FBP17-induced Tubular Invagination

that FBP17 induces tubular plasma membrane invaginaticns,

FBP17 Is Expressed in the Brain and Testis—We developed
an anti-FBP17 antibody and examined the expression of FBP17
in human and mouse organs and tissues. Immunoblot analysis
revealed that FBP17 was expressed in mouse testis and brain
(Fig. 24). We then examined the localization of FBP17 in the
seminiferous tubules of human testis by immunohistochemistry.
Germ cells were immunoreactive to anti-FBP17 antibody,
whereas Sertoli’s cells were negative. Of the germ cells, the
secondary spermatocytes in the inner layer of the tubules exhib-
ited strong immunoreactivity, whereas spermatogonia in the out-
ermost layer and spermatozoa in the innermost layer showed no
immunoreactivity (Fig. 2B). This suggests that the expression of
FBP17 is correlated with the maturation of germ cells. More
detailed examination of the maturation stages revealed that
germ cells, from secondary spermatocytes to elongated sperma-
tids, were immunoreactive.? :

We next asked whether FBP17 is expressed in the brain.
Expression was examined by both Northern blot analysis and
in situ hybridization. FBP17 mRNA was detected as a tran-
script of ~6.0 kb in all regions of the human brain (Fig. 2C), It
was also detected in situ in mouse testis and in the cortex of the
cerebrum and in the granular layer of the cerebellum of human
brain (Fig. 2D).

FBP17-induced Invagination Originating from the Plasma
Membrane—To examine whether FBP17-induced tubules are
continuous with the plasma membrane, we used DiIC,4(3).
DilC,4(3) is a lipophilic flucrescent probe used for plasma
membrane staining (22). COS-1 cells expressing EGFP-tagged
FBP17 were stained for DiIC,4(3) and imaged for fluorescence
(Fig. 3). EGFP-FBP17 expression and DiIC,4(3) staining over-
lapped, supporting the idea that FBP17-generated tubules
arise from the plasma membrane.

The C-terminal SH3 Domain Is Not Required for FBP17-
induced Tubular Invagination—To investigate the mechanism
by which tubular invagination is induced by FBP17, we con-
structed a series of deletion or point mutants of EGFP-tagged
FBP17 (Fig. 4A). We confirmed that the EGFP-tagged mutants
were correctly constructed, as they had the expected molecular
mass in immunoblots probed with anti-GFP antibedy (Fig. 4B).
Full-length FBP17 and an SH3 domain mutant (FBP17-P597L)
formed tubular structures (Fig. 4C), as did a derivative
(FBP17-N2) with a deletion of the second coiled-coil region, the
RBD, and the SH3 domain. In contrast, removal of the FCH
domain in FBP17-dFCH or of both the FCH domain and the
first coiled-coil domain in FBP17-C1 abolished tube formation.
Ia addition, FBP17-N1, a derivative containing only the FCH
domain and the first coiled-coil domain, was incapable of in-
ducing tube formation. These results indicate that the FCH
domain, the first coiled-coil domain, and the proline-rich region
are essential for FBP17-induced tube formation. We also tested
whether PACSIN-1, a molecule structurally related to FBP17,
forms tubules like FBP17. Although PACSIN-1, like FEP17,
contains an FCH domain followed by a coiled-coil domain and a
C-terminal SH3 domain, it did not generate tubular structure,
in agreement with a previous report (23).

We hypothesized that the self-assembly might contribute to
the tube formation by FBP17. To test for self-assembly of
FBP17, we expressed EGFP-tagged FBP17 and FLAG-tagged
FBP17-N2 in 293T cells and examined their possible associa-
tion by immunoprecipitation- Both EGFP-tagged full-length
FBP17 and EGFP-tagged FBP17-N2 were co-immunoprecipi-
tated with FLAG-tagged FBP17-N2 (Fig. 4D, second and fourth
lanes), whereas EGFP-tagged FBP17-N1, FBP17-Cl, and
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Fic. 5. FBP17 associates with dynamin-1 in an SH3 domain.
dependent manner. A, 293T cells were transfected with the plasmids
indicated. Cell lysates were subjected either to immunoprecipitation
(IP) followed by immunoblotting (IB} or directly to immunoblotting
using the antibodies indicated. PACSIN-1 was a positive control, B, the
EGFP-tagged truncated mutants of FBP17 (FBP17-N2 and FBP17-
SH3) and a nonfunctional SH3 mutant of FBP17 (FBP17-SH3-P597L)
were analyzed for association with FLAG-tagged dynamin-1 as de-
scribed for A. The immunoblots are representative of more than three
independent experiments.

FBP17-SH3 were not co-immunoprecipitated. These results in-
dicate that the FCH domain followed by a coiled-coil domain
and polyproline regions are required for self-assembly.
FBP17 Associates with Dynamin vie Its SH3 Domain—
PACSIN-1 and its rat ortholog, syndapin, are involved in clath-
rin-mediated endocytosis through an association with dynamin
via their C-terminal SH3 domains (24). We tested whether
FBP17 associates with dynamin because FBP17 contains an
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Fi6. 6. FBP17 co-localizes with dy-
namin in an SH3 domain-dependent
manner. A-C, EGFP-tagged FBP17 and
FLAG-tagged dynamin-1 were coex-
pressed in COS-1 cells. The FBP17 image
(green), the dynamin-l1 image (FLAG-
tagged dynamin-1 detected by Alexa 546;
red), and superimposed image {(Merge)
were obtained using an Olympus BX50EL
confocal microscope. D and E, EGFP-
tagged FBP17-P597L and FLAG-tagged
dynamin-1, respectively, were coex-
pressed in COS-1 cells. Cells were imaged
similarly to those in A and B. F, COS-1
cells expressing FLAG-tagged dynamin-1
alone were imaged. Note that FBP17 but
not FBP17-P597L co-localized with dy-
namin-1. G and H, COS-1 cells expressing
EGFP-tagged FBP17 were imaged for
EGFP (green) and for endogenous dy-
namin-2 detected by anti-dynamin-2 an-
tibody followed by incubation with Alexa
546-labeled secondary antibody (red), re-
spectively. I, endogenous dynamin-2 in
parental COS-1 cells is shown. Note that
endogenous dynamin-2 co-localized with
the FBP17-induced tubular structure.
J-L, the boxed regions in G and H were
enlarged and are shown in J and K, re- J
spectively, and superimposed in L.

SH3 domain in its C terminus like PACSIN. EGFP-tagged
full-length FBP17 was co-immunoprecipitated with FLAG-
tagged dynamin-1, as was PACSIN-1 (Fig. 54). To examine
whether the association of FBP17 with dynamin-1 depends on
the SH3 domain, we used the derivative of FBP17 with a
nonfunctional SH3 domain (FBP17-SH3-P597L) and
FBP17-N2 lacking the SH3 domain. As expected, EGFP-tagged
full-length FBP17 and FBP17-SH3 were co-immunoprecipi-
tated with FLAG-tagged dynamin-1 (Fig. 5B, lanes 3 and 5),
whereas FBP17-N2 and FBP17-SH3-P597L were not {lanes ¢
and 6), indicating that the association of FBP17 with dy-
namin-1 iz dependent upon the SH3 domain of FBP17.
Dynamin-2 is ubiquitously expressed, whereas dynamin-1 is
expressed exclusively in neurons, and dynamin-3 is restricted to
the testis, brain, and lung (5). FBP17 is mostly expressed in the
brain and testis (Fig. 24). Therefore, we tested whether dy-
namin-2 and dynamin-3, in addition to dynamin-1, associate with
FBP17 by pull-down assays using the glutathione S-transferase
(GST)-fused SHS domain of FBP17 (Supplemental Fig. 2A).
EGFP-tagged dynamin-1, -2, and -3 bound to the GST-fused SH3
domain of FBP17 but not to GST alone or GST fused te the
nonfunctional SH3 domain of FBP17 (FBP17-SH3-P597L). These
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results demonstrate that FBP17 associates with dynamin family
proteins in an SH3 domain-dependent manner.

FBP17 Co-localizes with Dynamin—We proceeded to exam-
ine the co-localization of FBP17 with dynamin in COS-1 cells.
EGFP-FBP17 expressed in COS-1 cells co-localized with FLAG-
tagged dynamin expressed in the same cells (Fig. 6, A-C),
whereas an SH3 mutant incapable of associating with dynamin
did not co-localize with dynamin (Fig. 6, D and E). Although
dynamin-1 expressed alone in COS-1 cells exhibited a diffuse
staining pattern (Fig. 6F), dynamin-1 coexpressed with FBP17
exhibited a tubular pattern (Fig. 6B), indicating that dy-
namin-1 co-localizes with FBP17. We further examined the
co-localization of FBP17 with endogenous dynamin-2 in COS-1
cells. Endogenous dynamin-2 was detected ag small dots nsing
anti-dynamin-2 antibody (Fig. 6I), whereas it co-localized with
FBP17 in COS-1 cells expressing EGFP-FBP17 (Fig. 6, G, H,
and J-L). These results suggest that FBP17 may be involved in
endocytic signaling via dynamin.

Involvement of FBP17 in Dynamin-mediated Endocyto-
sis—To assess the consequence of the association of FBP17
with dynamin, we compared the localization of the molecules
processed in the endocytic pathways with that of FBP17.



FBP17-induced Tubular Invagination

Fic. 7. FBP17 co-localizes with
transferrin, EGF, and CTB. A, C0S5-1
cells transfected with pCA-EGFP-FBP17
for 24 h were incubated with Alexa 546-
conjugated transferrin as described under
“Experimental Procedures,” The EGFP
image (green) and the Alexa 546 image
(red) were obtained using an Olympus
BXS0EI confocal microscope. The boxed
greas in both the EGFP and Alexa 546
images were enlarged and are superim-
posed (Merge). B, COS-1 cells expressing
EGFP-FBP17 were incubated with Texas
Red-EGF and imaged similarly to those in
A, C, COS-1 cells expressing EGFP-
FBP17 were incubated with CTB and im- C
aged similarly to those in A, D-F, paren-
tal COS-1 cells were incubated with Alexa

546-conjugated transferrin, Texas Red- s
EGF, and Alexa 555-conjugated CTB, re- N LY
spectively, for 20 min at 37 °C; fixed with -

2% paraformaldehyde; and imaged
though an Olympus BX50E] confocal mi-
croscope. Note that fluorescence-tagged
transferrin, EGF, and CTB co-localized
with the FBP17-induced tubular struc-
ture and that transferrin uptake in the
cell was observed as vesicles indicated by
the arrow in D. Bars = 10 pm.

EGFP-FBP17
iy

Transferrin and EGF are endocytosed in a clathrin-dependent
manner. Alexa 546-labeled transferrin was internalized along
with FBP17 in COS-1 cells expressing FBP17 at 37 °C (Fig.
7A), whereas it was taken up as vesicles in parental C0S-1
cells (Fig. TD). We further examined whether the transferrin
distribution follows the endocytic pathway. Whereas trans-
ferrin was observed as internalized vesicles near the nucleus at
37 °C (Fig. 7D), it was not when incubated at 4 °C (Fig. 84).
Although COS-1 cells expressing FBP17 exhibited the tubular
structure, transferrin was not observed along these tubules at
4°C (Fig. 8, B and C). These results suggest that FBP17-
induced tubules involve transferrin uptake in an endocytosis-
dependent manner. Similarly, Texas Red-labeled EGF was
found at the tubular structure in COS-1 cells expressing
FBP17, although EGF was found in a vesicular pattern in
parental COS-1 cells (Fig. 7, B and E), CTB has been used as a
marker for caveclae-mediated endocytosis (25). Caveolin-medi-
ated endocytosis is dependent upon dynamin (2). We therefore
examined the involvement of FBP17 in caveolin-mediated in-
ternalization of CTB in COS-1 cells expressing FBP17. Inter-
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nalized CTB localized to FBP17-marked tubules, whereas CTB
internalized in parental cells exhibited a vesicular pattern (Fig.
7, C and F). These data suggest that FBP17 is involved in
dynamin-mediated endocytosis in both a clathrin-dependent
and -independent manner.

Internalization of FBP17-induced Tubules Is Dependent
upon Dynamin—Dynamin-1-K44A is a dominant-negative mu-
tant of dynamin that is defective in GTP hydrolysis and GTP
binding and therefore inhibits clathrin-dependent endocytosis
and caveolin-mediated internalization (4). We used this mutant
to examine the mechanism by which dynamin is involved in the
internalization of FBP17-induced tubes. The FBP17-induced
tubular structure was internalized (Fig. 1D) and co-localized
with dynamin (Fig. 6). Henée, we hypothesized that dynamin-
1-K44A perturbs the internalization of the tubular structure,
The EGFP intensity of COS-1 cells expressing both EGFP-
FBP17 and dynamin-1-K44A was compared with that of COS-1
cells expressing only EGFP-FBP17. COS-1 cells expressing
both FBP17 and dynamin-1-K44A were distinguished from
those expressing only EGFP-FBP17 by internal ribosomal en-
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Fic. 8. Transferrin uptake is mediated by endocytosis in
C08.1 cells expressing FBP17. COS-1 cells expressing EGFP-tagged
FBP17 were incubated with Alexa 546-conjugated transferrin at 4 °C
instead of 37 °C. A, parental COS-1 cells were incubated with Alexa
546-conjugated transferrin at 4 °C and imaged as described in the
legend to Fig. 7. Note that there was no vesicular uptake of transferrin
at 4 °C, in contrast to 37 °C. Bar = 10 pm, B, COS-1 cells expressing
FBP17 were imaged after incubation with Alexa 546-conjugated trans-
forrin at 4 °C. The EGFP image (green) and the Alexa 546 image (red)
are shown. Bar = 10 um. C, the boxed area in B was enlarged. Note that
transferrin did not co-localize with FBP17-induced tubules.

try signal-driven red fluorescence in the nucleus. The cells
expressing both FBP17 and dynamin-1-K44A were brighter
than those expressing enly FBP17 (Fig. 94). The quantitative
results are shown in Fig. 9B. Consistently, cells expressing
EGFP-FBP17-P597L, which were incapable of associating with
dynamin but capable of inducing tubules, were brighter than
those expressing wild-type FBP17 (Fig. 9B), suggesting the
involvement of endogenous dynamin-2 present in COS-1 cells.
These results indicate that the internalization of FBP17-in-
duced tubules is mediated by dynamin.

DISCUSSION

We have demonstrated that FBP17 forms tubular invagina-
tions when expressed in cultured celis. Although Rapostlin, a
rat ortholog of human FBP17, partially localizes to microtu-
bules when expressed in HeLa cells (16), FBP17 did not localize
to any components of the cytoskeleton such as microtubules,
intermediate filaments, and actin fibers (Supplementary Fig.
1). FBP17-induced tubules originated from the plasma mem-
brane and grew toward the cytoplasm, suggesting that FBP17
is invelved in endocytosis.

FBP17 associates with dynamin in an SH3 domain-depend-
ent manner, Among dynamin-associating molecules, PACSIN/
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FBP17-induced Tubular Invagination

A
EGFP-FBP17 ERed-NLS-Dynamin-1-K44A

B

&

0

[=

g

£

0 e

- @

C&
EGFP-FBP17 + o+ -
EGFP-FBP17-P597L - - 4

ERed-NLS-Dynamin-1-K44A - + -

Fic. 9. Internalization of FBPL7-induced tubules depends
upon dynamin, COS-1 cells were transfected with pCA-EGFP-FBP17
and pERed-NLS-dynamin-1-K44A. COS-1 cells expressing dynamin-1-
K44A were marked by internal ribosomal entry signal-driven nuclear
localization signal-tagged DsRed-Express. A, the EGFP image (green)
and the DsRed image (red) are shown. Note that the cell expressing
both FEP17 and dynamin-1-K44A (right cell) was brighter than the cell
expressing only FBP17 (left cell). Bar = 10 pm. B, the EGFP intensity
of each of 50 cells expressing FBP17, FBP17 with dynamin-1-K444, or
¥BP17-P5971L: was measured, and the average intensity of each group
over FBP17 is indicated as relative average intensity + S.D. Significant
differences between FBP1T and FBP17 with dynamin-1-K44A and be-
tween FBP1T and FEP17-P597L by ¢ test are indicated by asterisks
(¢ < 0.05).

gyndapin, like FBP17, has an N-terminal FCH domain and a
C-terminal SH3 domain {18, 24). FBP17 containing a nonfunc-
tional SH3 domain did not associate with dynamin, indicating
that the association between FBP17 and dynamin depends on
the interaction between the SH3 domain of FBP17 and the
proline-rich motif of dynamin. Consistently, dynamin co-local-
ized with the FBP17-induced tubular structure (Fig. 6). Our
data are in agreement with results showing that dynamin
localizes to the tubular structure formed by muscle amphiphy-
sin-2 (M-amphiphysin-2) (26).

FBP17-induced tubular invagination is strongly reminiscent
of that generated by an isoform of amphiphysin, M-amphiphy-
sin-2. GFP-tagged M-amphiphysin-2 induces massive tubula-
tion in Chinese hamster ovary cells (26). There are common
characteristica between M-amphiphysin-2 and FBP17. First, it
is noteworthy that the SH3 domain in the C termini of both
M-amphiphysin-2 and FBP17 are dispensable for tubulation
{Fig. 4C). The BAR domain {Binl/amphiphysin/Rvs) of M-am-
phiphysin-2 is probably responsible for membrane targeting
via membrane phosphatidylinositol 4,5-phosphates and tubule
formation (26-28). Thus, the FCH domain of FBP17, like the
BAR domain, may function as a membrane-targeting domain
and also a plasma membrane-deforming domain. Second, the N
termini of amphiphysin-2 and FBP17 are also essential for
dimerization (29). We found that the N terminus of FBP17
consisting of the FCH domain, a coiled-coil domain, and a
proline-rich region was required for self-assembly to form tu-
bular structures. Third, both FBP17 and M-amphiphysin-2
co-localize with dynamin in cultured cells. These resulis
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prompted us to examine the involvement of FBP17 in endocy-
tosis since amphiphysin participates in endocytosis.

The various SH3 domain-binding partners of dynamin affect
vesiculation differently during endoeytosis, which depends
upon the pinch-off effect of dynamin when it hydrolyzes GTP (3,
30). We have demonstrated that FBP17 associated and co-
localized with dynamin and that FBP17 invelved dynamin-
mediated transferrin and EGF endocytosis (Fig. 7). In addition,
the internalization of FBP17-induced tubules was regulated by
dynamin (Fig. 9). These results are consistent with the obser-
vation that amphiphysin-dynamin interaction enhances dy-
namin-mediated endocytosis in a clathrin-dependent manner
(28). In contrast, all PACSIN isoforms block clathrin-mediated
transferrin endocytosis (18), and endophilin perturbs dynamin-
mediated vesiculation (31). Thus, dynamin-binding proteins
such as syndapin, amphiphysin-2, endophilin, and intersectin
appear to be involved at distinct stages of clathrin-mediated
vesicle formation (32). Accordingly, FBP17 may participate in
the recruitment of dynamin, and the recruited dynamin may
then pinch off the tubules or vesicles induced by FBP17 in vive.

Given that FBP17 was expressed in the testis {Fig. 2) and
that dynamin-2 and dynamin-3 are expressed in the testis (7),
the association of FBP17 with dynamins in the testis is likely to
be involved in spermatogenesis. The expression of Rnd2, which
belongs to the Rho family of GTPases and is an RBD partner of
Rapostlin, an orthelog of FBP17, is restricted to germ cells at
the spermatocyte and spermatid stages (33, 34). The expression
of FBP17 determined by immunohistochemistry paralleled
Rnd2 expression in germ cells, Hence, the Rnd2-FBP17-dy-
namin complex may be involved in endocytosis required for
sperm maturation in the testis. In conclusion, we have demon-
strated that FBP17 forms membrane invaginations originating
from the plasma membrane and that FBP17 ig likely to be
involved in dynamin-dependent endocytosis.
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Rho family GTPases play pivotal roles in cytokinesis.
By using probes based on the principle of fluorescence
resonance energy transfer (FRET), we have shown that
in HeLa cells RhoA activity increases with the progres-
sion of cytokinesis. Here we show that in RatlA cells
RhoA activity remained suppressed during most of the
cytokinesis. Consistent with this observation, the ex-
pression of C3 toxin inhibited cytokinesis in HeLa cells
but not in RatlA cells. Furthermore, the expression of a
dominant negative mutant of Ect2, a Rho GEF, or
Y-27632, an inhibitor of the Rho-dependent kinase
ROCK, inhibited cytokinesis in Hela cells but not in
RatlA cells. In contrast to the activity of RhoA, the ac-
tivity of Racl was suppressed during cytokinesis and
started increasing at the plasma membrane of polar
sides before the abscission of the daughter cells in both
HeLa and RatlA cells. This type of Racl suppression was
shown to be essential for cytokinesis because a consti-
tutively active mutant of Racl induced a multinucleated
phenotype in both Hela and RatlA ¢ells. Moreaver, the
involvement of MgcRacGAP/CYK-4 in this suppression
of Racl during cytokinesis was shown by the use of a
dominant negative mutant. Because ML-7, an inhibitor
of myosin light chain kinase, delayed the cytockinesis of
RatlA cells and because Pak, a Racl effector, is known
to suppress myosin light chain kinase, the suppression
of the Racl-Pak pathway by MgcRacGAFP may play a
pivotal role in the cytokinesis of RatlA cells.

After chromosomal separation at the onset of anaphase, ey-
tokinesis creates two daughter cells endowed with a complete
set of chromosomes and cyloplasmic organelles. During this
period, cortical actin and myosin II begin to move toward the
equatorial region, where they form a contractile cleavage fur-
row {1-3). Rho family GTPases, which regulate a number of cell
functions including gene expression and cell adhesion (4), also
play a pivotal role in eytokinesis (2, §, 8). Among them, RhoA
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has been shown to be necessary for cytokinesis in a variety of
cell types including Xenopus and sand dollar eggs (7). Further-
more (8, 9), significant progress has been made in the identifi-
cation of RhoA effectors during cytokinesis (5). One RhoA ef-
fector, Rho kinase/ROCK, stimulates myosin Il regulatory light
¢hain (MLC)' directly by phosphorylation and indirectly by the
inhibition of myosin phosphatase (10, 11). Another RhoA effee-
tor, citron kinase, also phosphorylates and activates MLC (12).
This phospharylation of MLC is belicved to lead to actomyosin
contractility and thereby to cytokinesis. However, the role of
RhoA in cytokinesis may not be identical in adherent cells and
in eggs or poorly adherent cells; well adherent NRK and Swiss
3T3 cells undergo cell division in the presence of an inhibitor of
Rho, C3 ribosyltransferase, suggesting that cytokinesis may
procced by a RhoA-independent mechanism in some cell
types (13)

In addition to RhoA, Racl, and Cdc42 have also been impli-
cated in the cytokinesis of mammalian cells, based on the
appearance of multinucleated cells among cells expressing con-
stitutively active Racl or Cdc42 (14, 15). In agreement with
this view, it has been speculated that low microtubule density
at the equatorial region leads to the suppression of Racl (6).
This suppression of Racl activity down-regulates Pak, a kinase
known to phosphorylate and thereby suppress MLCK (16).
Therefore, the suppression of Racl may also be involved in the
contraction of the cleavage furrow.

The activity of Rho family GTPases is regulated by the bal-
ance between guanine nucleotide exchange factors (GEFs) and
GTPase-activating proteins (GAPs); GEF activates Rho by cat-
alyzing the uptake of GTP, whercas GAP stimulates the
GTPase activity of Rho, leading to its inactivation. Molecular
and genetic studies have shown that a mammalian Rho GEF,
ECT2, and its Drosophila melanogaster ortholog, Pebble (PBL),
are required for cytokinesis (17, 18). Recent studies have shown
that these GEFs may be particularly important in the deter-
mination of the place and timing of eytokinesis (19, 20). In
addition to the GEFs, GAPs also appear to play a critical role
during cytokinesis. A GAP for the Rho family GTPases,
MgcRacGAP/CYK-4, is a component of the central spindlin
complex, which bundles microtubules in the central spindle
{20-23). The inhibition of MgcRacGAP/CYK-4 by mutants or
RNA interference inhibits cytokinesis, inducing multinucle-

! The abbreviations used are; MLC, myosin I regulatory light chain;
CGEF, guanine nucleotide exchange factor; GAP, GTPase-aclivaling pro-
tein; FRET, fluorescence resonance energy transfer; BrdUrd, bromo-2"-
deoxyuridine; MLCK, myosin lpht chain kinase; NRK, normal rat
kidney; GFP, green fluorescent protein; YFP, yellow fluorescent pro-
tein; CFP, cyan fluorescent protein, DMEM, Dulbecco’s modified Ea-
gle's medium; FBS, fetal bovine serum; PBS, phosphuate-bulTered saline;
DIC, differential interference contrast.
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ated cells (22, 23). MgcRacGAP/CYK-4 is 20-30-fold more ac-
tive toward Racl and Cded2 than toward RhoA {(21), but be-
comes active toward RhoA upon phosphorylation by Aurora B
(24), This MgcRacGAP/CYK-4-mediated RhoA suppression has
been shown to be required for proper cortical activity during
cytokinesis (25). Furthermore, PRC1, a human spindle-associ-
ated cyclin-dependent kinase substrate, binds te and inhibits
the Cdcd2 GAP activity of MgeRacGAP/CYK-4 (26). Therefore,
at least three Rho family GTPases, RhoA, Racl, and Cde42, can
function as potential targets of MgeRacGAP/CYK-4 during
cytokinesis.

Because the precise spatio-temporal regulation of the Rho
family GTPascs is critical for the progression of cytokinesis, it
is necessary 1o visualize changes in the activity of these GT-
Pases in living cells. To this end, we developed probes for the
Rho family GTPases based on the principle of fluorescent res-
onance energy transfer (FRET) (27, 28). By using these FRET-
based probes, we have shown that the activities of RhoA, Rael,
and Cded2 decrease upon cntry into mitosis in HeLa cells (28).
Although RhoA activity starts to increase after the initiation of
cytokinesis, the activities of Racl and Cde42 begin to increase
at approximately the time of the abscission of daughter cells.
Here we extended our previous study by using RatlA cells in
place of HeLa cells, and we demonstrated that RhoA activation
at the onset of cytokinesis is not found in this cell type. In
accord with this observation, the cytokinesis of RatlA was not
inhibited by inhibitors of RhoA. Thesc observations indicate
that the activation of and the requirement for RhoA during
ceytokinesis are cell type-specific.

EXPERIMENTAL PROCEDURES

FRET Probes, Plasmids, and Recombinant Adenoviruses—The FRET
probes, designated as Raichu-Racl and Raichu-RhoA, have been de-
scribed previously (27, 28). The ¢cDNAs for Racl-V12 and Racl-N17
were exprossed from & pIRM21-FLAG expression vector conlaining o
FLAG Lag and an internal ribosomal entry site followed by the eDNA of
a red fluorescent protein, dsFP593, at the 5'- and 3'-side of the cloning
site, respectively {27}, An expression vector of a dominant negutive form
of Ect2, Ect2-N, was obtained from T. Miki (National Institutes of
Health), A dominant negative mutant of MpcRacGAP was ebluined
from T. Kitamura {Institute for Medical Sciences, University of Tokyo)
and was subcloned into pERedMit, which, at the 3™-side of the cloning
site, conlained an internal ribosomal entry sile followed by the cDNA of
Express Red (ED Biosciences) fused to mitochondria-targeting signal.
¢DNA of Puk T423E mutant was obtained from G. M. Bokoch (The
Seripps Research Inslitute) (29) and subcloned into pERedNES, which
contained an internal ribosomal entry site followed by the ¢cDNA of
Express Red lused 1o Lhe nuclear export signal. Use of these two marker
proteins with different targeting signals allows us to identify cells that
express both of the expression plusmids, A recombinant wdenovirus
carrying C38 toxin ¢DNA, adeno-CFP-C3, and a control virus earrying
GFP alone were obtained from H. Kurose (Kyusyu University,
Fulkuoka, Japan).

Cells—HeLa and NIH3T3 cells were purchased from the Human
Science Research Resources Bank (Sennan-shi, Japan) snd from the
RIKEN Gene Bank (Wake-shi, Japan), respectively. RatlA and NRK
cells were gifts from Y. Nakabeppu (Eyushu University, Fukuoka,
Japan) and H. Okayama (Universily of Tokye, Tokye, Japan), respec-
tively. Hela, NIH3T3, and RatlA cells were maintained in DMEM
(Sigma) supplemented with 10% FBS. NRK cells were maintained in
DMEM supplemented with 5% FBS. Befere cell imaging, DMEM was
replaced with phenol red-free minimum Eagle’s medium (Nissui, Tokyo,
Japan) conlaining 10% FBS.

FRET Imaging of Rho Family GTPases in Living Cells—FRET im-
aging was performed essentislly as described previvusly (28). Brielly,
cells plated on a collagen-coated 35-mm diameter glase-base dishes
(Asahi Techno Glass Co., Tokyo, Japan) were transfected with Raichu
expression vectors and imaged every 2 min on an Olympus IX70 in-
verted microscope (Olympus Optical Co., Tokyo, Jepan) that was
. equipped with a cooled CCD camera, CoolSNAP HQ (Roper Scientific,
Trenton, NJ), and eantrolled by MetaMorph software (Universal Imag-
ing, West Chester, PA) (30). For dual-emission ratic imaging of the
Raichu probes, we used a 440AF21 excitation filter, a 455DRLP dichroic
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mirror, and two emission [ilters, 480AF30 lor CFP and 535AF26 for
YFP (Omega Opticat Inc., Brattleboro, VT), Cells were illuminated with
# 75-walt xenon lamp through a 12% ND filter (Olympus Optical) and
a 100 oil immersion objective lens. The exposure time was 0.5 s when
the binning of the CCD camera was set to 4 X 4. After background
sublraction, the ratio image of YFP/CFP was created with MetaMorph
software and was used to represent the efficiency of the FRET.

Roles of Rho Family GTPases in Cytokinesis—Cells were infected
with recombinant adenoviruses carrying GFP or GFP-C3. Thirty six
hours later, the cells were labeled with BrdUrd {Sigma) for 12 h. After
fixation with 70% ethanol, the cells were permeabilized with 0.1%
Tween 20, followed by incubation in PBS containing 30 pg/ml DNase 1
{Roche Diagnostics) for 1 h. BrdUrd incorporated into the nucleus was
detected with anti-BrdUrd antibody (BD Biosciences), fallowed by Alexa
546-conjugated enti-monse IgG antibody (Molecular Probes, Inc.,
Eugene, OR). More than 100 cells that were positive for both BrdUrd
and GFP were analyzed to identify the multinucleated phenotype. In
uother experiments, the cells were transfected with pIRM21-derived
expression plasmids of Rho family GTPases or pERed-derived expres-
sion plasmids, and 48 h later, the cells expressing marker proteins were
analyzed to identily the multinucleaied phenotype.

Microinjection of C3 Toxin—The ¢DNA of C3 toxin was inserted
into pGEX-6P (Amersham Bivsciences). The purification of C3 was
performed according to the manufacturer’s protocol. Briefly, glutathi-
one S-transferase-fused C2 was purified on a glutathione-Sepharose
column from the cell lysates of Escherichia coli expressing pGEX-6P-
C2. C3 was excised from glutathione S-transferase with PreSciesion
protesse, followed by dialysis against PBE. Cells in the metaphuse
were microinjected with 0.1 mg/m! C3 in PBS or with PBS alone and
were analyzed to identify the multinucleated phenotype as described
previcusly (13).

Effect of Kinase Inhibitors on Cytohinesis—Cells were treated with
40 pM Y-27632 (Calbiochem) for 4 h, 40 pM ML-7 {Calbiochem) for 5
min, or 100 uM blebbistatin (Toronte Research Chemicals Inc,, North
York, Ontario, Canada) for 1 min. Then, in the continuing presence of
the inhibitors, cells in metaphase were identified, and such cells were
recorded by DIC images created every 30 s in the case of the Ratla cells
and every 1 min in the case of the HeLa cells. By using these DIC
images, the diameter of the contractile ring was measured and platted
to obtain the time course. Each lime course was fitled to an exponential
curve with GraFit sofiwarve (Erithacus Sollware Lid., Horley, UK), by
which the maximum velocity and the half-time (n,) of cleavage furrow
contraction were calculated.

RESULTS AND DISCUSSION

Changes in the Activity of RhoA and Racl in RatlA Cells
Progressing from the Gq to the G, Phase—-To examine whether
the changes in the activity of RhoA and Racl described in HeLa
cells could be generalized to other cell types, we monitored
spatio-temporal changes in the activities of RhoA and Racl by
using Rat1A cells progressing from the G; to the G, phase, as
described previousty (28). Briefly, RatlA cells expressing
Raichu-RhoA or Raichu-Racl were excited at 440 nm and im-
aged for CFP and YFP at 475 and 530 nm, respectively, The
intensity ratio YFP/CFP was used to represent the FRET effi-
ciency of the probes, which reflects the GTP/GDP ratio on each
probe. Because Raichu probes are regulated in a manner sim-
ilar to that of suthentic GTPases, the FRET value at each pixel
of the digital image reflects the activity of the corrcsponding
GTPase (28). Images of differential interference contrast and
YFP-tagged actin were also obtained to follow the morpholog-
ical changes.

At prophase, the activities of RhoA and Racl started decreas-
ing, reaching a nadir at telophase, and gradually increased
upon exit from the M phase (Fig. 14). The activities were then
averaged for the entire region of each Rat1A cell and compared
with those of HeLa cells (Fig. 1B). RhoA activity started in-
creasing at late telophase in RatlA cells, whereas it did so in
anaphase in the Hel.a cells. The time course of the change in
the activity of Racl was very similar between RatlA cells and
HeLa cells. In order to follow changes in activity over a long
periad of ~16 h, the objective lens was focused on the basal
plasma membrane before imaging and was fixed during the

— 104 —



Prophase

Prometaphase  Metaphase

S IR

N

DIiC

EYFP-actin

- RhoA

Aﬁaphase Early telophase Late telophase

Regulation of RhoA during Cytokinesis

G

2 T Y,
ta, R et

%eive-

08
86
3
[+
26
B
~1- _A05 JRRE!
5 3 Ract 5 Control
=z L 2
o o o b
: : \\.‘—./ F
E [ £ M
¢ E’ « Rall E < RatiA
0.85 [-=-Hela 0.95 b8 ;
T o 3 §m g @
o§ o B 2 © » 2 % o 2 &
ieffes  Pilii:: 323353
3318 fz g §§§§E§ E38g<s
“ 52 T e z 2 & 2 &z
A E="8 = SRR

Fis. 1. The activity of Rho family GTPases in HeLa cells progressing from the G, to the G, phase. 4, RatlA cells were infected with
recombinant adenoviruses for the expression of Raichu-RioA and Raichu-Racl, as indicated at left. CFP, YFP, and DIC images were obtained every
1 min with a time-lapse epifluorescent microscope. A ratic image of YFP/CFP was used to represent the FRET efficiency. The stages of the cell cycle
were determined by the DIC images. Representative FRET images are shown at each stage of the cell cycle denoted at the fop of the figure. The
upper and lower limits of the ratio range are shown at the right of each panel. At least four similar images were obtained for each probe, and a
representative image is used here. B, in the Rat1A cells from the images in A, the net intensities of YFP and CFP in each cell were measured in
order to calculate the averaged YFP/CFP emission ratio. The HeLa cell experiments were performed in essentially the same manner as the RatlA
cell experiments. Because the basal level of the emission ratio vaties fram cell to cell, the relative emission ratio to that of the G, phase is used

as an arbitrary unit (a.u. ). As a contzrol, we used Raichu-Pak-Fho as described (23).

entire experiment. Thus, upon the rounding of the cells during
mitosis, the images always became out of focus. To obtain
clearer imapes, we looked for cells that had entered into mito-
sis, and we acquired their images by continucusly focusing the
lens at the middle depth of the cells (Fig, 2A4), The progression
of eytokinesis was followed by measuring the breadth of the
cells at the cleavage furrow. The averaged RhoA activity in-
creased, whereas the constriction proceeded in HeLa cells, and
in Rat1A cclls, RhoA activity reached a nadir in the late phase
of cytokinesis, slightly before the appearance of the mitotic
midbody. We performed similar experiments with NRK and
NIH3T3 cells and found that NRK cells behaved in a manner
similar to that of HeLa cells, whereas NIH3T3 cells behaved in
a manner similar to that of Rat1A cells (Fig. 2B}. These obser-
vations suggest that the role of RhoA in cytokinesis is cell
type-specific,

The changes in the activity of Racl were indistinguishable
among HeLa, Rat1A, NRK, and NIH3T3 cells (Fig. 3). Suppres-
sion of Racl activity was most prominent at the cleavage fur-
row, and the increase in activity was initiated at the polar ends
of the plasma membrane in both cell types.

Inhibition of Cytokinesis of HeLa und NRK Cells but Not of
RatlA and NTH3T3 Cells by C3—The lack of increase in RhoA

activity during cytokinesis suggested its dispensability in the
cytokinesis of RatlA cells and NIH3T3 cells. To address this
issue, we examined the cffect of C3 toxin on cytokinesis. The
effectiveness of C3 toxin delivered by a recombinant adenovirus
was first confirmed by the loss of actin stress fibers in both
HeLa and RatiA cells.? To exclude cells that were G;-arrested
by the inactivation of Rho family GTPascs (31), we stained the
cells with BrdUrd, and we determined the number of multinu-
cleated cclls among those pesitive for both BrgUrd and GFP
{(Fig. 4A). The expression of GFP-C3 significantly induced the
multinucteated phenotype in more than 50% of the HeLa cells
but only in 10% of the Rat1A cells and 18% of the NIH3T3 cells.
We could not perform a similar experiment by using NRK
cells because of the toxicity of the recombinant adenovirus
carrying GFP-C3 to this cell type. Therefore, we examined the
effect of C3 by microinjecting purified C3 toxin into the cyto-
plasm at metaphase (Fig. 4B). Cytokinesis was remarkably
inhibited in HeLa and NRK cells and was slightly disturbed in
Rat1A cells by this manipulation. These results suggest that
the requirement of RhoA for cytokinesis was less flexible in

*H. Yoshizaki and M. Matsuda, unpublished results.
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Fi;. 2. Changes in the activity of RhoA during cytokinesis. A,
HeLa cells or RatlA cells expressing Raichu-RhoA were photographed
as in Fig. 14, except that the fluorescent images were focused on the
conlour of the cells and subjected Lo median {iltering in order 10 reduce
noise. The elapsed time and the phases are denoted at the top of the
figure. Time zero is set to metuphase. B, the netl intensities of YFP and
CFP in each cell were measured in order to calculate the average
emission ratio. The progression of cytokinesis was monitored by a
decrease in the diameter of the contractile ring (CR). The abscissu
shows the diameter of contractile ring in arbitrary units (4.11), the
value of which varies from 1 st the initiation o O at the end of cytoki-
nesis. NRK cells and NIH3T3 cells expressing Raichu-RhoA were im-
aged, and the emission ratio (YFP/CFP) was obtained as in A. Bors
indicate error bars from fve cells,

HeLa and NRK cells than in RatlA cells and NIH3T3 colls.
O'Connell et al. (13) have shown that the mieroinjection of C3
inhibits cytokinesis in HeLa cells but not in NRK cells and
Swiss 3T3 cells. The discrepancey regarding the effects on NRK
cells may have been due to the difference in the origin of NRK
calls, the eulturing conditions, or the concentration of C3. In
any case, the effect of C3 on cytokinesis appeared to be depend-
cnt on the cellular context.

Role of the Suppression of Racl Activity in Cytokinesis—
Next, we addressed the role of the suppression of Racl during
cytokinesis. To this end, we expressed constitutively active or
dominant negative mutants of Racl (Fig. 54). The cxpression of
Racl-G12V significantly increased the number of multinucle-
ated cells in both HeLa and RatlA cells. This observation
agreed with the results of previous reports, i.e. it was found
that constitutively active Racel induced multinucleated cells in
HeLa and porcine aortic endothelial cells (14, 15). In contrast to
the constitutively active mutant, Racl-T17N did not increase
the number of multinucleated cells to a detectable level. This
observation again agreed with those of previous reports (2, 21}
showing that a loss of the function of Rael did not inhibit
cytokinesis.

Among many cffector molecules of Rael, Pak may bhe in-
volved in the regulation of cylokinesis. Microinjection of Pak
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Fii. 3. Changes in the activity of Racl during cytokinesis. A,
HeLa cells ar Ratlh cells expressing Raichu-Racl were photographed
as in Fig. 14, except that the fluorescent images were focused on the
contour of the cells and suhjected to median filtering in order to reduce
noise, The elapsed time and the phases are denoted at the top of the
figure. The time 0 iy sel 10 metaphase. B, the net intensities of YFP und
CFP in each cell were measured in order to calculate the averaged
emission ratio. The progression of cytokinesis was anzlyzed as de-
seribed in Fig, 2B, A U., arbitrary units.
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Fia. 4. Cell type-dependent requirement of RhoA for cytokine-
sis, A, HeLa cells, NIH3T3 cells, and RatlA cells were infected with
recombinant adenoviruses encoding GFP-C3 or GFP. Twenly four hours
after infection, the cells were laheled with bromodenxyuridine, Forty
eight hours after adenovirus infection, more than 100 cells that were
positive lor both bremodeoxyuridine and GFP were analyzed to identily
the multinucleated phenotype. Independent experiments were per-
formed four times for HeLa and RatlA cells and twice for NTH3T3 cells.
Averaged data are shown with 8.D. B, cells ol metaphase were micro-
injected with C3 or PBS and were examined for the multinucleated
phenotype. Fifteen cells were counted in every microinjected group.
Asterisks indicate that no multinucleated cells were observed under
that condition.

inhibits cleavage furrow ingression of Xenopus egg (32). Pak
phosphorylates and thereby inhibits MLCK (16, 33), which is
known to promote cytokinesis through phosphorylation of my-
osin IT (34). We found that expression of a constitutively active
Pakl mutant, Pak-T423E, significantly increascd the number
of multinucleated cells both in Hela and NIH3TS cells (Figp.
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pression of Pakl appear to be essential steps of ¢ytokinesisin a
vaviety of cell types.

Inhibition of Cytokinesis by Dominant Negative Mutants of
Ect2 and MgcRacGAPICYK-4—We further studied the mech-
anism of changes in the activity of Rho family GTPases during
eytokinesis. For this purpose, we utilized dominant negative
mutants of Ect2 and MgeRacGAP/CYK-4, which have been
shown to regulate eytokinesis (18, 22, 23, 25). In cells express-
ing the dominant negative mutant of Ect2, Ect2-N, the increase
in RhoA activity was suppressed at the cleavage furrow but not
at the plasma membrane of polar sides (Fig. 6A). This obser-
vation agrees with the previously demonstrated recruitment of
Ect? to the cloavage furrow during cytokinesis (18) and sug-
gests that multiple Rho GEFs are activated during cytokinesis.
In cells cxpressing the dominant negative mutant of MgcRac-
GAP, MgcRacGAP-RA, Racl activity was not decreased at the
cleavage furrow of HeLa colls, indicating that the suppression
of Racl activity during cytokinesis was primarily mediated by
the recruitment of MgcRacGAP (Fig. 68).

To determine the effect of these mutants on cytokinesis
quantitatively, we scored the number of multinucleated cells in
the presence or absence of GFP-Ect2-N or MgcRacGAP-RA
(Fig. 6C), Both GFP-Ect2-N and MgcRacGAP-RA increased the
number of the multinucleated cells in Hela colls. The effect of
these mutants on RatlA cells was marginal in this assay.

Fic. 6. Effect of dominant negative mutants of Ect2 and
MgcRacGAP/CYR-4. A, Hela cells expressing Ect2-N and Raichu-
RhuA were imaged as in Fig. 24, B, HeLa cells expressing MgcRac-
CAP-RA and Raichu-Racl were imaged agin Fig. 34. C, HeLa cells and
RatlA cells were transfected with Ect2-N and MgcRacGAP-RA and
were analyzed to identify the multinucleated phenotype us in Fig. 4. D,
time-lapse analysis of cytokinesis in HeLa and RatlA cells. The diam-
eler of the contractile ring was measured as illustrated in the left panel.
The right pane! shows the aligned time courses of cleavage furrow
constriction in control cells (n = 10), E, HeLa and RatlA cells were
mock-transfected or transfected with pEGFP-C1-Ect2-N4 or pEredMit-
MzcRacGAP-RA and were abserved for cytokinesis. Cont., econtrol. The
averaged time courses are shown (n > 4).

Therefore, to examine the effect of these mutants on cytokine-
sis more directly, we measured the diameter of the contractile
ring as shown by DIC images created during cytokinesis, and
we calculated the maximum velocity of its shortening and the
half-time of eytokinesis. The halflife of the shortening of the
contractile ring was 7.2 min in the HeLa cells and 4.7 min in
the Rat1A colls (Fig. 6D). In the presence of GFP-Ect2-N and
MgcRacGAP-RA, the half-life of the shortening of the contract-
ile ring was increased to 9.6 and 11.2' min, respectively, in
Hela cells (Fig. 6E). In RatlA cells, however, only MgeRae-
GAP-RA increased the half-life of the contractile ring shorten-
ing to 7.1 min, These observations suggest the following con-
clusions. First, the increase in RhoA activity at the cleavage

— 107



Regulation of Rhod during Cytokinesis

furrow of HeLa cells was primarily mediated by Ect2. Second,
the decrease in Racl activity at the cleavage furrow was pri-
marily mediated by MgcRacGAP. Third, the activation of RhoA
was not essential for the cytokinesis of RatlA cclls. Fourth, in
RatlA cells, suppression of Racl plays a more critical role in
cytokinesis than activation of RhoA.

Recently, it has been shown that increases in RhoA activity
are responsible for cortical rigidity (35). Diffuse increases in
RhoA activity at the plasma membrane may play a role in this
increascd cortical rigidity. Howover, the results obtained with
GFP-Ect2-N seem to indicate that such an increase at the
cortex is not sufficient for cytokinesis, unless it is accompanied
by an increase in RhoA aectivity at the cleavage furrow. More
importantly, these results demonsirated that the inhibition of
cytokinesis by C3 or GFP-Ect2-N in cach ccll type was closcly
correlated with an increase in RhoA activity during cytokine-
sis, as observed by the Raichu probes used here.

Notably, our observations are not necessarily in conflict with
the recent finding that MgeRacGAP/CYR-4 phosphorylated by
Aurora B acts on RhoA at the time of the abscission of daughter
cells (24, 25). Because of the limitation in the resolution of the
FRET images, we were unable to conclude whether or not RhoA
was suppressed at the spindle midbody at the time of abscission.

Role of ROCK and MLCK on the Cytokinesis of HeLa and
RatlA Cells—To understand further the role of Rho family
GTPascs in the eytokinesis of HeLa and RatlA cells, we tested
the effects of various inhibitors that have been shown to dis-
turb cytokinesis. First, we tested the effects of blebbistatin, an
inhibitor of myosin IT {36), because cytokinesis can proceed in a
myosin Il-independent manner in Dictyostelivm discoideum
(37). As shown in Fig. 7, blcbbistatin abrogated the cytokinesis
of both HcLa and RatlA cells. Thus, we proceeded to examine
the contribution of ROCK and MLCEK, which can induce acto-
myosin contraction by the phosphorylation of the light chain of
myosin II (2). To this end, we treated the cells with Y27632, an
inhibitor of ROCK, or ML-7, an inhibitor of MLCK. In HeLa
cells, the effect of ML-7 was insignificant, whercas Y-27632
markedly delayed the velocity of cleavage furrow ingression, as
reported previously (38). In contrast, ML-7, but not Y27632
significantly inhibited the cleavage furrow ingression of Rat1A
cells. Therefore, a relief of Pak suppression scemed to lead to
MLCX-promoted cytokinesis in RatlA cclls, as sugpested pre-
vicusly (8). One of our co-authors {39) has recently reported an
essential rele of MLCK in the normal spindle morphology and
chromosomal aligniment of mitotic HeLa cells by using domi-
nant negative mutants of MLCK. In these HeLa cells express-
ing the dominant negative MLCK mutants, the frequency of
the multinucleated cells was up to 11%, whereas the percent-
age of multinucleated cells exeeeded 50% in the presence of C3
(Fig. 4). In addition, the effect of the dominant negative mu-
tants of MLCK on the velocily of cleavage furrow ingression
was markedly weaker than that of Y-27632 (supplemental fig-
urce). Therefore, we concluded that the effect on MLCK was
prominent in metaphase but lesg remarkable during eytokine-
sis in Hel.a cells. Altogether, cytokinesis of Hel.a cells seems to
be more resistant to the inhibition of MLCK than RatlA cells.

In conclusion, this study revealed that there are at least two
pathways leading to actomyosin contraction and the resulting
constriction of the cleavage furrew. The contribution of cach
pathway may depend on the cellular context. For example, the
Ect2-RhoA-ROCK pathway is predominant in Hela cells,
whereas the MgeRacGAP/CYK-4-Racl-Pak-MLCK pathway
plays a more important role in the eytokinesis of RatlA cells,
Such differences in the mechanism of cytokinesis may in turn
have generated the observed discrepancy in the requirement of
RhoA for cytokinesis.
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Fic. 7. Differential role of ROCK and MLCK on the eytokinesis
of HeLa and RatlA cells, A, HeLa and RatlA cells untreated or
Lreated with Y-27632, ML-7, or blebbistalin were observed lov eyloki-
nesis, as described in Fig. 6. The averaged time courses are shown (n >
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Note Added in Proof—Following acceptance of this manuscript, a
complementary study was published that provides further genetic sup-
port for our proposal that MgcRacGAP/CYK-4/RacGAPS0C suppresses
Rac during cytokinesis (D’Avino, P. P., Savoian, M. 8., and Glover, D. M.
(2004) J. Cell Biol. 166, 61-71).
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APJ is a G-protein-coupled recepior with seven
transmembrane domains, and its endogenous ligand,
apelin, was identified recently. They are highly ex.
pressed in the cardiovascular system, suggesting that
APJ is important in the regulation of blood pressure.
To investigate the physiological funetions of APJ, we
have generated mice lacking the gene encoding APJ.
The base-line blood pressure of APJ-deficient mice is
equivalent to that of wild-type mice in the steady state.
The administration of apelin transiently decreased the
bloed pressure of wild-type mice and a hypertensive
model animal, a spontaneously hypertensive rat. On
the other hand, this hypotensive response to apelin
was abolished in APdJ-deficient mice. This apelin-
induced response was inhibited by pretreatment with
a nitric-oxide synthase inhibitor, and apelin-induced
phosphorylation of endothelial nitric-oxide synthase
in lung endothelial cells from APJ.deficient mice dis-
appeared. In addition, APJ-deficient mice showed an
increased vasapressor response to the most potent va.
socenstrictor angiotensin II, and the base-line blood
pressure of double mutant mice homozygous for both
APJ and angiotensin-type la receptor was signifi-
cantly elevated compared with that of angiotensin-
type 1a receptor-deficient mice. These results demon-
strate that APJ exerts the hypotensive effect in vivo
and plays a counterregulatory role against the pressor
action of angiotensin II.
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A family of G protein-coupled receptors bind a large variety
of ligands and plays an essential role for physiological functions
in vivo including the maintenance of homeostasis in the car-
diovascular system. APJ (a putative receptor protein related to
the angiotensin-type 1 receptor (AT1))! is a G protein-coupled
receptor that was isolated from human genomic DNA using the
polymerase chain reaction (1), The AP has a 31% amino acid
sequence homelogy with the AT1, but APJ does not display
specifie binding for angiotensin II, whieh is the ligand of AT1
and exerts & pressor action in the blood pressure regulation (1),
Recently, the endogenous ligand of APJ was identified from
bovine stomach, and this peptide was named apelin (for APJ
endogenous ligand) (2). APJ and apelin are expressed in sev-
eral tissues including the cardiovascular and the central nerv-
ous systems (3-6), and the structure of APJ and apelin is
highly conserved among species, suggesting its important
physiological roles.

Intravenous administration of apelin suggested a hypoten-
give effect in rat (5, 7-9). On the other hand, apelin potently
contracts human saphenous vein smooth muscle cells in vitro
(10}, indicating that apelin is a potent vasoconstrictor. Thus, at
this moment, the action of apelin in blood pressure regulation
is controversial, and it is still unclear whether these actions of
apelin are really through APJ beeause of the absence of specific
receptor blocker to elarify the in vive functions of APJ. There-
fore, in this study, by using animal models such as APJ-defi-
cient mice, APJ/AT1a double knock-out mice, and spontane-
ously hypertensive rat and by using endothelial cells from
mice, we evaluated the functional importance of apelin-APJ
signaling in the blood pressure regulation in vitre and in vivo.

EXPERIMENTAL PROCEDURES

Gene Targeting and Generefion of Mutant Mice—The genomic DNA
containing the APJ locus were isolated from a phage lbrary from
C57BL/6 mice (11) with the human AT'? cDNA as a probe. To construct
a largeiing vector for the APJ gene, the 166-bp [Fagment of the mouse
APJ gene between the Neol site including the translation initiation
codon of the gene and the Csp45l site was replaced with the nuclear
localization signallacZ cassette. The neomycin phosphotransferass
(neo) gene casseile derived from pMClneoPolyA (Stratagene) was
placed downsiream of the nuclear localization signal-lucZ gene. The

! The abbreviations used are: AT1, angiolensin-lype 1 receptor; WKY,
Wistar-Kyoto: SHR. spontaneously hypertensive rat; DMEM, Dulbec-
co's mudified Eagle’s medium; NO, nitric exide; eNOS, endothelial NO
synthase; 1-NAME, N%nitro-1-arginine methyl ester.

This paper is avatlable on line at htip://www.jbc.org
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6.3-kb Xhol/Neol fragment and the 1.6-kb Cap45L/5au3Al [ragment of
the APJ gene were included upstream and downstream of these cas-
setles, respectively {Fig. 14). Details of the negative selection with the
diphthena toxin-A cassetle are described elsewhere (12). The TT2 ES
cells were grown on embryonic fibroblast feeder cells as described
previously {13). Homologous recombination in TT2 ES cells was de-
tected by Southern blotting using probe a (687-bp BanlIl-Sau3Al frag-
ment). Chimeric mice were generated by injecting the ES cells into ICR
8-cell embryos (13, 14), ATla-delicient mice were generaled as de-
seribed previously (11). Double knock-out mice for APJ and AT ]u used
in this study were genernted from hetervzygous mice afler the crossing
of single APJ-delicient and ATla-delicient mice.

RNA Preparation and Northern Blot Analysis—Total RNA was iso-
lated from the heart and lung of four independent age-matched mice
using ISOGEN (NipponGene) {(15). Fifteen micrograms of RNA were
denutured with glyoxal, sepurated by electrophoresis, und trunsferred
1o a nylon membrane. The 728-bp Neol/Nael [iragment that corvespondis
to the coding regions of APJ was used nes the APJ receptor-specific probe
{probe b). Probes for mouse glyceraldehvde-3-phosphate dehydrogenyse
were described previously (16).

Measurement of Blood Pressure—The heart rate and systolic, mean,
and diastolic bloed pressures were measured by a programmable sphyg-
momanometer (BP-200, Softron, Japan) using the tail cuff method as
described previously (17). Unanesthetized mice were introduced inlo a
holder mounted in a thermostatically contralled warning plate and
maintained at 87 °C during measurement.

Intraperitoneal Injection of Apelin—Experiments were performed us-
ing 4month-0ld male mice under the conscious and unrestrained con-
ditions. [Pyr']Apelin-13 (Peptide Institute 4361-v} was suspended in
saline (0.9% NaCl in distilled water). Afler the measurement of the
basal systolic blood pressure, [Pyr']apelin-13 was administered by in-
troperitunes) injection at 285 pg/kg budy weight und the systolic blood
pressure was measured continuously. The dala were caleulated at
5-min intervals for 20 min after the administration of apelin.

Intravenous Injection of Apelin in Wister-Kyoto (WKY) Rat and
SHE—SHR and WKY rats at 12 weeks of age were anesthetized with
sodium pentobarbital {35 mp/kg intraperitoneal), PE-10 catheters (Cluy
Adams, Parsippany, NJJ were inserted into the right femoral artery for
measuring blond pressure and into the right femoral vain for allowing
the admeinistration of |Pyr'lapelin-13. The arterial catheter wis con-
nected to a pressure transducer {(TP-200T, Nihen Kohden, Tokya,
Japan), and blood pressure was measured continuously. The anesthetic
level was maintained by subcutaneous injection of 10 mp/kg pentohar-
bital every 40 min. {Pyr'JApelin-13 dissolved in 0.1 ml of raline was
administered through the vein catheter (2, 4, and 10 nmolkg).

Pretreatment with NC-Nitro-r-Arginine Methyl Ester (L.-NAME) and
Intraperitoneal Injection of Apelin in Wild-type and APJ-deficient
Mice—Experiments were performed using 4-month-old male mice un-
der the conscious and unrestrained conditions. 1.-NAME (Sigma) was
suspended in saline. Syswlic bloed pressure was continuously meas-
ured before and afier ncule intraperitoneal injection of L-NAME (10
mg'kg body weight). At 15 min after the administration of L-NAME, the
additional administration ol |Pyr!]apelin-13 (285 patkg body weight) or
saline alone was performed by intraperitoneal injection and the systolic
blood pressure was measured continuously. The maxima of systolic
blood pressure responses Lo injections ol apelin were calculated in a 05
min-post-injection of apelin.

Preparativn of Endothelial Cells from Wild-type and APJ-defivient
Mice—The lung of wild-type and APJ-deficient male mice at 11 weeks of
wre was perfused with 0.25% heparin/phoesphate-buflered saline(—) and
remaved aseptically, rinsed in 0.25% heparin/phosphate-buffered sa-
line{ —), minced into ~1 X 2-mm squares, and digested in 20 ml of
callagenase type I (4 mg/m), Worthinglon) in serum-{ree DMEM con-
taining antibiotic at 37 *C for 60 min with shaking. The cellular digest
was filtered through u sterile 40-um nylon mesh and washed in 20 ml
of serum-free DMEM, and the cell pellet was resuspended in 4 ml of
serum-free DMEM. 2 ml of cell suspension were put into the tube
containing 12 ml of 305 Percoll and centrifuged at §00 g for 15 min.
2 ml of the cancentrated fraction with the endothelial cells were recov-
ered to which 2 ml of serum-free DMEM were added, und then the
Pereoll density gradient centrifugation was carried out again. The col-
lected endothelial cells then were resuspended in 4 ml of growth me-
dium (DMEM containing 10% letal bovine serum and endothelial cell
growth supplement from bovine neural tissue (Sigmah for culture.
Contaminated vascular smooth muscle cells were siripped off physically
as necessary. Confluent cells were passed routinely at a split ratio of
1-3 after trypsin/EDTA digestion and cultured under the same condi-
Ltions. We ascertained the purity ol'endothelial cells by Western blotting
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wilh monoclonal anti-mouse CD-31 antibody {BD Biosciences) (data not
shown),

Detection of Endothelial NO Synthase (eNOS) Phosphorylation—
Isolated endothelial cells from wild-type and APJ-delicient mice were
cultured in 6-well plates and stimulated by [Pyr'lapelin-13 (10 pM) or
fetal bovine serum {10%:;) for 5 min, and the reaclion was terminated by
adding Laemmli buffer. The cell lysates were subjected to SDS/7.5%
polyacrylamide gel electrophoresis and then transferred to polyvinyli-
dene diflunride membrane (Millipore). After blocking with a blacking
buffer containing 5% milk, the membrane was incubated with & poly-
clonal anti-human phospho-eNOS (Ser™?) antibody (Cell Signaling
Technology) and bound antihody was detected by horseradish peroxy-
dase-lubeled dunkey anti-(rabbit IgG) serum {Amersham Biosciences)
using Western Lightning Plus chemiluminescence reagents (Perkin-
Elmer Life Sciences) to measure the phosphorylation of eNOS. After
washing with a reprobing bulfer of the composition (62.5 mu Triz-HC|
(pH 6.7), 100 mM S-mercaptoethano], and 2% SDS), the same mem-
brane was subjected to Western blotting with a monotclenal anti-eNOS
antibedy (BD Transduction Laboratories) to detect the expression Jevels
of eNOS as an internal control.

Treatment with Captopril and Introperitoneal Injection of Angioten-
sin II—8ystolic blood pressure was measured in conscicus and unre-
strained female mice at 4 months of age as mentivned above, The basal
systolic blond pressure and the pressure responses against intraperito-
neal injection of angiotensin IE (10 and 30 pg/kg) were measured prior
10 the administration of caplopril. Aller the adminisiration of captopril
(500 mg/liter in drinking water) for 1 week to inhibit the endogenous
production of angiotensin II, the pressure responses to angiotensin IT
given from Jower dose {3-30 pg/kg) were recorded continuously for 40
min after the administration of angiotensin II.

Statistical Analysis==The dala were analyzed by Student’s ¢ 1est for
unpaired values. p < 0.05 was considered significant. Results are ex-
pressed as the mesns * S.E,

RESULTS AND DISCUSSION

Generation of APJ-deficient Mice—To generate a null mutation
at the mouse APJ gene locus, we designed a targeting vector that
would replace a portion of the APJ coding region with the pro-
moterless laeZ gene (Fig, 14). After clectroporation of TT2 cclls
with the targeting vector, homologous recombination was con-
firmed by Southern blotting (Fig. 1B, left panel), 10 independent
cell lines of 195 (G418-resistant cells had undergone homologeus
recombination at the mouse APJ locus. Eight clones were in-
jected into ICR 8-cell embryos to generate chimeric mice, and two
clones gave rise to germ line transmission by backeross mating
with C57BL/6J mice. The heterozygous mice were intercrossed to
produce homozygous offspring, and the mutation at APJ loci was
detected by Southern analysis of tail DNA (Fig. 1B, right panel).
Of the 396 offspring analyzed, 76 (19%}) were homologous for the
disrupted allele and 103 (26%) were wild type, indicating the
normal embryonic development of the homozygous mutant mice.
The histological sections of heart, lung, kidney, spleen, brain,
ovary, skeletal muscle, liver, and white adipose did not reveal
any differences in morphology between wild-type and heterozy-
gous or homozygous mutant mice {data not shown). In the fol-
lowing study, to gain the equivalent effects of other gene back-
grounds with the exception of for the APJ gene, we used these
intererossed littermates of heterozygous mice for further physi-
ological experiments.

RNA Analysis—To determine whether APJ message was
present in homozygous mutants, we performed Northern blot
analysis of heart and lung RNA. Although heart and lung
highly express the APJ gene in rodents (3), homozygous mu-
tant mice had no detectable APJ message (Fig. 1C). A duplicate
blot was analyzed with a glyceraldehyde-3-phosphate dehydro-
genase probe to confirm that the RNA sample was intact. These
results indicated that APJ transcripts were absent completely
from homozygous mutant mice (APJ-deficient mice).

Measurement of Blood Pressure and Administration of Ape-
lin—To ascertain whether APJ-mediated pathways participate
in the regulation of the cardiovascular system, we measured
the systolic blood pressure and heart rate under the steady

- 111 —
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state. As shown in Fig. 24, APJ-deficient mice and wild-type
mice did not show any difference in the base-line systolic blood
pressure (106.7 * 2.0 and 105.9 + 2.5 mm Hg, respectively)
and the heart rate (632.0 = 19.2 and 616.1 * 32.8 cpin, respec-
tively), suggesting that APJ is not essential for the mainte-
nance of base-line blood pressure. Furthermore, it is reported
that apelin is concerned in the regulation of drinking behavior
(5, 7, 18), but the volume of water intake and the concentration
of urinary electrolytes of APJ-deficient mice are not distin-
guishable from those of wild-type littermates when water is
freely available (data not shown).

It has been reported that blood pressure was decreased tran-
siently by the systemic administration of apelin, the endoge-
nous ligand of APJ, in rat (5, 7-9). We administered apelin to
APJ-deficient mice to ascertain whether these actions of apelin
are really through APJ. Apelin is derived from a 77-amino acid
precursor and processed to several isoforms by deleting the
amino terminus (3, 4}, The pyroglutamylated form of apelin-13,
IpGlulapelin-13, has been reported to have the effective activity
at the receptor in vitro {3). Conscious male mice were intrap-
eritoneally injected with [pGlulapelin-13. The acute adminis-
tration of apelin transiently and significantly decreased in the
systolic blood pressure of wild-type mice (Fig. 2B). On the other
hand, the apelin injection revealed no change in systolic blood
pressurc of APJ-deficient mice {Fig. 2C) without a change in
heart rate as well as that of wild-type mice (data not shown),
These results clearly demonstrate that the systemic adminis-
tration of apelin lowers the blood pressure in wild-type but not
in APJ-deficient mice and that APJ is really responsible for this
action of apelin on the blood pressure regulation.

Administration of Apelin to Spontaneously Hypertensive
Rat—Given that the activation of the apelin-APJ signaling
pathways lowers the blood pressure under the steady state in
mice (Fig. 2B) and rats (5, 7-9), is the hypotensive effect also
eveked in the hypertensive conditions? To address this ques-
tion, we administered apelin intravenously to a chronic hyper-
tensive model animal, SHR, and measured continuously the
arterial blood pressure. WKY rats were used as a control,
Before the administration of apelin, the base-line mean blood
pressure of WKY rats and SHR was measured (77 = 4 mm Hg,
n = 10, and 117 = 2 mm Hg, n = 9, respectively). When apelin
was injected into the normotensive WKY rats, a dose-depend-
ent and significant decrease in mean arterial blood pressure

112

was elicited (Fig. 2D, closed bar) as reported previously (5,
7-9). The intravenous administration of apelin to SHR was
found to significantly lower the mean artorial blood pressure in
a dose-dependent manner (Fig. 2D, open bar). Thus, the hypo-
tensive effect by the systemic administration of apelin was
evoked in hypertensive animals, but the degree of decrement
was less than that of WKY rats. The effects of apelin on blood
pressure regulation in the hypertensive model animals have
not been explored previously to date, although it has been
recently reported that apelin-APJ signaling pathways were
down-regulated in the mechanical stretch models in vitro, in
the animal models of ¢hronie ventricular pressure overload,
and in patients with chronic heart failure in vive (19-21). In
addition, the angiotensin-converting enzyme-related car-
boxypeptidase (ACE2), a zinc metalloprotease whose closest
homolog is the angiotensin I-converting enzyme, was identified
as the breakdown enzyme for apelin peptides (22). The reduc-
tien of apelin-induced hypotensive effects in SHR compared
with WEKY rats might be attributed to the differences in the
balance of the production and degradation of apelin and in the
sensitivity of APJ-mediated intracellular signalings including
receptor desensitization.

Effects of ¢ Nitric Oxide Synthase Inhibitor on the Action of
Apelin Administration—Tatemoto et al. (8) suggest that apelin
causes vasodilatation via the activation of the nitric oxide (NOY
L-arginine system. NO generated by eNOS has a central role in
the regulation of vascular tone. Therefore, we examined the
effects of a nitric-oxide synthase inhibitor, L-NAME, against
the depressor response of apelin-APJ signaling observed in
wild-type mice. After a single intraperitoneal bolus injection
(10 mg/kg body weight) of 1.-NAME, the systolie blood pressure
increased similarly from 111.0 % 2.2 to 142.3 * 2.9 mm Hg and
from 108.1 * 24 to 1424 = 2.5 mm Hg in wild-type and
APJ-deficient mice (n = 7-8/group), respectively. This increase
in systolie blood pressure with the administration of 1.-NAME
was described previously in rat, and the systolic blood pressure
of cach group reached a plateau at around 10 min after admin-
istration (data not shown). Accordingly, we injected the apelin
peptide at 15 min after 1.-NAME administration. The injection
of apelin induced an acute and transient decrease in systolic
blood pressure in the non-treated wild-type mice. In contrast,
the administration of the same dose of apelin caused almost no
change in systolic blood pressure in wild-type mice pretreated
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with L-NAME (Fig. 34, closed bar). The systolic blood pressure
in APJ-deficient mice was not changed by the apelin peptide
injection regardless of 1-NAME administration (Fig. 34, opened
bar), suggesting that the suppressive action point of 1.-NAME
against the hypotensive effect observed in wild-type mice by
apelin injection exists under the APJ-mediated signalings.
Tatemoto et al. (8) also report that the systemic administration
of apelin significantly increased the plasma NOx concentration
in rats, whereas the inerecase in the NOx concentration was not
observed in the rats pretreated with L-NAME, These findings
provided a possibility that the depressor action of apelin-APJ
signaling is the result of stimulation of the NO production.
Apelin-mediated Ser’'? eNOS Phosphorylation in Endothe-
lial Cells from Mice—NO produced by eNOS has a crucial role
in the regulation of vascular tone. It was reported that eNOS is
activated by a variety of physiological and pathophysiological
stimuli, including hormones and growth factors, and by me-
chanical stimuli. eNOS is activated by phosphorylation at the
Ser'?* residue (based on the human eNOS sequence and is
equivalent to bovine eNOS-Ser!1?® and mouse eNOS-Ser!1™),
the best characterized eNOS phosphorylation site, that is phos-
phorylated by protein kinase Akt, a downstream mediator of
phosphatidylinesitol 3-kinase, and greatly contributes to the
eNOQOS activation (23-25). To determine whether apelin-APJ
signaling can actually activate eNOS, the endothelial cells
derived from wild-type and APJ-deficient miee were stimulated
with apelin and phosphorylation of eNOS at Ser!!"® residue

was assessed by using a phosphorylation state-specific eNOS
antibody. As shown in Fig. 4B, eNOS in the endothelial cells

* from wild-type and APJ-deficient mice was activated signifi-

cantly by serum stimulation (gray bar) compared with non-
treated cells (open bar). Interestingly, eNOS Ser?*™® phospho-
rylation by apelin stimulation was promoted in wild-type
endothelial cells but not in APJ-deficient endothelial ecclls
(closed bar). This is the first report that apelin can activate
¢NOS in endothelial eclls and that APJ plays a critical role in
apelin-induced phosphorylation of eNOS, which potentializes
the hypotensive effect on blood pressure regulation.

Association of Mouse AP with Pressor Action of Angiotensin
II—In blood pressure regulation, the vasoconstriction and va-
sorelaxation systems constantly antagonized each other to
maintain normal bleod pressure. To test whether APJ plays a
role in blood pressure regulation as a counterregulatory com-
ponent against vasopressor actions, we performed the systemic
angiotensin 1 administration and measured the systolic blood
pressure of wild-type and APJ-deficient mice. The intraperito-
neal injection of pharmacological doses of angiotensin II (10
and 30 pgfkg) resulted in a similar increase in systolic blood
pressure in both groups (Fig. 34), suggesting that the pressor
response mediated by AT1 in the steady state was not affected
by the disruption of the APJ gene.

We next used a different protocol for angiotensin I1 admin-
istration to clarify the APJ function in blood pressure regula-
tion, Hein ef al. (26) previocusly evaluated the role of angioten-
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sin-type 2 receptor (AT2) in blood pressure regulation as a
counterregulatory component against vasopressor actions by
administrating captopril to AT2-deficient mice. We pretreated
mice with captopril, the inhibitor of angiotensin-converting
enzyme, for 1 week to block the production of endogenous
angiotensin II and then continuously injected lower and more
physiological doses of angiotensin II. The captopril-treated
wild-type mice revealed an inereased systolic blood pressure by
the intraperitoneal injection of angiotensin I tabove 10 pa/ke).
On the contrary, the captopril-treated APJ-deficient mice re-
vealed a significant increased sensitivity to low dose angioten-

sin I1 (3 and 10 pg/kg) compared with wild-type littermates
(Fig. 4A, captopril). In making ancther attempt to clarify a role
of APJ in blood pressure regulations, we generated double
knock-out mice for APJ and ATla by crossing APJ-deficient
and AT1a-deficient mice. As shown in Fig. 4B, AT1a-deficient
mice displayed marked hypotension compared with that of
wild-type mice as described previously (11). Under the attenu-
ated conditions to the vasopressor actions on the ATla-defi-
cient background, the base-line blood pressure of double mu-
tant mice homozygous for both APJ and ATla was clevated
significantly compared with that of AT1a-deficient mice (81.6 =
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4.0 and 75.8 = 2.3 mm Hg, respectively; p < 0.05). These data
indicated that APJ has a potential ability to lower the blood
pressure, Previously, it was demonstrated that AT2-deficient
mice exhibited the increase in sensitivity to low dosc angioten-
sin Il-induced vasopressor action (26, 27). Likewise, APJ may
function as a member of the vasorclaxation system in blood
pressure regulation against the vasoconstriction system includ-
ing angiotensin Il-induced AT1 signaling.

In conclusion, the inactivation of the APJ gene in mice by
gene targeting indicated that this receptor is responsible for
the hypotensive effect of apelin in adult mice ir vivo and plays
a countmregulatory role against vasopressor stimulation, In
addition, by using primary endothelial eclls derived from imice,
it is suggested that the hypotensive effect induced by apelin-
APJ signaling is mediated threugh the NO/L-arginine system
activated by eNOS phosphorylation. In the future, beside the
systemic effects of apelin-APJ signaling, the sclective functions
of APJ in the local {issues including the central nervous and
cardiovaseular systems should be clucidated. This animal
model may be useful for investigating the in vivo role of apelin-
APJ signaling in normal and pathophysiological conditions and
for testing pharmacotherapeutic implications for the cardiovas-
cular diseases.
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ABSTRACT: Myosin is an ATP-hydrolyzing motor that is critical in muscle contraction. It is well established
that in the hydrolysis that it catalyzes a water molecule attacks the ¥-phosphate of an ATP bound to its
active site, but the details of these events have remained obscure. This is mainly because crystallographic
search has not located an obvious catalytic base near the vulnerable phosphate. Here we suggest a means
whereby this dilemma is probably overcome. It has been shown [Fisher, A. J., et al. (1995) Biochemistry
34, 8960—8972; Smith, C. A., and Rayment, I. (1996) Biochemistry 35, 5404—5417] that in an early
event, Arg-247 and Glu-470 come together into a “salt-bridge”. We suggest that in doing so they also
position and orient two contiguous water molecules; one of these becomes the lytic water, perfectly poised
to attack the bound y-phosphorus. Its hydroxyl moiety attacks the phosphorus, and the resulting proton
transfers to the second water, converting it into a hydronium ion (as is experimentally observed). It is
shown in this article how these central events of the catalysis are consistent with the behavior of several

residues of the neighboring region.

Myosin is the key enzyme in transducing the free energy
of ATP hydrolysis into the directed movements of adjoining
actin filaments, so it is central in “muscle contraction™. The
aim of this article is to suggest what parts of myosin execute
catalysis, and how such catalysis proceeds.! The “story” we
develop arises in part from our mutational studies (I—3) but
is heavily dependent on the crystallographic studies of
Rayment et al. (4—6), and more recently those of Cohen et
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al. (7, 8). The importance of explaining myosin catalysis has
been evident. But as Rayment (5) has pointed out, progress
has been thwarted because there appears to be no (necessary)
proton acceptor within 5.5 A of the vulnerable P—O linkage
of bound ATP; nevertheless, we have paid attention to
Rayment’s note of a “water network” (6). Also, we have
learned much from analogizing with the G-protein system
that catalyzes the hydrolysis of GTP (9—11). Our program
here is to present a reasonable hypothesis about events that

! In muscle contraction, a second protein, actin, is an essential partner,
which, in addition to substrate, interacts with myosin. However, myosin
alone is able to catalyze ATPase, and it is to this simplified system
(myosin + substrate + ions + water) that this article refers. When
actin is also present, the rates at which myosin conducts various
processes that comprise its catalysis are very different. It is logically
possible that the qualitative nature of its catalysis inside its catalytic
cleft is then also different; however, because even in the presence of
actin, hydrolysis occurs after myosin has released from actin, and
myosin rebinds actin at its M**<ADP-P; state, such a circumstance
seems very unlikely, but should be kept in mind.
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Scheme 1
1 2 3
M+ATP== M-ATP &= M*-ATP z= M**-ADP-P,

lead up to positioning the “lytic™ water destined to attack
the y-phosphate moiety of myosin-bound ATP—along the
way showing how nature probably supplies the “missing”
proton acceptor.

Informational Background. We are especially concerned
with the early events of myosin catalysis, beginning with
what happens in the myosin molecule just after a nucleotide,
such as ATP, binds to its “active site”, and is being prepared
for hydrolysis. In terms of the Trentham-Bagshaw kinetic
scheme (72, 13), these early events are described by Scheme
1 where M and P; are myosin and inorganic phosphate,
respectively, and * and ** indicate conformers distinguish-
able by absorbance (14) or fluorescence (15). Recent studies
have identified the residue bearing the optical sensor as Trp-
5122 (16-22).

Rayment and his successors have begun to reconstruct the
transformations of the hydrolyzing myosin-nucleotide system
by successively taking crystallographic “snapshots” of the
system in the order in which they think the real transforma-
tions occur (5, 6, 23). Of course, each snapshot has to be
static, made by using, for example, a stable non-hydrolyzing
intermediate thought to be analogous to the real intermediate.
By such an approach, they have made intelligent guesses
about the highly resolved structures in a succession of myosin
states.

Building on the crystallography, we have, in parallel, tried
to study the real system as it passes rapidly through the same
transformations, attempting, by kinetic measurements, to
sample all the states— among these the ones resolved in the
snapshots. In applying our approach, however, we can use
site-directed mutation, i.e., examine in the same way various
systems, differing from each other in structure only at one
residue position.> Comparison of the behavior of such
systems, say the normal (“wild type”) and a particular
mutated system, often suggests something about the role of
that residue in the normal system. What follows is a
comprehensive hypothesis of how myosin catalysis works,
based on our synthesis of crystallographic and conventional
biochemical knowledge.

A graphic impression of how events of our interest begin
is given by Figure 1, which also illustrates the “successive
snapshot” logic used by crystallographers. It is thought that
stable systems of ATP analogues, ADP*BeF, and ADP-VO,",
respectively, are legitimate models from which to infer the
behavior of molecules containing authentic ATP in the

2 Although the amino acid sequence of a protein is different in various
organisms (or in different mejor tissues of the same organism), well-
established homologies permit interspecific translation from one species
to another. Throughout, we use the sequence numeration appropriate
for smooth muscle myosin, as extracted from chicken gizzard. We note
that Lys-183, Thr-184, Asn-242, Asn-244, Ser-2435, Ser-246, Arg-247,
Asp-465, He-466, Ala-467, Gly-468, Glu-470, and Trp-312 correspond
to Dictyastelium discoideum Lys-185, Thr-186, Asn-233, Asn-233, Ser-
236, Ser-237, Arg-238, Asp-454, le-455, Ser-456, Gly-437, Glu-459,
and Trp-501.

3 The myosin properties of present concern all exist in the truncated,
proteolytically obtainable, two-headed structure known as “heavy
meromyosin™, and used in our experiments, so we do not distinguish
between our structure and truly intact myosin, for which “M" is intended
to stand.

Current Topics

Ficure }: Ribbon representation of the nucleotide-binding pocket
of the open (A) and closed (B) forms of myosin. Crystal structures
of Dictyostelium myosin motor domain complexed with MgADP-
BeF, (ref 5: PDB entry IMMD) and MgADP-VO,~ (ref 6: FDB
entry 1VOM) are adopted for the open and closed forms, respec-
tively. Backbone atoms of the sequences of residues 167—203 (P-
loop), 218—258 (Switch I), and 457513 (Switch II) of the heavy
chain are colored green, orange, and light blue, respectively. Bound
nucleotides, Mg+, Arg-247, Gly-468, Glu-470, and Trp-512 are
shown as space-filled balls in gray, dark green, red, yellow, blue,
and violet, respectively. Note that a salt-bridge is formed between
residues Arg-247 and Glu-470 in the closed form. Also note that
in this form, Gly-468 is in contact with the y-phosphate moiety of
the bound nucleotide. The nucleotide-responsive tryptophan residue
(Trp-512) is connected with the Switch 1T loop by a long o-helix.

prehydrolytic and transition states, and in the presence of
other participants in the system (3, 6). With these provisos,
we can portray what probably happens during a process in
which the cleft region of myosin, having bound ATP, transits
from one state to another. Understood is that the system as
a whole suffers an accompanying free energy decrement. We
cannot express such a change in structural detail, but a very
notable item is that, in the process, two flexible loop
residues— Arg-247 and Glu-470—initially remote from each
other, come into a “salt-bridge”. Seemingly as a result, the
binding cleft closes over the bound substrate, and im-
mediately, the distant Trp-512 responds by increasing its
fluorescence. (Note that cleft and Trp-512 are connected by
a long but rigid helix. It is for this reason that enhanced
fluorescence is taken to signal cleft closing). Thereafter, the
y-phosphate of the bound nucleotide is in some way prepared
for its catalyzed hydrolysis.

Early on, Glu-470 interested us (/) because of its suspi-
cious location near the y-phosphate of the bound nucleotide,
and even more later after Rayment (3, 6) discovered the salt-
bridge formation. To study the situation more deeply, we
prepared and analyzed several mutant systems (2, 3. In
some, Arg-247 was replaced by Ala or Glu, and in some,
Glu-470 was replaced by Ala or Arg. In one, the assignments
of Arg and Glu were reversed to Glu and Arg. To track the
systems in time (step 1 in Scheme 1), we used mantATP*
instead of ATP, and for step 2, we used the equivalent
fluorescence from Trp-512. In each case, we assessed the
ability to hydrolyze nucleotide triphosphate by its production
of inorganic phosphate (step 3). From these experiments, we
drew many important conclusions (2, 3), for example, that

4 Abbreviation: mantATP, 2'(3)-O-(N-methylanthranilioyl) adeno-
sine §’-triphosphate.
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