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Abstract

The saturation concentration (Csat) is a key parame-
ter of proteins undergoing liquid-like phase separa-
tion. Itis defined as the concentration above which a
protein demixes from solution and forms biomolecu-
lar condensates. Here, we present a protocol for de-
termining the Csat of a fluorescently labelled protein
in vitro. Determining the Csat at various control pa-
rameters, such as salinity or pH allows deriving mul-
tidimensional phase diagrams.

Introduction

The formation of intracellular biomolecular conden-
satesis emerging asa principle to describe the organ-
ization of the eukaryotic inside (Banani 2017). Con-
densates form by the process of liquid-liquid phase
separation. In its simplest form, a two-component
system, a buffer (which may already be complex) and
a polymer compound, such as a protein, can demix
from one another to form a polymer rich-phase which
coexists with a polymer-poor phase (Hyman, 2014).
We are at the beginning of understanding the under-
lying principle, but the diversity and complexity of
the phenomenon occurring in biology is overwhelm-
ing and in these rather early days we are often left
with more questions than answers.

Condensates may be present throughout the cell cycle
but may also form or disassemble during developmen-
tal or environmental changes. While the functional
aspects of some condensates are emerging, examples
may be the nucleolus (Feric, 2016) or centrosomes
(Woodruff, 2017), many more condensates are being
identified and described, yet often their function re-
mains unclear. Likewise, the characteristics and mo-
lecular mechanisms underlying the assembly process
remain a quest of intense research.

The ability to identify and isolate key components of
cellular condensates enables the discovery of under-
lying molecular interactions that regulate the for-
mation and function of condensates inside of cells. A
key challenge has been to express and purify those
components. This is, because many of these proteins
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exhibit rich phase behavior and are aggregation
prone. Understanding that the interactions within
condensates appear to be of electrostatic nature fa-
cilitated the isolation process. Using buffer with in-
creased salinity successfully suppressed the aggrega-
tion and phase separation during the purification
process, often yielding pure and stable protein sam-
ples (REF alberti 2018)

The assembly of condensates is a highly concentra-
tion dependent process. For a self-interacting sys-
tem, such as a protein prone to phase separation, it
will persist in an unassembled, maybe monomeric
stateat small protein concentrations. The limited sta-
bility of proteins renders them unstable and increas-
ing the concentration increase the likelihood for a
protein to self-interact. The system abruptly demixes
to form a rich-phase. The concentration at which the
protein forms condensates is defined as the satura-
tion concentration (Csat). In other words, at concen-
trations below Csat the monomers (or small species)
persist in solution, but at concentrations above Csat,
excess molecules interact to forms a phase forms (like
salt crystals precipitate from a supersaturated salt so-
lution). More complex system exists. E.g. many pro-
teins interact with ligands, such as DNA or RNA and
thus the probability to undergo phase separation is
determined by the concentration-dependent interac-
tion of the protein and the interaction partner.

To enable the discovery of the structure-function re-
lationship of condensates, it is of critical importance
to understand Csat as function of control parameters,
such as pH, temperature, salinity and ligands. The
control parameters determine the strength of intra-
and intermolecular interactions and thus route the
protein (or protein-ligand complex) into distinct ma-
terial states, such as liquid-like condensates, hydro-
gels or even aggregates and crystals. With these tools
athand, one provides a mechanistic understanding of
the molecular interactions and enables the descrip-
tion of the structure-function relationship.

Here, we set out to determine the Csat of a model pro-
tein (DDX4-YFP, Nott (2015)) as a function of various
control parameters, including pH and salinity, which



EMBO Practical Course - Methods for studying phase separation in biology - 05-13 Feb. 19 | Dresden, Germany

sets the base for subsequent characterization of the
molecular interactions and condensates material
properties.

Reagents, Materials and Equipment

Buffers

40 mM PIPES, pH 7.6-6.0
20 mM Tris, pH 8.0-7.5
NaCl5Min H20

ddH20

Note: Fresh buffers should be prepared and
filtered.

Pipettes and pipette tips

1000 pL

100 pL

10pL

2L

Note: some condensates are very fragile.
Shear forces induced by pipetting can result
in dissolution or aggregation of the conden-
sates.

Sample chamber

Protein

384 microtiter well plate. For short term, a
plastic cover is suggested to reduce evapo-
ration. For intermediate incubation, the
sample may also be covered with mineral oil.
Alternatively, samples can be mounted onto
microscopy glass-slides, with spacing be-
tween the glass and cover slide.

Here we use DDX4-YFP as a model system.
Stock concentration: 65 UM
Buffer: 20 mM Tris, pH 8.0, 500 mM NaCl

0.1-1.5 ml plastic vials for liquid handling of
buffers and protein.
Low/Non-binding recommended

(optional, if necessary)

Centrifuge for sample rotation (removal of
nucleation seeds or aggregates)
Nanofiltration devices (removal of nuclea-
tion seeds or aggregates)
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Microscope and objectives

widefield or confocal microscope

Imaging of condensates can be carried out
with 20x air, 60x water or 100x oil emulsion
objectives and should be chosen according
to condensate size and volume fraction
phase separated.

Procedure

Prepare protein

1.

Thaw 15 pL protein per condition rapidly,
holding the samples in your hands.
Combine all vials to a single one.

Spin the sample at max. speed for 2 min.
Prepare 20 plL of a 1:10 dilution of the stock
protein solution using the storage buffer
(50 mM Tris, pH 8.0, 500 mM Na(l) as dilu-
tion buffer. This 1:10 dilution is used for set-
ting up small protein concentrations.

Prepare buffer solutions

1.

Prepare 500 pl 2 x buffer for each condition

Salt compensating solution

1.

Because the protein is stored in a solution
high salinity, a large amount of salt it car-
ried over from the stock solution into the fi-
nal reaction. Consequently, pipetting differ-
ent amounts of protein, yields different con-
centrations of salt carried over. This must by
compensated.

Prepare 1 ml salt compensating solution,
500 mM NaClin H20

900 pL ddH20 + 100 pL 5 M NaCl

Setting up the well plate

[DDX4-YFP]
[Salt solution]

=

[Salt]

Ul N W N

Add the buffer to the respective wells

Add the water to the respective wells

Add the salt to the respective wells

Mix the well plate by shaking gently

Add the protein last. Important: Do not use
your pipette for mixing the solution. Con-
densates are fragile and shear forces may
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dissociate the condensates and induce ag-
gregation.

6. Coverthe well plate with a plastic cover

7. Incubate the well plate for 15-30 min

8. Optional: you may mix the solution by plac-
ing the well plate on a well-plate shaker, not
exceeding 800 rpm

9. Imagethewell plate

Data analysis

Manual data analysis

e Open microscope images and score the ab-
sence or presence of biomolecular conden-
sates O or 1.

e Form the mean average of the scoring per
conditions.

e  Plot the mean average score as a function of
the protein concentration to derive a satu-
ration concentration curve.

e Form a linear extrapolation of the baseline
before phase separation and a linear extrap-
olation of linear part of saturation curve.
Determine Csat from the intersection of the
two linear extrapolations.

Computer aided data analysis

e Usea fiji base script to

o segment the condensates in each
field of view per condition

o measure the mean fluorescence in-
tensity and area of condensates

o determine the mean average back-
ground intensity and area

o calculate the fraction phase sepa-
rated from the total condensates
intensity normalized to the total
fluorescence

2 Icondensate

Fraction =
(Z ICondensate + Z Ibackground)

e Use R/ Rstudio to statistically analyze and
plot the fraction phase separated

e Fit the data to the a generic sigmoid func-
tion using non-least square fitting:

fraction = —(fmm &%X) + fnax
1+ e dx

where fnin and frax described the minimum and
maximum value of the observed phase separated
fraction, respectively, xo denominates the value
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at which half of the fraction is saturated and dx
the slope at half saturation.

e  Derive the maximum slope in the turn-
ing point of the sigmoid

m _fmax _fmin
T 4xdx

e To approximate Csat use the following
equation can be used

fmin _ fmin + fmax

Csat ~
Max 2% My

+ x4

Figures
I

Figure 1: Schematic representation of the domain structure of the
2xNT-DDX4-YFP model construct. NT: N-terminal domain (green),
note: NT was duplicated. this construct exhibits a reduced Csat
compared to 1xNT, YFP: Yellow Fluorescence Protein (vellow), C-

terminal extension depicted in blue.

Figure 2: Representative fluorescence images of recombinantly ex-
pressed and purified DDX4-YFP at various protein concentrationsin
20 mM TRIS, 125 mM NaCl, pH 8.0. Images were taken on the bot-
tom of a multi well dish. The average size of and the area covered
by condensates increases as the function of protein concentration.
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Figure 3: Analysis of the Fraction phase separated (blue) as a func-
tion of DDX4-YFP concentration. Trendline fitted to the datapoints
is depicted in blue. Csat for robust phase separation is depicted in
grey. Note: The experiment conditions differ from those shown in
Figure 1, resulting in a different Csat.
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Figure 4: Analysis of the phase separation behavior of DDX4-YFP as
a function of protein concentration. In this analysis, the average of
36 fields of views was analyzed and scored for the presence and ab-
sence of condensates. The mean per condition was calculated to
derive Csat. This analysis predicts the nucleation concentration.
Trendline fitted to the datapoints is depicted in blue. Csat for early
phase separation is depicted in grey.

Discussion and Conclusions

DDX4-YFP is a multidomain protein that consists of
three distinct parts, a disordered N-terminal region
(NT) followed by the folded YFP and a short, disor-
dered C-terminal extension (Figure 1). In this course
we used a variant of DDX4, in which the N-terminal re-
gion was duplicated (2xNT-DDX4-YFP). The N-termi-
nal domain of DDX4 self-interacts and provides the
multivalent interactions to drive phase separation
(Figure 2 and Nott (2015)). According to the previous
characterization, the N-terminal domain determines
the Csat and duplication of this region lowers the Csat
even further, demonstrating that the interactions
among N-terminal regions plays an important partin
regulating the solubility of the protein and the phase
separation process. Varying the concentration of
DDX4-YFP allows determining and quantifying the as-
sembly transition (Figure 2-4). The assembly transi-
tion depends on the interaction strength among
DDX4 molecules. These interactions are subject to
control parameters, such as pH and salinity. We de-
rive saturation concentration from various condi-
tions, combine them in a multidimensional phase di-
agram to establish an understanding of the influence
and interdependence of the control parameters.
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Appendix - Examples of pipetting schemes

[DDXAYFP]

Storage buffer
ractions Volume

Final [NaCl]
pH
Buffer

[DDX4-YFP]
(um)
0,0
0,1
0,2
0,3
0,4
0,5
0,8
1,0
2,0
3,0
4,0
5,0
7,5
10,0

65,

0 uM

20 mM Tris,
pH 8.0, 500

20,

0 pL

100 mM NaCl

8 pH

50 mM Tris / PIPES

Add buffer
(ul)
10,0
10,0
10,0
10,0
10,0
10,0
10,0
10,0
10,0
10,0
10,0
10,0
10,0
10,0

Add H20
()
6,0
6,0
6,0
6,0
6,0
6,0
6,0
6,0
6,0
6,0
6,0
6,0
6,0
6,0

salt compensating  Volume DDX4-YFP Volume DDX4-YFP [NaCl] (mM)
Stock solution (pl)

buffer volume (pl)
4,0
3,7
3,4
3,1
2,8
2,5
1,7
0,9
3,4
3,1
2,8
2,5
1,7
0,9

0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,6
0,9
1,2
1,5
2,3
3,1

1/10 Dilution ()
0,0
0,3
0,6
0,9
1,2
1,5
23
3,1
0,0
0,0
0,0
0,0
0,0
0,0

carry over

0,0

7,7
15,4
23,1
30,8
38,5
57,7
76,9
15,4
23,1
30,8
38,5
57,7
76,9

Table 1: Pipetting scheme for a protein concentration series in 25 mM, pH 8, 100 mM NaCl

[DDX4YFP]

Storage buffer
2actions Volume

Final [NaCl]
pH
Buffer

[DDX4-YFP]
(uv)
0,0
0,1
0,2
0,3
0,4
0,5
0,8
1,0
2,0
3,0
4,0
5,0
7,5
10,0

65,

0 uM

20 mM Tris,
pH 8.0, 500

20,

0 pL

200 mM NacCl

8 pH

50 mM Tris / PIPES

Add buffer
(ul)
10,0
10,0
10,0
10,0
10,0
10,0
10,0
10,0
10,0
10,0
10,0
10,0
10,0
10,0

Add H20
()
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0

salt compensating  Volume DDX4-YFP Volume DDX4-YFP [NaCl] (mM)
Stock solution ()

buffer volume (pl)
8,0
7,7
7,4
71
6,8
6,5
5,7
4,9
7,4
7,1
6,8
6,5
5,7
4,9

0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,6
0,9
1,2
1,5
2,3
3,1

1/10 Dilution (pl)
0,0
0,3
0,6
0,9
1,2
1,5
2,3
3,1
0,0
0,0
0,0
0,0
0,0
0,0

carry over
0,0
7,7
15,4
23,1
30,8
38,5
57,7
76,9
15,4
23,1
30,8
38,5
57,7
76,9

Table 2: Pipetting scheme for a protein concentration series in 25 mM, pH 8, 200 mM NaCl
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Total (ul)
20,0
20,0
20,0
20,0
20,0
20,0
20,0
20,0
20,0
20,0
20,0
20,0
20,0
20,0

Total (pl)
20,0
20,0
20,0
20,0
20,0
20,0
20,0
20,0
20,0
20,0
20,0
20,0
20,0
20,0



