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ABSTRACT: The dynamic cytoskeletal network of microtubules and actin filaments can be disassembled by drugs. Cytoskeletal
drugs work by perturbing the monomer-polymer equilibrium, thus changing the size and number of macromolecular crowders in-
side cells. Changes in both crowding and non-specific surface interactions (‘sticking”) following cytoskeleton disassembly can af-
fect protein stability, structure, and function directly, or indirectly by changing the fluidity of the cytoplasm and altering the crowd-
ing and sticking of other macromolecules in the cytoplasm. The effect of cytoskeleton disassembly on protein energy landscapes
inside cells has yet to be observed. Here we have measured the effect of several cytoskeletal drugs on the folding energy landscape
of two FRET-labeled proteins with different in vitro sensitivities to macromolecular crowding: phosphoglycerate kinase (PGK) was
previously shown to be more sensitive to crowding, whereas variable major protein-like sequence expressed (VISE) was previously
shown to be more sensitive to sticking. The in-cell effect of drugs that depolymerize either actin filaments (cytochalasin D, latrun-
culin B) or microtubules (nocodazole, vinblastine) were compared. The crowding sensor protein CrH2-FRET verified that cytoskel-
etal drugs decrease crowding inside cells despite also reducing overall cell volume. Reduced compactness and folding stability of
PGK could be explained by decreased crowding induced by these drugs. VISE’s opposite response to the drugs shows that depoly-
merization of the cytoskeleton also changes sticking in the cellular milieu. Our results demonstrate that perturbation of the mono-
mer-polymer cytoskeletal equilibrium, for example during natural cell migration or stresses from drug treatment, have off-target

effects on the energy landscapes of proteins in the cell.

INTRODUCTION

The energy landscape of proteins is highly dependent on the
environment. Proteins have evolved to function under crowded
conditions inside cells, where macromolecules exclude as
much as 40% of the volume.! Macromolecular crowding de-
pends not only on crowder concentration but also on crowder
size and shape.” A key example is the cytoskeleton, whose
crowder size and shape constantly change through assembly
and disassembly of subunits,** thereby also affecting the fluid-
ity of the cytoplasm and crowding ability of other macromole-
cules. Microtubules assemble to form the mitotic spindle dur-
ing cell division, and their local organization aligns and segre-
gates chromosomes into daughter cells.® Actin dynamics as-
sists with embryonic morphogenesis,®” immune surveillance,®
angiogenesis,” and tissue repair and regeneration.'® Cell migra-
tion requires disassembly of actin filaments at the rear of the
cell, which we speculate locally decreases crowding and in-
creases diffusion, assisting cell motility but also changing the
local environment of proteins as a side effect.

In addition to excluded volume, proteins in the cell are subject
to non-specific ‘sticking’ to other macromolecular surfaces.'!
13 Disassembled cytoskeletal components, such as tubulin di-
mers, are known to interact strongly with regulatory proteins
like stathin,'* but the exposure of surfaces normally buried in
assembled tubules could also lead to sticking to other proteins.

Similarly, monomeric G-actin is present in cells at significant
concentration relative to polymeric F-actin.'

Thus, local assembly or disassembly of the cytoskeleton likely
modulates protein stability and compactness broadly, not just
proteins associated with cytoskeletal function. Here we meas-
ure the effect of cytoskeleton disassembly on the folding reac-
tion of proteins in U-2 OS bone cancer cells treated with drugs
that depolymerize actin or tubulin. First, the crowding sensor
crowding helix two (CrH2) was used to verify that decreased
crowder size decreases macromolecular crowding in vitro.'®
The sensor then was transfected transiently into U-2 OS cells,
which were evaluated for changes in cell morphology and
compaction of the sensor upon incubation with several depol-
ymerizing cytoskeletal drugs. Finally, the stability, compact-
ness, and folding kinetics of two proteins were measured in
cells treated with the cytoskeletal drugs: phosphoglycerate
kinase (PGK) is more sensitive to crowding, and variable ma-
jor protein-like sequence expressed (VISE) is more sensitive to
sticking.!” By measuring changes in protein stability and fold-
ing kinetics of both types of proteins in cells with decreased
crowder sizes and more exposed crowder surface area, we can
quantify how local cytoskeletal rearrangements in the cyto-
plasm impact protein energy landscapes.

We confirm that cytoskeletal drugs change cell morphology:
treated cells are rounded and retracted compared to untreated



cells and have decreased cell volume. Therefore, increased
crowding due to decreased cell volume and decreased crowd-
ing induced by cytoskeletal disassembly are competing forces
inside cells. To determine which force dominates, the CrH2
crowding sensor was expressed in cells treated with the cyto-
skeletal drugs. We find that the sensor is less compact in treat-
ed cells, therefore, changes in crowding associated with cyto-
skeletal drugs are dominated by smaller crowder size, not by
reduced cell volume.

Reduced crowding upon cytoskeletal disassembly can explain
changes in the energy landscape of PGK, but not for VISE.
Consistent with decreased crowding as quantified by CrH2,
PGK is expanded in size and less stable in treated cells. Disas-
sembly of microtubules resulted in larger differences than
disassembly of actin filaments. Two effects contribute to these
differences: (1) Microtubules play a larger role in organizing
the cytoplasm.'®!” (2) Microtubules have a larger monomer-
polymer size differential.”® On the other hand, VISE showed a
small but opposite trend: it was slightly compacted and stabi-
lized after disassembly of the cytoskeleton. These observations
are consistent with increased sticking of VISE to disassembled
cytoskeletal components. In fact, the sensitivity of VISE stabil-
ity and dynamics to its environment are enhanced three-fold in
cells compared to in vitro.

Our results show that changes to the cytoskeletal network can
affect energy landscapes of proteins with very different conse-
quences inside cells via crowding or sticking. Therefore, both
natural (cell division, motility) and unnatural (chemotherapy)
perturbations of the cytoskeleton impact unrelated cytoplasmic
protein interactions such as folding, assembly, and enzymatic
reactions.

MATERIALS AND METHODS

Protein Engineering and Expression. CrH2 is a synthetic
protein sensor for quantifying macromolecular crowding in
bacterial and mammalian cells. It is comprised of
two conformationally flexible a-helices in parallel that are
compressed when placed in a more crowded environment
(Figure 1A)."® Destabilized variants of PGK and VISE were
selected so that folding could be assessed at temperature rang-
es where cells are viable. The enzymatically active triple mu-
tant (Y122W/W308F/W333F) of yeast PGK?! and bacterial
VISE without the N-terminal lipidation signal®* have melting
temperatures of ~40 °C.

The plasmids encoding for FRET-labeled crowding helix two
(CrH2),'® yeast phosphoglycerate kinase (PGK),?! and Borre-
lia burgdorferi variable major protein-like sequence expressed
(VISE)?? have been described in detail previously. Briefly, the
FRET-labeled fusion proteins have AcGFP1 and mCherry at
the N and C termini, respectively. A two-amino acid linker
connects the protein with each label. Additionally, a Ni affini-
ty His-tag with a thrombin cleavage site was added to the N-
terminus of PGK-FRET and CrH2-FRET and the C-terminus
of VISE-FRET for purification of the recombinant protein. The
fusion protein sequence was cloned into the pDream 2.1 vector
(GenScript Biotech, Piscataway, NJ) which contains a T7 and
CMYV promoter for dual expression in bacterial and mammali-
an cells. For temperature calibration, a mCherry construct
consisting of an N-terminal His-tag with a thrombin cleavage
site and mCherry in the pDream 2.1 vector was generated.

For in vitro studies, the proteins were expressed and purified
as previously reported.'”* Protein purity was assessed by
SDS-PAGE and molecular weight confirmed by low-
resolution electrospray ionization mass spectrometry. Circular
dichroism and fluorescence spectroscopy confirmed that ter-
tiary structure was not disrupted by labeling or purification.
Sample concentrations of 2-3 uM in 20 mM sodium phosphate
buffer at pH 7 were prepared for in vitro studies by sandwich-
ing the sample between a coverslip (Fisherbrand, No. 1.5) and
microscope slide (Fisherbrand, 1 mm) with a 100 um spacer
(Grace Bio-Labs, Bend, OR). Identical imaging chambers
were used for in vitro and in cell studies.

Cell Culture and Transfection. Human bone osteosarcoma
epithelial cells (U-2 OS) were cultured and grown to 70%
confluency in DMEM (Corning, Corning, NY) + 1% penicil-
lin-streptomycin (Corning) + 10% fetal bovine serum (FBS,
ThermoFisher Scientific) media. Transfection was performed
with Lipofectamine (Invitrogen) following the manufacturer’s
protocol. At the time of transfection, cells were split and
grown on coverslips. Media was changed six hours after trans-
fection. Cells were imaged 17 hours after transfection.

1000-fold concentrated stock solutions of cytochalasin D
(Sigma-Aldrich), latrunculin B (Sigma-Aldrich), nocodazole
(Sigma-Aldrich), and vinblastine sulfate salt (Sigma-Aldrich)
in DMSO were prepared per the manufacturer’s protocol. Fi-
nal drug concentrations of 1 uM cytochalasin D,** 0.1 uM
latrunculin B,* 0.3 pM nocodazole,? and 2.2 uM vinblastine?
were selected based on previous studies. These cytoskeletal
drugs were selected because the response of the U-2 OS cyto-
skeletal network to them has been well characterized.?”"* Ten
minutes prior to imaging, cells were placed in imaging cham-
bers filled with optimum (ThermoFisher Scientific) supple-
mented with 10% FBS and the desired drug.

Fast Relaxation Imaging (FRel). The FRel apparatus has
been described previously.”® Briefly, an infrared laser was
used to rapidly perturb the folding equilibrium via heating on a
timescale faster than the dynamics of interest. Fluorescence
microscopy was then used to probe the folding/unfolding re-
laxation to equilibrium. A computer-controlled, continuous-
wave 2 um laser (AdValue Photonics, Tucson, AZ) produced
a step-function shaped temperature perturbation. The magni-
tude of the temperature jump was calculated using the temper-
ature-dependent quantum yield of mCherry excited between
565 and 598 nm.*® The stepped temperature perturbation be-
gan at =21 °C and increased to =50 °C in 4 °C steps. The pro-
tein was given &9 s (ca. 5 relaxation lifetimes) to relax to its
new equilibrium following each jump.

The change in signal induced by the temperature jump was
probed in real time by fluorescence microscopy. A white LED
(Prizmatix, UHP-T2-LED-White) excited the donor label for
FRET excitation by passing the light through an ET470/40x
bandpass filter (Chroma, Bellows Falls, VT) and T495Ipxt
dichroic (Chroma). Alternatively, to excite the acceptor label
an ET580/25x bandpass filter (Chroma) and T600lpxr dichroic
(Chroma) were used. The excitation was focused onto the
sample with a microscopy objective (Zeiss, 63x/0.85 NA N-
Achroplan) and the emission was passed through an ET5001p
filter (Chroma) and split into two channels (donor/green and
acceptor/red) by a T600Ipxr dichroic (Chroma) onto a CMOS
camera (Lumenera, LT225 NIR/SCI CMOS detector). Images
were collected at a frame rate of 25-60 Hz with 16-40 ms
integration times. Instrument control and data collection were



controlled using a LabVIEW (National Instruments, Austin,
TX) computer program. Data collected with the CMOS detec-
tor was converted to a MATLAB (MathWorks, Natick, MA)
compatible format and MATLAB was used to separate and
align the channels.

Analysis of Thermodynamic Data. Temperature melts of the
proteins were collected using the average of the final 4 sec-
onds of the equilibration (flat phase of the step function) after
the jump. Thermodynamic data was plotted as the ratio of the
donor (D) and acceptor (A) intensities (D/A) vs. temperature.
Observed D/A ratios depend on the instrument imaging path
(e.g. optics, camera) and cell line (e.g. plasmid expression
efficiency) but trends in D/A ratio do not. Therefore, while
thermodynamics and kinetics can be quantitatively compared
between experiments, absolute D/A ratios are only compared
for data collected on the same instrument and cell line, such as
in the present study.

The resulting melting curves were fit to an apparent two-state
equilibrium model:

AG®
Sp+mp(T-To)+[Sy+my(T-Tp)le” RT

S(T) = oo , (1)
1+e RT
where Sy and Sp are the signal contributions from the native
(N) and denatured (D) populations at 7y=273.15 K, myand mp
are the slope of the native and denatured state baselines and
AG “is the free energy of folding. The free energy of folding is
approximated as a linear function of temperature, AG° =
g i(T-T,,).>® The data analysis was performed in IGOR PRO
(WaveMetrics, Lake Oswego, OR).

Analysis of Kinetic Data. Relaxation kinetics of the proteins
were collected and plotted as the ratio of the D/A intensity vs.
time. The resulting transients were fit to a double
exponential:*°
S(t) =S, + Ale_t/"-'laser + Aze_t/":obs s 2)

where the first exponential accounts for the instrument re-
sponse and relaxation of AcGFP1,% and the second exponen-
tial accounts for the sample kinetics. Sy is an offset, 4; are the
amplitudes of the exponential decays, and t are the relaxation
lifetimes. We approximate both proteins here as two-state
folders (single exponential folding relaxation kinetics).

RESULTS

Crowding Sensor CrH2-FRET Detects Changes in Crowd-
er Concentration and Size. CrH2-FRET was expressed and
purified to verify its ability to sense crowding.'®*3! The sen-
sor is comprised of CrH2 labeled by a green fluorescent pro-
tein (AcGFP1) donor (D) at the N-terminus and a mCherry
acceptor (A) at the C-terminus (Figure 1A). The donor fluo-
rescence-acceptor fluorescence ratio (D/A) reports on the end-
to-end distance of the FRET construct. A large D/A (low
FRET) is indicative of expansion, and, conversely, a small
D/A (high FRET) is indicative of compaction.

To test the sensitivity of the sensor to crowding, the compac-
tion of CrH2-FRET was measured in polyethylene glycol
(PEG) in vitro. PEG, a straight-chain polymer of repeating
units of ethylene glycol, is a common crowding agent.>> The
effect of crowders on polymers can be described by the ex-
cluded-volume effect. The excluded-volume effect favors
more compact conformations that occupy less volume due to
the reduced conformational space available in a crowded solu-

tion.*® Therefore, if CrH2-FRET is sensitive to crowding it
should be compressed by increased crowding/excluded vol-
ume.

The sensitivity of CrH2-FRET to crowding was tested in two
ways. First, crowding was increased by increasing the concen-
tration of the crowder; CrH2-FRET was titrated with PEG 300
up to 25% (w/w = PEG mass / solvent mass) (Figure 1B, left).
The excluded volume increased as there were more crowders
in solution. Second, crowding was increased by increasing the
size of the crowder; at a constant PEG concentration (10%
w/w), the size of the PEG was increased up to 8 kD (Figure
1B, right). D/A was inversely correlated with both crowder
size and crowder concentration, consistent with compaction of
the sensor when crowder concentration or crowder size are
increased (Figure 1B). These trends were also observed for a
variant of CrH2-FRET labeled with mCitrine/mCerulean.'
Therefore, CrH2-FRET labeled with AcGFP1/mCherry be-
haves as expected and will be sensitive to crowding changes
arising from both crowder concentration and crowder size in
cells.
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Figure 1. (A) Cartoon representation of CrH2-FRET illustrating
conformational changes upon crowding. The doubly labeled
FRET complex is labeled at the N-terminus with AcGFP1 and at
the C-terminus with mCherry. AcGFP1 (PDB ID: 1GFL) and
mCherry (PDB ID: 2H5Q) were generated in VMD?** and the
sensor was assembled in Adobe Photoshop CC. (B) CrH2-FRET
donor/acceptor ratio versus PEG 300 concentration (left) and
versus the molecular weight of PEG (10% w/w, right) at 21+1 °C.
Error is the standard deviation of the mean of 3 measurements.
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Compactness and Stability of PGK-FRET are Dependent
on Crowder Concentration and Size In Vitro. PGK has been
extensively used as a model protein for crowding studies be-
cause, similar to CrH2, its two subunits connected by a flexi-
ble hinge are sensitive to confinement (Figure 2A). PGK is a
metabolic enzyme that undergoes a large-scale conformational
change during catalysis in aqueous buffer.** Crowding not
only compacts PGK, it increases its enzymatic activity and
stabilizes its folding.*® Past in vitro studies of the effect of
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Figure 2. (A) Schematic representation of PGK-FRET labeled at
the N-terminus with AcGFP1 and at the C-terminus with mCher-
ry. Ribbon structures of PGK (PDB ID: 1QPG), GFP, and mCher-
ry were generated in VMD?** and assembled in Adobe Photoshop
CC. The data for B and C are extracted from a representative
experiment collected on a single day. (B) PGK-FRET do-
nor/acceptor ratio versus PEG 1000 concentration (left) and ver-
sus the molecular weight of PEG (10% w/w, right) at 21+1 °C.
Error bars are smaller than the data point. (C) PGK-FRET melting
temperature versus PEG 1000 concentration (left) and versus the
molecular weight of PEG (10% w/w, right). Melting temperatures
(Tn) were extracted from a two-state model (Equation S1) fit of
the thermal unfolding curves. Error is the standard deviation of
the fit.

crowding on PGK increased crowding by increasing the con-
centration of crowder.!”?3 The effect of crowder size on
PGK compaction and stability has not been considered previ-
ously. Due to its sensitivity to crowder concentration and two-
domain structure, we anticipate that the structure and stability
of PGK-FRET are also sensitive to crowder size.

Indeed, increased excluded volume, induced by either crowder
concentration or size, compacts and stabilizes PGK (Figure
2B,C). The same labeling strategy was used for PGK-FRET as
for CrH2-FRET; PGK is labeled at the N-terminus by an Ac-
GFP1 donor and C-terminus by a mCherry acceptor (Figure
2A). CrH2-FRET crowding experiments (Figure 1B) were
replicated for PGK-FRET (Figure 2B). As was observed for
CrH2-FRET, excluded volume was inversely correlated with
the D/A of PGK-FRET; PGK-FRET is compacted by crowder
concentration and size. Melting curves of PGK-FRET (Figure
S1) were collected for each crowder condition and fit to an
apparent two-state equilibrium model (Equation 1). Thermo-
dynamic parameters derived from the fits are reported in Table
S1-S2. Both fluorescent protein labels have melting points >70

°C, so changes in D/A with temperature report on conforma-
tional changes of PGK. The melting temperature of PGK is
stabilized by increased excluded volume induced by crowder
concentration or crowder size (Figure 2C). Therefore, both
crowder concentration and crowder size may regulate the in-
cell stability and compaction of PGK-FRET and likely other
proteins.

PGK-FRET has already been shown to be sensitive to crowder
concentration inside cells. In vivo comparison of PGK-FRET
in differentiated tissues showed that folding was stabilized and
slowed in the eye lens, the tissue with the highest amount of
macromolecular crowding.*’ Individual cells experience dif-
ferent concentrations of crowders throughout their lifetime, for
example in response to volume changes associated with mito-
sis. The unfolded state of PGK-FRET has been shown to be
highly sensitive to crowding associated with cellular volume
changes.*®** While the sensitivity of PGK-FRET to crowder
concentration in cells has been well characterized, the in-cell
sensitivity of PGK-FRET to crowder size has yet to be tested.

Crowder Size and Crowder Concentration Changes In-
duced By Cytoskeletal Drugs Produce Competing Effects.
Cells not only experience crowder concentration changes
throughout their lifetime, the size of those crowders is also in
flux. The cell’s cytoskeleton is made of large dynamic protein
assemblies, microtubules and actin filaments, that are con-
stantly undergoing cycles of polymerization and depolymeri-
zation. For example, during cell migration actin filaments as-
semble at the leading edge and retract from the rear to help the
cell move forward.* Microtubules quickly rearrange to form
the mitotic spindle during cell division.*! These changes in
turn affect cytoplasmic fluidity and the ability of other mac-
romolecules in the cell to crowd.

To test the in-cell effect of cytoskeletal disassembly on protein
structure and stability, we treated U-2 OS cells with cytoskele-
tal drugs that inhibit polymerization of actin (cytochalasin D,
latrunculin B) or tubulin (nocodazole, vinblastine). Although
all four drugs prevent polymerization they act by different
mechanisms. Cytochalasin D caps the fast-growing end of
microfilaments, preventing further polymerization.** Latruncu-
lin B inhibits new assembly by binding to actin monomers.*
Nocodazole binds B-tubulin inducing curvature in the af-
tubulin heterodimer that hinders microtubule assembly.** Vin-
blastine binds at the interface between two ap-tubulin hetero-
dimers obstructing tubulin self-association.’ Inhibition of
polymerization results in depolymerization and smaller
crowder sizes because it shifts the monomer-polymer equilib-
rium towards dissociation.

U-2 OS cells were transfected with CrH2-FRET and incubated
with the cytoskeletal drugs to determine the morphological
changes associated with cytoskeletal perturbation. For each
slide, four cells were imaged at the time the drug was added
(SI XLSX file) and five cells were imaged following a ten-
minute incubation (Figure 3 and SI XLSX file). Morphologi-
cal changes typical of exposure to cytoskeletal drugs were
observed, such as retraction from the substratum, apparent
smaller size, and more “rounding” than untreated cells.***’ To
quantify the volume changes of our treated cells, we used 3D
confocal microscopy to examine the volume of treated and
untreated adhered U-2 OS cells (SI Cell Volume Measure-
ments). We find that the cytoskeletal drugs we tested reduce
the volume of treated U-2 OS cells by as much as 25% (Figure
S2).
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Figure 3. Representative effects of cytoskeletal drugs on cell morphology. Two representative cells treated by each cytoskeletal drug are
presented here. U-2 OS cells were transfected with CrH2-FRET and cultured on glass coverslips at the time of transfection. Fluorescence
images were collected following a 10-minute incubation with the cytoskeletal drug (see Experimental). The complete set of imaged cells
transfected with CrH2-FRET, PGK-FRET, and VISE-FRET are included in the SI XLSX file. PGK-FRET and VISE-FRET were imaged

between 10- and 30-minutes post incubation. All proteins are cytoplasmic. Scale bar is 30 pm.

Our experiments suggest that the cell volume is not simply
controlled by osmotic pressure. Considering the effect of os-
motic pressure alone, depolymerization of the cytoskeleton
increases the number of molecules in solution, increasing the
osmotic pressure. Therefore, the cell volume should increase
upon water intake to accommodate increased pressure. How-
ever, consistent with a past study,”® we observe an inverse
relationship between actin cytoskeleton structure and osmotic
pressure. This supports a model**® where the cytoskeleton
acts as an additional regulatory layer between the cell mem-
brane and cytoplasm capable of resisting cell contraction (or
expansion, depending on the state of the cell) as long as it
remains assembled.

We consider the known effects of reduced cell volume, osmot-
ic pressure, and hydrostatic pressure on protein structure and
stability using macromolecular crowding theory.”' When cell
volume decreases, the excluded volume increases and proteins
are predicted to assume more compact and stable confor-
mations. Osmotic pressure in the absence of cytoskeletal drugs
also can be used to reduce cell volume, and CrH2-FRET com-
paction responds nearly linearly to osmotic volume reduction
inside cells.*’ Osmotic stress-induced volume changes of +
30% have temperature-dependent effects on the compaction of
PGK-FRET:* Increased volumes had a negligible effect on
protein stability and reduced volumes resulted in a <2 °C in-
crease in PGK-FRET stability. Finally, we anticipate that the
effect of hydrostatic pressure on protein compaction and fold-
ing is negligible under our conditions because the pressure
necessary to unfold PGK-FRET is >600 bar.>? Therefore cyto-
skeletal drugs can produce two competing crowding effects
inside cells: depolymerizing the cytoskeleton decreases
crowder size and increases the fluidity of the cytoplasm,
whereas reduced cell volume increases crowding.

Cytoskeletal Drugs Reduce Crowding In Cells. To deter-
mine how cytoskeletal drugs affect crowding in U-2 OS cells,
the images of CrH2-FRET that were collected for morphologi-

cal studies (Figure 3) were also analyzed for change in D/A
ratio. The change in D/A at 21 £ 1 °C following a 10-minute
incubation with each cytoskeletal drug was measured (Figure
4). In all cases, addition of cytoskeletal drugs results in larger
D/A values consistent with expansion of the CrH2-FRET sen-
sor. We observed the same increase in D/A with decreasing
crowder size in vitro (Figure 1B). Therefore we conclude that
changes in crowding associated with cytoskeletal drugs are
dominated by smaller crowder size and increased cytoplasmic
fluidity upon cytoskeleton disassembly, not by reduced cell
volume.
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Figure 4. Change in donor/acceptor ratio at 21+1 °C of CrH2-
FRET in U-2 OS cells untreated (O) or treated (®) with cyto-
skeletal drugs: the average of all cytoskeletal drugs (Drug), cyto-
chalasin D (CytD), latrunculin B (LatB), nocodazole (Noc), or
vinblastine (Vin). A (D/A) is the difference in D/A between the
reported condition and untreated CrH2-FRET. Error is the stand-
ard error of #50 measurements of treated or untreated cells or =15
measurements of each specific drug.

In Vitro Sensitivity to Crowding and Sticking Predicts In-
Cell Protein Stability, Compactness, and Kinetics. Since
cytoskeletal drugs decreased crowding inside cells, we pre-
dicted that protein stability, compactness, and kinetics would
also be affected. The effect of cytoskeletal drugs on stability
and compactness of two proteins with opposite sensitivities to



crowding were compared: crowding-sensitive PGK-FRET and

sticking-sensitive but crowding-insensitive VISE-FRET. VIsE
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Figure 5. (A) Schematic representation of VISE-FRET labeled at the N-terminus with AcGFP1 and at the C-terminus with mCherry. Rib-
bon structures of VISE (PDB ID: 1L8W), GFP, and mCherry were generated in VMD?** and assembled in Adobe Photoshop CC. (B)
Change in thermal stability (left), change in donor/acceptor ratio (middle), and change in relaxation lifetime (right) of PGK (blue) and
VISE (red) in U-2 OS cells as a function of cytoskeletal drug. Cells were untreated or treated with Cytochalasin D (CytD), Latrunculin B
(LatB), Nocodazole (Noc), or Vinblastine (Vin). (left) Melting temperatures (7,) were extracted from a two-state model (Equation 1) fit of
the thermal unfolding curves. ATy, is the difference in stability between the reported condition and untreated. (middle) A (D/A) is the dif-
ference in D/A between the reported condition and untreated cells at 21+1 °C. (right) Relaxation lifetimes were derived from a double
exponential fit (Equation 2) of relaxation kinetics following a T-jump to the melting temperature. At is the difference in relaxation lifetime
between the reported condition and untreated. Error bars are the standard error of the reported condition, =15 VISE measurements and =25

PGK measurements.

(Figure 5A) has a very different structure from PGK (Figure
2A) and CrH2 (Figure 1A). VISE has a relatively rigid o-
helical bundle structure, and this inflexibility causes a de-
creased sensitivity to crowding.'” Therefore, we hypothesized
that decreased crowding arising from cytoskeletal drugs would
destabilize and expand PGK-FRET and have little such effect
on VISE-FRET, but might slow down VISE kinetics due to
increased sticking. The same labeling strategy was used for
VISE-FRET (Figure 5A) as for PGK-FRET and CrH2-FRET;
it is labeled at its N-terminus by AcGFP1 and its C-terminus
by mCherry.

U-2 OS cells were transfected with PGK-FRET or VISE-FRET
and incubated with cytoskeletal drugs to determine the change
in stability, compactness, and kinetics associated with de-
creased crowding induced by cytoskeletal drugs (Figure 5B).
Melting curves (Figure S3) and transients (Figure S4) were
collected for between five and nine cells per slide following a
ten-minute incubation with the cytoskeleton drug. All thermal
melts were collected between ten- and thirty-minutes post
incubation. Melting curves were fit to an apparent two-state
equilibrium model (Equation 1). Transients were fit to a dou-
ble exponential where the first exponential accounts for the
instrument response and relaxation of AcGFP1 in <200 ms,
and the second exponential is the folding/unfolding relaxation
kinetics of the protein (Equation 2). Thermodynamic and ki-
netic parameters derived from the fits are reported in Table
S3-S4. As anticipated, decreased crowding resulting from the
addition of cytoskeletal drugs noticeably destabilized PGK-
FRET by up to 3 °C and had little effect on VISE-FRET (stabi-
lized by up to 1 °C) in Figure 5B, left.

Drugs that affected microtubules (vinblastine, nocodazole)
were more destabilizing to PGK-FRET than drugs that affect-
ed actin filaments (cytochalasin D, latrunculin B). The role of
the cytoskeleton is to organize the cell. Actin filaments are
abundant beneath the cell membrane to assist with maintaining
cell shape and architecture. Microtubules form a structural
network through the cytoplasm and play a role in organization
of cytoplasmic organelles. Depolymerization will loosen the

structure of the cell improving rotational and translational
freedom. Since microtubules play a larger role in cytoplasmic
organization,'®!” their depolymerization likely increases cell
fluidity more than actin depolymerization.

Another possibility is that the larger monomer-polymer size
differential of microtubules® leads to a larger change in ex-
cluded volume upon dissociation of microtubules than actin
filaments. Although hard sphere crowding effects do not apply
when the crowder is much larger than the protein being stud-
ied, microtubules and actin do not exist in a single population
in cells; they dynamically populate a distribution of polymer
lengths, including monomer such as G-actin.!® Treatment with
cytoskeletal drugs pushes the polymer equilibria towards
monomer. The size of actin and tubulin monomers are compa-
rable: actin and tubulin are 42 and 55 kD, respectively. How-
ever, microtubules are significantly larger than actin filaments:
in-cell, microtubules are ~25 nm wide by as much as ~1 mm
long (in neurons)® and actin filaments are ~6 nm wide by =10
um long®. The increased width of microtubules decreases its
flexibility, so the excluded volume of microtubules is greater
than actin of the same length.>* Therefore, depolymerization of
microtubules results in a larger change in excluded volume
and greater destabilization of PGK-FRET than depolymeriza-
tion of actin.

The excluded volume effect predicts that decreased crowding
destabilizes proteins, so reduced crowding alone in cells treat-
ed with cytoskeletal drugs cannot explain the slightly in-
creased stability of VISE-FRET. In vitro, VISE-FRET is stabi-
lized by inert macromolecular crowders as expected.'”” How-
ever, the macromolecular crowders found inside cells are not
inert. Non-specific surface interactions (sticking) between
macromolecules inside cells can be stabilizing or destabiliz-
ing.® When microtubules and actin filaments depolymerize
they increase the surface area available for sticking. Therefore,
the change to the network of non-specific interactions caused
by depolymerization may contribute to the slight stabilization
of VISE-FRET and destabilization of PGK-FRET.



Similarly a combination of crowding and non-specific interac-
tions is necessary to explain the change in D/A of PGK-FRET
and VISE-FRET at 21 £ 1 °C (Figure 5B, middle). Addition of
cytoskeletal drugs results in larger PGK-FRET D/A values
consistent with expansion of the protein upon loss of crowd-
ing. In contrast, smaller VISE-FRET D/A values are consistent
with compaction, which cannot be explained by loss of crowd-
ing. In addition, the expansion and stability changes of PGK-
FRET do not match the predicted in vitro values. For example,
PGK-FRET + vinblastine in cells is destabilized by 3 °C and
expanded by A (D/A)=0.2 (Figure 5B) but a similar 3 °C sta-
bility change in vitro corresponds to a A (D/A)=0.8 expansion
(Figure 2B,C). In vitro experiments mimicking non-specific
sticking in addition to crowding interactions can explain these
observations: First, sticking in dilute cell lysate expands PGK-
FRET and VISE-FRET to a similar extent.'” Second, crowding
compacts PGK-FRET more than VISE-FRET.!” PGK-FRET is
more sensitive to crowding so it is expanded by decreased
crowding associated with cytoskeletal drugs and VISE-FRET
is more sensitive to sticking so it is compacted by new surface
interactions with the depolymerized cytoskeletal filaments.

While most of the 7,, and D/A data in Figure 5B are correlat-
ed, there are some inconsistencies in the observed trends (e.g.
PGK + CytD). One possibility is that this deviation arises due
to error in the measurement. Another possible explanation is
that 7,, and D/A are not fully correlated. For example, we have
found that salt increases D/A of PGK and VISE but has no
effect on the 7,."” Because all drugs act through different
mechanisms, they may have different downstream effects.

The relaxation lifetimes of PGK-FRET and VISE-FRET are
also differently influenced by cytoskeletal drugs; PGK-FRET
relaxation is unaffected and VISE-FRET relaxation is sped up
(Figure 5B, right). FRel was used to measure the relaxation
kinetics near AG,=0 (kr~k,) following a temperature jump to
the protein’s melting temperature of ~40 °C. The folding rate
of PGK-FRET is insensitive to the in vitro and in-cell solva-
tion environment,'*® so it is unsurprising that environmental
changes inside cells have no effect on the dynamics. On the
other hand, there is a linear correlation between the stability
and folding rate of VISE-FRET measured in different solvation
environments in vitro; increased protein stability is correlated
with decreased relaxation lifetimes.'”

The sensitivity of VISE-FRET to the environment is increased
three-fold inside cells compared to in vitro. We assess the
relative environmental sensitivity by comparing the slope,
AStability (°C)/ARelaxation lifetime (s), measured in vitro and
in cells. To determine the slope in vitro, data from our previ-
ous studies of the VISE-FRET!? were fit to a slope of -0.30
+0.2 (Figure S5). Inside cells the slope is =-1; cytoskeletal
drugs stabilized VISE-FRET by =1 °C and its relaxation life-
time is sped by =1 s (Figure 5B).

DISCUSSION

Cellular structure is dynamic. Internal remodeling and exterior
morphological changes are associated with many cellular pro-
cesses, changing the intracellular environment that proteins
interact with. The free energy landscape of proteins in vivo is
sensitive to the local environment.’***® While in vitro experi-
ments can predict the responses of proteins to external pertur-
bations,'” measurements in the cellular milieu are necessary to
fully characterize protein folding landscapes, which depend on

the solvation environment. Recently, an in vitro investigation
demonstrated that crowder size has an asymmetrical effect on
the heat and cold-denatured folding, with cold-denatured states
being more expanded.’” To determine how structural remodel-
ing impacts protein stability and folding kinetics inside cells,
we treated living U-2 OS cells with cytoskeletal drugs that
depolymerize large structural units in the cell, microtubules
and actin filaments. Our hypothesis is that cytoskeleton disas-
sembly leads to smaller crowders and decreases crowding
either directly, or indirectly by increasing the fluidity of the
cytoplasmic matrix.

While our crowding sensor and crowding-sensitive protein
PGK-FRET exhibit characteristics consistent with decreased
crowding, the crowding-insensitive protein VISE-FRET re-
sponds to depolymerization in ways that cannot be accounted
for by crowding alone. The concept of steric crowding says
that reactions that increase the translational and rotational
freedom (e.g. compaction, folding, association) will be fa-
vored in a crowded environment.”® While steric crowding in-
teractions can accurately model inert crowders,** they fail to
account for non-steric surface interactions,” such as in the
sticky cellular milieu. VISE-FRET’s atypical slight stabiliza-
tion and contraction in response to decreased crowding sug-
gests that depolymerization of the cytoskeleton affects the
network of non-steric interactions in the cell. The sensitivity of
VISE-FRET to reduced crowding was increased over in vitro
predictions,'” so the exact mechanism behind these changes,
whether direct interaction of VISE with monomers such as G-
actin, or indirect effects due to changes in the cytoplasmic
matrix after depolymerization, remains to be investigated.

Figure 6. Representative U-2 OS cell transfected with low
melting temperature PGK-FRET and imaged under (A) isos-
motic and (C) hyperosmotic conditions. (B) The D/A of the
isosmotic cell (A) imaged at 33 °C. Each pixel is color-coded
on a scale from smaller D/A ratios (dark blue) to larger D/A
ratios (yellow to light blue). PGK is less compact in the yellow
and light blue regions. (D) Areas of reduced cytoskeletal den-
sity as mapped by osmotic stress (comparing the cells in (A)
and (C). The areas of lower cytoskeletal density in (D) corre-
late with the areas of less compact PGK in (B).

Our results suggest that the cytoskeleton modulates the intra-
cellular conformational distribution of proteins. In particular,
we predict that proteins are less compact in the absence of
local cytoskeleton structure. To test this prediction, we com-
pared the D/A of PGK-FRET localized in regions where cyto-



skeleton is sparse to other regions of the cell. We re-analyzed
60 U-2 OS cells expressing a low-melting variant of PGK-
FRET® (Figure 6A, Table S5, SI section ‘Re-Analysis of Os-
motic Data’) to determine D/A near the protein’s melting point
(Figure 6B; orange to light blue = larger D/A ratios, dark blue
= smaller D/A ratios). We then used osmotic stress (Figure
6C) to identify regions where the membrane has fewer cyto-
skeletal attachments (Figure 6D): the cytoskeletal network is
coupled to the cell membrane,®' and under stress deformations
occur in positions where the membrane is unsupported.*® Re-
gions of high D/A in Figure 6B are correlated with regions
where the membrane has fewer cytoskeletal attachments.
Thus, we find that PGK-FRET in the regions least populated
by cytoskeleton is less compact than PGK-FRET localized in
regions with more cytoskeleton. This observation demon-
strates that cytoskeletal structure can locally regulate protein
structure and stability.

Although the effect of crowder concentration has been consid-
ered inside cells,?®3 this is the first evidence that crowder size
via disassembly can also modulate protein energy landscapes
in-cell. Our results suggest that local remodeling of the cell,
for example during cell migration or mitosis, results in local
differences in the stability of proteins. Vinblastine, the cyto-
skeletal drug that had the largest effect on PGK-FRET, is an
approved drug used for chemotherapy. Although limited in
their effectiveness, such natural compounds that target micro-
tubules are among the best chemotherapeutic drugs available.%
One possible reason for adverse side effects associated with
microtubule-targeting drugs is that their delivery is often un-
targeted, so cytoplasmic macromolecules beyond those in tar-
geted cells will be affected.

CONCLUSION

Our results raise the possibility that regulation of the protein
energy landscape is locally controlled by cytoskeleton dynam-
ics: during cell migration the same protein located near actin
filaments assembled at the leading edge may have a different
stability and compactness from proteins near the rear where
actin filaments disassemble. In fact, one might expect a gradi-
ent of environments across the cell. This has important impli-
cations for proteins with transient elements, protein-protein
interactions involved in protein signaling, disordered proteins,
or storage in liquid droplets. Since cellular structural elements
are constantly in flux, these types of proteins may be more
conformationally dynamic than predicted by measurements
under a single crowding concentration.
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