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Abstract 
Multimeric cytoskeletal protein complexes, including filamentous F-actin, orchestrate normal cellular 
function. However, protein-complex distributions in stressed, heterogeneous cell populations remain 
unknown. Cell staining and proximity-based methods have limited selectivity and/or sensitivity for 
robust endogenous multimeric protein-complex quantification from single cells. We introduce micro-
arrayed differential detergent fractionation to simultaneously detect protein complexes in 100s of 
individual cells. Fractionation occurs by 60s size-exclusion electrophoresis with protein complex-
stabilizing buffer that minimizes depolymerization. Validating with actin-destabilizing Latrunculin A 
(LatA), we quantify 2.7-fold lower median F-actin complex-levels in LatA-treated single cells. Further 
clustering analysis of U2OS cells treated with LatA detects a subpopulation (~11%) exhibiting 
downregulated F-actin, but upregulated microtubule and intermediate filament protein complexes. Thus, 
some cells upregulate other cytoskeletal complexes to counteract the stress of LatA treatment. We also 
sought to understand the effect of non-chemical stress on cellular heterogeneity of F-actin, and find heat 
shock dysregulates F and monomeric G-actin correlation. The assay overcomes selectivity limitations of 
existing methods to biochemically quantify single-cell protein complexes perturbed with diverse stimuli. 
 
Introduction 
Over 80,000 protein complexes comprised of interacting proteins regulate processes from proteostasis to 
transcription1. A critical set of protein complexes form the cell cytoskeleton. The cytoskeletal protein 
actin dynamically polymerizes and depolymerizes2,3 between monomeric G-actin (~42 kDa) and 
filamentous F-actin4 states to determine cell morphology, motility, and proliferation5. F-actin is 
considered the “functional” actin species in the cytoskeleton. Thus, the F-actin ratio (or F-actin divided 
by total actin) is a metric for cytoskeletal integrity. F-actin levels can be increased in metastatic cancer 
cells,5 thus underpinning the design of oncology drugs that disrupt F-actin filaments6. Quantifying the 
distribution of cytoskeletal protein complexes in single cells would inform drug development and 
elucidate stress-induced cancer transformations. 

To understand cytoskeletal protein-complex expression heterogeneity, no method combines the needed 
detection sensitivity, throughput, and selectivity for multimeric protein complexes in single cells. Top-
down mass spectrometry determines protein-complex stoichiometry after lossy sample fractionation that 
prevents low cell number protein-complex identification7 (unlike single-cell bottom-up mass 
spectrometry8,9). Targeted approaches such as proximity ligation assay and FRET achieve single-cell 
sensitivity, but rely on adjacent oligo-bound antibodies or fluorescent probes to infer two proteins are 
interacting10,11. Multi-component or multimeric protein complexes are difficult to detect with such 
proximity-based techniques. Finally, actin-specific detection methods suffer from limitations impacting 
sensitivity and selectivity. Visualization of the actin cytoskeleton relies on fluorescently tagged actin 
(e.g., GFP-actin fusion or split GFP-actin fusion12), GFP-fused actin binding proteins or peptides (e.g., 
Lifeact, F-tractin, Utrophin), nanobodies13, or chemicals that directly bind actin (e.g., phalloidin). Such 
molecules may alter cytoskeletal dynamics both in vitro and in vivo14–16. Phalloidin competes with 
endogenous actin-binding proteins17 and actin-targeting drugs, such as Jasplakinolide18. Bulk 
ultracentrifugation is another approach, wherein mild lysis in F-actin stabilization buffer solubilizes G-
actin and preserves F-actin. The supernatant (G-actin) and pellet (F-actin) fractions are subsequently 
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quantified by western blotting or DNase inhibition assay19. However, bulk ultracentrifugation typically 
requires ~107 cells, masking underlying cell-to-cell variation19.  
 
To address gaps in multimeric protein-complex quantification, we introduce “Single-cell protein 
Interaction Fractionation Through Electrophoresis and immunoassay Readout”, or SIFTER. We separate 
protein complexes from monomers with differential detergent fractionation and electrophoresis in the 
SIFTER gel stippled with microwells for in-situ single-cell lysis. The gel size-excludes protein 
complexes larger than ~740 kDa, while the <1 mm height of the conductive SIFTER device minimizes 
resistive heating that would prematurely depolymerize F-actin complexes. With efficient heat 
dissipation, we fractionate protein complexes in less than one minute, or 40x faster than 
ultracentrifugation. Hundreds of multi-stage, 1-mm fractionation separations are performed 
simultaneously in the open gel array (microscope slide-sized). Both the protein complex (e.g., F-actin) 
and monomer (e.g., G-actin) states are blotted or immobilized in distinct regions abutting each 
microwell. Protein complex and monomer states are quantified by in-gel immunoprobing, allowing 
detection of multiple protein targets20.  We applied SIFTER to four basic questions. First, we asked what 
is the distribution of the F-actin ratio across a population of single cells? Second, we sought to 
understand whether two well-studied actin-targeting drugs (Latrunculin A and Jasplakinolide) induced 
variation in F-actin complex-levels in single cells compared to controls. Third, as a corollary, we 
inquired whether Latrunculin A yields cellular phenotypes distinct from controls with differential 
expression of other cytoskeletal protein complexes such as microtubules and intermediate filaments. 
Fourth, we asked how heat shock, another cellular stress, shifts the F-actin ratio distribution and 
coordination between F- and G-actin at the single-cell level. We show SIFTER is a versatile method for 
understanding cellular heterogeneity – at single-cell resolution – in protein-complex levels in response 
to perturbation.  
 
Results 
SIFTER design principles and characterization 
To selectively detect cytoskeletal protein complexes from single cells, we integrate differential detergent 
fractionation, electrophoretic separation, and immunoassay steps into a single microdevice. An 
important dynamic protein complex is the F-actin filament. Each filament can be composed of up to 
100s of globular G-actin monomers (koff ~ 0.2 - 1.0 s-1 in vivo21; Fig. 1a). Two design considerations are 
central to our actin measurement: (1) discerning actin state (F- vs. G-actin); and (2) maintaining F-actin 
complexes during fractionation. For the first design consideration, F-actin polymerization proceeds 
rapidly once four G-actin are incorporated in a filament. Steady-state polymerization (kon ~0.1-5 μM-1s-

1)21 yields a distribution of filament masses, averaging ~2700 kDa22. While the F-actin mass distribution 
below ~2700 kDa is unknown in vivo, F-actin is highly enmeshed. Thus, discerning F- (<160 kDa) vs. 
G-actin (42 kDa) requires coarse size cutoff (~100s of kDa). On the second design consideration, rapid 
F-actin depolymerization occurs below the critical concentration of total actin (~0.2 - 2.0 μM in vivo). 
To maintain local concentrations of actin above the critical concentration requires no greater than ~10-
fold dilution during the assay, as cellular total actin is ~10-100 μM. Thus, the SIFTER fractionation gel 
contains microwells with ~108-fold smaller reaction volume versus bulk ultracentrifugation to minimize 
dilution. The microwells accommodate gravity-sedimented single cells20 within the open, fractionation 
gel (Fig. 1a). The open device is suited to rapid serial introduction of buffers via a hydrogel lid to first 
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lyse cells and stabilize F-actin during fractionation, and then depolymerize F-actin to spatially separate 
the F- vs. G-actin states (Fig. 1b-c).  
 
To report both the state and relative amount of actin per cell, SIFTER comprises five assay steps (Fig. 
1c). First, single cells settled in microwells are lysed in an F-actin stabilization buffer delivered by the 
hydrogel lid, creating a lysate containing the two actin states. Second, F-actin complexes are 
fractionated from the smaller G-actin monomers by polyacrylamide gel electrophoresis (EP, 60 s), 
during which the larger F-actin is size-excluded from the gel and retained in each microwell. Once G-
actin monomers electrophorese into the gel, these actin monomers are immobilized (blotted) using a 
UV-induced covalent reaction to benzophenone methacrylamide integrated into the gel polymer 
network20. Third, to depolymerize the F-actin complexes retained in each microwell, a protein-complex 
depolymerization buffer is introduced by another hydrogel lid. Fourth, we electrophorese the now 
depolymerized F-actin complexes into a region of the gel separate from the immobilized monomers, 
where they are in turn immobilized. Fifth, in-gel immunoprobing detects the immobilized populations of 
G-actin monomer and monomer depolymerized from the F-actin complexes (Fig. 1e) using a 
fluorescently labeled antibody against G-actin.   
 
To maintain intact F-actin complexes in each microwell during G-actin EP fractionation, the F-actin 
stabilization buffer slows the natural depolymerization kinetics. The non-ionic detergent Triton X-
10019,23 at ~1% v/v lyses the cell and minimally alters in vitro polymerization rates of actin24. Addition 
of 2 mM MgCl2 stabilizes F-actin complexes19, as Mg2+ binds each G-actin to lower depolymerization 
rates22. Consequently, only ~2% of total F-actin depolymerizes per minute in mammalian cells lysed in 
stabilization buffer19, motivating our goal to fractionate in ~1 minute. Cell lysis depends on Triton-X 
100 micelle diffusion to the bottom of the microwells, which requires only ~10s25. Imaging release of 
monomeric G-actin fused to fluorescent GFP from GFP-actin expressing breast cancer cells (MDA-MB-
231 GFP-actin) confirms a 45s lysis yields only ~2.5-4x dilution of total actin to remain above the 
critical concentration (Fig. 1d).  
  
Validation and benchmarking SIFTER 
We first validated SIFTER by fractionating and quantifying the G-actin monomer vs. F-actin complexes 
in each of the MDA-MB-231 GFP-actin cells. We selected GFP-actin expressing cells so that we could 
utilize fluorescence imaging to optimize cell lysis (Fig. 1d) and EP conditions. Immunoprobing for GFP 
yields distinct Gaussian protein peaks corresponding to GFP G-actin (G) on the right and GFP F-actin 
(F) to the left of each microwell (Fig. 1e). By summing the area-under-the-curve of G and F, we 
calculate the F-actin ratio (Fratio) = F / (F+G) for each cell. The MDA-MB-231 GFP-actin fusion cell 
average  Fratio = 0.44 ± 0.11 (standard deviation; n = 331 cells, from N = 3 SIFTER devices measured on 
the same day), in reasonable agreement with Fratio ~0.5 for MDA-MB-231 from bulk 
ultracentrifugation26. With SIFTER, the Fratio coefficient of variation is 25%, revealing single-cell 
variation obscured in the bulk assay. Important to minimizing F-actin-complex depolymerization during 
the assay, SIFTER completes cell lysis and fractionation in <5 minutes, or ~40 times faster than bulk 
ultracentrifugation (Fig. 1f).  
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Figure 1: SIFTER integrates on-chip sample preparation, electrophoresis, and detection of F-actin 
complexes from hundreds of single cells. (a) Schematic of actin polymerization and depolymerization with 
rates, kon and koff from globular actin (G-actin, 42 kDa) and filamentous actin (F-actin; 4-100s of G-actin) in cells 
contained in a polyacrylamide fractionation gel. Cells are heterogeneous with low to high F-actin ratios (Fratio) (b) 
Side-view schematic of hydrogel lid delivery of assay-stage optimized buffers to microwells in the fractionation 
gel. (c) The SIFTER assay comprises: 1) hydrogel lid delivery of protein complex-stabilizing lysis buffer to the 
array; 2) electrophoresis (EP) and UV-immobilization of monomers (e.g., G-actin) in the gel; 3) hydrogel lid 
delivery of protein-complex dissociation buffer; 4) EP of dissociated protein complexes (e.g., F-actin, 
depolymerized) in the opposite direction of monomers and UV immobilization; and 5) in-gel antibody 
immunoprobing. (d) Cell lysis monitoring: false-color fluorescence micrograph montage and quantification of 
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single MDA GFP-actin cells in microwells upon lysis with F-actin stabilization buffer (lyses cell but retains F-
actin). Scale bar is 100 μm. Total fluorescence in the microwell normalized to initial in-well fluorescence as a 
function of lysis time for n=3 cells. (e) Immunoassay results: representative false-color micrograph of subset of 
the SIFTER array and intensity profiles of GFP F-actin and GFP G-actin from single MDA-MB-231 GFP-actin 
cells (scale bar is 100 μm). Microwell annotated with dashed line. Scatter plot depicts F- and G-actin peak area-
under-the-curve from n = 276 single-cell protein complex separations from a single fractionation gel. (f) 
Schematic comparison of time scales for physical separation of protein complexes via bulk ultracentrifugation 
fractionation versus SIFTER. Single-cell isolation, unique to SIFTER, includes cell trypsinization and 10 minutes 
of passive gravity cell settling in the microwells. 

 
To validate the selectivity to discern F- and G-actin states, we determined the gel composition needed to 
fractionate F-actin and directly observed EP of fluorescently labeled actin from single-cell lysates. The 
molecular mass cutoff for the gel depends on the total acrylamide concentration (%T). Based on native 
polyacrylamide gel EP27,28, the SIFTER cutoff for an 8%T gel is ~740 kDa (Supplementary Fig. S1, Fig. 
2a), or larger than 42 kDa G-actin, but smaller than an average ~2700 kDa F-actin. During EP of MDA-
MB-231 GFP-actin cells (in which GFP is fused to both G- and F-actin), actin species indeed fractionate 
at the microwell edge (Fig. 2b). Within 45 s of EP, the G-actin Gaussian protein band completely injects 
233 ± 11 μm into the polyacrylamide gel (with peak width sigma of 38.6 ± 5.3 μm, n=162; errors are 
standard deviations). We confirm the actin state of the species in the microwell by imaging EP of U2Os 
cells expressing RFP-Lifeact (a common marker for F-actin14). The microwell retains the F-actin 
complexes (Fig. 2c).  We hypothesize two factors lead to no observed F-actin electromigration into the 
gel (including RFP-Lifeact bound dimers)29. First, small oligomers are a minor fraction of F-actin due to 
substantial dissociation rates30. Second, highly crosslinked filaments31 remain enmeshed within the 
cytoskeleton even in lysed cells32. Thus, we confirm that SIFTER fractionates F-actin complexes from 
single cells. Size exclusion may fractionate other protein complexes by adjusting the %T, as >99% of 
individual proteins of the mammalian proteome are larger than the molecular mass cutoff of even a 
denser 10%T gel33. 
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Figure 2: Size-based fractionation and efficient heat dissipation at the micro-scale provides molecular 
specificity to fractionate F-actin complexes from single cells. (a) Left: schematic of fractionation using 
polyacrylamide gel electrophoresis (EP) to separate F-actin complexes from G-actin monomers. Right: Estimated 
molecular mass cutoff as a function of gel density (%T). Shaded region is the molecular mass range of 99.9% of 
non-interacting protein species comprising the mammalian proteome, with notations indicating G-actin (42 kDa, 
solid green line) and average F-actin (~2700 kDa, dashed green line) molecular masses. (b) False-color 
fluorescence micrographs and corresponding intensity profiles during electrophoresis (30 V/cm) of MDA-MB-
231 GFP-actin single-cell lysates in F-actin stabilization buffer; 76 ± 3% of the fluorescence remains in the 
microwell (n=4, error is standard deviation) (c) Intensity profiles (top) and false-color fluorescence micrographs 
of single RFP-Lifeact U2OS cells in microwells (dashed outline; only F-actin fluorescent) upon lysis in F-actin 
stabilization buffer. EP results in retention of F-actin complexes in the well. (d) Left: schematic of heating in the 
fractionation gel (gray) and gel lid (yellow) upon applying a current. Right: plot of temperature as function of 
electrophoresis time under the F-actin stabilization lysis buffer gel lid at 30V/cm. 
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We further validate SIFTER maintains F-actin complexes during fractionation without EP-induced 
temperature rise that would depolymerize F-actin complexes (e.g., above 45°C34,35). Electrical current 
passing through conductive buffer produces heat (Joule heating) during EP, which can increase 
temperature if not efficiently dissipated. The temperature difference, ∆𝑇, between the surrounding 

medium and the conductor varies along the height axis, x, of the conductor:  ∆𝑇 =  𝐸ଶ𝜎௖ ቀ
ுమି௫మ

௞
ቁ, where 

E is the electric field strength (V/m), 𝜎௖ is the buffer conductivity (S/m), H is the height and k is the 
thermal conductivity of the conductor (W/mK)36. Due to large temperature rises during EP in F-actin 
stabilization buffers containing MgCl2 (𝜎௖ ~1.3 mS/cm), E is limited to ~2-10 V/cm for 120-480 minutes 
in native slab gels37, or ~18 V/cm in capillaries37. In SIFTER, the anticipated ∆𝑇 at 30 V/cm is only 
~0.002°C (H~0.54 mm) versus ~7°C increase in a slab gel (H ~ 5 mm; Supplementary Figure S2). 
Indeed, we measure constant room temperature under the hydrogel lid during EP at 30 V/cm with 
SIFTER (Fig. 2d). Thus, we confirm SIFTER maintains F-actin complexes during fractionation that is 
~100 times faster than in a slab gel and with 100-1000-fold higher sample throughput than a standard 
capillary (or comparable to automated capillary systems38). 
 
Quantifying distributions of total actin and Fratio across cells 
To assess cellular heterogeneity, we asked: what are the statistical distributions of total actin and Fratio 

across cells? Before answering these questions, we aimed to reduce run-to-run variation so we could 
compare distributions across replicates. We hypothesized we needed to measure the cells at a fixed time 
after preparing the single-cell suspension, as detachment lowers the level of cytoskeletal protein 
complexes39–41. With SIFTER we found Fratio decreased by ~0.2 with increasing time left in suspension 
from 20 to 35 minutes (Kruskal-Wallis p-value < 0.0001, Dunn’s post-hoc test for multiple comparisons 
p-values < 0.0001, Supplementary Fig. S3).  In contrast, when we left cells in suspension for 10 minutes, 
Fratio was indistinguishable across three replicate dishes of cells (split from a common source one day 
prior; Supplementary Fig. S4; Kruskal-Wallis p-value = 0.80; Dunn’s post-hoc test for multiple 
comparisons p-values all > 0.89). In each of three replicates, we found total actin follows a gamma 
distribution, as expected based on transcriptional bursting (Supplementary Fig. S5, n = 138 to 217)42. 
For the first time, we find the Fratio follows a normal distribution across cells (Supplementary Fig. S5). 
The normal Fratio distribution measured with SIFTER suggests actin binding proteins stochastically 
regulate actin polymerization/depolymerization.  
 
We aimed to evaluate the Fratio distribution in cells expressing endogenous (not GFP-fused) actin, and 
found some immunoreagents yielded depolymerized F- but not G-actin immunoprobe signal 
(Supplementary Table S1, Supplementary Figure S6). Of note, a Fab fragment did yield G-actin 
immunoprobe signal in fibroblasts, while several full-length immunoreagents inconsistently detected G-
actin in a subset of cells with F-actin signal. Lack of signal is not likely due to assay sensitivity, as actin 
is present at millions of copies of protein per cell33 (while the in-gel immunoprobing limit-of-detection 
is ~27,000 copies of protein20). We instead hypothesize sterics may influence epitope availability to 
allow the Fab fragment to bind native G-actin immobilized to the gel but not full-length antibodies (~3-
fold larger). Thus, we could discern differences in F-actin ratio distributions by cell type with concerted 
immunoprobe screening (Supplementary Figure S7). 
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SIFTER investigates cellular heterogeneity of F-actin complex-levels in response to drug 
treatment  
We sought to quantify single-cell heterogeneity of F-actin complex-levels as quantitative assessment is 
needed for screening drugs targeting metastatic cell subpopulations43. In conventional imaging of F-
actin with phalloidin (conjugated to a fluorophore), three factors pose a challenge to quantifying F-actin 
complex heterogeneity. First, phalloidin competes with both actin-binding proteins (e.g., cofilin)17 and 
drugs (e.g., actin nucleating drug jasplakinolide, Jpk18). Second, phalloidin binds most but not all F-actin 
complexes in vivo (e.g., not Golgi-associated filaments)44. Third, optimal cell segmentation requires that 
cells are not in contact with one another45, which limits quantification from tissues, and high-throughput 
analysis45. On the other hand, SIFTER is free from competitive binding or cell segmentation challenges.  
 
We investigated two well-studied drugs with SIFTER (Figure 3): Jpk and Latrunculin A (LatA)46. 
Understanding Jpk effects on F-actin complexes is confounded by competitive binding with phalloidin 
and differing observations in vivo versus in vitro47. Jpk lowers the number of actin subunits at which kon 
becomes appreciable, causing disordered aggregates47. Still, F-actin complex levels increase in certain 
cell types with Jpk treatment in the 0.1 - 1.0 μM range as determined by bulk ultracentrifugation48,49. 
With phalloidin staining of Jpk-treated BJ fibroblasts, we qualitatively observe shorter filaments and 
small aggregates. It is difficult to discern if competition with phalloidin obscures interpretation (Fig. 3a). 
SIFTER clearly yields a ~3.6-fold decrease in median F-actin (Mann-Whitney U-test p-value < 0.0001, 
Fig. 3b-c). To assess heterogeneity in SIFTER F-actin complex-levels across 100s of individual cells, 
we calculate the coefficient of quartile variation (CQV), a metric of variance accounting for skewed 

distributions50, such as gamma-distributed protein expression51. The 𝐶𝑄𝑉 =
ொయିொభ

ொయାொభ
, where Q3 is the 75th 

percentile and Q1 is the 25th percentile F-actin level.  We find CQVDMSO control, BJ =0.46 and CQVJpk, BJ 

=0.34 (subscripts refer to the treatment and cell type), meaning the drug effect is relatively uniform 
across the cell population. 
 
LatA sequesters G-actin and reduces both F-actin complex-levels and the Fratio, as determined by 
phalloidin staining and bulk methods, respectiveley46,52, but variation in cell response is unknown. After 
treatment with LatA, we phalloidin stained U2OS cells and observe decreased F-actin complex-
fluorescence (Fig. 3a) in agreement with previous findings53. With SIFTER, we observe a statistically 
significant 2.7-fold decrease in the median F-actin complex-levels upon LatA treatment (Mann-Whitney 
P-value < 0.0001, Fig. 3d-e). Interestingly, LatA treatment also corresponds with an increase in F-actin 
CQV as CQVLatA, U2OS = 0.70 vs. CQVDMSO control, U2OS =0.42. Previously, phalloidin staining revealed a 
single F-actin complex-phenotype from hundreds of sparsely seeded cells treated with 250 nM LatA54. 
Here, the CQV increase upon LatA exposure suggests differential cell tolerance to LatA potentially due 
to either the almost ten-fold higher LatA concentrations utilized here, or the limitations of phalloidin 
staining. Thus, SIFTER circumvents competitive binding or cell segmentation challenges to quantify 
variation in drug effects on F-actin complexes at the single-cell level. The high CQVLatA, U2OS prompted 
us to further investigate cellular variation in response to LatA treatment.  
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Figure 3: SIFTER quantifies cellular heterogeneity in F-actin complex-levels, avoiding competitive binding 
or cell segmentation challenges encountered with phalloidin staining. (a) False-color fluorescence 
micrographs of U2OS or BJ fibroblast cells fixed and stained with fluorescent phalloidin (F-actin, green) and 
Hoechst (nuclear stain, blue) after incubation with LatA (60 min) or Jpk (120 min). Scale bar is 50 μm. (b) False-
color fluorescence micrographs and representative intensity profiles from SIFTER on single BJ fibroblast cells. 
Scale bar is 100 μm. Microwell is outlined with a dashed line in the intensity profile (c) Violin plot of F-actin 
levels quantified from two different SIFTER devices with the indicated total number of single cells. Medians are 
16736 for control and 4601 for Jpk. Mann-Whitney U = 54791 with p-value < 0.0001. (d) False-color 
fluorescence micrographs and representative intensity profiles from performing SIFTER on single U2OS cells. 
Scale bar is 100 μm. (e) Violin plot of F-actin levels quantified from four different SIFTER devices with the 
indicated total number of single cells. Medians are 15840 for control and 5903 for LatA. Mann-Whitney U = 
127440 with p-value < 0.0001. 

 
Multiplexed cytoskeletal protein-complex quantification uncovers compensation for actin 
perturbation in subpopulations of cells 
We asked two questions regarding Latrunculin A-induced cellular variation, recognizing that SIFTER 
could permit measurement of all three major cytoskeletal protein complexes simultaneously. First, we 
sought to understand if LatA yields differential expression of other cytoskeletal protein complexes. 
Second, we asked whether LatA induced unique cell subpopulations. The cytoskeletal protein complexes 
F-actin, microtubules (MT, of α- and β-tubulin subunits), and intermediate filaments (IF, of vimentin or 
keratin subunits) have both redundant and distinct functions in maintaining cytoskeletal integrity (Figure 
4a). Such redundancy55 yields increased IF to counteract F-actin destabilization of mesenchymal cells56 
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with another Latrunculin, LatB. Yet, quantification of cytoskeletal changes remains a challenge in single 
cells due to segmentation artifacts and low signal-to-noise ratio from immunohistochemistry and 
phalloidin staining57,58. SIFTER, in contrast, is compatible with MT and IF due to the relative stability of 
MT (depolymerization t1/2 timescales of minutes59) and IF (subunit exchange ~10% over 7 hours60) and 
the similarity in protein complex-stabilizing buffers for each (Triton X-100 ~0.5-1%, pH ~6.7-7.4, and 
inclusion of 1 mM MgCl2  for MT19,61,62).  
 
To understand concerted effects of LatA drug treatment on F-actin, MT and IF, we performed SIFTER, 
and immunoprobed with antibodies for each (Figure 4b and Supplementary Figure S8). We observe 
correlation between the three protein complexes in the DMSO vehicle control cells (n = 92 single cells), 
with Spearman rank correlation ρ = 0.66 for MT vs. F-actin, ρ  = 0.64 for F-actin vs. IF, and ρ  = 0.56 
for MT vs. IF (Supplementary Figure S9; p < 0.01 for each correlation). Despite correlation that 
suggests coordination of cytoskeletal protein-complex levels, agglomerative hierarchical clustering 
reveals cells with distinct patterns of protein-complex expression (e.g., groups A-F, Figure 4c).  

 
Next, to elucidate whether any of the potential subpopulations shown in Figure 4c (e.g., groups A-F) 
were unique to the LatA-treatment, we adapted the GeneFishing method63 for “CellFishing”. Using a 
group of co-expressed cells as “bait”, we attempt to “fish out” other cells from a candidate pool that 
present a similar protein complex-expression pattern to that of the bait cells. We do this through a semi-
supervised clustering approach, coupled with sub-sampling to ensure robust discoveries. Here, groups of 
LatA-treated cells from hierarchical clustering that appear as unique phenotypes each define a set of 
“bait cells”, and the DMSO control cells define the candidate pool. If a group of bait cells does not 
identify any cells with similar phenotypes in the DMSO control cells, we assume the phenotype is 
unique to the LatA-treated cell population. We found that bait groups A, B, E and F do not fish out 
DMSO control cells, while groups C and D are examples of baits that do (Figure 4d). Group A (~11% of 
LatA-treated cells) is characterized by elevated IF and MT in response to F-actin destabilization. Note, 7 
bait cells in Group A (Figure 4d) form a tighter and more distant sub-group from the DMSO control 
cells. Groups B and F (~8% and 7% of cells respectively) only sees the counteracting increase in either 
MT or IF, but not both. Compensation for F-actin perturbation by MT and/or IF in subpopulations of 
cells suggests these cells are better equipped to maintain cytoskeletal integrity in response to stress. 
Groups C (~10% of LatA cells) and D (~16% of LatA cells) both fish out small numbers of DMSO 
control cells (~6% and 3% of the DMSO control cells, respectively) and thus represent phenotypes not 
exclusive to LatA treatment. We hypothesize Groups D and E with low F-actin, MT and IF, may be 
experiencing cytoskeletal collapse during apoptosis64 (LatA IC50 is ~0.5 - 3.0 μM with 24-hr exposure in 
breast and lung cancer cells)65. Thus, SIFTER reveals subpopulations of cells with varying degrees of 
cytoskeletal integrity. 
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Figure 4: Multiplexed SIFTER detects subpopulations of cells with altered cytoskeletal protein complexes 
in response to F-actin destabilization. a) Schematic of the cell cytoskeleton composed of F-actin, intermediate 
filaments (IF) and microtubules (MT), and the unknown effects of Latrunculin A (LatA) on IF and MT. (b) 
Representative false-color fluorescence micrographs and intensity profiles from SIFTER. Monomeric proteins 
(e.g., β-Tubulin, β-Tub) are electrophoresed left of the microwell while F-actin, MT and IF are electrophoresed to 
the right of the microwell. Protein quantification is performed by peak area integration. Scale bar is 100 μm. (c) 
Heat maps with dendrograms from agglomerative hierarchical clustering with Euclidean distance metric and 
Ward linkage for U2OS cells incubated in DMSO (n = 92 cells, four SIFTER gels) or 2 μM Latrunculin A (LatA, 
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n = 134 cells, four SIFTER gels). Distinct sub-lineages used as bait groups A-F for CellFishing are shown with 
colored bars. Heatmap is standardized by row (mean at 0, and color gradations at units of standard deviation). (d) 
Spectral clustering projections and heatmaps depicting LatA treatment bait group cells (blue), DMSO control cells 
(grey) and fished out DMSO control cells (yellow).  

 
Understanding cellular heterogeneity in actin distribution upon heat shock 

To assess how a non-chemical stress perturbs (1) the Fratio distribution and (2) F- and G-actin 
coordination, we apply SIFTER to the study of heat shock. Cytoskeletal reorganization is a hallmark of 
disease states5, and protein-complex dysfunction is prominent in aging66 and during cellular stress67,68. 
Cell stresses such as heat shock yields re-organization of F-actin in many, but not all cell types69. 
Indeed, with phalloidin staining, we observed a qualitative decrease in F-actin fluorescence of RFP-
Lentiviral transformed MDA-MB-231 GFP-actin cells upon heat shock (Fig 5a).  
 
For more nuanced characterization of the Fratio distribution not possible with phalloidin staining, 
SIFTER reports the median Fratio in the heat-shocked cells was similar to control cells (0.57 vs. 0.61, 
respectively; Mann-Whitney p-value is 0.0036, Fig. 5b-c). However, the interquartile range of the Fratio 
in heat-shocked cells is nearly double that of control cells (0.16 vs. 0.09). We quantified the skew of the 

distribution with the Pearson’s moment coefficient of skew  𝜇ଷതതത = 𝜀 ൤ቀ
௑ିఓ

ఙ
ቁ

ଷ

൨, where ε is the expectation 

operator, X is the random variable (here, Fratio), μ is the distribution mean and σ is the standard 

deviation. We find 𝜇
¯

3 is 0.08 for the control data set, and -0.32 for the heat-shocked cells with skew 

towards increased G-actin levels (Fig. 5d).  
 
To understand if increased G-actin corresponds with discoordination of F- and G-actin levels upon heat 
shock, we quantified Spearman ρ (for F- and G-actin level correlation). The Spearman ρ decreased from 
0.82 for the control to 0.42 for heat-shocked cells. Together, we conclude that F-actin levels alone 
cannot reveal cytoskeletal integrity: the Fratio distribution and Spearman ρ uncover differential stress 
response across the cell population. 
 
  

 
Figure 5: SIFTER quantifies actin distribution heterogeneity after heat-shock stress. (A) False-color 
fluorescence micrographs of adherent MDA-MB-231 GFP-actin cells with RFP-lentiviral transfection that were 
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fixed and stained for F-actin (phalloidin, green) and the nucleus (Hoechst, blue) with heat shock (45°C for 60 
min) or 37°C control. Scale bar is 50 μm. (B) Representative false-color fluorescence micrographs and intensity 
profiles of GFP-actin EP fractionation from the specified single cells. Scale bar is 100 μm. (C) Violin plots of F-
actin ratio (F/F+G) from SIFTER with n = 81 for the control (one SIFTER gel) and n = 188 for the heat shock 
condition (two SIFTER gels). Median Fratio is 0.61 for control and 0.57 for heat shock. Mann-Whitney U = 12965 
and the p-value is significant (*) at p = 0.0036. (D) Scatter plot of F versus G-actin. Spearman ρ = 0.82 for control 
and ρ = 0.42 for heat shock.  

 
Discussion 
SIFTER maintains multimeric protein complexes during fractionation to reveal monomer versus protein-
complex states in single cells. We identify previously unknown cell subpopulations, such as the cluster 
with decreased F-actin, and compensatory increases in intermediate filaments and microtubules upon 
LatA treatment. Further, we found marked F- and G-actin dysregulation and variability upon heat shock. 
Our results present the intriguing possibility that SIFTER presents a more nuanced assessment of 
cytoskeletal integrity than phalloidin staining Thus, the assay unlocks the capability to assess single-cell 
heterogeneity in multimeric protein complexes, with broad applications across biology. 
 
The range of detectable protein-complex sizes is set by a tradeoff between fractionation and 
immunoprobing. Denser gels compromise assay detection sensitivity because size-exclusion based 
partitioning lowers the in-gel antibody concentration during the immunoassay20. Fractionation in 
decrosslinkinable gel70 should allow isolation of up to 100s of the currently known mammalian protein 
complexes with masses of ~295 kDa or greater in a 12%T gel (~7 or more protein subunits71, assuming 
each subunit has the average mammalian protein size of 375 amino acids72, or mass of ~40 kDa). 
 
For mechano-sensitive protein complexes within the cytoskeleton (e.g., stress fibers and focal 
adhesions), the fractionation gel functionality can be extended to also serve as a cell culture extracellular 
matrix. On-chip culture can assay adherent cells without trypsinization73. Thus SIFTER may evaluate 
single-cell regulation of actin in metastatic cancer cell subpopulations by quantifying dozens of actin 
binding proteins with increased multiplexing by stripping and re-probing74. Looking ahead, SIFTER 
could assist drug screens targeting diverse protein interactions underpinning invasive and heterogeneous 
cancer cells. 
 
Online Methods 
Chemicals: Tetramethylethylenediamine (TEMED, T9281), 40% T, 3.4% C acrylamide/bis-acrylamide 
(29:1) (A7802), N,N,N′,N′-, ammonium persulfate (APS, A3678), sodium deoxycholate (NaDOC, 
D6750), sodium dodecyl sulfate (SDS, L3771), bovine serum albumin (BSA, A7030), dithioerythritol 
(DTE, D8255), triton X-100 (X100), urea (U5378), β-Mercaptoethanol (M3148), anhydrous magnesium 
chloride (MgCl2, 814733) and dimethylsulfoxide (DMSO, D2438) were acquired from Sigma Aldrich. 
An Ultrapure Millipore filtration system provided deionized water (18.2 MΩ). PharmAgra Laboratories 
custom-synthesized N-[3-[(3-Benzoylphenyl)- formamido] propyl] methacrylamide (BPMAC). 
Phosphate buffered saline was purchased from VWR (10X PBS, 45001−130). Tris glycine (10X) buffer 
was obtained from Bio-Rad (25 mM Tris, pH 8.3; 192 mM glycine, #1610734). Petroleum jelly 
(Cumberland Swan Petroleum Jelly, cat. no. 18−999−1829). Tris-HCl was obtained from Fisher 
Scientific (1M, pH = 7.5; Corning MT46030CM), while 0.5 M Tris-HCl, pH 6.8 was purchased from 
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Teknova (T1568). Photoinitiator 2,2-Azobis(2-methyl-N-(2-hydroxyethyl) propionamide) (VA-086) was 
acquired from FujiFilm Wako Pure Chemical Corporation. Gel Slick was purchased from Lonza 
(#50640). Tris Buffered Saline with Tween 20 (TBST-10X) was procured from Cell Signaling 
Technology (9997S). Paraformaldehyde (4% EM grade) was purchased from Electron Microscopy 
Sciences (157-4). 
 
Cell culture: All cell lines were authenticated by short tandem repeat profiling by the UC Berkeley Cell 
Culture facility and tested negative for mycoplasma. Naive U2OS cells were purchased from the UC 
Berkeley Cell Culture Facility. BJ fibroblasts were provided by the Dillin lab. U2OS RFP-Lifeact cells 
were previously generated by the Kumar lab75 at UC Berkeley, and kindly provided for this study. 
MDA-MB-231 GFP-actin cells were kindly provided by the Drubin lab at UC Berkeley. BJ fibroblasts 
and U2OS (RFP-Lifeact and naive) cells were maintained in DMEM (11965, ThermoFisher Scientific) 
supplemented with 10% FBS (100-106, GeminiBio), 1% penicillin/streptomycin (15140-122, 
ThermoFisher Scientific), and 1% non-essential amino acids (11140-050, ThermoFisher Scientific), 
while MDA-MB-231 GFP-actin cells were maintained in the same media minus the 1% non-essential 
amino acids. All cells were cultivated in a humidified incubator in 5% CO2 kept at 37 °C. Cells were 
sub-cultured at ~80% confluency and detached with 0.05% Trypsin-EDTA (Gibco #25300-054) for 3 
minutes. Each SIFTER assay was performed on a distinct single-cell suspension. 
 
Generation of RFP-Lenti MDA-MB-231 GFP-Actin cells: MDM-MB-231 GFP-actin cells were a kind 
gift from the laboratory of Dr. David Drubin. Genome editing was performed at the genomic locus by 
integrating TagGFP (see Supplementary Methods) at the genomic locus for ACTB. Verification of 
genome editing was performed via standard PCR and sequencing. Briefly, DNA was collected from 
cells using the Qiagen DNeasy Blood and Tissue Kit (69506) as per manufacturer’s guidelines. 100 ng 
of genomic DNA was used for PCR using forward primer 5’GGACTCAAGGCGCTAACTGC3’ and 
reverse primer 5’ GGTACTTCAGGGTGAGGATGCC3’. Sequencing was performed using standard 
sanger sequencing using primer 5’GCTTCCTTTGTCCCCAATCTGG3’. A schematic for genome 
editing is provided in Fig. S10. MDA-MB-231 GFP-actin cells were infected with lentivirus containing 
CD510B-1_pCDH-CMV-MCS-ED1-Puro (SystemBio) modified to carry TagRFP (see Supplementary 
Methods) under the CMV promoter.  
 
SIFTER assay: Buffers and gel lid incubation: F-actin stabilization lysis buffer used was 10 mM Tris-
HCl, 1% Triton X-100, 2 mM MgCl2, and 0.5 mM DTE (titrated to pH=7.4). The DTE was added at the 
time of a given experiment. The depolymerization buffer was prepared as a 1.56x RIPA buffer such that 
upon addition of 8 M urea, the final buffer composition was 0.5x Tris glycine, 0.5% SDS, 0.25% sodium 
deoxycholate, 0.1% Triton X-100, 8 M urea, pH=8.3. Urea was added fresh at the time of the 
experiment and allowed to dissolve at 75°C. Hydrogel lids (15%T, 3.3% C) were photopolymerized as 
previously described between Gel Slick-coated glass plates offset with a 500 μm spacer76. Hydrogel lids 
were incubated overnight at 4°C in either the F-actin stabilization or the depolymerization buffer (before 
urea or DTE addition). Upon complete preparation of the urea-containing depolymerization buffer, the 
buffer was introduced to the gel lids in a water bath set to 75 °C and incubated for ~30 minutes before 
beginning the experiments. F-actin stabilization buffers and gel lids were kept at room temperature. Gel 
lids and buffers were only stored for up to 2 weeks, and buffer solution was never re-used. 
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Polyacrylamide fractionation gels (8%T and 3.3%C with 3 mM BPMAC incorporated) were 
polymerized on SU-8 micro-post molds as described elsewhere77. Trypsinized cells were introduced to 
the microwell array in 1X PBS solution for passive gravity settling. Trypsinization was performed for 3 
minutes at 37°C, and cells in PBS (10010049, Thermo Fisher Scientific, pH=7.4, magnesium and 
calcium free) settled in the microwell array for 10 minutes. Each replicate experiment was run with a 
different 1-cm petri dish of freshly trypsinized cells in suspension. 
 
For the fractionation separation, the fractionation gel device was pre-incubated in 10 mM Tris-HCl 
(pH=7.5) briefly before the glass slide was adhered to the surface of a custom 3D-printed EP chamber 
with petroleum jelly. A custom heater with a 12V PTC ceramic heating element (ELE147, Bolsen Tech) 
and PID temperature controller (ITC-106VH, Inkbird) was interfaced to the bottom surface of the EP 
chamber. The F-actin stabilization hydrogel lid was then applied to the array and cell lysis proceeded for 
45s before the electric field was applied (30 V/cm, 45s for 42 kDa actin in U2OS or BJ fibroblasts, or 
60s for 69 kDa GFP-actin from the GFP-actin cells; Bio-Rad Powerpac basic power supply). Proteins 
were blotted, or bound to the fractionation gel, by UV-induced covalent immobilization to the BPMAC 
incorporated in the fractionation gel (Lightningcure LC5, Hamamatsu, 100% power, 45 s). The electrode 
terminals were reversed, and the hydrogel lid was exchanged with depolymerization buffer gel hydrogel 
lid for 45s. EP was performed for the same duration in the opposite direction before a final UV photo-
immobilization step (same UV power and duration). The glass slide was peeled from the EP chamber, 
and the fractionation gel was washed in 1X TBST for at least 30 min to overnight prior to 
immunoprobing. 
 
Immunoprobing was performed as previously described77, utilizing a rabbit anti-GFP antibody for GFP-
actin (Abcam Ab290), mouse anti-actin monoclonal antibody (Millipore MAB1501 for BJ fibroblasts), 
rabbit anti-actin polyclonal antibody (Cytoskeleton Inc. AAN01), rhodamine-labeled anti-actin Fab 
(Biorad 12004164 for BJ fibroblasts), rabbit anti-actin monoclonal antibody (Abcam Ab 218787 for 
U2OS cells), mouse anti-vimentin monoclonal antibody (Abcam Ab8978) and rabbit anti-β-tubulin 
monoclonal antibody (Abcam Ab6046). Gels were incubated with 50 μl of 1:10 dilution of the stock 
primary antibody in TBST for two hours and then washed 2x for 30 minutes in 1X TBST. Donkey Anti-
Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 647-labeled (A31573, Thermo 
Fisher Scientific), Donkey Anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 
555-labeled (A31570, Thermo Fisher Scientific)  and Donkey Anti-Mouse IgG (H+L) Cross-Adsorbed 
Secondary Antibody, Alexa Fluor 647-labeled (A31571, Thermo Fisher Scientific) were used at a 1:20 
dilution in TBST for a one-hour incubation after 5 minutes of centrifugation at 10,000 RCF. Two more 
30-min TBST washes were performed prior to drying the gels in a nitrogen stream and imaging with a 
laser microarray scanner (Genepix 4300A, Molecular Devices). When immunoprobing with rhodamine-
labeled anti-actin Fab, 1:5 dilutions were used and immunoprobing completed after the two-hour Fab 
incubation and two 30-minute washes in TBST. For multiplexed analysis of actin, vimentin and β-
tubulin protein complexes, actin and vimentin were immunoprobed together, the gels were chemically 
stripped77 and then re-probed for β-tubulin. Chemical stripping was performed for at least one hour at 
55°C. Gels were briefly rinsed in fresh 1x TBST three times and then washed in 1x TBST for at least 
one hour prior to re-probing. 
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Images were analyzed as described elsewhere77. Briefly, the images were median filtered utilizing the 
“Remove Outliers” macro in Fiji (pixel radius=2 and threshold=50 AFU). The images were then 
segmented, intensity profiles were generated for each separation lane by was fit to a Gaussian curve. For 
fits with an R2>0.7 and peaks with an SNR>3, user-based quality control is performed, and area under 
the curve is calculated within two peak widths from the center on the background subtracted profile. 
Image analysis was performed in MATLAB R2019b. 
 
Fluorescence imaging of cells in microwells, lysis and EP: Imaging was performed via time-lapse epi-
fluorescence microscopy on an Olympus IX50 inverted epifluorescence microscope. The microscope 
was controlled using Metamorph software (Molecular Devices) and images were recorded with a CCD 
camera (Photometrics Coolsnap HQ2). The imaging setup included a motorized stage (ASI), a mercury 
arc lamp (X-cite, Lumen Dynamics) and an XF100-3 filter for GFP (Omega Optical) and an XF111-2 
filter for RFP (Omega Optical). Imaging was performed with a 10× magnification objective (Olympus 
UPlanFLN, NA 0.45) and 900 ms exposures with 1s intervals with U2OS RFP-Lifeact, and 2s exposure 
with 2s intervals with MDA-MB-231 GFP-actin (1x pixel binning). Exposure times were lowered for 
lysis imaging to 600 ms.  
 
F-actin cell staining with phalloidin and Latrunculin A and Jasplakinolide drug treatment: 
Latrunculin A (Cayman Chemicals 10010630) was dissolved in DMSO as a 2 mM stock solution and 
stored at -20 °C until use. Jasplakinolide (Millipore-Sigma, 420107) was reconstituted in DMSO and 
stored at -20 °C for up to 3 months. Cells were incubated in the drug solution at the concentration and 
for the time listed in the main text. The DMSO control cells were exposed to 0.1% DMSO in cell culture 
media for the same time as the drug treated cells. Cells were fixed with 3.7% paraformaldehyde in 1X 
PBS (10 minutes at room temperature), and permeabilized with 0.1% Triton X-100 (for 5 minutes at 
room temperature and stained with Alexa Fluor 647-labeled phalloidin (20 minutes at room temperature, 
ThermoFisher Scientific, A22287). 
 
Heat shock treatment of cells: MDA-MB-231 GFP-actin RFP-lenti cells were incubated at 45 °C (VWR 
mini incubator, 10055-006) for 1-hour prior trypsinization and gravity settling in the fractionation gel. 
 
Statistical analysis: Mann-Whitney test (with U test statistic) and Kruskal-Wallis test with post-hoc 
Dunn’s test (Chi-squared test statistic), Spearman rank correlations, and QQ-plot generation with normal 
and gamma distributions were performed using pre-existing functions in MATLAB 2019b. All tests 
were two-sided. All boxplots include a centerline for the median, boxes at the 25th and 75th percentile 
and whiskers that extend to all data points. Violin plots were generated in RStudio (Version 0.99.903) 
using the library “Vioplot”. The boxplot within the kernel density plot displays boxes at the 25th and 75th 
percentile, a point at the median, and whiskers that extend 1.5-times the box length. 
 
Cell Fishing clustering analysis: Standardization is by row for both the LatA treated and DMSO control 
data sets (expression level, or Gaussian protein peak AUC, for each protein complex) with the mean at 0 
and standard deviation of 1. Initial agglomerative hierarchical clustering was performed separately for 
the LatA treated and DMSO control data sets utilizing Euclidean distances, and the Ward linkage 
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criterion (R version 3.6.1, NMF package / MATLAB 2019b, Statistics and Machine Learning Toolbox). 
Distinct sub-clusters in the LatA treated data were further inspected as “bait” groups of cells inspired by 
the GeneFishing method described elsewhere63 . We conducted an analogous analysis to GeneFishing, 
which we call “Cell Fishing”.  Candidate cells from the DMSO control data sets were randomly split 
into subsamples of 23-33 cells, and each subsample was pooled together with the “bait” cells to form a 
sub-dataset. Semi-supervised clustering is applied to each sub-dataset using spectral analysis and a 
clustering algorithm based on the EM-fitted mixture Gaussian of two components model78 (R version 
3.6.1, mclust package). The subsampling protocol was repeated 3000 times for a given “bait” set, and 
cells were considered “fished out” if they had a capture frequency rate of 0.99 or higher, as what is done 
in the GeneFishing paper63 .  
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