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Abstract
Gravin (AKAP12, SSeCKS) is a scaffolding protein that acts as a potent inhibitor of tumor
metastasis in vivo and in vitro, and regulates morphogenesis during vertebrate gastrulation.
Despite being implicated in many cellular processes, surprisingly little is known about the
mechanism by which Gravin elicits cell shape changes. In this work we use in vitro cell spreading
assays to demonstrate that the Gravin N-terminus containing the three MARCKS-like basic
regions (BRs) is necessary and sufficient to regulate cell shape in vitro. We show that the
conserved phosphorylation sites in the BRs are essential for their function in these assays. We
further demonstrate that the Gravin BRs are necessary for in vivo function during gastrulation in
zebrafish. Together, these results provide an important step forward in understanding the
mechanism of Gravin function in cell shape regulation and provide valuable insight into how
Gravin acts as a cytoskeletal regulator.
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Introduction
Gravin is a member of the AKAP (A kinase anchoring protein) family of multivalent
scaffolding proteins that mediate precise spatiotemporal control of Protein Kinase A activity
in cells [1-3]. Gravin interacts with many important signaling molecules in addition to PKA,
including Protein Kinase C [1], the β2 Adrenergic receptor [4], Src Tyrosine Kinase [5],
Calmodulin [6], 1,4 β-galactosidase [7] and others (reviewed in [8, 9]). Gravin is also a
potent tumor suppressor down-regulated by several oncogenes in vitro and multiple human
tumors in vivo, and a mouse lacking the gravin gene displays increased prostate hyperplasia
[10-12]. Ectopic expression of Gravin in v-Src transformed fibroblasts inhibits a number of
metastatic cellular behavioral changes [11, 12]. Overexpression of Gravin elicits several cell
shape changes including increased cell spreading and loss of stress fibers [11-14]. Gravin
also plays a critical role in promoting a switch from migratory to intercalative behaviors of
mesodermal cells during the gastrulation stage of early zebrafish development, which is
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essential for the normal morphogenesis of the embryo [15]. Interestingly, overexpression or
loss of Gravin has no affect on cell migration in 2D scratch assays [12], but Gravin is a
potent inhibitor of 3D cell invasion through matrigel [13]. This indicates that Gravin is not
simply a permissive factor in cell migration but a critical regulator of complex cell
behaviors. Although Gravin genetically interacts with the Src and RhoA pathways [11, 13,
15], the mechanism by which Gravin mediates cell shape changes is mysterious. One
important feature of Gravin is the presence of three N-terminal Basic Regions (BRs). These
BRs have been implicated in mediating reversible plasma membrane interaction, similar to
the membrane effector domain of MARCKS or AKAP79 [16-18]. In fact, these BRs are
critical for proper Gravin localization and regulation of the β2-adrengeric receptor [6, 17],
but their role in controlling cell shape and behavior is unknown.

In this work, we set out to elucidate the functional domains in the Gravin protein that are
required for regulation of cell shape and behavior. We used COS7 cell spreading as a
straightforward assay for Gravin function. We created a series of deletion and point
mutations in zebrafish Gravin, which we previously showed functions the same as human
Gravin in this assay [15]. These deletions mutants demonstrated the essential role of the BRs
for Gravin's cell shape changes as well as Gravin localization in cultured mammalian cells.
Moreover, we found that the conserved phosphorylation sites within the BRs are necessary
for Gravin's function in this assay. Finally, we confirmed our cell-based experiments in vivo
by demonstration that BRs are required for Gravin's function during early zebrafish
development.

Materials and Methods
Zebrafish and Mammalian Cell Culture

Zebrafish (Danio rerio) embryos were obtained, injected and staged, and COS7 cells were
maintained and transfected as described [15]. Flattening assays were performed as described
[15], modified to allow cells to flatten for the indicated time (1-24 hrs) by trypsinizing, and
plating on poly-d lysine coated coverslips.

Cloning of zebrafish gravin Plasmids and mRNA
Zebrafish GFP Gravin, T7-Gravin and the morpholino antisense oligonucleotide were
described [15]. Deletions and point mutants were derived from GFP-Gravin (details
available on request). Equal expression of all mutants was confirmed by equal fluorescence
intensity of the analyzed cells. The conserved serines or threonines in the three basic repeats
were mutated to aspartic acid. A T7-Gravin ΔBR 1,2,3 was made by ligating a Xho1-Nco1
fragment from GFP ΔBR 1,2,3 into T7-Gravin. mRNA was produced using the mMessage
mMachine T7 ultra kit (Ambion).

Microscopy
Fixed cells and live zebrafish embryos were imaged with a Zeiss Axiovert 200M microscope
using AxioVision 4 software. Confocal images were taken on an Olympus FV-1000
Confocal Microscope.

Data Analysis
Data were collected using AxioVision software cell area tool and statistical calculations
were performed using Microsoft Excel. Error bars represent standard deviation, and P values
were determined using student t-tests, with which each sample compared to GFP transfected
cells.
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Results and Discussion
One of the characteristic features of Gravin is its ability to promote cultured cells to greatly
increase their surface area by spreading across a substrate, a property conserved from fish to
mammals [14, 15, 19]. We sought to establish cell spreading as an cell-based assay to study
Gravin structure-function. GFP-Gravin transfected cells were fixed after 1, 2, 3, 4, 8, and 24
hours of spreading (Figure 1A). Importantly, Gravin produces a statistically significant
increase in the maximum extent of cell spreading (p <.05), but it does not increase the rate of
cell flattening during the early stages of cell spreading (Figure 1B). Interestingly, Gravin's
subcellular localization changes as cells spread in agreement with reports in endothelial cells
(Figure 1A) [14]. Initially, Gravin is localized exclusively to perinuclear puncta, but as cells
continue to flatten, Gravin localized to the cytosol (8-24hr) and finally peripheral membrane
puncta (24hr). This indicates that Gravin not only promotes cell spreading but its subcellular
localization is dynamically regulated during cell spreading. We observed similar localization
and increased cell spreading in NIH 3T3 and HeLa cells (data not shown) but COS7 cells
are used in this study because they exhibited the strongest effect. This spreading assay gives
us a straightforward way to determine which Gravin domains are required for cell shape
regulation.

Characterization of Domains Required for Gravin-Induced Cell Spreading
We generated C- and N-terminal Gravin deletion constructs and expressed them as GFP
fusions. Specifically, the following truncations were generated (named by amino acid
positions in zebrafish Gravin):1-100, 17-100, 1-265, 17-265, 265-600, 1-600, 600-1000,
600-1533, 17-1000, and 1000-1533 (Figure 2A). Expression of the Gravin C-terminus,
1000-1533 or the central domain, 600-1000 or 600-1533, had no effect on cell spreading
(Figure 2B, C). However, expression of N-terminal domains of Gravin including 1-100,
17-100, 1-265, 17-265, and 1-600 resulted in cell spreading similar to the extent of full-
length Gravin (Figure 2C). One N-terminal fragment, 265-600, did not increase cell
flattening (Figure 2C). Thus, we demonstrated that the first 100 amino acids of Gravin,
which include BR1, are necessary and sufficient to induce cell flattening.

The structure-function of mammalian Gravin's subcellular localization has been described
[17]. In agreement with previous reports we observed with zebrafish Gravin that the C-
terminus was necessary and sufficient for nuclear exclusion (600-1533) and that the all three
BRs were necessary for peripheral membrane targeting (1-600 but not 1-100, 1-265 or
265-600; Figure 2A). We also made the unique observation that two domains mediate
perinuclear accumulation independently (1-600 and 600-1533). Therefore, multiple domains
of Gravin are required for proper subcellular localization, a trait conserved from fish to
mammals [17]. Since the short N-terminal fragments containing the BRs are sufficient to
promote cell spreading, we next sought to directly test the role of each of the BRs in cell
spreading and subcellular localization.

N-terminal BRs are Required for Cell Spreading
We generated a series of point mutants in each of the BRs in the full-length Gravin (Figure
3A). Each BR contains between one and three conserved serine or threonine residues that
may be phosphorylated in mammalian cells and which mediate reversible membrane
interaction [17]. We substituted aspartic acid for each of the conserved serine and threonines
to mimic phosphorylation, which is proposed to abrogate the BR's electrostatic interaction
with the membrane [6, 16, 17]. We generated mutants in BR1 (T82D, T91D), BR2 (S222D)
and BR3 (T378D, S386D, S387D) singly; BR1 and BR2, BR2 and BR3, BR1 and BR3 in
combination; and all three in combination. Mutation of BR1 or BR3 alone did not reduce the
extent of cell spreading relative to full-length Gravin (Figure 3B). However, mutation of
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BR2 reduced cell flattening to the same extent as the negative control (Figure 3B). Mutation
of any two BRs (1 and 2, 2 and 3, or 1 and 3) or all three resulted in no increase in cell
flattening compared to the negative control (Figure 3B).

In addition to our analysis of cell spreading we also confirmed the role of the BRs in
subcellular localization. We saw that mutation of any BR increased perinuclear
accumulation at the expense of cytoplasmic or peripheral membrane localization (Figure
3A). All three double mutants displayed exclusively perinuclear localization (Figure 3A).
The triple mutant lacking function in all three BRs localized primarily to the nucleus and to
perinuclear puncta (Figure 3A). This observation is in direct support of previous
observations that increasing Gravin phophorylation promotes redistribution from the
peripheral membrane to the perinucleus [17, 20].

Thus, in the context of the full-length Gravin, at least two BRs were required to induce cell
flattening. However, N-terminal fragments such as 1-100 containing only a single BR could
elicit WT levels of cell spreading (Figure 2). This indicates that C-terminal domains may
have a negative effect on cell flattening. Thus, these more C-terminal domains can inhibit
Gravin-induced cell flattening in the context of full-length Gravin, but in their absence, the
extreme N-terminus can elicit cell flattening containing only a single BR. Also, expression
of 265-600 of GFP Gravin produced no increase in cell spreading (Figure 2C) even though it
contained BR2 and BR3. This is likely due to the localization of 265-600, almost
exclusively localized in the nucleus where it is unable to regulate the actin cytoskeleton
(Figure 2B).

Therefore, the BRs are necessary for proper Gravin subcellular localization and we provide
the first evidence that the N-terminal region and BRs are both necessary and sufficient for
Gravin to promote cell spreading. We next sought to determine if the BRs are also essential
for Gravin function in vivo.

BRs are Required to Rescue Gravin Loss-of-Function In Vivo
We showed previously that Gravin plays a critical role in regulating a transition in behavior
of gastrula stage mesodermal cells from highly migratory to intercalative [17]. Without
Gravin function, zebrafish embryos display serious defects in convergence-extension
movements of gastrulation and fail to elongate the body axis [15]. These results were
obtained using a morpholino antisense oligonucleotide that blocks gravin mRNA splicing
[15]. Importantly, normal gastrulation could be rescued by co-injecting gravin mRNA [15].
This provides a very convenient assay for assaying Gravin mutants in vivo. To determine if
Gravin requires the BRs in vivo, we injected mRNA encoding Gravin with point mutations
in all three BRs [ΔBR(1,2,3)] into morphant embryos and compared the rescue to that
caused by wild type gravin mRNA. Whereas wild type gravin mRNA rescued the phenotype
in approximately 50% of the embryos, gravin mRNA without the functional BRs failed to
rescue the gastrulation phenotype (Figure 4D), even though the constructs express equally
well (data not shown). Thus, we have established the first in vivo structure-function assay
for Gravin and demonstrated that the BRs are required in vivo.

We also sought to determine the subcellular localization of Gravin ΔBR(1,2,3) in vivo in
intact zebrafish embryos. Confocal images of GFP-Gravin and GFP-ΔBR(1,2,3) Gravin in
live embryonic mesodermal cells are shown in Figures 4E and F. GFP-Gravin shows a
strikingly similar localization in mesodermal cells as it does in COS7 cells with largely
diffuse cytoplasmic localization and perinuclear enrichment, with a few cells showing
expression at the peripheral membrane. In contrast, ΔBR(1,2,3) GFP-Gravin showed greatly
increased localization to the perinucleus, but did not show the nuclear accumulation seen in
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COS7 cells (Figure 4E). Therefore, the BRs mediate subcellular localization not only in
cultured cells but in zebrafish mesodermal cells in vivo.

Conclusion
We demonstrated here that Gravin has a highly dynamic subcellular localization during cell
spreading and that this localization is mediated by multiple domains within Gravin. We also
provide the first evidence that the N-terminal BRs of Gravin are required for Gravin-induced
cell shape changes both in cell spreading assays and in zebrafish mesodermal cells in vivo.
Many questions still remain about how Gravin mediates cell behavior changes, including
which binding partners are critical, what downstream targets and upstream regulators are
involved and the role of possible post-translation modification. Our experimental approach
combining in vitro cell flattening assays and in vivo zebrafish experiments will provide a
useful tool to elucidate the mechanisms underlying Gravin's role in controlling cell
migration during development and cancer cell invasion.
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Abbreviations

AKAP A Kinase Anchoring Protein

MARCKS Myristoylated alanine-rich C kinase substrate

CE convergent extension

MO morpholino antisense oligonucleotide
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Figure 1. Gravin subcellular localization is dynamically regulated during cell spreading
A. COS7 cells expressing either GFP-Gravin or GFP alone were allowed to spread for 1, 2,
3, 4, 8, or 24 hours, then fixed, stained and analyzed for actin (red), DNA (blue) and GFP-
fluorescence (green). Merge lanes show DNA, actin and Gravin localization, while the GFP
lane shows only Gravin localization. The control cell shows only actin and DNA. White
arrow points to peripheral membrane puncta. B. Quantification of the time course of cell
flattening. Y-axis is average cell area (μM2) and the x-axis is time in hours. White bar in the
first panel indicates 10 μm.
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Figure 2. Truncation mutants of zebrafish Gravin reveal a critical role for the basic regions in
cell flattening
A. A schematic of the proposed functional domains in Gravin and the sites of truncation.
Gravin contains a PKC binding domain (blue), a MARCKS-like domain (Yellow), a central
domain (green), an unconserved C-terminal region (light blue) and a PKA binding helix
(orange). The N-terminus contains 3 basic regions (BRs in red). B. Expression of Gravin
truncation constructs in COS7 cells. A merged image showing GFP, Actin and DNA, and
also as a GFP alone image are shown. C. Quantification of cell spreading for each deletion
construct. The y-axis is cell area (μM2) and x-axis shows the expressed construct. *
indicates increased cell flattening relative to the GFP control p<0.05.
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Figure 3. The BRs are required to promote cell spreading
A. Expression of BR mutants in COS7 cells. A merged images showing GFP (green), Actin
(red) and DNA (blue) and as GFP alone are shown. B. Quantification of cell spreading. The
y-axis is cell area (μM2) and x-axis shows the expressed construct. * indicates increased cell
flattening relative to the GFP control p<0.05.
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Figure 4. The Gravin BRs are required to regulate mesodermal cell behavior during zebrafish
gastrulation
(A) A gravin ΔBR(1,2,3) mRNA injected embryo with a wild type phenotype. (B) An
embryo co-injected with the Gravin morpholino (MO) and wild type gravin mRNA with a
rescued phenotype. (C) An embryo co-injected with the Gravin morpholino and gravin
ΔBR(1,2,3) mRNA displaying a convergent extension (CE) phenotype. (D) Quantification
of CE phenotype at 48 hours. Y-axis shows percent of embryos displaying a WT/Rescued
phenotype in gray or a CE phenotype in black. The x-axis indicates injected reagent: WT =
wild type gravin mRNA, MO = morpholino, BR = gravin ΔBR(1,2,3) mRNA. Expression of
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GFP-Gravin (E) or ΔBR(1,2,3) Gravin (F) in zebrafish mesodermal cells at the end of
gastrulation. Images are at 20X, white arrow indicates increased perinuclear localization.
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