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Abstract

Coronins are F-actin binding proteins that are involved, in concert with Arp2/3, Aipl and ADF/
cofilin, in rearrangements of the actin cytoskeleton. An understanding of coronin function has been
hampered by the absence of any structural data on its interaction with actin. Using electron
microscopy and three-dimensional reconstruction, we show that coronin-1A binds to three protomers
in F-actin simultaneously: it bridges subdomain 1 and subdomain 2 of two adjacent actin subunits
along the same long-pitch strand, and it staples subdomain 1 and subdomain 4 of two actin protomers
on different strands. Such a mode of binding explains how coronin can stabilize actin filaments in
vitro. In addition, we show which residues of F-actin may participate in the interaction with
coronin-1A. Human nebulin and Xin, as well as Salmonella invasion protein A (SipA) use a similar
mechanism to stabilize actin filaments. We suggest that the stapling of subdomain 1 and subdomain
4 of two actin protomers on different strands is a common mechanism for F-actin stabilization utilized
by many actin binding proteins that have no homology.

Rearrangements of the actin cytoskeleton are important for many physiological processes in
the cell including cytokinesis and locomotionl+2. Dozens of actin binding proteins have been
shown to orchestrate actin cytoskeletal dynamics, and these include coronin, originally found
in Dicytostelium amoeba3. The colocalization of coronin with crown-like actin structures of
the cell cortex gave coronin its name. Since its discovery in amoeba, coronin has been identified
in many eukaryotic organisms including yeast, nematode, fish, and mammals. Functional
studies on amoeba?, yeast 5, and mammalian cells® suggest that coronin is directly involved
in cell migration and cytokinesis.

Coronin consists of a highly conserved N-terminal extension (NE), followed by five canonical
WDA40 repeats, a C-terminal conserved extension (CE), followed by a unique region (U), and
ends with a C-terminal coiled-coil (CC) domain. A recent crystal structure of coronin-1 shows
that a portion of these highly conserved N- and C- terminal extensions form the first and the

last blades of a seven-bladed B-propeller7. The CC-domain is involved in the oligomerization
of coronin and is responsible for the bundling of actin filaments®, Mammals have at least six
known coronin genes, and these are divided into three subclasses?. Type | coronins include

coronin-1A, -1B, and -1C. They differ in the U-region and are expressed in most tissues, except
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coronin-1A which is found predominantly in hematopoetic cells. Type Il coronins (2A and 2B)
differ from Type | particularly in the CE-region, while Type 111 coronin (coronin-7), found
only in mammals, is composed of tandem coronin repeats, but lacks the CC-region.

Coronin participates, in concert with Arp2/3, cofilin, and Aipl, in the reorganization of actin
structures at the leading edge of the cell. It was shown that coronin directly binds to
Arp2/310, and inhibits F-actin nucleation by freezing the Arp2/3 complex inits inactive “open”
conformationl. Invitro experiments showed that coronin stabilizes actin filaments in dilution
experiments, as well as prevents cofilin-induced F-actin depolymerizationlzll?’.

Since coronin was identified as an actin binding protein, a significant effort has been invested
in establishing its actin binding region. Ironically, the actin-binding regions have been mapped
to almost all parts of the protein. Originally, it was suggested14 that all regions except the N-
terminus and the B-propeller domain interact with F-actin. Subsequently, it was shown!® that
the N-terminal 1-34 residues along with residues 111-204 of a -propeller region were
important for F-actin binding. Another work proposed the linker region as an actin binding
site, while binding to the cell membrane was the only role suggested for the B-propeller
region16. Finally, residues 297-461 that contain a part of the p-propeller domain in addition
to the CE-domain, U-domain, and CC-domain were shown to be involved in binding to actin
filamentsl”. All of these studies were based on truncated mutants that contained fragments of
the full length coronin. Alanine scanning mutagenesis of the full length protein revealed that
mutation of Arg30 completely abolished interaction of coronin-1B with F-actin!3. The
residues of actin involved in the interaction with coronin remain unknown, as well as the
position of coronin on the actin filament.

We used electron microscopy and image analysis to evaluate how coronin-1A binds to actin
filaments. Samples were prepared for EM by incubating 1.5 uM actin with 4-5 uM coronin.
We formed coronin-actin complexes by both polymerizing actin in the presence of coronin and
by adding coronin to pre-formed actin filaments, and found no significant differences in the
binding. Coronin can form oligomersl&14 which ultimately results in coronin-dependent
bundling of F-actin®13. Since incubations of longer than an hour led to bundle formation (data
not shown), and bundles are more difficult objects for image analysis, we used short incubation
times to limit the extent of coronin-induced bundling. Images of negatively-stained, pure F-
actin were consistent with a 9-10nm diameter fiber (Fig 1a). In contrast, actin filaments
incubated with coronin-1A for 40 min were more massive reflecting extensive decoration with
coronin (Fig. 1b). Attempts to use electron cryo-microscopy of unstained frozen-hydrated
samples were unsuccessful, due to the fact that the coronin fell off the actin filaments at some
stage during specimen preparation. A similar loss of fimbrin decoration of F-actin during
preparation for electron cryo-microscopy has been described!.

We generated a global, three-dimensional reconstruction of coronin decorated filaments such
as those shown in Fig. 1b to locate the postion of coronin on the actin filament. The overall
three-dimensional reconstruction (Fig. 2b) has a pronounced additional mass due to the
coronin-1A when compared with a control pure F-actin reconstruction (Fig. 2a). This
contiguous mass makes major contacts with three different actin protomers. Therefore, asingle
actin protomer makes contacts with three different coronin molecules. Mapping the contacts
from these three different coronin molecules onto a single actin, the interface involves: SD2
(Fig. 2b, red asterisk), SD1 (Fig. 2b, blue asterisk), and SD4 (Fig. 2b, green asterisk).

The global reconstruction (Fig. 2b) suggests that the coronin density reflects a single mode of
binding of coronin to F-actin, where coronin simultaneously interacts with these three
protomers on F-actin. An alternative possibility is that the binding to these three sites is
independent, and the density that we observe in the overall reconstruction may be an average
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of several different modes of binding. To distinguish between these two possibilities we used
a model-based cross-correlation sorting (Fig. 2c). One of the great advantages of the lterative
Helical Real Space Reconstruction (IHRSR) approach to helical reconstruction is that we can
readily sort segments into separate classes without assuming that all filaments are
homogeneous polymerszo. Using this approach, almost 50% of segments yielded the best
correlation with the naked F-actin model, and thus were classified as poorly occupied. The
reconstruction of this class (not shown) was not, in fact, that of naked F-actin, but revealed
traces of coronin at the position similar to that observed in the overall reconstruction.
Approximately 50% of the decorated segments had the highest correlation with the model
where coronin interacts simultaneously with all three sites (Fig. 2d), while segments assigned
to the “SD4” class (where coronin is only binding to SD4 of one each actin protomer) failed
to converge to a stable reconstruction using the IHRSR method (data not shown). This suggests
that the segments assigned to this “SD4” class were heterogeneous and probably contained
coronin bound in an irregular manner to actin. Approximately 30% of decorated segments
showed coronin bound to the interface between SD1 and SD2, but lacking the contact with
SD4 (Fig 2d-e, red arrows). The additional density due to coronin-1A in these two
reconstructions after sorting (Fig. 2d,e) is noticeably larger than that in the overall
reconstruction (Fig. 2b), showing that the removal of poorly occupied segments significantly
improves the reconstruction of the complex. We estimate the resolution of the improved
reconstruction to be ~ 21 A using the Fourier Shell Correlation (FSC) 0.5 criterion. As we will
show, the mass due to coronin in the improved reconstructions is more consistent with what
is known about the size and shape of coronin than is the mass in the global reconstruction.

To build a quasi-atomic model of the coronin-1A-F-actin complex we used a recent crystal
structure of murine coronin-17. The coronin crystal structure lacks the first 7 N-terminal
residues, the U-region, and the CC-domain (65 of 461 residues). When we threshold our map
to account for the full molecular volume due to actin, the density due to coronin accommodates
the crystal structure. Considering that the crystal structure itself is lacking ~15% of coronin-1A
residues (namely the U- and CC-domains), we assume that the U- and CC-domains are
disordered when coronin is bound to F-actin, and thus not visible in our reconstruction. An
argument in support of this possibility is that the coiled-coil domain, which is involved in
oligomerization® is likely to be flexible. We therefore think that this reconstruction after sorting
is consistent with F-actin being fully occupied by coronin.

The observed oligomerization of coronin in solution raises a question as to whether the coronin
density that we observe might be due to bound dimers or higher oligomers. It is possible that
the dimers dissociate upon binding to F-actin. Alternatively, two scenarios can be imagined
where the species bound to F-actin is dimeric: firstly, one coronin molecule is attached to F-
actin, while the second one in a dimer is disordered; secondly, two adjacent coronins attached
to F-actin form a dimer via flexible CC-domains. We think that the diameters of the F-actin
filaments decorated with coronin-1A (~170 A) argues against the disordered dimer possibility,
because even if the second coronin is not visible in the reconstruction due to disorder, it should
contribute to the filament width in the EM pictures. In terms of the second scenario, we cannot
exclude the possibility that dimers of coronin bind to F-actin, just as dimers (HMM) of the
myosin S1 actin-binding domain can decorate F-actin?L.

We took advantage of mutagenesis experiments that helped map the actin binding site on

coronin to orient the crystal structure of coronin-1 into our map of coronin-decorated F-actin.
It has been shown®3 that alanine substitution of Arg30 (R30A) attenuated the ability of coronin
to induce cables in S2 cells, while the charge-reversal mutation (R30D) completely abolished
cable formation. In addition, the R30D mutant did not bind F-actin in vitro. We found that it
was not possible to fit the coronin-1A crystal structure into our map with R30 not in proximity
to F-actin. Due to the shape-based constraints, the only reasonable orientation of the coronin
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atomic model was when R30 of coronin (Fig. 3b, red spheres) was placed facing residues 78-82
of SD1 of actin (Fig. 3b, magenta ribbons). In addition to these residues, coronin is making a
contact with residues 120-125 of actin, which form a loop on the rear surface of actin’s SD1
(Fig. 3b, magenta ribbons), and the C-terminal residues 362-368 also located in SD1 of actin
(Fig. 3b, magenta ribbons). SD2 of actin is involved in the interaction with coronin via residues
39-42, and 49-52 located in the DNase I-binding loop (Fig. 3b, magenta ribbons). Coronin-1A
also makes a contact with a protomer on the opposite strand. We observe an extensive contact
of coronin with the 221-238 protrusion in SD4 of F-actin (Fig. 3b, orange ribbons).
Interestingly, this reglon is one of the insertions in actin absent in the actin grokaryotlc
homologs MreB22 and ParM23:24, and was shown to interact with nebulin®, XinZ6
Salmonella invasion protein A (SlpA)2 and Arg-kinase28. Also there is a Weaker contact
with residues 322-325 in SD3 of the adjacent protomer along the same long-pitch strand (Fig.
3b, orange ribbons).

How can these results be reconciled with the mutagenesis data showing that only one residue,
Arg30, is crucial for coronin binding to F-actin? Even if coronin has what appears at low
resolution to be an extensive interface with SD2 and SD1 of F-actin, it is possible that the
interaction of Arg30 with the back side of SD1 is a key determinant of this interface. It is also
possible that the primary interaction of Arg30 with F-actin activates other coronin residues to
form multiple bonds with the actin filament. At the current resolution of ~21 A we cannot see
what conformational changes might be taking place within coronin when bound to F-actin, nor
see this interface at an atomic level of detail. Our sorting by modes of binding (Fig. 2) shows
that coronin cannot bind to SD4 without being attached to the SD1/2 interface on F-actin.
However, it can bind to SD1/2 without binding to SD4. This strongly suggests that to staple
together the two strands of F-actin, coronin binds first to the SD1/2 interface, and this
interaction allows coronin binding to an additional site located on SD4 of an actin protomer
within the opposite long-pitch helical strand.

We analyzed which residues of coronin may be involved in the interaction with SD4 of F-actin,
and these are residues 20-23 (Fig. 3c, red spheres), residues 65-67 (Fig. 3c, green spheres),
residues 329-331 (Fig. 3c, magenta spheres), and residues 353-358 (Fig. 3c, cyan spheres).
Interestingly, these residues span the entire coronin amino acid sequence. The seemingly
conflicting results on coronin residues involved in interactions with actin obtained using
truncated mutants may reflect the non-contiguous regions in coronin’s primary sequence that
are involved in the interaction with SD4. It may not be a coincidence that our identification of
residues 20-23 is consistent with one set of results1®, while our identification of residues
323-331 and 353-358 agrees with other observatlonsldf!17

One of the most important coronin partners in the cell is the Arp2/3 complex, and Arp2/3 was
shown to bind to the coiled-coil domain of coroninl0 . Phosphorylation of Ser2 on coronin by
PKC abolishes this interaction?®. Importantly, F-actin binding increases the apparent affinity
of the coronin-Arp2/3 interaction in vivo29. The coiled-coil domain is missing in the crystal
structure, and to determine a possible location for the missing C-terminal 59 residues we
represented the last residue in the crystal structure (Arg402) with cyan spheres (Fig. 3b). The
orientation of coronin in our quasi-atomic model brings Arg402 to the outer surface of the
complex, suggesting that the CC-domain would be facing away from the actin filament. This
orientation of the CC-domain is consistent with increased interaction of Arp2/3 with coronin
in the presence of F-actin 29, Since Ser2 is also missing in the crystal structure due to disorder,
we represented the first N-terminal residue present in the crystal (Ser8) with green spheres
(Fig. 3b). The location of the N-terminus at the outer surface of the coronin-F-actin complex
suggests that the short flexible N-terminal region containing Ser2 is fully accessible to PKC
even when coronin is attached to F-actin. We may speculate that coronin is always attached to
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F-actin, and works as a trap for Apr2/3: it keeps Arp2/3 inactive, but close to its target - F-
actin.

Coronin 1b stabilizes vertebrate actin filaments in vitro from dilution-induced
depolymerization13 while yeast coronin does not save yeast F-actin from depolymerization5.
Our model suggests that coronin-1A, like coronin-1B, should stabilize F-actin - it not only
connects two adjacent actin protomers within one strand, but also staples together protomers
on two different strands. To test if coronin-1A stablizes actin filaments, we compared the rate
of depolymerization of single, coronin decorated filaments to undecorated filaments using
fluorescence microscopy (Fig. 4). Fluorescently labeled actin was polymerized in the absence
or presence of coronin-1A in a perfusion chamber that was previously coated with the actin
crosslinking protein filamin to immobilize the actin filaments on the glass. After polymerizing
for 90 seconds, the contents of the chamber were replaced with 3 chamber volumes of
latrunculin in buffer and a timelapse sequence was recorded to obtain the actin off rate. Actin
alone depolymerized at a rate of 1.8 subunits sec’! while actin filaments co-assembled with
coronin-1A disassembled at 0.43 subunits sec? (Fig. 4). Therefore, coronin-1A stabilizes F-
actin against dilution-induced depolymerization in a defined system consistent with our
interpretation of coronin 1A’s interaction with the actin filament.

We have observed such a stapling mode of binding for three other actin binding proteins that
stabilize F-actin or actin bundles-the muscle proteins nebulinZ® and Xin26, and Salmonella
protein SipA27. Nebulin is a giant muscle protein (600-900 kDa) that contains ~200 copies of
a 35-residue module, each believed to contain an actin-binding site30, while SipA, is an actin-
binding protein that promotes efficient bacterial entry into host cells3L. There is no detectable
sequence homology among coronin, SipA, Xin and nebulin. The common mode of interaction
may therefore represent convergent evolution, where all of these proteins employ different
detailed interactions with actin to modulate an intrinsic instability in the actin polymer.
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Fig. 1.

Electron micrographs of negatively stained pure F-actin (a), and F-actin after incubation with
coronin-1A (b).The space bar is 500 A. G-actin (10 uM) was polymerized in 10mM Tris-HCI
buffer (pH 7.7), 0.1 mM ATP, 40 mM KCI, 2mM MgCl, for ~ 2 hr. Then F-actin (1.5 pM)
was incubated with coronin 1A (4-5 uM) for 4-10 min before application to carbon coated
glow discharged EM grids The grids were stained with 1% uranyl acetate (w/v) and imaged in
a Tecnai 12 electron microscope (80 keV, x 30,000 magnification). Images were recorded on
film, and negatives were scanned with a Nikon Coolscan 8000 densitometer at a raster of 4.2
Alpixel.
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Tr?e IHRSR method32, along with the SPIDER package33, were used to generate an overall
reconstruction from 10,954 overlapping segments (each 416 A long) of actin filaments
decorated with coronin-1A (b). For comparison, a three-dimensional reconstruction of pure F-
actin34 is shown (a). The overall reconstruction of actin decorated with coronin (b) reveals a
substantial additional mass which connects SD1 and SD2 of two adjacent actin protomers
within the same long pitch helical strand, while also bridging the two strands via the interaction
with SD4 of an actin protomer on the opposite strand. Three different coronin-1A molecules
interact with three subdomains (SD) of every actin protomer: SD2 (b, red asterisk), SD1 (b,
blue asterisk), and SD4 (b, green asterisk). Three model volumes were created with additional
density attached to each of these three sites simultaneously (SD1/ SD2, SD4), to only the SD1/
SD2 interface, and finally only to SD4 of actin A fourth reference volume was created using
naked F-actin, and the four reference volumes were projected and cross-correlated with the
10,954 image segments. The frequency distribution found for these four classes is shown in
(c). Each class was reconstructed separately, starting from a featureless solid cylinder. The
“SD1/2-SD4” class (n=2,850) converged to a twist of 165.5° per subunit with an axial rise per
subunitof 27.4 A, the “SD1/2” class (n=1,528) reached a stable solution of 165.5°/26.7A, while
“SD4” class (n=1002) failed to converge to any meaningful volume. Segments having the best
correlation with the naked F-actin (n=5,574) converged to a 165.5°/27.4 A symmetry. The
reconstructions of the “SD1/2-SD4” (d) and “SD1/2” (e) classes are similar, except that in the
“SD1/2” class the contact between coronin-1B and SD4 is missing (d and e, red arrow).
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Fig. 3.

To reduce heterogeneity and improve the appearance of coronin the “SD1/2-SD4” class was
sorted by the actin twist into three groups: 162°, 166°, and 168°. The reconstruction of the 168°
class (n=963) possessed the largest coronin density, and it was used for modeling. The Chimera
software3® was used to build up an atomic model of the coronin 1A-F-actin complex (a), which
has actin protomers in blue and coronin in yellow. Crystal structures of G-actin36 and murine
coronin-17 were docked into the reconstruction manually. The detailed view of the atomic
model is shown in (b). Arg30 of coronin-1B is represented as red spheres, with the N-terminus
and C-terminus shown as green and cyan spheres, respectively. Actin residues that are at the
interface between coronin-1A and F-actin are marked: residues 78-82, 120-125, and 362-368
of SD1, 39-42, and 49-52 of SD2 (magenta ribbons), residues 221-238 of SD4, and finally
residues 322-325 of SD3 (orange ribbons). The second site of binding of coronin to SD4 of F-
actin (c) involves residues 20-23 (red spheres), residues 65-67 (green spheres), residues
329-331 (magenta spheres), and residues 353-358 (cyan spheres). The coordinates of the model
are available at http://people.virginia.edu:80/~ehe2n/coronin.html
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Fig. 4.

Coronin stabilizes the actin filament. Actin (6 uM, with ~30% labeled on lysines with
Alexa-647-NHS ester) was polymerized in a perfusion chamber coated with 10 ug/ml filamin
and subsequently depolymerized by washout of unpolymerized monomer. Depolymerization
of single actin filaments was imaged using widefield fluorescence microscopy. Reactions were
carried out either in the absence or in the presence of 6 uM coronin. a) Representative single
filaments depolymerizing in the absence (top) or presence (bottom) of coronin. Shown are
successive timelapse images of filaments (time elapsed shown on top, scale bar = 1 micron),
along with corresponding graphs showing total filament length as a function of time. Shrinkage
rates are obtained from best straight line fits to the data. b) Histogram of shrinkage rates in the
absence (top) or presence (bottom) of coronin. Histograms are fit to a single Gaussian to obtain
the mean shrinkage rate. ¢) Bar chart showing the mean shrinkage rate in the absence (left) or
presence (bottom) of coronin. Error bars represent 95% confidence bounds. Coronin reduced
the mean shrinkage rate from 1.8/s to 0.43/s.
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