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ABSTRACT: Using the bacteriochlorophylla (Bchl) cofactors as intrinsic probes to monitor changes in
membrane protein structure, we investigate the response to high-pressure of the LH2 complexes from the
photosynthetic bacteriaRhodobacter sphaeroides2.4.1 andRhodopseudomonas acidophila10050. By
FT-Raman spectroscopy, we demonstrate that high pressure does not induce significant distortion of the
protein-bound 850 nm-absorbing bacteriochlorophyll molecules, or break of the hydrogen bond they are
involved in. This indicates in particular that the oligomerization of the polypeptides is not perturbed up
to 0.6 GPa. The pressure-induced changes in the Bchl absorption spectra are attributed to pigment-
pigment interactions. In contrast, the loss of 800 nm-absorbing bacteriochlorophyll reflects pressure-
induced alterations to the tertiary structure of the protein in proximity to the membrane/cytosol interface.
This suggests that the LH2 protein does have two independent structural domains. The first domain is
pressure independent and comprises mostly the C-terminal domain. The second domain located on the
N-terminal side exhibits sensitivity to pressure and pH reminiscent of soluble proteins. The LH2 thus
constitutes a suitable model system for studying in detail the stability of membrane-embedded hydrophobic
helices and helices located at or close to the solvent/membrane interface.

Membrane proteins have been estimated to constitute at
least 30-50% of the total number of proteins present in any
organism. However, their physicochemical properties are still
largely unknown, because of the many difficulties met upon,
for example, overexpression and purification of this class
of macromolecule and subsequent verification of functional-
ity. The peripheral antenna of purple photosynthetic bacteria,
or LH2,1 is one of the best-characterized membrane proteins.

These proteins, which are present in many photosynthetic
bacteria, absorb solar photons and transfer the resulting
excitonic energy to the so-called core antenna protein (or
LH1) that surrounds the bacterial reaction centers. From the
LH1, the energy is further transferred to the reaction centers,
where it is transformed into potential chemical energy. X-ray
crystallography studies of the LH2 fromRhodopseudomonas
(Rps.) acidophila10050 have revealed the structural orga-
nization of this pigment-protein complex (1-3). This LH2
has a nonameric ring structure (Figure 1a). In these nonamers,
each unit contains two small, single membrane-spanning,
polypeptides, calledR andâ. The nineR-apoproteins form
a hollow cylinder with the nineâ-apoproteins arranged
radially outside (4, 5). To eachRâ pair, one carotenoid
(rhodopin glucoside) and three bacteriochlorophylla (Bchl)
molecules are noncovalently attached. On the basis of weak
crystallographic data (3), a putative second carotenoid
molecule may be present; however, its presence, or lack of
(6), needs to be investigated further. Most of theR-polypep-
tide/â-polypeptide interactions in LH2 occur close to the
membrane/water interfaces, between both the C- and N-
membrane-hugging termini (3), while the pigments (both
Bchl and carotenoid molecules) mediate most of theRâ
contacts in the hydrophobic phase.

In LH2, the 27 Bchl molecules are organized into two
discrete pools. Eighteen of the Bchl molecules are sand-
wiched between theR- and â-apoproteins (see Figure 1a)
and form a ring of overlapping Bchl in close contact. These
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molecules absorb in the near-infrared at 850 nm and are
known as the Bchl-B850 molecules. The other nine Bchl
molecules lie toward the cytoplasmic side of the membrane
(Figure 1b) and are located between the transmembrane
helices of theâ-apoproteins. These pigments exhibit spec-
troscopic properties close to monomeric Bchls (7). They
absorb in the near-infrared at 800 nm, and are denoted Bchl-
B800. Free in organic solvents, the Qy electronic transition
of monomeric Bchla is located at∼770 nm. The physico-
chemical mechanisms underlying the shift of this transition
to ∼800 or∼850 nm when these molecules are bound to
LH2 proteins have been extensively studied. For the Bchl-
B800, it essentially depends on the interactions between the
Bchl molecules with their specific microenvironment (8),
while for the Bchl-B850 it results from a combination
between Bchl/Bchl interactions and interactions between each
Bchl and the surrounding protein (9-11). These interactions
being very sensitive to localized structural (environmental)
changes, the positions of the Qy transitions thus constitute
intrinsic molecular probes that are able to monitor the
integrity of the LH2 structure. The electronic properties of
LH2 yields information both on the structure of the Bchl
binding sites within this protein (which in turns yields
information on the tertiary structure of the polypeptides in
the vicinity of these molecules) and indirectly (although
highly persuasive) on its quaternary structure. As a result,
this makes our LH2 family of proteins an ideal subject to
study the stability of membrane-embedded hydrophobic
R-helical membrane helices.

LH2 may be isolated from a variety of organisms. From
the primary sequence of their polypeptides, it can be
concluded that the LH2 proteins fromRps. acidophilaand
Rhodobacter(Rb.) sphaeroideshave very similar secondary

structure (Figure 1c). As inRps. acidophila, the LH2 from
Rb. sphaeroidesis constituted from a ring of nineR/â-
heterodimers (12). The carotenoid in this protein is sphe-
roiden(on)e, depending on the exposure of the cell to oxygen
during growth. These LH2 proteins have been the subject
of most of the investigations into the molecular interactions
within light-harvesting (LH) proteins as it lends itself readily
to site-directed mutagenesis (13). There is no such genetic
system available inRps. acidophila, but methods for chemi-
cally modifying the LH2 proteins of this bacterium have been
recently developed. For instance, the Bchl-B800 molecules
in these LH2 can be selectively released, without perturbing
the energy transfer between the carotenoids and Bchl-B850
pigments (14, 15), nor causing significant structural changes
to the B850 site (16).

Various antenna pigment-protein complexes from purple
photosynthetic bacteria have been previously studied at high
pressure, both at ambient temperature (17-20) and at
cryogenic temperatures (21, 22). These studies have shown
that increasing the pressure causes a substantial red shift and
broadening of the long wavelength Qy absorption band both
in LH1 and in LH2. In this work, we have combined both
FT-Raman and absorption spectroscopies, measured at room
temperature, to study the LH2 fromRb. sphaeroidesat high
hydrostatic pressures. We have also compared the pressure
sensitivity, as probed by electronic absorption spectroscopy,
of the LH2 proteins fromRps. acidophilaandRb. sphaeroi-
desin their native conformations and after selective removal
of the Bchl-B800 molecules.

EXPERIMENTAL PROCEDURES

Membrane Preparation and Protein Isolation. Rps. aci-
dophila 10050 andRb. sphaeroides2.4.1 were grown

FIGURE 1: Schematic representation of the structure of the LH2 fromRps. acidophila, (a) parallel to the plane of the membrane with the
location of the macrocycles of the bacteriochlorophylls shown, and (b) perpendicular to the plane of the membrane. The dark spheres
represent the central Mg ions of the Bchl molecules and the light spheres represent the structured water molecules that are observed in the
crystal structure. (c) Primary sequences of theR- andâ-polypeptides fromRps. acidophilaandRb. sphaeroidesaligned on highly conserved
Bchl-binding His residue. Key: *, conserved residues in the LH2 family of proteins (see ref45); the C-, N- and hydrophobic membrane-
spanning domains are marked by C, N, and H, respectively.
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anaerobically at 30°C in Pfenning’s (23) and Böse’s media
(24), respectively.Rb. sphaeroides2.4.1 cells were cultured
under strict anaerobic conditions or grown semi-aerobically,
which ensured that the carotenoid present in LH2 is sphe-
roidene (97% spheroidene, 3% spheroidenone) and spheroi-
denone, respectively. Cells were harvested by centrifugation.
Rupturing the whole cells in a French press then allowed
the isolation of the photosynthetic membranes after centrifu-
gation. The membranes were solubilized usingN,N-dimeth-
yldodecylamine-N-oxide (LDAO), the LH2 proteins purified
as previously described (25). When required, the Bchl-B800
molecules were removed as previously described (14, 26).
For use in the high-pressure optical cell, LH2 samples were
prepared in a buffer containing 0.035% LDAO, 50 mM NaCl,
20 mM Tris‚Cl, pH 8.0.

High-Pressure Optical Cell.The high-pressure optical cell
used in this work reproducibly generates pressures up to a
maximum in excess of 1 GPa and has been described
previously (18, 20). In summary, it consisted of a piston-
cylinder type high-pressure optical cell with three sapphire
windows. The protein sample under study was inserted into
a separate sample cell. The sample cell has two windows,
2-3 mm apart, with one window fixed and another movable
like a piston to adapt to the pressure variations. Pressure was
generated inside the cell by a small hydraulic press, and was
transmitted to the sample by a liquid (glycerol-water) phase.
A manganin-wire gauge was used to measure pressure in
the cell and calibrate the equipment. Samples were allowed
to equilibrate for 30 min after an increase in the pressure.
Reversibility of the pressure-induced effects on LH2 proteins
was checked systematically by measuring absorption and/or
FT-Raman spectra upon pressure release, after the pressure
maximum had been applied.

Spectroscopy.Room temperature absorption spectra, at
atmospheric pressure and under pressure, were recorded
using a Cary 5 spectrophotometer (Varian plc, Sidney). The
pressure cycle used was 0.0001 (atmospheric pressure), 0.03,
0.2, 0.4, 0.6, 0.6 (after a further delay of 90 min), 0.3, and
then 0.03 GPa. These spectra were corrected by subtracting,
at each applied pressure, a reference spectrum corresponding
to that of the buffer alone in the pressure cell.

FT-Raman spectra were recorded using a Bruker IFS 66
interferometer coupled to a Bruker FRA 106 Raman module
equipped with a continuous Nd:YAG laser, as described
previously (19). For pressure measurements, all spectra were
recorded at room temperature with backscattering geometry.
Depending on sample conditions, spectra were the result of
3000 to 10000 co-added interferograms. This corresponds
to between 100 and 225 min of data acquisition. The main
sapphire vibrational mode, observed at 417 cm-1, displays
a pressure sensitivity of 1.4 cm-1 GPa-1 for the pressure
range used in this work (19), and was used as an internal
pressure standard.

RESULTS

Increasing pressure to 0.6 GPa induces a large redshift
and a clear broadening of the Qy electronic transition of the
Bchl-850 molecules of the spheroidenone-containing LH2
protein fromRb. sphaeroides(Figure 2a). The Qy-Bchl-850
transition has a quasi-linear relationship with pressure, with
the pressure dependence of the absorption maximum (hence-

forth referred to as the slope) of-639 cm-1 GPa-1. It has
been proposed that the pressure-induced shift of proteins may
be composed of both linear and quadratic terms. We shall
ignore the latter term here as its influence is small (17, 20).
The Bchl-B800 transition exhibits a much-reduced slope
having a quasi-linear relationship of only some-203( 50
cm-1 GPa-1. Shown in Figure 2a are absorption spectra taken
15 min (solid line) and 90 min (dotted line) after an increase
in pressure to 0.6 GPa. The red-shifted 850 nm transition is
unaltered in both shape and intensity after 90 min. Although
the extinction coefficient decreases under pressure, the
integrated area stays the same, as a difference spectrum
between 0.6 GPa-1 and minimal pressure indicates a dis-
crepancy of only 3.6%. Consequently, the apparent loss of
B850 intensity is indicative of changes in the specific
structures of the Qy transitions and not an actual loss of Bchl-
B850 molecules under pressure. However, there is a signifi-
cant decrease in the intensity of the 800 nm transition,
associated with an increase in absorption between 680 and
770 nm (Figure 2a, arrow). This absorption range is expected
to contribute the Qy transition of Bchl released from the
protein (at ca. 770 nm) and of oxidized Bchl in solution (at
ca. 680 nm) (10). Thus, we conclude that the change in the
LH2 absorption spectrum is due to the perturbation of the
protein-binding site of the Bchl-B800 molecules, which leads
to the release of these molecules in the aqueous solvent and
their subsequent oxidation. This is further emphasized by
the absorption differences between the initial (dashed line)
and final (solid line) measurements under minimal applied
hydrostatic pressure (Figure 2b). After the pressure cycle,

FIGURE 2: Selective temporal loss of the Bchl-B800 molecules from
the LH2 complex fromRb. sphaeroidescontaining spheroidenone.
(a) Absorption spectra at the minimal applied pressure of 0.03 GPa
(dashed line), after 15 min at 0.6 GPa (solid line) and 90 min (dotted
line). (b) Comparison between the initial (broken line) and final
(solid line) absorption spectra at the minimal applied pressure (0.03
GPa). In both plots, the arrows highlight the major evolution of
absorption intensities and positions.

Effects of High Hydrostatic Pressure on LH2 Biochemistry, Vol. 42, No. 44, 200313021



nearly half of the intensity of the Qy transition of the Bchl-
B800 is lost, while the transition at 850 nm has conserved
its intensity and half width at half maximum (hwhm). The
latter is very slightly red shifted, similarly to what is observed
upon selective removal of the Bchl-B800 from LH2 proteins
(26). This response of the Bchl-850 molecules is thus very
likely associated with the loss of Bchl-B800 pigment loss
during the pressure cycle. It may be used to evaluate whether
the loss of the Bchl-B800 occurs homogeneously among the
rings, or whether some rings lose all the Bchl-B800 while
others stay intact: in the latter case, a broadening of the Qy

transition of the Bchl-B850 should be observed at low
temperature. It is not (data not shown), and we thus conclude
that the loss of BChl-B800 is homogeneous among the LH2
rings.

FT-Raman spectra of the spheroidenone-containing LH2
protein from Rb. sphaeroideswere recorded at various
applied pressures. This vibrational technique provides in-
formation both on the conformation of, and on the intermo-
lecular interactions assumed by, the Bchl bound to photo-
synthetic complex (27). The majority of the Raman modes
observed undergo only slight, or negligible, pressure-induced
displacements of the order of up to 5 cm-1 GPa-1 (not
shown). Distortions of the Bchl macrocycle may be very
accurately evaluated by this technique, from the changes in
frequency of six modes, denoted R1 to R6 (28). Due to the
presence of carotenoid contributions in the spectra, the
majority of the bands arising from these modes are masked;
however, those arising from R1 (νCaCm(R,â,γ,δ)) and R3

(νCaN,νCaCm) are clearly visible in the FT-Raman spectra.
These bands do not experience larger shifts than the other
FT-Raman bands, indicating a minimal variance in Bchl
conformation as a function of applied pressure (Table 1). In
Figure 3 are shown the 1550 to 1750 cm-1 regions of the
FT-Raman spectra obtained at different pressures, normalized
on the Bchl-B850 contributions. The bands contributing
between 1620 and 1710 cm-1 arise from the carbonyl
stretching modes of the acetyl and keto carbonyl groups of
the Bchl molecules. The Bchl-B850 molecules contribute at
about 1627, 1632, 1651, and 1678 cm-1 (9, 29), while the
contributions of Bchl-B800 are located at about 1626 and
1699 cm-1 (9, 16, 30, 31). Upon an increase of hydrostatic
pressure, the 1699 cm-1 band (which arises from the
stretching mode of the keto carbonyl group of the Bchl-B800
molecule) steadily becomes weaker, its position remaining

invariant. This is easily explained by pressure-induced
changes in resonance conditions. As pressure increases the
position of the Qy of the Bchl-B850 shifts toward the red,
therefore, inducing an increase of the preresonance Raman
signal of these molecules (which is observed using the 417
cm-1 sapphire band as an intensity standard). Meanwhile,
the Qy transition of the Bchl-B800 experiences only a slight
red shift. Thus, the preresonance Raman signal of the latter
molecule remains nearly constant and its relative contribution
to the total spectrum decreases as pressure is increased. In
addition, the progressive bleaching of the transition at 800
nm is expected to result in a progressive loss of the
contributions of the Bchl-B800 from the FT-Raman spectra
of LH2. Because of the combination of these effects, at 0.6
GPa, the majority of the FT-Raman contributions indeed arise
from mostly the Bchl-B850 molecules. FT-Raman spectra
recorded at this pressure are not dramatically different from
those recorded at atmospheric pressure, other than the
reduction of the contributions of the Bchl-B800 molecules.
In particular, the 1634 cm-1 band, which arises from the
stretching mode of the acetyl carbonyl, in interaction with
Tyr alpha 44, is not affected by pressure increase. An
exception to this concerns the band contributing at 1627
cm-1, arising from the acetyl carbonyl groups of the Bchl

Table 1: Evolution of Selected Fingerprint Raman Vibrational Modes as a Function of Applied Pressurea

mode/pressure (GPa) 0.0001 (atm) 0.2 0.3 0.4 0.6 slope (( cm-1 GPa-1) slope error

R6

R5

R4

R3 1442.9 1442.9 1442.9 1443.3 1443.7 3.5 1.5
R2

R1 1604.7 1604.9 1604.9 1604.9 1607.0 1.4 0.5
Bchl-B800ν2CdO 1628* * * * *
Bchl-B850ν2CdO 1627* * * * *
Bchl-B850ν2CdO 1634.6 1633.7 1633.6 1633.6 1632.9 2.6 0.4
Bchl-B850ν9CdO 1651.2 1651.2 1651.2 1650.6 1648.9 3.8 2.2
Bchl-B850ν9CdO 1679.3 1678.2 1679.0 1676.6 1677.2 4.1 1.9
Bchl-B800ν9CdO 1699.5 1698.4 1697.7 1701.2 1701.2 3.8 3.5

a The modes marked with an asterisk (*) are a result of converging Raman lines (see text). The slope values in parentheses are best-guess
estimates due to convolution of some of the Raman modes. The samples contain a number of intense carotenoid Raman bands that mask certain
Bchl R-conformation Raman lines.λext ) 1064 nm,T ) 293 K.

FIGURE 3: The effect of pressure on the high-frequency region
(1575-1750 cm-1) of the room temperature FT Raman spectrum
of bacteriochlorophylla molecules in the LH2 protein, in prereso-
nance with the Qy electronic transition of the Bchl-B850 molecules.
The sequence of the FT-Raman data collection was 0.0001, 0.2,
0.4, 0.6 and 0.3 GPa;λext ) 1064 nm.
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bound to the beta polypeptide in interaction with Trp alpha
45 (4, 30). This band shifts continuously to ca. 1620 cm-1

between atmospheric pressure and 0.6 GPa, partially merging
with the conformation band R1 (28). Such a downshift could
arise from slight strengthening of the hydrogen bond this
acetyl carbonyl group is involved in, or possibly from
changes in the electrostatic properties of the Bchl molecule
environment. In any case, these changes are small, of the
same order of magnitude as the shifts observed in FT-Raman
spectra of the bacterial reaction centers upon lowering the
temperature to 10 K (32). The FT-Raman spectra recorded
at 0.6 GPa thus indicate unambiguously that the structures
of the nine Bchl-B850 binding sites are nearly insensitive
to the applied hydrostatic pressure.

We examined the pressure sensitivity of the electronic
absorption properties of the LH2 proteins fromspheroidene-
containingRb. sphaeroides2.4.1 and fromRps. acidophila
10050. These proteins exhibit clearly different pressure-
induced absorption changes, especially in the B800 range
(Figure 4). The energy-shift and broadening experienced by
the transition of the Bchl-B850 molecules in these complexes
upon pressure application are of the same order of magnitude,
but not identical (Table 2). The initial slopes for the Bchl-
B800 molecules in both complexes are nearly identical. It is
of note that a change in carotenoid end-grouping has no
measurable effect on the pressure sensitivity of LH2 from
Rb. sphaeroides. During a pressure cycle, there is only a
very limited loss (∼10%) of Bchl-B800 molecules in the
LH2 proteins fromRps. acidophila(Figure 4a). The same
pressure cycle has a much greater effect on LH2 fromRb.
sphaeroides(Figures 2b and 4b), where about 40% of the
Bchl-B800 molecules are dislodged from their binding site.
When submitting LH2 fromRps. acidophilato the same
pressure cycle at pH 4.75, a large reduction of the electronic
transition of the Bchl-B800 is observed, indicating that most
of these molecules have left their protein-binding site (Figure
4c). This is accompanied by a small decrease in intensity of
the transition of the Bchl-B850 molecules, indicating that
most of them have not been perturbed during the pressure
cycle.

The Bchl-B800 molecules from each protein may be
selectively removed by established biochemical techniques
(14, 26). Figure 5 shows the pressure response of the B850
complex fromRps. acidophilawhen probed by absorption
spectroscopy. The transition at 850 nm of these complexes
exhibits a higher pressure sensitivity than that of the untreated
samples (Table 2). The LH2 fromRps. acidophilaunder
acidic conditions (Figure 5, inset) exhibits an intermediate
pressure sensitivity, somewhere between the native LH2 and
B850 complex, presumably resulting from the progressive
loss of most of the Bchl-B800 molecules during the pressure
cycle.

DISCUSSION

Effect of Pressure on the Quaternary Structure of LH2s.
In this work, we have studied the response of native LH2
proteins fromRps. acidophilaandRb. sphaeroidesto high
pressures. Absorption experiments suggest that no dissocia-
tion of the nonameric, annular structure of LH2 occurs
between atmospheric pressure and 0.6 GPa. Dissociation of

Table 2: Comparison of Pressure-Sensitivitiesa for the Different LH2 Proteins Investigated in This Work

protein
Bchl-800

peak
Bchl-800

hwhm
Bchl-850

peak
Bchl-850

hwhm

Rps. acidophilaLH2, pH 8.0 -194( 21 35( 26 -763( 54 213( 7
Rb. sphaeroidesLH2, pH 8.0 -197( 58 53( 84 -669( 63 294( 18
Rps. acidophilaLH2, pH 4.75 -153( 74 139( 58 -846( 64 258( 7
Rps. acidophilaB850 complex, pH 8.0 -1030( 19 259( 44
Rb. sphaeroidesB850 complex, pH 8.0 -995( 5 275( 289

a Measured in cm-1 GPa-1 Units.

FIGURE 4: Comparison of the pressure-induced spectral changes
observed in different LH2 proteins. (a)Rps. acidophilaat pH 8.0,
(b) spheroidene-containingRb. sphaeroides, pH 8.0, and (c)Rps.
acidophila, pH 4.75. In each case, the plotted spectra at 0.03 GPa
are taken at the beginning (solid line) and end (broken line) of the
cycle of high pressure (in the order of 0.03, 0.1, 0.2, 0.4, 0.6, 0.6
(delay of 90 min), 0.3, and 0.03 GPa). The insets represent the
trend in peak position and hwhm for each electronic transition. The
insets illustrate the location of peak position and the half width at
half maximum (hwhm) (calculated on the lower energy side) for
each absorption band.
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the rings should result in a net loss of at least part of the
interactions between the different Bchl-B850 molecules,
which should in turn induce a blue shift of their infrared
transition. By contrast, a continuous red shift of this transition
is observed upon pressure increase. FT-Raman experiments
provide more direct evidence that the annular structure of
the LH2 is maintained at high pressure. They show that,
during the pressure cycle, the interactions between the Bchl-
B850 and the neighboring amino acid side chains at position
R44 and R45 remain nearly unchanged. These interactions
make a link between neighboringRâ subunit in the ring,
and the dissociation of the annular structure should result in
their breakage. That an oligomeric protein does not dissociate
at pressures as high at 0.6 GPa is quite an unusual result, as
most of the multichain soluble proteins dissociate below 0.2
GPa (for a review see ref33). Experiments performed with
RC-LH1 protein complexes have led to a similar suggestion
(19). However, the latter were performed on RC-LH1
complexes in membranes, whereas these present experiments
have been performed with LH2 proteins in detergent micelles.
Moreover, the structure of the LH2 protein is very likely to
be less compact than that of RC-LH1, with a relatively much
larger surface interacting with the surrounding lipids and/or
detergent molecules (34-36). The absence of ring dissocia-
tion at high hydrostatic pressure indicates that the associated
LH2 ring represents a structure of minimal volume as
compared to the dissociated polypeptides solvated by either
the detergent or the water molecules. Dissociation of
oligomeric proteins has been attributed to negative volume
changes due to two major phenomena, electrostriction and
formation of clathrates around hydrophobic residues. Due
to the highly apolar nature of the LH2 polypeptides, and the
absence of ion pairs in the structure, electrostriction should
not contribute to the volume changes during LH2 dissocia-
tion. Formation of clathrates around hydrophobic residues
is expected to result in a negative volume change through
stronger and shorter van der Waals interactions resulting from
protein-water interaction (37). In the case of glycophorina
dimer, it was shown that the packing of the hydrophobic
side chains in the interaction surface between the membrane
helices was nearly optimal. It is thus possible that no negative
volume change can be achieved by optimizing van der Waals
interactions through the dissociation the LH2 subunits,

neither with the surrounding detergent, nor with water
molecules. It is of note that the question is still open about
the origin of the negative volume changes during soluble
protein unfolding by hydrostatic pressure. In particular,
whether solvating hydrophobic amino acids should result in
a positiVe or negatiVe volume change is still a matter of
debate (see ref38 for a review). Our present experiments,
as well as those from refs19 and39, strongly suggest that
exposure of apolar amino acid should not result in a large
negative volume change, as no unfolding of the highly
hydrophobic light-harvesting or reaction center proteins is
observed at high hydrostatic pressure.

Effects of Pressure on the Electronic Properties of LH2.
From the FT-Raman experiment, it may be concluded that
neither the conformation of the Bchl-B850, nor their interac-
tions with the surrounding protein are modified at high
pressure. The strengthening of the hydrogen bond between
the bound Bchl and Trp alpha 45 cannot, by itself, explain
the changes in the electronic absorption of the complex (40).
The changes in the position (and width) of their lower energy
absorption must thus be mostly attributed to changes in the
interactions between the Bchl-B850 molecules, arising from
very small changes in distance between the molecules and/
or changes in the extent of the overlap of their molecular
orbitals. It is of note that the extent of the variations of both
the position and the width of these transitions are different
from protein to protein. The fact that these variations are
larger in proteins devoid of Bchl-B800 may suggest that they
depend on the compressibility of the protein structure, the
latter being expected to be higher after the Bchl-B800
molecules have been removed. However, Stark measurements
have previously shown that the electronic structure (and, in
particular, the charge-transfer character) of the 850 nm Qy-
Bchl transition of LH2 varies between species (e.g.,Rps.
acidophila, Rb. sphaeroides, and Rhodospirillum molis-
chianum) (41). The different sensitivities to pressure of the
transitions at 850 nm of the different complexes likely depend
on their precise electronic structures, rather than being
directly connected to the protein compressibility. This
conclusion is also supported by the fact that there is no
obvious relationship between the extent of the red shift and
the change in width experienced by this transition upon
pressure application (Table 2).

Existence of Domains of Stability in the LH2 Structure.
Although the structure of the LH2 protein is not affected by
pressure at the level of the Bchl-B850 molecules, it is clear
that in the case of LH2 fromRb. sphaeroides, and of LH2
of Rps. acidophilaat pH 4.75, increasing pressure results in
the loss of sizable amounts of Bchl-B800. Such a Bchl
release indicates a partial opening of the binding sites of
these molecules to solvent when pressure is applied. The
binding site of these molecules is provided by the amino-
terminal part of the alpha polypeptide, which enters the
membrane between residues 1 and 6, so that the carboxy
modified RMet1 amino-terminal group of this polypeptide
coordinates their central magnesium atoms (3). The first
amino acids of the alpha polypeptide are mostly hydrophilic
(sequence Asn-Gln-Gly-Lys-Ile-Trp-Thr), while the follow-
ing ones, supposed to be membrane-embedded, are quite
hydrophobic (sequence Val-Val-Pro-Ala-Ile-Gly-Ile). It is of
note that Bchl is a quite large molecule (the diameter of the
macrocycle is about 10 Å). The release of the Bchl-B800

FIGURE 5: Pressure-induced structural changes observed in the B850
complex fromRps. acidophila. The numbers beside the plotted
spectra are the pressure values in GPa; atm is atmospheric pressure.
The inset compares the pressure sensitivity of the Qy-BchlB850
transition of the B850 complex (solid circles) with that of the LH2
at pH 4.75 (solid squares) and pH 8.00 (solid triangles).
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likely may occur as a result of a large motion (or a large
increase in flexibility) in the terminal fragment, which is, in
the native protein, interacting with the surroundingâ
polypeptides and the Bchl-B800. Such reorganization, upon
the application of pressure, must involve a negative volume
change. The pressure at which this phenomenon is observed
is, in the case of LH2 fromRps. acidophila, pH dependent.
It is thus reminiscent of what is observed with soluble
proteins, but it has an extremely limited impact on the
structure of binding site of the Bchl-B850. Recently, the
detergent envelope that surrounds the LH2 complex was
characterized (36). It covers only 30-35 Å of the protein,
which corresponds to the position of the most hydrophobic
core, a situation that is quite typical of membrane proteins
(42-44). This places the Bchl-B800 molecules (which are
nearly parallel to the in vivo lipid surface) in an environment
that is more in proximity to the solvent phase (as indirectly
evidenced by the presence of crystallographic water mol-
ecules that are near to these bacteriochlorophyll molecules).
In light of the proposed depth of the detergent sheath, the
amino-terminal end of the alpha polypeptide will be posi-
tioned between 6 and 8 Å from the in vitro detergent/solvent
(H2O) interface and therefore close to the hydrophobic/
hydrophilic interface, which may explain why this particular
membrane polypeptide segment may indeed exhibit proper-
ties very similar to those observed for soluble proteins. We
thus conclude that the structure of the LH2 is constituted of
at least two independent domains, exhibiting a different
response to application of high hydrostatic pressures. For
the same detergent/buffer/pH environment the Bchl-B800
binding site inRps. acidophilashows greater resistance to
pressure thanRb. sphaeroides(Figure 4 and Table 2),
indicating that the stability of the amino-terminal structure
of the protein is dependent on the primary structure. There
are very few significant changes between the sequences of
the alpha polypeptides of these two LH2 (only at position
11, Lys for Rb. sphaeroidesand Asn forRps. acidophila).
The differences in the beta polypeptides sequence are larger,
but their analysis does not lead to any clear hypothesis
accounting for the changes in response to pressure of these
two proteins.

Clearly, high-pressure measurements can provide new
insights for understanding the various elements that help to
stabilize LH2 (and LH1) proteins. The next step may be
achieved by comparing in detail the response to high
pressures of LH2 either isolated, or still embedded in
membranes, from genetically engineered bacteria in which
only this type of LH protein is synthesized. The study of
the stability of the LH2 within their native membrane and
isolated in detergent will be important for understanding to
which extent the small amphiphile molecules can preserve
the structure and stability of related membrane proteins
during protein solubilization, purification, and subsequent
crystallographic trials. Of obvious interest will also be the
study of genetically engineered LH2, in which alteration of
the amino acid sequence will introduce defects of compac-
ticity, to understand in detail the response of these proteins
to high hydrostatic pressures.
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