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Ultrasounds are used in many industrial, medical and research applications. Properties and function of
proteins are strongly influenced by the interaction with the ultrasonic waves and their bioactivity can
be lost because of alteration of protein structure. Surprisingly, to the best of our knowledge no study
was carried out on Integral Membrane Proteins (IMPs), which are responsible for a variety of fundamental
biological functions. In this work, the photosynthetic Reaction Center (RC) of the bacterium Rhodobacter
sphaeroides has been used as a model for the study of the ultrasound-induced IMP denaturation. Purified
RCs were suspended in i) detergent micelles, in ii) detergent-free buffer and iii) reconstituted in lipo-
somes, and then treated with ultrasound at 30W and 20 kHz at increasing times. The optical absorption
spectra showed a progressive and irreversible denaturation in all cases, resulting from the perturbation of
the protein scaffold structure, as confirmed by circular dichroism spectra that showed progressive alter-
ations of the RC secondary structure. Charge recombination kinetics were studied to assess the protein
photoactivity. The lifetime for the loss of RC photoactivity was 32 min in detergent micelles, ranged from
3.8 to 6.5 min in the different proteoliposomes formulations, and 5.5 min in detergent-free buffer. Atomic
force microscopy revealed the formation of large RC aggregates related to the sonication-induced denat-
uration, in agreement with the scattering increase observed in solution.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Ultrasonic treatments are widely utilized in research, industry
and medicine [1]. A non-exhaustive list of possible uses includes
many food processing applications (e.g. cleaning of equipment,
homogenization of milk, inactivation of microorganisms, product
modification [2–4]), pharmaceutical techniques (microencapsula-
tion procedure, liposome preparation, drug release [5–7]), biotech-
nological processes (e.g. for extracting metabolites and bioactive
compounds from plant or animal material [8,9]), and medicine
applications (such as imaging, dentistry, liposuction, tumor
ablation and kidney stone disruption [7]). Ultrasounds are also
used in the investigation of protein conformational disorders such
as Alzheimer’s and prion diseases, where proteins are altered and
misfolded to form aggregates [10,11].

Ultrasonic waves are elastic waves or stress waves with fre-
quencies higher than 20 kHz. In a medium exposed to ultrasound,
the formation of gas- or vapor-filled bubbles occurs, in a phe-
nomenon called cavitation [7]. Bubbles can continuously oscillate
in response to an oscillating pressure, with a radius that varies
about an equilibrium value (Stable cavitation) [7,12], or oscillate
with increasingly larger amplitudes until the outward expansion
exceeds a limiting value, upon which the bubbles grow suddenly
and then collapse violently (Inertial cavitation) [7,13]. The cavita-
tion events, and the collapses of the bubbles in particular, produce
shock waves, micro-streaming, and shear stresses [7,12]. Inertial
cavitation also induces the formation of free radicals via thermal
dissociation of water [14].

The interaction of the ultrasonic radiation with living material
therefore, inevitably affects the structure and properties of biomo-
lecules in a way that depend mainly on the duration and intensity
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of exposure. The damage that proteins can potentially receive from
such extreme treatments include denaturation via twomain mech-
anisms. The first one involves conformational perturbation, (e.g.
unfolding process due to the rupture of the hydrogen bonds and
Van der Waals interactions in the polypeptide chains and/or aggre-
gation via noncovalent interactions); the second one occurs
through chemical reactions (such as hydrolysis, oxidation, deami-
dation, b-elimination, etc.) [15]. In both cases sonication could
denature proteins, through the formation of liquid-gas interfaces,
local heating effects, mechanical/sheer stresses, and free radical
reactions [1,16,17]. Bioactivity is lost as a result of alteration of
protein secondary and tertiary structure [18].

Despite numerous applications of ultrasound in medical, phar-
maceutical and industrial fields, the details of ultrasound-
induced damage of proteins, and more generally of biomolecules,
remain poorly characterized owing to the potentially complex
mechanisms involved [1].

A certain number of studies on soluble proteins such as
lysozyme [1,6], trypsin [18], bovine serum albumin (BSA),
myoglobin, superoxide dismutase, Tm0979, hisactophilin [1],
b2-microglobulin [19], whey protein [20] and on enzymes of
biotechnological interest [21] was carried out. To date, to the best
of our knowledge, no study was carried out on Integral Membrane
Proteins (IMPs). This is undoubtedly due to the higher functional
and structural complexity of IMPs as compared to water-soluble
globular proteins. Moreover purified IMPs are not generally avail-
able on the market and they need to be reconstructed in a
membrane-like environment to stabilize a correct spatial structure
and to support their functional activity in solution [22]. IMPs, how-
ever, represent over 25% of the proteins encoded in the genome of
higher animals and are responsible for a variety of fundamental
biological functions [23,24]. They also play a crucial role in the cell
communication, intercellular recognition, signal transduction, cell
energetics, and transport processes through the membrane [22,24].

The purpose of the present work was to gain insight into the
effects of ultrasound on IMPs. We studied the photosynthetic Reac-
tion Center (RC) from the bacterium Rhodobacter sphaeroides as
IMP model protein. Indeed, the availability of crystallographic
structure at very high-resolution makes RC an ideal reference pro-
tein for the study of general principles of membrane protein archi-
tecture and structure-function relationships. Furthermore, in
addition to absorbance signals related to tryptophan and tyrosine,
RC features a rich electronic spectrum in the visible-NIR region due
to the presence of several cofactors that facilitate the study of the
protein. Finally, RC can be easily reconstituted in the membrane-
mimicking environments represented by liposomes. All these
features make the RC an ideal candidate to study sonication-
induced denaturation phenomena on IMPs.
2. Materials and methods

2.1. Materials

All chemicals were purchased with the highest purity available
and used without further purification. The reagent grade salts for
the 50 mM K-phosphate, 100 mM KCl (pH 7.0) buffer solutions,
sodium cholate (SC), N,N-dimethyldodecylamine-N-oxide (LDAO),
cholesterol (CH), diphosphatidylglycerol (cardiolipin, CL), and G-50
Sephadex Superfine were purchased from Sigma. Phosphatidyl-
choline (PC) was from Lipoid.
2.2. RC protein purification

RCs were isolated from Rhodobacter sphaeroides strain R-26.1
grown photoheterotrophically under anaerobic conditions as pre-
viously described [25]. Protein purity was checked using the ratio
of the absorbance at 280 and 802 nm (A280/A802), which was kept
below 1.3, and the ratio of the absorbance at 760 and 865 nm
(A760/A865), which was kept equal to or lower than 1 [26]. Protein
was stored frozen at �20 �C in the final buffer Tris-HCl 20 mM,
EDTA 1 mM, LDAO 0.025% (w/v), named TLE buffer.

2.3. RC reconstitution in liposomes

Reaction Center reconstitution in liposomes was accomplished
by the micelle-to-vesicle transition (MVT) method as previously
reported [27]. Briefly, 2.6 mg of total phospholipids were dissolved
in a chloroform solution. Such solution was carefully dried on the
walls of a conical vial under a gentle N2 stream to form an evenly
distributed film of phospholipids. A volume of 500 ll of a 4%
sodium cholate solution in K-phosphate buffer (KPi) 50 mM, KCl
100 mM, pH 7.0 was added to the film and lipids were solubilized
by 10–20 cycles one-second sonication to form a homogenous
translucent solution. The appropriate amount of RC (45 lM stock
solution) was added to this solution, vigorously shacked, stored
for 15 min at 4 �C and finally loaded onto a 15 cm Sephadex G-50
column previously equilibrated with KPi 50 mM, KCl 100 mM, pH
7.0 for the size exclusion chromatography (SEC) step. The RC-
proteoliposomes elute after the void volume of �1.5 mL in a
1 mL fraction.

2.4. Ultrasound treatment

A volume of 5 mL of micellar RC or RC-liposome suspensions, at
total protein concentration of 1 lM, was sonicated in a glass vial,
using an ultrasonic horn (3.5 mm diameter, Branson Sonifier�

250, Danbury, CT) operating at 20 kHz. The instrument, which
can deliver a maximum power of 200 W, was set to 30W in pulsed
mode and duty cycle control 40%. During ultrasound treatment, the
vial containing the sample was kept in an ice/water bath to prevent
overheating phenomena.

2.5. UV–Vis–NIR spectroscopy

Absorption measurements were performed by means of a UV/
vis/NIR Cary 5000 Spectrophotometer (Varian). Scattering contri-
bution to absorption spectra was subtracted using the software
‘‘Spekwin32” (F. Menges, Version 1.72.2, 2016, http://www.effem-
m2.de/spekwin/).

2.6. Charge recombination kinetics

Charge recombination (CR) kinetics were recorded at 865 nm
using a kinetic spectrophotometer of local design implemented
with an Hamamatsu R928 photomultiplier and an Hamamatsu
Xenon flash lamp (pulse length �100 ls) used for RC photoexcita-
tion. Data were collected onto a Digital Oscilloscope (Tektronics
TKS3200) and trace deconvolution was performed using a C-code
developed in our lab. All measurements were performed at 25 �C
unless diversely indicated. The decay traces were recorded up to
complete recovery of the photo-bleaching. The absorbance changes
were measured assuming as starting value the baseline recorded
before the flash [28].

2.7. Circular dichroism spectroscopy

Circular dichroism (CD) spectra were recorded at 25 �C using a
Jasco J-810 spectropolarimeter equipped with a Peltier thermostat.
Measurements were conducted with a 0.1 cm path length quartz
cell, a 10 nm/min scan rate and a 0.2 nm bandwidth. Spectra were
an average of 3 scans from 200 to 250 nm. The spectrum of 50 mM
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K-phosphate, 100 mM KCl (pH 7.0) buffer was used as a blank and
subtracted from the average three spectra to obtain a corrected
spectrum for each sample.
2.8. Atomic force microscopy studies

Topography Atomic Force Microscopy (AFM) measurements
were performed by means of a PSIA XE-100 SPM system operating
in tapping mode, in air and at room temperature. A silicon AFM
probe (Park Systems) with a cantilever having a force constant of
42 N m�1 and a resonance frequency of 330 kHz was used. Micro-
graphs were collected by sampling the surface at a scan rate of
1 Hz, with a resolution of 256 � 256 pixels. AFM micrographs were
processed by using the XEI software.
3. Results and discussion

The photosynthetic Reaction Center from the strain R26 of the
bacterium R. sphaeroides is a membrane-spanning protein com-
posed of three subunits named L, M, and H. The subunits L and
M are related by a 2-fold symmetry axle and contain five trans-
membrane alpha helixes each. The subunit H contains only one
Fig. 1. Crystallographic structure of the RC from R. sphaeroides strain R-26 and diagram
(orange). The H polypeptide has an extra-membrane domain, at the cytoplasmic side
Cofactors are shown as sticks, with Mg and Fe atoms as gray or black spheres, respectivel
and light-induced electron transfer reaction. Side chains have been cut for clarity. The BCh
blue, the two UQ10 are violet. All cofactors are arranged in two branches (called A and
electron transfer while dashed arrow indicates the charge recombination. (D) Energetic di
reaction. The figure was constructed using PDB file 1AIJ [30]. (For interpretation of the ref
article.)
alpha helix structurally used to lock its globular portion to the rest
of the protein. Nine cofactors are non-covalently bound to protein
scaffold: two ubiquinone-10 (UQ10), a non-heme Fe2+ ion, two bac-
teriopheophytins (BPhe) and four bacteriochlorophylls (BChl), two
of which forming a functional dimer (D) (Fig. 1 A, B). A 2-fold sym-
metry axle joining the dimer and the Fe2+ ion and coinciding with
the one of the L and M subunits, relates the cofactors, which are
arranged in two branches named A and B. Cofactors have a A or
B subscript according to the protein branch they are located. The
UQ10 molecules in the two branches are commonly named as QA

and QB.
The purified RC is surrounded by a toroid of detergent mole-

cules, typically LDAO [29], preventing its precipitation in water.
RC is the pivotal element in the photosynthetic process since its
dimer, upon photon absorption, is able to shuttle an electron
through the chain of pigments in the A branch, eventually reaching
the final acceptor QB (Fig. 1 C, D). In this way, the radiant energy
coming from the solar light is trapped in the charge-separated
state D+QB

�, and eventually transformed into useful chemical
energy.

The RC is an ideal model protein for the study of structure-
function relationships. Indeed its structure is one of the best char-
acterized among the membrane proteins, with an available resolu-
of light-induced electron transfer. (A) The three subunits L (cyan), M (green), and H
of the plasma membrane. (B) Cofactors arrangement within the protein scaffold.
y. The dotted vertical line represents the 2-fold symmetry axle. (C) Detail of cofactor
l dimer (D) is colored in red, the two monomeric BChls (B) are yellow, BPhes (U) are
B) around an axis of twofold pseudo-symmetry. Solid arrows indicate the forward
agram of the light-induced electron transfer with indication of time constant of each
erences to color in this figure legend, the reader is referred to the web version of this



Fig. 2. Upper panel: absorption spectrum of purified RC 1 lM dissolved in TLE
buffer; lower panel: light-dark spectrum obtained by cross-illuminating the RC
with an high power violet light during spectrum scan. Arrows indicate how
spectrum modifies upon denaturation.
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tion of 1.87 Å [31]. Moreover, RC features several absorption peaks
spanning the spectral range from the UV to the NIR that allow to
assess easily its integrity. In particular, the dimer absorption band
around 865 nm arises from the excitonic coupling of two closely
spaced Bchls and the position of its maximum is very sensitive to
the protein surrounding. Other phenomena related to the denatu-
ration are the loss of the central magnesium from the bacteri-
Fig. 3. Denaturation of RC in LDAO micelles (phosphate 50 mM, KCl 100 mM, LDAO 0.02
as indicated in the legend. (B) CD spectra of native RC in detergent solution (black lin
sonication time as indicated in the legend. (D) Amplitude of the CR signal immediate
monoexponential fitting of the experimental points. (For interpretation of the references
ochlorophylls, i.e. the pheophytinization of the BChls, and the
release of the bacteriochlorins from the protein scaffolding. Both
effects lead to a decrease of the 800 nm band (associated to the
BChls) and an increase of the 755 nm band (associated to the BPhs),
often associated to a blue shift when they are released from the
protein (Fig. 2, upper panel).

Under irradiation, the isolated RCs is bleached as the electron
sitting in the dimer is shuttled to the final electron acceptor form-
ing the D+QB

� state. The spectrum obtained under continuous illu-
mination differs markedly from the spectrum of the protein in
the ground state, and the changes are mainly due to the D/D+

absorption changes (Fig. 2, lower panel). This characteristic differ-
ence between dark and light spectra offers a tool to study the
protein photoactivity. Indeed, the charge-separated state can be
also generated by a short and saturating light pulse, which pro-
motes the protein in the D+QB

� state. Immediately after the light
pulse the charge-separated state recombines toward the ground
state with an exponential kinetic that can be easily followed at
any of the wavelengths of Fig. 2 (lower panel), including 865 nm,
where the difference is maximum. In particular, the bleaching of
the signal is proportional to the fraction of photoactive RC, as
depicted in Fig. 3, lower panels.

The sonication-induced denaturation of RC have been studied in
different environments: the LDAO micellar system; the liposome
system (with three different lipid compositions), i.e. where the
protein is routinely reconstituted to mimic the natural membrane;
finally in a detergent-free buffer, in order to assess the surface-
active molecule role in the ultrasound-protein interaction. All
chemical compositions of the solubilizing solution tested, along
with the characteristic protein denaturation time are listed in
Table 1.
5%, pH 7.5). (A) Optical absorption spectra recorded after increasing sonication time
e) and after 60 min sonication (red line). (C) CR traces recorded after increasing
ly after flash excitation as a function of sonication time. The line represents the
to color in this figure legend, the reader is referred to the web version of this article.)



Table 1
summary of RC denaturation rate in different environments.

Sample Detergent Lipid(s)
(Molar ratio)

Lifetime
(min)

RC-micelles LDAO / 32 ± 4
RC-liposomes / PC 3.8 ± 1.0
RC-liposomes / PC:CL 4:1 6.5 ± 0.5
RC-liposomes / PC:CH 4:1 6.5 ± 0.5
Surfactant free RC-suspension / / 5.5 ± 1.5
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3.1. Sonication of RC in LDAO micelles

A homogeneous solution of RC 1 lM in phosphate buffer pH 7.5
containing KCl 100 mM and LDAO 0.025% w/v (equal to its critical
micellar concentration CMC) was subjected to cycles of sonication
performed at 30 W constant power in pulsed modality as described
in Section 2.4. Sample was kept in a water/ice bath to prevent over-
heating of the solution during sonication. Optical spectra of the
protein rerecorded at regular time intervals (Fig. 3 A) show
the modification of the chlorin pigments within the protein and
are possibly associated to modification of the tertiary structure of
the protein.

The absorption spectra of the RC is dramatically affected by son-
ication in its NIR region, while the effects are mitigate at lower
wavelengths. In Fig. 3 A the peaks associated with the dimer D
and the monomeric bacteriochlorophylls, at 865 and 800 nm
respectively, lower their intensity during sonication while the peak
at 755 nm, associated to bacteriopheophytin, increases its intensity
and undergoes to a hypsochromic shift during the treatment. The
Fig. 4. Denaturation of 1 lM RC in POPC liposomes in phosphate 50 mM, KCl 100 mM,
indicated in the legend. Inset: NIR spectral region after subtracting the scattering contrib
sonication (red line). (C) CR traces recorded after increasing sonication time as indicated
function of sonication time. The line represents the monoexponential fitting of the experi
reader is referred to the web version of this article.)
loss of the central magnesium ion of the bacteriochlorophylls,
which appears to be the most prominent sonication result on the
pigments, induces the disassembly of the dimer – with the conse-
quent loss of activity – and the overall increase in the BPhs content.
The hypsochromic shift appears instead to be more closely related
to the loss of the protein tertiary structure. Indeed, the release of
the pigment toward the water bulk solution can take place only
if the interaction between BPhs and the aminoacids is broken by
sonication. Notwithstanding the fact that BPh is virtually insoluble
in water, the presence of LDAO in solution probably plays a rele-
vant role in stabilizing the pigment in an aqueous environment.
These changes also reflect the blue-shift in the maximum of the
smaller peak at 605 nm. It is noteworthy the absence of scattering
increase in the optical spectra during sonication, which suggests
that during the exposure to ultrasound, the proteins do not aggre-
gates in the presence of the detergent LDAO.

The ultrasound-induced denaturation results irreversible as the
spectra of the protein solution collected immediately after sonica-
tion was identical to the spectrum recorded after 24 h of storage at
5 �C (data not shown). A similar behavior was also found for RC
denatured by thermal treatment [32], indicating that the loss of
protein scaffold integrity has the same effect in both cases.

Circular dichroism (CD) spectra give complementary informa-
tion to the optical spectra since they are related to the secondary
structure of the proteins. RC has a well-known composition, featur-
ing 54% a-helix, 11% b-sheet and 35% random coil and the relative
amounts are expected to change upon denaturation [33]. Fig. 3 B
shows the CD spectra of RC in LDAO micelles before and after
the sonication experiment. The curve of RC in the native state
(black line) agreed with the results previously obtained in similar
pH 7.5. (A) Optical absorption spectra recorded after increasing sonication time as
ution. (B) CD spectra of native RC in detergent solution (black line) and after 25 min
in the legend. (D) Amplitude of the CR signal immediately after flash excitation as a
mental points. (For interpretation of the references to color in this figure legend, the
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conditions [34], while the curve of the 60 min sonicated sample
(red line) indicates that the secondary structure of the protein is
lost, similarly to what found for the thermal denaturation [33].
This result is in agreement with the optical spectra, since the pig-
ments are embedded within the transmembrane helices of the pro-
tein, and the loss of the tertiary and, even more, the secondary
structure features are responsible for the release of the pigments
outside the protein.

Photochemical activity was finally determined by recording the
flash-induced absorption changes at 865 nm that reflect the forma-
tion of the charge-separated state DQ?D+Q� and its subsequent CR
kinetics (see Section 3). The decreasing amplitude of these signals
is related to the loss of photochemical activity, i.e. due to the
decrease of the proteins fraction capable to generate the charge-
separated state. The charge recombination kinetics of RC recorded
at increasing sonication time are shown in Fig. 3 C, while in Fig. 3 D
the amplitude of the signal immediately after the flash pulse is pre-
sented as function of sonication time. The experimental points
were fitted to a monoexponential function and a lifetime for the
photoactivity loss of 32 ± 4 min was obtained.
3.2. Sonication of RC reconstituted in proteoliposomes

RCs were reconstituted in membrane-mimicking lipid vesicles
by the MVT method, a very efficient technique to prepare
phospholipid-based proteoliposomes. The lipid-to-protein molar
ratio was kept constant to 1000:1, while the lipid formulation
was varied: i) pure phosphatidylcholine (PC), ii) PC/cardiolipin
(CL) 4:1 and iii) PC/cholesterol (CH) 4:1 mixtures were respectively
prepared. The proteoliposomes suspensions were then sonicated
Fig. 5. Denaturation of RC in detergent-free buffer (phosphate 50 mM, KCl 100 mM, p
indicated in the legend. Inset: NIR spectral region after subtracting the scattering cont
25 min sonication (red line). (C) CR traces recorded after increasing sonication time a
excitation as a function of sonication time. The line represents the monoexponential fitt
figure legend, the reader is referred to the web version of this article.)
and analyzed in a similar way to the RC in LDAO micelles
(Section 3.1).

For RC reconstituted in proteoliposomes of pure PC we observed
a progressive denaturation and loss of photoactivity with the
increase in sonication time (Fig. 4 A and C) like the case of the
RC in LDAO micelles. Remarkably, the denaturation lifetime of RC
in PC liposomes (Fig. 4 D) was 3.8 ± 1.0 min, roughly ten-time fas-
ter than in LDAO micelles. Furthermore, the absorption spectra in
Fig. 4 A show a significant increase of the solution scattering which
indicates protein aggregation as previously found for the case of
thermal denaturation [34]. CD spectra (Fig. 4 B) show that the sec-
ondary structure of the native protein is very similar in liposomes
and in LDAO micelles, while after the sonication the spectra
become quite different suggesting that the denaturation pro-
gresses toward different final states in the two environments.

At first sight, the experimental evidence that the RC denatura-
tion is much faster in liposomes rather than in detergent can
appear surprising. In fact, the liposomes are small, vesicular lipid
membranes mimicking properties and functions of native cell
membranes and therefore one might expect a greater resistance
of RC embedded in vesicles during sonication. Several hypotheses
can be proposed to justify this outcome. The first one stems from
the consideration that when sonication occurs in a solution of
surface-active molecules, cavitation process is inevitably affected.
Surfactant molecules indeed, accumulate at the gas/liquid interface
of the cavitating bubble, thus reducing the surface tension. Conse-
quently an enhanced formation rate of the bubbles occurs. On the
other hand, surfactants at the water/gas interface bring about to a
decayed bubble fusion rate, thus inducing a smaller size of cavitat-
ing bubbles [7,35–38]. Then, in the presence of surfactants, the
H 7.5). (A) Optical absorption spectra recorded after increasing sonication time as
ribution. (B) CD spectra of native RC in detergent-free buffer (black line) and after
s indicated in the legend. (D) Amplitude of the CR signal immediately after flash
ing of the experimental points. (For interpretation of the references to color in this
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cavitation effects are less marked, and the interaction with living
matter less effective. Also lipids are surfactant molecules to a cer-
tain extent, but the critical aggregation concentration (CAC) in
water is about 1–2 mM for LDAO [39] and about 4–5 lM for PC
[40]. Therefore, at or above the CAC, the number of monomers of
PC in solution is negligible [41], as well as the effect on the surface
tension of the water. This could cause a lower efficacy of cavitation
in LDAO compared to PC solutions. Furthermore, during the exper-
iments conducted in solution of LDAO, the sonicator horn was sur-
rounded by a stable layer of foam that definitely has restricted the
effective transmission of ultrasound to the bulk of the solution
[42]. In addition to these effects, the ultrasound-generated free
radicals in phosphatidylcholine liposomes should be considered
[43]. Indeed, oxygen radicals and some lipid peroxidation products,
derived from the unsaturated fatty acid chains of lipids exposed to
ultrasound, could significantly contribute to the RC injury when
embedded in proteoliposomes. Obviously, these and other phe-
nomena can synergistically act on the RC denaturation process in
liposomes, and further studies are needed to determine in detail
their mechanism of action and effectiveness.

In the case of RC reconstituted in the mixtures PC:CL 4:1 and in
PC:CH 4:1 the optical absorption and CD spectral variations closely
resemble those obtained in the case of PC alone and hence not
shown. However, the lifetime for the loss of photoactivity was
6.5 ± 0.5 min for both the proteoliposomes, almost twice as much
as measured in vesicles made only of PC. CL, or bisphosphatidyl-
glycerol, is an acidic phospholipid known to establish strong inter-
actions with the RC of photosynthetic bacteria, influencing the
protein structure and function, and affecting RC thermal stability
and photodegradation or photooxidation damage, as previously
reported for R. sphaeroides by Jones et al. [44] and De Leo et al.
[45]. On the other hand CH is a lipid constituent of biological mem-
branes with the ability to modulate some membrane properties
such as fluidity and permeability. In particular, CH reduces mem-
brane fluidity above the phase transition temperature, with a cor-
responding reduction in permeability to aqueous solutions, and
increases the fluidity of membranes below the phase transition
temperature [32]. Moreover, CH can intercalate among the con-
stituents of the bilayer and then can fill in the gaps among lipid
molecules and integral proteins embedded in the membrane.
Fig. 6. Denaturation of RC in detergent-free buffer. Height AFM micrographs and corr
sonication experiment (30 min). Scan size is 15 lm � 15 lm.
Therefore, both CL and CH could stabilize RC structurally, some-
what mitigating the effects of sonication and slowing down the
denaturation process.
3.3. Sonication of RC in surfactant free buffer

A final set of measurements was carried out with RC 1 lM in
phosphate 50 mM, KCl 100 mM pH 7.5. In this detergent-free buf-
fer, the only detergent present in the system is the residual LDAO
coming from the RC stock solution, i.e. about 0.001%. Analyzing
the absorption spectra and the kinetics of charge recombination
realized in function of the sonication time (Fig. 5 A and C) we note
a similarity of results with denaturation experiments conducted in
liposomes. The denaturing lifetime obtained from CR kinetics was
found to be 5.5 ± 1.5 min (Fig. 5 D), similar to that obtained in the
proteoliposomes.

An increase of the solution scattering is also observed during
the denaturation experiments, making the behavior of this sample
similar to that of proteoliposomes and different to that one of RC in
LDAO micelles. CD spectra (Fig. 5 B) show, also in this case, that the
secondary structure is heavily perturbed at the end of the sonica-
tion process.

Another interesting feature in this experiment is that even after
60 min sonication time, about 50% of the protein remains photoac-
tive, possibly indicating that the aggregation induced by sonication
protects the RC from further denaturation (see Section 3.4).
3.4. Ultrasound induced RC aggregation

The turbidity increase in sonicated solution of RC in proteolipo-
somes and detergent-free buffer probably originates from two
different phenomena. In the case of the phospholipid vesicles we
can expect that sonication pours energy on the lipid system and
that most of the scattering recorded in the UV region may arise
from the reorganization of vesicles. In the case of detergent-free
buffer, the aggregation is a direct consequence of the highly
hydrophobic nature of the LM subunits which, to minimize the
interaction with water, tend to self-organize in large aggregates
[46]. On the contrary, when the RC is embedded in LDAO micelles
esponding height profiles of RC deposited onto mica, before (A) and after (B) the
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no turbidity increase was observed, differently fromwhat observed
for thermal induced denaturation in similar conditions [34].

Atomic force microscopy characterization of protein aggrega-
tion phenomena induced by the sonication was carried out on ali-
quots of the same RC sample deposited onto mica before and after
(Fig. 6 A and B respectively) the sonication treatment in detergent-
free buffer. The two conditions show dramatic morphological dif-
ferences. In particular solutions unexposed to sonication show
numerous and spread objects, with the majority of them having
a height profile ranging between 10 and 30 nm, indicating the
presence of small but numerous entities. Conversely, in sonicated
RC, fewer objects are visible having heights of about 100 nm
revealing the formation of large aggregates induced by the sonica-
tion, in agreement with the scattering increase already observed in
solution. Since about 50% of the RC remains photoactive when son-
icated in detergent-free buffer even after long treatment times
(Section 3.3), we hypothesize the existence of unperturbed pro-
teins within the core of these aggregates, probably shielded by
the surrounding proteinaceous material.
4. Conclusions

The experimental evidences gathered in this work strongly indi-
cate that integral membrane proteins denature and suffer a signif-
icant extent of activity loss under ultrasound treatment.

The photosynthetic RC, a photochemically active membrane
protein used as integral membrane protein model, during sonica-
tion loses its ability to absorb and convert light energy in a
charge-separated state. Such loss takes place with different magni-
tudes depending on the medium in which the protein is dispersed.
Denaturation occurs much faster when the RC is solubilized in
membrane-mimicking proteoliposomes than in detergent micelles.
Such finding can be rationalized based on the cavitation effects,
which seem less effective in the presence of LDAO detergent with
respect to lipids, and on the formation of lipid peroxidation prod-
ucts in proteoliposomes.

Interestingly enough, detergent-free RCs tend to form large
aggregates during sonication, probably resulting in a protecting
structure from further denaturation.
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