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ABSTRACT The orientation of the protein secondary structures in porin is investigated by Fourier transform infrared
(FTIR) linear dichroism of oriented multilayers of porin reconstituted in lipid vesicles. The FTIR absorbance spectrum
shows the amide I band at 1,631 cm™" and several shoulders around 1,675 cm™' and at 1,696 cm™! indicative of
antiparaliel 8-sheets. The amide II is centered around 1,530 cm™'. The main dichroic signals peak at 1,738, 1,698,
1,660, 1,634, and 1,531 cm™'. The small magnitude of the 1,634 cm™' and 1,531 cm™' positive dichroism bands
demonstrates that the transition moments of the amide I and amide II vibrations are on the average tilted at 47° + 3°
from the membrane normal. This indicates that the plane of the 3—sheets is approximately perpendicular to the bilayer.
From these IR dichroism results and previously reported diffuse x-ray data which revealed that a substantial number of
B-strands are nearly perpendicular to the membrane, a model for the packing of 8—strands in porin is proposed which
satisfies both IR and x-ray requirements. In this model, the porin monomer consists of at least two S—sheet domains,
both with their plane perpendicular to the membrane. One sheet has its strands direction lying nearly parallel to the

membrane normal while the other sheet has its strands inclined at a small angle away from the membrane plane.

INTRODUCTION

Porin (OmpF) is a trimeric integral membrane protein
forming transmembrane channels across E. coli outer
membranes. A 3-D image of the protein, as visualized by
electron microscopic and diffraction measurements on 2-D
arrays of porin reconstituted in lipid vesicles, (1, 2) clearly
shows pores passing through the membrane. Previous
infrared (IR) and circular dichroism measurements indi-
cate that the secondary structure of porin consists predomi-
nantly of antiparallel 8-sheets (3, 4). Furthermore, the
x-ray diffraction pattern of 3-D crystals of porin is consis-
tent with a significant number of S-strands oriented
approximately perpendicular to the presumed membrane
plane (4, 5). The overall orientation of all the S—strands as
well as of the B-sheet planes themselves, which would
allow a more detailed description of the molecular organi-
zation of these secondary structures responsible for the
formation of the pore, remains however unknown.

The degree of orientation of the secondary structures in
a membrane protein can be investigated by IR dichroism of
oriented multilayer films of the native membrane or of
liposomes in which this protein has been incorporated.
Using this spectroscopic approach, the transmembrane
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arrangement of a—helices has been demonstrated in bacte-
riorhodopsin (6-9), rhodopsin (10, 11), cytochrome oxi-
dase (12), and several reaction centers and antenna com-
plexes from photosynthetic membranes (7, 13—16).

Here, we report new data on the conformation and on
the orientation of the dominant protein secondary struc-
ture in porin by analyzing Fourier transform IR (FTIR)
linear dichroism spectra of oriented films of porin reconsti-
tuted in lipid vesicles. Together with the x-ray data (4, 5),
our IR results allow to estimate the average orientation of
both the plane of the S—sheet and the S—strand directions
with respect to the membrane plane.

MATERIALS AND METHODS

Porin (1.0 mg/ml) was reconstituted in DMPC vesicles (protein/
lipid = 1/1 by weight) as described in 2 for the investigation of 2-D
crystals by electron microscopy and image processing. This procedure was
analogous to the reconstitution method leading to functional pores (2, 17).
Orientation of the membranes was achieved by air-drying the suspension
in distilled water onto CaF, discs. FTIR spectra were recorded on a
spectrometer 60SX (Nicolet Instruments, Madison, WI) equipped with a
Hg/Cd/Te detector and a KRS-5 polarizer (Eurolabo, Paris, France).
Films of air-dried porin were tilted at 40° with respect to the IR beam
which was linearly polarized parallel (to record Aj) or perpendicular (to
record A ) to the plane of incidence, as described in 7. FTIR absorbance
and linear dichroism spectra were obtained from (2A, + A;)/3 and
Ay — A_ respectively (7). The method for the IR dichroism analysis and
calculation of the average tilt angle 8y of the amide transition moments
has been described in 7, 18. Briefly, the distribution of a set of transition
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moments corresponding to a given absorption band can be characterized
by an order parameter S = (3 cos? 8y — 1)/2, where 8y is the angle
between the transition moment and the normal to the disc. The dichroic
ratio D = Aq/A, measured at a tilt angle i is related to the S by applying
the relation in (7):

D =[3S/(1 — S)] [sin%i/n*] + 1,

where n, the refractive index of the layer of air-dried lipids was taken as
1.5 (7). Then, from the measured dichroic ratio, we can calculate the
mean orientation of the transition vector. Second-derivative spectra were
calculated with the Nicolet software parameter DR2.

RESULTS

The FTIR absorbance spectrum of air-dried multilayers of
porin (calculated from A and A, as described in reference
7) is presented in Fig. 1 4a. In agreement with Kleffel et
al. (4), this spectrum shows the amide I (80% C =0
stretching) and amide II (60% N-H bending) bands with
major components at 1,631 and 1,530 cm™' respectively,
indicating that 8-pleated sheets are the predominant type
of protein secondary structure in porin. Several shoulders
are observed ~1,650-1,675 cm~' and at 1,696 cm~! on the
amide I band and at 1,516 cm™' on the amide II band. The
band at 1,737 cm™' is due to the absorption of the ester
carbonyl groups from the lipids.

A more detailed analysis of the peaks’ frequencies of the
characteristic secondary structure components can be
made by second-derivative analysis of the IR spectra (19,
20). The second-derivative spectrum generated from Fig.
1 Aa and displayed on Fig. | Ba shows three main peaks at
1,516, 1,631, and 1,697 cm' as well as several very weak
but reproducible bands at 1,651, 1,657, 1,672, and 1,679
cm™! for the amide I band and at 1,530, 1,536, and 1,563
cm™! for the amide II band. Tentative assignments of the
main bands to specific secondary structure components
and individual amino acid groups are given in Table I
according to 20-22.

The IR dichroism spectrum of a film of porin is
presented in Fig. 1 Ca. The main dichroic signals peak at
1,738 (-), 1,698 (+), 1,660 (—), 1,634 (+), and 1,531
(+) cm~". In order to remove the major source of reflection
occurring at the membrane/air interface, the polarized
FTIR spectra were measured with the air-dried membrane
multilayers covered with Nujol, a spectroscopic grade
paraffin oil commonly used in IR dichroism studies (23—
26). As seen in Fig. 1, Nujol alters neither the absorption
spectrum (Fig. 1 4) nor the position of the bands in the
second-derivative spectrum (Fig. 1 B) nor the extent of the
dichroism of the main bands (Fig. 1 C). This observation,
together with the unperturbed dichroism of the ester C = 0
lipid groups at 1,738 cm™', indicates that the sample has
not been disordered by the Nujol treatment. However, the
dichroism signal around 1,600 cm™~! is modified. This point
will be discussed later.

Qualitatively, a positive (Aj — A,) dichroism signal is
associated with the alignment of the oscillators at <55°
from the membrane normal (7, 18). The negative signal at
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FIGURE 1 FTIR spectra of oriented films of porin reconstituted in lipid
vesicles (@) without and (b) with a covering of Nujol. (4) Absorbance
spectra. (B) Second-derivative spectra. The labeled peaks correspond to
reproducible features observed on at least three different films. (C)
Linear dichroism spectra (A; — A,). Measuring conditions: 256 scans,
Resolution: 4 cm™!, T = 20°C.

1,738 cm~' thus indicates that the C = 0 lipid groups tend
to be preferentially in the membrane plane as previously
detected in native or reconstituted membranes (13-16,
18). The positive dichroism signal at 1,516 cm™" (Fig. 1 C)
which corresponds to a shoulder on the amide II absorption
band (Fig. 1 A) and to a main peak in the corresponding
second-derivative spectrum (Fig. 1 B) can be attributed to
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TABLE I
TENTATIVE BANDS ASSIGNMENTS OF PORIN FROM
THE SECOND-DERIVATIVE IR SPECTRA
ACCORDING TO[20-22

Band position Assignment
cm™!
1516 (VS) Tyr
1530 (VW) B-sheet
1536 (W) B-sheet and/or $-turns
1631 (VS) B-sheet
1651 W) unordered structure
1672 (VW) B-sheet and/or B-turns
1679 (W) B-turns and antiparallel
B-sheets
1697 (VS) B8-turns

S = strong, W = weak, VS = very strong, and VW = very weak.

Tyr C—C ring-stretching vibrations (27) and thus indi-
cates that, on the average, the Tyr cycles are preferentially
oriented along the normal to the membrane in porin. The
positive sign of the dichroism under the main amide I
(1,634 cm™') and amide II (1,531 ¢cm~') components
indicates that the transition moments of the amide I and
amide II bands are oriented at <55° with respect to the
membrane normal. Furthermore, the small magnitude of
the dichroism of the amide bands suggests an average
orientation of the corresponding vibration transitions at a
value not too far from the magic angle (§ = 55°). In the
antiparallel 8-pleated sheet, the C = 0 and N—H peptide
bonds are mostly perpendicular to the 8—strands direction
and the strongest amide I transition component at ~1,630
cm™' is essentially polarized in the plane of the 8—sheet
along the hydrogen bond direction i.e., perpendicular to the
chain axis while the amide II transition is polarized along
the chain axis (28, 29). Qualitatively, from our IR dichro-
ism data (Fig. 1), it thus appears that a S-sheet
arrangement with all strands strictly perpendicular or
parallel to the membrane can be excluded.

It has been previously reported that distortions of the
amide I and amide II bands brought about by optical
reflection effects can be observed in the IR dichroism
spectra of proteins (25, 26). We found that these effects
are mostly evident in samples with small amounts of
dichroism (e.g., air-dried films of soluble proteins such as
cytochrome c or ribonuclease A; [Tiede D., E. Nabedryk,
and J. Breton, unpublished data]). These effects appear to
be present to about the same extent but are largely hidden
in samples with large dichroic signals (e.g., purple mem-
brane for which almost no change is observed upon Nujol
addition; [Nabedryk E., and J. Breton, unpublished
results]). We have previously reported the use of Nujol to
decrease the optical interference and dispersion effects in
IR linear dichroism spectra of films of photosynthetic
membranes and of several reaction centers and antenna
complexes reconstituted in lipid vesicles (15, 16, 25). In
particular, the IR dichroism spectrum of air-dried oriented
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reaction centers without Nujol (13) shows in addition to
the large positive signal at 1,656 cm™' (indicative of
transmembrane a-helices) a small negative signal ~1,630
cm™". Upon addition of Nujol (16, 25), this negative signal
is removed and the amide I dichroism signal is now more
symmetrical. These modifications have been attributed to
a decrease of the optical interference and dispersion effects
arising from multiple reflections occurring at the various
dielectric interfaces present in an air-dried sample (23—
26). In these experiments, it should be noted that both the
extent of the a—helix orientation and the visible linear
dichroism of the chromophores are essentially unperturbed
when the film of reaction centers is covered with Nujol
indicating the absence of significant structural changes.

In the case of porin, the dichroism signal on the lower
wave number side (at ~1,600 cm™') of the amide I band is
also modified upon addition of Nujol (Fig. 1 Cb). How-
ever, the tilt angle values calculated from both types of
spectra (Fig. | Ca and b) are similar indicating an identi-
cal orientation of B-sheets. For a quantitative determina-
tion of the average B-strands orientation in porin, the
amide I and amide II bands are treated independently. For
the amide I, assuming that the dichroism at 1,634 cm™' is
only due to the orientation of the S—sheet secondary
structure, the experimental dichroic ratio D = A|/A, is
used to calculate the angle 6y, of the amide I transition
moment with respect to the normal to the membrane plane.
For the amide II band, a correction is applied to the
experimental dichroic ratio to account for some overlap of
the different types of secondary structures within the
amide II signal. Using a 68% (3-sheet content, estimated by
analyzing UV circular dichroism spectra of porin by a
linear square curve-fitting procedure (data not shown),
and assuming an equal extinction coefficient for 3—sheet
and random conformation, the corrected dichroic ratio D,
for only B-sheets is calculated and then the tilt angle Oyy;.
These D, D,, and 8, values are summarized in Table II.
The dichroic ratios of the amide I and amide II bands lead
to almost identical 8y and 8y values i.e., 47° + 3°,

DISCUSSION

The evidence in favor of a large amount of 3—pleated sheets
in the porin with no detectable a—helix is supported by a
variety of spectroscopic and diffraction measurements
(3-5, 30) as well as prediction from amino acid sequence
analysis (30, 31). In particular, x-ray diffraction studies on

TABLE I1

ESTIMATION OF D, D, AND 8y OF PORIN FROM
INFRARED DICHROISM DATA

Amide I Amide I1

On1 D, v

D
1.10 48° 1.13 47°

The average was obtained from three different air-dried samples.
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3-D crystals (4) demonstrated that a significant fraction of
the B—strands are oriented at a very small angle to the
membrane normal as indicated by the existence and widths
of the 3.5 and 4.6 A meridional reflections. The equatorial
diffraction maxima also support the existence of antiparal-
lel 8—structure. Porin thus differs from the larger class of
transmembrane proteins such as bacteriorhodopsin from
Halobacterium halobium or reaction center from purple
photosynthetic bacteria in which several a—helical seg-
ments span the membrane with a small tilt with respect to
the normal to the membrane plane (6-8, 13, 16). It also
differs in its very polar character (31). Since porin func-
tions as a membrane pore, the question then arises of how
membrane-spanning 3-sheets containing polar residues
could be accomodated within a hydrophobic membrane
domain in such a way that pores are formed. The cylindri-
cal arrangement of 3—sheets within the membrane into the
so-called “B-sheet barrel” has been discussed as a possible
model of the intramembranous regions of integral mem-
brane proteins (32). In the S—sheet barrel described by
Kennedy (32), the S—strands run roughly parallel to the
axis of the cylinder. Such a model would be expected to fit
into a membrane provided the outside of the protein would
be predominantly hydrophobic. Indeed, such a folding
pattern for the porin has recently been proposed from
Raman studies and structural predictions (30).

The present IR data confirms the existence of antiparal-
lel B—sheet structure as the dominant secondary structure
of porin. Furthermore, from our IR dichroism spectra, it
can be calculated that the average orientation (6y) of the
amide I and amide II transition moments of the S—sheet is
at 47° + 3° from the membrane normal. As the main
components of the amide I and amide II transition
moments are polarized along the hydrogen-bond direction
and along the chain axis, respectively (28, 29), it thus
appears that the average angle 8 of inclination away from
the membrane normal for the B-strands is ~45°. This
applies severe constraints on the 8—sheet orientations that
could exist in porin, particularly when the diffuse x-ray
data of Kleffel et al. (4) reveal that a substantial number of
the S—strands are nearly perpendicular to the membrane
plane. A B-barrel arrangement as proposed by Kennedy
(32) would not be consistent with the experimental obser-
vations although our IR data would be compatible with a
cylindrical 8-structure recently described by Pryciak et al.
(33) in which the B-strands are tilted at ~45° from the
cylinder axis. Having all the 8—strands inclined away from
the membrane normal (Fig. 2, a and b) which fits the IR
results, would however be inconsistent with the x-ray data.
One arrangement of B—strands (Fig. 2 ¢) does satisfy both
requirements that a significant fraction of the —strands
are nearly aligned along the membrane normal (4), yet the
average strand orientation away from the membrane nor-
mal is ~45°. In this model (Fig. 2 ¢), each porin monomer
consists of two domains of 3—sheet both with their plane
perpendicular to the membrane plane, one having its
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a b c

FIGURE 2 Possible models for the packing of 8—strands in porin mon-
omer. The double arrowheads represent the direction of the membrane
normal V. The single arrowhead in a represents the direction of the amide
I (B)) and amide II () transition moments; § is the average tilt angle
of the B—strands. In a and b all the strands are inclined at some average
angle away from the membrane normal. This kind of strand arrangement
would not give rise to the x-ray results of Kleffel et al. (4) though it is
consistent with the IR results. However, a 8-sheet sandwich shown in ¢
could give rise to the 8y value of 47° + 3° found in the IR experiments
depending on the number and orientation of f—strands in each sheet.
Furthermore, having one sheet with its strand directions parallel to the
membrane normal could account for the diffuse diffraction observation of
Kleffel et al. (4).

strands direction lying nearly parallel to the membrane
normal, and the other having its strands inclined close to
the membrane plane. The angle between the strands of the
two sheets is large and could approach 90°. The positions of
these sheets within the porin monomer are not known.
However, close contact of the sheets could create an
orthogonally packed B-sheet super-structure similar to
those seen in soluble proteins (34).

Predictions of secondary structure (30, 31) suggest that
up to 16-18 B-strands (11 = 5 residues long) make up
most of the porin structure. This number of strands would
be sufficient to form two large sheets. Vogel and Jéhnig
(30) also suggest that up to 12 B—strands are amphipathic
as detected by hydrophobicity correlation. Since amphipa-
thic 8-strands can generate a discrete hydrophobic sur-
face, we propose that these strands form the (B—sheet
domain which is in direct contact with the lipids. The
B-strand directions of this outer sheet would be perpendic-
ular to the membrane plane (Fig. 2 ¢) and thus allow the
polypeptide chain to follow the shortest traverse through
the membrane and to use the minimal amount of amino
acid residues to form the outside surface of the protein. A
continuous 3—sheet structure at the protein-lipid interface
would now be created as the porin trimer assembles in the
membrane. Within each monomer the second (-sheet,
with its strand directions inclined quite close to (or even
along) the membrane plane (Fig. 2 ¢) and its plane also
perpendicular to the membrane, would be involved in the
protein-protein interactions responsible for the subunit
contacts and perhaps the pore structure.

The question of how the pores are constructed is still
open. The kind of B-sheet arrangement we are proposing
makes it difficult to envisage a pore built within single
monomers, created only by 8—sheet interactions. It must be
remembered, however, that about one-third of the polypep-
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tide is not involved in B—sheet structures. Furthermore, the
pores can be located at the subunit interfaces of the trimer
where the structural elements forming the pores need not
be S-sheet. Our IR results and the earlier x-ray results (4)
only allow us to deduce that the porin monomer is
composed of at least two [-sheet structural domains,
which are oriented nearly orthogonal with respect to each
other. We have no information if they are formed from
continuous segments of the amino acid sequence (as
crudely depicted in Fig. 2 ¢). Furthermore, it must be
emphasized that the model of the 8—sheet arrangement
derived from our IR dichroism data cannot be quantitative.
We have assumed that the amide I and amide II transition
moments are ideally at 90° and 0°, respectively, from the
B-strand axis. Distortions and twists of the 8—strands can
lead to deviations in these angular values. Hence while a
sandwiched B—sheet arrangement is consistent with the
experimental observations, the precise angle of inclination
of the sheets cannot be estimated without additional
structural information. Nevertheless, the experimental
data show that the porin structure is more convoluted than
previously expected. A 3-D structure of this pore protein
(see reference S) would add a great deal of information
concerning the variety of polypeptide configurations that
can exist in biological membranes.
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