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An increasing number of proteins with intrinsically disordered domains have been shown to phase
separate in buffer to form liquidlike phases. These protein condensates serve as simple models for the
investigation of the more complex membraneless organelles in cells. To understand the function of such
proteins in cells, the material properties of the condensates they form are important. However, these
material properties are not well understood. Here, we develop a novel method based on optical traps to
study the frequency-dependent rheology and the surface tension of P-granule protein PGL-3 condensates as
a function of salt concentration. We find that PGL-3 droplets are predominantly viscous but also exhibit
elastic properties. As the salt concentration is reduced, their elastic modulus, viscosity, and surface tension
increase. Our findings show that salt concentration has a strong influence on the rheology and dynamics of
protein condensates suggesting an important role of electrostatic interactions for their material properties.
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Introduction.—A fundamental question of biology is to
understand the spatial organization of cells into compart-
ments of distinct chemical composition and activity.
Many cellular compartments are bounded by membranes.
However, cells also possess compartments that are not
bounded by membranes. Examples are germline granules,
cajal bodies, nucleoli, and stress granules. It has been
shown in recent years that many membraneless compart-
ments are protein condensates forming soft materials that
coexist with the cytoplasm or nucleoplasm and often
exhibit liquidlike properties [1-10].

Liquidlike compartments typically contain one or two
scaffold proteins which are required for compartment
formation and to which RNA and other proteins colocalize
[1,4,11]. Many scaffold proteins phase separate in vitro
when introduced into physiological buffer resulting in the
condensation of liquidlike droplets. A well-studied example
of a phase-separating scaffold protein is PGL-3—a major
component of P granules, the germline granules of the
nematode worm Caenorhabditis elegans [2,6,11,12]. This
and other protein droplets serve as models for the soft
materials that form the more complex liquidlike compart-
ments in cells [5-7,10,12,13]. The material properties of
protein droplets are important to understand the biological
function of protein condensates in cells—for example,
when they serve as biochemical reaction centers, which
requires rapid diffusion of components, or when they serve
as structural elements, which may require some degree of
elasticity. However, the material properties and rheology
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have not yet been fully characterized. Active microrheo-
logical methods that could provide such information for
micron-sized droplets are currently lacking.

The saturation concentration of protein phase separation
in vitro depends on buffer conditions such as salt concen-
tration, pH, or the presence of RNA [6,7,10,12—-14]. The
salt and pH dependence of the saturation concentration
suggests a role of charge and electrostatic interactions in
protein phase separation.

In this Letter, we develop a novel active microrheology
method to determine the frequency-dependent rheology
of micron-sized PGL-3 droplets as a function of salt
concentration using optical traps. Protein droplets are
deformed via two opposing adhered beads trapped by
optical traps [Figs. 1(a), 1(b)]. Surface tension y and
the complex shear modulus G*(w) = G'(w) + iG"(w)
that characterize the droplet material properties can be
obtained using a theoretical analysis of force balances
associated with droplet deformation in the optical trap
setup. Here G’ and G” denote the storage and loss moduli,
respectively.

Force balance of droplet deformation.—The microrheol-
ogy setup based on a dual optical trap is shown in Figs. 1(a),
1(b). The droplet is deformed by moving one trap. The
resulting force balance involves forces F| and F, exerted on
the droplet by the traps with stiffnesses k; and k,, as well as
viscous drag exerted on the droplet by the fluid with friction
coefficient £ [Fig. 1(c)]. In the overdamped regime, force
balance requires
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FIG. 1. Microrheology setup based on a dual optical trap.
(a) Schematic. (b) Fluorescent micrograph of protein droplet
during the measurement. Scale bar, 5 ym. (c) Mechanical circuit
equivalent of measurement setup. (d) Exemplary experimental
output during oscillatory droplet deformation: position of optical
trap 1 (red) and forces associated to optical traps 1 and 2 (blue) at
frequency 1 Hz and 75 mM KCI. (e) Exemplary system spring
constants yi, (filled circles), yg, (empty circles) from the
measurement of a protein droplet with a diameter of 12.2 ym
at a salt concentration of 75 mM KCl.

F1+F2:§’U, (1)

where v is the droplet velocity. The difference of F'; and F,
is balanced by forces exerted by the deformed droplet.
For time periodic forces Fi, = Fl,z exp(imt) + c.c. and
droplet diameter x; = x, o + X, exp(iwt) + c.c. with angu-
lar frequency w, we have

(F\ = Fy)/2 =y ()% (2)
Here, the tilde denotes the complex amplitude of the Fourier
mode at angular frequency @ and c.c. refers to the complex
conjugate. In Eq. (2), y*(w) = y'(w) + iy” (w) characterizes
the complex frequency-dependent spring constant of the
droplet response, where y'(w) and y” (@) denote the real and
imaginary part of the complex spring constant, respectively.
For an oscillatory trap movement ¥ = iw(%;/2 + F»/k,).
The complex spring constant of the entire system (droplet in
series with two optical traps) is

)(:ys<w) = (Fl - FZ)/(chsys)’ (3)

where x,y is the distance between the trap centers [Fig. 1(c)].
The distance xyy, can differ from the droplet diameter x,
because the beads can move out of the trap centers. The
complex spring constant of the droplet can be related to the
complex spring constant of the system using

Xgys = (Fl/kl - FZ/kZ) + Xy (4)
We find

4= Xaysldkiky + igw(ky + k)] (5)

Droplet mechanics in the optical trap.—To determine
the protein droplet’s surface tension y as well as the
complex frequency dependent shear modulus G*(w) in
the optical trap setup, we need to relate these material
properties to the complex spring constant y* defined in
Eq. (2). The mechanical droplet stress satisfies the force
balance

8[0',‘1' =0. (6)

For small deformations in the low Reynold’s number
regime, the constitutive material equation of an incom-
pressible droplet material can be written as

where p denotes pressure and u; is the displacement vector
with components i, j = x, y, z. Stress boundary conditions
on the surface of a spherical droplet of radius R read in
spherical coordinates r, 0, ¢,

“Pext — O'rr(R’ 9) = 27/H’ (8)
Gr,g(R, 9) = O (9)

Here, p.,; is the local normal force per area exerted on the
droplet surface and H denotes the mean curvature of the
weakly deformed droplet surface. Forces mediated by
adherent beads of radius ry.,g are captured by a time
periodic pressure distribution with complex amplitude
Dext = Pol®(0 — 7+ 6y) + ©(6, — 0)] on the droplet sur-
face [Fig. 2(a)], where ® denotes the Heaviside function
and 90 = rbead/R.

Using Egs. (6)—(9), we calculate the time-dependent
deformation field u,(r,0,1) of droplet material using a
stream function approach and an expansion in spherical
harmonics, see Supplemental Material [15]. The time
dependent droplet diameter can be expressed as x,(t) =
2[R + u,(R, 0, )] and the difference of optical trap forces is
given by F(t) — F5(t) = § dApe,. We then obtain the
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FIG.2. Spring constants for a Newtonian and non-Newtonian droplet subject to polar forcing. (a) Droplets are subject to an oscillatory
pressure P, applied in a dome-shaped region at the poles. (b) Complex spring constant y* of a Newtonian droplet with surface tension.
(c) Complex system spring constant of a Newtonian droplet in series with two identical traps. For low frequencies, the spring constant is
dominated by surface tension (gray zone, left-hand side). For high frequencies, the two traps dominate the spring constant and yy
approaches k/2 (gray zone, right-hand side). Outside of this trap-dominated regime, the loss modulus is governed by the viscous
properties of the droplet material. (d) Spring constant of a non-Newtonian droplet formed by a power law fluid, i.e.,
G*(w) = Ana’lcsc(np/2) + isec(nf/2)]/2, and with surface tension. Parameters are 6, =0.1, R =5 um, y =3 uN/m,
n=05Pas, A=02Pa, =08, k; = k, = 150 pN/um, and & = 67, R, where 1, = 1073 Pas.

complex spring constant of the droplet response y* as a
function of G* and y using Eq. (2), see Supplemental Material
[15]. This droplet spring constant is related to the spring
constant of the entire optical trap system through Eq. (5).

Droplet spring constant in simple cases.—We first
discuss the droplet and system spring constants for a
droplet consisting of a Newtonian fluid. In this case, the
complex shear modulus G* = iwn, where 7 is the viscosity.
Using the approach described above, we determine the
droplet spring constant y* and the system spring constant
Xsys- The droplet spring constant as a function of frequency
is shown in Fig. 2(b). The real part of the spring constant
(blue) stems from surface tension. The imaginary part (red)
is associated with viscosity.

The system spring constant for a Newtoninan droplet is
shown in Fig. 2(c). At low frequencies, the response of the
system is dominated by the droplet surface tension,
corresponding to a plateau in the real part [see gray low-
frequency region Fig. 2(c)]. The intermediate frequency
range is dominated by droplet viscosity. At high frequen-
cies, the system response is dominated by the optical traps
[see gray high-frequency region Fig. 2(c)].

We also consider a droplet composed of a non-
Newtonian fluid with a power law rheology in both loss
and storage moduli G’ ~ G” ~ @’ with exponent . The
corresponding droplet spring constant reveals droplet sur-
face tension at low frequencies and power-law rheology at
high frequencies, Fig. 2(d).

Salt dependent material properties of PGL-3 droplets.—
We performed measurements on PGL-3 protein droplets
formed in buffer (25 mM HEPES [4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid], 1 mM DTT (dithiothrei-
tol), pH 7.5) at four different salt concentrations (75, 115,
150, and 180 mM KCI). Polystyrene beads of 1 ym
diameter added to the buffer were brought into adhesive
contact with protein droplets (see Supplemental Material
[15]). Radii of droplets used were between 5-9 ym.

Droplets were deformed at frequencies between 0.04
and 40 Hz. Forces exerted by both optical traps and the
position of the mobile trap center were recorded. From this
data, we first determined the system spring constant
Xsys(®@) using Eq. (3) [Fig. 1(e)]. The frequency dependent
spring constant exhibits the three regimes discussed above
[compare Figs. 1(e) and 2(c)]: a low frequency regime
dominated by surface tension, an intermediate regime and a
high frequency regime dominated by the traps [Fig. 1(e)].
We then determined the complex spring constant of
uniaxial droplet elongation y* using Eq. (5) [Fig. 3(a)].
From this data, we first determined the surface tension y in
the low frequency regime using
Y~y (@)/(1.25 +4.3663), (10)
valid for small 0y = ry.q/R <1 (see Supplemental
Material [15]). We then obtain the complex shear modulus
G* by accounting for surface tension effects from the droplet
spring constant [Fig. 3(b) and Supplemental Material [15]].
For modulus R|G*(®)| > y and small 6, we use

(@) — (175 + 6.3162)7]

G* 1
(@) R(0.58 + 3.4262)

(11)

(see Supplemental Material [15]). Figures 3(c)-3(f) show
storage and loss moduli as a function of frequency averaged
over several experiments for four different salt concentra-
tions. Loss moduli G” increased approximately linearly for
increasing frequency [Figs. 3(b)-3(f)]. Corresponding vis-
cosity values range from# = 0.1to 1 Pa s. Storage moduli at
areference frequency of 10 Hz ranged between values of 0.1
and 15 Pa. Both viscosities and storage moduli decreased
with increasing salt concentration [Figs. 3(g) and 3(i)]. The
associated loss tangent G” /G’ exhibited a sharp drop when
salt concentration was reduced to 75 mM, suggesting a more
solidlike rheology at lower salt concentrations [Fig. 3(j)].
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FIG. 3. Salt-d dent material Tt f PGL-3 droplet

(a)—(b) Spring constants 3’ (filled circles), y” (empty circles), and
reconstructed moduli G’ (filled circles), G” (empty circles) for one
droplet. [Corresponding x5, shown in Fig. 1(e)] (c)~(f) Ensemble
average of G’ (closed symbols), G” (open symbols) of the droplet
material at salt concentrations of 75,115,150, and 180 mM KCI.
Error bars indicate standard deviations (n = 3). (g)—(j) Salt depend-
ence of viscosity found using a linear fit to the loss modulus
(G" = wn, where 1 is the viscosity) (), surface tension (h), storage
modulus at 10 Hz (i), and loss tangent at 10 Hz (j). In panel (h), we
show a fit of the theoretically predicted decay of surface tension
in dependence of salt concentration ¢ (solid red line) [26], where
c. = 243 mM is the fitted critical salt concentration.

The estimated surface tension y was about 5 yN/m for
75 mM salt and decreased steadily for increasing salt
concentrations with y ~ 1 uN/m at 180 mM salt [Fig. 3(h)
and Supplemental Material [15]]. To test our new method,
we measured viscosity and surface tension using two estab-
lished methods. Using passive bead-tracking micorheology,
we estimated a viscosity 7 = 0.7 £ 0.1 Pas at 75 mM salt,
which is in excellent agreement with our active microrheol-
ogy results [Fig. 3(g) and Supplemental Material [15]].
Furthermore, we analyzed thermal fluctuations of droplet
shape to measure surface tension y ~ 1.4 uN/m at 180 mM
salt, consistent with our new method.

The surface tension and viscosity of polyelectrolyte
condensates have been studied theoretically [25,26]. In
Fig. 3(h), we compare the predicted salt dependence of
surface tension to our data and find good agreement.
Furthermore, the salt dependence of a characteristic time
is also in agreement with this theory (see Fig. S6 in the
Supplemental Material [15]).

Discussion.—Here, we used a novel technique with
optical traps to characterize the rheology of PGL-3 protein
droplets. We find that newly formed PGL-3 droplets consist
of a viscoelastic material with liquidlike material properties
that depend on salt concentration. Viscosities range from
0.1 to 1Pass for decreasing salt concentrations from 180 to
75 mM. The storage modulus is smaller than the loss
modulus, but approaches the loss modulus from below for
frequencies larger than 10 Hz. Furthermore, we obtain more
precise values of surface tension than previous methods.
Values depend on salt concentration and range from 1 to
5 uN/m for decreasing salt concentrations from 180 to
75 mM. Such low values of surface tension are consistent
with values estimated for colloidal systems with weak
interactions but much smaller than typical air-water or oil-
water systems [27]. Notably, our viscosity and surface
tension estimates for PGL-3 droplets in vitro are consistent
with estimates for P granules in vivo suggesting that in vitro
PGL-3 is a good model system for the physics and material
properties of P granules in vivo [2]. Interestingly, our
viscosity and surface tension values for PGL-3 are between
1 and 2 orders of magnitude smaller than estimates for
droplets of the P-granule protein LAF-1 formed in vitro [12].

Viscosities of PGL-3 droplets exhibit a strong salt
dependence qualitatively similar to salt-dependent viscos-
ity estimates reported for phase-separated LAF-1 by
passive bead-tracking microrheology [Fig. 3(g)] [12].
The decrease in storage moduli, loss moduli, and surface
tensions for increasing salt concentrations suggests that
screened electrostatic interactions play an important role in
protein condensates and their material properties. As salt
concentration is increased, interactions become weaker
because of screening effects. Interestingly, synthetic poly-
electrolytes show a similar dependence of rheology and
surface tension on salt concentration as the protein con-
densates studied here [25,26].
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In conclusion, our measurements show that protein
condensates are complex polymeric liquids with viscoelas-
tic material properties that can be regulated by salt con-
centration. We obtain our results using a novel optical trap
based rheometer suitable for micron-sized probes. This
method does not rely on thermodynamic equilibrium. We
expect that our work will trigger more studies that lead to a
deep understanding of the physics of protein droplets and
their phase behavior in biological cells.
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