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ARTICLE

Special Issue on Forces On And Within Cells

Polychaetoid/ZO-1 strengthens cell junctions
under tension while localizing differently than
core adherens junction proteins
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ABSTRACT During embryonic development, dramatic cell shape changes and movements
reshape the embryonic body plan. These require robust but dynamic linkage between the
cell—cell adherens junctions and the force-generating actomyosin cytoskeleton. Our view of
this linkage has evolved, and we now realize linkage is mediated by mechanosensitive multi -
protein complexes assembled via multivalent connections. Here we combine genetic, cell
biological, and modeling approaches to de ne the mechanism of action and functions of an
important player, Drosophila polychaetoid , homologue of mammalian ZO-1. Our data reveal
that Pyd reinforces cell junctions under elevated tension, and facilitates cell rearrangements.
Pyd is important to maintain junctional contractility and in its absence cell rearrangements
stall. We next use structured illumination microscopy to de ne the molecular architecture of
cell—cell junctions during these events. The cadherin—catenin complex and Cno both localize
to puncta along the junctional membrane, but are differentially enriched in different puncta.
Pyd, in contrast, exhibits a distinct localization to strands that extend out from the region
occupied by core junction proteins. We then discuss the implications for the protein network

at the junction—cytoskeletal interface, suggesting different proteins localize and function in
distinct ways, perhaps in distinct subcomplexes, but combine to produce robust connections.
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Pyd and Cno are mutually required for
one another’s enrichment at TCJs
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strengthened by conformational changes
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Pyd facilitates cell
rearrangements and reinforces adherens
junctions under elevated tension, but is less
essential for junctional stability than Cno.
Unless noted, in this and subsequent gures
embryo images are anterior left and dorsal
up. (A-C) Ventral views, stage 8 embryos.
(A) In wild type the ventral furrow has closed
(arrow). (B, C) In M/Z pyd mutants, most
embryos have mild (B, arrow) or more severe
(C, arrow) defects in ventral furrow closure.
(D-H) Stage 7 embryos. (D, G) Wild type.
(E, F, H) M/Z pyd mutants. In mutants many
cells in the ventral ectoderm (brackets) are
more elongated along the anterior—posterior
axis (E, F arrows). These often form stacks of
elongated cells (H, arrows). (1) Quanti cation
of increased cell eccentricity in M/Z pyd
mutants; signi cance was determined by
Welch's t test. pyd mutants 11 embryos,
1212 cells. Wild type 9 embryos, 1283 cells.
(J, K, M) Early stage 8. (J) In wild type cell
junctions remain intact, including at aligned
AP borders (red arrows) or at rosette centers
(yellow arrows). (K) In M/Z pyd mutants
occasional apical gaps appear in cell junctions
at aligned AP borders (red arrows) or at
rosette centers (yellow arrows).

(L) Quanti cation of increased frequency of
apical junctional gaps in M/Z pyd mutants
(14 embryos per genotype). The signi cance
was determined by a two-tailed t test.

(M) Gaps are more frequent in embryos in
which Cno function is strongly reduced by
RNAI. (N-R) Stage 8. Nvs. Oand Q vs. R
contrast wild type and M/Z pyd mutants.

In M/Z pyd mutants, aligned elongated cells
(O, R, cyan arrows) and gaps at apical
junctions (O, R inset, red arrows) persist at
stage 8. (P) Gaps are also more frequent in
cno RA mutants (red arrows).
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FIGURE 2: Pyd is required to restrain planar polarity of a subset of AJ proteins. Stage 8 embryos. (A-D) Arm and Baz.

(A, C) In wild type Arm is relatively uniform around the cells, while Baz is enriched on DV vs. AP borders (cyan vs. yellow
arrowheads). (B, D) In M/Z pyd mutants Arm is subtly reduced at AP borders (yellow arrowheads) and Baz is also reduced,
thus enhancing the planar polarity of both. (E) In wild type Cno is subtly enriched on AP vs. DV borders (yellow vs. cyan
arrowheads). (F) Cno planar polarity is not substantially altered in M/Z pyd mutants. (G-I) Quanti cation of Baz, Arm, and
Cno planar polarity in wild type and M/Z pyd mutants. Twenty DV and twenty AP borders were measured in ve embryos
per genotype. Error bars represent SD, and the signi cance was determined by an unpaired two-tailed  t test.
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Baz and Arm are differentially enriched in different Using SIM imaging to explore the role of Pyd in AJ
junctional puncta molecular architecture
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FIGURE 3: Loss of Pyd does not lead to obvious detachment of myosin from AP cell borders, in contrast with loss of

Cno. (A—E) Stage 7 embryos, expressing Ecad-GFP and mCh-Myosin. (A, D) In wild type, junctional myosin is enriched at
AP borders (arrows), where it is tightly apposed to junctional Ecad. (B, E) This remains true in M/Z pyd mutants (arrows),
except where there are junctional gaps. (C) In contrast, in M/Z cno®? null mutants, Myosin cables separate at AP borders
(arrows). (F) Stage 7. F-actin, as revealed using Phalloidin, does not detach from AP borders in M/Z pyd mutants (cyan
arrows), except places where junctions have detached as marked by Cno (yellow arrows).
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FIGURE 4: Pyd and Cno are mutually required for one another’s enrichment at TCJs, and M/Z  pyd mutants have
reduced junctional tension. (A, B, D, E) Stage 7 embryos. (A) In wild type Cno is enriched at TCJs (arrows). (B) Cno TCJ
enrichment is reduced in M/Z pyd mutants (arrows). (C) Quanti cation of Cno TCJ enrichment. Three embryos and thirty
TCJs per genotype; signi cance was determined by an unpaired two-tailed t test. (D) In wild type Pyd is mildly enriched
at TCJs (arrows). (E)cno RNAI reduces Pyd junctional localization and TCJ enrichment (arrows). (F) Quanti cation of Pyd
TCJ enrichment. Three embryos and thirty TCJs per genotype; signi cance was determined by an unpaired two-tailed

t test. (G, H) Still frames from movies of stage 7 embryos, expressing Ecad-GFP. Junctions were severed with a laser and
junctional recoil was measured. Green line  TCJs before cutting. Purple line  TCJ position after 10 s. (I) Vertex
displacement vs. time plot for junction cuts. Dashed curves represent the mean with SEM (error bars) of displacement of
junction cuts from the wild-type and pyd mutant embryos during germband extension. Solid curves represent the
one-phase association tting of experimental data. N 10 junctions from 8 wild-type embryos and 10 junctions from 7
pyd mutant embryos, two-way ANOVA, Sidak’s multiple comparisons test; ***, ~ p 0.0001. (J) Mean with SEM of initial
recoil velocities from the one-phase association tting in I. Unpaired two-sided  t test; ***, p 0.001. (K) Mean with SEM
of K values from the one-phase association tting in I, which indicate the ratio between the elasticity of the junction and
the viscosity coef cient. Unpaired two-sided t test; ns, not signi cant.
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FIGURE 5: Modeling suggests reducing contractility can mimic  pyd phenotypes, while experiments reveal that T1
transitions in pyd M/Z embryos are slowed and reverse more often. (A) Stills from three time points in the vertex model
simulations of wild-type germband extension (top) and germband extension with reduced contractility, to model pyd
mutants (bottom). Distinct colors correspond to cells in different parasegments. (B) Quanti cation of the timing of T1
transitions during the simulations (172 T1 transitions for wild type and 116 transitions for the ~ pyd mutant). Signi cance
was determined by Welch’s t test. (C, D) Stills of movies from wild type (C) and pyd M/Z (D) embryos expressing
E-Cadherin GFP. Four movies were analyzed for each genotype. (E, F) Examples of T1 transitions of wild-type (E) and
pyd (F) embryos are displayed. The old neighbors are marked in magenta while new neighbors are in green. Two
successful T1 transitions are shown for wild type (green frames) while for pyd mutants one successful (green frame) and
one unsuccessful (red frame) transition are displayed. (G) The cumulative distribution of attempted T1s in wild-type
(black) and pyd mutant (red) embryos was plotted against time. The segmented lines display exponentially tted curves
to extract half times, indicating that pyd mutant embryos needed more time to nish a T1 attempt. The pie graphs
display the percentage of direct (blue) and attempted (circles) T1s in wild-type and  pyd mutant embryos. (H) In wild
type, 84% of T1 transitions elongate the newly formed border in AP (horizontal) direction, while 16% fail and reverse
after formation of a 4x vertex in wild type (black doughnut; n 327 transitions). The fraction of reversed T1 transitions
was elevated to 22% in pyd mutants (red doughnut; n 216 transitions). For the analysis in G and H four movies were
analyzed for each genotype.
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FIGURE 6: The cadherin—catenin complex and Cno are differentially enriched in junctional puncta along bicellular
borders and at TCJs, while Pyd localizes to strands that span a broader region than the core junctional proteins. (A,

D-H) SIM imaging, stage 7-8 embryos. (A) Arm localizes to small puncta along bicellular borders. (B) Similar puncta are
seen when visualizing Ecad-GFP using the Airyscan module. (C) Quanti cation of Arm puncta per 10 um; 10 borders
were analyzed in each of four different embryos. (D, E) Cno is enriched at AP borders and TCJs. Cno and Arm both
localize to puncta along bicellular borders, but some puncta are more enriched for Arm (red arrows) and others are

more enriched for Cno (green arrows). (F) Cno is strongly enriched at TCJs (F, white arrows). When the Cno signal is

arti cially reduced (F ), it reveals that Arm and Cno (red vs. green arrows) are enriched in different puncta at TCJs. (G, H)
Images of representative TCJ and BCJ 3D rendered in Imaris. G isin X-Y plane and H is in the X-Z plane. (G) Differential
localization of Arm and Cno at a TCJ, viewed in the X-Y plane. (H) Differential localization of Arm and Cno at a bicellular
border, viewed in the X-Z plane. (l) Standard confocal imaging. Pyd signal appears less tightly localized to junctions than
Cno. (J, K) SIM imaging, stage 8 embryos. While Arm localizes tightly to puncta along the plasma membranes, Pyd
localization extends more broadly. Pyd localizes to strands that align along or perpendicular to the AJs (cyan arrows),
and also can be seen localized to ner strands that project into the cytoplasm (yellow arrows). (L) Airyscan imaging.
While images are less sharp, Pyd localization is also revealed to be much broader than that of Arm. (M) Breadth of signal
of Arm, Cno, and Pyd, assessed perpendicular to the plasma membranes. For all proteins and genotypes a total of nine
junctions in three embryos were measured. Error bars represent SD and the signi cance was determined by an unpaired
two-tailed t test. (N) Measurements of the full width of uorescence intensities measured across junctions at half of the
normalized intensity maximum (FWHM) in wild-type embryos imaged with SIM. Pyd (gray) was stained with Alexa-568,
Cno (red) with Alexa-647, and Arm (blue) with Alexa-488. Mean is the broad line, and the signi cance was quanti ed

with unpaired, two-tailed t tests. p values are **, 0.01;***,  0.001; ****  0.0001.
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FIGURE 7: Baz and Arm are differentially enriched in junctional puncta, while Myosin occupies a broader zone along
bicellular junctions than core AJ proteins. (A—-C, F—I) Stages 7 and 8, Airyscan imaging. (A, B) Arm and Baz in Z sections
0.39 um apart. Baz is stronger in the more apical section, while Arm is stronger in the more basal section. (C) Arm and
Baz overlap but are differentially enriched in puncta along bicellular borders. Some puncta are enriched for Arm (red
arrows) and some for Baz (green arrows). (D) Breadth of signal of Arm, Baz, and Pyd, assessed perpendicular to the
plasma membranes. For all proteins and genotypes a total of nine junctions in three embryos were measured. Error bars
represent SD; the signi cance was determined by an unpaired two-tailed t test. (E) Measurements of the full width of
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FIGURE 8: Using SIM imaging to explore the role of Pyd in AJ molecular architecture. (A—H) SIM imaging, stage 7-8
embryos. (A-D) In both wild type and M/Z pyd mutants. Arm and Cno continue to differentially localize to puncta along
bicellular borders. (E-H) In both wild type and M/Z pyd mutants Arm and Baz continue to differentially localize to
puncta along bicellular borders. (I) Arm puncta number per 10 um of bicellular border does not substantially change in
M/Z pyd mutants relative to wild type. (J, K) Arm puncta distribution perpendicular to the membrane is not altered in
M/Z pyd mutants. (K) For measurements of Arm FWHM in wild-type (gray) and pyd embryos (red) SIM was used and
Arm was stained with Alexa-488 in wild-type and Alexa-647 in pyd embryos. (L, M) Baz puncta distribution
perpendicular to the membrane appears slightly broadened in M/Z  pyd mutants. (M) For measurements of Baz FWHM
in wild-type (gray) and pyd embryos (red) Airyscan was used and Baz was stained with Alexa-647 in wild-type and
Alexa-488 in pyd embryos. Nine junctions in a total of three embryos were measured. The broad lines indicate the
mean, and the signi cance was quanti ed with unpaired, two-tailed  t tests. p values are **, 0.01; ***,  0.001; ****,
0.0001. (N, O) FRAP of junctional Ecad-GFP in wild type and M/Z pyd mutants. Six wild-type junctions in four embryos
and seven pyd junctions in three embryos were quanti ed. Error bars represent SD.

uorescence intensities measured across junctions at half of the normalized intensity maximum (FWHM) in wild-type
embryos imaged with Airyscan. Pyd (gray) was stained with Alexa-568, Baz (red) with Alexa-647, and Arm (blue) with
Alexa-488. Mean is the broad line, and the signi cance was quanti ed with unpaired, two-tailed t tests. p values are **,

0.01; **  0.001; ****  0.0001. (F G) Embryo expressing Ecad-GFP and mCh-Myosin. Myosin is enriched at AP
borders (F, arrows) and rosette centers (F, arrowheads). Myosin localization at these borders is broader than that of Arm
(G, cyan arrows) and strands extend membrane distal (G, yellow arrows). (H, 1) Actin localization at cell junctions is
broader than that of Cno. In | arrows indicate actin structures extending membrane distal.
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Parameter Description Value Reference(s)
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K +>AI"VEVeeivwV i~l £ Farhadifaretal. JEO44acC
Aj Cell target area £ Farhadifaretal. |[EO 44 C
e TA>Vi“e"IPEVeeivwV il Fattiafifaretal. |JEO 44 C
int “TiIA™>eEe " itli"A"e"EVeeivwV il Tetley ébal. |EO A £E]
bay 0" >APE.""itli"TA"®@"EVeivwV il Oint Tetley etal. |[EQAEE
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TABLE 1: The parameters and their values used in our vertex model simulations.
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TABLE 2: Fly stocks.
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Antibodies/probes Species Dilution Source
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TABLE 3: Antibodies and probes used.
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