K127 at physiologi-
cal pH may be rather dynamic. Recently, the proton
binding and unbinding of lysine residues in individual
nicotinic acetylcholine receptor molecules have been
probed electrophysiologically (Cymes et al. 2005). In a
similar way, reversible (de)protonations of K127 may
cause the current and selectivity level of OmpF (some-
how) to Xuctuate. Although pH-dependent reversible
residue ionization has been studied previously in
OmpF, in that study the current Xuctuations (recorded
as open channel current noise) reached a minimum at
neutral pH (Nestorovich et al. 2003). The second
scenario we envisage is based on the electrostatic inter-
action between the residue at position 127 and the
nearby R167. Even though D127 (at L3) and R167 (at
L4) are too far apart (0.55 nm) to form a salt bridge,
electrostatic interaction between these two residues
may help to stabilize the position of loop L3. The neu-
tralization of D127 or substitution by a lysine may
translate into more (D127N) or less (D127K) stable
subconformation states. Apart from the diversity of
conductance levels, the lack of Xickering of the D127N
mutant then suggests that the distinct subconforma-
tions observed here are relatively stable: once folded,
the D127N protein seems to freeze in that particular
conformation. This explains that transition events
between these diVerent conformations as in Fig. 2b
within a single D127N protein were quite exceptional.
In contrast, a positively charged lysine at position 127
introduces signiWcant instability, probably caused by
repulsive electrostatics between K127 and R167.

Numerous studies have demonstrated a relationship
between the charge constellation in the eyelet and the
measured ion selectivity of OmpF (Miedema et al.
2004; Phale et al. 2001; Saxena et al. 1999). Given the
location of D127, at the extracellular side of the pore
and far remote from the constriction zone, a direct
eVect of D127 mutations on Erev would not be antici-
pated. The selectivity diVerences seen between WT
and the D127N/D127K mutants show however that the
identity (charge) of residue 127 does have a clear eVect
on the selectivity of the OmpF channel. One of the
main challenges arising from this study is to correlate
the two data sets for selectivity and conductance sta-
tistically. In the D127N mutant, a high conductance
and the high selectivity state prevailed. In contrast,
the D127K mutant was found predominantly in a low
conductance and the low selectivity state. These

Fig. 7 A D127K trimer (in 0.1 M KCl, pH 7.4 and at § 50 mV)
that shows all four possible conductance levels: all three mono-
mers in the high conductance or H state (HHH), two in H, one in
the low conductance or L state (LHH, HLH or HHL), one in H,
two in L (LLH, LHL or HLL) or all three in L (LLL). Compare
with Fig. 2c in which only two of the four levels are visible (HHH
and HLH)
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observations are in accordance with a positively
charged K127 that lowers both the permeation rate and
selectivity of the cation selective OmpF (see also
Cymes et al. 2005). However, it does not explain that
the D127N mutant is more selective than both WT and
the D127K mutant. It neither explains that the D127K
mutant shows the same low selectivity as WT OmpF.
Apparently, such a consideration based on ‘simple’
electrostatics is not adequate, suggesting that the
eVects on selectivity described here are diVerent in
nature. There is another indication that points into that
direction. DiVerences between the selectivity of WT/
D127K and D127N disappeared after lowering the
ionic strength of the solutions. Apparently, under these
conditions amino acid residues other than D127 (i.e.,
residues located in the constriction zone and along the
ion permeation pathway) dominate the permeation
properties of OmpF. For now, the reason behind the
observed distributions of conductance and selectivity
remains obscure. Part of the answer may relate to the
diVerent ionic conditions the proteins were exposed to
during the assessment of selectivity (1//0.1 M NaCl)
and conductance (0.1 M KCl). As shown by Alcaraz
et al. (2004), the salt species, ionic strength as well as
the direction of the salt gradient can aVect the ion
selectivity and current rectiWcation of OmpF.

In conclusion, the present study shows that the con-
ductance and selectivity of OmpF is rather sensitive to
the charged state of the residue at position 127. The
diVerences between D127N and WT seem to be in sup-
port of a deprotonated D127 in WT OmpF. According
to this view, a charged D127 at the root of loop L3 may
contribute to the stabilization of L3. This conclusion
may hint that D127, and by implication L3, plays a role
in the typical voltage gating of OmpF. A gross move-
ment of L3 as part of the gating mechanism has, how-
ever, already been ruled out (Phale et al. 1997). Our
results Wt in that view: the gating of both D127 mutants
show WT-like voltage sensitivity and the current Xuc-
tuations of the D127K mutant are voltage-indepen-
dent. We therefore set these current Xuctuations
clearly apart from gating events and dismiss residue
D127 as a key player in the voltage-sensitive gating
mechanism of OmpF.
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