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Abstract

Cells experience physical deformations to the plasma membrane that can modulate cell behaviors 

like migration. Understanding the molecular basis for how physical cues affect dynamic cellular 

responses requires new approaches that can physically perturb the plasma membrane with rapid, 

reversible, subcellular control. Here we present an optogenetic approach based on light-inducible 

dimerization that alters plasma membrane properties by recruiting cytosolic proteins at high 

concentrations to a target site. Surprisingly, this polarized accumulation of proteins in a cell 

induces directional amoeboid migration in the opposite direction. Consistent with known effects of 

constraining high concentrations of proteins to a membrane in vitro, there is localized curvature 

and tension decrease in the plasma membrane. Integrin activity, sensitive to mechanical forces, is 

activated in this region. Localized mechanical activation of integrin with optogenetics allowed 

simultaneous imaging of the molecular and cellular response, helping uncover a positive feedback 

loop comprising SFK- and ERK-dependent RhoA activation, actomyosin contractility, rearward 

membrane flow, and membrane tension decrease underlying this mode of cell migration.
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Important cell behaviors such as migration and adhesion are modulated by mechanical 

forces.1 The molecular mechanisms that govern this migration are not entirely clear. One of 

the ways mechanical forces can alter cellular behavior is through alterations of the physical 

properties of the plasma membrane.2–4 To decipher the molecular basis of how cells respond 

to mechanical forces, it is useful to develop methods to experimentally alter the properties of 

the plasma membrane and measure cellular responses.

Traditional methods for experimentally altering physical properties of the plasma membrane 

in living cells, such as osmotic buffers5,6 or substrates of varying stiffness and topographies,
7,8 often lack subcellular precision and reversibility. Other methods, such as micropipette 

aspiration or tether pulling via optical tweezers or atomic force microscopy,9,10 are difficult 

to apply continually while observing responses that are dynamic in behavior, like cell 
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migration that involves cell dislocation and shape changes. A rapidly reversible noninvasive 

method that can alter plasma membrane properties can be advantageous.

Optogenetic approaches have the advantage of being noninvasive and rapidly reversible. In 

recent years, the development of optogenetic tools has facilitated the inter-rogation of cell 

migration without introducing mutated signaling proteins but by recruiting native proteins at 

the subcellular level.11–17 In this work, we use an improved light-inducible dimer (iLID) 

system17 to optically recruit cytosolic proteins at high densities to localized regions of the 

plasma membrane, which exerts forces on the plasma membrane at the subcellular level. It 

has been shown in vitro that high concentrations of proteins with no known regulatory 

function such as green fluorescent protein (GFP) can alter membrane properties such as 

curvature and tension with effects on cellular processes such as endocytosis, protein sorting, 

and enzyme activation.18–22 Here we utilize this phenomenon in vivo to alter plasma 

membrane tension and curvature in a localized area of the cell through recruitment of 

cytosolic fluorescent proteins with no regulatory properties to the plasma membrane.

The optogenetic method presented here allows for physical properties of the plasma 

membrane to be manipulated with subcellular precision and fine temporal control. 

Surprisingly, we found that localized accumulation of proteins on one side of the plasma 

membrane generates directional migration in the opposite direction in macrophage cells. 

This mode of migration resembles RhoA-mediated amoeboid movement that lacks 

lamellipodia, with the cell maintaining a rounded morphology and cytoskeletal proteins, 

plasma membrane, and endocytosis polarized to the cell rear.14,23–25

Optogenetically localizing protein accumulation at the plasma membrane leads to altered 

physical properties. Polarization of a membrane tension sensor and markers of endocytosis 

suggest lowered tension and increased membrane curvature at the site of activation. 

Consistent with integrin activation by mechanical forces,26–28 optically directed protein 

accumulation leads to localized integrin β1 activation. It is known that integrins modulate 

cell migration.28–30 The optogenetic approach presented here allowed us to specifically 

investigate the effect of localized mechanical integrin activation on migration. We found that 

polarized mechanical integrin activation is sufficient to generate directional migration. 

Perturbation of specific signaling proteins helped identify components downstream of 

integrin. The ability to achieve dynamic optical control over mechanically induced migration 

sheds light on the mechanism that underlies this mode of cell migration.

RESULTS AND DISCUSSION

We use an improved light-induced dimerization system (iLID) to optically recruit proteins to 

one side of RAW 264.7 macrophage cells. iLID consists of the bacterial peptide SsrA 

embedded in the C-terminal helix of the light-oxygen-voltage 2 (LOV2-Jα) domain of 

prototropin 1. SsrA has high affinity for the protein SspB, but is sterically inaccessible for 

binding in the dark state. Exposure to blue light causes the Jα helix to unfold, exposing SsrA 

and allowing it to bind to SspB.17 Fusing iLID to the C-terminal domain of the protein K-

Ras (KRasCT), which contains the CaaX sequence, allows for post-translational prenylation 

and the targeting of iLID to the plasma membrane.31 Transfecting cells with iLID-KRasCT 
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along with SspB fused to a protein of interest thus enables us to recruit the protein of interest 

to the plasma membrane with blue light (Figure 1A).

We had earlier reported that optically directing a RhoA GEF, LARG, tagged with the 

fluorescent protein mCherry (mCh) and SspB to a localized region of the plasma membrane 

induces rapid and consistent cell migration in the opposite direction.14 In control 

experiments, mCh-SspB expressed without LARG at similar expression levels has no effect 

when recruited locally to the plasma membrane. However, we find that if the mCh-SspB 

construct is considerably overexpressed and recruited at a high concentration to a region of 

the plasma membrane, 27 out of 40 cells migrate in the opposite direction (Figure 1C and 

Movie S1).14 The remaining 13 cells do not exhibit directional migration. The direction of 

cell migration reverses rapidly with reversal of photoactivation side. In cells where polarized 

accumulation of mCh is observed, the average migration speed is 0.44 μm/min (Figure 1B) 

in contrast to 1.0 μm/min with LARG-mCh-SspB.14 Cell migration speed was determined 

by tracking the displacement of the cell rear using a previously described algorithm.14 To 

eliminate the possibility that the migration is simply due to cell retraction in response to high 

intensity laser light or cytotoxicity caused by components of the iLID system, we locally 

photoactivated cells transfected with mCh-SspB or iLID-KRasCT alone. This does not yield 

directional movement (Figure 1B), nor does photoactivation of untransfected cells (Movie 

S2), confirming that asymmetric protein accumulation is triggering the migration.

The 68% migration response rate mentioned above is likely due to cell-to-cell variations in 

the amount of mCh-SspB caused by transient transfections, which subsequently leads to 

variations in the ratio of mCh-SspB to iLID-KRasCT. To quantify the amount of mCh-SspB 

required to induce sufficiently polarized protein accumulation and, subsequently, directional 

migration, we measured the average migration speed of cells with respect to their mCh 

expression level (Figure S1A). mCh-SspB fluorescence intensity was normalized to 

fluorescence intensity of carboxyl-functionalized Nile Red-containing beads from 

Spherotech (FCM-1056–2). This allows for easier replication of the experiment by 

eliminating variables caused by each experimenter’s unique imaging parameters. The 

highest migration speeds were observed in cells where mCh-SspB fluorescence was 1.5–2.5 

times that of Spherotech beads (Figure S1A). It is possible that too high levels of mCh-SspB 

expression result in a global increase in mCh-SspB at the plasma membrane, making it 

difficult to induce sufficiently polarized protein accumulation through localized activation of 

iLID.

We then examined the response to optically induced localized accumulation of fluorescent 

proteins other than mCherry. We found that cells also migrate in response to accumulation of 

both mTurquoise (mTurq) and YFP, with the speeds comparable to those of cells migrating 

due to mCh accumulation (Figure S1B). This shows that the migration is due to protein 

accumulation, rather than a unique property of mCh. Since they induce migration at similar 

speeds, mTurq and mCh are both are used in experiments below.

The ability of iLID to generate migration through protein accumulation raises the question 

of whether other dimerization-based optogenetic tools such as the CRY-CIBN system can be 

used for this purpose. Like iLID, Cryptochrome 2 (CRY2) dimerizes to its binding partner, 
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CIBN, upon blue light exposure.32 We transfected cells with CRY2-mCh and CIBN-

KRasCT and photoactivated the cells on one side. The cells exhibited directional migration, 

but at a speed of 0.23 μm/min, almost half that of iLID-mediated migration (Figure S1C). 

This shows that localized optogenetically induced protein accumulation at the plasma 

membrane can generate migration regardless of the specific optogenetic tool. This difference 

in speed between the iLID and CRY systems is expected because in contrast to CRY2 bound 

to CIBN which is a 170 amino acid protein,32 the SspB fusion construct will be in close 

proximity to the plasma membrane because it binds the SsrA peptide that is associated with 

the plasma membrane through an C terminal prenyl lipid (Figure 1A).17,33 Thus, light-

induced dimerization in the iLID system will result in accumulation of proteins more 

proximal to the plasma membrane than dimerization of CRY-CIBN, which could account for 

the difference in migration speed.

Because polarization of cellular processes is known to take place during migration,34,35 we 

sought to characterize the distribution of various intracellular molecules in cells migrating as 

a result of protein accumulation. The migrating cells lack lamellipodia and leading edge 

protrusions, instead maintaining a rounded morphology (Figure 1C, Figure 2A, and Figure 

3A,B). This is reminiscent of RhoA-driven amoeboid migration, which is known to be 

mediated by rearward flow of the plasma membrane.14,24 We used fluorescently tagged 

KRasCT to observe plasma membrane dynamics during this mode of migration. In cells 

transfected with mCh-SspB, iLID-KRasCT, and Venus-KRasCT, localized photoactivation 

results in rapid translocation of mCh-SspB to the photoactivation site, followed by gradual 

accumulation of the plasma membrane marker as the cell migrates (Figure 2A, Figure S2A, 

and Movie S3). Venus-KRasCT fluorescence intensity increases in the back of the cell and 

decreases in the front during the course of migration (Figure 2B). This indicates that in cells 

migrating via this mechanism there is rearward membrane flow, which is in agreement with 

previously reported RhoA-driven migration.14,24

If RhoA is indeed being activated, we also expect to observe a change in the distribution of 

cytoskeletal proteins. RhoA is known to activate Rho-associated protein kinase (ROCK), 

which promotes phosphorylation of myosin light chain (MLC) and subsequent actomyosin 

contractility.36 Actin filaments and myosin are therefore enhanced in areas of the cell with 

increased RhoA activity.14 We therefore induced polarized protein accumulation in cells 

transfected with mCh-SspB, iLID-KRasCT, and F-actin sensor mTopaz-Lifeact. mTopaz-

Lifeact increases at the rear of the migrating cell where protein accumulation is induced 

(Figure 3A and Movie S3). Similarly, in cells transfected with mCh-SspB, iLID-KRasCT, 

and Venus-myosinIIA, myosin accumulates at the cell rear during protein accumulation-

driven migration (Figure 3B,C and Movie S3). The polarization of these markers is 

especially evident in kymographs, which show fluorescence distribution in the cell along the 

axis of migration as a function of time (Figure 3A,B, right). The increase in actin and 

myosin at the back with corresponding increase in flow of plasma membrane lipids rearward 

suggests that the actomyosin cortical flow supports the membrane movement.

Rounded cell morphology along with rearward membrane flow and accumulation of cortical 

proteins at the cell rear are indicative of amoeboid migration mediated by RhoA activity at 

the back of the cell.14,23–25 Since ROCK is known to be activated by RhoA and mediates 
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migration through actomyosin contractility and rearward membrane flow,14,36 we examined 

the effect of ROCK inhibition on this mode of migration. We induced protein accumulation 

in cells transfected with mCh-SspB, iLID-KRasCT, and Venus-KRasCT before and after 

incubation with Y-27632, an inhibitor of ROCK. Although robust polarization of mCh-SspB 

can be observed both before and after incubation with Y-27632, the migration speed of 

Y-27632 treated cells is significantly inhibited (Figure 3D,E, and Movie S4).

The above results all indicate that protein accumulation-driven migration is mediated by 

RhoA and has the characteristics of amoeboid migration. The finding that polarized 

optogenetic protein recruitment to the plasma membrane can induce this mode of migration 

is significant, since the factors mediating the transition between mesenchymal and amoeboid 

migration modes are of great interest to researchers. Macro-phages are thought to be the 

only immune cells capable of transition between mesenchymal and amoeboid modes.37,38 

Tumor cells also often assume the amoeboid migration mode, the rounded morphology and 

enhanced contractility characteristic of this mode of migration enabling the cells to adapt 

their shape to better penetrate tissues and to more easily squeeze through the extracellular 

matrix.39–42 Tumor cell invasion or macrophage infiltration through tissues has serious 

patho-logical consequences. Deciphering the mechanistic basis of amoeboid migration can 

thus be of great value.

The ability of polarized accumulation of a fluorescent protein with no known regulatory 

activity to induce cell migration suggests that a physical or steric change at the plasma 

membrane rather than a biochemical signaling event is the initiating step for this mode of 

cell migration. Indeed, it is known that mechanical stimuli from the extracellular 

environment can play a significant role in modulating cell migration.37–39,43,44 Cells sense 

these external cues through membrane-associated proteins,45,46 so it is likely that the plasma 

membrane plays a major role in sensing mechanical forces. Consistent with this, there are 

suggestions that plasma membrane tension plays a role in regulating cell motility.6,47–49 Our 

finding that the plasma membrane marker accumulates at the back of the migrating cells 

suggests that membrane tension likely decreases progressively at the back of cells as the 

cells migrate. This is consistent with in vitro experiments which have demonstrated that 

restricted localization a high concentration of proteins such as GFP or disordered proteins 

like the C-terminal domain of epsin to membranes exerts steric pressure on the membrane 

and induces curvature and altered tension.19,20,50

To examine if the plasma membrane curvature and tension are affected by optically induced 

protein accumulation and migration, we observed the distribution of several proteins known 

to be sensors of membrane tension or curvature. Studies have shown that a decrease in 

membrane tension enhances endocytosis-related membrane changes.22 Caveolin-containing 

invaginations at the plasma membrane which form endocytic vesicles are known to act as 

buffers against changes in membrane tension, increasing in number as the tension decreases.
51,52 Caveolin can therefore function as a sensor for tension changes at the plasma 

membrane. We transfected cells with mTurq-SspB, iLID-KRasCT, Venus-KRasCT, and 

mApple-caveolin and examined the distribution of mApple-caveolin after inducing 

migration by optically directing protein accumulation at the cell edge. After light activation, 

caveolin containing vesicles progressively increase at the rear of the cell in the region that 

Meshik et al. Page 6

ACS Synth Biol. Author manuscript; available in PMC 2020 March 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



was activated (Figure 4A and Movie S5). Similarly, clathrin is the key protein in clathrin-

mediated endocytosis and is known to localize to areas of membrane curvature.53 It is 

therefore a sensor for inward membrane curvature and decreased plasma membrane tension 

similar to caveolin. Cells transfected with mCh-SspB, iLID-KRasCT, and EYFP-clathrin 

were optically stimulated to migrate and examined for the distribution of clathrin across the 

cell. With the initiation of migration, vesicles containing clathrin begin to appear at the back 

of the cell coincident with the light activated region. They increase progressively as the cell 

migrates (Figure 4B and Movie S5).

Lastly, we used formin-binding protein 17 (FBP17), which is a Bin/Amphiphysin/Rvs 

(BAR) domain protein that binds to areas of negative membrane curvature and has been 

shown to work as a low membrane tension indicator.5 To verify that FBP17 can effectively 

detect tension changes in RAW cells, we observed its distribution in cells transfected with 

mCh-SspB, iLID-KRasCT, and Venus-FBP17 in the presence of osmotic buffers. Hypertonic 

and hypotonic buffers are known to cause a decrease and increase in plasma membrane 

tension, respectively.5 Indeed, FBP17 localizes to the plasma membrane in the presence of 

hypertonic buffer. Upon addition of hypotonic buffer, FBP17 dissociates from the plasma 

membrane (Figure 5A,B). Having confirmed FBP17’s effectiveness as a plasma membrane 

tension sensor in macrophages, we optically induced protein accumulation-driven migration 

and observed the distribution of FBP17. FBP17 localizes to the region of protein 

accumulation within minutes. Upon reversal of protein accumulation to the opposite side of 

the cell, FBP17 also translocates to the opposite side (Figure 5C, Figure S2B, and Movie 

S6).

The results from examining the dynamic distribution of caveolin, clathrin, and FBP17 during 

optically stimulated migration suggest that localized protein accumulation at the plasma 

membrane induces membrane curvature and a decrease in plasma membrane tension in the 

same region. Plasma membrane marker KRasCT can itself serve as an indicator of lowered 

tension, since higher concentrations of the membrane marker suggest an increase in 

membrane folding with consequent increase in membrane curvature and decrease in tension. 

This is consistent with our above results showing an increase in KRasCT at the rear of 

migrating cells and a decrease in the front (Figure 2A,B). The corresponding increase in 

endocytosis localized to the back of the cell where KRasCT accumulates provides further 

evidence for lowered tension because endocytosis is known to be stimulated by a decrease in 

plasma membrane tension.3,22,54,55 The increased endocytosis is also consistent with the 

migration being RhoA-mediated, as we have previously shown that polarized vesicle 

trafficking from back to front takes place during RhoA-driven amoeboid migration.14

Together, the above results demonstrate that localized protein accumulation decreases 

plasma membrane tension by creating curved regions in the membrane. This optogenetic 

method of protein accumulation is therefore effective as a tool for applying mechanical 

forces locally at the plasma membrane. It also enables physical changes in the membrane to 

be induced in a spatially precise, rapidly reversible, noninvasive manner, providing an 

advantage over more traditional methods to exert mechanical forces at the subcellular level 

on a cell.
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In biochemical experiments with lipid vesicles, localization of high concentrations of 

proteins to the membrane induced curvature. This was observed with disordered proteins 

such as the C-terminal domain of epsin, as well as proteins with no regulatory function such 

as GFP,19,20,50 suggesting that the curvature is physically induced rather than the result of a 

signaling event. Our results with mCh in vivo are therefore consistent with those previously 

reported with GFP in vitro. We examined the effect of optically recruiting epsin, as well as 

the N-BAR domain protein amphiphysin which is known to generate and stabilize 

membrane curvature,21,56 to one side of the cell. Epsin and amphiphysin have a molecular 

weight of approximately 65 kDa and 120 kDa, respectively. Despite the nearly 2-fold 

difference in mass between the two proteins, Epsin-mCh-SspB and Amphiphysin-mCh-SspB 

generate cell migration at similar speeds to each other and to that of mCh-SspB alone 

(Figure 6A,B and Movie S7). This is consistent with previous findings that the percent 

coverage of the membrane, rather than the nature and size of the accumulated protein, 

determines whether membrane curvature occurs.20 Our results demonstrate that the 

optogenetic tool presented here is effective in recruiting proteins of varying sizes and 

functions to the plasma membrane at high enough concentrations to generate maximum 

membrane coverage in vivo, resulting in sufficient curvature and tension changes to generate 

migration. This is also consistent with our above findings showing that CRY-mediated 

protein accumulation induces cell migration at lower speeds compared to iLID (Figure S1C), 

likely due to the protein accumulation occurring farther from the plasma membrane and 

subsequently generating lower curvature and tension change.

One likely mechanism at the basis of the migration seen here is the activation of a signaling 

pathway induced by the localized alteration in plasma membrane curvature and tension. 

Integrins are attractive candidates for the upstream molecule that initiates this signaling, 

since they transmit forces across the plasma membrane through their associations with the 

extracellular matrix and the actin cytoskeleton and are known to be activated by mechanical 

stimuli.26,28,57,58 In support of this notion, there is evidence for changes in plasma 

membrane tension modulating integrin activation.59 In particular, α5β1 integrin is known to 

promote RhoA-mediated contractility in the cell rear during migration.27,60,61 We therefore 

used P4C10, an integrin β1-blocking monoclonal antibody, to determine if protein 

accumulation-driven migration is affected when integrin β1 activity is globally inhibited. 

RNAseq analysis of the RAW 264.7 cells used here showed that integrin β1 is expressed in 

these cells. Cells were transfected with mCh-SspB, iLID-KRasCT, and Venus-KRasCT and 

incubated for 3 h with either serum-free media containing P4C10 or serum-free media alone. 

P4C10-treated cells exhibit slowed migration compared to control cells (Figure 7A,B, and 

Movie S8). This demonstrates that β1 integrin activity plays a role in this mode of migration.

To verify that β1 integrin is activated in this migration mode, we used another monoclonal 

antibody, HUTS-4. It binds to epitopes 355–425 which are exposed only when the integrin 

assumes its active conformation.62 To test the effectiveness of this antibody as an activated 

integrin β1 sensor in live cells, we first used it with cells treated with 5 mM MnCl2. Mn2+ 

and other divalent ions are known to activate integrins and increase their binding affinity for 

their extracellular ligand.63,64 We indeed see an increase in AlexaFluor488-tagged HUTS-4 

binding to the cell surface upon addition of 5 mM MnCl2 (Figure 8A,B). The uneven 

distribution of HUTS4-AlexaFluor488 at the plasma membrane can be explained by the fact 
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that activated integrins are known to cluster into adhesion complexes.29 Indeed, previous 

uses of this antibody showed that it assumes a punctate distribution in cells.65

We then locally photoactivated cells expressing mCh-integrinβ1, mTurq-SspB and iLID-

KRasCT to induce protein accumulation. Upon initiation of migration, HUTS4-Alexa-

Fluor488 was added to the dish. In cells where polarized HUTS-4 binding was observed, the 

antibody binds preferentially to the side of the cell where protein accumulation is induced 

(Figure 8C,D and Movie S9). This indicates that β1 integrin is activated at the site of 

optically induced protein accumulation, making it the key molecule that responds to changes 

in plasma membrane tension. These results are consistent with evidence for integrins being 

activated by physical stimuli.26,28,57,66 Additionally, the effect of inward membrane 

curvature on integrin is consistent with evidence that stretching integrin results in activation.
28,67 It is possible that inward membrane curvature induced by protein accumulation induces 

increased separation of integrin cytoplasmic tails, which is known to promote integrin 

activation.67–69

While it has previously been shown that integrin activity is polarized during 

migration27,28,70 and integrin β1 plays a role in the retracting cell rear,27,71 our findings 

show that polarized integrin activation itself can actually serve as the driving force behind 

migration in the opposite direction. Amoeboid migration, compared to mesenchymal, is 

generally thought to require lower levels of adhesions and reliance on integrins.29,30,72 Our 

results suggest that for amoeboid cells migrating on surfaces such as blood vessels and 

tissues with integrin involvement, integrin activation induced by localized alteration in 

membrane tension can at least in part contribute to driving directional migration.

Our results also demonstrate that the optogenetic tool presented here can be used to 

mechanically activate integrins in a spatiotemporally precise manner, leading to directional 

migration. Optogenetic approaches have thus far been used to control directional cell 

migration by activating native endogenous proteins without introducing mutants by using 

small GTPase GEFs,11,14 GPCRs,73,74 or G protein GAPs.12,13 The present approach also 

induces native endogenous protein activation but does so through localized integrin 

activation by mechanical forces.

The question remains of how integrin activation induced by protein accumulation at the 

plasma membrane results in RhoA-driven migration. Answering this question would provide 

insight into the signaling pathway behind migration induced by physical forces at the plasma 

membrane. Studies have shown that certain RhoA GEFs can be activated downstream of 

integrin activation by mechanical forces.26,27,75 We sought to identify whether this pathway 

was at play through pharmacological inhibition of key proteins in the pathway.

Src family kinases (SFKs) are known to be involved in RhoA GEF activation through 

integrins. Activated integrins form complexes with SFK and focal adhesion kinase (FAK), 

which in turn phosphorylate proteins with GEF or GAP activity for small GTPases.27,76 

SFK member Fyn has been reported to phosphorylate and activate the RhoA GEF LARG.26 

We therefore tested the effect of SFK inhibition on protein accumulation-driven migration 

by treating cells transfected with mCh-SspB, iLID-KRasCT, and Venus-KRasCT with 50 
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μM of SFK inhibitor SU6656 for 30–45 min. Inhibitor-treated cells display a 50% reduction 

in migration speed (Figure 9A,B and Movie S10), showing that SFKs are involved in protein 

accumulation-induced RhoA activation.

We then tested the effect of inhibiting the GEF activity of LARG on this mode of migration 

using small molecule inhibitor Y16, which interacts with the DHPH domains of LARG to 

inhibit its association with RhoA.77 Cells were transfected with mCh-SspB, iLID-KRasCT, 

and Venus-KRasCT and incubated for 30–45 min with 25 μM Y16 prior to initiation of 

protein accumulation-driven migration. Inhibitor-treated cells exhibit a 43% reduction in 

migration speed compared to control cells (Figure 9E,F and Movie S10). These results 

demonstrate that integrin activation induced by localized protein accumulation activates 

RhoA via SFK-dependent LARG activation.

Extracellular signal-regulated kinase (ERK) is another protein known to regulate RhoA 

activation through phosphorylation of GEF-H1, a RhoA GEF activated in response to force 

on the cell.26,78,79 Determining its role in this mode of migration would help shed light on 

the pathway involved. Inhibition of ERK with 30 μM of ERK inhibitor peptide for 30–45 

min inhibits the migration speed by 65% (Figure 9C,D and Movie S10). The lack of 

complete migration inhibition in response to ERK, SFK and LARG inhibition could be due 

to LARG and GEF-H1 being activated through parallel force-dependent pathways,26 with 

inhibition of one resulting in the upregulation of the other.

On the basis of these results, we propose a model in which integrin activation due to 

membrane curvature activates RhoA GEFs in a SFK- and ERK-dependent manner. The 

subsequent RhoA activation leads to increased actomyosin contractility in the region of 

protein accumulation, which leads to cell retraction and rearward membrane flow that is 

detected from the accumulation of the KRasCT plasma membrane marker. The localized 

decrease in membrane tension due to retrograde membrane flow at the back of the cell 

further activates integrins (Figure 10). This proposed positive feedback loop provides an 

explanation of how cells migrate in a RhoA-dependent amoeboid fashion as a result of 

physical stimuli. In addition, since ERK and SFK are known to be involved in adhesion 

disassembly and turnover during migration29,80 they can contribute to the migration of a cell 

attached to a surface as in results here.

According to the above proposed model, polarized protein accumulation induces a small 

initial change to plasma membrane curvature and tension, which is then amplified by 

rearward membrane flow downstream in the positive feedback loop. However, due to the 

detection limit of our experimental approach, we cannot confirm the initial curvature and 

tension change induced by protein accumulation alone. We favor the above model because it 

has been shown that protein accumulation at the membrane induces alterations to membrane 

curvature and tension,19,20,50 and integrins are transmembrane proteins that are widely 

known to be modulated by physical stimuli and activate signaling proteins downstream.
26,27,57,58 However, we cannot rule out an alternative model in which protein accumulation 

activates RhoA or another signaling molecule directly through a previously unidentified 

mechanism, which leads to actomyosin contractility, rearward membrane flow, and a 

membrane curvature and tension change further downstream.
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Our model suggests that the optogenetic method of localized protein recruitment to the 

plasma membrane is capable of activating a native endogenous signaling pathway, 

demonstrating that this approach exerts mechanical stimuli on a cell in a manner that mimics 

forces experienced by a cell under native conditions. Additionally, ability to locally activate 

integrins through an optogenetically induced physical stimulus could be of use in probing 

the basis of other cell functions mediated by integrin activation induced by mechanical 

forces.

METHODS

DNA Constructs.

The following constructs were obtained from Addgene: mVenus-myosinIIA (#56389, 

Michael Davidson), mCherry-Lifeact-7 (#54491, Michael Davidson), mApple-Caveolin 

(#54872, Michael Davidson), and EYFP-Clathrin (#56584, Michael Davidson).

mCh-SspB-R73Q was cut from Tim-mCh-SspB-R73Q with KpnI and BamH1. mTurq-

SspB-R73Q was made by introducing KpnI and NhrI sites on mTurq via PCR and ligating 

with SspB in pcDNA. Venus-FBP17 was made by ligating FBP17 (BglII and EcoR1) with 

Venus (HindIII and BglII) and pcDNA3.1 (HindIII and EcoR1). Venus-KRasCT was 

synthesized as Gblocks (HindIII-XbaI) and cut and ligated with pcDNA3.1 (HindIII-XbaI).

Transfections.

Cell culture and transfections were performed as previously described.81 Briefly, RAW 

264.7 cells obtained from ATCC (Manassas, VA) were cultured in high glucose DMEM 

(Sigma-Aldrich, St. Louis, MO) containing 10% dialyzed fetal bovine serum (Atlanta 

Biologicals) and 1% penicillin-streptomycin. Cells were cultured at 37 °C with 5% CO2.

Cells that had been passaged between 4 and 15 times were used for experiments. Around 3 

million cells were resuspended in 100 μL of Nucleofector Solution V containing 0.5–3 μg of 

the appropriate DNA. Cells were transfected via electroporation with an Amaxa 

Nucleofector 2b electroporator using the T-020 setting. After electroporation, cells were put 

into warm culture medium and plated on glass bottom dishes. The cells were imaged 4–10 h 

after transfection.

Reagents.

Stock solutions of Y-27632 were prepared in H2O, then diluted in HBSS containing 1 g/L 

glucose. Cells were imaged before and after 10 min incubation with 100 μM Y-27632. Stock 

solutions of Y16 and SU6656 were prepared in DMSO, then diluted in HBSS containing 1 

g/L glucose. LARG inhibition experiments were performed by incubating cells for 30–45 

min with 25 μM Y16 or DMSO (control). SFK inhibition experiments were performed by 

incubating cells for 30–45 min with 50 μM SU6656 or DMSO (control).

Stock solutions of ERK inhibitor peptide (Millipore Sigma) were prepared in water, then 

diluted in HBSS containing 1 g/L glucose. ERK inhibition experiments were performed by 

incubating cells for 30–45 min with 30 μM ERK inhibitor peptide or water (control).
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HUTS-4 monoclonal antibody conjugated to AlexaFluor488 (Millipore Sigma) was diluted 

in cold HBSS containing 1 g/L glucose and added to the cells at a final concentration of 1 

μg/mL. P4C10 (Millipore Sigma) was diluted 1:500 and added to cells in serum-free media. 

Cells were incubated for 3 h either with P4C10 in serum-free media or serum-free media 

alone (control).

Imaging.

Imaging was performed on an Andor Revolution imaging system consisting of a Leica 

DMI6000B microscope, Yokogawa CSU-X1 spinning disk unit, Andor iXon camera, and an 

Andor FRAPPA unit for localized photoactivation. For photoactivation, a 445 nm laser beam 

was scanned every 5 s over the designated photoactivation region at a rate of 0.9 ms/μm2 at 

145 nW power. Venus, EYFP, mTopaz, and AlexaFluor488 were excited with 515 nm light 

and emission was collected with 528/20 nm filter (Semrock). mCherry, mApple, and 

AlexaFluor594 were imaged with 594 nm light and emission was collected with 628/20 nm 

filter (Semrock). Images were acquired every 5 s with a 63× 1.4 NA oil immersion objective 

(Leica). Cells were maintained at 37 °C and 5% CO2 while imaging. Andor iQ software was 

used to control the photoactivation area and image acquisition.

Cell Speed Analysis.

TIFF files of individual cells migrating over a period of time were exported from Andor iQ 

and analyzed using previously developed Python scripts.14 A Python script was used to 

convert one channel of the raw TIFF files (typically the channel containing the membrane 

marker or mCh-SspB) to kymographs showing cell position with respect to time. 

Kymograph outlines were manually traced in ImageJ, and a second Python script was used 

to generate plots of displacement of the cell rear over time from the traced kymographs 

using the known pixel dimensions of the images and the known time intervals between 

frames. The traces were averaged to create a mean trajectory and determine SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Localized protein accumulation at the plasma membrane leads to cell migration. (A) 

Diagram of the iLID system. Exposure to blue light induces a conformational change in 

membrane-associated iLID, allowing cytosolic SspB to dimerize to SsrA, thereby recruiting 

SspB-associated proteins to the plasma membrane. (B) Speed of cell migration as a result of 

polarized protein accumulation. Cells were transfected with mCh-SspB and iLID-KRasCT 

(blue curve, n = 40). Cells transfected with iLID-KRasCT alone (red curve, n = 11) and 

mCh-SspB alone (green curve, n = 8) were used as negative controls. The displacement was 

measured by tracking the rear of the migrating cell over time. Solid lines represent the mean 

and shaded regions are SEM. **p < 0.01, two-sample t test; n.s., not significant, one-sample 

t test (mean = 0). (C) RAW cell migration in response to localized protein accumulation. 

Cell is transfected with mCh-SspB (red) and iLID-KRasCT. Rectangle represents the area of 

photoactivation. Scale bar is 10 μm. Time is in min:sec.
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Figure 2. 
Plasma membrane dynamics during protein accumulation-driven migration. (A) Localization 

of plasma membrane lipids during protein accumulation-driven migration. Cell is transfected 

with mCh-SspB (red), iLID-KRasCT, and plasma membrane marker Venus-KRasCT 

(green). Kymographs are shown on the right. Rectangle represents the area of 

photoactivation. Image sequence scale bar is 10 μm. Kymograph scale bars are 10 μm 

(vertical) and 5 min (horizontal). Time is in min:sec. (B) Normalized intensity of Venus-

KRasCT in the back half (blue curve) and front half (red curve) of migrating cells 

transfected with mCh-SspB, iLID-KRasCT, and Venus-KRasCT. Solid lines represent the 

mean and shaded regions are SEM. Migration was initiated at t = 0. n = 6.
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Figure 3. 
Dynamics of cytoskeletal proteins during protein accumulation-driven migration. (A) 

Distribution of F-actin. Cell is transfected with mCh-SspB (red), iLID-KRasCT, and F-actin 

marker mTopaz-Lifeact (green). (B) Distribution of myosinIIA. Cell is transfected with 

mCh-SspB (red), iLID-KRasCT, and Venus-myosinIIA (green). (C) Change in myosinIIA 

distribution in the back and front of cells transfected with mCh-SspB, iLID-KRasCT, and 

Venus-myosinIIA during protein accumulation-driven migration. Y-axis is the ratio of 

Venus-myosinIIA intensity at t = 10 min and t = 0. Migration was initiated at t = 1 min. 

Error bars are SEM. n = 8. (D) Speed of cells undergoing protein accumulation-driven 

migration before and after 30–45 min incubation with 100 μM Y-27632. Solid lines 

represent the mean and shaded regions are SEM. n = 11. (E) Representative cell from (D). 

Cell is transfected with mCh-SspB (red), iLID-KRasCT, and Venus-KRasCT (green). 

Kymographs are shown on the right of the image sequences. Rectangle represents the area of 

photoactivation. Image sequence scale bar is 10 μm. Kymograph scale bars are 10 μm 

(vertical) and 5 min (horizontal). Time is in min:sec. *p < 0.05, two-sample t test. **p < 

0.01, paired t test.
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Figure 4. 
Localization of tension- and curvature-sensing endocytosis proteins during protein 

accumulation-driven migration. (A) Distribution of caveolin. Cell is transfected with mTurq-

SspB, iLID-KRasCT, Venus-KRasCT, and mApple-caveolin1 (red). Caveolin increased at 

the photoactivated side in 7 out of 9 cells. (B) Distribution of clathrin. Cell is transfected 

with mCh-SspB (red), iLID-KRasCT, and Clathrin-EYFP (green). Clathrin increased at the 

photoactivated side in 7 out of 8 cells. Rectangle represents the area of photoactivation. 

Scale bar is 10 μm. Time is in min:sec.
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Figure 5. 
Changes in plasma membrane tension during protein accumulation-driven migration. (A) 

Intensity of Venus-FBP17 at the plasma membrane during low and high tension conditions. 

Cells were transfected with mCh-SspB, iLID-KRasCT, and Venus-FBP17. In the basal state, 

the cells were incubated with HBSS containing 1 g/L glucose. Hypertonic (low tension) 

conditions were induced by addition of 1 mL HBSS with 1 g/L glucose and 200 mM sucrose 

to the dish at t = 1 min. Hypotonic (high tension) conditions were induced by addition of 2 

mL H2O to the same dish at t = 5 min. Solid line represents the mean and shaded regions are 

SEM. n = 3. (B) Representative cell from (A). (C) Distribution of FBP17 during protein 

accumulation-driven migration. Cell is transfected with mCh-SspB (red), iLID-KRasCT, and 

Venus-FBP17 (green). FBP17 increased at the photoactivated side in 5 out of 7 cells. 

Rectangle represents the area of photoactivation. Scale bars are 10 μm. Time is in min:sec.
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Figure 6. 
Migration induced by polarized accumulation of disordered and BAR domain proteins. (A) 

Migration of cells transfected with Epsin-mCh-SspB or Amphiphysin-mCh-SspB (red) and 

iLID-KRasCT. Rectangle represents the area of photoactivation. Scale bar is 10 μm. Time is 

in min:sec. (B) Speed of cells undergoing migration induced by polarized accumulation of 

Amphiphysin-mCh-SspB (red curve, n = 7) and Epsin-mCh-SspB (green curve, n = 8) 

compared to mCh-SspB alone (blue curve, n = 40, data from Figure 1B). n.s., not significant, 

two-sample t test.
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Figure 7. 
Effect of β1 integrin inhibition on protein accumulation-driven migration. (A) Speed of 

protein accumulation driven migration with and without incubation with P4C10, an antibody 

that inhibits β1 integrin activation. Cells were incubated with for 3 h with serum-free media 

containing P4C10 (blue curve, n = 13) or serum-free media alone (red curve, n = 12). Solid 

line represents the mean and shaded regions are SEM. §p = 0.069, two-sample t test. (B) 

Representative cell from (A). Cell is transfected with mCh-SspB (red), iLID-KRasCT, and 

Venus-KRasCT. Dashed green lines designate starting and ending position of the cell rear 

and are used to calculate the cell displacement. Rectangle represents the area of 

photoactivation. Scale bar is 10 μm. Time is in min:sec.
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Figure 8. 
Integrin β1 activity in a cell migrating due to polarized protein accumulation. (A) Integrin 

β1 activity sensing with HUTS4-AlexaFluor488. Fluorescence intensity at the plasma 

membrane was measured over 8 min. Five mM MnCl2 was added at t = 2 min to induce 

integrin activation. Solid line represents the mean and shaded regions are SEM. n = 5. (B) 

Representative cell from (A). (C) Activation of integrin β1 during protein accumulation-

driven migration. Cell is transfected with mTurq-SspB, iLID-KRasCT, and mCh-integrinβ1. 

Migration was initiated at t = 1:00, and HUTS4-AlexaFluor488 (green) was added to the 

dish at t = 7:20. HUTS4 bound to the photoactivated side in 9 out of 10 cells where 

polarized binding was observed. Rectangle represents the area of photoactivation. Scale bar 

is 10 μm. Time is in min:sec. (D) Polarization of integrin β1 activity in cells after 17 min of 

polarized photoactivation in the presence of HUTS4-AlexaFluor488. Cells were transfected 

with mCh-integrinβ1 and mTurq-SspB with iLID-KRasCT (left, n = 13) or mTurq-SspB 

alone as control (right, n = 11). Error bars are SEM. §p = 0.089, two-sample t test.
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Figure 9. 
Effect of pharmacological perturbations of proteins upstream of RhoA activation on protein 

accumulation-driven migration. (A) Inhibition of SFK. Cells were incubated for 30–45 min 

with 50 μM SU6656 (red curve, n = 19) or DMSO (blue curve, n = 21) before imaging. (B) 

Representative cell from (A). (C) Inhibition of ERK. Cells were incubated for 30–45 min 

with 30 μM ERK inhibitor peptide (red curve, n = 11) or H2O (blue curve, n = 12) before 

imaging. (D) Representative cell from (C). (E) Inhibition of LARG. Cells were incubated for 

30–45 min with 25 μM Y16 (red curve, n = 14) or DMSO (blue curve, n = 11) before 

imaging. (F) Representative cell from (E). Solid lines represent the mean and shaded regions 

are SEM. All cells were transfected with mCh-SspB, iLID-KRasCT, and Venus-KRasCT. 

Dashed green lines designate starting and ending position of the cell rear and are used to 

calculate the cell displacement. Rectangle represents the area of photoactivation. Scale bars 

are 10 μm. Time is in min:sec. *p < 0.05, **p < 0.01, two-sample t test.

Meshik et al. Page 25

ACS Synth Biol. Author manuscript; available in PMC 2020 March 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 10. 
Proposed pathway that underlies cell migration driven by localized mechanically activated 

integrin. High concentrations of accumulated proteins at the plasma membrane induce a 

decrease in membrane tension and inward membrane curvature, which exerts a mechanical 

force on integrin and activates it. Higher integrin activity leads to SFK and ERK activation 

downstream. SFKs and ERK activate RhoA GEFs, LARG and GEF-H1. The resulting RhoA 

activation leads to ROCK activation, increased actomyosin contractility, rearward plasma 

membrane flow, further lowering of tension at the back, and integrin activation.
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