
Actin-Binding Protein Requirement for Cortical 
Stability and Efficient Locomotion 

Three unrelated tumor d Lines derived h human malignant melanomas lack 
a&-binding protein (ABP), which cross-links actin 6laments in vim and connects 
these filaments to plasma membrane glycopmtcim. The ABPdefiaent cells have 
impaired locomotion and display c h m f h n t i a l  blebbi i  of the plasma membrane. 
Bxprrssion of ABP in one of the lines after tca&xtion restored traaslocational 
motility and reduced membrane blebbii. These findings establish that ABP functions 
to stabilize cortical lctin in vivo and is r qu i red  for &amt cell locomotion. 

F OR TWO CENTURIES BIOLOGISTS 

have infkrrd that protrusive activity, 
such as the pseudopod extension seen 

in locomotion, requires changes in the con- 
sistency of the cytoplasm of the cell periph- 
ery between gelled and &id states (1). The 
molecular basis of these "sol-gel" transfor- 
mations is thought to indude the reversible 
assembly of monomeric actin into linear 
polymers and the organization of these fila- 
ments into membrane-bound three-dimen- 
sional networks. This actin network stabii- 
es (gels) the cell periphery and the attached 
plasma membrane. Promions from the cell 
surface of motile cdls arise from destruction 
(solation) and reconstruction (gelation) of 
the actin filaments constituting this net- 
work. The actin-associated proteins, which 
regulate the assembly of actin into filaments 
and cross-link these filaments into three- 
dimensional gels in vim (Z), thus might 
influence cell surface activity and locomo- 
tion. However, genetic ablation from Ditty- 
ostelium discoideum amoebae of two proteins 
that cross-link actin filaments did not pre- 
vent protrusive activity or mnslocational 
locomotion of these cells (3), suggesting 
that some other pro& may have overlap- 
ping functions. In con- we now provide 
evidence that actin-binding protein (ABP), 
a homodimer with rodlike 280-kD subunits 
containing flexible hinges that allow cross- 
linking of dispersed actin  filament^ at wide 
angles (4, S), is an essential component for 
stabilization of the cell surface, organization 
of promive activity, and efficient translo- 
cational locomotion. 

Seven permanent cell lines derived from 
separate human malignant melanomas were 

separated into two groups on the basis of 
morphology and motility (6). Four of the 
lines, designated M4 to M7, are motile cells 
that have basal d c e  sstrcss fibers and are 
dispersed before growing to confluence. 
The other three lines, designated M1 to M3, 
have no actin fiber bundles, grow in colo- 
nies, and show less random migration (6). 

Imrnunoblotting or immunoprecipitation 
of Triton-soluble or Triton-insoluble cell 
extram from lines M1 to M6 revealed that 
amounts of the actin-associated proteins 
gelsolin, a-actinin, profilin, and fodrin var- 
ied by no more than a factor of two between 
the six lines. However, ABP was undetect- 
able in lines M1 to M3 when assayed by 
immunoprecipitation of detergent extracts 
(Fig. l), immunoblotting of whole cell ly- 
sates, or immun- of fixed, permeabi- 
lizcd cells but was readily detectable in lines 
M4 to M6 by all of these assays (7). Fur- 
thermore, only small amounts of rnRNA for 
ABP were detected by ribonudease prow- 
tion analysis in these lines M1 to M3. On 
Southern (DNA) blots, a l l  six lines have 
identical patterns, indicating no gross alter- 
ations in ABP gene structure in the ABP- 
deficient (ABP-) lines (8). 

By light microscopy, cells from the ABP- 
containing (ABP+) lines exhibit asymmetri- 
cal spreading to form lamellae that exclude 
organelles, whereas cells from the three 
ABP- lines lacked such extensions (9). Cells 
from all ABP- lines displayed extensive, 
continuous blebbing of the plasma cell 
membrane (Fig. 2). The blebs, which ex- 
dude visible organelles, ceased to appear if 
the ambient temperature of the cells fell 
below 30°C or aftu removal of serum, but 
resumed within 60 s if normal culture con- 
ditions were restored. In the Dresence of 
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of ABP accounted for the differences be- 
tween these two groups of cells, we trans- 
f d  ABP into cells from line M2 in a 
mammalian expression vector (LK444) con- 
taining full-length human ABP cDNA (LK- 
ABP) (10). As a control, cells (M2T) were 
transfeaed with the LK444 vector without 
the ABP cDNA insert. Seven dona1 sublines 
of LKABP-transfd cells were isolated, 
designated M2A1 to M2A7. The molar 
ratio of ABP to actin varied in these cell lines 
as follows: M2T, <1:900; M2A1, 1: 100; 
M2A2, 1:330; M2A3, 1:120; M2A4, 
1:190; M2A5, 1:140; M2A6, 1:550; 
M2A7, 1:160 (Fig. 1). AJI of the cells 
within a given subline expressed ABP in 
similar amounts and expression of actin and 
other actin-associated proteins such as gelso- 
lin, p r o w  a-actinin, and fodrin was un- 
changed from controls. 

Six of the seven ABP-transfd sublines 
had only transient localized blebbhg resem- 
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Fig. 1. ABP crplcssion in the wious cell lincs. 
(A) Macncy of ABP in M1-M3. Coomassie 
blue-mained SDS-polyaaylamide gel of pmains 
immunoprccipitatcd with antibody to ABP cou- 
pled to Scpharose beads fiwn l p a s  of cell lincs 
M1 through M6. The heavy (hc) and light (lc) 
chains of the antibody arc also visible, as is a 
nonspcc16c band. Molecular size s t a d a d  arc 
markad. (B) Autoradiograph of an immunoblot 
of total ccll protein (10 kg) from each of the 
scvcn ABP-transfctnd sublincs (M2A1 m M2A7) 
and the control tnn&cad line M2T. By scanning 
Coomassic-stained SDS-polyaaylamide gels of 
whole ccll extracts with a laser dcnsitometcr (LKB 
Pharmacia, Piscataway, New Jmcy), we atimaa 
that actin makes up 11% of total cell pmain in 
M2;thiswasnotchangcdbyaansfeaion.Atkr 
scanning bahd intensities and comparing them to 
known amounts of ABP on a separate blot, we 
& a d  the molar ratio of ABP m actin for each 
cell line, allowing for the d i f f i c c s  in molecular 
six. We also estimated the molar ratio of ABP to 
actin in the cell lines M4 (1: 80), M5 (1: 120), and 
M6 (1:140). 
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bling that of the native ABP+ lines, and 
these cells also aquired greater general 
asymmetry in shape and focal lamelhe that 
excluded organelles (Fig. 2). The M2A6 
subline, which expressed the lowest amount 
of ABP, (molar ratio of ABP to actin, 
1:550) had more extensive blebbii, with 
30% of the cells showing circumfercntid 
blebbii at a given time. AH of the sublines 
showed increased translocational motility 
when compared to the untransfected ABP- 
line (1 1). Up to five times more transfected 
cells than untransfected cells migrated 
through a porous membrane in response to 
a gradient of chemoattractant (Fig. 3), and 
motility increased in proportion to ABP 
expression up to a molar ratio of ABP to 
actin of 1 : 160, before dadining somewhat 
when higher amounts of ABP were ex- 
pressed. The molar ratios of ABP to actin 
associated with maximal migration in the 
transfected sublines arc in the same range as 
those found in motile cells such as macro- 
phages (1:200) (12) and the most motile 
ABP+ cell line, M6 (1: 140). 

The elastic modulus, a measure of the 
shear stress needed to achieve a given defor- 
mation, of a pellet of intact cells from the 
ABP-transfected subline M2A7 was 657 +. 

40 dynes/cm2, more than twice that of the 
control M2 line (281 +. 10 dynes/cm2), and 
similar to that of ABP+ line M4 (750 2 43 
dynes/cm2) (13). 

Our results emphasize the i m m c e  of 
ABP as a gelation factor in mammalian cells. 
Restoration of ABP to deficient cells in- 
creased measurements of physical elasticity in 
vivo. Peripheral organelle exclusion, thought 
to be a function of i n a e n t  pore size (14) 
bccame apparent Blebbing of the plasma 
membrane, which has been ascribed to pe- 
ripheral cytoskeld instability (19, was 
prominent in cdls lacking ABP and rrduced 
when amounts of ABP were i n d  Final- 
ly, ABP- cells had poor pseudopod protru- 
sion and impaired motility, and this was 
similarly reversed after trardaction. 

ABP connects actin filaments to mem- 
brane glycoproteins as well as to each other 
(16) and may thereby provide surface stabi- 
lization by gelation of peripheral actin, liga- 
tion of the submembrane actin gel to the 
plasmalemma, or both. Because ABP- and 
ABP+ cells responded with surface prom- 
sive activity to stimulation by serum, the 
membrane signaling pathway appeared to 
be intact in both groups. However, the 
blehs seen in the ABP- cdls involved the 

Fig. 2. Photomicrographs 
comparing surface activity 

b various cell lines. (A and 
B) DIG ~hotomicnxra~h 
of an AB? M5 cell"wi'th 
localizad blebbii at the top 
I& corner, which tram- 
fonmd to rutRing in the 
next frame taken 10 s later. 
ABP- M2 cells (C) with ex- 
tensive d c e  blebbing in 
contnst to cells from the 
ABP-aosf#.tod sublines 
WAS (D) and M2A7 (E). 
Phase conuast photomicro- 
graph of an M2 cell (F) 
showing lack of peripheral 
organelle adusion com- 
pared to ABP-nansfecnd 
subline M2A7 IG). The .- - \ ,  - 

F+'g;lP*Y - -  --.* ;::rr+ 4. melan~ma~Ges were grown 
,..@ .. ; \ ; I  . .  - ? W. 73 Q . . .  in Minimum Essential Me- 
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' t  Y 3 

I : f - y  +- 2:. with newborn ~ a l f  serum . ..?. *:- ib. :i ; (8%), fetal calf serum (2%), 
I.., , <. .??. . . "d penicillin and Strepto- 

*, -- ? ?>$'+ y.-:,- ' * %  
mycin (100 W m l )  ( G i b  

1. ..-; BRL, Grand Island, New 
- '%.TJ York) at 37°C in an amo- 

sphere containing 5% cO2. 
.. . Bar represents 20 pm. 

ABPIactln, molar ratlo 

Fig. 3. Migratory ability of the ABP-transfcctcd 
sublines as a function of the molar ratio of ABP to 
actin. Cells migrated in response to a gradient of 
conditioned medium. Error bars indicate SEM for 
at least eight detemhtions for each line. 

entire surface of the cell, rather than a 
localized area, implying that the inability of 
ABP- melanoma cells to localize their pro- 
trusive activity may be another aspect of 
their impaired migration. In addition, the 
e5ciency of ABP in cross-linking actin 6la- 
ments and possibly binding to membrane 
receptors may concentrate the ingredients 
for continuing protrusion in the initially 
stimulated region of the cell, despite signal- 
ing events in the membrane elsewhere. 

The ABP- melanoma cells have an ABP 
gene, and ABP protein underexpression is the 
result of markedly reduced ABP mRNA lev- 
els, implying that regulation of ABP gene 
p i o n  or mRNA stability causes the la& 
of ABP protein in ABP- cell lines. Melanoma 
can be a locally invasive cancer, and the 
lmmotory e5ciency of the tumor cek 
might iduence tissue invasion and meramis 
and thus the clinical course of the disease. 
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Cyclic 2',3 ' -Phosphates and Nontemplated Nucleotides 
at the 3' End of Spliceosomal U6 Small Nuclear RNA's 

Spliceosomal U6 small nuclear RNA (U6 RNA) in species as diverse as man, frog, 
fruitfly, and soybean have at their 3' ends a cyclic 2',3'-phosphate (>p) apparently 
derived from uridylic acid residues that were added post-transcriptionally. The 3' ends 
of U6 RNA's from various sources may be processed in different ways, or to different 
extents, depending on the organism or stage of development. The presence of a >p 
terminus on U6 RNA may influence the activity of U6 RNA either directly during 
splicing or indirectly by ensuring that the RNA has a defined length or proper 
conformation (or both). 

u 6 RNA, ONE OF FIVE SWL NU- 

clear RNA's (snRNA's) that func- 
tion in pre-mRNA splicing (I), has 

several unusual characteristics that distin- 
guish it from other snRNA's. It is synthe- 
sized by RNA polymerase 111, rather than 11, 
it lacks the Sm antigen binding site present 
in other spliceosomal snRNA's, and it has a 
methyl triphosphate at its 5' end rather than 
a hypermethylated cap (2, 3). Mutational 
probing of U6 RNA has revealed that the 3' 
terminal domain, extending from the region 
of interaction between U4 and U6 (4) to the 
3' end, is important for function (5). Alter- 
ations of the phylogenetically conserved 
length of this 3' terminal domain decrease 
the activity of yeast U6 RNA in an in vitro 
splicing system (6). Also, base-pairing of 
sequences in this region with U2 RNA is 
essential for splicing in vertebrates ( 7 ) ,  but 
not in yeast (8). 

The major 3' end sequence of mammalian 
U6 RNA is reported to be (5') G-U-U-C- 
C-A-U-A-U-U-U-U-(U),, (3') (9). Like 
other RNA pol I11 transcripts that end with 
three to six U's (lo), newly synthesized U6 
RNA binds to the nuclear antigen La and is 
precipitated by antibodies to La (anti-La) 
(11-13). However, the major, mature form 
of U6 RNA (either free or complexed with 
U4 snRNA) is not precipitable by anti-La 

and it differs at its 3' end in a hitherto 
undetermined way from the newly made U6 
RNA (11). The sequence at the 3' end of the 
RNA was deduced by labeling with pCp (9) 
or from U6 gene sequences (14), and there- 
fore post-transcriptional alterations would 
have gone undetected. We show that the 
major 3' end of U6 RNA contains a cyclic 
2',3'-phosphate (>p) end group, as op- 
posed to the cis 2',3'-diol end group of the 
anti-La precipitable U6 RNA's; this explains 
the lack of binding of mature U6 RNA to 
La antigen and reveals a novel feature of 
RNA metabolism. 

In mammalian cells, the size of the steady- 
state population of U6 RNA's is heteroge- 
neous, and multiple forms can be detected 
by RNA blot analysis (15), the most abun- 
dant form having the fastest mobility (Fig. 
lA, lane 1). Some of this heterogeneity 
could be attributed to maturation of U6 
RNA because the gel mobilities of newly 
made 32P-labeled U6 RNA's increased with 
time (lanes 2 and 3) (16). Although this 
trend would be consistent with a shortening 
of the RNA during maturation, direct nucle- 
otide sequence analyses (Fig. 1B) indicated 
that the mature U6 RNA (lane 3) was 
actually longer than the newly transcribed 
U6 RNA (lane 2). 

RNase T1 fingerprint analyses (17, 18) of 
U6 RNA's made in vivo showed that the 3' 
ends of U6 RNA's changed with time (Fig. 
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