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Abstract: Extracellular vesicles (EVs) are currently in the scientific
focus having a great potential to revolutionize the diagnosis and
therapy of various diseases. However, numerous aspects of these
species are still poorly understood, thus additional insight to
molecular level properties, membrane-protein interactions, or
membrane rigidity is still needed. We here demonstrate using red
blood cell derived EVs (REVs) that polarized light spectroscopy
techniques, linear and circular dichroism, can provide molecular
level structural information on these systems. Flow-linear dichroism
(flow-LD) measurements show that EVs can be oriented by shear
force, and indicate that hemoglobin molecules are associated to the
lipid bilayer in freshly released REVs. During storage this interaction
ceases coupled to major protein conformational changes relative to
the initial state. Further on, the degree of orientation gives insight to
vesicle rigidity, which decreases in time parallel to changes in
protein conformation. In overall, we propose that both LD and
circular dichroism (CD) spectra provide simple, rapid, yet efficient
ways to track changes in membrane-protein interactions of EV
components at the molecular level which may also give insight to
processes occurring during vesiculation.

Exosomes, microvesicles and other cell-derived vesicles,
commonly called extracellular vesicles (EVs), are currently the
subject of intensive investigation regarding their structure and
composition.! These biological nanoparticles are released by
cells into the extracellular space, filled with biomolecules that
may be characteristic to the particular cells producing them.?
EVs have emerged as important mediators of intercellular
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communication and may provide information for early diagnosis
and treatment of various diseases.** However, investigation of
EVs is challenging due to their heterogenity in size and
composition."® " The widely used techniques for EV
characterization western blotting, nanoparticle tracking analysis
(NTA)®, electron microscopy (EM)?, dynamic light scattering
(OLS)™ flow-cytometry™®*!, protein assays*? and others!*®
give vital insight to these species. However, the biophysical
characterization of EVs at the molecular level is lagging behind
their widespread investigation in biology and medical fields.
Consequently additional techniques that could rapidly provide
further structural information on these systems are highly
desirable.*® In this respect, we have recently demonstrated that
Attenuated  total  reflection  Fourier-transform  infrared
spectroscopy (ATR-FTIR) is a fast and reliable method, which
can provide insight to compositional changes of EV
subpopulations without complicated sample preparations.*” To
progress further towards rapid investigation of EVs at the
molecular level, here we employed polarized light spectroscopy
techniques, namely linear dichroism (LD) and also circular
dichroism (CD), that are commonly applied for model membrane
systems but their use in EV research is scarce. As a test system,
red blood cell derived EVs (REVs) were selected. Erythrocytes
are ideal to produce a large amount of EVs with single cell origin,
thus being relatively uniform with a  well-defined
composition.’®*®  Furthermore, besides phospholipids and
membrane proteins, such as band 3"%, one of its major
component is hemoglobin®®®, which is advantageous as the
heme group has absorption peaks also at higher wavelengths
separate from typical protein signals in the 190-280 nm
region.?*%%

LD is a spectroscopic technique that can be used with systems
that are either intrinsically oriented, or can be oriented by
external forces. Coupled to a Couette flow cell, a generated
shear force is capable to distort solution phase vesicles from a
spherical to a more ellipsoid shape, which renders them
oriented.?*% As a consequence, LD can give information about
membrane insertion, orientation angles, and structure of
associated molecules.”?”? LD is defined as the difference in
absorption of the light polarized parallel and perpendicular
relative to the main orientation axis:

LD=A”-AL (1)

The LD signal is related to absorbance intensity, namely the
oscillator strength and the polarization of the particular transition
relative to the macroscopic axis of orientation. When combined
with absorbance measurements, LD can differentiate between
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the transition dipole moments (TDM) which contribute to the
same UV-Vis absorption peak but have a different orientation.
This results also in increased sensitivity to spectral shifts arising
from changes in the local environment. These features can give
additional insight to e.g. protein structure using the aromatic
chromophore of tyrosine or tryptophan 3% or by exploiting
spectral contribution of exotic chromophores as the heme group
in the case of membrane associated cytochrome C.E®

In the Couette flow cell used in this study, the orientation axis is
determined by the shear force generated during the rotation of
the inner cylinder (Figure 1A). It was shown earlier that spherical
liposomes subject to shear force undergo a reversible
deformation.?”?® This way the macroscopic system, i.e. the
vesicle, will be oriented and the relative orientation of
compounds associated to it can be determined.

The degree of macroscopic orientation can be derived from the
orientation of membrane probes inserted into or associated to
the lipid bilayer and possessing TDMs with well-defined
directions. For a particular TDM of a membrane probe oriented
in the lipid bilayer equation (2)?® provides the macroscopic
orientation factor, S.

LU %S(l — 3cos?a) (2)

iso

LD" =

where LD' is the reduced LD signal, A, is the isotropic
absorption and o is the angle of the TDM relative to the
membrane normal. In typical LD measurements of membrane
systems, S, is obtained by probes such as retinoic acid (RetA),
curcumin, or pyrene (Py) molecules, which are either inserted or
closely associated to the lipid bilayer.”® RetA and curcumin are
assumed to have, respectively, an a.= 0° or 90° relative to the
membrane normal. Py, on the other hand, is useful, as it has a
high affinity to insert into lipid bilayers and also having
perpendicular transitions where its long axis TDM,
corresponding to the ~339 nm peak sits preferentially parallel,
while its short axis TDM at ~272 nm aligns preferentially
perpendicular to the membrane normal.?*?7 For flow-LD
measurements typically 100 nm size liposomes are used where
the S values are in the range of 0.033 — 0.1. ¥5%]

As a closely related, widespread technique, CD spectroscopy is
often used to study structural properties of membrane-
associated proteins. The far-UV CD signals recorded below 250
nm originate from the peptide n-n"and n—rn" transitions and
represent the chiroptical contribution of various secondary
structural elements such as a-helix, B-sheet and turns.

For the present investigations, REVs were obtained via
centrifugation procedures and were purified on a Sepharose CL-
2B column. Dynamic light scattering (DLS) and freeze-fracture
transmission electron microscopy (FF-TEM) measurements
indicated that the REVs have spherical morphology with a mean
diameter of approximately 200 nm. (SFigure 1 and SFigure 2 in
Supplementary Information). To address the applicability of the
above techniques in following molecular level structural changes
in EVs, a simple method was chosen, i.e. by tracking time
dependent changes of REVs after 2, 5, 8, 15 and 28 days (2d,
5d, 8d, 15d, 28d respectively) (More details in Experimental
Section and Supplementary Information).
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To compare the results obtained for EVs with a more
standardized reference system, DOPC (1,2-dioleoyl-sn-glycero-
3-phosphocholine) large unilammellar vesicles (LUVs) with a
similar ~200 nm size were prepared. DOPC LUVs were used as
simple vesicle model and subjected to LD measurements using
both RetA and Py as membrane probes. Further on, for a more
complex reference system, DOPC liposomes were also
prepared in the presence of hemoglobin, as well as hemoglobin
plus Py and the corresponding samples were measured by LD
(SFigure 3, SFigure 4).

Interestingly, LD spectra of freshly made, 0d, samples display a
positive peak at 421nm, which coincides with the Soret band of
heme proteins (Figure 1B).*® Since RBCs do not have
mitochondria, heme-containing membrane associated proteins,
such as cytochrome C and cytochrome C oxidase, will not be
present. Consequently, this LD band stems from hemoglobin.
This strongly suggests that hemoglobin molecules are somehow
oriented, most probably associated to the lipid bilayer.
Measurements were repeated several times on each sample,
where the LD signal was always zero for a non-oriented system
because free hemoglobin has no contribution (SFigure 4). The
employed samples were also subject to DLS measurements
which did not show major differences before and after LD
measurements confirming that vesicle deformation was
reversible during rotation in the Couette flow-cell (Data not
shown).To address further, whether similar phenomena may
somehow be due to the employed shear conditions, the same
LD measurements were performed on 200 nm size DOPC
liposome with hemoglobin molecules present in the samples, but
these resulted in no LD signal arising from the protein (SFigure
4).

Further information may be gained by considering LD results
together with absorbance measurements. According to eq. 1,
the LD signal can arise only from oriented compounds; therefore
the Soret region in LD shows the subpopulation of the
hemoglobin molecules associated to the membrane. Using
standard UV-Vis spectroscopy one may obtain spectral
properties for the all hemoglobin molecules present in the
solution. The 0d samples exhibit a maximal absorbance (Amax) at
415 nm in the absorption spectrum (Figure 1B), which
corresponds very well to the value of oxygen bound hemoglobin
(415 nm)P®!. Note, that deoxy hemoglobin exhibits absorbance at
a higher wavelength (430 nm), whereas methemoglobin shows
an absorbance at a lower wavelength, at 405nm.” To address
the LD band at 421 nm in further detail, we employed Gaussian-
function-based deconvolution for the corresponding peak
(SFigure 5). The best fit was achieved by using three
components, where presence of one at 412 nm, and another at
429 nm can be confirmed. This indicates that the REV lipid
bilayer associated hemoglobins may be contain both oxy- and
deoxy hemoglobins.
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Figure 1. Polarized light spectroscopy of EVs. A. Schematic description of
shear deformed vesicles in a Couette flow cell. The orientation axis coincides
with the direction of rotation, marked by a solid black arrow (TOP). Pyrene
molecules inserted into the lipid bilayer are depicted as small red rhombuses.

The orthogonal directions of TDMs in Py are shown as dotted lines (BOTTOM).

B: LD (TOP) and absorption spectra (BOTTOM) of REVs including Py as
obtained for samples 0d (black) and 28d (red). Spectra were recorded using a
shear force of 2270 s™. C: Far-UV CD curves of 0d (black) and 28d (red)
samples. The CD spectrum of 3.4 uM human hemoglobin (blue) dissolved in
10 mM potassium phosphate buffer at pH 7.3 is also shown (100 mM NacCl,
25°C).

To address the state of hemoglobin in fresh REVs further, 0d
samples were subject to CD measurements as well (Figure 1C).
The far-UV CD curve of the 0d sample exhibits a strong, broad
negative band of n-7* origin centered at 225 nm, and a much
weaker, unresolved n—r* exciton CD component at about 208
nm. In contrast, free hemoglobin dissolved in buffer solution
exhibits a typical o-helical CD pattern **“% where the peak
amplitudes above 200 nm are approximately equal. Therefore,
the ellipticity features of Od REVs suggest the significant
contribution of additional structural elements such as B-sheet
and/or various turn components. This at first indicates that the
sample contains several proteins other than hemoglobin, which
is in agreement with the membrane protein speckles observed
on the TEM images (SFigure 1).

As a further step on evaluating applicability of polarized light
spectroscopy on REVSs, stored samples were investigated for up
to 28 days of storage. When comparing the two endpoints, 0d
and 28d samples, several significant changes could be
observed in LD, CD as well as in UV-Vis spectra (Figure 1B and
1C). For LD, the most prominent change was the disappearance
of the 421 nm band, demonstrating that hemoglobin is detached
from the membrane. This can be also followed on 2d, 5d, and
8d samples, as a gradual decrease of the 421 nm band (Figure
2B). The LD results show that by day 8 the hemoglobin —
membrane interaction is not detectable.

In comparison, intensity of the Soret band does not change
significantly in the UV-Vis spectrum (Figure 1B), however it
shows a shift from from 415 nm to ~405 nm, indicating that most
hemoglobin is converted into air-oxidized methemoglobin.?"
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Simultaneously to the above observations, some CD spectral
changes also occur from 0d —> 28d samples: the zero cross-
over point of the CD curve is blue shifted from 209 to 203 nm
which coincides with the same point of free hemoglobin.
Additionally, the relative band intensities as well as the shape of
the spectrum above 200 nm become very similar to that of
hemoglobin (Figure 1C). To support secondary changes
observed by CD, FTIR spectra of 0d, 28d and free hemoglobin
were also collected indicating very similar changes as seen for
CD (See SFigure 6 and STable 2 as well as the text in Sl).
Similarly, the changes of the CD spectra towards that observed
for 28d can also be seen on the 0d to 8d samples (Figure 2A).
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Figure 2. A: CD spectroscopic changes of REV samples. For comparison, the
CD spectrum of 3.4 uM human hemoglobin is displayed (10 mM potassium
phosphate buffer at pH 7.3, 100 mM Nacl, 25 °C). B: LD signal changes at the
Soret band of REV samples. Color code is equivalent to those applied on
panel A.

Besides membrane associated complexes, a potentially
important feature of vesicles is their rigidity, which can be a
characteristic value representing lipid composition as well as the
presence of cytoskeletal or other protein components altering
bilayer flexibility.*"! This parameter is coupled to the extent of
vesicle deformation during external mechanical stress, which is
directly described by the S factor, introduced earlier.

Note that vesicle deformation will primarily depend on vesicle
size and on the composition of the bilayer. As a reference, we
initially determined orientation factors of DOPC LUVs with 200
nm diameter (SFigure 3). Since these match the average
diameter of REVs studied here, comparison of the orientation
factor of DOPC with REVs can help to see how the REV
membrane composition affects vesicle rigidity. To establish a
more confirmed macroscopic orientation factor, both RetA and
Py were employed, with insertion angle of Py determined from
two different sources, resulting 42.6° and 46.5° as detailed in the
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Experimental Section. The S factor for 200 nm DOPC vesicles
was 0.04 using eq. 2. (Table 1). For 0d samples S = 0.007 -
0.011, which is below that of DOPC liposomes, while for 28d
samples it increased significantly to 0.045 - 0.067. This is also
apparent from visual comparison of the 0d and 28d normalized
LD signals of Py which is much higher for the latter (Figure 1B).
Based on these, we conclude that freshly made REVs are rather
rigid, several times less deformable than a similar size LUV
composed of DOPC. In contrast, parallel to the dissociation of
hemoglobin-membrane complexes, 28d samples are in the
range of the reference vesicles, suggesting that their membrane
composition or certain initially present membrane associations
have changed compared to fresh samples.

Table 1. Orientation factors obtained for different REV samples and for the
reference 200 nm DOPC LUV samples using pyrene (Py) and retinoic acid
(RetA) as membrane probes.

Probe Sample S

Py od 0.007 —0.011*
RetA od n.d.

Py 28d 0.067°
RetA 28d 0.045
RetA LUV 0.04

a: Insertion angle of Py relative to the membrane normal was determined
using S derived from RetA insertion both for 200 nm DOPC vesicles (46.5°)
and for the 28d REV samples (42.6°).

Based on the above results, we conclude that in freshly
prepared REVs a significant fraction of hemoglobin molecules is
associated to the lipid bilayer. This initial state is described by
the secondary structure of the proteins present producing the
ellipticity profile with significant B-sheet content recorded for the
0d sample. In time, however, hemoglobin dissociates from the
membrane and the CD spectra will be very similar to that of pure
hemoglobin, in its native, principally o-helical conformation. The
relative increase of a-helical content over (B-sheet is also
confrmed by the ATR-FTIR spectra (SFigure 6). This
presumption is in a full agreement with the concomitant, time-
dependent decline of the Soret LD signal (Figure 2B).
Hemoglobin molecules detached from the membrane can no
longer be oriented and therefore give rise to no LD contribution.
In line with these, hemoglobin molecules are known to interact
with the anion exchanger membrane protein band 3 during
ageing of RBCs."*?*%? Association processes of oxidized and
inactive hemoglobin, methemoglobin, are known to induce
vesiculation and REV. expression.”***¥! Presence of membrane
proteins in the samples is also supported by the recorded TEM
images (SFigure 1). Membrane bound hemoglobin molecules
were observed earlier for various lipid compositions, as well as
for red blood  cells.®** |t was even suggested that
hemoglobin may dissociate from its tetramer form and rather
dimer subunits could associate = with membranes.! "¢
Considering relative orientation of the membrane bound
hemoglobin molecules, the LD signal observed at 421 nm can
be of interest. The binding geometry of cytochrome ¢ has been
recently accurately determined for several lipid compositions
employing CD and LD spectroscopy using the LD signals of the
heme group.®® Although the in depth analysis of binding
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geometry is beyond the scope of the present study, qualitative
conclusions can be reached. Accordingly, two important
observations can be made regarding the shape of the Soret
signal in LD: 1. The Soret band is positive; 2. There is no
bisignate characteristic of the band. Considering that heme has
two orthogonal TDMs, with identical oscillator strength, this
strongly suggests that both of them should be aligned
preferentially parallel to the surface of the membrane (Figure 3).
Otherwise a negative contribution arising from one of these
TDMs should result a split LD signal with a small negative peak
coupled to the major positive one.® However, inspection of the
crystal structure of hemoglobin shows that the planes of the
heme groups are either nearly parallel or can have an angle of
~50 - 60°.°% Based on this it is unlikely that the tetramer form in
its original structure can associate with the membrane in such
an orientation where all the heme TDMs have a low angle
somewhere in the range of 0 - 35° compared to the membrane
surface, as suggested by LD (Figure 3). The higher sheet
content of the CD spectra, slowly converting back to more
helical curves resembling to that of free hemoglobin, further
suggests that initially in 0d samples membrane bound
hemoglobins are in an alternate conformation, potentially in
subunits of the original tetramer.

Figure 3. Schematic description on the possible orientation range of the heme
groups relative to the lipid bilayer.

As the studied REVs are products of the vesiculation
process present in RBCs, by assuming that some of the
changes observed above are reversible, these can also be
relevant for better understanding how RBC vesiculation occur at
the molecular level. A probable scenario is that the formation of
hemoglobin — membrane complexes results in more rigid bilayer
regions accompanied with major protein conformational changes,
leading to a higher local B-sheet content. The vesicles
expressed at this point are most likely rather similar to 0Od
samples.

Although, precise techniques such as MAS (Magic-angle
spinning) NMRE%? and cryo-electron microscopy®®>® can be
used to provide even atomic level details, determining also the
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orientation of molecules with respect to EV membranes, these
require complex sample preparation procedures and significant
measurement efforts, such as frozen samples and highly
sophisticated data processing. In contrast, flow-LD combined
with CD represents a fast and efficient approach, which offers
insight into secondary structure and relative orientation of
membrane associated biomolecules with measurement times
lower than 5 minutes.®**® Considering that the investigation
occurs in solution phase, the technique also provides
opportunity for kinetic analysis and tracking time dependent
changes among which the latter was demonstrated here.

The application of polarized light spectroscopy on EVs is an
exciting new direction with the potential of giving a wealth of
information including changes in lipid bilayer composition and
macromolecular structure. Data reveal that EVs can be
reversibly oriented in shear flow, but are more rigid than similar
size model DOPC liposomes. This indicates that the original lipid
composition and membrane related biomacromolecule
associations have a significant effect on membrane flexibility, a
parameter directly reflected by the determined orientation factor.
Here, using the simple scenario of sample storage, we
demonstrated  that, similary to  force  microscopy
measurements'“, flow-LD could offer direct insight to vesicle
rigidity and its changes via the orientation factor on a statistical
basis. Further on, in case of REVs the contribution of the Soret
band to the LD signal gives new insight into the orientation and
distribution of hemoglobin relative to the phospholipid bilayer.
Our findings confirm the existence of membrane bound
hemoglobin in REVs, which gradually detaches with storage
time. Further development in purification protocols, identification
of membrane probes more suitable for biomembranes,
development of strategies reducing light scattering and thus
enabling quantitative assessment of protein secondary structure
are ways that are hoped to further increase future applicability of
polarized light spectroscopy technigues on EVs.

Experimental Section

REV isolation from human blood erythrocytes The use of human
blood samples was approved by the Scientific Ethics Committee of the
Hungarian Health Scientific Council (ETT TUKEB 6449-2/2015). Red
blood cells were isolated from the blood of healthy volunteers, collected
at the Central Laboratory of the National Institute of Rheumatology and
Physiotherapy, Budapest, Hungary. To obtain EVs from human red blood
cells (RBCs), 15 mL blood was collected from healthy adult donors in tri-
potassium ethylenediaminetetraacetic acid containing tubes (K3EDTA,
VWR Hungary). Briefly, the erythrocytes were isolated via centrifugation
at 2500 g for 15 min at 4 °C (Nuve NF 800R, swing out rotor). RBCs
were washed with physiological salt solution until the platelets and the
buffy coat was completely removed. Buffy coat free erythrocytes were
suspended in PBS, and were kept at 4 °C for vesicle production. After 7
days the erythrocyte suspension was used for REV isolation. The cells
and the cellular debris were removed by two centrifugation steps at 2500
g and 3000 g for 15 min at room temperature. The supernatant
containing erythrocyte EV was collected and further ultracentrifugated at
138000 g for 60 min at 4 °C (Thermo Sorwall WX Ultra centrifuge, T-
1270 fixed angle rotor). The REV pellets were suspended in PBS, and
stored at 4 °C until further use.

For spectroscopic experiments, the REV samples were purified from
contaminants, i.e. soluble proteins and protein aggregates, on a
Sepharose CL-2B column to perform size-exclusion chromatography
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(SEC) according to a modified protocol published by Béing et al.®¥ The
column with a diameter of 1.6 cm, height of 5.3 cm and total volume of
10.6 mL was washed 4 times with PBS buffer and then was loaded with
platelet-free supernatant of erythrocyte (2.5 mL), followed by elution with
PBS. After the sample passed the filter top, buffer was added. The first
2.5 mL of eluate was discarded and the next 2 mL eluate which
contained REV was collected in 2 fractions of 1 mL.

DOPC liposome as reference material DOPC liposome were prepared
by using the lipid thin film hydration technique at a lipid concentration of
1.3 mM. The lipid was dissolved in chloroform containing 50 vol%
methanol, which was then evaporated. The resulting lipid film was kept in
vacuum for 8 hours to remove the residual traces of solvent. The dried
lipid film was hydrated with PBS buffer. To achieve homogenous mixture
repeated heating (37°C) and cooling (-196°C) steps were applied. The
solution was extruded through polycarbonate filters with 200 nm pore
size (at least 10 times) using a LIPEX extruder (Northern Lipids Inc.,
Canada).

Membrane probes employed Considering complexity of biomembranes,
to acquire as much information as possible, we aimed to employ all three
probes mentioned above, namely curcumin, RetA and Py. Initial attempts
showed no insertion or association with the EV membrane, potentially
indicating that human serum albumin (HSA), present in the solution, may
bind the employed probe molecules. This was also confirmed by
supporting docking simulations resulting in high energy binding of e.g. Py
to HSA (For details see Molecular Docking paragraph and SFigure 7 in
Sl). Thus the final purification protocol involved Sepharose CL-2B
columns in order to remove HSA and other plasma proteins from the
samples as detailed above. In this way, both Py and RetA were able to
insert into the lipid bilayer of REVs and thus the orientation factor, S,
could be estimated. Despite several attempts, curcumin was not found to
bind to the lipid membrane.

Pyrene and retinoic acid stock solutions were prepared with ethanol and
were added to the liposome and REVs in order to have a final
concentration of 57 uM and 33 pM, respectively.

In case of the freshly made, 0d, samples, the partial overlap of the Soret
band from the heme group with the main absorption peak of RetA,
rendered this probe unsuitable for S determination. Therefore, for these
fresh vesicles only Py was used to determine S. As insertion angle of Py
may be sensitive to the vesicle curvature and lipid composition. 24252728,
its orientation was determined using eq. 2 for both the 200 nm DOPC
vesicles, and the 28d EV samples based on RetA signal, which resulted
in a.=46.5°, and 42.6°, respectively.

REV samples investigated Measurements were initially carried out on
freshly isolated (0d) REV samples. Further on, to determine orientation
angles on samples free of the Soret band in the LD signal, as well as to
address how suitable LD and CD are to track changes on EVs. Samples
after storage for 2, 5, 8, 15 and 28 day were measured (2d, 5d, 8d, 15d,
28d, respectively). In standard protocols for EV studies a single freeze-
thaw cycle and storage at -20 or -80 °C only modestly affects the
concentration and size of the vesicles, however, morphological changes
may occur on the membrane distorting original state, which may perturb
continuous observation. At higher temperature storage (+4 or +20 °C)
these changes can potentially be avoided, but an increase in size may be
observed due to swelling.”>*® In the present study the REV samples
were stored at +4 °C. DLS measurements were carried out on the above
samples to confirm that samples maintain their original morphology
(STablel).

Supporting Information

Details of performed assays (Bradford and Stewart assays), FF-
TEM, DLS, UV-Vis and Polarized light spectroscopy, ATR-FTIR
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measurements, HSA-Py Molecular docking interactions, DOPC
liposome and hemoglobin measurements.
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COMMUNICATION

Polarized light spectroscopy
techniques, which are commonly used
on model liposomes in biophysical
and structural chemistry studies, can
provide important information on red
blood cell-derived extracellular
vesicles. The Soret-band of linear
dichroism spectra gives insight into
the distribution and relative orientation
of hemoglobin complexes associated
to membrane components.
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