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ABSTRACT: We have investigated the temperature-dependent interaction of the porins OmpF from
Paracoccus denitrificans and OmpG from Escherichia coli with lipid molecules after reconstitution in
lecithin. Effects of incubation at increased temperatures on activity were tested by functional experiments
for OmpG and compared with previously published results of OmpF in order to understand the activity
loss of OmpF with monomerization. Protein—lipid interaction was monitored by different reporter groups
both from lipid molecules and from protein. OmpF loses its activity by ~90% at 50 °C while OmpG does
not show a temperature-dependent change in activity between room temperature and 50 °C. The interaction
between OmpF and lipid molecules is severely altered in a two-step mechanism at 55 and ~75 °C for
OmpF. The first step is attributed to changes in the degree of interaction between the aromatic girdle of
OmpF and the interfacial region of the lipid bilayer, leading to monomerization of this trimeric porin.
The second step at 75 °C is attributed to the changes in lipid—porin monomer interaction. Around 90 °C,
reconstituted porin aggregates. For OmpG, changes in lipid—protein interaction were observed starting
from ~80 °C because of temperature-induced breakdown of its folding. This study provides deeper
understanding of porin—lipid bilayer interaction as a function of temperature and can explain the functional

breakdown by monomerization while porin secondary structure is still preserved.

Porins are channel-forming proteins found in the outer
membrane of Gram-negative bacteria, mitochondria, and
chloroplasts. For OmpF! from Paracoccus denitrificans, the
size limit for the transport of hydrophilic molecules is below
approximately 600 Da. The functional unit is a trimer, and
each monomer is composed of 16-stranded 3-sheets and very
few residues in a-helical conformation (I, 2). Extreme
thermostability of porins has been reported by our group and
others (3—5). It was found that OmpF aggregates in detergent
micelles when heated above 86 °C. However, if reconstituted
into liposomes, there is no change in its global secondary
structure up to 90 °C. It was also reported previously by
our group that it has different structural stability in different
lipid environments. Among the various pure lipids tested, a
nonuniform lipid bilayer is found to be most appropriate
in mimicking the natural environment (5). This difference
in structural stability between solubilized porin and porin in
pure or mixed lipid environments has been attributed to the
specific interaction between the so-called “aromatic girdle”
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of porin and its immediate lipid environment (4). The
structural integrity of porin is satisfied by the aromatic amino
acids in this aromatic girdle. In the case of P. denitrificans
porin, this girdle contains 16 tyrosines, 2 tryptophans, and
19 phenylalanines per monomer. Tyrosine OH groups and
tryptophan indole groups point toward the lipid headgroups,
while phenylalanines are located in the lipid core. Altogether,
they form the part of the protein interacting with the
membrane by forming H-bonds in the bilayer—water inter-
face. The role of tyrosine deprotonation for porin unfolding
at alkaline pH has already been reported (4).

While the trimeric structure seems to be essential for the
function of OmpF, OmpG from Escherichia coli is functional
as a monomeric channel with 14-stranded f-sheets. Its width
of approximately 0.1—0.15 nm allows the passage of
molecules below 900 Da (6, 7). The biological function of
OmpG is still unknown, but it was shown that it is capable
of enabling the diffusion of maltodextrins across the outer
membrane in the absence of the LamB maltoporin (7). It
contains an aromatic belt composed mainly of tyrosines
comparable to OmpF porin. It is thought that this belt keeps
the structural integrity in the hydrophobic core of the lipid
bilayer (6).

While previous studies from our group have focused on
the analysis of the secondary structure and the role of
aromatic amino acids for protein stability, we now address
the role of the lipids for structural and functional integrity
of the pore. Fourier transform infrared (FTIR) spectroscopy
provides access to several reporter groups with IR signatures
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FIGURE 1: Reporter groups with IR modes of the porin—membrane
system. Three reporter groups indicating different depths of the
bilayer and two groups from the protein are shown. Aromatic girdle
of porin, shown in stick model, is composed of tyrosines (red),
tryptophans (green), and phenylalanines (teal) (figure generated
using PyMOL (36)).
that can be used to probe different depths of the lipid bilayer
and their interaction with specific parts of proteins (Figure
1). In detail, these are the lipid CH, and CH3 antisymmetric
and symmetric stretching modes in width and position (8, 9),
the lipid C=O0 stretching mode, and the lipid PO,™ antisym-
metric stretching mode as well as the amide I mode for the
protein backbone and the tyrosine side chain C=C mode
(10—13). For these modes, the temperature-dependent band
positions and, partly, the half-widths can be taken. These
reporter groups have been extensively used in previous IR
studies on model membranes and proteins (11, 14, 15).
We present here temperature excursion studies with an
analysis of these reporter groups to follow different transi-
tions of porin in the lipid environment. Single channel
conductance measurements for OmpG incubated at different
temperatures are presented together with SDS—PAGE analy-
sis and compared with our previously published results for
OmpF (4). Our aim in this study is to relate the function
with monomerization and secondary structure alterations.
Altogether, our data provide a scenario of lipid—protein
interaction with respect to temperature and how this interac-
tion affects porin function.

MATERIALS AND METHODS

OmpF Expression and Purification. The gene of P.
denitrificans porin OmpF cloned in the vector pJC 40 was
obtained from B. Ludwig, Institute for Biochemistry, Goethe-
University, Frankfurt am main, Germany (/6, /7). Expression
of OmpF was carried out in E. coli BL21(DE3). Isolation
and purification of porin were performed according to the
method reported by Saxena et al. (/6). The structure
coordinates were kindly provided by W. Welte, Universitit
Konstanz, Germany.

OmpG Expression and Purification. OmpG (amino acids
22 — 301) was cloned into the plasmid pET26b and
overexpressed in the E. coli strain BL21(DE3)-C41. The
obtained inclusion bodies were purified, unfolded, and
refolded as described in Yildiz et al. (6). Unfolded and
partially folded OmpG were removed by anion-exchange
chromatography in the presence of 0.5% OG. The protein
was concentrated to ~10 mg/mL by ultrafiltration (Millipore,
Germany) and stored at —25 °C.

Protein Reconstitution. For the reconstitution of porin into
liposomes, a modified freeze—thaw method was used as
described previously by our group (5). L-a-PC was purchased
from Sigma, Germany, and used without further purification.

Biochemistry, Vol. 47, No. 46, 2008 12127

FTIR Transmission Spectroscopy. Infrared measurements
were carried out in transmission mode using a demountable
thin-layer IR cell with CaF, windows developed in our
Institute (/8). Eight microliters of a 10 mg/mL protein sample
was loaded in the center of this cuvette and dried under
vacuum. The sample was then resuspended in 2 uL of *H,0,
and the cuvette was sealed by using an oil—ethanol mixture
in the outer ring of the flat window to prevent loss of water
upon heating. FTIR spectra were recorded with a Bruker
VECTOR 22 FTIR spectrometer (Bruker, Germany) equipped
with a MCT detector. A total of 256 scans were averaged
and zero-filled for a spectral resolution of 2 cm™!. Computer-
controlled heating and cooling were performed by a water
bath circulating the cell holder. Additionally, temperature
values were taken from a sensor coupled directly to the cell.
A temperature-excursion program with heating of the sample
from room temperature to 110 °C and recording of spectra
every 5 °C takes approximately 8 h. In order to increase
long-term stability, a background spectrum was taken from
a blank sample before every measurement using a moving
sample holder. Spectra processing, secondary derivative
calculation, and further mathematical operations were per-
formed using the spectrometer software OPUS version 4.2
(Bruker, Germany).

Black Lipid Bilayer Activity Measurements. This method
has been described previously (/9, 20). Membranes were
formed from a 1% (w/v) solution of diphytanoylphosphati-
dylcholine (Avanti Polar Lipids, Alabaster, AL) in n-decane.
Bilayer formation is confirmed when the membrane turned
optically black in the reflected light. 2.5 uLL of 5 mg/mL
protein was pipetted to each chamber of 1.3 mL volume.
Protein samples were incubated for 10 min at 50 and 90 °C
in order to measure the activity at different structural states
and for SDS—PAGE analysis to determine the effect of
temperature on folding state. Ag/AgCl electrodes with salt
bridges were inserted into 1 M NaCl buffer solutions on both
sides of the membrane. The current through the membrane
was measured with a current—voltage converter and recorded
on a strip chart recorder.

Samples forms used for transmission IR studies contain
porins at much lower concentration than in 2D or 3D crystals.
The concentration in IR samples rather corresponds to that
of the concentrations in NMR or EPR experiments. Only
fluorescence experiments can be performed at much lower
concentrations. However, neighboring distances between
proteins in an IR sample and in a (2D) black lipid membrane
are quite comparable. It thus seems reasonable to assume
that the IR samples represent intact and functional units.

RESULTS AND DISCUSSION

OmpF is a trimeric porin, and each monomer is ap-
proximately 33 kDa. SDS—PAGE analysis of porin at various
temperatures has been reported previously in order to observe
the oligomeric state of OmpF with respect to temperature
treatment (4). It has been shown that at room temperature
OmpF is mostly trimeric; however, starting from 55 °C,
OmpF starts to monomerize. Complete monomerization
occurs around 90 °C. During the monomerization, the
[-barrel part of the protein is shown to be unaffected. In
order to correlate structural stability with function, black lipid
bilayer measurements were also performed with protein
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FIGURE 2: Relative channel activity of OmpG (black) and OmpF
(gray) in black lipid bilayers. Prior to the measurements, proteins
were incubated at the temperatures indicated. The activity at room
temperature is set as reference to 100%. OmpF data are taken with
author’s permission from ref 27/.

RT  50°C 90°C 90°C/SDS  kDa

103

77

50
unfolded ~— . - 343
folded G G S 28.8

1 2 3 4 M

FIGURE 3: 12% SDS—PAGE of OmpG incubated at 50 and 90 °C.
At room temperature OmpG runs at an apparent mass of 29 kDa
(lane 1). Heating at 50 °C for 10 min results in partial unfolding
(lane 2). Higher temperature leads to further unfolding (lane 3).
Complete unfolding is observed by incubating at 90 °C in the
presence of SDS (lane 4). M is the protein molecular mass marker.
Protein was stained with Coomassie Blue.

samples incubated at different temperatures. Porin from P.
denitrificans is fully active at room temperature; however,
it loses >90% of its activity after incubating at 50 °C (21).
Structural stability of OmpF both in detergent and in lipid
environment at 50 °C has been reported previously (4).
Therefore, the loss of function could only be explained by
monomerization (22). In this study we introduce the activity
profile of OmpG in comparison to OmpF. Single channel
activity of OmpG porin incubated 10 min at 50 and 90 °C
is compared with the activity of protein kept at room
temperature (Figure 2). At equal concentration of the protein
used, there is no significant difference in the activity of
unheated OmpG and OmpG at 50 °C, but there is 90%
activity loss if incubated for 10 min at 90 °C.

We performed also SDS—PAGE analysis of OmpG in
order to see the effects of temperature treatment on the
secondary structure. OmpG is incubated at 50 and 90 °C
before loading onto the gel. Unheated OmpG runs on
SDS—PAGE as two bands at apparent molecular masses of
35 and 29 kDa, corresponding to unfolded and folded states
of the protein, respectively (Figure 3, lane 1). This observa-
tion agrees well with previously published results for OmpG
(23). When OmpG is incubated at 50 °C, the ratio of unfolded
to folded protein increases as indicated by the intensity
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FIGURE 4: Tyrosine C=C mode as a function of temperature for
reconstituted OmpF (red diamonds) and OmpG (blue triangles).
The process of monomerization (for OmpF) takes place in the first
phase, which is indicated by the vertical dashed lines. In the second
phase both proteins undergo structural breakdown.

change of bands at 29 and 35 kDa (Figure 3, lane 2). At 90
°C the majority of OmpG is unfolded. A complete unfolding
could be achieved by incubating OmpG in SDS buffer for
10 min at 90 °C. Combining the results of black lipid bilayer
experiments and SDS—PAGE analysis, we see that the
activity is severely decreased when most of the protein is
unfolded at 90 °C. The remaining activity observed is most
probably due to the still existing folded OmpG. On the other
hand, at 50 °C, the protein is still intact and functional. In
contrast to OmpG which does not require oligomerization
to form functional channels, OmpF functions only if orga-
nized as a trimer. This indicates that the monomeric unit in
OmpG is sufficient for channel activity, whereas structural
integrity is not enough in the case of OmpF, which needs to
oligomerize for activity.

The structure, thermal stability, and porin—lipid interaction
were monitored by FTIR spectroscopy. The first reporter
groups addressed are the tyrosine side chains at the
protein—lipid interface. Aromatic amino acids play a key
role in protein—lipid interaction since they are known to lock
the protein into its correct position in the lipid bilayer (24, 25).
Aromatic side chains of tryptophan and tyrosine preferably
point toward either the membrane—water interface or hy-
drophilic region. Both porins, OmpF and OmpG, have
aromatic belts composed mainly of tyrosine and tryptophan
residues. The X-ray crystal structures showed that detergent
molecules are populated around these belts (2, 6). Tyrosine
side chains give rise to a characteristic C=C vibrational mode
which peaks around 1515 cm™! in the protonated form. As
a remarkable property, this mode shows only a small
variation from 1513 to 1517 cm™! even among very different
proteins (/2, 13). It is evident in absorbance and second
derivative spectra, and its position can be determined to <0.1
cm™! precision for FTIR spectra by second derivative
formation. In the deprotonated form, this mode shifts to
around 1498 cm™! (26).

Figure 4 shows the peak position of Tyr as determined
from second derivative spectra with respect to temperature
obtained in a temperature-excursion experiment. Overall, a
two-step transition is evident for OmpF as shown by the
divisions in the figure. From room temperature to 55 °C,
the Tyr peak position is almost constant, averaging around
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1514.4 cm™'. Between 55 and 77 °C, the C=C mode position
gradually shifts to 1512.7 cm™!. Around 82 °C, a second
phase of downshift starts and continues to 90 °C where the
Tyr band appears around 1511 cm™!. Notably, the first phase
covers a temperature range of about 20 °C, while the second
phase is much sharper and is complete in a temperature span
of only 8 °C. Nevertheless, both involve comparable shifts
of the C=C mode. OmpG displays an upshift with increasing
temperature in the overall graph; however, it does not show
this two-step transition. The tyrosine peak position remains
the same up to ~77 °C and then shifts to higher wavenum-
bers with further increasing temperature.

Since the tyrosine side chains of the aromatic girdle face
toward the membrane—water interface, an interaction of the
OH group with the C=0 group of the lipid molecules in the
interfacial region of the membrane is probable. This lipid
C=0 group gives rise to a stretching mode which is located
around 1730 cm™! in the IR spectra. Lipid samples used in
this study are a mixture of saturated and unsaturated lipids
with different acyl chain lengths adapted to the natural lipid
environment of porin. Differences in lipid structure result
in slightly different positioning of C=0 modes from different
sn chains. Depending on their hydration status, these bands
further split in position that are only a few wavenumbers
apart. Component bands at lower wavenumbers are attributed
to hydrogen-bonded ester groups. A band at higher wave-
numbers indicates the lack of H-bonding. In the IR spectrum
they altogether give rise to a single broad band located
between 1770 and 1700 cm™! (10, 27). Measuring only the
peak position gives information about the overall behavior
of the band, and this may not be sensitive enough for probing
small changes in the lipid—water interface of the membrane
bilayer or even may be misleading (28). Therefore, we
measure the band position of the C=O0 stretching band from
half-height (center of mass) and compare with individual
component behavior. Second derivative spectra of lecithin
in the C==0 region reveal more than six components at room
temperature (data not shown). As the temperature is in-
creased, some of the components shift to higher wavenum-
bers while the remaining components are keeping their
original positions. Therefore, the overall C=0O band shifts
to higher wavenumbers as the sample is heated.

The temperature dependence of the C=0 stretching mode
during the temperature-excursion experiment for reconstituted
OmpF and OmpG and blank lipid sample is determined
(Figure 5B). Three sample spectra are selected from OmpF
and OmpG experiments at room temperature and 60 and 80
°C and shown in Figure 5A. The C=O0 band position for
OmpF, shown on the left, at room temperature and 60 °C is
almost the same and hence cannot be distinguished well in
the figure. However, at 80 °C the band shifts remarkably, as
shown by the dotted line. The same band for OmpG, shown
on the right, is not affected by the temperature excursion
for the room temperature to 80 °C region.

For the blank lipid sample, the band position does not show
any significant change upon heating. In OmpF reconstituted
samples, there is an overall upshift with increasing temper-
ature. While the upshift of the band between room temper-
ature and approximately 50—55 °C is very small (~0.5
cm™ "), this shift increases between 55 and 70 °C and further
between 75 and 90 °C. Overall, the band shifts from about
1731 to 1737 cm™!, thus indicating a less H-bonded C=0
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FIGURE 5: (A) FTIR spectrum of lecithin C=O stretching region
(1780—1700 cm™") in the presence of OmpF on the left and OmpG
on the right. In both spectra, straight bold line (—), straight line
(—), and dotted line (+++) represent the spectra at room temperature
and 65 and 80 °C. (B) Graph of the C=0O band position as a
function of temperature for the blank lipid sample (open circles)
and reconstituted OmpF (red diamonds) and OmpG (blue triangles).

group. Notably, this shift occurs in two phases in temperature
regions comparable to the shift of the tyrosine C=C mode
discussed above. For the pure lipid sample without porin,
the overall shift over the temperature range amounts to less
than 0.2 cm™!. For OmpG-reconstituted samples, the band
position remains around 1730 cm™! from room temperature
to 80 °C. However, above 80 °C, it shifts to lower
wavenumbers.

An upshift of the C=0O band position for OmpF as
observed here is consistent with the strengthening of the
double bond character, for example, by weakening or loss
of H-bonding (10, 11). As seen in the figure, the H-bonding
state of the C=0 group is not affected at temperatures below
50 °C for both porin samples. Above this temperature, a
general upshift is seen in two steps between approximately
55 and 75 °C and approximately 75 and 90 °C. The case for
OmpG, however, is opposite where the downshift above 80
°C indicates the weakening of the double bond character.

Deeper in the membrane, the CH, symmetric stretching
vibration of the lipids can give information about dynamics
and order—disorder state of the hydrophobic tails of the
membrane (8). This mode is found at approximately 2850
cm™! in the IR spectra. There are also CH, vibrations from
protein side chains; however, considering the protein-to-lipid
ratios used in this study (~1:120) and protein amino acid
composition, protein contribution to the CH, modes is
calculated to be less than 1%. Thus, lipid CH, modes
significantly overweigh the protein CH, modes. The
order—disorder state of the bilayer can be monitored by
following the band position with respect to temperature.
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FIGURE 6: (A) Lecithin CH, symmetric stretching mode as a function
of temperature for the blank lipid sample (open circles) and
reconstituted OmpF (red squares) and OmpG (blue triangles). Inset:
C—H stretching region (2800—3050 cm™!) of the FTIR spectrum
of OmpF at room temperature (—), 65 °C (—), and 80 °C (***).
(B) fwhm of lipid CH, symmetric stretching mode as a function of
temperature for the blank lipid sample (open circles), reconstituted
OmpF (red squares), and OmpG (blue triangles).

The position of the CH, symmetric stretching mode and
its full width at half-maximum (fwhm) are shown as a
function of temperature in Figure 6. The position and width
of this band were determined from the absorbance spectra
by reading the values from half-height. In both cases, a lipid
blank is added for comparison. The lipid bilayer system is
essentially a closely packed system. If an external perturba-
tion leads to disordering of this packing, it is reflected by an
upshift in the position of CH, symmetric stretching mode,
while a downshift indicates ordering of the bilayer.

For the temperature range from room temperature to 60
°C, the position of the CH, mode for the lipid—protein
system for OmpF is at slightly lower position as compared
to the pure lipid membrane, thus indicating that OmpF porin
has a slight ordering effect on the lipid bilayer. When the
temperature increases above 60 °C, the hydrophobic tails of
the lipids are disordered in a two-step phase. The first phase
is observed between 60 and 80 °C and the second phase
between 80 and 90 °C. The same results were obtained for
the CH, antisymmetric stretching mode (data not shown).
OmpG does not induce a significant change in packing of
hydrophobic tails throughout the entire temperature profiling.

The temperature dependence of the bandwidth of the CH,
symmetric stretching shown in Figure 6B provides informa-
tion about the freedom of motion of hydrophobic tails of
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FIGURE 7: Lecithin O—P—O antisymmetric stretching mode as a
function of temperature for the blank lipid sample (open circles),
reconstituted OmpF (red squares), and OmpG (blue triangles).

lipids. An increase in the bandwidth is an indication for an
increase in dynamics. It is important to note that the dynamics
of acyl chains together with the order—disorder state
determines the degree and kind of interaction between protein
and lipid and may consequently be indicative for a hydro-
phobic mismatch (29).

Throughout the entire temperature range, the lipid—protein
complex exhibits a higher bandwidth for the CH, symmetric
stretching mode as compared to the lipid blank for both porin
samples. For reconstituted OmpF, this difference becomes
more pronounced above 70 °C and significantly more above
80 °C. The CH, scissoring mode around 1467 cm™! gives
similar information about the mobility of acyl chains (data
not shown). Blank lipid and reconstituted porin samples
behave very much the same up to 60 °C; however, OmpF
has a much broader scissoring band at higher temperature
values, suggesting that hydrophobic packing of tails is
considerably disturbed above 60 °C. Reconstituted OmpG
shows also slight increase in bandwidth above ~90 °C
similar to the second phase of OmpF.

The phosphate groups of the lipids can be monitored via
the O—P—O antisymmetric stretching mode, which appears
at about 1220—1260 cm™!. The phosphate group provides
hydrogen-bonding acceptors; the spectral position of the
corresponding mode is thus strongly affected by the hydration
state of the headgroup. Upon hydration, the antisymmetric
O—P—O stretching frequency decreases (/0). Figure 7 shows
the temperature-dependent behavior of the phosphate group
of a lipid blank and of reconstituted OmpG and OmpF. For
the analysis of this band, the >H,O contribution to the sample
spectrum at 1210 cm™! had to be subtracted. For a successful
subtraction, the main O—2H stretching mode at 2550 cm™!
is taken as reference. In Figure 7, the blank lipid sample
shows a gradual decrease in frequency as the temperature is
raised from room temperature to 70 °C. Above 70 °C, the
O—P—0 mode remains at a constant frequency. For recon-
stituted OmpF and OmpG samples, a sharp decrease is seen
upon heating to 55 °C with no further alteration at higher
temperature values. In order to investigate a possible
hydrogen bonding among protein aromatic girdle and lipid
headgroups, we have also analyzed the band composition
and temperature-dependent progression of each unit.

PC from soybean is a mixed lipid having 17% (C16:0),
4% (C18:0), 9% (C18:1), 60% (C18:2), and 7% (C18:3).
The shift of band position to lower wavenumbers has been
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FIGURE 8: IR absorbance spectra of O—P—O antisymmetric stretching mode with increasing temperature for the blank lipid (left panel) and
lipid reconstituted OmpG (middle panel) and OmpF (right panel). Temperature values are indicated on the right panel. Spectra are offset

corrected for comparison.

attributed to hydrogen bonding of the phosphate headgroup,
whereas broadening of the band has been used as an indicator
of polar headgroup mobility (30—32). For the blank lipid
sample, as the temperature is increased, the band is clearly
split into components (Figure 8), and the one located at the
lower wavenumber position is gradually downshifting to
1211 em™' as the temperature is increased from 20 to 70
°C. Band progression is almost linear with increasing
temperature to 70 °C; above that there is no change in the
band position of this component. On the other hand, the
higher frequency component remains to be located around
1238 c¢cm™!. Taking into account the temperature-induced
changes in both components, it is clear that the degree of
hydration of some lipid headgroups is increasing with
increasing temperature; however, there are also certain lipid
groups preserving their hydration status.

OmpG and OmpF reconstitution does not induce a
wavenumber shift of the O—P—O antisymmetric stretching
mode at 20 °C; nevertheless, reconstitution broadens the band
(Figure 8). When measured from half-height, the blank lipid
sample has a bandwidth of approximately 44 cm™!, while it
is 46 and 51 cm™! for OmpF- and OmpG-reconstituted
samples, respectively. Broadening of the band suggests
increased mobility of polar headgroups in the presence of
both protein samples, but the effect is more pronounced with
OmpG reconstitution.

The band splitting seen with the blank lipid sample as the
temperature is increased is also evident in protein-reconsti-
tuted samples. The downshift of the lower frequency
component to ~1210 cm™! is completed at 60 °C for both
protein samples. The high-frequency component is again
positioned at 1240 cm™! throughout the whole temperature
range, although it is less pronounced as compared to the
blank lipid profile. Nevertheless, the number and positions
of individual components are common under the O—P—0O
antisymmetric stretching mode as seen from the second
derivative profiles of the three samples at 20 and 90 °C in
Figure 9.

In order to understand the temperature-dependent progres-
sion of these two component bands and see whether there is
an effect induced by protein reconstitution, we have per-
formed some calculations based on the band area. The
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FIGURE 9: Second derivative profile of O—P—O antisymmetric
stretching mode for the blank lipid (blue) and lipid reconstituted
OmpG (green) and OmpF (red) at 20 °C (left panel) and 90 °C
(right panel).

O—P—O0O band was integrated for the ranges 1260—1230
cm~! and 1230—1190 cm™!. These spectral ranges roughly
correspond to the high-frequency component, which is
unaffected by temperature or protein reconstitution, and the
downshifting lower frequency component, respectively. Their
integrated areas are then compared to the total area of the
O—P—0 antisymmetric stretching band integrated between
1260 and 1190 cm™!. The results are represented in terms
of relative percentage of each component with respect to the
total band area and plotted against increasing temperature
in Figure 10.

As the graph clearly shows, the two components have an
almost equal share from the total band area for the blank
lipid sample at room temperature. The slight increase in the
presence of both proteins (3%) is in the range of error. When
temperature is increased to 90 °C, the blank lipid sample
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FIGURE 10: Percentage of integrated areas between 1260—1230 cm™!

and 1230—1190 cm™! relative to the total integrated area of

O—P—0 antisymmetric stretching mode between 1260 and 1190

cm™! for the blank lipid (blue diamonds) and reconstituted OmpG
(green squares) and OmpF (red triangles) samples.

exhibits 32% of lipid headgroups in the high-frequency
region and 62% in the low-frequency region. However, they
are 24—76% for OmpG and 21—79% for OmpF, respec-
tively. Protein reconstitution induces ~10% more of the lipid
headgroups to shift to lower wavenumbers, which is indica-
tive of an increased number of lipid molecules forming
hydrogen bonds. This could be caused by the increased
mobility induced by protein reconstitution. It should be noted
here that the number of lipid headgroups in the low-frequency
region is increased mainly between 20 and 30 °C in the
presence of both proteins. Above 30 °C, we could not detect
a monomerization/aggregation-related increase or discontinu-
ity, which would lead to the idea of a possible hydrogen
bonding between lipid headgroups and the protein aromatic
girdle.

CONCLUSION

OmpF and OmpG reconstituted in lecithin do not show
any significant change in secondary structure upon heating
from 20 to 90 °C. This extreme stability for OmpF is also
reflected in 'H/?H exchange experiments, revealing that only
about 30% of amide protons have exchanged after 3 h (/).
In a previous work from our group, the effect of extreme
pH values on structural and functional properties of OmpF
porin was tested (26). It was shown that the secondary
structure of OmpF does not show significant changes even
at pH 1. However, although the structure is preserved for
extreme temperature and pH values, the activity of porin does
not seem to be conserved along with its structural integrity.
Channel activity is lost far below temperatures where
secondary structure properties are altered (2/) while for
OmpG the function remains unaffected for the same tem-
perature range (Figure 2). According to the SDS—PAGE
analysis of OmpF in detergent micelles incubated at different
temperatures, the trimer structure is eliminated above 50 °C,
and itexists as amonomeric unit without channel activity (4, 27).
It is also known from previous studies that OmpF is more
stable in liposomes rather than in detergents. It should be
expected that OmpF in liposomes starts monomerization at
higher temperatures since it interacts with lipid molecules
more strongly than it does with detergent micelles, which in
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turn means that its activity is dependent on its interaction
with lipid molecules.

The lipid reporter groups exhibit changes which can help
to explain the activity loss of porin above 50 °C. A possible
scenario is that the OmpF—lipid system is reacting to
temperature in two steps. We thus divide the whole tem-
perature-ramp series into three regions:

From room temperature to 55 °C, the tyrosine C=C mode
shows essentially a constant position around 1514.4 cm™!,
which is characteristic for the protonated form of tyrosine
(Figure 4). The lipid C=0 group shows a stronger H-bonding
relative to the blank lipid sample for both porins. This
H-bonding strength slowly decreases as the temperature is
raised for OmpF (Figure 5). The hydrophilic part of the
bilayer in the blank lipid sample shows a gradual downshift
with increasing temperature (Figure 7). Analysis has shown
that there are two groups of lipid molecules; in one the degree
of hydration is preserved (high-frequency component) and
in the other (low-frequency component) increasing temper-
ature induces higher degree of hydration (33). Hydrated
groups of lipids are located around 1210 cm™! in the presence
and absence of protein. Therefore, the presence of protein
does not induce an additional shift but increases the number
of lipid molecules undergoing the shift. On the other hand,
it is difficult to correlate the hydration profile of lipid
headgroups with respect to temperature with protein structure/
function alterations. Although OmpG does not undergo any
structural or functional change up to 80 °C, its presence
affects the fraction of hydrated lipid molecules, especially
between 20 and 30 °C (Figure 10). Since OmpG and OmpF
affect the hydrophilic region in the same way, changes in
the hydrophilic region are not a result of protein aggregation/
monomerization. In addition, the mobility of headgroups is
increased in the presence of both proteins; however, the
bandwidth is increased by 7 cm™! in the vicinity of OmpG
while it is 2 cm™! for OmpF.

In this temperature range, the hydrophobic part of the
membrane is slightly more fluid than the blank lipid sample
(Figure 6), thus suggesting that the cooperativity of hydro-
phobic part of the bilayer is slightly altered in the presence
of both proteins (/7). In view of the above information the
protein is stabilizing its position inside the membrane bilayer
in this temperature range by forming hydrogen bonds
between aromatic side chains and lipid ester C=0 groups
at room temperature, which was also suggested by previous
studies (for a review, see ref 34). OmpG is also mainly
affecting the interfacial region of the bilayer and has the
properties of a protonated tyrosine side chain. Lipid hydro-
phobic tails are not much affected by the presence of OmpG.
When the increased mobility of headgroups is also taken into
account, this altogether leads to the conclusion that both
porins are interacting with the interfacial region of the bilayer.

Between 55 and 75 °C, which is the first step in alteration
of protein—lipid interaction, the tyrosine C=C mode of
OmpF shows a downshift and the lipid C=0 mode shows
an upshift, both suggesting that existing H-bonds between
OmpF and the lipid interfacial region are weakening. In this
temperature range, hydrophobic tails become slightly more
disordered. Disordered tails consequently result in shortening
of the hydrophobic length of the bilayer, which is the normal
behavior of most lipids with increasing temperature (29).
However, reconstituted OmpF shows an upshift at 55 °C both
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in CH, symmetric stretching band position and bandwidth
values within this temperature range, thus suggesting that
the shortening of the lipid bilayer is related to the loss of
H-bonds between OmpF and lipid molecules in the interfacial
region. In this first stage, where a series of interaction
changes are seen between porin and lipid molecules, starting
at the same temperature value, OmpF also starts monomer-
ization according to a SDS—PAGE study of samples pre-
incubated at different temperatures (4). Here we provide
evidence that trimeric and monomeric units of OmpF are
different in terms of the interaction that it is showing with
its immediate environment. This property of porin must in
turn affect the functionality because it was reported that porin
loses 90% of its pore activity at 50 °C and conductivity loss
has been related to monomerization since both occur at the
same temperature value in the detergent environment. In this
study we show that porin is more stable in oligomeric form
if reconstituted in lipids. Although OmpF does not show any
secondary structure change, its interactions with lipids are
changing remarkably at the level of the aromatic girdle
starting at 55 °C, which then leads to monomerization and
loss of function. In this temperature range, OmpG does not
show any significant change in terms of its interaction with
neighboring lipid molecules with increasing temperature in
any of the protein/lipid regions analyzed with FTIR. This is
also in accordance with the fact that SDS—PAGE analysis
does not imply any significant structural or organizational
change from room temperature to ~90 °C.

Between 75 and 100 °C, the tyrosine C=C mode shows
further downshift and the lipid C=O0 stretching mode shows
further upshift, suggesting that protein—lipid interaction is
further weakened for OmpF. This is also reflected in the
hydrophobic region of the bilayer by dramatic disordering
and increased mobility of acyl chains. It is common to all
these four reporter groups that this second phase is more
pronounced than the first one. Previous studies have shown
that monomerization of trimeric OmpF still takes place and
it is completed at the late stages of this phase. Nevertheless,
it is mostly the “monomeric porin”—lipid interaction that is
reflected by the data. Further weakening of this interaction
indicates that the OmpF monomer is not stable in the lipid
environment and aggregates as the temperature is further
raised. The tyrosine C=C mode and lipid C=0O modes
indicate stronger H-bonding for OmpG. Hydrophobic tail
order is not influenced, but the fluidity increases starting from
90 °C. At later stages of this temperature range, OmpG in
detergent micelles unfolds with increasing temperature
according to Figure 3 and loses its function.

For both OmpF and OmpG, temperature-dependent pro-
files of hydrogen bond donors in proteins (tyrosines) show
a better correlation with the lipid interfacial region than with
the phosphate headgroup region. We have shown in this
study that structural and functional changes induced by
increasing temperature are directly related with protein—lipid
interactions. In summary, we would like to emphasize that
the data presented here clearly reflect the subtle interactions
of a structured lipid—protein environment. Complete func-
tional integrity of the protein requires an optimization of this
structured environment. It is thus conceivable that, for
proteins with a relatively rigid structure and aromatic side
chains pointing toward the lipid chains as in the case of the
porin aromatic girdle, lipid chain length and polarity become
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essential points to be considered for correct folding and
functionality (34, 35). A badly optimized lipid chain length
might result in a realignment of the protein, with the
possibility that the concomitant structural change may lead
to partial or complete loss of function, to secondary structure
alterations, or, at least, to reduced temperature stability as
observed for OmpF reconstituted with different lipids (5).

It turns out that, despite the observed stability of porin in
terms of global secondary structure, its functional integrity
depends on environmental composition. At present, it is still
unclear how different near-native states of porin that exhibit
normal conductivity and selectivity of the pore cope with
these interactions. The existence of such a state was observed
after opening up and refolding of OmpF (26), with small
but distinct differences in the secondary structure pattern and
normal pore properties. It will be the subject of future studies
to clarify how the interactions with the structured lipid
environment reported here are related to the folding of porin
and the formation of stable intermediates and porin forms.
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