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Integrin αβ heterodimers mediate cell–cell and cell–matrix interactions and provide the 
traction for most cell migration in the body1,2. Integrin ectodomains are unusually large and 
complex and assume three global conformational states (Fig. 1a) that differ up to 1,000-fold 
in affinity for ligand2. Antigen recognition by lymphocytes as well as firm adhesion, 
diapedesis, and migration of leukocytes within tissues are dependent on lymphocyte 
function-associated antigen-1 (LFA-1), i.e. integrin αLβ2 or CD11a/CD18. Binding of LFA-
1 to intercellular adhesion molecules (ICAMs) by the integrin head is communicated by 10 
leg domains, through single-span transmembrane domains in each subunit, to the 
cytoskeleton via adaptors such as talins and kindlins3. How do integrins couple 
extracellular ligands to the actin cytoskeleton through a molecular mechanism that enables 
cell migration? Here, we test molecular predictions of a cytoskeletal force model of integrin 
activation4 in live cells. Using green fluorescent protein (GFP) inserted by fusing its N and 
C-termini to the LFA-1 head and polarization microscopy, we show that LFA-1 molecules 
engaged to ICAM-1 and the cytoskeleton are aligned and oriented relative to the direction 
of retrograde actin flow5,6 at the leading edge of migrating lymphocytes. Realistic 3D 
models of GFP-head fusions relate the transition dipole orientation of the GFP 
fluorophore7,8 to the orientation of engaged LFA-1 molecules on the cell surface. The 
orientation of the transition dipole in two distinct fusions correlates to the orientation of 
retrograde actin flow at the leading edge of migrating cells as measured by live-cell 
structured illumination microscopy. Alignment is dependent on cytoskeleton coupling to the 
β2 cytoplasmic tail and is consistent with integrins with a specific tilt being oriented in the 
same direction as retrograde actin flow. Together, these results strongly support the 
cytoskeletal force model of integrin activation and place the atomic structures of integrins 
in the context of cellular length-scale measurements that define how integrins orient as they 
function in leukocyte migration.
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To report integrin orientation and dynamics on cell surfaces, we linked GFP into a loop of the β-
propeller domain within the head of LFA-1 (Fig. 1a-d). We modeled with Rosetta any introduced 
linker residues, residues that vary in position in independent GFP structures, and residues in 
LFA-1 adjacent to the inserted GFP (Fig. 1d). A wide range of possible orientations of the two 
connections between GFP and LFA-1 was effectively sampled using polypeptide segments from 
the protein databank, selecting those that enabled connections at both the N and C-termini of GFP 
to be closed, and then minimizing the energy of the system with respect to the degrees of 
freedom of the connecting linkers 9. The distribution of dipole orientations in the resulting 
ensembles (Fig. 1e) provides a range of orientations in which the actual orientation should be 
included, and also may approximate the contribution of GFP rotational motions to the decrease in 
emission anisotropy of GFP-LFA-1 fusions with the increase in length of the fusion segments 
(Extended Data Table 1). Three integrin-GFP fusions were studied with emission anisotropy total 
internal reflection fluorescence microscopy (EA-TIRFM)10 on the surface of live Jurkat T 
lymphoblasts migrating on ICAM-1 substrates (Fig. 1f, g). Emission anisotropy was highest for 
the truncated construct, αL-T; intermediate for the full length construct, αL-F; and lowest for the 
construct with linkers, αL-L, which had an emission anisotropy comparable to cytoplasmic GFP 
(Fig. 1g-h), consistent with the predicted GFP transition dipole alignment among members of 
structural ensembles obtained via Rosetta (Fig. 1e).  
 
Fluorescence emission anisotropy (r) increases when the transition dipole of the GFP moiety 
attached to the integrin head is aligned with the excitation axis. Conversely, r decreases when the 
GFP transition dipole (and the integrin head to which it is attached) rotates in the time between 
excitation and emission. When whole cell or leading edge anisotropy is measured for multiple 
migrating cells that are randomly oriented with respect to the excitation axis, alignment effects 
are averaged out, and EA-TIRFM of GFP-integrin fusions may be used to measure the effect of 
integrin conformation on segmental motion of the integrin head (Fig. 1). Under basal conditions 
in our experiments, LFA-1 in the TIRF field adjacent to the substrate will be present in three 
conformational subpopulations: bent-closed, extended-closed, and extended-open (Fig. 1a). 
Extracellular Mn2+, which activates integrin extension11, strongly decreased αL-T emission 
anisotropy (Fig. 1g-h). Thus, shifting the conformational ensemble of integrins from bent-closed 
to extended-closed and extended-open conformations greatly increased integrin head segmental 
motion. This observation on integrins on cells is in excellent agreement with integrin crystal and 
EM structures that define the domain-domain junctions that are permissive of segmental motion 
and show that the head is markedly more flexible in the two extended conformations than in the 
bent conformation12-14.  
 
We further examined the effects on αL-T emission anisotropy of expressing talin head domain 
fragment, which competes with talin binding to integrins but does not couple to actin15; and use 
of anti-CD43 as an integrin-independent substrate in place of ICAM-116. Little change in average 
emission anisotropy was observed in either perturbation compared to αL-T on ICAM-1 (Fig. 1g 
and h), consistent with little redistribution among the three states in the integrin conformational 
ensemble. On ICAM-1 substrates, much of the LFA-1 is not engaged and is present in the bent 
conformation17. This observation predicts that inhibiting integrin engagement with anti-CD43, or 
inhibiting stabilization of the high affinity state with talin head overexpression, would have little 
overall effect on the partition of LFA-1 among its three conformational states, in agreement with 
the emission anisotropy results.  
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Compared to an extended, unengaged integrin, an extended, engaged integrin is predicted to have 
its head motion dampened by attachment to and alignment by the actin cytoskeleton and the 
substrate-bound ligand. Whole cell images showed that anisotropy was higher in edge regions  
than non-edge regions for αL-T and αL-F (Fig. 1g), suggesting more engagement in leading 
edges. To further test this hypothesis, we compared the ratio of top anisotropy values (> mean + 1 
s.d.  or ~ 16% of pixels) in leading edge regions  to non-edge regions (Fig. 1j). Indeed, this ratio 
was significantly higher for αL-T and αL-F than αL-L or GFP (Fig. 1j). Furthermore, the ratio of 
leading/non-edge αL-T emission anisotropy was significantly reduced by overexpressing talin 
head or using anti-CD43 substrates, suggesting that these conditions decreased the ratio of 
engaged LFA-1 in leading edge compared to non-edge regions.  
 
We next measured angular dependence of the GFP anisotropy using EA-TIRFM to test the 
hypothesis that integrin engagement to an immobilized ligand and the cytoskeleton would cause 
the integrin and its associated GFP transition dipole to adopt a specific orientation relative to the 
direction of actin retrograde flow (Figs. 2, 3). Flow is normal to the leading edge of migrating 
cells (Fig. 1c) as shown below in Fig. 3. We tested for the angular cos2 dependence of 
fluorescence anisotropy with respect to the orientation of the leading edge relative to the axis of 
polarized excitation in EA-TIRFM (Fig. 2a)18,19. Cells in movies were segmented into whole cell, 
edge and protruding regions, and finally within the leading edge (lamellipodium) (Fig. 2b-c, steps 
1-4). Geometric shape-based orientation was determined by the angle from the cell edge to mid-
region (Fig. 2b, see Methods), making it possible to test for angular dependence of anistropy 
within each cell. For αL-T, angular dependence of emission anisotropy with respect to the leading 
edge in the cell protrusion fit the cos2 function (Fig. 2a). The amplitude (A) which signifies the 
extent of modulation, increased towards the leading edge (Fig. 2d, see also Extended Data Fig 1-
4, Extended Data Table 2 and Movie 1). The phase shift of the maximum anisotropy of the 
integrin-GFP chimera relative to the angle between the membrane normal and the excitation axis 
in segmented leading edges, qd, was 98.5° ± 37.6° for aL-T and 75.7° ± 46.6° (mean ± std) for 
aL-F.  Compared to the integrin-GFP fusions, anisotropy and amplitudes were lower and fits 
were poor with cytosolic GFP and membrane-bound GFP (CAAX) (Fig. 2d-e, Movie 2). 
Perturbation of αL-T interactions with Mn2+, expression of talin head domain, or the non-integrin 
substrate anti-CD43 lowered amplitude, indicative of a loss of integrin alignment (Fig. 2e). These 
results show that LFA-1 becomes oriented in the lamellipodium relative to the adjacent leading 
edge, that this alignment is disrupted by dysregulation of LFA-1 adhesiveness by Mn2+, and that 
alignment is dependent on ICAM-1 engagement and talin linkage to the actin cytoskeleton.  
 
Actin flow is known to be retrograde and normal to the leading edge in migrating fibroblasts and 
epithelial cells20-22 and within the immunological synapse in non-migrating T cells23. We defined 
actin dynamics in migrating T cells expressing lifeact-mNeonGreen using the super-resolution 
capabilities of structured illumination microscopy (SIM). Migrating T cells lacked organized 
actin stress fibers characteristic of most non-muscle cells (Fig. 3a). Optical flow analysis of time-
lapse movies (Fig. 3b)24,25 showed that flow was retrograde at close to 90° relative to the leading 
edge (Fig. 3c) and was rapid at 17 ± 1 nm/s on ICAM-1 substrates (Fig. 3d, Movie 3) as 
confirmed with kymographs (Extended Data Fig. 6). On anti-CD43 substrates, flow was 
significantly faster (71 ± 4 nm/sec, Movie 4) while flow on mixed ICAM-1 and anti-CD43 
substrates was intermediate in velocity (34 ± 2 nm/sec) (Fig. 3c, Movie 5). The ability of ICAM-
1 on substrates to slow retrograde actin flow, and the intermediate results with mixed anti-CD43 
and ICAM-1 substrates, strongly suggest that LFA-1 is mechanically linked to the actin in 
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retrograde flow. Although indirect regulatory mechanisms cannot be ruled out, the most 
straightforward interpretation is that flowing actin is slowed by the linkage of LFA-1 to both the 
actin cytoskeleton inside the cell and ICAM-1 on the substrate. Linkage of engaged LFA-1 to a 
force-producing actin network is similar to that proposed in the molecular clutch model of 
mesenchymal cell migration26,27. This tensile force would be exerted by the actin cytoskeleton 
along the direction of actin flow and lead to the alignment of LFA-1 demonstrated with EA-
TIRFM. Force exertion provides a mechanism for alignment of the GFP-LFA-1 transition dipole, 
and is in keeping with the observation that alignment of the emission dipole with respect to the 
membrane normal is disrupted by talin head (Fig. 2e), which disrupts linkage of integrins to the 
actin cytoskeleton. 
 
We further tested the role of the actin cytoskeleton in integrin alignment by disrupting two 
prominent drivers of actin flow, contractility and polymerization. Blebbistatin, an inhibitor of 
myosin-dependent actin filament contractility, had no effect on αL-T anisotropy (Fig. 3e-f, 
Extended Data Fig. 5), consistent with lack in T cells of actin stress fibers. In contrast, 
cytochalasin D, an inhibitor of actin polymerization, significantly decreased LFA-1 anisotropy 
(Fig. 3e-f). Together, these results show that an intact cytoskeleton is required for LFA-1 
anisotropy and suggest that actin polymerization, a mechanism operative in the lamellipodium to 
generate retrograde flow that is independent of actomyosin contraction20, is required for LFA-1 
anisotropy and hence alignment. Altogether, the alignment of the transition dipole in LFA-1 GFP 
fusions, the studies with inhibitors, and measurements of actin retrograde flow direction and 
velocity on different substrates, suggest that actin retrograde flow at the leading edge builds up 
molecular ordering and alignment of LFA-1 engaged with an ICAM-coated surface. 
 
 
In an independent microscopy technique, instantaneous FluoPolScope28, fluorophore dipoles in 
GFP-LFA-1 were excited isotropically with circular polarized laser TIRF excitation, and the 
emission was split four ways using polarization beam splitters and simultaneously projected onto 
four quadrants of a single CCD detector (Fig. 4a). Orientation and polarization factor p 
(analogous to anisotropy r) information about the GFP-LFA-1 emission dipole ensemble present 
in each pixel weighted by intensity in migrating T cells was averaged over multiple leading edge 
and cell body segments (Fig. 4b-d). αL-T emission polarization at leading edges was significantly 
higher than for αL-F and also higher than for αL-T in the cell body or for GFP in solution or in 
the cytoplasm (Fig. 4c). Leading edge emission polarization factor on ICAM-1 substrates was 
significantly decreased by extracellular Mn2+ and on anti-CD43 substrates (Fig. 4c). These 
polarization factor results were in excellent agreement with the anisotropy results obtained by 
EA-TIRFM. 
 
Because FluoPolScope measures emission dipole orientation in each pixel, it enables absolute 
measurements of orientation. Whereas emission dipole orientation in a representative cell (Fig. 
4e) has an angular dependence in the microscope frame of reference (Fig. 4f), emission dipole 
orientation collapses to a narrow distribution relative to the membrane normal (Fig. 4d, g). 
Emission dipole orientation relative to membrane normal (θd) over 264-351 segments from 21-31 
cells (mean±s.d.) was 95.4° ± 10.1° for αL-T and 71.7° ± 17.9° for αL-F (Fig. 4d). These values 
are within 4° of those from EA-TIRFM, but have much smaller errors,  likely because phase shift 
calculations in EA-TIRFM were dependent on sampling a wide range of leading edge 
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orientations and showed more cell to cell variation.  Circular Gaussians also fit the FluoPolScope 
data well (propeller-shaped outlines in Fig. 4d).  
 
To estimate the orientation of the aligned LFA-1, we used αL-T-GFP. Rosetta predicts for αL-T-
GFP a narrower range of dipole orientations and higher polarization factor than for αL-F-GFP 
(Fig. 1e and Extended Data Fig. 8-10), in agreement with its higher value of experimentally 
measured polarization factor (Fig. 4d). Defining molecular orientation on the cell surface 
required constructing a frame of reference that places integrin atomic coordinates in microscope 
coordinates (Fig. 4h). The xy plane was defined as parallel to the microscope TIRF field, where x 
represents the direction of lamellipodial movement. Three atoms conserved in position among 
integrin heterodimer complexes with ligands and among conformational states defined the xz 
plane (Fig. 4h). Integrin orientation relative to the reference frame was expressed in spherical 
coordinates. Both integrin head rotation θ in the xy plane and tilt φ relative to the z axis will 
affect the measured projection of the GFP transition dipole in the xy plane (Fig. 4j). The 
experimentally determined value of θd = 95.4 ± 10.1° for αL-T is in perfect agreement with θ = 
0°, as predicted by alignment by retrograde actin flow, and φ = 45° (Fig. 4j). The range of tilts 
(variation in φ) explored in Fig. 4j shows that φ values of 67.5° and 22.5° are also compatible 
with the experimentally determined θd value when combined with θ values in the integrin 
reference frame of  10° and -10°, respectively (Fig. 4j). We conclude that we can define the 
orientation of engaged LFA-1 on cell surfaces with respect to the reference frame as within about 
10° of θ = 0 and within about 25° of φ = 45°. The orientation predicted by αL-F-GFP is similar, 
but less well defined (Extended Data Fig 9).  The transition dipole orientation we measure is 
compatible with an integrin orientation of either θ = 0° or 180°; however, evidence that the 
cytoskeleton applies the force to the integrin β-subunit forces us to choose β retrograde of α, 
which is fulfilled only by θ = 0°.  
 
We therefore conclude that on the surface of a migrating T cell, cytoskeletal force causes the 
LFA-1 head to align to the direction of actin flow, and to tilt relative to the membrane normal 
(Fig. 4i-l). The integrin β-leg and ICAM-1 have flexible inter-domain junctions and the αI 
domain is flexibly linked to the βI domain and β-propeller domain29. Force balance requires that 
tensile force applied results in the straightening of the flexible domain-domain linkages in this 
force-bearing chain like links in a tow-chain, and aligns them in the direction of force. Thus our 
measurements not only reveal the orientation of the integrin head near the center of this chain, but 
also suggest that the entire chain has an orientation similar to the path that force takes through the 
βI domain in the integrin head (Fig. 4i and 4l).  
 
Little has been known about cell surface receptors built from multiple tandem extracellular 
domains linked to single-span transmembrane domains with respect to their orientation in the 
plasma membrane. Furthermore, it has been difficult to relate conformational states of isolated 
receptor glycoproteins to their conformation, function, and orientation on cell surfaces. Here, we 
have found that the emission anisotropy of the GFP-tagged head of LFA-1 correlates with 
transition between bent and extended states, and between free and engaged extended states. We 
have demonstrated that integrin LFA-1 becomes aligned at the leading edge of migrating T cells, 
that integrin alignment correlates with actin flow alignment, that the orientation of the integrin 
resembles that predicted by application of force by the actin cytoskeleton to the integrin β-subunit 
(Fig. 4k), and that agents that disrupt LFA-1 linkage to the cytoskeleton or that artificially 
activate LFA-1 disrupt LFA-1 alignment. Tensile force transmitted through integrins stabilizes 
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their most extended state, which is also their highest affinity state, and thereby provides a simple 
and elegant mechanism for coordinating cytoskeletal activity inside the cell with binding to 
extracellular ligands in cell migration4. The same mechanism also provides the simplest 
explanation for alignment of integrins with the direction of actin retrograde flow. Our results 
place molecular understanding of integrin structure and function within the context of integrin 
function in cell migration and in linking the extracellular environment to the actin cytoskeleton. 
Results here for an integrin that recognizes ICAMs, contains an αI domain, is not found in focal 
adhesions, and links to rapid actin retrograde flow and cell migration, are similar to those in a 
companion paper for an integrin that recognizes fibronectin, lacks an αI domain, is found in focal 
adhesions, and is linked to slow actin stress fiber retrograde flow and slow migration 
(Swaminathan et al., co-submitted MS). Since 22 of the 24 mammalian integrin αβ heterodimers 
have β-subunits that link to the actin cytoskeleton, these findings are expected to be of wide 
relevance. 
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Figure Legends 
	
Figure 1. GFP-LFA-1 fusions, emission anisotropy, and integrin head segmental motion.	

 
a. Three global conformational states of integrins2. Cartoons depict each integrin domain and 
GFP with its transition dipole (red double-headed arrows). 
b. Ribbon diagram of the integrin headpiece of aL-T. The GFP insertion site in the β-
propeller domain is arrowed.  
c. Cartoon as in (a) of ICAM-engaged, extended-open LFA-1 showing direction of leading 
edge motion and actin flow. Large arrows show pull on integrin-β by actin and resistance by 
ICAM-1. Axes shown in (a) and (c) are similar to those in the references state in Fig. 4. 
d. Sequences and boundaries used in GFP-LFA-1 fusions. Highlighted residues were modeled 
by Rosetta to link GFP to the integrin (yellow) and altered in backbone and sidechain 
orientation to minimize energy (yellow and orange). 
e. Orientation of the transition dipole in GFP-LFA-1 fusions. Integrin domains are shown as 
ellipsoids or torus and GFP is shown in cartoon for 1 ensemble member. GFP transition 
dipoles are shown as as cylinders with cones at each end for 20 representative Rosetta 
ensemble members, with the asymmetry of GFP referenced by using different colors for the 
ends of transition dipoles. 
f. Emission anisotropy TIRF Microscopy. 
g. Representative images from movies of Jurkat T cells stably expressing GFP-LFA-1 fusions 
migrating on ICAM-1 (left) or showing for aL-T the effects of 1 mM Mn2+, co-expression of 
talin head domain, or migration on anti-CD43 (right). Each pair of panels shows total GFP 
fluorescence intensity (left) and anisotropy (right, color scale bar to right). Scale bars are 5 
µm. 
h-j. Emission anisotropy of GFP-LFA-1 fusions, averaged over Jurkat T cells migrating in 
random directions, in at least five independent experiments.  
h. Anisotropy averaged over multiple whole cells. 
i. Example of cell segmentation into leading edge and non-edge portions of aL-F with total 
fluorescence (left) and anisotropy (right three panels with color scale bar to left). 
j. Ratio of high anisotropy (r) in leading edge compared to non-edge regions per cell  (mean 
±sd) using the r values of pixels in each region > 1 sd above mean r. Box plots in h and j 
show the full range (whiskers) of observations with median as line and 25-75 percentile range 
boxed. Kruskal-Wallis test with multiple comparison correction gave the indicated p-values. 
N (number of cells) for aL-T was 37 (h) and 30 (j) and ranged from 9 to 52 for other groups. 
*: p < 0.05; **: p < 0.01; ****: p < 0.0001. 
	

Figure 2 – Orientation of LFA-1 in the leading edge of migrating cells by EA-TIRFM.  
a. Schematic showing relation between excitation polarization, transition dipole orientation, 
and emission anisotropy in EA-TIRFM.  
b-c. Representative segmentation for a migrating Jurkat T cell expressing aL-T-GFP with 
corresponding maps of orientation relative to the cell midline (b) and anisotropy, r, (c) in the 
segmented regions (1-4) . Scale bar = 5 µm.  
d. Emission anisotropy of segmented leading edge regions for aL-T, cytosolic GFP, and GFP-
CAAX (Extended Data Figs. 1 and 4). Scatter plots show anisotropy vs orientation relative to 
the cell midline for each pixel in individual, representative cells (from b and c for aL-T), the 
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running average (blue) and fit to the equation in panel a (red). Values for the fit parameters 
(A = absolute amplitude, qd = phase shift, R2 = goodness-of-fit) are displayed in each plot.  
e. Absolute amplitudes of emission anisotropy fits to the cos2 relationship. Box plots are as in 
Fig. 1, with whiskers showing the 5-95 percentile range.  Kruskal-Wallis test with multiple 
comparison correction to aL-T leading edge data (N=206) gave p-values from left to right:  
<0.0001 (N=85); <0.0001 (N=52); <0.0001 (N=58); 0.0033 (N=185); <0.0001 (N=71); 
<0.0001 (N=83); <0.0001 (N=55) with N leading edges. See Extended Data Table 2 for more 
details. A two-tailed Mann-Whitney test of aL-F in absence and presence of talin head gave a 
p-value of 0.0059. ** p < 0.01, **** p < 0.0001. 

 
Figure 3 – Actin flow dynamics, orientation, and relation to GFP-LFA-1 anistropy  in 
migrating T cells 
a. Representative frames of structured illumination microscopy movies (above) of the actin 
cytoskeleton visualized with lifeact-mNeonGreen in Jurkat T cells migrating on ICAM-1 (10 
µg/ml), anti-CD43 IgG (10 µg/ml), or their mixture (10 µg/ml each). Optical actin flow vector 
maps of the same cells (below) with zoom insets. Vectors encode flow direction by color 
(circular keys in the direction from center of circle to perimeter) and velocity by length. Scale 
bars encode dimensions in the micrograph (upper, 5 µm) and velocity (lower, 30 nm/s).   
b. Actin flow direction relative to tangent of leading edge membrane. Bins of 15° are shown with 
gaussian fit and mean ± SEM. ICAM-1, N=62; aCD43, N=63; ICAM-1+αCD43, N=67. 
c. Leading edge actin flow velocity from optical flow analysis. Plots show full range of the data. 
Bars show mean ± SD. Two-tailed Mann-Whitney tests all show p < 0.0001 (****). Number of 
cells (N) were ICAM-1, 39; αCD43, 38; and ICAM-1+anti-CD43, 25. 
d. Whole cell emission anisotropy in Jurkat T cells treated as in e. Mann-Whitney test for DMSO 
(N = 37) vs blebbistatin (N = 9) was 0.130 and for DMSO vs cytochalasin D (N = 14) was 0.003.  
** p < 0.01.  
e. Representative total fluoresence intensity (I|| +2I^, top) and anisotropy (bottom) of fixed 
Jurkat T cells migrating on ICAM-1 (10 µg/ml) expressing aL-T-GFP treated with DMSO as 
control, blebbistatin (100 µM), or cytochalasin D (100 nM). Scale bars: 5 µm. 
	
	
Figure 4 – Integrin head segmental motion and orientation along the axis of actin 
retrograde flow in migrating T cells measured by instantantaneous FluoPolScope.  
a. Schematic of Instantaneous FluoPolScope. 
b. Representative total fluorescence intensity (I|| +2I^) image of αL-T Jurkat T cell migrating on 
ICAM-1 (10 µg/ml) with overlay of segments (white = leading edge, magenta = cell body), 
normal to leading edge tangent (yellow), and average GFP emission dipole orientation with 
length proportional to polarization factor (red). Scale bars = 1µm. Panel below is enlarged from 
dashed area.  
c. Polarization factor of T cells migrating in random directions. Box plots show the full range 
(whiskers) of observations with median as line and 25-75 percentile range boxed. Kruskal-Wallis 
test with multiple comparison correction of leading edges gave the indicated p-values to αL-T 
using N number of cells shown in panel d. ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
d. Radial histograms of GFP transition dipole projection in image plane relative to the membrane 
normal (θd). Each histogram wedge shows mean intensity-weighted polarization factor (p) in 15° 
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bins (solid outlines) and is reflected to represent the dyad symmetry axis of the dipole. Dashed 
propeller-shaped outlines in the lower two panels show the fit of the data to a circular Gaussian. 
e-g. e. A representative aL-T Jurkat cell migrating on ICAM-1 was segmented as shown in (b). 
Segments are color coded in blue-red rainbow around the leading edge and are shown in same 
color in f and g. Each segment is represented as a reflected wedge in f and g at the angle of its 
emission dipole projection with respect to the microscope (f) or with respect to the membrane 
normal (θd) (g). 
h-i. Integrin-microscope reference frame. xy and xz planes are black and blue grids, respectively. 
Ca atoms used to define the origin (red), x axis (gold), and xz plane (silver) are shown as large 
spheres. The GFP transition dipole (red) and its projection on the image plane (yellow-orange) 
are shown as cylinders with cones at each end. A spherical coordinate radial marker r (red arrow) 
is used to compare integrin orientations between h and i. 
h. The reference state with θ = 0° and ϕ = 90°.  
i. The integrin orientation with θ = 0° and ϕ = 45° that fits data well. 
j. The image plane with dipole positions of Rosetta ensemble members (lowest 40% in energy) 
projected from a spherical surface and shown as open grey circles. Projections are all in the 
reference frame with θ = 0° and with tilts in ϕ from 67.5 to 11.25°. Silver, red, and  gold circles 
show the same integrin reference atoms as in h & i. The calculated ensemble transition dipole 30 
is projected as a green line with length  proportional to p. The transition dipole orientation 
determined by FluoPolScope is shown as black line with ± 1 s.d. shown as dashed lines. 
k. Schematic showing integrin and GFP dipole orientation relative to tensile force between the 
actin cytoskeleton and ICAM (arrows) in migrating cells. See Fig. 1a and c for key to domain 
color code.  
l. Model of cytoskeletal force acting on an integrin drawn to scale tilted at ϕ = 45°. 
Structures4,14,29,31-35 were assembled and rotated at domain-domain junctions known to be flexible 
and depicted with PyMol.  
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