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Porin mutants with new channel properties
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Abstract

The general diffusion porin from Rhodopseudomonas blastica was produced in large amounts in Escherichia coli
inclusion bodies and (re)natured to the exact native structure. Here, we report on 13 mutants at the pore eyelet giving
rise to new diffusion properties as measured in planar lipid bilayer experiments. The crystal structures of seven of these
mutants were established. The effects of charge-modifying mutations at the pore eyelet are consistent with the known
selectivity for cations. Deletions of 16 and 27 residues of the constriction loop L3 resulted in labile trimers and pores.
The reduction of the eyelet cross section by introducing tryptophans gave rise to a closely correlated decrease of the
conductivities. A mutant with six newly introduced tryptophans in the eyelet closed its pore in a defined manner within
seconds under a voltage of 20 mV, suggesting the existence of two states. The results indicate that the pore can be

engineered in a rational manner.
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General diffusion porins are water-filled passive channels span-
ning the outer membrane of Gram-negative bacteria. They are
permeable for small polar solutes with exclusion limits around
600 Da, but exclude nonpolar molecules of comparable sizes. Por-
ins are particularly stable toward heat, detergents, and proteases.
Usually porins are found as homotrimeric proteins with molecular
masses ranging from 30 to 50 kDa per subunit {Benz & Bauer,
1988; Nikaido, 1994; Schulz, 1996). An initial structure analysis of
the major porin from Rhodobacter capsulatus demonstrated that
the pore of each subunit is formed by a 16-stranded B-barrel con-
stricted to an eyelet near its center (Weiss et al., 1990). The con-
stricting loop L3 contains around 40 residues connecting the fifth
with the sixth strand of the B-barrel. The same applies for other
general diffusion porins (Schulz, 1993), among them the major
porin from Rhodopseudomonas blastica (Kreusch et al., 1994;
Kreusch & Schulz, 1994), which is the object of the reported
investigation (Fig. 1).

Previously reported porin modifications can be subdivided into
chemical labeling (Przybylski et al., 1996), growth-selected mu-
tations, for example, for colicin resistance (Jeanteur et al., 1994) or
for maltodextrin usage (Benson et al., 1988; Misra & Benson,
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Abbreviations: CgE4, n-octyltetraoxyethylene; Del89-115, Dell00-115,
mutants in which the respective chain segment is deleted; LDAQO, N, N-
dimethyldodecyl-amine-N-oxide; RMSD, root-mean-square deviation; SDS
PAGE, sodium dodecylsulfate polyacrylamide gel electrophoresis; 50/52/
97/99—A, 96/119—W mutants in which the residues at the stated posi-
tions were changed to alanines or tryptophans, respectively.

1988; Rocque & McGroarty, 1990; Lou et al., 1996; Saint et al.,
1996a), and site-directed mutations (Bauer et al., 1989; Bishop
et al., 1996; Le Dain et al., 1996; Saint et al., 1996b; Gokce et al.,
1997, Srikumar et al., 1997; Van Gelder et al., 1997). As a general
result, point mutations altering the charge at the pore eyelet gave
rise to ion conductivity and selectivity changes, while growth se-
lection for maltodextrin usage resulted among others in deletions
within the constriction loop L3, presumably giving rise to larger
eyelet cross sections. Here, we report on the properties and struc-
tures of site-directed point mutations as well as deletions in the
constriction loop L3 that were meant to alter the charge pattern at
the eyelet and to increase or decrease its cross section.

Results and discuossion

Because the recombinant porin from R. blastica can be produced
in inclusion bodies and (re)natured in large amounts to conforma-
tionally authentic porin (Schmid et al., 1996), it provides a most
suitable system for membrane channel engineering. In our work
we followed two lines: first, we changed the charge pattern that
causes a transversal electric field across the pore eyelet, proposed
to separate polar from nonpolar solutes (Schulz, 1993). In a second
series, we changed the cross section of the eyelet. On one hand, we
tried to increase it by deleting parts of the constriction loop L3, and
on the other, we decreased it by filling the pore eyelet with tryp-
tophans (Fig. 1). In all cases, we kept the exchange E1M of the
N-terminal residue introduced for stabilizing the recombinant porin
(Schmid et al., 1996).

The stability of the resulting porin was checked by its behavior
in SDS polyacrylamide gel electrophoresis (PAGE). A further sta-
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Fig. 1. Stereo view of homotrimeric porin from R. blastica with B-strands and a short a-helix depicted as ribbons. The view is from
the external medium approximately along the molecular threefold axis, which is perpendicular to the membrane plane. Each chain

consists of 289 amino acid residues forming a 16-stranded anti-

parallel all-next-neighbor B-pleated sheet (Kreusch et al., 1994). The

N- and C-termini are labeled for one subunit. The mutated residues in the charge-modification series (left-hand side), in the tryptophan-
introducing series (top), and the border residues for the deletions in the constriction loop L3 (right-hand side) are depicted.

bility indicator is the amount of produced functional recombinant
protein and its ability to crystallize (Table 1). Because all muta-
tions were at the inner surface of the pore far away from the crystal
contacts, all stable mutants should crystallize like the recombinant
and the wild-type porin. This expectation was fulfilled by seven
mutants, the structures of which were determined.

Mutations

Mutants A116K, K50A/R52A, D97A/E99A, and the combined
four-point mutant 50/52/97/99—A were constructed to disturb the
transversal electric field (Figs. 1, 2). For changing the cross section
of the eyelet, we produced the deletion mutants Del89-115 and

Table 1. Stabilities and channel conductances of wild-type and engineered porins

Relative Relative
Protein® SDS Conductance conductance cross section®

(mg) PAGE® Crystals® (nS) (%) (%)
Wild-type porin — t X-grade 3.9(0.17) 100 100
Recombinant porin 24 t X-grade 3.9(0.17) 100 100
Al16K 13 t X-grade 3.2(0.19) 82 73
K50A/R52A 27 t X-grade 4.2(0.19) 108 107
D97A/E99A 25 t X-grade 3.7(0.28) 95 111
50/52/97/99—-A 15 t X-grade 3.9(0.18) 100 117
Del89-115 7 m Micro 2.5 (broad) 64 -
Del100-115 5 m Micro 2.4 (broad) 62 ——
104->W 18 t X-grade 3.5(0.30) 90 96
96/119->W 17 t X-grade 3.0(0.29) 77 78
99/116>W 12 t X-grade 2.1 (0.30) 54 45
90/99/116>W 2.0 t nd 2.1 (broad) 54 —
99/116/119->W 1.8 t nd 1.7 (broad) 44 —
96/104/116/119-W 1.2 t nd 2.4(0.55) 62 -
90/96/99/104/116/119->W 0.7 m,t Micro 2.7(0.25) 69 22f

“Total amount of folded protein obtained per liter culture, reflecting expression rates, stabilities, and folding efficiencies.

®Migration in SDS PAGE without boiling: m, monomeric; t,
“The crystallization resulted in an X-ray analysis (X-grade)
because of scarce material (nd).

trimeric.
, in crystals that could not be analyzed (Micro), or it was not tried

dFor distributions with one dominant peak the position of this peak is stated with its standard deviation in parentheses. For broad
distributions only the average is given. The total number of events (steps in staircases, Fig. 3) ranged between 90 and 250, in half of
the mutants we performed two independent runs, only one of which is depicted in Figure 4.

“The cross sections are the sizes of the central dark areas of Figure 6, 100% equals 75 A2

"Based on a model after energy minimization.
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Fig. 2. Stereo view of the difference-Fourier map of the four-point mutant 50/52/97/99—A at a contour level of 3o-. Negative density
is given in solid lines and positive density in dotted lines. The mutated amino acid residues are shown as part of all those forming the
transversal electric field {Schulz, 1993). Part of the refined model of the mutant is depicted in thick lines, and the model of the wild-type

porin in thin lines.

Del100-115 (Fig. 1). Of particular interest was the question whether
loop L3 merely defines the pore size, or rather stabilizes the B-barrel
and thus the whole trimer.

While L3-removal should widen the pore, a number of trypto-
phan mutants were designed to diminish it. Tryptophans were in-
troduced at six positions of the eyelet, replacing Asp90, Tyr96,
Glu99, Alai04, Alal16, and Ser119 (Fig. 1). The exchanges were
combined in such a manner that sterical hindrance between the
most abundant side-chain rotamers (Ponder & Richards, 1987) of
the introduced tryptophans were avoided.

Protein production and stability

All mutants were sequenced at the DNA level. The observed
mutation efficiency was around 90%. Using plasmid pET-3b-por,
the expressed protein assembled in inclusion bodies. The expres-
sion level depended on the particular mutant. Low expression
levels could not be raised by new transformation in E. coli
BL21(DE3)pLysS or by changing the cultivation conditions in-
cluding induction time. The inclusion bodies were separated and
solubilized with 8 M urea. The polypeptides were folded by dilu-
tion with a detergent-containing buffer and loaded on a Q-Sepharose
column. Invariably, a large fraction of the polypeptide passed this
column without binding, presumably because it was not correctly
folded. The bound fraction was eluted, pooled, concentrated, and
dialyzed. The highest yields were around 25 mg protein per liter
cell culture (Table 1).

Like many other porins, the porin from R. blastica migrates as
a trimer in the SDS PAGE, if it has not been boiled beforehand.
This applies also for the recombinant porin and also for several
point mutants (Table 1). In contrast, the two L3-deletion mutants
migrated as monomers, a state that usually requires boiling in SDS.
This demonstrates a diminished stability of the trimeric state and
thus of the whole porin. A mixture of trimers and monomers was
observed for the mutant with six newly introduced tryptophans,
pointing to an intermediate stability.

With most mutants we attempted to produce crystals. As many
as seven mutants yielded crystals isomorphous with those of wild-

type and recombinant porin and suitable for X-ray structure anal-
ysis (Table 1), demonstrating that the changes left the outer structure
intact. Because crystal formation signals stability, we found that all
single and double mutants as well as mutant 50/52/97/99—A
remained stable, whereas the six-point mutant and both deletion
mutants were labile. Lacking sufficient amounts of protein, the
three-point and four-point tryptophan mutants were not screened
for crystallization, although they were reasonably stable according
to the SDS PAGE.

Planar lipid bilayer experiments

The porin activity of the mutants was determined in so-called
reconstitution experiments using artificial planar lipid bilayer mem-
branes (Benz & Bauer, 1988). The addition of porin to the aqueous
phase resulted in a stepwise increase of the membrane conductance
(Fig. 3). Each step was taken as the effect of the insertion of one
porin trimer into the bilayer. Consequently, the stair cases of Fig-
ures 3A, B, and C show that the porin channels remain open after
insertion. The step heights are the channel conductance values, the
average of which are listed in Table 1. The mean value for the
recombinant porin is the same as for the wild-type, confirming
the negligible influence of mutation EIM located far away from
the pore eyelet. For wild-type, recombinant, and some mutant
porins, the distributions of the conductance steps (Fig. 4) were
essentially unimodal with some smaller peaks at higher conduc-
tance values that presumably report simultaneous insertions of two
porins.

Mutants A116K, K50A/R52A, D97A/E99A, and 50/52/97/
99— A were designed to alter the charge pattern at the eyelet. They
gave rise to essentially unimodal distributions, but showed higher
conductance steps more frequently than the recombinant porin
(Fig. 4). Here, we find that the removal of positive charges in
K50A/R52A increased the conductance, whereas the removal of
negative charges in D97A/E99A, as well as the addition of a
positive charge in A116K, decreased it. If one assumes that posi-
tive charges at the eyelet hinder the diffusion of positive ions and
vice versa, these observations fit the known jon selectivity of the
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Fig. 3. lonic currents representing conductances through planar lipid bi-
layers formed by diphytanoylphosphatidylcholine dissolved in n-decane.
The steps record the insertion of single molecules of purified CgEs-
solubilized trimeric porins from R. blastica using Triton X-100 as an ad-
ditive. The conductance scale and the time scale can be derived from the
respective bars given in A. (A) Recombinant porin; (B) mutant 99/
116—W; (C) mutant Del100-115; (D) mutant 90/96/99/104/116/119—W
at concentrations below 10 ng/mL.

wild-type porin (Butz et al., 1993), which showed a much higher
permeation rate for cations than for anions (13 times for KCI) and,
thus, a predominance of the effects on cations.
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In detail, the four mutants K50A/R52A, 50/52/97/99—A,
A116K, and D97A/E99A change the net charge at the eyelet by
—2,0, +1, and +2, respectively. The corresponding conductances
are 4.2, 3.9, 3.2, and 3.7 nS (Table 1) showing a dependence in the
expected direction. Mutant A116K shows an especially low con-
ductance that is most likely caused by the concomitant reduction of
the eyelet cross section (see below). Because the charge effects are
rather small, we conclude that the transversal electric field is not
crucial for ion permeation.

With the L3 deletion and the tryptophan mutants, we intended to
change the eyelet size. Both deletion mutants failed to widen the
pore, however, because the conductance steps were generally smaller
than those of the wild-type (Fig. 4). Moreover, the conductance
curve was noisy (Fig. 3C). The noise is most likely caused by
structural fluctuations of the inserted pores, i.e., instability, in cor-
respondence with the low production rates and SDS PAGE migra-
tion (Table 1). We, therefore, conclude that the constriction loop
L3 is essential for maintaining the structure of the 16-stranded
B-barrel, as suggested early on by its rigidity (Weiss & Schulz,
1992). Qur conclusion contradicts molecular dynamics calcula-
tions (Soares et al., 1995) and also Van Gelder et al. (1997), who
proposed that L3 is mobile and that this is of functional impor-
tance. In agreement with our observations, the L3-deletion mutants
selected by growth on large nutrients like maltodextrins are also
rather labile (Rocque & McGroarty, 1990; Lou et al., 1996; Saint
et al., 1996a).

Narrowing the eyelet by introducing bulky tryptophans gave rise
to a variety of behaviors in the lipid bilayer experiments (Fig. 4).
The single mutant 104—W and the two double mutants 96/
1195W and 99/116—>W showed dominant peaks with maxima
shifted to lower conductance values in agreement with pore nar-
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Fig. 4. Distributions of the conductance steps as derived from recordings like those in Figure 3. The aqueous phase contained | M KCl
on both sides of the membrane, the porins were added to both sides, the voltage was 20 mV. The respective mutants are indicated. The
conductance steps G are in nS, the total number of steps in the run is given in parentheses, P is the percentage of events in one of the
bins. Not shown are the distributions of wild type, Del100-115, and 90/99/116—W, which resemble those of the depicted recombinant

porin, Del89-115, and 99/116/119—-W, respectively.
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rowing. Moreover, there was not much noise in the conductance
curves (Fig. 3B). When introducing more tryptophans like in the
three-point and four-point mutants, the porins became more labile,
as demonstrated by the rather low production rates (Table 1), by
the noisy conductance curves, and by the broad distribution of
conductance step sizes (Fig. 4).

The behavior of the six-point mutant 90/96/99/104/116/119—>W
differed drastically from those of the others (Fig. 3D). In contrast
to all other mutants, the conductance steps did not add up, but
broke down after about 2 s. Furthermore, the conductance curve is
not noisy. This mutant is labile because it can only be produced in
small amounts and because it is partially monomerized in SDS
PAGE. We suggest that this porin collapses shortly after incorpo-
ration into the membrane and closes its channel, presumably as a
consequence of the applied voltage across the pore (20 mV). Such
a voltage closure is known for mitochondrial porins, which also
showed a resembling conductance curve with short-lived single
events (Benz, 1994). Furthermore, closures are known for bacterial
porins at voltages around 150 mV (Jeanteur et al., 1994). For mu-
tants, the closure voltages are often lowered, most likely because of
decreased stability (Bishop et al., 1996; Gokce et al., 1997).

X-ray structure analysis

The crystals of the porin mutants diffracted to resolutions around
2 A like those obtained from wild-type and recombinant porins
(Kreusch & Schulz, 1994; Schmid et al., 1996). X-ray data were
collected for seven mutants (Table 2). Initial (Fpu.ons — Fiorcate)
explitt, caie) difference-Fourier maps contained only a few re-
gions with density. These were interpreted and the resulting struc-
tures were refined (Table 2). One of the changes confirmed mutation
EIM of the recombinant porin, which is ignored in the mutant
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names. The other density differences concerned the exchanges to
lysine, to alanines, or to tryptophans at the eyelet. In the four-point
mutant 50/52/97/99—A, the expected negative peaks around the
deleted side chains were accompanied by positive density close to
the side chain of Arg32, indicating its displacement (Fig. 2). Ac-
tually, the guanidinium group of Arg32 moved toward the position
formerly occupied by the guanidinium group of Arg52 and became
more mobile: its B-factor increased from 13 to 30 A2,

All changes observed in mutant 50/52/97/99—A turned out to
be present either in mutant K50A/R52A, like the displacement
of Arg32, or in mutant D97A/E99A. Obviously, the mutational
effects added up linearly, presumably as a consequence of K50
with R52 being at one side of the pore eyelet and D97 with E99 at
the other (Figs. 1, 2). In mutant A116K, the side chain of the
introduced lysine is completely embedded in density and assumes
a well-defined conformation extending into the lumen of the eye-
let, which causes an appreciable reduction of the cross section
(Table 1).

The structure of mutant 104—W (Fig. 5A) revealed that the
introduced tryptophan adopted an unusual rotamer, placing the
indole along the barrel wall, which gave rise to a mere 4% reduc-
tion of the eyelet cross section (Fig. 6A,C). When both Tyr96 and
Ser119 were replaced by tryptophan (Fig. 5B), the cross section of
the pore was reduced to 78% of that of the wild type (Fig. 6D). In
contrast, the double mutant 99/116—W decreased the pore size to
merely 45% of that of the wild type (Fig. 6E). Here, Trpl16
replaced an alanine and pointed into the lumen of the eyelet, whereas
Trp99 replacing a glutamate remained at its rim (Fig. 5C).

The structure of the six-point mutant was modeled under the
assumption that the mutations can be superimposed. Accordingly,
tryptophans 96, 99, 104, 116, and 119 were built using the con-
formations observed in the structurally established mutants, and

Table 2. X-ray data collection and structural refinement of the porin mutant crystals

Al16K KS0A/R52A  D9TA/E99A  50/52/97/99—A 104>W 96/119—>W 99/116>W

Resolution range (A) 20-2.19 20-2.04 33-2.25 26-2.30 13-1.90 12-2.00 33-1.93

Last shell (A) 2.31-2.19 2.15-2.04 2.37-2.25 2.38-2.30 1.97-1.90 2.07-2.00 2.00-1.93
Unique reflections® 25,831(3,665)  32,040(4,676)  23,941(3,524) 20,686(1,565) 34,853(2,094)  32,123(2,657)  31,332(1,895)
Redundancy® 3.7(3.5) 3.5(2.2) 3.7(3.7) 2.9(1.4) 2.5(1.3) 2.2(1.4) 2.4(1.3)
Rom (%0)*® 5.6(22.3) 4.5(18.1) 4.4(13.2) 6.5(18.5) 3.8(19.0) 4.6(14.2) 3.9(18.9)
Completeness (%)? 99(95) 100(100) 100(100) 93(72) 86(51) 92(78) 82(52)
R-factor (%)* 153 16.3 215 17.7 17.0 16.3 18.5
Free R-factor (%)9 18.1 18.6 25.1 215 19.0 18.8 20.5
Number of atoms® 2,178/142/63  2,167/178/42  2,156/61/21 2,149/98/63 2,201/116/63"  2,227/136/63  2,193/107/63f
B-factors (A2)® 31/39/78 32/49/79 30/28/62 31/39/76 30/36/80F 26/33/77 29/34/71F
RMSD main chain (A)2  0.18 0.18 0.21 0.24 0.15 0.17 0.20

*All values in parentheses refer to the last shell.

l’Rx_\'m = hz ll(h), - <I(h)>|/21(h)1

“The RMSD bond length and bond angles ranges were 0.013-0.022 A and 2.2-2.8°, respectively.

4The size of the separated set ranged always around 10%.

The values are for protein/water/detergent CyE,. The B-factors are averages. In all cases there were no significant main-chain B-factor changes at the

mutations.

fIn these refinements there is a putative Mg2* ion between Ser28 and Asp57 at the inner barrel wall 9 A away from the eyelet toward the periplasm. It

shows a B-factor of around 45 A2

The deviations are between the respective mutant and the wild-type for all main-chain atoms. The RMSD for all protein atoms range between 0.5 and

0.6 A
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Fig. 5. Structures of several tryptophan mutants. All stereoviews are from the external medium into the pore eyelet exactly along the molecular threefold
axis. (A) Refined structure of mutant 104—W; (B) refined structure of mutant 96/119—W: (C) refined structure of mutant 99/116—W: (D) model of
mutant 90/96/99/104/116/119—W as described in the text.

Trp90 was introduced using the most frequent rotamer (Ponder & X-PLOR (Briinger, 1993). The resulting model is shown in Fig-
Richards, 1987). To avoid steric hindrance, all six modeled tryp- ure 5D. Compared with the wild-type, its eyelet cross section is
tophan side chains were relaxed by an energy minimization run in reduced to a mere 22% (Fig. 6F).
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Fig. 6. Molecular surfaces calculated with the program GRASP (Nicholls
etal., 1991). The view is exactly along the threefold axis from the external
medium. The open cross-section areas of the eyelets are given in Table 1.
(A) Recombinant porin from R. blastica with a cross section of 75 A”; (B)
mutant 50/52/97/99—A, (C) mutant 104—>W; (D) mutant 96/119—-W:
(E) mutant 99/116—W; (F) model of mutant 90/96/99/104/116/119—W.

Correlation between conductance, cross section,
and charge pattern

The X-ray analyses showed an additivity of the structural changes
of mutants K50A/R52A and D97A/E99A to yield those of mutant
50/52/97/99—A. Accordingly, the corresponding eyelet cross sec-
tions 107 and 111% add up to 118%, which is close to the observed
117% of the four-point mutant. The same applies for the conduc-
tances, where the respective values of 4.2 and 3.7 nS average out
to 3.95 nS, which is near the observed 3.9 nS. We conclude that not
only the structures but also the conductances of these spatially
separated mutations show additivity.

If we plot the conductance as a function of the cross section, we
observe an approximately linear dependence over a broad range
(Fig. 7). This confirms rather directly that the channel conduc-
tances follow the usual electricity laws. Interestingly enough, this
distribution demonstrates that the charge pattern at the eyelet is of
minor importance for ion conductivity because all mutants, includ-
ing those with charge modifications, lie near the regression line.

Still, an effect can be discerned if only the three charge-modifying
mutants with minor cross-sectional changes, namely D97A/E99A,
50/52/97/99—A, and K50A/R52A, are considered. Indeed, their
relative conductances (95, 100, and 108%) follow the net charge
changes (+2, 0, —2) at the eyelet, in agreement with the known
cation selectivity (Butz et al., 1993). Mutants A116K and 99/
116—W do not follow this rule. Both showed an appreciable re-
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Fig. 7. Relationship between conductance and relative cross section as
listed in Table 1. The symbols report the net charge difference (delta)
introduced by the mutations: delta = —2 for KSOA/R52A (open squares),
delta = 0 for recombinant, 50/52/97/99—A, 104—-W, and 96/119-W
(open circles), delta = +1 for A116K and 99/116—W (+), delta = +2 for
D97A/E99A (X). The regression line going through the origin is given.

duction of the cross section, the effect of which is likely to conceal
the smallish contribution from the +1 net charge change. The
minor role of charge effects for ionic conductance does not con-
tradict the suggested importance of the transversal electric field
across the eyelet, because this field is required for discrimination
against nonpolar solutes (Schulz, 1993).

The conductance of the six-point mutant was 69% of that of the
wild type, which was much larger than to be expected from its
putative cross section of 22% (Table 1, Fig. 7). Therefore, the
structural model (Figs. 5D, 6F) does not correlate with the lipid
bilayer experiments. The stability parameters of Table 1 demon-
strate that this mutant is labile, and thus contradict the reproduc-
ibility of the short-lived conductance events, the absence of noise
(Fig. 3D), and the unimodal distribution (Fig. 4). We propose that
this porin assumes two states, one of which has a much larger
eyelet than expected from Figure 6F, and the other has a closed
pore.

Conclusions

The elucidation of membrane channel structures allowed for ra-
tional engineering on them. Most work was done with the porins,
but also other pores like @-haemolysin have been modified (Braha
et al., 1997). As for porins, the structures and the growth-selected
mutants showed the importance of the constriction loop L3. The
proposal that L3 is mobile and that this mobility is essential for the
function (Soares et al., 1995; Van Gelder et al., 1997), however, is
not supported by our data because L3 has low B-factors in all
structures presented here, as in similar porins (Weiss & Schulz,
1992). L3 is tightly attached to the inner barrel wall, and the
introduced deletions in this loop clearly rendered the whole porin
labile (Table 1).

Our mutation series demonstrated that the ion conductance cor-
relates with the eyelet cross section, if the labile deletion mutants
with their noisy conductance curves and generally smallish steps
are excluded. The effect of charge alterations at the eyelet on the
ion conductances are only of a minor nature. The isomorphous
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crystals of seven mutants confirm that pore engineering means
modifying a cavity that is surrounded by a stable shell and, there-
fore, more amenable for a structure analysis. Conceivably, such a
cavity engineering could provide useful data on the stabilities of
peptides.

Because porins are rather stable and to some extent selective, it
appears possible to incorporate them into sturdy synthetic mem-
branes and use these as filters. For such purposes the constricting
eyelet could be engineered to change selectivities. Here, we began
with such endeavors by changing the charge pattern and the cross
section.

Materials and methods

Mutagenesis, protein expression, and purification

The expression plasmid pET-3b-por had been constructed as de-
scribed (Schmid et al., 1996). For site-directed mutagenesis the gene
was taken out with Xbal and BamHI and cloned into bacteriophage
vector M13mp19 (Boehringer-Mannheim, Germany). The muta-
tions were performed with the phosphorothioate method of Taylor
et al. (1985) using a kit from Amersham, Germany. DNA was
sequenced with a direct blotter (GATC-1500) using the BioCycle
Sequencing Kit (GATC) with Thermo Sequenase from Amersham.

The mutants were expressed in inclusion bodies within E. coli
strain BL21{DE3)pLysS and (re)natured and purified as described
for the recombinant porin (Schmid et al., 1996). The mutants were
analyzed by SDS PAGE (boiled for 5 min as well as unboiled). The
protein concentrations were determined photometrically (Gill &
von Hippel, 1989).

Planar lipid bilayer experiments

The applied method has been described by Benz & Bauer (1988).
The hole diameter of the Teflon divider was 0.8 mm. The mem-
brane was formed by “painting” a 1% (w/v) solution of di-
phytanoylphosphatidylcholine {Avanti Polar-Lipids, Alabama) in
n-decane over the hole. For all experiments | M KCI was the
electrolyte on both sides of the membrane, and the temperature
was kept at 25 °C. The total volume of both cells was 10 mL. The
porin was added to both sides as a solution of about 2-10 mg/mL
protein in 20 mM Tris/HCI at pH 7.2, 300 mM LIiCl, 0.6% (w/v})
n-octyltetraoxyethylene (CgE,4) together with Triton X-100. Triton
stimulated the insertions as described by De Cock et al. (1996), but
caused no steps on its own. No conductance steps were detectable
without Triton. The final amount of porin in the cells ranged be-
tween 1-40 ug. Interestingly enough, the amount of the six-point
mutant had to remain below 0.1 pg for obtaining the single steps
shown in Figure 3D.

Crystallization and structure analysis

The crystallization procedure followed Kreusch et al. (1994). Crys-
tals appeared after one to two weeks and grew within one to two
months to sizes of about (500 wm)>. They all belonged to space
group R3 with cell parameters within +1% equal to those of the
wild-type crystals (auex = bper = 104.3 A, Chor = 124.6 A). Data
were collected on a rotating anode X-ray generator with an area
detector, either model RU200B (Rigaku) with model X 1000 (Sie-
mens) or model RU2HC (Rigaku) with a 30-cm imaging plate
(MARresearch). The data were processed with program XDS
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(Kabsch, 1988) and with program MOSFLM (Leslie, 1987), re-
spectively. After a first round of rigid-body refinement, the appro-
priate changes were introduced in the models, according to the
respective difference-Fourier maps. The resulting models were fur-
ther refined using program REFMAC (Murshudov et al., 1997).
Water molecules were automatically introduced/removed and re-
fined using a procedure that alternates between program REFMAC
and ARP (Lamzin & Wilson, 1993). The stereo figures were pro-
duced with program MOLSCRIPT (Kraulis, 1991). All coordinates
and structure factors are deposited in the Protein Data Bank under
accession code 2PRN, 3PRN, 5PRN, 6PRN, 7PRN, 8PRN, 1BH3.
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