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The cytoskeleton plays an important role in neuronal morphogenesis. We have identified
and characterized a novel actin-binding protein, termed Mayven, predominantly ex-
pressed in brain. Mayven contains a BTB (broad complex, tramtrack, bric-a-brac)/POZ
(poxvirus, zinc finger) domain-like structure in the predicted N terminus and “kelch
repeats” in the predicted C-terminal domain. Mayven shares 63% identity (77% similar-
ity) with the Drosophila ring canal (“kelch”) protein. Somatic cell-hybrid analysis indi-
cated that the human Mayven gene is located on chromosome 4q21.2, whereas the
murine homolog gene is located on chromosome 8. The BTB/POZ domain of Mayven can
self-dimerize in vitro, which might be important for its interaction with other BTB/POZ-
containing proteins. Confocal microscopic studies of endogenous Mayven protein re-
vealed a highly dynamic localization pattern of the protein. In U373-MG astrocytoma/
glioblastoma cells, Mayven colocalized with actin filaments in stress fibers and in patchy
cortical actin-rich regions of the cell margins. In primary rat hippocampal neurons,
Mayven is highly expressed in the cell body and in neurite processes. Binding assays and
far Western blotting analysis demonstrated association of Mayven with actin. This
association is mediated through the “kelch repeats” within the C terminus of Mayven.
Depolarization of primary hippocampal neurons with KCl enhanced the association of
Mayven with actin. This increased association resulted in dynamic changes in Mayven
distribution from uniform to punctate localization along neuronal processes. These
results suggest that Mayven functions as an actin-binding protein that may be translo-
cated along axonal processes and might be involved in the dynamic organization of the
actin cytoskeleton in brain cells.

INTRODUCTION

Numerous studies have shown that the actin-based
cytoskeleton, in conjunction with microtubules and
intermediate filaments, provides an internal architec-
tural framework, which regulates the structure and
functions of all eukaryotic cells. The actin-based cy-
toskeleton is responsible for the generation and main-
tenance of cell polarity and cellular motility (Lauffen-
burger and Horwitz, 1996) and regulates organelle
and protein distribution as well as mRNA transport
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between the nucleus and cytoplasm (Agutter, 1991). It
controls the formation of neuronal cell processes, ax-
ons, and dendrites in developing neuronal tissues
(Riederer, 1990), secretion from neurons and other
secretory cells (Trifaro and Vitale, 1993), and regulates
gated channels (Undrovinas et al., 1995). Significantly,
the actin-cytoskeleton is often altered in malignant,
metastatic, and senescent cells (Rao and Cohen, 1991)
and in some diseases (Janmey and Chaponnier, 1995;
Towbin, 1998). Dynamic changes in the architecture of
the cell occur in response to extracellular signals dur-
ing embryogenesis, and during metastasis, mitogene-
sis, or secretion. These events lead not only to changes
in cell shape, but also to changes in gene expression,
presumably by activation and/or transport of regula-
tory proteins into the nucleus and their subsequent
interaction with the nuclear matrix (Ben-Ze’ev, 1991;
Rosette and Karin, 1995).

The assembly and disassembly of actin filaments are
regulated by a large number of actin-binding proteins
(ABPs). ABPs are widely conserved across phylogeny,
in both primary structure and biochemical properties,
which implies their functional importance. Approxi-
mately 70 different ABPs have been characterized, but
new members are still being discovered (Pollard,
1993). Recently, a new family of actin-binding proteins
with sequences homologous to the Drosophila kelch
protein has emerged (Xue and Cooley, 1993; Cooley
and Theurkauf, 1994). The Drosophila kelch protein is
localized to large, actin-rich intercellular ring canals,
which regulate cytoplasmic transport from nurse cells
to the developing oocyte within the egg chamber. The
kelch protein is believed to be important for the main-
tenance of the ordered cytoskeleton, since Drosophila
kelch mutants have ring canals that are occluded with
disordered actin filaments that disrupt cytoplasmic
transport and result in female sterility (Xue and
Cooley, 1993; Knowles and Cooley, 1994). The kelch
protein has two sequence motifs that are also found in
other molecules. The first motif, which consists of
;115 amino acids, has been named the BTB domain
(for broad-complex, tramtrack, bric-a-brac) (Godt et
al., 1993) or POZ domain (for poxvirus, zinc finger)
(Bardwell and Treisman, 1994; Albagli et al., 1995). The
second motif, composed of 50 amino acids repeated in
tandem, is the kelch repeats (Cooley and Theurkauf,
1994). The BTB/POZ domain is found in diverse mol-
ecules: in several developmentally regulated zinc-fin-
ger-type transcription factors of Drosophila and mam-
mals, in presumed modulators of chromatin structure
(Albagli et al., 1995), in several open-reading frames
(ORFs) of poxviruses (Koonin et al., 1992; Senkevich et
al., 1993), in the cytoskeletal protein calicin derived
from the sperm head (von Bulow et al., 1995), in the
murine kelch-related gene Enc-1 (Hernandez et al.,
1997), and in the human nuclear matrix protein
NRP/B (for nuclear matrix protein expressed in brain)

(Kim et al., 1998). The BTB/POZ domain has been
proposed to function as a protein-protein interaction
interface, and this domain organizes higher order
structures involved in chromatin folding or cytoskel-
eton organization (Albagli et al., 1995). The kelch re-
peats have been identified in poxvirus ORFs, in cali-
cin, in Enc-1, and NRP/B, all of which also encode the
BTB/POZ domain. In addition, kelch repeats were
found in the mouse placental-specific murine IAP-
promoted placenta protein cDNA of unknown func-
tion (Chang-Yeh et al., 1991), in the Spe-26 gene that is
believed to encode a cytoskeletal protein necessary for
the spermatid development of Caenorhabditis elegans
(Varkey et al., 1995), in the scruin protein (Way et al.,
1995) known to cross-link actin acrosomal filaments in
the sperm of Limulus (Schmid et al., 1994), and in a
novel type of protein tyrosine kinase that phosphory-
lates actin–fragmin complexes, named actin-fragmin
kinase or AFK (Eichinger et al., 1996).

Here we report the identification and characteriza-
tion in brain cells of a novel ABP, termed Mayven,
with high homology to Drosophila kelch protein. In the
brain, Mayven is expressed in both primary hip-
pocampal neurons and astrocytes. It is colocalized
with the actin-cytoskeleton in stress fibers and in
patchy regions of the actin-rich ruffling margins of
U373-MG astrocytoma/glioblastoma cells. Immuno-
precipitation studies after transfection with green flu-
orescent protein (GFP)-tagged Mayven cDNA demon-
strated a direct association between recombinant
Mayven and actin. Depolarization of primary hip-
pocampal neurons with KCl enhanced the association
of Mayven with actin and resulted in dynamic
changes in cell architecture including punctate local-
ization of Mayven in neuronal processes, suggesting
that Mayven is transported along axons. Our studies
suggest that Mayven might play a role as an actin-
binding protein in the cytoskeleton of neuronal and
glial cells.

MATERIALS AND METHODS

Materials
The l-ZapII human hippocampus and human heart cDNA libraries
and RNA isolation kits were purchased from Stratagene (La Jolla,
CA). Primers for PCR and sequencing were synthesized in an au-
tomated DNA synthesizer (model 394, Applied Biosystems, Foster
City, CA). Other reagents for PCR were from Perkin Elmer-Cetus
(Norwalk, CT). 32P-labeled probes were labeled with Prime-It II
Random Primer Labeling Kit (Stratagene). Restriction endonucle-
ases and modifying enzymes were obtained from Amersham Phar-
macia (Piscataway, NJ) and New England BioLabs (Beverly, MA).
Dithiobis succinimidyl propionate (DSP) was purchased from Pierce
Chemical (Rockford, IL). Sequencing was performed using an au-
tomated sequencing kit and automated laser fluorescent sequencer
(Amersham Pharmacia). All other chemical reagents were pur-
chased from Sigma Chemical (St. Louis, MO).

M. Soltysik-Espanola et al.

Molecular Biology of the Cell2362



Cloning and Sequencing of the Mayven cDNA
Standard molecular biological protocols and PCR techniques (Sam-
brook et al., 1989) were employed unless otherwise indicated.
Mayven was cloned with a probe corresponding to the expressed
sequence tag (EST) sequence, GenBank accession no. Z30075. A
portion of this EST sequence was amplified by PCR using forward
oligonucleotide 59-GGAGTACAGGTTTGTCATCTGTGG-39 and re-
verse oligonucleotide 59-GCCATCATGACCTCCTACAGCAT-39
from total DNA prepared from a human hippocampus cDNA li-
brary. An amplified fragment of 289 base pairs (bp) (corresponding
to nucleotides 1334–1623 of the cDNA) was ligated into a TA
cloning vector, PCR (Invitrogen, San Diego, CA), sequenced to
confirm its identity and used as a probe to screen human hippocam-
pus and human heart cDNA libraries constructed in l-ZapII (Strat-
agene). Approximately 1 3 106 clones were screened twice in order
to obtain the coding sequence of Mayven from overlapping clones.
Several clones were purified and partially sequenced. Two clones
were selected and sequenced in their entirety on both strands.
Nucleic acid and protein data banks were searched with Mayven
sequences using the BLAST program (Altschul and Lipman, 1990).

Chromosomal Localization of Murine Mayven
Genomic DNAs from C57BL/6J, Mus spretus mice, and the (C57BL/
6JEi 3 SPRET/Ei)F1 3 SPRET/Ei type interspecific backcross DNA
panel (BSS) were obtained from the Jackson Laboratory (Bar Harbor,
ME) (Rowe et al., 1994). Approximately 4 mg of genomic DNA from
C57BL/6J and M. spretus were digested with eight different restric-
tion enzymes and blotted onto a Hybond N1 Nylon membrane. The
Southern blots were probed with a 32P-labeled Mayven-specific
probe (1340–1690 bp of Mayven cDNA). A suitable restriction frag-
ment length polymorphism (RFLP) banding pattern was found with
BamHI. Approximately 2 mg of each of the 96 genomic DNAs from
the BSS type backcross panel were digested, and the corresponding
Southern blots were probed with the same Mayven-specific probe.
Segregation of the Mayven alleles was compared with other loci
from the mouse genome database (MGD) by the Jackson laboratory
backcross DNA map service (Rowe et al., 1994).

Chromosomal Localization of the Human Mayven
Gene
Genomic DNAs from NIGMS Hybrid Mapping Panel 2 and from
somatic cell hybrids 11687 (chromosome 4) and 11714 (chromosome
5) containing monochromosomal human DNA were obtained from
NIGMS Genetic Mutant Cell Repository (Coriel Institute for Medical
Research, Camden, NJ). In addition, several chromosome 4 deriva-
tives, including 11436, 11439, 11447, and 11448, were used in this
study. The chromosome 4 derivative DNA samples, 11436 and
11439, respectively, also contain portions of chromosome 5. Map-
ping panel 2 consists of DNAs isolated from human and rodent
parental cell lines (mouse and Chinese hamster) and from 24 hu-
man–rodent somatic cell hybrids retaining one or two human chro-
mosomes. All but two of the hybrids retain a single human chro-
mosome. Rodent–human cell hybrids 11687, 11714, 11436, 11439,
11447, and 11448 contain Chinese hamster chromosomes and either
intact human chromosome 4 and 5 or a segment of chromosome 4.
Approximately 5 mg of genomic DNA from human, hamster, and
mouse were digested with BamHI, HindIII, and PstI to locate a
suitable RFLP with the 32P-labeled Mayven gene-specific probe.
Subsequently, DNAs from Panel 2 were cut with HindIII, and a
Southern blot was probed with the gene-specific Mayven probe.
Concordance between restriction fragments of the human genomic
DNA and chromosome 4, as well as specific portions of the same
chromosome, was used to establish the chromosomal localization of
Mayven.

Northern Blot Analyses of Mayven Expression
The mRNA blots containing human adult and fetal tissue mRNAs
were obtained from CLONTECH Laboratories (Palo Alto, CA). To-
tal mRNAs from various cell lines were prepared using an mRNA
isolation kit (Invitrogen) according to the manufacturer’s protocol.
All cell lines were purchased from and cultured according to the
specifications of the American Type Culture Collection (ATCC,
Manassas, VA). The 32P-labeled Mayven probe corresponded to the
nucleotides from 1148 to 2358 bp of the Mayven cDNA sequence.

Expression of the N-Terminal Portion of Mayven in
Escherichia coli Fused to Glutathione-S-transferase
(GST)
A GST–N-terminal Mayven (GST-N-Mayven) construct encoding
amino acids (aa) 1–306 of Mayven fused to GST protein was gen-
erated by PCR using Mayven-specific oligonucleotides containing
restriction site linkers, and then subcloned into the BamHI and EcoRI
sites of the pGEX 4T-2 vector (Amersham Pharmacia). This con-
struct was used to transform E. coli DH5a and was analyzed by
sequencing. GST-N-terminal Mayven fusion protein expression was
induced using 10 mM isopropyl b-thiogalactopyranoside. Recom-
binant protein was affinity purified using Glutathione-Sepharose 4B
beads, according to Pharmacia’s protocol (GST Gene Fusion System,
Second Edition, 1996) with the exception of elution steps, which
were performed on ice instead of at room temperature. Purified
protein solubilized in Glutathione Elution Buffer (Pharmacia) was
dialyzed against cold PBS and stored in 50% ultrapure glycerol
(United States Biochemical, Cleveland, OH) in 1 3 PBS at 220°C.

Generation of anti-Mayven-specific Antibodies
Soluble, purified GST-N-Mayven protein was used to generate anti-
Mayven antibodies in rabbits by standard methods (East Acres
Biological, Southbridge, MA). IgG fractions from preimmune and
immune anti-Mayven sera (R-5147) were purified using the Immu-
noPure Binding/Elution Buffer System (Pierce Chemical) according
to the manufacturer’s instructions. Briefly, sera were mixed with 3
volumes of ImmunoPure binding buffer and filtered through a
0.8-mm filter. Diluted sera were applied onto Protein-A columns and
passed through the columns three times. Columns were washed
three times with binding buffer, and IgG was eluted with Immuno-
Pure elution buffer. Eluted IgG was dialyzed against cold PBS, and
then against 50% ultrapure glycerol in 13 PBS, and stored at 220°C.
The specificity of the anti-Mayven antiserum was determined by
preabsorbing the purified anti-Mayven IgG with recombinant GST-
N-Mayven fusion protein. GST-N-Mayven (10 mg) was combined
with 100 ml of anti-Mayven IgG (purified as described above) and
incubated for 1.5 h at 4°C. Glutathione-Sepharose 4B beads (Amer-
sham Pharmacia) were added, and the sample was incubated for 45
min. Complexes of anti-Mayven IgG and GST-N-Mayven fusion
protein bound to Glutathione-Sepharose were pelleted and dis-
carded. The absorbed serum was used for Western blotting.

Cross-linking of GST-N-Mayven Fusion Protein
The GST peptide was removed from the GST-N-Mayven fusion
protein by adding ;2 U of thrombin directly to ;300 mg of fusion
protein after elution from Glutathione-agarose beads. The protein
was then incubated in PBS (Pierce) with 10 mM dithiobis (succin-
imidyl propionate), a bifunctional protein cross-linking reagent,
freshly prepared as a 450 mM stock in DMSO (Sigma Chemical).
Cross-linking was carried out at room temperature for 30 min and
was terminated by adding either 23 Laemmli buffer, or 23 Laemmli
buffer with DTT (an S-S reducing agent). Proteins were boiled for 5
min, resolved on a 4–12% gradient gel (Bio-Rad, Hercules, CA), and
visualized by staining with Coomassie blue.
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Cell Culture
U373-MG astrocytoma/glioblastoma cells were purchased from
ATCC and cultured in DMEM containing 10% FBS, according to
ATCC specifications. Rat primary astrocytes were isolated from
postnatal day 1 rats as described previously (Brewer et al., 1993). Rat
primary hippocampal neurons were prepared from the hippocam-
pus of Sprague Dawley rats at gestational day 18 and cultured in
neurobasal medium (Life Technologies, Gaithersburg, MD) supple-
mented with B27 (Life Technologies) and 0.5 mM l-glutamine for
4–5 d, as described by Brewer et al. (1993). For depolarization of
neurons, neurons were cultured as above for 7–10 d, refed with
neurobasal medium without B27 and l-glutamine for 4 h, and then
depolarized by transfer into the above medium supplement with 40
mM KCl.

Immunolocalization by Confocal Microscopy
Standard immunohistochemical methods were used as described
(Kim et al., 1998). Briefly, U373-MG astrocytoma/glioblastoma cells
were seeded onto sterile 18-mm glass coverslips (Fisher Scientific,
Pittsburgh, PA) in 12-well plates at different densities. Primary
neurons were plated onto 12-mm BioCoat Poly-d-lysine coverslips
(Collaborative Research, Bedford, MA) at 5 3 105 cells/coverslip.
All cells were processed for immunostaining as follows: cells were
washed in room temperature PBS for 2–3 min, fixed in 4% parafor-
maldehyde in PBS for 15 min, permeabilized with 0.2% Triton-X 100
in PBS for 5 min, and blocked in 3% BSA in PBS for 1 h at room
temperature or overnight at 4°C. Cells were incubated for 1 h with
anti-Mayven IgG (at 1:20 ratio) in PBS containing 0.1% BSA and 3%
normal goat and/or horse serum, washed, and then incubated with
1:100 dilution of Texas Red-conjugated goat anti-rabbit IgG (Vector
Laboratories, Burlingame, CA). For double staining of Mayven and
filamentous actin (F-actin), cells were first stained for Mayven as
indicated above, and then incubated for 40 min with fluorescein
phalloidin (Molecular Probes, Eugene, OR) at 0.2 U/ml. Immuno-
stained cells were washed, mounted with ProLong antifade reagent
(Molecular Probes), and examined using Sarastro 2000 confocal
laser scanning microscope (CLSM) (Molecular Dynamics, Sunny-
vale, CA) and Leica TCS-NT (Leica, Wetzlar, Germany) confocal-
laser-scanning microscopes optimized for simultaneous dual fluo-
rescent imaging.

Appropriate controls and filter sets were used to obtain confocal
micrographs using a Sarastro 2000 CLSM (Li et al., 1996). In the case
of the Leica TCS-NT CLSM, laser power was tuned to minimize
emission spectra cross-talk. Fields of adherent cells were brought
into focus using a 60 3 /1.4 numeric aperture PlanApo objective
under bright-field conditions and briefly examined. A plane of focus
0.3–0.5 mm above the glass surface was selected, and optical sec-
tions were then recorded under fluorescent confocal microscopic
conditions to reveal the distribution of Mayven and phalloidin-
labeled actin. Image pairs were subjected to a two-dimensional
(2-D) median filter to reduce background noise, and then examined
as color composite images, with Mayven appearing red and phal-
loidin-labeled actin as green. Cell structures expressing both
Mayven and phalloidin-labeled actin appeared yellow-orange.

Image Analysis. To demonstrate the colocalization of Mayven with
phalloidin-labeled actin, micrograph pairs were subjected to a quan-
titative image analysis procedure (Sugita et al., 1996; Liu et al., 1997)
in which 2-D pixel intensity histograms from pairs of images con-
taining Mayven or phalloidin-labeled actin were compared (Image-
Space software, Molecular Dynamics). Image analysis was per-
formed on pairs of images to determine the area occupied by
Mayven, phalloidin-labeled actin, and those structures containing
both Mayven and phalloidin-labeled actin. The pixel dimensions in
all micrographs were 0.17 mm, and pixel intensities ranged from 0 to
255 intensity units.

The pixel intensity range corresponding to the cell cytoplasm was
determined separately for each image in the pair. Pixel intensities

corresponding to the cell ranged from 12 to 255 intensity units. The
noncellular background composed of surrounding media and slide
surface was determined to correspond to 0–11 pixel intensity units.
Regions of the cell containing fluorescent-labeled Mayven were
observed to have corresponding pixel intensities from 100 to 255,
whereas pixel intensities for phalloidin-labeled actin ranged from 80
to 255 U. To compare the fluorochrome expression recorded in the
image pair, pixels corresponding to Mayven or phalloidin-labeled
actin were applied to a 2-D histogram of pixel intensities with
Mayven (x-axis) plotted against phalloidin-labeled actin (y-axis)
and mapped as binary images on a pixel-by-pixel basis. Pixels
unique to either Mayven or actin were identified on the 2-D histo-
gram and converted into binary sections. Binary sections were ap-
plied as a mask over the original image to produce area measure-
ments on a per cell basis (Sugita et al., 1996; Liu et al., 1997). This
procedure was repeated and used to measure the area occupied by
Mayven, phalloidin-labeled actin, and those structures expressing
both fluorescent probes.

Construction of GFP Epitope-tagged Mayven
Expression Vectors
The full-length, N-terminal (aa 1–306) and C-terminal Mayven (aa
310–687) cDNAs were subcloned in the pGFP-C2 expression vector
(CLONTECH), which contained the GFP epitope. The sequence and
orientation were confirmed by sequencing both strands.

Transfection of Mayven
293T cells were grown in six-well plates with MEM or DMEM
containing 10% FBS. Lipofectamine (Life Technologies, Gaithers-
burg, MD) was used for the transient transfections according to the
protocol provided by the manufacturer, using GFP-Mayven con-
structs or the pGFP-C2 vector alone.

Immunoprecipitation, Immunoblotting, and Far
Western Blotting
The cells were lysed in modified RIPA buffer (50 mM Tris-HCl, pH
7.4, 1% Nonidet P-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1
mM phenylmethylsulfonyl fluoride, 2 mg/ml aprotinin, leupeptin,
and pepstatin, and 1 mM Na3VO4). Total cell lysates were clarified
by centrifugation at 10,000 3 g for 10 min, and protein concentra-
tions were determined. Identical amounts of protein from each
sample were precleared by incubation with protein G–Sepharose
CL-4B (Sigma Chemical) for 10 min at 4°C. After the removal of
protein G–Sepharose by brief centrifugation, the solution was incu-
bated with Mayven antibodies overnight at 4°C. Immunoprecipita-
tion of the antigen–antibody complex was accomplished by incuba-
tion for 1 h at 4°C with 30 ml of protein G–Sepharose. Bound
proteins were solubilized in 20 ml of 23 Laemmli buffer. Samples
were separated and analyzed by 7.5% or 10% SDS-PAGE, and then
transferred to immobilon membranes. The membranes were
blocked with 5% BSA (Boehringer Mannheim, Indianapolis, IN) and
probed with primary antibody for 1 h at room temperature. Immu-
noreactive bands were visualized using horseradish peroxidase-
conjugated secondary antibody and ECL reagents (Amersham Phar-
macia, Piscataway, NJ).

Far Western Blot Analysis
For binding experiments, total cell lysates were immunoprecipi-
tated with control antibody or Mayven antibodies. The immunopre-
cipitates were analyzed on 8% SDS-PAGE and transferred to mem-
branes. The blots were incubated at 4°C overnight in 5% milk in PBS
containing 0.1% Tween 20, followed by incubation with 10 mg of
actin (Sigma Chemical) or purified Csk homologous kinase (CHK)-
SH2 kinase (Price et al., 1997) as a control for 2 h at 4°C. The blots
were washed, and rabbit anti-actin antibodies or rabbit anti-CHK
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antibodies were added for 1 h. After washing, horseradish peroxi-
dase-conjugated anti-rabbit IgG (Amersham Pharmacia) was added
for 1 h. Immunoreactive bands were visualized using ECL reagents.

RESULTS

Identification and Cloning of Mayven
In searching for proteins of potential importance in
brain development, we have previously cloned a
novel nuclear kelch-related gene, named NRP/B, pre-
dominantly expressed in brain (Kim et al., 1998). We
were interested in NRP/B-related genes and have
identified, under conditions of low-stringency hybrid-
ization, a human Mayven cDNA clone. In parallel,
using an available public data bank, we have searched
for an EST that is homologous to the NRP/B sequence.
We have identified an EST sequence (GenBank acces-

sion number Z30075) with 50% similarity to NRP/B
and have cloned this partial cDNA using PCR tech-
niques. A probe corresponding to this EST was ampli-
fied and was used to screen the human hippocampus
cDNA library. A full-length cDNA (2970 bp) was ob-
tained from overlapping cDNA clones. A translation
stop site is present in frame, 18 nucleotides from the 59
of the putative initiator methionine (Figure 1). The 110
bp of 59-untranslated region are rich in GC sequences,
which is consistent with Kozak’s specifications for the
translation initiation region (Kozak 1987, 1989). The
1779 bp of the predicted ORF encode a protein of 593
amino acids, with a predicted molecular mass of 66
kDa. The 39-untranslated region of 1085 bp includes
the polyadenylation signal (AATAAA), six nucleo-
tides from the end of the clone.

Figure 1. Alignment of amino
acid sequences of human Mayven
and Drosophila kelch proteins. The
PPXPPX sequence at the N termi-
nus of Mayven, which is a putative
ligand for SH3 domains, is marked
with dots. The alignment starts at
aa 46 of Mayven and aa 146 of
kelch (based on the numbering of
kelch by Xue and Cooley (1993).
The BTB/POZ domain is boxed.
Boldface type marks the residues
conserved between Mayven and
the bric-a-brac transcription factor.
These residues of bric-a-brac are
sufficient and necessary for its
dimerization (Chen et al., 1995).
The kelch repeats are indicated by
arrows, and the beginning of each
repeat is numbered.

Characterization of Mayven

Vol. 10, July 1999 2365



Computer-assisted data bank searches revealed that
Mayven shares 63% identity and 77% similarity with
the Drosophila kelch protein and significant homolo-
gies with several other molecules with kelch-related
sequences. Alignment between Mayven and kelch
(shown in Figure 1) begins at aa 46 of Mayven and at
aa 146 of Drosophila kelch, as the N termini of both of
these proteins appear unique to them. Residues 3–8
possess a consensus sequence for the SH3 domain
ligands, PPXPPX, where X is an aliphatic residue and
P is a proline one. A secondary-structure-prediction
algorithm predicts that the entire unique N-terminal
region (aa 1–45) is likely to form a hydrophilic and
highly flexible loop region (our unpublished data).
Thus, Mayven may possibly interact via this sequence
with other signaling molecules or other cytoskeletal
proteins, which possess an SH3 domain. The remain-
ing N-terminal portion of Mayven possesses a BTB/
POZ domain predicted to be primarily a-helical (our
unpublished data), which is consistent with the pre-
dicted structures of other BTB/POZ-containing pro-
teins (Bardwell and Treisman, 1994). The C-terminal
domain of Mayven encodes six tandem kelch repeats.
It is predicted to form several hydrophobic and pre-
sumably buried b-strands, which are likely to form a
superbarrel structure, based on the analysis of Bork
and Doolittle (1994) of kelch repeats of the Drosophila
kelch molecule.

Mapping of Mouse Mayven to Chromosome 8
A human 32P-labeled PCR fragment of Mayven cDNA
was used as a probe for BamHI RFLP analysis on
genomic mouse DNA. It identified a fragment of 11
kilobases (kb) in C57BL/6J and of 14 kb in M. spretus,

respectively (Figure 2A). There was no indication of
cross-hybridization to other genes that are structurally
related to Mayven. Allelic characterization was per-
formed in 96 DNA samples from the (C57BL/6JEi 3
SPRET/Ei)F1 3 SPRET/Ei type backcross panel
(Rowe et al., 1994). Haplotype analysis indicated the
mapping of the murine Mayven locus to the central
region of chromosome 8 (Figure 2B). Perfect cosegre-
gation with the mammalian tolloid-like protein (TLL)
was observed. No recombinants were found between
Mayven and TLL, indicating a distance of (cM) be-
tween the two loci.

Mapping of the Human Mayven Gene to
Chromosome 4
A somatic cell hybrid panel consisting of hamster,
human, and mouse DNAs was digested with
BamHI, HindIII, and PstI to identify a specific RFLP
for the Mayven gene. Probing a Southern blot with
a human Mayven-derived PCR probe revealed two
specific bands in the human genomic DNA, and the
somatic hybrid cell line 4, which contains human
chromosome 4. All other hybrid cell lines were neg-
ative for the human-specific HindIII RFLP (Figure
3A). To further localize the Mayven locus on chro-
mosome 4, several somatic cell lines representing
fragments of human chromosomes 4 and 5 were
analyzed. The human chromosome 5 somatic-cell-
hybrid line was also analyzed since 11,436 and
11,439 chromosome 4 derivative cell lines carry frag-
ments of both chromosomes 4 and 5. The DNAs
were again digested with HindIII, and a Southern
blot was hybridized with the 32P-labeled Mayven
probe. The human chromosome 4-specific compo-

Figure 2. (A) Mapping of the
mouse Mayven gene to chromo-
some 8. Southern blot analysis of
Mayven. C57BL/6J (B) and M.
spretus (S) genomic DNAs were
digested with BamHI. Probing
with a [32P] Mayven-specific
probe of human Mayven cDNA
revealed an RFLP with bands of
;11 and ;14 kb for C57BL/6J
and M. spretus, respectively. (B)
Haplotype analysis of chromo-
some 8 genetic markers in
(C57BL/6JEi 3 SPRET/Ei)F1 3
SPRET/Ei type backcross mice
(BSS type) shows linkage and the
relative position of the Mayven
gene. Black boxes indicate the in-
heritance of the C57BL/6JEi (B)

allele, and the open boxes indicate the inheritance of the SPRET/Ei (S) allele from the (C57BL/6JEi 3 SPRET/Ei)F1 parent. The first two
columns indicate the number of backcross progeny with no recombinants. The following columns show the recombinational events between
adjacent loci (signified by the change from open to closed box). The number of recombinants are listed below each column, and the frequency
of recombination (Rec %) between adjacent loci with the SE (SE) is indicated. Mapping data from this article have been deposited with the
Mouse Genome Database under Accession No. MGD J:47396. Gene names and references to these loci can be found in the MGD (Mammalian
Genome Database) on the World Wide Web at http://www.jax.org/recourses/documents/cmdata.
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nents are indicated in Figure 3B. No specific signal
was detected in the hybrid cell line representing
human chromosome 5, whereas the presence of the
human-specific bands found in the chromosome 4
derivatives mapped the human Mayven to 4q21.2–
4qter.

Tissue and Cell Line Distribution of Mayven
Expression

The expression of Mayven mRNA in various human
fetal and adult tissues was determined by Northern
blot analysis using a Mayven 39-gene–specific probe.

Figure 3. Mapping of Mayven to hu-
man chromosome 4. (A) Genomic
DNAs from hamster (h), human (H),
and mouse (M) as well as 24 human-
rodent somatic cell hybrids (lanes
1–22, X and Y) were digested with
HindIII and probed with a human
Mayven cDNA. The human-specific
RFLP bands are indicated by arrow-
heads and are seen in the control lane,
and in lane 4, which corresponds to
human chromosome 4. (B) Mapping
of Mayven to 4q21.2-qter. (a) Chromo-
some 4 and the somatic cell hybrids
are indicated. The chromosome 4 con-
tent of each hybrid is shown as a solid
bar. Mayven localization is indicated
on the left. The human–mouse cell hy-
brid 11687 contains the entire human
chromosome 4. (b) Autoradiography
showing the Mayven human-specific
band within the mapping panel. The
cell lines from which the DNAs were
extracted are shown above each lane.
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Mayven mRNA expression (3.4 kb) was found at dif-
ferent levels in the majority of human adult and fetal
tissues examined (Figure 4). When normalized to ei-
ther actin or GAPDH, the highest levels of expression
were seen in adult and fetal brain (Figure 4, A and B,
respectively). The adult brain, particularly the regions
of amygdala, caudate nucleus, corpus callosum, and
hippocampus, had the highest expression levels (Fig-
ure 4D). Lower mRNA levels were detected in the
following tissues: lung, liver, kidney, and testis (Fig-
ure 4). Mayven expression was also detected at vary-
ing levels in transformed neuronal, glioblastoma, and
astrocytoma cell lines (Figure 4E) and in several cell
lines of hematopoietic lineage (such as Jurkat, Ramos,
and CMK) (Figure 4F).

Expression of Mayven Protein
To examine the expression of Mayven protein, poly-
clonal antisera were produced in the rabbit against the

N-terminal portion of Mayven (aa 1–306), which was
fused in frame to GST protein in a pGEX 4T-2 vector
(Pharmacia). Total cell lysates were prepared from con-
fluent U373-MG glioblastoma cells, rat primary astro-
cytes, and primary hippocampal neurons. Proteins were
resolved by 10% SDS-PAGE and transferred onto poly-
vinylidene fluoride membrane. Using anti-Mayven anti-
bodies, a major protein of 66 kDa, which corresponds to
the predicted molecular mass of Mayven protein, was
observed (Figure 5A). The 66-kDa protein appeared to be
competed in the presence of GST-Mayven fusion protein
(10 mg/ml) (Figure 5A). The expression of Mayven pro-
tein in rat primary hippocampal neurons and astrocytes
was also evaluated by immunoprecipitation analysis us-
ing Mayven polyclonal antibodies. Mayven protein (66
kDa) was expressed in both primary hippocampal neu-
rons and in primary astrocytes (Figure 5, A and B). In
addition, Mayven expression was observed in primary
hippocampal neurons and astrocytes analyzed by im-

Figure 4. Mayven mRNA expression in human tissues and cell lines. These blots were hybridized with a radiolabeled Mayven-specific
probe and with control mRNA probes (b-actin or GAPDH). (A) Fetal tissue mRNAs. (B and C) Adult tissue mRNAs. (D) Adult brain
regions. Blots A-C were obtained from CLONTECH. (E) mRNAs from cell lines. Cell lines were purchased from ATCC and mRNAs
were prepared according to standard protocols. Lane 1, neuroglioma cells (H4); lanes 2– 4, neuroblastoma cells (IMR32, SKN-MC,
SKN-SH); lanes 5–10, glioblastoma cells (A-172, T-98G, U87-MG, U138-MG, U373-MG); lanes 11–12, astrocytoma cells (CCF-STG1 and
SW 1983); lane 13, osteosarcoma cells (143B). (F) mRNAs from hematopoietic cell lines (Jurkat T cells, Ramos B cells, and CMK
megakaryocytic cells).
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munofluorescent microscopy (our unpublished data)
and confocal analysis (Figure 8).

Recombinant BTB/POZ Domain of Mayven
Dimerizes in Solution
It has been established that the BTB/POZ domain of
several proteins forms homodimers (Dhordain et al.,
1995). Other BTB/POZ-containing transcription fac-
tors can form both homodimers and heterodimers,
which have been demonstrated to regulate the tran-
scriptional activity of zinc-finger proteins (Bardwell
and Treisman, 1994). To determine whether Mayven
can form multimers in solution, the Mayven protein
was cleaved away from the GST sequence by throm-
bin and then cross-linked by a bifunctional protein
cross-linking agent DSP. DSP forms stable linkages
between free amine groups of interacting proteins,
and these linkages are cleavable with S-S reducing
reagents. We observed dimerization of Mayven in
the nonreduced gel as compared with the reduced
gel of the cross-linked Mayven and the non-cross-
linked Mayven run under nonreducing conditions
(Figure 6). Thus, the N-Mayven protein containing
the BTB/POZ domain dimerized in solution.

Mayven Colocalizes with F-Actin in U373-MG
Astrocytoma/Glioblastoma Cells
Since several proteins possessing kelch repeats have
been shown to be either actin binding or associated

with actin filaments, we anticipated that the
Mayven protein would colocalize with the actin cy-
toskeleton. Using specific purified Mayven antibod-
ies, Mayven expression was observed in these cells
(Figure 7). Cells immunostained with preimmune
serum did not reveal any specific staining patterns
(inset, Figure 7a). Fluorescent-tagged phalloidin
(FITC), a fungal toxin, was used to visualize fila-
mentous actin (F-actin) in context with Mayven ex-
pression in these cells. Mayven (Figure 7a) and actin
(Figure 7b) colocalize in fibrillar stress fibers (arrow-
head) (Figure 7c) and in cortical patchy actin-rich
locations (arrow) at the leading edge of the lamelli-
podia (Figure 7c). Quantitative 2-D analysis of this
cell revealed that 43% of Mayven expression colo-
calized with fibrillar actin in stress fibers or in actin-
rich patchy regions at the ruffled cell margin. Punc-
tate basal-cell-surface expression of Mayven (*) near
the retracting margins of the cell (r) coincides with
the absence of actin stress fibers in this region.
Mayven’s localization pattern in U373-MG cells sug-
gests its involvement in cytoskeletal remodeling
since Mayven protein is highly expressed at the
retracting end/side of the cell and at the leading
edge of the lamellipodia, where dynamic reorgani-
zation of actin occurs.

We also examined, at varying time points after plat-
ing, whether Mayven in U373-MG cells associates
with other filament systems, using anti-vimentin an-

Figure 5. Expression of Mayven
protein. (A) Total cell lysates were
prepared from U373-MG astrocy-
toma/glioblastoma cells, rat pri-
mary hippocampal neurons, and
rat primary astrocytes. Each lysate
(200 mg) was analyzed by 8% SDS-
PAGE and blotted with Mayven
antibodies or with absorbed anti-
Mayven antiserum (1:1000 dilu-
tion). The reactive proteins were
detected using the ECL system
(Amersham Pharmacia). (B) Total
cell lysates (200 mg each) were im-
munoprecipitated with control
antibody or with anti-Mayven an-
tibodies and analyzed by 8% SDS-
PAGE. The protein gel was blot-
ted with Mayven antibodies
(1:1000 dilution), and the reactive
proteins were detected using the
ECL system.
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tibody as a probe for intermediate filaments, and anti-
FAK antibody as a marker for focal adhesions. We
observed that Mayven did not colocalize with inter-
mediate filaments but did colocalize with focal adhe-
sion kinase (our unpublished data).

Mayven’s Distribution Pattern Changes in Cultured
Primary Neurons after Depolarization
Mayven localizes to the cell body (cytoplasm) of
cultured rat primary hippocampal neurons and
shows a punctate staining pattern along the pro-
cesses (arrow) of neurons cultured for 4 d (Figure
8A). In the primary astrocyte marked with * in
Figure 8A, Mayven has cytoplasmic expression,
similar to that found in U373-MG astrocytoma/gli-

oblastoma cells (Figure 7). In neurons cultured for
1 d, which are beginning to develop neuronal pro-
cesses, intense and uniform Mayven staining was
observed in the cell bodies and along the neuronal
processes, mainly in the axons (our unpublished
data). Neurons cultured for 4 d were rested for 4 h
and were then depolarized with 40 mM KCl. Figure
8B shows that a resting neuron immunolabeled with
Mayven has cytoplasmic expression (arrowhead)
and intense, fairly uniform, axonal expression (ar-
row). Five seconds after depolarization of neurons
with 40 mM KCl, Mayven distribution was changed
from a relatively uniform to a punctate pattern on
axons (Figure 8C), suggesting that Mayven is redis-
tributed along neuronal processes in active neurons.

Figure 6. Dimer formation between BTB/POZ
domains of Mayven revealed by protein cross-
linking. GST sequence was proteolytically re-
moved from recombinant Mayven-GST, and then
recombinant Mayven was incubated in the pres-
ence (lanes 1 and 2) or absence (lane 3) of DSP.
After quenching the residual DSP with Tris-HCl,
pH 7.4, samples were run on reducing 8% SDS-
PAGE (lane 2) or nonreducing 8% SDS-PAGE
(lanes 1 and 3) and visualized by staining with
Coomassie blue. Arrows indicate the monomeric
(mono-Mv) and dimeric Mayven (di-Mv).

Figure 7. Mayven colocalization with F-actin. Original confocal micrographs (a–c) of a cultured human U373-MG astrocytoma/glioblas-
toma cell immunostained for Mayven and actin. (a) Mayven expression only (preimmune serum control, inset a); (b) FITC phalloidin-labeled
actin expression only; (c) color composite image resulting from the superimposition of (a) and (b) reveals colocalization of Mayven with
fibrillar stress fibers (arrowhead) and the cortical actin-rich region of the ruffled cell margin (arrow). Mayven expression appears to be
punctate at the basal cell surface (*). Mayven is highly expressed at the retracting margin of the cell (r). Bar, 10 mm.

M. Soltysik-Espanola et al.

Molecular Biology of the Cell2370



Mayven Associates In Vivo with Actin and
Colocalizes with the Actin Cytoskeleton
To study the potential association of Mayven with
actin, we transfected 293T cells with an expression
vector encoding GFP epitope-tagged Mayven cDNA
(GFP-tag-Mayven). The GFP-tagged Mayven was de-
tected by immunoprecipitation analyses using either
GFP antibodies or Mayven-specific antibodies (Figure
9A). In addition, GFP-tagged Mayven was coimmu-
noprecipitated with actin, suggesting an in vivo asso-
ciation of Mayven and actin (Figure 9A). The associa-
tion of Mayven to actin is mediated through the kelch
repeats within the C terminus of Mayven (Figure 9B).

The difference in Mayven’s localization pattern in 1-
versus 4-d-old cultured primary neurons prompted an
examination of this pattern related to the electrical
activity of neurons, since neurons maintained in cul-
ture exhibit a gradual increase in spontaneous activity
(Ling et al., 1990). In an attempt to explore the inter-
actions between Mayven and actin in neuronal cells,
the ability of Mayven to bind native actin was tested.
Primary hippocampal neurons were treated with KCl
for various time points, and coimmunoprecipitation
studies were performed. Actin was coimmunoprecipi-
tated with Mayven in depolarized neurons, indicating
an association of Mayven with actin upon KCl depo-
larization (Figure 9C). In addition, in a reciprocal ex-
periment, Mayven was coimmunoprecipitated with
actin in primary hippocampal neurons (Figure 9C).
Interestingly, the level of Mayven associated with ac-
tin was increased during KCl depolarization of pri-
mary hippocampal neurons. To further characterize
the binding of Mayven with actin, we performed far
Western blotting analysis. Total cell lysates were pre-

pared from primary hippocampal neurons untreated
or treated with KCl for 5 min and immunoprecipitated
with anti-Mayven antibodies or control antibodies.
The immunoprecipitates were analyzed by 8% SDS-
PAGE and immunoblotted with either purified actin
or CHK kinase as a control. In the presence of KCl,
binding of Mayven to actin was observed (Figure 9C).
In contrast, the CHK protein, as a negative control, did
not bind actin. Taken together, these results indicate
that Mayven binds to actin in neurons. Furthermore,
Mayven’s increased association with actin upon KCl
depolarization of primary hippocampal neurons sug-
gests that Mayven is an actin-binding protein that
might play a role in the dynamics of cytoskeletal pro-
cesses in neurons.

DISCUSSION

In this study, we have characterized a novel actin-
binding protein, termed Mayven. Mayven is predom-
inantly expressed in human brain and is up-regulated
during development. Mayven is colocalized with actin
in the cytoskeleton-remodeling regions in stress fibers
in U373-MG glioblastoma cells. In addition, Mayven is
highly expressed in the cell body and in neurite pro-
cesses. Depolarization of primary hippocampal neu-
rons with KCl resulted in a rapid change in Mayven
distribution from uniform to punctate expression in
axons. Furthermore, association of Mayven with actin
was observed, suggesting that Mayven may be in-
volved in axonal transport.

The human and the mouse genes for Mayven have
been mapped using backcross and somatic cell hybrid
panels, respectively. The mouse Mayven gene maps to

Figure 8. Confocal micrographs of cultured rat primary hippocampal neurons immunolabeled with Mayven (Texas Red secondary). (A)
Mayven localizes to the cell body (arrowhead) and neuronal processes (arrow) in neurons cultured for 4 d. Cytoplasmic expression of Mayven
was observed in primary astrocytes (*). Bar, 20 mm. (B) Confocal micrograph of cultured primary neuron immunolabeled with Mayven and
stained with Texas Red-conjugated secondary antibody reveals Mayven distribution in the cell body, axon hillock (arrowhead), and neuronal
processes (arrow). Bar, 10 mm. (C) Depolarized neuron 5 s after stimulation with 40 mM KCl reveals punctate Mayven redistribution along
neuronal processes. Bar, 10 mm.
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Figure 9. In vivo association of Mayven with actin in transfected
293T cells and primary hippocampal neurons. (A) 293T cells were
transfected with a GFP-Mayven cDNA expression vector (lane 1)
or GFP vector alone (lane 2). After 48 h, total cell lysates were
prepared, immunoprecipitated with GFP antibody (panel a) or
with Mayven antibody (panel b), analyzed by 8% SDS-PAGE, and
transferred to immobilon membranes. The membranes were blot-
ted with the indicated antibodies (diluted 1:1000), and the reacted
proteins were detected using the ECL system. (B) 293T cells were
transfected with cDNA expression vectors containing either GFP
full-length Mayven, GFP-N-terminus-Mayven (N-Mayven) or
GFP-C-terminus-Mayven (C-Mayven) or with pGFP vector alone.
After 48 h, total cell lysates were prepared, immunoprecipitated
with control antibody (a), GFP antibody (b), or actin antibody (c
and d), analyzed by 8% SDS-PAGE, and transferred to immobilon
membranes. The membranes were blotted with the indicated
antibodies (diluted 1:1000), and the reacted proteins were detected
using the ECL system. Lane 1, 293T cells transfected with pGFP
vector; lane 2, 293T cells transfected with N-Mayven cDNA; lane
3, 293T cells transfected with C-Mayven cDNA; and lane 4, 293T
cells transfected with full-length Mayven cDNA. (C) Primary
hippocampal neurons were grown for 7 d, and then KCl depo-
larization of these cells from 1–15 min was per formed, as indi-
cated. Total cell lysates were prepared and immunoprecipitated

with either specific antibodies for actin (a)
or Mayven (b) as indicated. The immuno-
precipitates were analyzed by 8% SDS-
PAGE and blotted with the indicated an-
tibodies (1:1000). The reacted proteins
were detected using the ECL system. (c)
Far Western blotting analysis: rat primary
hippocampal neurons were grown for 7 d,
and then KCl depolarization of these cells
for 5 min was performed. Total cell lysates
were prepared and immunoprecipitated
with either specific antibodies for Mayven
or control antibodies. The immunoprecipi-
tates were analyzed by 8% SDS-PAGE,
and far Western blottings were performed
using actin (10 mg) or the GST-CHK-SH2
domain as a control.
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a region on chromosome 8, which has homology to
human chromosome 4 and includes the TLL locus.
The mammalian TLL protein was mapped in humans
to 4q32–33 and shows strong expression in structures
of the developing neonatal and adult brain. Loci for
some mouse developmental abnormalities map to the
same general chromosomal location as Mayven and
TLL (Takahara et al., 1996).

Structural analysis of both the nucleotide sequences
and the predicted secondary structure of Mayven re-
vealed three major structural elements: the a-helix
BTB domain-like structure; a 45-aa sequence that con-
tains a potential motif (PPXPPX) capable of binding to
an SH3 domain-containing ligand in the predicted N
terminus; and a b-sheet with six repeats of kelch motif
in the predicted C terminus with a striking homology
to Drosophila kelch protein (ring canal) of 63% identity
(and 77% similarity) on the protein level. BTB/POZ
domains are found in actin-binding and in many nu-
clear DNA-binding proteins such as developmentally
regulated transcription factors found in a wide range
of metazoans, in regulators of chromatin structure
(Dorn et al., 1993; Bardwell and Treisman, 1994; Zoll-
man et al., 1994; Albagli et al., 1995), and in NRP/B, a
nuclear matrix protein (Kim et al., 1998). BTB/POZ
domains have been proposed to function as protein–
protein interaction interfaces that organize higher or-
der structures of the cytoskeleton or chromatin (Bard-
well and Treisman, 1994). We have demonstrated that
the BTB/POZ domain of Mayven forms multimers in
vitro (Figure 6). All residues, shown to be sufficient
and necessary for dimerization of bric-a-brac tran-
scription factor (Chen et al., 1995), are conserved be-
tween Mayven and bric-a-brac (Figure 1). Therefore, it
is likely that Mayven may also multimerize in vivo.
Such Mayven homomultimers may enhance actin
cross-linking, thus contributing to the stabilization of
actin filaments or actin bundling.

Mayven, like kelch protein, has six tandem kelch
repeats. The possible function of kelch repeats may be
obtained from cloning and ultrastructural studies of
scruin, an actin-binding and bundling protein from
the acrosomal process of the Limulus sperm (Way et al.,
1995). Scruin has two sets of kelch repeats, and its N
and C termini are separated with a spacer sequence.
Scruin kelch repeats interact with helix-loop-b motifs
in subdomain 1 and 3 along a single actin filament
(Schmid et al., 1994). Tropomyosin also binds to sub-
domain 3 of actin (Schmid et al., 1994), and tropomy-
osin binding appears to protect actin filaments from
depolymerization by actin-depolymerizing factor
(ADF)/cofilin proteins (Bernstein and Bamburg,
1982). ADF/cofilin, like Mayven, localizes to the lead-
ing edges of cells and lamellipodia where rapid actin
polymerization takes place.

In addition to the sequences found in the kelch
family of proteins, Mayven has a unique domain at its

extreme N terminus, and this domain possesses a
proline-rich sequence with a potential motif similar to
that found in ligands of the src-homology-3 (SH3)
domain. SH3 domains are protein modules found in
many signal-transducing molecules and in several cy-
toskeletal proteins. These proteins include the actin-
binding proteins a-spectrin, myosin 1b and ABP-1,
SLA-1, and BEM-1, molecules isolated from Saccharo-
myces cerevisiae (Pawson, 1995). In addition, several
signaling molecules with SH3 domains associate with
actin filaments, although they are not believed to bind
to actin directly. Rather, binding is via the proline-rich
sequences of actin-binding proteins that function as
ligands for SH3 domains. Secondary structure predic-
tion algorithms suggest that this domain of Mayven is
highly flexible (our unpublished data) and is thus
likely to participate in protein–protein interactions.
Thus potentially, Mayven may interact via this se-
quence with other signaling molecules or other cy-
toskeletal proteins, which possess SH3 domains.

We have expressed the N-terminal portion of
Mayven fused to the GST protein. When eluted at
room temperature, this recombinant protein appeared
to form large macroaggregates and was thus lost from
the soluble pool. Robinson and Cooley (1997) also
reported that recombinant kelch at concentrations
.0.4 mg/ml tended to form aggregates of very large
molecular mass (.500 kDa). Similarly, scruin has been
reported to form amorphous aggregates (Way et al.,
1995). This self-aggregation property appears to be
intrinsic to the kelch family proteins.

Mayven mRNA is predominantly expressed in brain
tissue (Figure 4, A, B, and C). The distribution of
Mayven mRNA in brain regions showed high levels in
the amygdala, caudate nucleus, hippocampus, and
corpus callosum (Figure 4D). In addition to Mayven,
two other kelch-related proteins, NRP/B and Enc-1,
are highly expressed in the brain. NRP/B is a neuro-
nal-specific nuclear matrix protein involved in neuro-
nal differentiation (Kim et al., 1998). Enc-1 has been
shown to colocalize with the actin cytoskeleton and to
immunoprecipitate with actin (Hernandez et al., 1997).

Immunofluorescent staining and confocal micros-
copy were used to localize endogenous Mayven pro-
tein in situ. The Mayven localization pattern in
U373-MG astrocytoma/glioblastoma cells suggests its
involvement in cytoskeletal remodeling, since Mayven
was highly localized to the retracting end of the cell,
and to the leading edge of the lamellipodia (Figure 7),
where dynamic reorganization of actin takes place.
This actin reorganization includes local actin polymer-
ization and bundling and rapid actin depolymeriza-
tion and retrograde flow (Lauffenburger and Horwitz,
1996). The leading edges of the lamellipodia are espe-
cially rich in actin and actin filament-binding proteins.
Other actin filament-binding proteins include fim-
brin/a-actinin/filamin, villin, fascin, and scruin (Mat-
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sudaira, 1994). It is likely, based on its localization and
shared kelch repeats with scruin, that Mayven is a
member of the actin filament-binding proteins.

Mayven is also prominent in patchy actin-rich loca-
tions at the leading cell edge (Figure 7). This region
consists of submembrane complexes of actin and
adaptor proteins linked to integrin- or cadherin-type
cell receptors (Yamada and Geiger, 1997). Mayven is
also localized with the focal adhesion kinase (our un-
published data), thus suggesting localization of
Mayven in focal adhesion plaques. Based on these
results, Mayven might play either a structural or sig-
nal-transducing role. Mayven also appears to colocal-
ize with actin in patterns similar to plectin, a known
actin-binding protein, in actin stress fibers and focal
adhesion contacts (Seifert et al., 1992).

In primary hippocampal neurons, resting neurons
(Figure 8) had a uniform distribution of Mayven along
axons, while depolarization of primary neurons with
KCl induced changes in Mayven distribution from a
uniform to punctate staining pattern (Figure 8). This
suggests movement of Mayven along axons and den-
drites, where various types of organelles, cytoskeletal
proteins (Terada et al., 1996), and mRNAs (Davis et al.,
1990) are transported bidirectionally. Both actin and
tubulin filament systems are colinear and closely as-
sociated in neurons (Fath and Lasek, 1988). The high
level of expression of Mayven in adult brain and its
localization pattern in cultured primary neurons and
astrocytes suggest that Mayven might play a role in
the development and function of the nervous system.
Cotransfection of 293T cells with GFP-tag-Mayven
demonstrated that Mayven was coimmunoprecipi-
tated with actin by using specific antibodies for GFP or
Mayven. In addition, in a reciprocal experiment, actin
was coimmunoprecipitated with Mayven using spe-
cific antibodies for actin (Figure 9). In transfection
studies with 293T cells, we were able to show that the
association of Mayven with actin was mediated by the
kelch repeats in the C terminus of Mayven (Figure 9B).
Coimmunoprecipitation of actin and Mayven from
day 1 hippocampal neurons showed constitutive bind-
ing of Mayven and actin and, upon depolarization of
these cells with KCl, the enhanced association of
Mayven protein with actin after 5 min (Figure 9C).
Furthermore, far Western blotting revealed binding of
Mayven with actin (Figure 9C). Taken together, the
confocal data along with biochemical analyses, trans-
fection experiments, and far Western analysis indi-
cated a dynamic association and interaction of actin
with Mayven in neuronal cells.

Thus, our studies demonstrate that Mayven is an
evolutionarily conserved actin-binding protein pre-
dominantly expressed in brain and is involved in ax-
onal transport in cultured primary neurons.
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