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@ Self-Assembly of Pseudo-Isocyanine Chloride as a Sensor for

Macromolecular Crowding In Vitro and In Vivo

% Benjamin Hamisch,”” Roland Pollak,” Simon Ebbinghaus,*™ and Klaus Huber*®

/Abstract: Pseudo-isocyanine chloride (PIC) is a cationic dye-
stuff that exhibits self-assembly in aqueous solution, pro-
moted either by increasing the PIC concentration or by de-
creasing the temperature. PIC-aggregates exhibit a charac-
teristic and sharp absorption band as well as a fluorescence
band at a wavelength of 573 nm making PIC an interesting
candidate to analyze the self-assembly process in various en-
vironments. The present work developed PIC-based, synthet-
ic model systems, suitable to investigate how macromolecu-
lar crowding influences self-assembly processes. Four syn-
thetic additives were used as potential crowders: Triethylene
glycol (TEG), polyethylene glycol (PEG), Ficoll 400 as a highly
branched polysaccharide, and sucrose corresponding to the
monomeric unit of Ficoll. Combined UV/Vis spectroscopy
and time-resolved light scattering revealed a strong impact

N

of crowding based on excluded volume effects only for
Ficoll 400. Sucrose had hardly any influence on the self-as-
sembly of PIC and PEG and TEG impeded the PIC self-assem-
bly. Development of such a PIC based model system led
over to in-cell experiments. HelLa cells were infiltrated with
PIC solutions well below the aggregation threshold in the in-
filtrating solution. In the cellular environment, PIC was ex-
posed to a significant crowding and immediately started to
aggregate. As was demonstrated by fluorescence imaging,
the extent of aggregation can be modulated by exposing
the cells to salt-induced osmotic stress. The results suggest
future use of such a system as a sensor for the analysis of in
vitro and in vivo crowding effects on self-assembly process-
es.

/

Introduction

Proteins are organic molecules with a variable and often only
marginal solubility in water. The marginal water solubility may
cause a pronounced tendency to self-assemble toward large
filaments often performing distinct tasks in living systems, like
the assembly of the cytoskeleton proteins.” However, protein
self-assembly may also interfere with the proper functioning of
living systems like the amyloid formation of (partly) misfolded
proteins, which causes amyloidogenic diseases like Alzheimer’s
dementia.??

Although analysis of self-assembly processes has become a
mature topic in biophysics and biochemistry, the majority of
studies in that field were carried out in vitro, under test tube
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conditions, with purified proteins. Fluorescence dyes, such as
Thioflavin T, are commonly used in such studies that show an
increase in fluorescence upon binding to amyloid. Kinetic ex-
periments at variable concentration allow to model the aggre-
gation mechanism.” Yet, most of those studies discard the fact
that the respective processes in living systems usually propa-
gate under crowding conditions.”! The cytosol of living cells
has a solid content of 30%-40% by weight, with proteins es-
tablishing more than 50% thereof.!"”

Based on excluded volume considerations,®® Minton
et al."""? calculated activity coefficients of the monomers at
variable contents of cosolutes, herein also denoted as crow-
ders, and predicted a shift of the equilibrium toward assem-
blies with increasing concentration of crowder if the space oc-
cupied by monomeric units is smaller in the aggregate state
than in the monomeric state. Assembly and disassembly on
the other hand are slowed down the more space is required
by the transition states. Experimental work supports the gener-
al relevance of excluded volume effects on the self-assembly
of proteins. Polyethylene glycole (PEG) promotes dimer forma-
tion of pyruvate dehydrogenase,"*'¥ in line with predictions
based on excluded volume effects,"*' but has no effect on
the self-assembly of myoglobin."® Similar promotion of oligo-
merization was observed with fibrinogen in the presence of
bovine serum albumin (BSA) as crowder and tubulin in the
presence of dextran as crowder."” Like the formation of oligo-
mers, self-assembly is usually fostered by synthetic as well as
natural crowding agents. Dextran enhances amyloid formation
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of human apolipoprotein C-IL"® Dextran also promotes forma-

tion of actin filaments.'” In another study, aloumin and hemo-
globin turned out to act as crowder proteins enhancing the
GTP-induced self-assembly of the bacterial cell division protein
FtsZ.2Y Use of PEG even led to the formation of bundles of
actin filaments mediated by a depletion interaction among the
filaments®” as does Ficoll 70 and dextran with the GTP-in-
duced self-assembly of FtsZ.”? In all these cases acceleration of
the self-assembly can be related to the excluded volume effect
of crowders. In the light of the rich patterns of interactions ex-
erted on each other by the large variety of cosolutes, this may
come as a surprise. In fact, the impact of cosolutes in general
is more complex® and further studies showed that the effect
of different crowding agents may not be additive® and the
presence of other cosolutes acting as osmolytes or chaperones
may have a significant effect on crowding of synthetic and nat-
ural macromolecules.”” Noteworthy, some species used as
crowders do not accelerate but suppress the self-assembly of
certain proteins.”?”

As is indicated by this selection of experimental work, it is
still difficult to identify systematic trends. This can at least in
part be attributed to the large variety of proteins showing self-
assembly and to the broad range of cosolutes including spe-
cies as diverse as polymeric chains, compact proteins and
smaller molecules of variable size and chemical nature. In
order to make one step forward in classification of crowders, a
few representative proteins like human islet amyloid polypep-
tide (IAPP),* MET16,%® and Ab”’ may be selected to be ex-
posed systematically to different crowding agents. It is at this
point where we would like to stress an analogy between pro-
teins and synthetic dyestuffs as this analogy serves as an alter-
native starting point.”® Dyestuffs like proteins are organic mol-
ecules with usually a marginal solubility in water. A marginal
solubility is an important prerequisite enabling proteins and
dyes to carry out tasks in nature! and in technical applica-
tions™® respectively. Both classes of organic molecules have hy-
drophobic spots, dipoles, ionic groups and, residues capable of
forming H-bonds. Above all, distinct patterns of such residues
induce orientated attachment among monomers during self-
assembly thereby leading to fibers with long range order in at
least one direction. Given these similarities, we suggest to
select an appropriate dyestuff molecule exhibiting self-assem-
bly for an analysis of its sensitivity to crowding in solution and
thus to address this important aspect of biological systems.

One promising candidate for such a study is pseudo-isocya-
nine chloride (PIC). PIC was presented almost simultaneously
by Jelley®®*" and Scheibe etal®**¥ as a cationic dyestuff,
which shows a sharp absorption band at the long wavelength
of 573 nm, once the dyestuff concentration drops beyond a
certain temperature. That temperature threshold increases
with increasing PIC concentration. Noteworthy, the appearance
of the peak at 573 nm is accompanied by a gradual increase of
the viscosity, which was correctly attributed to a self-assembly
of the dyestuff molecules® with the resulting assemblies de-
noted as Scheibe- or J-aggregates. Further studies revealed a
sharp fluorescence band for J-aggregates at 575 nm close to
the J-peak, while PIC monomers hardly show any fluorescence
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in this wavelength regime.®**! The extraordinary interaction of
PIC with light pointed to potential applications as photograph-
ic sensitizer.®® A thermodynamic interpretation of concentra-
tion dependent UV/Vis measurements indicated that trimers at
the least are necessary to generate the characteristic J-peak””
and that the self-assembly can be interpreted in terms of a
chain reaction mechanism based on nucleation and growth.®®
Additionally, dimers were identified as a third component by
its own specific UV/Vis spectrum.B**? X-ray diffraction™®” in
combination with electron microscopy™? revealed PIC fila-
ments similar to those observed for protein aggregates™’ and
gave insight into the alignment of the monomers in those J-
aggregates. A detailed light-scattering analysis yielded worm-
like aggregates with a persistence length of 500 nm and a final
average length of the fiber of 600 nm."¥ The exciton-band re-
sponsible for the J-peak turned out to be delocalized over seg-
ments limited to a maximum size of a 100 monomers, which
makes the final aggregate size much larger than those seg-
ments." A suitable way to represent the appearance of the J-
aggregates is a phase diagram where the temperature of the
onset of aggregation is plotted versus the respective PIC con-
centration.”¥ Accordingly, Figure 1 shows light scattering data
from literature™ in pure water and in 0.01 m NaCl solution. Ad-
ditionally, UV/Vis spectroscopy data in pure water from Dal-
trozzo et al.”® was evaluated as it is outlined in the Supporting
Information (Figure S1).

Inspired by these properties, we selected PIC as a protein
substitute in order to study two interlinked topics. Reversible
self-assembly of PIC will enable us to investigate in vitro funda-
mental aspects of such self-assembly with and without crowd-
ing agents. Once such purely synthetic model systems prove
successful, PIC shall be transfected into cells and its self-assem-
bly be analyzed under in vivo conditions. For the in vitro inves-
tigation of fundamental aspects, the following additives are
applied as crowding agents: Triethylene glycol (TEG), polyethy-
lene glycol (PEG), Ficoll 400 as a highly branched polysaccha-
ride and sucrose corresponding to the monomeric unit of
Ficoll. Formation and disintegration of PIC assemblies is trig-
gered via small temperature variations in the presence and ab-
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Figure 1. Temperature threshold for aggregation of PIC as a function of PIC
concentration determined by means of static light scattering'*” in pure
water (red circles) and in 0.01 m NaCl solution (black circles) and by means
of UV/Vis spectroscopy® in pure water (blue solid spheres).
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sence of selected crowders. UV/Vis absorption reveals varying
amounts of J-aggregates by means of their absorption at
573 nm and time-resolved (TR) light scattering provides the
averaged particle mass, squared radius of gyration and hydro-
dynamic radius of the growing intermediates. Striking effects
and differences are established among the different crowders
by means of UV/Vis spectroscopy and TR-light scattering to
begin with. After a qualitative outline of the major effects,
phase diagrams which represent the aggregation threshold
temperature as a function of the PIC concentration are estab-
lished systematically and separately for each of the crowders in
comparison to the phase behavior in the absence of crowder.
Our focus is then transferred to in vivo experiments. Self-as-
sembly of PIC is carried out in Hela cells thus providing a real-
istic scenario for aggregation in living systems. To this end, the
cells will be exposed to dilute PIC solutions with their PIC con-
centration well below the aggregation threshold. Variable con-
ditions are applied in order to learn how such a system re-
sponds and whether the responses are suitable to turn in-cell
PIC into a sensor for variable crowding conditions.

Results and Discussion
In vitro experiments with synthetic systems
Effect of crowding on PIC aggregation

UV/Vis spectroscopy provides evidence for at least three differ-
ent species, the monomers, H-dimers and J-aggregates. The
prefixes H and J refer to the specific alignment of the mono-
mers in the aggregate, with H denoting a parallel, congruent
alignment of the molecular long axis and J indicating a co-
planar inclined alignment.”® Figure 2 compares UV/Vis spectra
of PIC in pure water at a concentration of 6 mm, which is well
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Figure 2. UV/Vis spectra of PIC in aqueous solution at a concentration of

6 mm without and with 25% by weight of crowding agents. The color code
indicates absence of crowder (black), TEG (green), PEG (blue), sucrose (red),
Ficoll 400 (orange). The inset shows spectra as absorbance normalized to
maximum absorbance for J-aggregates (black), H-dimers (green) and mono-
mers (red). The spectrum of J-aggregates in pure water stems from Neu-
mann et al.*”) The monomer spectrum was established in aqueous solution
at [PIC]=3 pm and the H-dimer spectrum was replotted from Horng et al.“”
As is outlined in the Supporting Information, the addition of 0.01 m NaCl has
no significant influence on the monomer spectrum (Figure S2).
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below the threshold concentration of formation of J-aggre-
gates (Figure 1) and with spectra recorded in the presence of
25% by weight of four crowding agents, TEG, PEG, sucrose
and Ficoll 400.

Comparison of the spectrum of PIC in pure water and of PIC
in solution containing 25 wt% sucrose provides evidence for
an almost complete lack of J-aggregates. Both spectra indicate
a significant portion of H-dimer, which is noticeable from the
fact that the peak close to 485 nm is more intensive than the
one appearing at 525 nm (inset of Figure 2). Small differences
in the two spectra can be attributed to a slight shift in mono-
mer/H-dimer equilibrium in favor of monomers for the sample
containing 25 wt% sucrose. The samples with 25 wt% PEG or
TEG differ significantly from the one in pure water but are
comparable with that of PIC in pure water at considerably
lower concentrations (3 um, see Figure 2 inset and Figure 3),
where PIC is in its monomeric state. Hence, even dimerization
or the formation of small oligomers is blocked with PEG or
TEG. An entirely different effect is observed once Ficoll 400 is
used as a crowding agent. As is outlined in Figure 2, a signifi-
cant J-peak appears for PIC at a concentration of 6 mm.
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Figure 3. UV/Vis spectra of PIC in aqueous solution at a concentration of

6 mm without crowding agent at variable temperature and with 25% by
weight of Ficoll 400 at T=25°C (orange). The color code indicates the tem-
perature in the absence of crowder: 10°C (green), 15°C (blue), 20°C (red),
and 25 °C (black). The black dashed curve represents a spectrum of PIC in
aqueous solution at a concentration of 3 um at 25°C.

As already mentioned, self-assembly of PIC is promoted by a
decrease in temperature. This is illustrated in Figure 3 for PIC
in pure water. Such a trend is a characteristic signature of
growth processes proceeding via monomer addition with an
exothermic reaction enthalpy and an entropy loss. Such fea-
tures are for instance observed for many chain reactions in
polymer chemistry where this threshold temperature is usually
denoted as ceiling temperature.”*” A significant J-peak appears
first at a temperature of 15°C. This may again be compared
with the state where 25% by weight of Ficoll 400 is present as
a crowder. Strikingly, the effect of adding Ficoll 400 to water is
more pronounced than a temperature drop in pure water by
10°C. Hence, Ficoll 400 strongly promotes formation of J-ag-
gregates.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The induction of PIC self-assembly can be nicely visualized
with a TR-light scattering experiment during a gradual temper-
ature decrease. In the presence of PEG, TEG, sucrose and in the
absence of crowder as reference experiment T was gradually
decreased from 25°C to 10°C and in the presence of Ficoll 400
the high threshold temperature made an extension of the tem-
perature gradient to a starting value of 35°C necessary. Fig-
ure 4a represents the evolution of the weight averaged molar
mass M,, as a function of time during the respective tempera-
ture gradients. In all cases, the PIC concentration was 6 mwm
and the content of crowder was fixed at 2% by weight. In the
absence of a crowding agent, the aggregation sets in at
~15°C. The modulations of this threshold by crowders are in
agreement with expectations from UV/Vis experiments. Where-
as PEG and TEG causes a shift of the threshold toward lower
temperatures, sucrose had hardly any impact. Ficoll 400 unam-
biguously promotes aggregation of PIC as the onset tempera-
ture for self-assembly is shifted to higher temperatures by
10°C.
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Figure 4. a) Evolution of aggregate mass of PIC in aqueous solution at a PIC
concentration of 6 mm with time in the absence (black) and presence of 2%
by weight of crowding agents during a temperature gradient of 25°C—
10°C for PEG (blue), TEG (green), Sucrose (red) and during a temperature
gradient of 35°C—10°C for Ficoll 400 (orange). Temperature can be trans-
formed to time according to the inset, which shows the temperature gradi-
ents applied for the experiments with PEG, TEG, sucrose and without crowd-
ing agent (black) and the experiment with Ficoll 400 (orange). b) Evolution
of the absorbance As;; recorded at a wavelength of 573 nm of a PIC solution
with time at a PIC concentration of 6 mm in the absence (black) and pres-
ence of 2% by weight of crowing agents during the same temperature gra-
dient as applied in a). The color code indicates the type of crowding agent:
Ficoll (orange), TEG (green), PEG (blue), and Sucrose (red).

Additional experiments outlined the Supporting Information
(Figure S3a) demonstrate, that the interference of PEG and
TEG with the self-assembly of PIC disappears at PEG and TEG
contents of 1%. At 25% of PEG and TEG, on the other hand,
aggregation of PIC is fully inhibited in the temperature regime
investigated. An application of cyclic cooling/heating profiles
(Figure S3a and S3b), demonstrates full reversibility of the self-
assembly processes.

Analogous trends can be recorded by means of UV/Vis spec-
troscopy. Based on the fact that the absorbance at a wave-
length of 573 nm A.,; is a characteristic signature of J-aggre-
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gates, the process of self-assembly can be followed by time-re-
solved recording of As,; during a temperature gradient. Fig-
ure 4b summarizes As;; recorded at the same temperature gra-
dients applied for the light scattering experiments with the PIC
concentration fixed at 6 mm and the content of crowders fixed
at 2% by weight.

All trends show an initial part with a constantly low absorp-
tion indicating absence of J-aggregates as long as the temper-
ature is high enough. At a distinct temperature which is char-
acteristic for the respective solvent conditions, the absorbance
abruptly increases. As anticipated from the preceding para-
graphs, the onset of absorption is shifted to lower tempera-
tures in the presence of PEG and of TEG, with the onset tem-
perature for TEG and PEG close to 10°C corresponding to the
lower limit of the applied gradient. The trend observed in the
presence of sucrose is closest to that recorded in pure water,
confirming the negligible effect of sucrose on the aggregation
of PIC. Strikingly, the onset temperature observed in the pres-
ence of 2% by weight of Ficoll 400 is shifted to the opposite
direction by a fairly large temperature increment, again indicat-
ing that Ficoll 400 promotes the self-assembly of PIC. Agree-
ment of the threshold temperatures determined with the two
methods is satisfactory with small discrepancies not exceeding
1°C, except for the evaluation of the threshold value in the
presence of 2% Ficoll, where the uncertainty is slightly larger
(details are outlined in Section S3 of the Supporting Informa-
tion). UV/Vis measurements together with the light scattering
experiments confirm that the aggregates shown in Figure 4a
are J-aggregates, and the J-aggregates observed in Figure 4b
within the uncertainty of the threshold temperature are large
aggregates and not small oligomers.

Threshold temperature at variable PIC concentration and
crowder content

The onset temperatures extracted from such diagrams are de-
noted as T, and plotted in a separate graph as a function of
the crowder content in Figure 5. Such a plot provides a com-
parative overview on the effect of crowding at a distinct PIC

35 T T T T T

wt%

Figure 5. Temperature threshold for aggregation of PIC as a function of
crowder content at a PIC concentration of 6 mm and in the absence of
crowder. The color code indicates the absence of crowder (black horizontal
line), Ficoll 400 (orange), TEG (green), PEG (blue), and sucrose (red).
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concentration. The horizontal line close to 15°C indicates the
threshold in the absence of any crowder serving as a reference.
The strongest impact is exerted by Ficoll 400, which intensifies
aggregation with increasing concentration of Ficoll 400. PEG
and TEG show the opposite effect, with TEG acting as a stron-
ger inhibitor of aggregation. Sucrose shows hardly any effect.

A straightforward extension of this series of experiments
leads to a complementing overview, which characterizes the
aggregation pattern as a phase diagram generated by a select-
ed concentration of crowder. Now recordings of As,; as a func-
tion of temperature have to be carried out at a variable PIC
concentration at a given crowder concentration. Figure 6 pres-
ents the phase diagram for PEG, TEG, sucrose and Ficoll 400 at
a crowder concentration of 2% by weight in comparison to
the respective trend observed in the absence of crowder. Fur-
thermore, the phase diagram in Leibovitz solution is shown as
a reference to the in-cell measurements. A strong shift of the
threshold line to lower PIC concentrations is observed, which
can at least in part be explained by the physiological amount
of sodium chloride of 138 mm in the Leibovitz solution. The
presence of sodium chloride promotes aggregation, as it is
shown in Figure 1 for 10 mm sodium chloride content.

30+
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O 20+ 1

215+ _

5 1
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Figure 6. Temperature threshold for aggregation of PIC as a function of PIC
concentration at various conditions: Analysis in pure water (black) serves as
reference data, Leibovitz solution (purple) is applied as solvent for PIC for
the experiments with Hela cells, and the presence of 2% by weight of PEG
(blue), of TEG (green), of sucrose (red) and of Ficoll 400 (orange) illustrate
the impact of various crowding agents.

Whereas the threshold temperatures T,, recorded for Ficoll
400 is shifted to lower PIC concentrations, PEG and TEG indu-
ces the opposite effect. As is shown in the Supporting Informa-
tion, increasing the concentration of Ficoll 400 slightly shifts
the respective threshold curve to lower PIC concentrations and
at the same time slightly decreases its slope (Figure S4).

Among the additives applied as crowding agents in the
present work, only Ficoll 400 shows an impact on the self-as-
sembly of PIC, which can be qualitatively reconciled with a
crowding effect based on simple excluded volume considera-
tions."®'? Ficoll 400 is a branched and hence compact poly-
mer, with sucrose the chemical monomer. Sucrose was there-
fore used a suitable additive to test for specific interactions be-
tween Ficoll and PIC. No significant impact on PIC aggregation
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could be identified, which excludes significant excess interac-
tions between Ficoll and PIC compared to water and PIC. This
supports the hypothesis that excluded volume effects establish
the dominating feature exerted by Ficoll 400 on the self-as-
sembly of PIC.

Contrary to the effect of Ficoll 400, PEG and TEG reduce the
tendency of PIC to aggregate. This has to be induced by spe-
cific interaction of the chemical residues of PEG or TEG with
those in PIC. As suggested by Knowles et al.,*” aromatic C and
cationic N indeed interact favorably with (-CH,-OH) and (-CH,-
0O-CH,-) residues compared to the respective interaction with
water molecules. These favorable interactions with PEG and
TEG likely occur with monomeric PIC and/or with growing
ends of PIC filaments, thus nicely explaining the observed
impact of PEG and TEG on the interaction of PIC. As a result,
PIC is a self-assembling system sensitive to macromolecular
crowding based on excluded volume effects. Encouraged by
this feature, we decided to transfer PIC into cells in order to
study the response of PIC to the crowded environment of the
cytosol and its variations. Such experiments are particularly
promising as the fluorescence of PIC J-aggregates observed at
a wavelength of 573 nm may serve as a powerful tool to ana-
lyze self-assembly of PIC in-cell.

In vivo experiments with Hela cells

Accordingly, we studied PIC aggregation in adherent living
Hela cells to explore how the crowding effect in cells modu-
lates aggregation. Therefore, PIC was dissolved in Leibovitz
imaging medium (c=50 um) and added to the cells before
imaging. Initially, no fluorescence was observed and no aggre-
gation occurred in the Leibovitz medium. Surprisingly, we
found that fluorescence occurred within a few minutes inside
the cells (Figure 7a-d), while the medium in the extracellular
space remained non-fluorescent. Confocal microscopy revealed
that the fluorescence is mainly observed from bright cytoplas-
mic speckles and faint regions in the nucleus (Figure S5a and
S5b). We independently confirmed the accumulation of PIC in
the cell by measuring the change in concentration in the extra-
cellular medium by UV/Vis spectroscopy (Figure S6; see Materi-
als and Methods for further details). The result was that the
concentration in the cell is 100 times higher than in the extra-
cellular medium. The accumulation of aggregates inside the
cells shows that the cell membrane is permeable for mono-
meric PIC. The dye aggregates within the cell whereas it does
not aggregate at the same temperature in the extracellular
space (Figure 6). We summarize these findings in the illustra-
tion in Figure 7e.

We then studied the temperature-dependence of in-cell ag-
gregation. The mechanism of aggregation was similar at 12°C,
21°C and 37°C, following the Scheme in Figure 7 e, with subtle
variations in kinetics at different temperature and subcellular
environments (Figure 8). As is outlined in Figure 6, Ficoll 400
shifts the threshold line to much lower PIC concentrations,
thereby making aggregation of PIC at higher PIC concentra-
tions insensitive to temperature. A similar effect may be
caused by the cellular environment, which locates the states

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. a) PIC aggregation kinetics in HeLa Cells at 0 mm (black squares), 100 mm (red spheres) and 500 mm (blue triangles) concentrations of sodium chlo-
ride in the extracellular medium. Three independent measurements were performed and data shown as mean +s.d. b) Crowding effect in HeLa Cells after os-
motic upshift by 100 mm measured by a crowding sensor (inset; PEG shown in blue, FRET dyes in green and red and PEG crowding agents in gray). An in-
crease in FRET corresponds to an increase in crowding. After the osmotic shock that leads to a peak in crowding, cells recover their original volume by regula-
tory volume increase, except of a residual difference (AFRET). The data is taken from reference® and the graph modified for comparison.

analyzed in Figure S7 deep into the aggregate regime. We also
found PIC aggregation in the cells for 5 um and 0.5 um PIC sol-
utions. For the 5 um solution the aggregation kinetics were
comparable to the 50 um solution (Figure S8). In summary, we
observed the aggregation of PIC in cells exposed to concentra-
tions well below the aggregation threshold, suggesting that
excluded volume effects dominate the in-cell behaviors.

PIC aggregation in cells under osmotic stress

To test if macromolecular crowding in the cell is a cause of ag-
gregate formation we investigated how osmotic stress modu-
lates PIC aggregation. Osmotic stress is an effective tool to
modulate the cellular volume and crowding density.”'™% We
used NaCl for an osmotic upshift of the medium leading to a
decrease in cell volume and an increase in crowding. The PIC
solutions (50 um) in water were supplemented with NaCl to a
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final concentration of 100 mm and 500 mm and added to the
cell at t=0. Compared to the untreated cells, we found an in-
crease in the overall fluorescence intensity as well as faster ag-
gregation kinetics (Figure 8a).

The strongest increase in fluorescence intensity was ob-
served within the first minutes after the osmotic shock in par-
ticular for the 500 mm solution. This is in line with the corre-
sponding strong increase in cellular crowding during this
period.

It is known that this increase is caused by an immediate re-
duction of the cellular volume (due to the osmotic pressure)
with invariant cellular biomass.® As this leads to detrimental
effects, such as protein aggregation,®***” cells developed dif-
ferent responses to tightly regulate crowding (crowding ho-
meostasis).”® As a short-term response (within minutes) cells
accumulate inorganic salts and a recovery of the cellular
volume is observed, leading to the decline in crowding. This
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mechanism is known as the regulatory volume increase
(RVI).F2€% At longer timescale (up to several hours) the salts
utilized for the RVI are replaced by osmolytes to reduce the
ionic strength back to a basal level that may otherwise be det-
rimental to cells.®"¢?

To directly relate PIC aggregation to the changes in crowd-
ing for our specific cellular system, we refer to our osmotic up-
shift experiments in HelLa Cells. In this study,”® cellular crowd-
ing was measured using a previously introduced crowding
sensor (Figure 8b, inset).”” The sensor consists of a 10 kDa
polyethylene glycol polymer that was labelled at both ends by
Atto488 and Atto565 dyes. In crowded conditions, the sensor
adopts more compact conformations, which is measured by an
increase in Forster resonance energy transfer. A strong increase
in FRET is observed within the first minute after the osmotic
shock experiments. This is caused by the cellular volume col-
lapse and the increase in crowding. At longer timescales, the
RVI reduces the crowding close to basal level. This is in line
with the early modulation of PIC aggregation after the osmotic
upshift. However, a significant increase in crowding beyond
basal level is also observed beyond 12 min (indicated by the
AFRET in Figure 8b), which is compensated by the accumula-
tion of osmolytes at longer timescales. The residual increase in
crowding could explain the modulation of PIC aggregation at
longer times in particular for the 500 pum solution. The osmotic
shock experiments confirm that PIC aggregation in cells is par-
ticularly sensitive to excluded volume changes.

Conclusions and Outlook

Pseudo-isocyanine chloride (PIC) is a water-soluble cationic
dyestuff, which reversibly forms fiber-like aggregates. Aggrega-
tion is triggered once the temperature of the solution drops
below a certain threshold value, which increases with increas-
ing PIC concentration.®®*! A characteristic signature of these
fiber-like aggregates is a narrow absorption band and a fluo-
rescence band at a wavelength of 573 nm,**** which offers a
straightforward and easy to handle tool to track the appear-
ance of aggregates as a function of changing environmental
conditions.

In a first step, we dissolved PIC in aqueous solutions at varia-
ble crowding contents. Four synthetic additives were used as
potential crowders: Triethylene glycol (TEG), polyethylene
glycol (PEG), Ficoll 400 as a highly branched polysaccharide
and sucrose corresponding to the monomeric unit of Ficoll.
Combined UV/Vis spectroscopy and time-resolved light scatter-
ing during temperature gradients showed that the formation
of fiber-like aggregates coincides with the appearance of the
absorption at 573 nm, denoted as J-peak. This enabled us to
determine threshold temperatures at variable PIC-concentra-
tions, which can be correlated in terms of a phase diagram.
Ficoll 400 is the only additive, for which a drastic promotion of
self-assembly is observed. Promotion of self-assembly can un-
ambiguously be attributed to macromolecular crowding domi-
nated by an excluded volume effect. Sucrose, the monomeric
unit of Ficoll does not affect the self-assembly thus supporting
the excluded volume nature of the crowding exerted by Ficoll.
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Unlike with Ficoll 400, PEG and TEG shifts the threshold tem-
perature for the self-assembly to lower temperature compared
to the phase behavior of PIC in pure water, thereby decreasing
the tendency of PIC to form aggregates. These results do not
only suggest a use of such synthetic mixtures to scrutinize the-
oretical predictions on the impact of excluded volume effects
on self-assembly processes"®'? but give rise to an application
of PIC in vivo in order to learn if and how PIC responds to
changing environmental conditions in cells which lie at the
origin of macromolecular crowding.

Accordingly, we exposed Hela Cells with PIC solutions in Lei-
bovitz medium with PIC concentrations in the range of
0.5 um < [PIC] <50 pm being significantly smaller than the re-
spective threshold value in the Leibovitz medium. During ex-
posure of the cells to these PIC solutions, the cells were
tracked via fluorescence imaging in order to follow the appear-
ance of in-cell aggregation of PIC with the fluorescence band
at 573 nm. At PIC concentrations of 5 um and 50 pm a signifi-
cant fluorescence developed with time in the cells, clearly sig-
naling PIC aggregation. Analysis of the overlaying Leibovitz
medium revealed a loss of PIC via infiltration, indicating a PIC
concentration in-cell a 100 times higher than in the overlaying
Leibovitz medium. Finally, osmotic stress experiments with
excess NaCl salt in the infiltrating PIC medium were applied
while analyzing the cells for fluorescence to signal aggregation
of PIC. Addition of NaCl in fact further promotes aggregation
of PIC in-cell, which can unambiguously be attributed to a
temporary compression of the cellular volume and along with
this an amplification of crowding. It is these results, which indi-
cate PIC as an extremely promising candidate as a sensor to
examine varying cellular conditions with respect to their
impact on self-assembly processes of proteins in cells.

Experimental Section
Materials

1,1-Diethyl-2,2’-cyanine chloride (PIC) was prepared from 1,1-di-
ethyl-2,2'-cyanine iodide from (Sigma Aldrich) via ion exchange
(Amberlite IRA 402 Cl) under exclusion of light. The molar mass of
PIC is 362.9 gmol~". The crowding agents triethylene glycol (TEG),
polyethylene glycol (PEG, M, =400 gmol™"), sucrose and Ficoll 400
(M,=400000 gmol ') were provided by Sigma Aldrich (Darmstadt,
Germany). Leibovitz's 1-15 medium was obtained from Thermo
Fisher (Waltham, USA). LS-MS Grade water from VWR International
(Radnor, USA) was used to prepare the solvents. For the cell culture
it was used Dulbecco’s Modified Eagle’s Medium—Ilow glucose
(DMEM), Dulbecco’s Phosphate Buffered Saline (DPBS), EDTA, Peni-
cillin-Streptomycin, Fetal Bovine Serum (FBS), Trypsine (0,05 %)
EDTA (0,02%) which were provided by Sigma-Aldrich and sodium
chloride obtained from Sigma-Aldrich

Sample preparation

Aqueous solutions of crowding agents with contents varying from
2wt% to 25 wt% served as solvents. Solvents containing Ficoll
400 were slightly acidic. As Ficoll would undergo chemical decom-
position, especially at elevated temperatures, the pH of the solvent
thus had to be adjusted to 7 to ensure chemical stability of Ficoll
400. Stock solutions of PIC in the presence of crowding agents had
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a PIC concentration of 6 mm. Stock solutions in pure water were
prepared either at 6 or 8 mm of PIC. In Leibovitz's solution, the
concentration of the stock solution was set to [PIC]=0.25 mm. Sol-
utions were then stirred overnight at a temperature of 50° C in the
absence of light to ensure complete dissolution without decompo-
sition. For in vivo experiments the stock solution of PIC was diluted
to 50 um.

Cell culture

HeLa Cells were split every 2 to 3 days when reaching a confluency
of 80 to 90% in a T-25 flask. The confluency was monitored with a
light microscope (Leica). To split the cells, the old growth medium
was removed and washed with 1 mL DPBS twice. Trypsine (0.5 mL)
was added to detach the cells. Afterwards, growth medium
(3.5 mL) was added and the corresponding amount of cell were
transferred to a new T-25 flask with additional growth medium
(3 mL). To prepare for the experiment, HeLa Cells were split into
small Fluorodishes (10 mm diameter, WPI) one day before the ex-
periments. Before imaging the cells were washed twice with DPBS
(200 pL) and placed under the microscope. PIC in Leibovitz's solu-
tion (200 uL) was added to the samples. For osmotic shock experi-
ments, NaCl was added to the solution to reach a final concentra-
tion of 100 pm and 500 um.

For the absorption spectroscopy, to determine the concentration
of PIC in the cells, samples of the same amount of cells were split
to 24-well dishes. After 24 h, the cells were washed twice with
DPBS (200 pL). PIC solution (200 pL) was added to the cells and in-
cubated for distinct time intervals. Afterwards, the supernatant was
removed and analyzed by absorption spectroscopy. The remaining
cells were detached from the surface with Trypsine (200 pL) and
the population was counted.

Fluorescence microscopy

The cells were imaged with a Zeiss Observer.Z1 wide field micro-
scope. PIC was excited by using an LED with a wavelength of
530 nm. Emission light was detected using the AHF Analysentech-
nik beam splitter Dual 532/640 ET, the AHF Analysentechnik detec-
tor cube H 643 and a Zeiss AxioCam HSm camera. To control the
temperature of the samples the Brook Industries Z-HC-K-3112 tem-
perature stage was used. Images were recorded every 2.5 minutes
(100 ms exposure time) for 60 min and analyzed using ImageJ.
ROIs (Regions of Interest) were set to analyze the average fluores-
cence intensity in the cytoplasm. A sample size of at least 100 cells
was measured and analyzed and the errors determined as standard
deviation (s.d.).

Confocal fluorescence microscopy

The cells were imaged using an Olympus FV 3000 confocal micro-
scope. PIC was excited with a wavelength of 532 nm. Emission
light was detected using the beam splitter DM405/488/561 and a
PMT. The scanning speed was 2 ps/pixel measuring 512 %512 pixel.
The detection range for the emission light was between 550 and
600 nm. The images were acquired after 30 min of cellular treat-
ment with PIC solution.

Determination of in-cell concentration

PIC concentration was determined using absorption spectroscopy.
The absorption coefficient of PIC was determined as &s,5=
50000 Lmol'cm™' using Lambert-Beer’s law. The in-cell concen-
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tration was then calculated by the loss of PIC in the supernatant
[Eqg. 1]:

Closs = Cstandard — CSupematant (1)

Coandarg 1S the concentration of PIC that was added to the cells.
Coupernatant 1S the remaining concentration after cellular uptake for a
specific incubation time. Thereby the concentration of PIC accumu-
lated the cells can be calculated. Thus, the amount of substance in
one cell (n.) can be calculated by [Eq. 2]

*
Closs VSupematant
Sors Spsrmston 2)
Cell

Neey =
The volume V,,emaran: is the volume that was used for incubation
and N, the cell count. The concentration of PIC in the cell can be
calculated using the average volume of Hela Cells (V=
2600 um?).*! [Eq. 3]

Neen
Ceen = VZ// (3)

The error was determined using the standard derivation error cal-
culation and comes from the faulty concentration measurement
via UV/Vis spectroscopy.

UV/Vis spectroscopy

UV/VIS spectra were recorded with a Lambda-19 spectrometer
from Perkin—Elmer (Waltham, USA). Spectra were recorded from
400 to 600 nm with a scan speed of 120 nmmin~" and a slit width
of 2mm. A custom-built copper block was used as a cuvette
holder, which can be thermostated externally to enable tempera-
ture sensitive measurements. For concentrations of [PIC] >1 mwm, a
demountable cuvette with a path length of 0.01 cm was used. For
samples with a concentration of 0.1 mm </[PIC]<1 mm, cuvettes
with a path length of 1 cm were used. The monomer spectrum of
PIC at 3 um was recorded in a cuvette with a path length of 5 cm.
All cuvettes were provided by Hellma Analytics (Mihlheim, Germa-
ny).

Static and dynamic light scattering (SLS and DLS)

Light-scattering experiments were made with a multi-detection
laser light-scattering system ALV/CGS-3/MD-8 from ALV GmbH
(Langen, Germany). A He-Ne Laser with a wavelength of 632.8 nm
was used as a light source. The system provides an array of 8 de-
tectors with a shift between two neighboring detectors of 8°, thus
allowing simultaneous dynamic and static light scattering in a
time-dependent manner. An angular range of 30°<6<86° was
covered, corresponding to a g-range in water of 6.8x10°<g<
18x 10 nm~" with [Eq. 4]

_A4an, . (0 4
q*/l_osmf (4)

as the momentum transfer vector, n=1.332 the refractive index of
water at T=25°C, 0 the scattering angle and 4, the laser wave-
length in vacuum. For each datapoint, scattered light was recorded
for 10 seconds. Cylindrical light scattering cuvettes from Hellma
(MUhlheim, Germany) with a diameter of 2.4 cm were used.

To remove dust, the solutions were filtered prior to a scattering ex-
periment by means of Millex-GV (PVDF, 0.22 um) syringe filters
from Merck Millipore (Billerica, USA). The solutions were successive-
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ly equilibrated in the light scattering device for 10 minutes. The
starting temperature is 35°C for the sample containing Ficoll 400
and 25°C for all other solutions. A measurement was started to-
gether with a temperature gradient, during 3 h ending at 10°C.
The gradients were controlled by an external thermostat.

Data from static light scattering were evaluated with the Zimm ap-
proximation.®” Dynamic light scattering was analyzed in terms of a
cumulant analysis.®™ A detailed description of both approaches
can be found in the Supporting Information (Section 8).

The refractive indices of crowder solutions, which also served as
solvents for PIC are required for SLS and DLS data evaluation. Re-
fractive indices of crowder solutions were measured with an Abbe
refractometer from Carl Zeiss AG (Oberkochen, Germany) at 25°C,
covering a concentration regime of 1 wt% to 25 wt% of crowder.
Each solution was measured three times.

For DLS data analysis, the dynamic viscosities # of the crowder sol-
utions are needed in addition. Dynamic viscosities were deter-
mined with an Ubbelohde viscosimeter from Schott AG (Mainz,
Germany) at 25°C at 1 wt% and 5 wt% of crowder content. The
viscosity of each solution was determined three times. The slight
temperature dependence of the viscosity was taken into account
by applying the known relative temperature dependence of the
water viscosity on the aqueous solutions of the crowders respec-
tively.

Determination of the aggregation threshold via UV/Vis-spec-
troscopy

A dilution series of the stock solution of PIC in pure water was pre-
pared, covering a concentration regime from 5 to 8 mm in steps of
0.5 mm. For solutions containing crowding agents, a concentration
regime from 4 to 8 mm was covered in steps of 0.5 mm. Absorp-
tion at 573 nm As;; was then recorded as a function of tempera-
ture, which was decreased in increments of 1°C. The temperature
increment during which Ag,; increased at least two-fold was de-
fined as the aggregation threshold temperature. An example of
this approach is shown in the Supporting Information (Figure S1b).

Temperature-dependent recording of A;,;

For all stock solutions of PIC at 6 mm in either pure water or in the
presence of crowding agents (2 wt%), the absorption at 573 nm
As,; was recorded in a time-dependent manner while decreasing
the temperature from 25°C to 10°C with a linear temperature gra-
dient of 0.375°Cmin~". For the sample containing Ficoll, the start-
ing temperature was increased to 35°C in order to capture the ag-
gregation threshold. In order to stress the temperature depend-
ence, the time axis was transformed into a temperature axis.
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