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Observing Proteins as Single Molecules Encapsulated in
Surface-Tethered Polymeric Nanocontainers
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Immobilizing biomolecules provides the advantage of observing
them individually for extended time periods, which is impossible
to accomplish for freely diffusing molecules in solution. In order
to immobilize individual protein molecules, we encapsulated
them in polymeric vesicles made of amphiphilic triblock copoly-
mers and tethered the vesicles to a cover slide surface. A major
goal of this study is to investigate polymeric vesicles with respect
to their suitability for protein-folding studies. The fact that poly-
meric vesicles possess an extreme stability under various chemi-
cal conditions is supported by our observation that harsh unfold-

Introduction

Protein encapsulation in nanometer-sized cavities has become
a frequently practiced technique that has been employed for a
variety of applications in recent years. For example, protein en-
capsulation techniques are used for carrier-based drug deliv-
ery"¥ controlling and manipulating the protein microenviron-
ment,“” protecting proteins from denaturation and aggrega-
tion,®% or for protein immobilization.® ' Besides encapsula-
tion into sol-gel polymer matrices,® encapsulation into lipid
vesicles!"™ and polymeric vesicles'®'” has been established.
With respect to single-molecule studies, protein encapsulation
is a key technique to immobilize water-soluble proteins within
a native-like environment. In typical single-molecule studies
using confocal microscopy, a tightly focused laser beam in
combination with confocal detection defines a small volume
out of which bursts of photons are collected from individual
traversing proteins. Under these conditions, the observation
time for a single protein is limited by the translational diffusion
time of the molecule through the detection volume. However,
a possibility of extended observation times (> milliseconds)
would allow one to monitor rare or slow dynamic events as
well as repetitive processes with the same molecule. In order
to achieve longer observation times, proteins need to be im-
mobilized; optical or dielectrophoretic trapping techniques fail
on a molecular level due to the low polarizabilities of individu-
al molecules. One requirement for almost all single-molecules
studies with immobilized proteins is to reduce, as much as
possible, interactions of the protein with the surfaces of the
enclosing cavity used for immobilization. In protein folding or
during enzymatic action cycles, perturbing, protein-surface in-
teractions might significantly alter the polypeptide structure
and dynamics and can give rise to artifacts in the obtained re-
sults.'® Several studies have demonstrated the successful con-
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ing conditions do not perturb the structural integrity of the vesi-
cles. Moreover, polymerosomes prove to be permeable to GdnHC/
and, thereby, ideally suited for unfolding and refolding studies
with encapsulated proteins. We demonstrate this with encapsu-
lated phosphoglycerate kinase, which was fluorescently labeled
with Atto655, a dye that exhibits pronounced photoinduced elec-
tron transfer (PET) to a nearby tryptophan residue in the native
state. Under unfolding conditions, PET was reduced, and we
monitored alternating unfolding and refolding conditions for in-
dividual encapsulated proteins.

finement of proteins inside agarose gel matrices!' or within
lipid vesicles'®?” without altering their structure and dynamics.
Even anchoring proteins directly to a polymer-coated surface
with a specific single-point attachment has given satisfactory
results.”” However, all these techniques have their advantages
and disadvantages depending on the specific application.
Similar to lipid vesicles, vesicle-forming synthetic polymers
have been recently employed as nanocontainers for encapsu-
lating individual molecules. In particular, block copolymers
have proven to be well-suited to forming vesicles in which
proteins can be encapsulated.'®':22! With respect to protein-
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Protein Unfolding Inside Immobilized Polymerosomes

folding studies, vesicles from synthetic polymers (polymero-
somes) offer several advantages. The vesicle preparation of
polymerosomes in aqueous solution is easy and rather similar
to procedures known for lipid vesicle formation. In contrast to
lipid vesicles, however, polymerosomes are remarkably stable
and remain structurally intact for months. In particular, their
stability against structural disintegration at elevated tempera-
tures, under osmotic and mechanical stress, or under other
harsh environmental conditions has attracted attention.'”?¥ In
this study, we encapsulated proteins into polymerosomes and
investigated the suitability of this system for studying protein
folding on a single-molecule level. For this purpose, an ABA tri-
block copolymer with two hydrophilic blocks (A) and one hy-
drophobic block (B) was employed to form vesicles with a di-
ameter in the range of 150-200 nm. During vesicle formation,
we encapsulated fluorescently labeled proteins, namely PGK
and BLA. The number of encapsulated proteins per vesicle and
properties of the encapsulated proteins for different unfolding
conditions have been analyzed. In the case of PGK, we fol-
lowed unfolding and refolding transitions using PET between
the fluorescent dye Atto655 and tryptophan residues, which
are located in proximity in the protein structure (e.g., see
refs. [25] and [26]).

Results and Discussion
Protein encapsulation inside polymerosomes

To analyze the encapsulation efficiency during vesicle forma-
tion, we used buffers with free dye and with labeled proteins
at different concentrations. A typical elution profile is shown in
Figure 1. In this case, we observed high encapsulation efficien-
cies where most of the labeled PGK eluted together with the
fraction that also contained polymerosomes. The encapsulation
efficiency was rather similar for PGK and BLA and did not show
a dependence on the type of attached dye. For higher initial
protein concentrations (10 pm), the encapsulation efficiency
was slightly smaller, as indicated by larger relative dye concen-
trations in elution fractions 25-30. From DLS, we obtained an
average size of the polymerosomes in the 80-100 nm radius
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Figure 1. The elution profile shows that polymerosomes (measured by the
intensity of scattered light) and the major amount of encapsulated protein
(measured by fluorescence emission intensity) appear in the same elution
fractions (6-10). A small fraction of nonencapsulated protein is visible in
fractions 25-30. This profile corresponds to an initial protein concentration
of 1 um in the buffer during vesicle formation.

range with a rather narrow size distribution (see Figure 3D,
below).

Since we did not know the absolute number of polymero-
somes present in individual elution fractions, we could not di-
rectly estimate the number of encapsulated proteins per vesi-
cle. However, this can be done with photobleaching measure-
ments. 2! For this purpose, polymerosomes with encapsulat-
ed, fluorescently labeled proteins were immobilized on a glass
surface and imaged with a wide-field microscope (see Fig-
ure 2A). After sufficiently extended illumination times, almost
all the fluorophores attached to the proteins inside the vesicle
will be photobleached. The number of encapsulated proteins
can be estimated by the number of discrete photobleaching
steps determined by abrupt drops in fluorescence intensity.
Typical examples of the time course of step-wise, single-mole-
cule photobleaching is shown in Figure 2 for one dye-labeled
protein in a vesicle (Figure 2B), and for two proteins in a vesi-
cle (Figure 2C). In principle, the process of protein encapsula-
tion into vesicles follows Poisson statistics, yielding a probabili-
ty distribution of numbers of proteins per vesicle (for details,
see refs. [6] and [11]). With the lowest initial protein concentra-
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Figure 2. A) Wide-field fluorescence image of surface-tethered polymerosomes containing Atto655-labeled PGK. B) Single-step and C) two-step photobleach-
ing events are presented, respectively, as time courses of fluorescence emission intensities, as obtained by integrating individual spots [data from the corre-

sponding image (A) are shown].
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tion used for encapsulation in this study (0.2 um, see the Ex-  hand, it is also important that the unfolding conditions can
perimental Section), we observed that approximately 80% of  affect proteins inside the vesicle. For temperature changes, this
all imaged polymerosomes exhibited one-step bleaching, and  requirement is obviously met; heat dissipation easily takes
20% exhibited two-step bleaching. According to the distribu-  place through the polymer membrane. Interestingly, the poly-
tion statistics, we also expected to have a considerable fraction =~ mer membrane of our vesicles is permeable to GdnHCI, which
of polymerosomes with unlabeled proteins, but these will not  offers the possibility to perform chemical unfolding/refolding
show up in a fluorescence image. Hence, polymerosomes as  studies on encapsulated proteins. In order to prove the
prepared with our protocol are indeed suitable for single-mole- ~ GdnHCI permeability of the polymeric membrane, we made
cule encapsulation. If not stated otherwise, we employed these  use of a specific dye property. In solution, Alexa633 exhibits a
polymerosomes containing on average one protein per vesicle  distinct redshift of the fluorescence emission spectrum upon
for all subsequent measurements. transfer from native buffer conditions to a 5m GdnHCI buffer
(see Figure 3A). Polymerosomes with encapsulated dye, which
were transferred from native buffer to different concentrations
of GdnHCI in the buffer, show a similar spectral shift, slightly
less pronounced for concentrations above 4m (see Figure 3A
A suitable encapsulation assay for protein-folding studies re-  and B). Therefore, we conclude that the membrane of our poly-
quires a durable and stable capsule. As known from numerous  merosomes is permeable to GdnHCI. A 5m GdnHCI concentra-
studies, vesicles made from triblock copolymers can ensure tion outside the polymerosomes leads to a spectral emission
this kind of stability."”?¥ In most studies on protein folding,  shift of the encapsulated dye that corresponds to a GdnHCI
the unfolding process is initiated by either elevating the tem-  concentration of about 4m, which is still sufficient to unfold
perature (up to 60°C) or by incubating the protein with high ~ PGKE® As demonstrated in Figure 3C and D, the transfer from
concentrations of denaturants such as urea or guanidine hy-  native buffer conditions to highly concentrated GdnHCI buffer
drochloride (GdnHCI). Earlier studies demonstrated that lipid  did not affect the structural integrity of the polymerosomes. To
vesicles can, in general, only partly withstand these conditions  our knowledge, nothing is published about the permeability of
and start to disintegrate or become leaky after some time.”®  liposomes to GdnHCl, but it is known from earlier studies that
For lipid vesicles (made from EggPC, DMPC, and POPC), we ob-  liposomes are permeable to urea.®" In folding studies with
served in DLS measurements that the hydrodynamic radii and  proteins encapsulated in liposomes, a concentration of 2m
polydispersity increased at elevated temperatures (~60°C) GdnHCl was applied to the vesicles.”**? This indicates that
and at higher concentrations (5m) of GAnHCl. In contrast, our ~ GdnHCI, at least at this concentration, seems not to initiate the
polymerosomes maintain their structure up to temperatures of  disintegration of the liposomes.

Characterizing folded and unfolded states of encapsulated
proteins

at least 60°C and GdnHCl concentrations of at least 5m for For reasonable protein-folding studies we require undis-
hours. We observed no change in hydrodynamic radii (see Fig-  turbed protein molecules that are freely diffusing inside the
ure 3C) and the absence of any leakage under these condi- polymerosomes. Fluorescence polarization anisotropy provides

tions.” On the one hand, it is a prerequisite that the capsule  valuable information in this respect. Using the technique, one
is able to withstand protein unfolding conditions. On the other ~ can measure the rotational freedom of dyes bound to the pro-
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Figure 3. A) Normalized fluorescence emission spectra of unbound dye (Alexa633) are displayed for native buffer conditions and for 5m GdnHCI buffer. The
pronounced redshift (maximal shift 5-6 nm) is caused by the interaction of GAnHCI with the dye. Dyes were either freely diffusing in solution or encapsulated
in polymerosomes. B) The spectral emission shift of Alexa633 in solution (solid symbols) and encapsulated in polymerosomes (open symbols) is shown as a
function of GdnHCI concentration in the surrounding buffer. The GdnHCI-dependent shift is rather similar for free and encapsulated dye and proves at least a
partial permeability of the vesicle membrane to GdnHCI. Fluorescence emission spectra were measured directly after the samples were incubated at the re-
spective GdnHCI concentration. The observed peak positions did not change with time (that is, after 2-24 h), which indicates that the system was in equilibri-
um. The obtained values and the given standard deviations originate from three independent measurements. The size distributions of the polymerosomes, as
obtained from DLS, are presented for C) polymerosomes transferred from native buffer to 5m GdnHCI and for D) native buffer conditions. The almost identical
size distributions for both buffer conditions indicate that the polymerosomes maintain their structural integrity upon GdnHCI treatment.

704 www.chembiochem.org © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2009, 10, 702 - 709


www.chembiochem.org

Protein Unfolding Inside Immobilized Polymerosomes

tein, and this allows one to detect potentially perturbing inter-
actions of proteins with vesicle surfaces. In particular, unfolded
proteins are often susceptible to such unwanted interactions.
As visible from time-resolved and steady-state measurements
(see Figure4 and Table 1), unbound dyes, dyes bound to
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Figure 4. Anisotropy decays observed for Atto655 in the unbound state
(gray curve), bound to freely diffusing native PGK (orange, almost hidden
behind the blue curve), bound to freely diffusing unfolded PGK (red), and
bound to polymer-matrix-embedded DOPE (black). Blue curves (native PGK)
and green curves (unfolded PGK) represent measurements with encapsulat-
ed protein.

Table 1. Anisotropy values as obtained from steady-state measurements.

Native buffer 5™ GdnHCl buffer

in solution encapsulated in solution encapsulated
unbound Atto655 0.03+0.002 0.04+0.01 0.05+0.002 -
PGK/BLA- 0.124+0.03 0.134+0.05 0.094+0.02 0.10+0.05
Atto655"
DOPE-Att0655" 027+0.02 - -

[a] Anisotropy values for Atto655 bound to PGK or BLA are the same
within the limits of error. [b] Atto655-labeled DOPE embedded in the po-
lymer matrix of the polymerosome.

native proteins, and dyes bound to unfolded proteins exhibit
different anisotropies. Time-resolved anisotropy decays (Fig-
ure 4) showed a fast and almost complete decay of the aniso-
tropy within 2 ns for an unbound Atto655, which was indica-
tive of a freely rotating molecule. In contrast, Atto655 bound
to the native PGK exhibited a fast decay but thereafter reached
a constant level of about 0.1. This indicated a partial rotational
freedom of the bound dye, which was most probably confined
within a groove on the protein surface. Whole-protein rotation-
al motions are characterized by much longer correlation times
of the order of 30ns,®¥ which are much longer than the
Atto655 fluorescence lifetime (t;=2 ns). Therefore, we could
not observe the complete anisotropy decay within the obser-
vation time of 10ns. For unfolded PGK, the bound dye
showed again a different behavior. We observed a slower but
complete decay within the observation time. In this case, the
dye seemed to experience a higher rotational freedom than
did the native protein, because the protein structure had
melted, and the formerly existing groove was no longer hin-
dering rotational motion. Due to a rather flexible protein struc-
ture, local collisions could lead to a slower decay process. In

ChemBioChem 2009, 10, 702 - 709
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contrast to the cases discussed so far, membrane-embedded
dyes (Atto655-labeled DOPE molecule incorporated into the
polymer matrix of the vesicles) revealed much weaker anisotro-
py decays with significantly larger final anisotropy values. Obvi-
ously, the dye attached to DOPE experienced a more pro-
nounced rotational hindrance. In order to judge whether en-
capsulated proteins exhibit surface interactions or not, we
compared the results from proteins in solution with those ob-
tained from encapsulated proteins. This comparison revealed
that anisotropy decays were rather similar for both cases
(Figure 4). On the other hand, they differed significantly from
values obtained for dyes more tightly coupled to the polymer-
osome (Atto655-labeled DOPE embedded in the polymer
matrix). Within error limits, BLA and PGK exhibited similar re-
sults for dyes bound to the protein (Table 1). Therefore, we
conclude that encapsulated proteins in the folded as well as in
the unfolded state are not perturbed by interactions with poly-
merosome surfaces.

Application of PET to monitor the unfolding/refolding of
PGK

For studying molecules on a single-molecule level, the ensem-
ble techniques conventionally used for monitoring protein
folding (for example, Trp fluorescence or CD spectroscopy) are
not applicable due to poor sensitivity. To overcome this prob-
lem, the single-molecule fluorescence detection of dyes at-
tached to the protein structure is usually employed."®** Be-
sides FRET and FCS studies, which essentially monitor the over-
all size and relative positions of specific sites in the protein
structure for native and unfolded states,***>3 a further tech-
nique, namely PET, was recently employed to follow protein-
folding events.” In the case of PGK, we were able to make
use of PET due to the fact that Atto655, attached at a defined
position within the protein structure, is efficiently quenched by
a Trp residue located in proximity to the dye. Upon unfolding,
a structural expansion takes place, and the average distance
between the dye and the quencher increases, which results in
a lower quenching efficiency.?”? Although the native amino
acid sequence of PGK contains a large number of lysine resi-
dues (target of the NHS-functionalized dyes), only two Lys resi-
dues (Lys213, Lys257) are in close proximity to the two Trp resi-
dues that are located in the C-terminal domain of the protein
(see Figure 5A). A preferential labeling of these Lys residues
would give us the opportunity to detect native (compact) and
unfolded (expanded) states (at least of the C domain) by
simply measuring the fluorescence emission intensity of
Atto655. The results shown in Figure 5B indicate that a signifi-
cant fraction of all the dyes bound to PGK is attached to one
of these two favored Lys residues. As demonstrated in this
figure, the thermally induced unfolding of the protein (moni-
tored by intrinsic Trp fluorescence, blue lines) was accompa-
nied by an increase of the Atto655 emission intensity (red
lines), caused by reduced PET upon structural expansion
during unfolding. A similar but much more pronounced in-
crease in the emission intensity of Atto655 was observed for
PGK incubated in 5m GdnHCl buffer (see Figure 5C). This
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Figure 5. A) A structural model of PGK with highlighted Trp residues (red) and two nearby Lys residues (orange), which are putative binding sites for NHS-
functionalized fluorescent dyes. B) For ensemble measurements in 0.7 M GdnHCI, 30 mm Mops, 50 mm NaCl, 2 mm EDTA, and pH 7.4, the reversible thermal
unfolding of PGK was monitored by the shift of the Trp fluorescence emission peak (blue curves, right y-coordinate) and by the Atto655 emission intensity
(red curves, left y-coordinate). In both cases, solid and open symbols represent data during heating and cooling, respectively. The black line represents the
typical temperature dependence of the fluorescence intensity for free Atto655. The deviation of the red curves from the black curve at temperatures above
30°C is caused by decreasing PET during spatial expansion of the unfolding PGK. The standard deviation for the experimental data points in this figure is on
the order of the size of the symbols. C) For PGK in solution and encapsulated in polymerosmes, the relative Atto655 emission intensity is shown for various
unfolding conditions. For native buffer conditions, the corresponding intensities were normalized to unity (see the horizontal line). Colored bars with stripes
represent data from encapsulated protein (with approximately one protein/polymerosome).

much larger intensity increase is most probably due to the fact
that GdnHCl also increases the dissociation constant of the
non-fluorescent Trp-Atto655 complex.®” As a consequence,
GdnHCI alone reduces PET in steady-state measurements.
Therefore, in contrast to temperature-induced unfolding, the
much stronger signal increase in the Atto655 emission intensi-
ty observed for GdnHCl-induced unfolding is only partly
caused by structural unfolding. Thus, for investigating unfold-
ing conditions of polymerosome-encapsulated proteins on a
single-molecule level, the GdnHCl-induced fluorescence inten-
sity increase of Atto655 bound to PGK is a useful measure. In
contrast to PGK, Atto655-labeled BLA did not show PET or a
change in Atto655 fluorescence emission intensities upon pro-
tein unfolding. This indicates that for BLA, none of the Lys resi-
dues in the vicinity of Trp residues was labeled with Atto655.
For all the proteins we labeled via multiple possible Lys resi-
dues (BLA, PGK, and additional a-amylases), we observed
Atto655 fluorescence intensity changes caused by PET upon
unfolding and refolding transitions only for PGK.

For single-molecule studies, surface-tethered polymero-
somes containing encapsulated PGK were imaged with a
closed imaging chamber. Images from samples incubated with
native buffer and with 5mM GdnHCI buffer in an alternating
sequence exhibit alternating intensity values from individual
spots (Figure 6). For a large number of spots we observed an
increase in intensities upon the change from native buffer to
unfolding buffer conditions and a decrease in intensity when
changing the buffer back to native conditions. This observation
indicates that individual PGK molecules encapsulated in poly-
merosomes reversibly unfold or at least experience unfolding
conditions upon incubation with 5wm GdnHCI buffer. To achieve
more detailed information on the unfolded states of proteins
or the characteristics of the unfolding/refolding transitions,
which will be a task for our future studies, more elaborate ap-

706

www.chembiochem.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1400
12004 5m native 5m native
GdnHCI buffer  GdnHCI buffer
1000+ . -
2 8001 THIH] mmilillsl
= H
=1
8 600
4004
200+
0 . L o [
0 200 400 600 800 100012001400 1600
t/s

Figure 6. A typical time course of the measured emission intensity, as ob-
tained from the integration of an individual spot, is shown in this figure. The
images were measured every 30 s with polymerosomes bound to cover
slides, which were built in a closed imaging chamber suitable for in situ
buffer exchange. The arrows indicate buffer exchange from native to unfold-
ing conditions or vice versa.

proaches employing site-specific labeling are required. In par-
ticular, suitable cysteine mutants with dyes bound in close
proximity to Trp residues can be used for more efficient, selec-
tive, Trp quenching.” In addition, proteins labeled at two de-
fined position in the protein structure allow FRET measure-
ments and can yield valuable structural information for differ-
ent folding states.['%2:323

Conclusions

In this study, we have demonstrated that proteins encapsulat-
ed in polymeric vesicles offer the possibility to study individual
proteins for extended time periods. The encapsulation proce-
dure provides a native-like environment for water-soluble pro-
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teins without any detectable hindrance from rotational reorien-
tations. The high structural stability and considerable longevity
of the polymerosomes qualifies them as an ideal tool for
single-molecule studies. The permeability of triblock copolymer
membranes to GdnHCI and their resistance against structural
disintegration at high denaturant concentrations ensure ideal
conditions for their use in protein-folding studies. At thermo-
dynamic midtransition points (e.g. GdnHCl,,,, T,,, pH,,,) FRET-
based approaches provide particularly good structural details
during the folding and unfolding transitions of the proteins.
Under these conditions, the folded and unfolded states have
lifetimes of the order of seconds, and multiple, successive, un-
folding/refolding transitions can be observed with FRET for
single encapsulated proteins.?>*? A major goal for future stud-
ies will be to focus on proteins that exhibit unfolding/folding
transitions slow enough that trajectories of these transitions
can be followed.”® In addition, it was shown recently that
channel proteins incorporated into the polymeric membrane
can facilitate the transfer of solutes and substrates across the
polymerosome membrane in a controlled manner,”3® similar
to what has also been observed with liposomes.'? In contrast
to vesicles nonpermeant to substrates, channel-equipped poly-
meric nanocontainers allow for a much wider range of interest-
ing applications. For instance, one can imagine studying con-
formational changes during catalysis or protein-substrate in-
teractions using polymerosome-encapsulated proteins.

Experimental Section

Protein labeling: PGK from bakers yeast and BLA (both purchased
from Sigma) were dissolved in sodium bicarbonate buffer (100 mm,
pH 8.3). The proteins were purified using a PD10 desalting column
(Sephadex G-25 matrix, GE Healthcare Bio-sciences). An NHS-ester
functionalized dye (Atto655 from Atto-Tec, Siegen, Germany or
Alex633 from Invitrogen) was added in threefold molar excess to a
protein solution (5-10 um protein) at room temperature. The mix-
ture was incubated for 1 h, and free dye was removed with the Se-
phadex G-25 column. The labeling ratio was determined by using
a calibration for which we measured the Trp fluorescence intensity
as a function of protein concentration. With the known protein
concentration of labeled proteins and with the measured dye
concentration of labeled proteins from absorption spectroscopy
(for Atto655, at 663 nm with &,,,=125000mM 'cm™' and for
Alexa633, at 630 nm with ¢,,,=164500m'cm™"), we calculated la-
beling ratios between 0.6 and 1.0 label per protein.

Fluorescence spectroscopy: Fluorescence emission spectra were
recorded with sample solutions in quartz cuvettes (104F-QS,
Hellma, Mihlheim, Germany) by using a QuantaMaster spectro-
fluorometer (QM-7) from Photon Technology International (Law-
renceville, NJ, USA). The instrument was equipped with a pair of
Glan-Thomson polarizers and with a long-wavelength-sensitive
photomultiplier (R928, Hamamatsu) to measure dyes emitting in
the far red. The unfolding and refolding transitions of PGK (in
30 mm Mops, 50 mm NaCl, 2 mm EDTA, pH 7.4; 0.05-0.1 mgmL™'
protein) were monitored by measuring the emission wavelength
(Amay) Of the intrinsic Trp fluorescence (see, for example, ref. [30]).
The excitation wavelength was 295 nm, and all emission spectra
(recorded between 300-450 nm) were corrected for background
intensities as measured with pure buffer solutions. In addition,
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Atto655 and Alexa633 emission intensities were measured, in some
cases, by using the polarizers to obtain steady-state anisotropy
values. For measurements with polymerosomes, the elastic scatter-
ing was fitted and thereafter subtracted from the measured emis-
sion spectra.

Preparation of polymerosomes and protein encapsulation: The
synthesis of ABA triblock copolymers used to form polymerosomes
is described elsewhere.?” The ABA polymer consists of a larger hy-
drophobic block B (PDMS, with 60 dimethylsiloxane units) and two
shorter hydrophilic blocks A (PMOXA, with 20 methyloxazoline
units; ABA: PMOXA,o-PDMS4,-PMOXA,,). For polymerosome prepa-
ration, 3.6 mg of triblock copolymer and 0.4 mg biotinylated tri-
block copolymer was dissolved in 1 mL of chloroform. While this
solution was permanently rotated in a glass tube, the solvent was
evaporated under a nitrogen atmosphere. Subsequently, buffer
(0.8 mL, 10 mm Mops, 50 mm NaCl, 2 mm EDTA, pH 7.4) was added
dropwise to the dried polymer film. After 20 min of incubation, the
solution was sonicated for about 60s, and 0.2 mL of protein solu-
tion (protein concentration in 1 mL of buffer was 0.2-10 um) was
added. Thereafter, this mixture was stirred for periods between 4
and 12 h at room temperature, depending on the protein in use.
Typically, the solution became much more transparent after stir-
ring. The resulting suspension was subsequently extruded approxi-
mately 20 times through a polycarbonate membrane (diameter
100 nm) using a Lipofast-basic extruder (Avestin Europe GmbH,
Mannheim, Germany). In order to remove free (unencapsulated)
protein from the monodisperse polymerosomes, the solution was
purified using a Sephadex G-75 column (30 cm, MWCO 80 kDa).
The obtained elution fractions were measured in a DynaPro dy-
namic light scattering system from ProteinSolutions (Lakewood, NJ,
USA) to determine the amount and size distribution of the poly-
merosomes. Fluorescence spectroscopy was employed to measure
the amount of labeled protein. The polymerosomes obtained were
stable and intact for at least several months.

Preparation of slides and immobilization of polymerosomes:
Glass slides were cleaned with a PDC-32G plasma cleaner (Harrick
Plasma, Ithaca, NY, USA). Poly(ethylene oxide) (PEO) surfaces were
formed according to Groll and co-workers.*” A commercial amino-
silane, Vectabond (Vector Laboratories, Burlingame, CA), was used
to amino-functionalize the glass slides. PEO (50 mgmL™") solutions
in 50 mm Na,CO; buffer (pH 8) were prepared from mPEG-SPA (M,,
5000, Nektar Therapeutics, Huntsville, AL) or a mixture of biotin-
PEG-NHS (50 ngmL™", M,, 3400, Nektar Therapeutics, Huntsville,
AL) and mPEG-SPA (M,, 5000) in a 1:10° ratio. PEO was allowed to
react with the Vectabond amino-functionalized surface for 3 h in
the dark. Surfaces were washed with Millipore water and were sub-
sequently exposed to streptavidin (2 ugmL™'; Sigma-Aldrich) in
the same buffer for 10 min. Finally, the surfaces were incubated
with a 1000-fold diluted elution fraction of biotinylated polymero-
somes. After 15 min, unbound polymerosomes were washed away
with buffer. The streptavidin-biotin binding assay is known to
maintain its structural integrity even under strong denaturation
conditions.”"

Confocal microscopy: Time-resolved fluorescence anisotropy
decays were measured on a home-built confocal microscope. A
droplet of protein or polymerosome-encapsulated protein solution
(both at approximately 0.1 um of protein) was deposited on the
surface of a cover slide. The excitation light (640 nm) from a
pulsed diode laser (LDH-pb-C-640, PicoQuant, Berlin) with a 20 MHz
repetition rate was focused by an oil-immersion objective (Apoplan
1.4 N.A./x60, Olympus) onto the buffer solution at approximately
20 um away from the surface of the cover slide. The fluorescence
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emission was collected by the same objective, passed through a
dichroic mirror (660DRLP, Omega optical Inc., USA) and focused
through a pinhole (100 um). Subsequently, the emission light was
split up by a polarizing beamsplitter cube (Linos Photonics, Gottin-
gen, Germany) and refocused through appropriate emission filters
(690DF40) onto single-photon-counting avalanche photodiodes
(Perkin—Elmer). The signal was processed by a PicoHarp 300 (Pico-
Quant, Berlin) TCSPC. electronics board, and the data were ana-
lyzed and displayed with custom routines in Matlab.

Wide-field fluorescence microscopy: Individual, surface-tethered
polymerosomes containing fluorescently labeled proteins were
imaged employing an inverted microscope (Olympus IX-71) in
wide-field illumination mode. Excitation light at 640 nm was pro-
vided by an argon ion, laser-pumped, dye laser. This light was re-
flected by a dichroic mirror (Q660 LP, Chroma Technology, Rocking-
ham, VT, USA) into the high numerical aperture objective. Fluores-
cence emission light was collected by an UPlan 1.3 N.A./x 100 oil-
immersion objective (Olympus), passed through a discriminating
filter (690DF40, Omega Optical), and imaged onto a high-sensitivity
Peltier-cooled CCD camera (iXon DV885, Andor Technology, South
Windsor, CT, USA). The properties of encapsulated proteins were
monitored in situ using a confocal imaging chamber (RC-30HV
from Havard Apparatus, Holliston, MA, USA) which enabled us to
incubate the polymerosomes with different buffers. The closed
chamber was formed by a slotted silicon gasket (5x35 mm) sand-
wiched between two cover slides. The buffer in the chamber
(50 pL) was exchanged using a syringe connected to the chamber
via two peripheral tubings (the required time for buffer exchange
was approximately 15s). To evaluate integrated intensities from
individual spots, the images were processed with custom-written
Matlab routines.

Anisotropy measurements: For anisotropy measurements, linearly
polarized light (either vertically or horizontally polarized) was used
to excite fluorophores in solution, and the fluorescence emission
was measured for vertical and horizontal polarizer orientations
(I, and I}). Fluorescence anisotropy is defined as:

(/1)1
r:m (1)

For steady-state anisotropies, a single channel (L-format) configura-
tion was used, and we performed four individual measurements,
which gave us the required anisotropy [Equation (2)]:

IW_GIVH . IHV

r:mwnhG:m (2)
Here the G factor corrects for the different detection efficiencies of
the horizontal and vertical emission pathways. In anisotropy decay
measurements, a two channel (T-Format) configuration was em-
ployed, where the vertical and horizontal emission components
are detected simultaneously. By using vertically and horizontally
polarized excitation light, the anisotropy can be calculated as
given by Equation (1) (for details see ref. [33]).

Abbreviations

BLA: Bac. licheniformis a-amylase, DLS: dynamic light scattering,
DMPC: 1,2-dimyristoyl-sn-glycero-3-phosphocholine, DOPE: L-a-di-
oleoyl phosphatidylethanolamine, EDTA: ethylenediaminetetraacetic
acid, EggPC: L-a-phosphatidylcholine, hydrogenated (egg, chicken),
FCS: fluorescence correlation spectroscopy, GdnHCl: guanidine hy-
drochloride, Mops: 3-(N-morpholino)propanesulfonic acid, PDMS:
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poly-dimethylsiloxane, MWCO: molecular weight cut off, PET: pho-
toinduced electron transfer, PMOXA: polymethyloxazoline, POPC:
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, PGK: phospho-
glycerate kinase, TCSPC: time-correlated single-photon counting.
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