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A Myosin | Isoform in the
Nucleus
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A nuclear isoform of myosin | B that contains a unique 16—amino acid amino-
terminal extension has been identified. An affinity-purified antibody to the
16—-amino acid peptide demonstrated nuclear staining. Confocal and electron
microscopy revealed that nuclear myosin | B colocalized with RNA polymerase
Il in an a-amanitin- and actinomycin D-sensitive manner. The antibody co-
immunoprecipitated RNA polymerase Il and blocked in vitro RNA synthesis. This
isoform of myosin | B appears to be in a complex with RNA polymerase Il and

may affect transcription.

Myosin I is a single-headed, nonfilamentous
member of the myosin superfamily of actin-
based molecular motors (I, 2). There are at
least four different subclasses of myosin I
proteins, all containing a 110- to 150-kD
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heavy chain and one to six light chains. My-
osin I is diffusely distributed throughout the
cytoplasm (3). It concentrates near cortical
surfaces and in the perinuclear region (3), and
it appears to mediate plasma membrane ex-
tension (3, 4), vesicle and organelle transport
(5), and mechanochemical regulation of cal-
cium channels in hair cells (6).
Affinity-purified polyclonal antibodies to
bovine adrenal myosin I recognized a 120-kD
protein that is larger than the antigen (116 kD)
(7). Confocal and electron microscopy showed
cytoplasmic and nuclear staining with these
antibodies. Biochemical assays on nuclei dem-
onstrated that the 120-kD protein binds adeno-
sine triphosphate (ATP) and calmodulin, is as-
sociated with K*-EDTA ATPase activity, and

www.sciencemag.org SCIENCE VOL 290 13 OCTOBER 2000

337


mailto:prirnal@uic.edu

338

REPORTS
A Start site for NMIB

i
M R Y R A S A L G S
AGCGGGGCGCCGGGTCCGGCAGG ATG CGC TAC CGG GCA TCG GCC CTG GGC AGT

Consensus Ml start site

|
D G VR V T M E S A L T A R
GAC GGG GTT CGA GTG ACC ATG GAG AGC GCC TTG ACT GCC CGA GAC CGG GTA

}.JE?_J 4514 1280 129 13
A'I!G A'I!G
Vibrator mouse (9) and human (10) myosin | g —
A'I'IG
Normal mouse (10) myosin | B = =u 13
A6
Nuclear myosin | g

ATG ATG

Fig. 1. Structure of the myosin |  gene (29). (A) The ATG's corresponding to NMIB and consensus
start sites are underlined. The peptide obtained by microsequencing that overlaps the consensus
start site is shown in bold. The known mouse myosin | 8 cDNA and protein sequences (9, 70) are
in italics. PCR amplification and DNA sequencing of the NMIB cDNA showed that the coding region
is identical to other mouse myosin | B coding sequences (9, 70) and nearly identical (>98%
homology) to the rat myosin | B coding sequence (77). (B) The structure of the myosin | B gene
in the mouse, rat, and human. The myosin | 8 gene is in an 80-kb region of chromosome 11 (73)
that may contain a mutation that causes a serious neurological and behavioral disorder in the
vibrator mouse (9). At least two mRNA species that code for myosin |  in vibrator and normal
mice, with identical protein coding regions but different 5'UTRs, have also been reported (9, 70).
NMIB starts with the ATG in exon —1. The NMIB cDNA is similar to a cDNA (myr 2) that contains
two potential start sites and codes for a single, cytoplasmic protein in adult rats (77). The GenBank
accession number for the nucleotide sequence is AYO07255.

Table 1. A statistical analysis performed on three independent double-labeling immunoelectron micros-
copy colocalization experiments (Fig. 4) (27) demonstrated statistically significant numbers of NMIB and
RNA Pol Il within 100 nm of each other in control cells. This distribution was disrupted and the
colocalization of NMIB and RNA Pol Il was insignificant at <100 nm after inhibition of RNA transcription.
NS, not significant (P > 0.05).

Density of RNA Statistical significance

Density of NMIB

Treatment Po(lsilnlf:el label (10-nm 0 to 30 30 to 100 to
particles/pum?) particles/um?) nm 100 nm 200 nm

None (control) 32.46 8.34 P <0.05 P <0.01 P <0.01
a-Amanitin 9.52 10.87 NS NS P <0.01
Actinomycin D 25.31 10.51 NS NS P <0.01

binds actin only in the absence of ATP (7).
Because these characteristics are defining fea-
tures of the myosin superfamily of proteins (/),
we considered the possibility that the 120-kD
protein is a myosin I isoform that is a nuclear
molecular motor.

The 120-kD protein was immunoprecipi-
tated from nuclei isolated from mouse fibro-

blasts (8). SDS—polyacrylamide gel electro-
phoresis (PAGE) showed a 120-kD band by
Coomassie blue staining in the immunoprecipi-
tates. Microsequencing of the 120-kD protein
(8) revealed high sequence homology (>98%)
with myosin I . It also revealed the presence of
12 amino acids preceding the consensus initia-
tor methionine (9—/1) of myosin I B.

Analysis of an embryonic mouse ¢cDNA
library with mouse myosin I 8 primers (/2)
yielded two sequences. The shorter of the two
sequences encoded a peptide that contained
the consensus mouse myosin I 3 start site (9,
10). The longer sequence contained another
upstream start site that is followed by nucle-
otides that encode a 16—-amino acid sequence
(Fig. 1A) that is not found in other myosin I
{3 proteins (/-6, 9-11). Moreover, 12 of the
16 amino acids exactly matched the 12 amino
acids that were found by microsequencing the
120-kD protein. Therefore, the 120-kD pro-
tein (119,720 daltons, as calculated from the
amino acid sequence) is referred to as nuclear
myosin I B (NMIB) to differentiate it from
the smaller (117,999 daltons), exclusively cy-
toplasmic myosin I 8 isoform (CMIR).

The mouse myosin I 8 gene is located on
chromosome 11 (9, 13). It contains 13 exons,
starting with exon [, and is ~12 kb long.
Two additional exons (exons —2 and ~1)
were located upstream of exon 1 on chromo-
some 11 (Fig. 1B). Exon —2 is found in the
5' untranslated region (5'UTR) of the normal
adult mouse myosin I 3 cDNA (/0). Exon -1
is not found in other mouse myosin I B
c¢DNAs (9, 10). Exon —1 contains a second
translation start site that is in frame with the
consensus myosin I (3 translation start site on
exon 1. Translation starting from the ATG on
exon —1, which is preceded by a Kozak
sequence (/4), produces a protein identical to
mouse myosin I B but with 16 additional
amino acids at the NH,-terminus. The first
six amino acids come from exon —1 and the
remaining 10 amino acids come from exon 1.
Exon —1 also contributes 24 nucleotides,
very rich in GC, that constitute the 5'UTR of
NMIB. Thus, the NMIB and CMI isoforms
appear to be translated from separate tran-
scripts originating from the same genc on
chromosome 11.

To determine whether the 16-amino acid
extension directs NMIP to the nucleus, we
cloned the cDNA for the NMIB and CMIB
isoforms into a vector containing the FLAG
epitope and transfected the result into NIH
3T3 cells (/5). Confocal microscopy showed
that CMIB-FLAG was confined to the cyto-
plasm (Fig. 2, A to D). In contrast, there was
nuclear and cytoplasmic expression of the
NMIB-FLAG (Fig. 2, E to H). Experiments
were also performed with an affinity-purified
antibody to the 16—amino acid peptide (/6).
This antibody recognized a 120-kD protein
by protein immunoblotting (Fig. 3) and also
stained the nucleus (Fig. 2, I to L). There was
no staining when the affinity-purified anti-
body to NMI peptide was adsorbed with the
peptide before staining (Fig. 2. M to P).
These data suggest that the unique, 16-amino
acid NH,-terminal extension directs NMI{ to
the nucleus.

Confocal microscopy (/7) also showed that
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Fig. 2. Confocal images
of NIH 3T3 cells. Top
row: cells expressing
CMIB-FLAG;  second
row: cells expressing
NMIB-FLAG; third row:
cells stained with affini-
ty-purified antibody to
NMIB peptide; bottom
row, cells stained with
the same antibody
preadsorbed with pep-
tide, The same cell was
photographed in each
row. (A, E, I, and M) Dif-
ferential  interference
contrast images. (B, F, J,
and N) Cells stained
with DAPI to visualize
the nuclei. (C, G, K, and
O) FLAG localization.
(D, H, L, and P) Merged
DAPI/NMIB  images.
The purple color indi-
cates the colocalization
of DAPl and NMIB.
There is no nuclear
staining in cells express-
ing CMIB-FLAG  (top
row), whereas the cells
expressing NMIB-FLAG
show cytoplasmic and
nuclear staining (second
row). The NMIB cDNA
contains start sites for
NMIB and CMIB, and
translation of the two
FLAG-tagged proteins
results in staining of the
nucleus and the cyto-
plasm. The affinity-puri-
fied antibody to NMIB
peptide stains mainly
the nucleus (third row);
there is no staining
when the antibody is
preadsorbed with the
peptide (bottom row).

NMI-FLAG CMI-FLAG

Peptide Ab

Preadsorbed peptide Ab

NMIB and RNA polymerase II (Pol II) colocal-
ize in control cells (Fig. 4A). This colocaliza-
tion was lost (Fig. 4B) when cells were treated
with a-amanitin, a transcription inhibitor that
stimulates the degradation of the large subunit
of RNA Pol II (8), and decreased when cells
were treated with actinomycin D (Fig. 4C),
which blocks transcription by binding to DNA
(19). Because transcriptional foci are 70 to 100
nm long (20), NMI and RNA Pol II should be
within 100 nm if they are functionally related.
Immunoelectron microscopy (2/) demonstrated
statistically significant numbers of NMIB and
RNA Pol II within 100 nm of each other. They
were >100 nm apart in cells treated with
a-amanitin or actinomycin D (Fig. 4, D to F,
and Table 1).

To further investigate the interaction be-
tween NMIB and RNA Pol II, we used anti-
body to NMI peptide to immunoprecipitate
NMIB from nuclei. Protein immunoblot anal-
ysis (22) showed that the large subunit of

REPORTS
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Fig. 3. Antibody to NMIB peptide recognizes a 120-kD pro-

tein. A protein immunoblot analysis with this antibody (76)
was performed on extracts prepared from nuclei isolated

e —

106-
77-

51-

from Hela cells (HeLa NE), NIH 3T3 cells (3T3), and Hela
cells (HeLa). The migration of marker proteins (MWM) and
their molecular weight (in kilodaltons) are given. The lower
band (~60 kD) is probably a degradation product of the

120-kD band.

36- -
28-
21- -

RNA Pol II coprecipitated with NMIB (Fig.
5A). RNA Pol II was not present in immu-
nocomplexes when the antibody was prein-
cubated with the peptide (Fig. 5A). In addi-
tion, antibody to NMIB peptide inhibited
RNA synthesis in vitro (Fig. 5B) (23). In
contrast, neither the same antibody preincu-
bated with peptide nor affinity-purified anti-
body to myosin II inhibited transcription
(Fig. 5B).

Nuclear processes such as transcription

involve large molecular complexes and re-
quire energy (24). The abundance of actin in
the nucleus (25) suggests a role for myosin in
the nucleus. Myosin I may be well suited as a
nuclear, actin-dependent molecular motor be-
cause it does not have to form filaments to be
biochemically or biologically active (1). My-
osin I molecules contain a positively charged
domain in the tail region that interacts with
acidic phospholipids and powers the move-
ment of membrane fragments on actin fila-
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Fig. 4. Immunolocalization of NMIB and RNA Pol Il in Hela cells. (A to C) Localization of RNA Pol
Il (red) and NMIB (green) by confocal microscopy in control cells (A) and cells treated with
a-amanitin (B) or with actinomycin D (C). The yellow color indicates the colocalization of RNA Pol
Il and NMIB in control cells. This colocalization is practically lost (B) or reduced (C) when
transcription is inhibited by a-amanitin or actinomycin D, respectively. Scale bar, 1 um. (D to F)
Double immunogold labeling of RNA Pol Il (5-nm particles) and NMIB (10-nm particles) in
untreated cells (D) and cells treated with o-amanitin (E) or actinomycin D (F). Clusters of RNA Pol
Il are frequently intermingled with clusters of NMIB (arrows) in control cells (D). The density of
RNA Pol II labeling (arrowheads) is reduced and the colocalization is insignificant following the
disruption of the Pol Il complex by a-amanitin (E). The density of RNA Pol Il labeling is similar to
that in the control sections (arrowheads) but colocalization with NMIB is rare following treatment
with actinomycin D (F). Control samples incubated as above but minus the primary antibodies
showed no significant gold labeling. Scale bar, 100 nm.

ments (I, 5). Similarly, NMIB could bind to
actin through the actin binding site on its
head and negatively charged nuclear compo-
nents through its tail region. RNA poly-
merases have been suggested to power the
movement of DNA and transcription com-
plexes relative to each other (26-28) in a
manner analogous to energy conversion by
myosin. Our data suggest that nuclear myosin
I, perhaps together with RNA polymerases,
could potentially power transcription.
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Plasma Membrane
Compartmentalization in Yeast
by Messenger RNA Transport
and a Septin Diffusion Barrier

Peter A. Takizawa," Joseph L. DeRisi,” James E. Wilhelm,’
Ronald D. Vale’3"

Asymmetric localization of proteins plays a key role in many cellular processes,
including cell polarity and cell fate determination. Using DNA microarray anal-
ysis, we identified a plasma membrane protein-encoding mRNA (IST2) that is
transported to the bud tip by an actomyosin-based process. mRNA localization
created a higher concentration of /ST2 protein in the bud compared with that
of the mother cell, and this asymmetry was maintained by a septin-mediated
membrane diffusion barrier at the mother-bud neck. These results indicate that
yeast creates distinct plasma membrane compartments, as has been described

in neurons and epithelial cells.

An important means of achieving asymmetric
protein distributions is through the cytoskel-
eton-dependent localization of cytoplasmic
mRNAs (/). In Saccharomyces cerevisiae,
the transcription factor Ashlp accumulates in
the daughter cell nucleus, where it represses
mating-type switching (2, 3). The asymmetric
distribution of Ashlp is created through the
transport of ASHI mRNA to the bud tip by an
actomyosin-driven mechanism (4, 5). Local-
ization of ASHI mRNA requires at least three
proteins that are physically associated with
ASH! mRNA: Myodp (Shelp), the myosin
motor that transports ASHI mRNA along ac-
tin filaments to the bud tip; She3p, an adapter
that mediates the association between Myo4p
and ASHI mRNA; and She2p, which is re-
quired for the She3p-Myo4p complex to bind
ASHI mRNA (6-8). Both She3p and Myo4p
localize to the bud tip before ASHI mRNA
expression (9), raising the possibility that
other mRNAs are transported in yeast.

To discover other potential localized
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mRNAs, we identified transcripts that as-
sociate with She2p, She3p, and Myod4p us-
ing a whole-genome analysis (Fig. 1A).
Each of these three proteins was immuno-
precipitated from cell extracts using a Myc-
epitope tag. Associated RNA was eluted
and amplified by reverse transcription fol-
lowed by polymerase chain reaction (RT-
PCR), and the products were fluorescently
labeled. An immunoprecipitate from an un-
tagged strain served as a comparative con-
trol, and the RT-PCR product from this
immunoprecipitate was labeled with a sec-
ond fluorescent dye. The relative amounts
of yeast mRNAs in the She protein versus
control immunoprecipitations were deter-
mined by hybridization to a DNA microar-
ray containing all S. cerevisiae open read-
ing frames. ASHI mRNA was enriched in
all three immunoprecipitates (2.9-, 2.0-, and
2.2-fold compared with control immunopre-
cipitates for She2p, She3p, and Myodp, respec-
tively), validating this approach for identifying
other localized mRNAs. Other transcripts that
showed a similar enrichment to 4SH/ mRNA
(10) were then analyzed by fluorescence in situ
hybridization (5). One of these transcripts, IST2
(increased sodium tolerance) (/1), showed a
localization pattern at the bud tip (Fig. 2A).
However, in contrast to 4SHI1 mRNA, which is
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