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The malignant transformation of normal epithelial, endothelial or fibroblas-
tic cells by tumor virus infection or oncogenic (gain-of-function) mutations

of cellular proto-oncogenes or loss-of-function mutations of tumor suppres-
sor genes causes two characteristic changes in their growth behavior: (i) a loss
of contact inhibition in a liquid culture, and (ii) anchorage-independent growth
in a suspension culture such as soft agar. When normal fibroblasts such as NIH
3T3 cells reach a confluence in a liquid culture on a solid substratum, they stop
growing and form a confluent monolayer. This phenomenon is called “contact
inhibition of cell growth” (Abercrombie 1962). However, when cells are trans-
formed by SV40 virus or oncogenes such as Ras, they are no longer contact-
inhibited, and continue to grow and form foci by piling up on top of each other.
In other words, transformed cells ignore the contact by other cells. Further-
more, unlike normal fibroblasts which require their adhesion to (or anchorage
on) the solid substratum for their growth, and therefore cannot grow in soft
agar, transformed cells no longer require their anchorage on the substratum,
and therefore can grow in soft agar and form colonies. The molecular mecha-
nism of the transformation-induced loss of both contact inhibition and an-
chorage-dependency still remains a big “unknown” to be solved by molecular
oncologists during the coming new century.

However, an important key to our understanding of this transformation
mechanism was discovered by Klaus Weber and his colleagues more than two
decades ago (Weber et al 1974). They found that actin stress fiber or cable, a
complex of actin filament (F-actin) and double-headed myosin (myosin II),
rapidly disappears when 3T3 fibroblasts are transformed by SV40 virus. Later
many other scientists confirmed that both the disruption of actin cables and
subsequent induction of membrane
ruffling commonly take place with
the malignant transformation by
many other oncogenes such as v-Ha-
Ras and v-Src. This finding certainly
sparked the mind of many enthusi-
astic young scientists including Helen
Yin and myself and urged us to iso-
late and characterize a variety of ac-
tin-binding proteins (ABPs) includ-
ing gelsolin, vinculin, alpha-actinin,
tensin and single-headed myosins
(myosin I). Interestingly, these dis-
tinct ABPs are localized with the fo-
cal adhesion plaques (FAPs), cellular
tiptoes, where cells adhere to the solid
substratum, and actin cables are
originated. Furthermore, a similar set Klaus Weber, ca. 1974
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of ABPs is also localized at the cell-cell contact (CCC) sites, and the membrane
ruffling region. These observations strongly suggest that these ABPs play a critical
role in both the organization of actin-cytoskeleton and the growth control by
the CCC sites and FAPs.

Finally, a few years ago, Avri Ben-Ze’ev and his colleagues for the first
time demonstrated that over-expression of either vinculin or alpha-actinin sup-
presses SV40-induced malignant transformation of NIH 3T3 cells, and restores
both their “contact inhibition” and “anchorage-dependency” of growth
(Fernandez et al 1992; Glueck et al 1993). Independently Noboru Kuzumaki
and his colleagues also showed that over-expression of a gelsolin mutant also
reverses v-Ha-Ras-induced malignant transformation of the same fibroblasts
(Muellauer et al 1993). These findings directly proved that these ABPs localized
at FAPs and CCC sites are responsible for the anchorage-dependency and con-
tact inhibition of cell growth, respectively. However, the detailed molecular
mechanism underlying tumor suppression by these ABPs still remains to be
further elucidated. One clue to our understanding of the molecular mecha-
nism of Ras-induced changes in actin-cytoskeleton organization has emerged
recently: Ras-transformation blocks the cross-linking of actin filaments by the
SH3 protein EMS1/cortactin at least in part through a unique acidic phospho-
lipid called PIP2 (He 1997). Interestingly, over-expression of an EMS1-related
PIP2-binding protein called HS1 restores the ability of EMS1 to cross-link actin
filaments, and reverses Ras-transformation. Most importantly, a mutant of
cofilin that no longer binds F-actin but still binds PIP2, is able to suppress Ras-
induced malignancy (Maruta 1996), supporting a previous notion that PIP2 is
essential for both Ras-induced malignancy and changes in actin-cytoskeleton
(Fukami et al 1988). So far all F-actin-binding proteins that suppress SV40/
Ras-induced malignancy bind PIP2, without any exception.

Actin stress fibers disappear upon malignant transformation. (A) normal fibroblasts and (B)
transformed fibroblasts. Reprinted with permission from Weber K et al, Cold Spring Harbor
Symp. Quant. Biology 1974; 39:367.
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How does the monomeric G protein Ras induce the production of PIP2?
Julian Downward and his colleagues recently found that Ras activates PI-3 ki-
nase that in turn activates another monomeric G protein Rac through a Rac
GDS (Rodrigez-Viciana et al 1997). John Hartwig and his colleagues have found
that Rac activates PI-4/PI-5 kinases which produce PIP2, and PIP2 in turn un-
caps the plus-end of actin filament to induce a rapid actin polymerization by
inactivating the plus-end capping proteins such as gelsolin, CapG and tensin
(Hartwig et al 1995). Eventually Rac induces membrane ruffling (Ridley et al
1992), although the precise mechanism still remains to be determined.

Importantly, in addition to Rac (Qui et al 1995), at least two other mem-
bers of Rho family G proteins (RhoB and CDC42) are also required for both
Ras-induced malignancy and changes in actin cytoskeleton (Lebowitz et al 1995;
Qui et al 1997). Unlike other Rho GTPases which are responsible for the forma-
tion of stress fibers (Ridley and Hall 1992), RhoB appears to be responsible for
the disruption of actin stress fibers. Louis Lim and his colleagues found that
CDC42 is involved in the formation of microspikes (Kozma et al 1996).

Furthermore, his group and other groups, in particular Shuh Narumiya’s
and Kozo Kaibuchi’s, identified several distinct effectors of these Rho family
GTPases such as the CDC42/Rac-activated kinase PAK and the Rho-activated
kinase Rock. Rock induces both actin stress fiber formation and focal adhe-
sions (Amano et al 1997), whereas PAK causes the loss of both stress fibers and
focal adhesions (Manser et al 1997). In addition, using the bacterial exotoxin
C3 that inactivates selectively Rho GTPases by ADP-ribosylation (Ohashi et al
1987; Aktories et al 1987), Yoshimi Takai’s and Issei Mabuchi’s groups found
that Rho is required for the contractile ring formation during cytokinesis (Kishi
et al 1993; Mabuchi et al 1993). Interestingly Ras, Rac and CDC42 are also re-
quired for the cytokinesis. Like stress fibers, the contractile ring is an actomyo-
sin II-based complex. Recently a few distinct families of proteins called IQGAPs,
Myr5 and Flightless I that bind both F-actin and Rho/Ras family GTPases
(Campbell et al 1993; Reinhard et al 1995; Brill et al 1996). At least IQGAPs are
known to be essential for cytokinesis. Thus, in the near future, the detailed
mechanism underlying the Ras/Rho family GTPase-dependent cytokinesis shall
be revealed.

Both myosins I and II, the intrinsic partners of F-actin, have recently be-
gun to draw much attention of oncologists, as a myosin II-binding protein called
l(2)gl was identified as a tumor suppressor (Strand et al 1994), and both acto-
myosin I and II ATPases are activated by PAK and Rock family kinases (Amano
et al 1996; Lee et al 1996).

Based on these basic findings on the oncogenic Ras signaling network,
several anti-Ras cancer drugs or toxins have been developed: (i)
farnesyltransferase inhibitors and the bacterial toxin LT inactivate Ras or Rho
family GTPases directly (Kohl et al 1993; Just et al 1996) and (ii) Azatyrosine,
Radicicol and SCH51344 inactivate further downstream effectors such as Raf
and Rac (Shindo-Okada et al 1989; Kumar et al 1995; Yoshida et al 1997). Other
drugs such as TSA induce anti-Ras tumor suppressors such as gelsolin (Yoshida



et al 1995). Furthermore, anti- sense Ras/Raf oligonucleotides selectively
downregulate Ras/Raf gene expression (Monia 1997). These drugs could be
potentially useful for the chemotherapy of Ras-associated cancer. Furthermore,
several distinct tumor suppressor genes (TSGs) have been identified that sup-
press Ras transformation (Muellauer et al 1993; Maruta 1996). The TSGs en-
code F-actin/PIP2-binding proteins such as gelsolin, NF2, tensin, cofilin and
HS1 (Tikoo et al 1994), Ras-binding peptides such as NF1 and Raf fragments
(Nur-E-Kamal et al 1993), and the large GTPase p190-A (Wang et al 1997).
These genes could be potentially useful for the genotherapy of Ras-associated
cancer which represent more than 30% of all human carcinomas, notably more
than 90% of pancreatic cancers and 50% of colon cancers.

As reviewed by Julian Downward and others, the recent progress in our
understanding of Ras signaling network leading to the malignant transforma-
tion including the re-organization of actin-cytoskeleton becomes extremely
rapid, owing to the combination of our cutting-edge knowledge in molecular
biology of G proteins, biochemistry of actin-cytoskeleton, and rational mo-
lecular modeling of new anti-cancer drugs. It should be noted that the 3D struc-
ture of a Ras-GAP complex determined by Fred Wittinghofer and his colleagues
(Scheffzek et al 1997) would probably make it possible for us to design and
create a “magic bullet” called “SuperGAP”, i.e., our “Holy-Grail” anti-Ras pep-
tide or chemical, that stimulates even the intrinsic GTPase activity of onco-
genic Ras mutants, thereby attenuating their malignant activity at last. We hope
this unique book will provide us with a great opportunity of educating each
other and many other readers who would share the common goal, finding a
cure for cancer, and promoting a “quantum” leap in this ever-growing field
towards the coming new century... .

Hiroshi Maruta
Ludwig Institute for Cancer Research
Melbourne, Australia
September 1997
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Regulation of Actin Assembly
and Disassembly
Marie F. Carlier and D. Pantaloni

Actin filaments are dynamic polymers that can assemble and disassemble in a temporally
and spatially controlled fashion in living cells, to drive cellular and intracellular move-

ments such as shape changes, cell locomotion, phagocytosis, or particle transport. In recent
years, evidence has accumulated showing that actin assembly can produce force (see ref. 1
for a recent review) in response to appropriate stimuli; hence the actin cytoskeleton behaves
as a sensory-motor organ of the eukaryotic cell. Noninvasive techniques such as time-re-
solved observation of motile processes in living cells following injection of fluorescently
labeled molecules give a detailed description of actin dynamics in these movements.

One main feature of actin self-assembly is that it is an energy-dissipating reaction,
exactly like the assembly of microtubules. These two polymers, which organize intracellular
space, are part of a large family of nucleoside triphosphatases involved in energy and signal
transduction.2

In this chapter we will try to show how the different steps of the ATPase cycle linked to
actin filament turnover can be used and modulated by actin binding proteins to generate a
variety of actin-based motility processes.

Actin Filament Assembly and Turnover

ATP Hydrolysis in Actin Polymerization: The ATPase Cycle of Actin
In the 1980s, a large number of in vitro experiments have led to a description of actin

assembly in terms of a nucleation-elongation process.3-5 Kinetic data were consistent with
the nucleus being a trimer, which was confirmed by the atomic model of the filament de-
rived from the structure of crystallized actin-DNaseI.6 The self-assembly of actin is accom-
panied by ATP hydrolysis which takes place on the filament. Figure 1.1 describes the ATPase
cycle of actin in which are involved association of monomeric ATP-G-actin to a filament
end, ATP hydrolysis on the polymerized subunit, dissociation of ADP-G-actin and regen-
eration of ATP-G-actin through nucleotide exchange which occurs on G-actin (but not on
F-actin), in a medium rich in ATP. The release of Pi is slower than the chemical cleavage of
the #-phosphodiester bond of ATP, and is rate-limited by the isomerization of a central
F-ADP-Pi complex, as is generally the case for nucleoside triphosphatases. Hence the F-ADP-
P-actin species is a measurable transient in actin assembly. The release of Pi is accompanied
by a conformation change of the F-actin subunit which leads to a weakening of its interac-
tions with adjacent subunits in the filament. The main effect of ATP hydrolysis in actin
assembly is to increase the rate of monomer dissociation from the filament end: ADP-actin
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Fig. 1.1. The ATPase cycle of actin. This scheme features the nucleotide-bound states
of monomeric G-actin and polymeric F-actin, the monomer-polymer exchange re-
actions at filament ends in each state and the nucleotide exchange and hydrolysis
reactions occurring on G-actin and F-actin. In a medium containing ATP, under
physiological ionic conditions, nucleotide exchange occurs on G-actin exclusively
whereas ATP hydrolysis occurs on F-actin exclusively. ATP hydrolysis takes place in
several consecutive elementary steps. Chemical cleavage of the #-phosphoester bond
leads to a transition-state intermediate F-ADP-P* in which the #-phosphate group is
thought to adopt a pentacovalent configuration, and is mimicked in this configura-
tion by AlF4

– (14). The transition F-ADP P* ∃ F-ADP-Pi is quasi-irreversible and
limits the rate of Pi release which follows (14). Hence this isomerization F-ADP-P* -
F-ADP-Pi is linked to the large free energy and structural change of the filament in
which the actin-actin bonds are weakened and the rigidity of the filament decreases.
The known values of the different rate constants for association-dissociation of ATP-
or ADP-G-actin at filament ends, and for nucleotide exchange are listed in Table 1.1.
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dissociates from filament barbed ends about 10-fold faster than ADP-Pi- or ATP-actin.7,8 It
is of great interest to know which actin-actin contact is destabilized upon Pi release. Con-
ventionally, two main actin-actin bonds, along directions perpendicular and parallel to the
filament axis respectively, describe the connectivity of actin subunits in the filament. Elec-
tron microscopy studies9-11 have shown that the structural order of the filament is altered as
Pi is released, which can be accounted for by a change in orientation of subdomain 211

consistent with a change in the actin-actin contacts along the 2-start helix. Recently, an
analysis of the mechanical properties of the actin filament also showed that Pi release is
accompanied by an increase in flexibility of the filament,12 which suggests that ATP hy-
drolysis in actin assembly might be used to produce force.

The use of fluoroaluminate AlF4
– and fluorobenyllate BeF3

–, H2O as structural analogs
of Pi, has helped to probe the role of ATP hydrolysis in F-actin dynamics.13 Biochemical
evidence led us to propose that these complexes bound F-ADP actin and reconstituted the
transition state of ATP hydrolysis in which the #-phosphate is in a pentacovalent configura-
tion.14 The X-ray structures of a G-protein in complex with GDP and AlF4

–15 and of myosin
subfragment-1 in complex with ADP and AlF4

–16 bring support to this proposal.

Significance of the Critical Concentration for Actin Assembly
in the Presence of ATP vs. ADP

In vitro experiments aimed at measuring the sequence of reactions occurring during
the self-assembly process of massive amounts of G-actin subunits into an F-actin polymer
have been useful to obtain the real values of rate constants for these reactions under ionic
physiological conditions. However, in the living cell, the ionic conditions are such that actin
is and remains essentially polymerized (F-actin) and at steady-state with G-actin subunits
at the critical concentration. Hence the actual processes to be considered as operating in

Table 1.1. Equilibrium and kinetic parameters involved in actin filament steady
state and turnover

Parameter Value Reference

CC
P

0.6 ∝M 4, 5 (reviews)

CC
B

% 0.1 ∝& 4, 5

Barbed end k+T 5-10 ∝M–1 s–1 4, 5

k–T, k–DPi 1 s–1 5, 7, 8

k–D 10 s–1 4, 5

Pointed end k+T 0.5-1 ∝M–1s–1 4, 5

k–D 0.5-1 s–1 4, 5, 20, 21

ke 0.2 s–1 36

k'e 24 s–1 36

kh 14 s–1 5

k–P n.d.

The notation used for the rate constants is as on Figures 1.1 and 1.2. ke represents the rate of
dissociation of MgADP from ADP-G-actin, k'e from the profilin-MgADP-G-actin complex. All
values are under physiological ionic conditions.
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living cells are monomer-polymer exchange reactions leading to filament turnover, and shifts
in steady state of actin assembly. Before commenting on the multiple ways by which these
processes can be regulated to drive motility, it is necessary to define the critical concentra-
tion at steady-state.

The comparison of the polymerization properties of ATP-actin and ADP-actin (5 for
review) has been helpful to understand the effect of ATP hydrolysis on the dynamics of the
filament. The polymerization of ADP-actin is a truly reversible process, as described by
Oosawa,17 which means that association of an ADP-actin monomer to a filament end (the
elongation site) regenerates an identical elongation site. Hence the rate of filament growth
J(c) varies linearly with the concentration of ADP-G-actin(c) as described by the classical
equation:

J(c) = k+ c - k– (1)

where k+ and k– are the rate constants for ADP-G-actin association to and dissociation from
a filament end. The critical concentration Cc = 

  

k

k
∋

+

 at which J = 0 is a true monomer-poly-
mer equilibrium dissociation constant, and the ratio 

  

k

k
∋

+
 is identical at the two filament ends

(barbed and pointed). The polymerization of ATP-actin differs from the above description
due to ATP hydrolysis associated to polymerization. Actively growing filaments have termi-
nal ADP-Pi subunits at the barbed end (ATP-subunits in a regime of rapid growth) which
dissociate more slowly (k–DPi) from filament ends than ADP-subunits (k–D). As a result the
J(c) plot is linear only in a regime of net positive growth, but shows a downward curvature
in the region of the critical concentration where J = 0 (Fig. 1.2). The critical concentration
at the barbed end no longer has the meaning of an equilibrium dissociation constant be-
cause the association flux of ATP-G-actin, k+TCB

c then is balanced by a dissociation flux of
both ADP- and ADP-Pi subunits, which dissociate at different rates k–D and k–DPi. The criti-
cal concentration therefore is a steady-state concentration of ATP-G-actin defined as

Cc
B

 = 

    

k x k x

k
D DPi

T

∋ ∋

+

+ ∋( )1
(2)

where x represents the probability that a terminal subunit has ADP bound, which depends
on the rate of Pi release on this subunit. So far x is not known, only an experimental deter-
mination of Cc

B is available.
From equation (2) it appears that the value of Cc

B
 is lower, i.e., filaments are more

stable, if x is lower. Hence putative agents that can decrease the rate of Pi release, will in-
crease the proportion of slowly dissociating F-ADP-Pi subunits at filament ends and de-
crease the value of Cc

B. The converse effect is expected from agents causing an increase in x.

ATP Hydrolysis Allows a Difference in Critical Concentrations at the Two Ends
Wegner18 showed that the free energy of ATP hydrolysis associated to actin polymer-

ization establishes an energetic difference between the two ends. Steady-state measurements
of the concentration of ATP-G-actin coexisting with filaments with versus without blocked
barbed ends, as well as measurements of the ATP-G-actin concentration dependence of the
rate of filament growth at the two ends separately (Fig. 1.2), have confirmed19-21 that in the
presence of ATP the critical concentration at the barbed end is 5- to 7-fold lower than at the
pointed end. When both ends are free, the steady state concentration of monomer Css (ob-
served critical concentration) is close to the critical concentration of the end where the
fluxes of association and dissociation of subunits are more rapid, i.e., the barbed end. As a
result the rate of treadmilling, Vz = kB

+ (Css - Cc
B) is very slow. It is limited by the rate of

subunit dissociation from the pointed end at steady state.
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Filament Turnover in ADP and ATP
In a medium containing ADP, turnover of individual F-ADP-actin filaments results

from monomer-polymer exchange at the ends, which occurs as a diffusion-like, time -de-
pendent penetration of actin subunits from the monomer pool (at the critical concentra-
tion) into the polymer. In the presence of ATP, the same reactions take place, however the
turnover rate is regulated by ATP hydrolysis, since polymer loss is favored when ADP-sub-
units, rather than ADP-Pi-subunits, are exposed at the filament ends. Loss of long stretches
of F-ADP-actin at steady-state may occur, because the released ADP-G-actin subunits do
not rebind with an affinity comparable to the ATP-G-actin subunits present in solution.
This process may lead to a fiber-by-fiber renewal in a population of short filaments.

As illustrated in Figure 1.2, because the critical concentrations are different at the two
ends, bulk solutions of filaments with both ends free undergo head-to-tail polymerization,
or treadmilling, at steady-state, net slow assembly onto the barbed ends being exactly com-
pensated, overall the population, by net slow disassembly from the pointed end. Treadmilling
of pure actin in vitro is a very slow process (0.05 ∝m/min under physiological ionic condi-
tions), which is by itself unlikely to account for actin-based motile processes such as pseudo-
pod extension or the forward movement of the leading edge of locomoting cells, which
develop at a rate one order of magnitude higher. Yet FRAP measurements indicate that
these processes are mediated by the steady state rate of barbed end growth beneath the
plasma membrane22 in a treadmilling mechanism. These results suggested that treadmilling
is regulated in vivo.

Fig. 1.2. Dynamics of actin assembly at the barbed and at the pointed end in the
presence of ATP. The rate of filament growth at the barbed end (B) and at the pointed
end (P) is represented as a function of ATP-G-actin concentration.
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Another reaction should be considered as potentially affecting the turnover rate of
very crowded solutions of filaments: When filaments are at a high number concentration,
which can be obtained, in vitro, by controlled fragmentation of F-actin, evidence has been
shown for a steady-state accumulation of ADP-G-actin.23 This results from the large flux of
depolymerizing ADP-subunits (which is proportional to the concentration of filament ends),
and of the disappearance of ADP-G-actin via either reassociation to filaments or regenera-
tion of ATP-G-actin through nucleotide exchange (see Fig. 1.1). The amount of ADP-G-actin
at steady-state is given by the following equation:

[ADP-G-actin]ss = 
  

k F

k F k
D D

D A

∋

+ ∋+

[ ]

[ ]
(3)

The fact that, in vitro at least, ADP-G-actin accumulates to a steady level in solutions
containing a large number of filaments (typically 50 nM or more filament ends), means
that ADP dissociation from monomeric actin then becomes rate limiting in the turnover of
the F-actin population. The exact local number concentration of filament ends in different
regions of living cells is not well known. Whether it falls in a relevant range for nucleotide
exchange to limit the filament turnover rate is an open question. Filament-severing pro-
teins such as gelsolin increase the number of filaments, however they remain bound to the
newly created barbed ends and blocking monomer-polymer exchange at this end.

In conclusion, the different effects of ATP hydrolysis in actin assembly point to the
different crucial steps in the ATPase cycle at which regulation of the steady-state of actin
assembly can be effected by actin binding proteins as follows:

1. Proteins binding to monomeric actin preferentially shift the G-actin-F-actin steady
state toward the monomer pool and sequester G-actin.

2. Proteins which bind to F-actin specifically can affect monomer dissociation and
filament turnover, and modify the stability of the filaments (e.g., tropomyosin,
ref. 24).

3. Proteins (P) which bind both F- and G-actin can be considered as making with
actin (A) a PA complex that behaves like a polymerizable iso-actin. If the rate pa-
rameters for association-dissociation of PA in filaments are different from those of
actin, P acts as a modulator of actin dynamics.

4. Proteins which strongly cap the barbed ends slow down filament turnover, but also
increase the critical concentration. These proteins therefore govern the steady state
of assembly, and control sequestration of G-actin.

5. Proteins which affect the rate of Pi release on terminal F-actin subunits at steady
state are expected to change the proportion of rapidly dissociating F-ADP-actin
and slowly-dissociating F-ADP-Pi actin at the barbed end. The critical concentra-
tion for assembly at the barbed end would be modified by such regulators.

6. Proteins which increase (resp. decrease) the rate of nucleotide exchange on mono-
meric actin are expected to increase (resp. decrease) the turnover rate of F-actin in
highly crowded solutions of filaments.

Some of the above-listed activities are supported by well known actin-binding pro-
teins, and their interplay in actin-based motility processes has recently been unraveled, as
will be outlined in the next section.
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Shifts in the Steady State of Actin Assembly Are Orchestrated
by Capping-Uncapping of Actin Filaments and Promote Changes
in the Amount of Assembled Actin in the Presence
of Actin-Sequestering Proteins

It has long been recognized that changes in the level of actin assembly are elicited by
growth factor stimulation and cell transformation and drive the cell morphological re-
sponse.25 This is made possible by the use of a large pool of unassembled actin (10-250 ∝M
in different cell types), which is maintained in the monomer state by interaction with G-actin
binding proteins. The components of the signal transduction cascade leading to actin as-
sembly in stimulated cells are not all identified yet, however it is clear that upon stimulation,
actin subunits are shifted from the pool of sequestered monomers to the pool of F-actin, by
simple dissociation of the profilin-actin or T∀4 -actin complexes.

Compare T∀∀∀∀∀4 and Profilin Activities
Profilin was the first discovered G-actin-binding protein.26 It is a ubiquitous, abundant

(5-50 ∝M) protein whose structure has recently been elucidated.27-29 The cellular amount of
profilin however is lower than the concentration of unassembled actin. The leading candi-
date for actin sequestration in most eukaryotic cells was found to be thymosin ∀4, a 5 kDa
small protein first discovered in platelets.30,31 Other G-actin-binding proteins such as ADF
(actin depolymerizing factor32) or cofilin,33 seem to exist in lower amounts compared to
T∀4 and profilin.

Both T∀4
34 and profilin35-37 bind to ATP-G-actin with a much higher affinity than to

ADP-G-actin. T∀4 shows a 50-fold preference, profilin a 20-fold preference for ATP-actin.
Hence actin is sequestered in the cells as ATP-G-actin, which is ready to polymerize upon
dissociation of the actin-sequestering protein complexes.

T∀4, ADF and profilin have opposite effects on nucleotide exchange on G-actin: T∀4
and ADF slow it down, while profilin accelerates it.32,37,38 Under physiological conditions,
the rates of dissociation of MgATP and MgADP are enhanced 40-fold and 120-fold respec-
tively by profilin.37 The enhancement of nucleotide exchange on G-actin by profilin was
initially thought to be important in its function. However, recent results (for a review see
ref. 39) showed that plant profilins which do not enhance nucleotide exchange can func-
tionally replace profilin in other cells following the knock out of the endogenous profilin.
The sequestering efficiency of G-actin-binding proteins depends both on their affinity for
ATP-G-actin, and on the concentration of free ATP-G-actin in solution. Under physiologi-
cal ionic conditions, the concentration of free G-actin is buffered by the pool of F-actin and
is equal to the steady state monomer concentration for actin assembly, Css. The concentra-
tion of actin in complex with the G-actin binding protein X can be derived from the law of
mass action considering the following equilibrium: X + A ( XA. With [A] = Css, the Gibbs
equation becomes:

[ ] [ ]XA X
C

C K
SS

SS X

=
+

0 (4)

where Kx is the equilibrium dissociation constant for the XA complex and X0 the total
concentration of protein X. The value of KX is 1-2 mM for T∀4

34,40 and 0.1-0.2 ∝M for
profilin.35,37 The steady state concentration of ATP-G-actin assembly varies, depending on
the extent of barbed end capping 42 between 0.1 ∝M (free barbed ends) and 0.6 ∝M (100%
capped barbed ends). An important implication of equation (4) is that the amount of se-
questered actin varies with the extent of capping of the barbed ends. In resting cells, it is
believed that most barbed ends are capped, hence Css = 0.6 ∝M, and the amount of
unassembled actin [Au], assuming total concentrations of 200 ∝M T∀4 and 50 ∝M profilin,
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will be [Au] = 67 + 36 ∝M = 103 ∝M, a concentration three orders of magnitude higher than
that of free G-actin. Another important difference between T∀4 and profilin is the follow-
ing. T∀4 is a simple actin-sequestering protein, which forms a 1:1 complex with G-actin. At
steady state, the sequestration of actin by T∀4 is well described by equation (4), when barbed
ends are capped as well as when they are uncapped, which means that the T∀4-actin com-
plex does not associate significantly to either the barbed or the pointed end.

In contrast to the T∀4-actin complex, the profilin-actin complex is able to associate
productively to the barbed ends, but not to the pointed end. As a result, profilin behaves as
a bona fide G-actin sequestering protein when barbed ends are capped, but exhibits a differ-
ent, opposite behavior when barbed ends are uncapped. The participation of profilin-actin
to filament elongation at the barbed end facilitates the assembly, i.e., causes a decrease in the
steady-state concentration of free G-actin.35,42 This happens because in the presence of
profilin, both G-actin and profilin-actin can undergo the monomer-polymer exchange re-
actions at the barbed end which maintain the stability of the filament; the contribution of
profilin-actin in this maintenance of steady state reduces the contribution of actin. In other
words, the profilin-actin complex can be considered as another species of polymerizable
actin. The hydrolysis of ATP provides the free energy necessary for this effect of profilin.35

As a consequence of the lower value of the concentration of free G-actin at steady state in
the presence of profilin, a lower amount of actin is sequestered (equation 4).

In conclusion, the effects of profilin are strongly modulated by the extent of capping of
the barbed ends: profilin inhibits actin assembly and is a potent actin sequestering agent
when barbed ends are capped, but when barbed ends are uncapped it promotes actin as-
sembly and enhances the actin assembly process induced by uncapping the barbed ends.

In conclusion, G-actin sequestering proteins like T∀4 amplify the changes in G-actin
concentration which are controlled by cappers and profilin. Proteins of the ADF/cofilin
family were initially thought of as G-actin sequestering factors. However they bind both F-
and G-actin, in their ADP-bound forms preferably, causing partial depolymerization of
F-actin. Therefore equation 4 cannot be used to derive the affinity of ADF for G-actin.

Capping Proteins Control the Steady State of Actin Assembly—
Strong Cappers vs. Weak Cappers

Most capping proteins known so far cap the barbed end of filaments, except the re-
cently discovered pointed end capper tropomodulin.43 Barbed end cappers have two essen-
tial functions: By blocking the highly dynamic barbed end, they slow down filament turn-
over, hence reduce the associated ATP consumption; second, they increase the steady state
concentration of free G-actin up to the value of the pointed end critical concentration,
which, as developed in the previous section, increases the amount of sequestered actin. Hence
barbed end cappers exert a direct control of the G/F ratio in living cells, and it is important
to understand by which mechanisms the capping/uncapping of actin filaments is regulated
in vivo. Many of the capping proteins are Ca2+-dependent and also dissociate from actin
upon binding PIP2.44 The exact in vivo role of PIP2, however, as a potential barbed end
“uncapper” is elusive, since PIP2 binds to many other actin binding proteins (profilin, myo-
sin I…), but represents only 0.1% of the cell phospholipids and appears to be synthesized
on demand.45 No correlation can be observed in stimulated neutrophils between the time
courses of actin assembly and of the global change in PIP2 concentration.46,47 On the other
hand, the product of PIP2 phosphorylation by the stimulus-activated PI-3 kinase,48 PIP3,
seems to peak at the onset of actin assembly.49 Thus far nothing is known about the possible
cytoskeleton-associated targets of PIP3; however it has recently been reported50 that the
activity of PI-3 kinase is stimulated by rho, one of the small GTPases of the ras family that
regulate actin assembly (for a review see ref. 51). While rho is involved in the pathway lead-
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ing to assembly of the focal adhesion complex, from which stress fibers originate, rac ap-
pears to regulate actin assembly off membrane-associated complexes more specifically lo-
cated in ruffles and lamellipodia present at the leading edge of locomoting cells. The nature
of the actin-associated proteins in the membrane-bound complexes might be different. Local
barbed end elongation of anchored filaments requires uncapping of barbed ends within the
membrane-bound complex, while filaments remain capped in the bulk cytoplasm, thus
maintaining the difference in potential energy needed for the local actin assembly to occur.
Similarly actin assembly which promotes the propulsion of the pathogenic bacterium List-
eria, takes place as a result of a local shift in steady state of actin assembly in the cytoplasm
of a cell in which barbed ends are capped.52 It is noteworthy that the higher the extent of
barbed end capping in a bulk F-actin solution, the higher the steady state rate of growth of
each of the few uncapped barbed ends at steady state, to balance the rate of depolymeriza-
tion from the pointed ends. Hence capping proteins exert a funneling effect on treadmilling.53

Although this effect of capping proteins is not easy to test in vivo, genetic studies of capping
protein over- and underexpression suggest that capping proteins play a positive role in
motility.54,55

To understand how uncapping can be effected, it is necessary first to examine the de-
tails of the capping mechanism. In addition to the extensively studied strong cappers like
proteins of the gelsolin family (including severin, fragmin, brevin, villin) which bind to the
barbed ends with an extremely high affinity (1011 M–1) more recently discovered weak cap-
pers, like Cap G, capZ, cap32-34 or insertin, a 35 K fragment of tensin that possesses the
capping activity of the whole protein,56,57 exhibit a much lower affinity (108-109 M–1) for the
barbed ends. Strong cappers also sever and nucleate filaments that grow from the pointed
end, most likely due to their association to the two actin subunits exposed to the solvent at
the barbed ends. In contrast weak cappers generally do not sever, are poor nuleators and
interact with a single actin subunit. This last property can generate a complex variety of
capping behaviors, when one considers the structure of the filament barbed end, as illus-
trated on Figure 1.3. At the barbed end, the two terminal subunits, numbered n and n-1
along the genetic (short pitch) helix, are exposed to the solvent. Two situations may occur
theoretically, as follows. If the capping protein binds to the nth (terminal) subunit with a
higher affinity (K) than to the (n-1)th (subterminal) subunit (K'), association of G-actin to
the filament at the (n + 1)th position may be allowed (Fig. 1.3a); this reaction will switch the
conformation of the capper to its low affinity binding for the barbed end, causing its disso-
ciation followed by immediate rebinding to the newly added (n + 1)th subunit. As this cycle
repeats, elongation occurs at capped “leaking” barbed ends. This mechanism was proposed
by Wegner for insertin,56 which slows down but does not block the rate of elongation at the
barbed ends, hence was identified using an “elongation retardation assay”. The rate of growth
and the critical concentration at the barbed end both depend on the concentration of free
capper [C]. If we call [F], [FC] and [FC'] the concentrations of free barbed ends and of
barbed ends capped on the terminal (K) and subterminal (K') subunits respectively, as rep-
resented on Figure 1.3, and if we assume the capper to bind in rapid equilibrium to the
barbed ends, then the rate of filament elongation in the presence of capper is as follows:

Ve = k+ [F] [A] - k– [F] + k'+ [FC].[A] - k'– [FC'] (5)

where k+ and k– are the rate constants for G-actin association and dissociation from the free
barbed ends, [A] is the concentration of G-actin, k'+ is the association rate constant of G-actin
to barbed ends capped on their terminal subunit (FC), and k'– is the dissociation rate con-
stant of actin from a filament capped on the subterminal subunit (FC'). It is implicit that
actin does not dissociate from an FC filament and does not associate to an FC' filament. In
addition, for simplicity, polymerization is assumed to be reversible and the effects of ATP
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Fig. 1.3. Assembly and disassembly at barbed ends in the presence of weak cappers.
Panel a: The capper binds with a higher affinity to the terminal (n)th than to the

subterminal (n-1)th subunit of the filament. Association of a (n + 1)th subunit may
occur, followed by isomerization of the capped elongating site into the favored capped
Fn+1C conformation. This cycle can repeat with binding of a (n + 2)th subunit.

Panel b: The capper binds with a higher affinity to the (n-1)th subterminal subunit
than to the (n)th terminal subunit of the filament. In a regime of depolymerization,
dissociation of the (n)th subunit may occur, followed by isomerization of the elongat-
ing site toward the favored capped Fn–2C configuration, from which again the (n-1)th

subunit can dissociate, and so on, leading to endwise leaky disassembly.
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hydrolysis, which could result in different affinities of the capper for ADP-Pi and ADP-ends,
are not considered.

Equation (5) can be written:
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On the other hand, if detailed balance is not respected, which may be the case if ATP

hydrolysis is involved in actin assembly, then 
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, Ac decreases with [C], i.e., the capper stabilizes the

filaments and favors assembly at the barbed ends. This effect is similar to profilin's. Hence

leaky caps are potentially useful to control the steady state of actin assembly at the barbed

end, for instance at the leading edge of locomoting cells.

The other interesting case is the one in which the capper is more tightly bound to the
penultimate subunit than to the terminal subunit of the filament (Fig. 1.3b). This situation
may indicate that the capper actually interacts with both the nth and (n-1)th subunits. In this
case (K' << K), elongation is eventually totally blocked by C, the FC' filaments being unable
to elongate, but the cap may be leaky under depolymerization conditions ([A] = 0), because
following the dissociation of the nth (uncapped) subunit at rate k'–, the cap will switch to
position n-2 for which it has a greater affinity, leaving subunit n-1 now free to dissociate,
and so on. As this cycle repeats, filaments saturated by C disassemble at rate k'–. An example
of such a leaky cap of the pointed end is DNaseI.53 These two kinds of leaky caps operate like
valves which allow either growth or disassembly of filaments. These mechanisms poten-
tially increase the number of ways in which actin-based motility can be modulated in cells.
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ADF/Cofilin Controls Filament Turnover
and the Rate of Actin-Based Motility

ADF/cofilin is a family of small actin-binding proteins (16-18 KDa) which control
actin dynamics and, like profilin, play an essential role in developmental stages in which
actin assembly is involved. These proteins are regulated by reversible phosphorylation in a
stimulus-responsive fashion (see ref. 32 for review). ADF is activated by dephosphoryla-
tion, but the natures of the kinase and phosphatase which control its activity and their
relationship with the signaling pathway are still unknown.

ADF binds both F- and G-actin, which in itself is sufficient to let one expect that it may,
by participating in filament assembly, modify the kinetic and thermodynamic parameters
of actin polymerization. An additional refinement of ADF function is that it binds ADP-
actin preferentially. As a consequence, since at steady state essentially ADP-Pi is bound to
the terminal subunits at the barbed ends, while the rest of the filament is made of F-ADP
subunits, the binding of ADF to F-ADP-actin affects the dynamics at the pointed ends only.
Kinetic data58 show that ADF-ADP-actin depolymerizes 25-fold faster than ADP-actin from
the pointed ends. Therefore at steady state the flux of subunits dissociation from the pointed
ends is increased by ADF. The production of ATP-G-actin, as a result, increases and reaches
a new steady state value such that the steady state rate of barbed end growth becomes equal
to the rate of pointed end depolymerization, in an accelerated treadmilling scheme (Fig. 1.4).
Actin-based motility processes, such as the propulsive movement of Listeria, which are pow-
ered by barbed end growth, are therefore speeded up by ADF.58 This regulation of filament
treadmilling by ADF appears to operate in vivo as well. Genetic studies have shown that
ADF overexpression in Dictyostelium enhances ruffling and motility,59 and controls the
turnover of actin filaments in yeast.60 The increased rate of depolymerization from the pointed
ends is associated to a large increase in the critical concentration at that end. The net conse-
quence is a further increase in the steady state concentration of ATP-G-actin upon capping
of the barbed ends. In the presence of sequestering proteins, ADF is therefore expected to
cause an increase in G-actin sequestration (equation 4), i.e., in F-actin depolymerization. In
this regard, capping proteins and ADF have synergic effects. Similarly, if a large proportion
of the barbed ends are capped, the few uncapped barbed ends will grow faster in the pres-
ence than in the absence of ADF due to the increase in pointed end critical concentration.

Conclusions
The main points raised in this chapter are the following:
1. The changes in actin assembly which are involved in cell shape changes and loco-

motion result from shifts in the steady state of actin assembly and changes in the
turnover rate of actin filaments.

2. Shifts in the steady state of actin assembly are possible due to ATP hydrolysis which
allows the existence of different critical concentrations at the barbed and the pointed
ends.

3. The local shifts in steady state of actin assembly responsible for changes in shape are
due to capping/uncapping of barbed ends, amplified by G-actin-sequestering agents
like T∀4 and by proteins changing the critical concentration at the pointed end, like
ADF. A large variety in the changes in actin assembly is provided by weak, leaky
cappers which may allow either filament elongation or filament depolymerization.

4. Profilin is an efficient high affinity (107 M–1) G-actin sequestering protein when
barbed ends are capped (resting cells) and promoting actin assembly off the pool of
T∀4-actin when barbed ends are uncapped; due to these opposite actions of profilin,
a threshold-type regulatory effect of profilin is expected in cell motility reaction.
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5. ADF increases the turnover of actin filaments due to its enhancement of the rate of
depolymerization from the pointed ends. In this process, ADF participates in the
rapid remodeling of the actin cytoskeleton in regions of high motile activity.

6. In living cells, all these regulatory proteins act in a concerted fashion. The combina-
tion of all of them may generate further new features in the regulation of actin
dynamics. Reconstitution in vitro assays as well as experiments using cell-free sys-
tems or genetically tractable organisms will help to elucidate the many facets of
actin polymerization in motility.

Fig. 1.4. ADF increases the rate of treadmilling of actin filaments. A filament is drawn at steady
state in the presence of ATP. Terminal subunits at the barbed end carry ADP-Pi and do not bind
ADF. ADP- subunits in the body of the filament and at the pointed end than the unliganded
subunits, creating a large flux of ADF-ADP-G-actin. ADF is in rapid association-dissociation
equilibrium with ADP-G-actin. Exchange of ATP for ADP on G-actin leads to production of
polymerizable ATP-G-actin. ADF has a very weak affinity for ATP-G-actin. Therefore the main
polymerizing species remains ATP-G-actin at steady state. The steady-state concentration of ATP-
G-actin which is established is such that the on-flux of ATP-G-actin at the barbed end balances
the off flux of ADP- and ADF-ADP-G-actin from the pointed end. Reprinted with permission
from Carlier MF, J Cell Biol 1997; 136:1307-1322.
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CHAPTER 2

The Gelsolin Family of Actin Filament
Severers and Cappers
Yu-Tsueng Liu, Andrew L. Rozelle and Helen L. Yin

Introduction

The actin cytoskeleton is an important structure. It determines cell shape and empowers
cell and organelle translocation. It provides a framework to orchestrate and coordinate

multiple critical cell functions. The cytoskeleton responds to extracellular signals by poly-
merizing, reorganizing and depolymerizing. Therefore, actin remodeling is a major effector
of signal transduction pathways. Remodeling can be achieved rapidly by dismantling the
cytoskeleton through filament severing and rebuilding of these filaments through nucle-
ated actin assembly. Gelsolin is the first actin filament severing protein to be discovered.1 It
is activated by Ca2+ and inhibited by polyphosphoinositides, particularly phosphatidylinositol
4,5, bisphosphate (PIP2). Since these are critical second messengers in cell activation path-
ways, gelsolin is potentially a major player in cytoskeletal remodeling.

The Gelsolin Family of Actin Severing and/or Capping Proteins
Many gelsolin-like proteins have been discovered,1 and these proteins share extensive

sequence and functional similarities (Fig. 2.1). Gelsolin, an 80 kDa protein, has two tandem
homologous halves, each of which contains a 3-fold repeat of an approximately 15 kDa
segment (S1-3 and S4-6).2 The halves and the individual segments are defined based on
proteolytic cleavage3,4 and correspond roughly (but not precisely) with a more recent defi-
nition based on the X-ray structure of full-length gelsolin (see below).5 The six segments
may have evolved independently from an ancestral single segment gene that has duplicated
to form a multidomain severing protein. Gelsolin-like proteins are found in vertebrates, as
well as invertebrates such as Drosophila and lobster. Lower eukaryotes, including Physarum
and Dictyostelium, have a three segment protein most closely resembling the NH2-terminal
half of gelsolin.6 Previously, all identified gelsolin family members, including the six and
three repeat proteins, have been observed to sever and cap filaments. Recently, however, a
member that caps but does not sever has been discovered. This protein, originally called
gCap39,8 Macrophage Capping Protein9 or mbh1, and renamed vertebrate CapG,10 has three
segments resembling the NH2-terminal half of gelsolin.8 It coexists with gelsolin in the cy-
toplasm in many cells.11 Unlike gelsolin, CapG is also found in the nucleus.12 Other mem-
bers of the gelsolin family contain gelsolin-like domains linked to additional motifs. Villin
is the first identified member of this group,13 containing a short COOH-terminal extension
(“headpiece”) enabling it to crosslink actin filaments in the absence of Ca2+. More recently,
members with longer extensions have been discovered. These include flightless I (fliI), which
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was identified in Drosophila as a gene important for actin organization during embryo
cellularization14 and muscle development.15 FliI homologs are also found in C. elegans and
mammals. FliI has as its NH2-terminus a 400 residue leucine-rich repeat extension.15 This
motif is found in a growing number of otherwise unrelated proteins that mediate heterolo-
gous protein-protein interactions. Several more novel members of the gelsolin family with
unique segmenal organization have also been identified. For example, C. elegans has a
gelsolin-like protein with the first three segments attached to the S6 segment of gelsolin.15a

Gelsolin-Actin Interactions
The interactions of gelsolin with actin are multiple and complex. Gelsolin binds actin

monomers and filaments, and has three main effects on actin:16-18 severing, barbed end
capping and filament nucleation. The combined effect of these interactions is to promote
the formation of a large number of short actin filaments that are capped at their barbed
ends. Of these interactions, the ability to sever is unique to the gelsolin family of proteins.
Upon Ca2+ addition, gelsolin rapidly produces dramatic changes in filament length distri-
bution and number. Filament shortening reduces the ability of crosslinkers such as filamin,
to tie the strands into a gel network, disproportionately decreasing the cytoplasmic viscos-
ity.17 In addition, the resulting short, barbed end-capped filaments act as sites for actin
polymerization after regulated uncapping in response to agonists. Thus, severing, capping
and uncapping together constitute an efficient mechanism for precipitously changing fila-
ment length and initiating actin filament growth. Gelsolin also promotes actin nucleation
by binding two actin monomers to create nuclei. However, this is probably not physiologi-
cally relevant, because filaments from these gelsolin nuclei will elongate from the pointed

Fig. 2.1. The gelsolin family. Each segment is represented by an oval. Extensions are indi-
cated in shaded areas. Villin, CapG and adseverin (also known as scinderin)121 were first
identified in mammals. Severin and its homolog, fragmin, were identified in Dictyostelium
and Physarum, respectively.
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end while the predominant agonist-induced filament growth in cells is from the barbed
end. The other mechanisms involving de novo actin nucleation, by other proteins, filament
severing and regulated uncapping by gelsolin-like proteins are therefore more likely to be
involved.

More About Severing
Severing is the breaking of the noncovalent bonds between actin subunits within a

filament. Severing was a novel idea when first proposed 18 years ago as a mechanism of
action of gelsolin.1 This has now been verified by biochemical and biophysical means, and
can be directly visualized under light microscopy. The actin filament bends prior to break-
age,19 suggesting that gelsolin may induce a significant change in the filament structure
during severing. Severing involves multiple steps. Gelsolin must first bind to the side of
actin filaments.20 Side binding positions gelsolin to break the initial actin:actin bond. What
makes gelsolin particularly effective is that after severing, it caps the filament barbed end.
Capping enhances the effectiveness of severing by preventing filament reannealing. As a
result, severed filaments remain short. There are also indications that capping generates
cooperative conformational changes that are propagated to other actin protomers within
the filament.21 These changes may enhance severing.

Gelsolin is able to sever filaments stabilized with phalloidin. This can be explained by
the ability of gelsolin to displace phalloidin from actin filaments.22 Displacement is prob-
ably due to a gelsolin-induced allosteric change in actin, although competition for binding
is another possibility.23 Side binding has an association rate constant of 2x107 M–1 s–1 and
dissociation rate constant of 0.4-1.2 s,1 and severing has a first order rate constant of 0.25 s–1.24

This rate of side binding approaches diffusion limits and is much higher than measure-
ments made previously using other methods.25 One group reports that the rate of gelsolin
binding to monomers is also very slow,26 whereas the rate of capping approaches diffusion
limits.27 Because gelsolin efficiently destroys actin filaments, it is a useful filament-remov-
ing reagent. Gelsolin added to permeabilized cells establishes actin involvement during exo-
cytosis28 and reveals structures obscured by dense actin fibers in muscle and nonmuscle
cells. Gelsolin is also currently under clinical trials as a therapeutic agent to reduce sputum
viscosity in cystic fibrosis patients.29

Besides the gelsolin family, there is another major family of actin binding proteins that
may sever filaments. These include actin depolymerizing factor, cofilin, destrin and
actophorin.30 They are reported to sever actin in a Ca2+ insensitive manner, although not as
effectively as members of the gelsolin family, because they do not cap. However, evidence
suggests that they enhance the rate of filament turnover without directly severing filaments.31

Domain Analyses of Gelsolin
Ca2+ enhances gelsolin’s interactions with actin,1,16 while polyphosphoinositides, par-

ticularly PIP2, inhibit these interactions.32 Severing, nucleation and barbed end capping
have different requirements for Ca2+ and different sensitivities to PIP2. These differences
exist because each gelsolin function is mediated by different actin binding domains or combi-
nations thereof.

Limited proteolysis readily cleaves gelsolin into two halves.3,33 The NH2-terminal half
severs actin filaments. Like intact gelsolin, it is inhibited by PIP2, but unlike gelsolin, it does
not require Ca2+ to bind actin.3 Further cleavage of the NH2-terminal half generates two
actin binding fragments.34 The fragment encompassing S1 binds actin monomers, while
that encompassing S2-3 binds along the side of actin filaments.20,35 The COOH-terminal
half exhibits Ca2+-dependent, EGTA reversible actin binding,3 and undergoes a conforma-
tional change in the presence of Ca2+.3,36 It does not sever filaments. Since the NH2-terminal
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half does not require Ca2+ to bind actin, the COOH-terminal half is the Ca2+ regulatory
domain for the entire molecule. The precise mechanism for this intramolecular regulation
is not well understood.

Deletion analyses have defined the minimal requirements for each actin modifying
function.34,37,38 Expression of gelsolin segments or combinations of segments have further
clarified the domain requirements for individual function.

Actin Binding Sites
Gelsolin has three actin binding sites, which are located individually in S1, S2 and S4.

The S1 actin binding residues were first identified by mutagenesis and deletion analyses and
are predicted to be located in an ! helical region.38 This is subsequently confirmed by the
S1:actin crystal structure39 (see below). In S2, residues 161-172 are implicated in actin bind-
ing based on deletion and peptide analog studies.40-42 In addition, the S2 long helix is a site
of interaction as well.43 In both S1 and S2, the long helix probably is the primary binding
site, and the surrounding regions may stabilize binding. The S4 actin binding site has not
been mapped but is likely to be similar to that in S1, since these two segments are structur-
ally the most closely related among the six gelsolin segments.5

When gelsolin is exposed to actin monomers in Ca2+, two actin molecules are bound
through sites attributed to S1 and S4.42 The two actins in the ternary complex with gelsolin
are crosslinked through their COOH-terminal cysteines in an antiparallel fashion.44 This
conformation is unlike that found at the barbed end of a normal actin filament, suggesting
that gelsolin alters actin conformation significantly. EGTA dissociates the actin bound to
S4, but not that bound to S1. The resulting EGTA-resistant S1:actin complex retains a trapped
Ca2+.45,46 This complex can be dissociated by PIP2,47 providing evidence for gelsolin regula-
tion by phosphoinositides (see below).

When exposed to actin filaments, gelsolin and its NH2-terminal half first sever and
then cap the newly-created barbed ends. Since neither S1 nor S2 alone severs, and each
segment caps actin filaments with much lower affinity than the gelsolin NH2-terminal half,
efficient severing and capping require the cooperative interaction between these two sites.42

S2 binds stoichiometrically along the side of the filament and positions S1 in the proper
orientation to break actin:actin bonds. The importance of side binding has been demon-
strated conclusively. CapG, which does not sever, gains severing function when its S1 is
linked to gelsolin S2-3.48 Likewise, gelsolin S1, when linked to the filament binding domain
of the nonsevering protein !-actinin, also severs.49 The ability to create chimeric severing
proteins suggests that side binding and bond breakage are relatively independent functions.
Nevertheless, side binding is not completely passive. It may facilitate severing by inducing a
conformational change in the filament to promote breakage and formation of a strong barbed
end cap.42

Ca2+ Regulation
Although it has been known for quite some time that Ca2+ induces a conformational

change in gelsolin and that the COOH-terminal half imposes Ca2+ regulation on the NH2-
terminal half, the molecular details of how these events occur are not known. Intrasegmental
changes at the COOH terminal half followed by intersegmental changes are likely to be
involved. Remarkably, removal of the COOH-terminal 23 amino acid renders gelsolin Ca2+-
insensitive,34 implicating these residues in inter-segmental Ca2+ regulation.

Another puzzling aspect is that although S1 itself binds actin in EGTA but does not
bind Ca2+,38,50 Ca2+ enhances actin binding considerably.51 The increase in actin affinity is
attributed to the formation of a EGTA-resistant complex containing a trapped Ca2+. Dele-
tion of S1’s COOH-terminal residues reduces affinity sufficiently to unveil a calcium en-
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hancement. Likewise, deletion of equivalent S2 residues from S1-2 allows enhancement of
actin affinity by Ca2+ to be detected.34

Gelsolin binds two Ca2+ ions with similar dissociation constants of approximately
1 ∝M.16,45,52 The NH2-terminal half binds one Ca2+ with comparable affinity to that of
gelsolin.38 Since S1 does not bind Ca2+ in the absence of actin, the Ca2+ binding site in the
NH2-half is attributed to S2-3.37 Surprisingly, the isolated COOH-terminal half binds two
Ca2+, with kd of 0.2 and 2 ∝M.50 The higher affinity site is in S5-6, while the lower affinity site
is in S4-5. It is not known whether the latter site is important for gelsolin function and why
it is not detected in full-length gelsolin.

There is still some uncertainty as to how much Ca2+ is required to activate gelsolin.
One group reports that Ca2+ induces half-maximal activation of actin binding and nucle-
ation at around 10 ∝M Ca2+,53 while others found that 1 ∝M Ca2+(4,16,52) is sufficient. While
this issue is not resolved, there is ample evidence that gelsolin is activated in cells. Interest-
ingly, acidic pH reduces the calcium requirement,53 providing an alternative mechanism for
activating gelsolin.

PIP2 Regulation
Polyphosphoinositides are important in signal transduction, functioning as precur-

sors to signaling molecules, as physical anchors and as regulators of proteins.54 Their role as
regulators of the cytoskeleton was first described in 1985, when Lassing and Lindberg55

showed that PIP2 inhibits profilin:actin interactions. Subsequently, gelsolin was also identi-
fied as a PIP2-regulated protein.32 The list of PIP2-regulated cytoskeletal proteins has grown
to include Capping Protein (CP, also known as CapZ),56 cofilin/actin depolymerizing fac-
tor/destrin,57 !-actinin58,59 and vinculin.60 It has been hypothesized that PIP2 induces ex-
plosive actin assembly by dissociating capping proteins from the barbed ends of filaments
and releasing actin monomers bound to profilin. PIP2 involvement in actin polymerization
is supported by the finding that Rac1 and RhoA, small GTPases that have well-defined ef-
fects on the cytoskeleton,61 stimulate PIP2 synthesis.62-64 Furthermore, manipulations that
alter the availability of PIP2 in cells have profound effects on agonist- and/or Rac1-induced
filament end uncapping, actin polymerization and cell motility.64,65

Gelsolin binds PIP2 with ∝M affinity.66 Binding involves electrostatic as well as hydro-
phobic interactions.47 Binding requires the lipids to be clustered so that multiple headgroups
are contacted. Thus, the physical state and geometry of PIP2 packing in the plasma mem-
brane may be important parameters.67 Gelsolin and CapG affinity for PIP2 are increased 8-
and 4-fold respectively by ∝M Ca2+, and less Ca2+ is required to increase this affinity when
pH is reduced from 7.5 to 7.0.66 Ca2+ does not enhance gelsolin NH2-terminal half binding
to PIP2, and the COOH-terminal half has a much lower affinity for PIP2.66 Therefore, the
pronounced Ca2+ enhancement of PIP2 binding to full-length gelsolin most likely reflects a
Ca2+-dependent exposure of the NH2-terminal half PIP2 binding sites. This is consistent
with the current model of how gelsolin is activated by Ca2+ to bind actin. Gelsolin also binds
PI(4)P, PI(3,4,5)P3, and PI(3,4)P2.68 Additional studies will be required to determine whether
these phosphoinositides are physiological regulators of gelsolin. A recent study comparing
profilin binding to D3 and D4 phosphoinositides shows that profilin binds D3 lipids prefer-
entially.69

The gelsolin NH2-terminal half has at least two PIP2 binding sites, as defined by dele-
tion analyses and peptide analog studies.41,42,70 PIP2 inhibits actin monomer binding by S1
and filament side binding by S2-3, respectively. One PIP2 binding site is located between
residues 135-142 at the COOH-terminus of the proteolytically defined S170 and another is
located between residues 161-169,41,42 close to the beginning of the proteolytically defined
S2. The PIP2-binding sequences are rich in positively charged amino acids and have a
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K/RxxxKxK/RK/R consensus.70 PIP2 may inhibit actin binding simply by blocking access to
actin. Alternatively, it may induce a conformational change to disrupt actin binding or di-
rectly compete with actin for binding sites. In the case of S2, the PIP2 binding sequence is in
a region that has also been implicated in actin binding, so steric interference and/or compe-
tition are possible. In addition, there are evidence for conformational changes in gelsolin.
PIP2 quenches the intrinsic tryptophan fluorescence of gelsolin and CapG66 and NMR study
shows that PIP2 induces a gelsolin S2 PIP2 binding peptide (residues 150-169) to undergo a
coil-to-helix transformation.71

Post-Translational Modifications
Although there is no evidence for gelsolin phosphorylation in vivo so far, it can be

phosphorylated by protein kinase C and pp60c-src in vitro.72 Phosphorylation is enhanced by
PIP2. Additional studies will be required to determine whether gelsolin’s functions are modu-
lated by phosphorylation and whether phosphorylation has physiological significance. CapG
is constitutively phosphorylated on serine and threonine residues in a variety of cells and
phosphorylation is enhanced by inhibiting phosphatases.11,12 Phospho-CapG is found pref-
erentially in nuclei, suggesting that phosphorylation may promote its entry into the nucleus.12

It is not known how CapG phosphorylation may affect its other functions. Fragmin is phos-
phorylated in Physarum, and it is a substrate for casein kinase II.73

X-Ray Crystallographic Studies of Gelsolin S1:Actin Complex
In 1993, the structure of the gelsolin S1:actin crystal was solved at atomic resolution,39

providing valuable insight into how gelsolin binds and severs actin. Gelsolin S1 is organized
as a three-layer structure with a central stack of ∀-sheets sandwiched between a long and a
short !-helix that are oriented approximately parallel and perpendicular to the hydropho-
bic core, respectively. The gelsolin:actin contacts involve a number of residues that are cen-
tered around Ile 103 in the long helix and the surrounding regions. The long !-helix inserts
tangentially into a cleft at the interface between actin subdomains 1 and 3, disrupting the
packing of this actin against subdomain 2 of an actin in the same strand. Since the bond
within a strand is stronger than that between strands, this may be sufficient to destabilize
the remaining bonds to completely sever the filament. S1 itself cannot sever because it does
not bind to the side of filaments, and it does not cap them with high affinity.

X-ray analysis of the gelsolin S1:actin complex identified two calcium binding sites,
one that is coordinated by residues within S1 (intramolecular binding site), and another
coordinated by residues contributed by S1 and by actin (intermolecular binding site). Sub-
sequent studies show that the Ca2+ trapped in the actin:S1 complex is located at the in-
tramolecular site, while the intermolecular Ca2+ is probably an artifact of the crystallization
conditions used.46 The creation of the intramolecular Ca2+ binding site suggests that actin
binding induces a conformational change in S1 to trap Ca2+. This change is likely to be
subtle however, because only minor differences are found between the gelsolin S1 structure
with and without a bound actin (see below).5

The actin structure in the gelsolin S1:actin complex is very similar to that of actin
complexed with DNaseI, which binds the “pointed” end of actin. Thus, neither ligand ap-
pear to produce dramatic changes in actin. Nevertheless, S1 does induce some unique changes
which, though subtle, may be relevant to bond breakage. The other gelsolin segments may
generate additional rearrangements to account for the biochemical evidence for significant
changes in actin conformation.

The crystal structure of gelsolin S1 is remarkably similar to the solution structure of
villin S174 and severin S2,75 confirming sequence based predictions. Unexpectedly, destrin, a
member of the cofilin/ADF family that has no sequence homology to gelsolin, has a strik-



The Gelsolin Family of Actin Filament Severers and Cappers 25

ingly similar folding pattern.76 Profilin also has a similar structure.77 These results suggest
that many actin binding proteins use a common scaffold to present their binding sites to
actin and this core structure is dictated by the architecture of actin.

The elucidation of how S1 binds actin sparked renewed interest in modeling how gelsolin
severs filaments. Several models are proposed,78,79 but information on how the gelsolin seg-
ments are arranged on a filament has been lacking until recently.

The X-Ray Structure of Full-Length Gelsolin in EGTA
The gap in our knowledge has been partially filled in with the solution of the X-ray

crystal structure of full-length gelsolin by Burtnick et al5 (Fig. 2.2). This breakthrough pro-
vides important new information and refocuses our attention on several aspects suggested
by previous biochemical studies. First, the crystal structure redefines some of the bound-
aries between segments that were previously assigned based on susceptibility to proteolysis.
This highlights similarities as well as differences between segments. It is now clear that the
conserved residues in each segment maintain the basic folds of the molecule, while actin
binding per se involves residues customized for each domain.

Second, the gelsolin crystal suggests how the unique COOH-terminal extension of S6
can impart Ca2+ regulation to the NH2-terminal half. This extension contains a random coil
capped with a 10 residue helix which is in intimate contact with the S2 actin binding helix5

(Fig. 2.2). Thus, it imposes a structural constraint on the relative orientation of the two
halves of gelsolin to block actin binding.

Third, the EGTA/gelsolin structure suggests that Ca2+ must generate large shifts in the
relative orientation of the segments. When the EGTA/gelsolin structure is superimposed on
the model for an actin filament as dictated by the S1:actin crystal, it is clear why gelsolin
does not bind actin in EGTA. In EGTA, S3 clashes with S1, blocking access to actin, and
neither S2 nor S4 contacts the appropriate sites on actin. Since there is no evidence for
extensive rearrangement of S1 after binding actin or Ca2+, it is unlikely that any of the other
segments will change its basic folding pattern either. Changes in the linker regions between
segments therefore seem more plausible. The EGTA structure hints at how this might be
achieved. The two halves of gelsolin are organized similarly and are linked together by a
highly convoluted 50 residue tether. This tether can unwind to allow the halves to straddle
two actin strands. Within each half, the first and third segments (for example, S1 and S3 for
the NH2-terminal half) are tightly linked together to form a continuous 10 strand ∀-sheet.
The second segment (S2) is relatively isolated and is connected to the first segment (S1)
through a small ∀-strand and a short linker, and to the third segment (S3) through a longer
loop. Therefore, it is easy to envision how S1 and S3 pivot against S2 as a rigid unit to relieve
some of the structural constraints observed in EGTA.

Fourth, the crystal structure defines the PIP2 binding region. It shows that the PIP2

binding sequence identified previously at the COOH-terminus of S1 is actually part of S2.
This, together with the PIP2 binding site of proteolytically defined S2, map to a common
flat, solvent exposed surface centered around the first and third ∀-sheet strands and their
associated linkers (Fig. 2.2). The arginines and lysines cluster to form potential phosphate
binding sites and are near the actin binding face of the S2 long !-helix. Therefore, PIP2 may
block actin binding simply by steric interference. Alternatively, gelsolin upon PIP2 binding
may undergo the coil-to-helix transformation inferred from a previous peptide study.71 This
change will significantly disrupt the S2 core structure. Actin binding residues may be dis-
placed and the distance between S1 and S2 may be shortened sufficiently to interfere with
their coordination for severing. However, the behavior of the short peptide may not be
predictive of that of gelsolin, because it contains only part of the newly-defined PIP2 bind-
ing region5 and it is not stabilized by neighboring ∀-strands as in the intact molecule.
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Based on the structural and functional data, the following model for how gelsolin works
is proposed.5 In EGTA, the COOH-terminal helical tail prevents actin binding. Ca2+ relieves
the constraint of the COOH-terminal half on S2, allowing S2 to bind to the side of the
filament. S2 binding induces the S1 and S3 structural unit to pivot around the S1-S2 junc-
tion, inserting S1 between actin subunits. As the filament contacts break, S2-3 caps the actin
in one strand. S4-6 flips over to cap actin at the opposite strand.

Changes in Gelsolin Level in Cells Are Correlated with Motility
Gelsolin has been widely implicated in cell motility. Low level gelsolin overexpression

in stably transfected fibroblasts increases the rate of chemotaxis.80 However, increased sev-
ering does not appear to be the primary cause because cells overexpressing nonsevering
capping proteins such as CapG10 and CP81 also move faster. Thus, capping alone can alter
actin dynamics.82 Other experiments support the importance of severing for cell migration.
A comparison of motile and stationary gingival fibroblasts shows that the former popula-
tion has higher Ca2+-dependent severing activity.83

The importance of gelsolin for cell motility has been established conclusively with
transgenic gelsolin null mice.84 These mice are developmentally normal and viable, at least
in the mixed strain background used. However, they have reduced leukocyte and fibroblast
motility and increased clotting time reflecting abnormal platelet cytoskeletal responses.
Dermal fibroblasts from the gelsolin null mice have robust stress fibers that are more resis-
tant to serum starvation or cytochalasin B treatment. Thus, gelsolin is important for maxi-
mal motile response and rapid restructuring of the cytoskeleton in certain cells. In other
cells, capping and uncapping by nonsevering proteins may be sufficient for actin remodeling.

Fig. 2.2. Schematic representation of the structure of horse plasma gelsolin crystallized in the
presence of EGTA. PIP2 binding sequences are stripped. Crystal structure is published in ref. 5,
and this figure is supplied by R.C. Robinson (The Salk Institute, San Diego, California).
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Gelsolin:Actin Interactions are Modified by Agonists
Gelsolin:actin interaction in cells can be assayed readily by capitalizing on the inability

of EGTA to dissociate gelsolin:actin complexes once they are formed.85 This method has
been used to characterize the effects of agonist stimulation on many types of cells, including
macrophages,85 neutrophils,86 endothelial cells,87 A431,88 osteoclasts89 and platelets.90 In rest-
ing cells, some gelsolin is complexed with actin, and agonist stimulation induces complex
association and/or dissociation. The platelet system is particularly well characterized. Plate-
let activation is accompanied by dramatic shape change, followed by extension of lamellae
and filopodia.64,91 These changes are powered by rearrangement of the actin cytoskeleton
through Ca2+-dependent filament severing, followed by barbed end filament uncapping
and explosive polymerization. In quiescent platelets, gelsolin is predominantly cytosolic,
although a fraction is associated with the plasma membrane or actin.92,93 After thrombin
stimulation, there is an increase in membrane association and decrease in cytoskeletal asso-
ciation. Gelsolin is required for severing, because platelets from transgenic gelsolin null
mice do not produce short filaments in response to thrombin, compromising the clotting
cascade.84 These platelets however have residual capping activity and expose capped ends
during agonist stimulation because they have an additional capping protein, CP.93 Unlike
gelsolin, CP does not sever and does not require Ca2+ to cap. Like gelsolin, it is inhibited by
PIP2.56 The picture that emerges from this system is that the thrombin-induced rise in Ca2+

activates cytosolic gelsolin to sever filaments, and PIP2 dissociates gelsolin and CP from
filament ends. PIP2 promotes actin uncapping when added to permeabilized platelets and
stimulates uncapping in a PIP2-dependent manner.64 These results suggest that gelsolin and
CP are possible downstream components of cytoskeletal effector pathways involving PIP2.
These include the Rac, Rho and/or phosphoinositide-3 kinase cascades.

A Model
As the possibility that PIP2 regulates the cytoskeleton gains wider acceptance, several

issues remain to be resolved. The most baffling problem is that although the time course of
PIP2 hydrolysis and recovery correlate with actin filament growth in some cells, they do not
in the majority of cells examined. Particularly puzzling is the finding that in many cells,
actin polymerizes at a time when PIP2 level is reduced, rather than increased, as would be
expected if uncapping and monomer desequestration are initiated by PIP2. To explain this
discrepancy, it is often hypothesized that local PIP2 availability can be enhanced by com-
partmentalization or differential turnover94,95 even as the bulk PIP2 mass is reduced. Our
finding that PIP2 binding to gelsolin and CapG is enhanced by Ca2+ and mild acidification66

suggests another mechanism to explain how PIP2 uncaps gelsolin and CapG even as the
plasma membrane PIP2 content decreases following agonist stimulation.

Taking into consideration currently available data on the behavior of gelsolin in cells,
we propose the following model. In resting cells, some gelsolin caps actin filaments
(10-30%),90,92,93 some is attached to the plasma membrane (< 5%),65,92 while the bulk is
cytosolic.96,97 Gelsolin is able to cap filament ends in spite of low ambient Ca2+ and high
PIP2 concentrations because once gelsolin caps filament in the presence of Ca2+ it is not
dissociated by lowering Ca2+.85 Furthermore it has a poor affinity for PIP2 at low cytosolic
Ca2+.66 When cells are stimulated, Ca2+ level rises rapidly, followed by a drop in PIP2. Ca2+

promotes gelsolin binding to PIP2 by increasing affinity to an extent that overcomes the
negative effect of a modest fall in PIP2. Filaments are uncapped and can therefore elongate.
Thus, there is an increase in membrane associated gelsolin92 and a decrease in gelsolin:actin
complexes during cell activation.90 Meanwhile, cytosolic gelsolin that is not directly in con-
tact with PIP2 is activated by Ca2+ to sever filaments, creating short filaments with capped
barbed ends that are then uncapped as gelsolin binds PIP2. Actin monomers are transferred
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sequentially from ∀-thymosins, the major monomer sequestering proteins in cells (30), to
profilin, and then to the uncapped filament ends.98 Since Ca2+-activated gelsolin has a higher
affinity for PIP2 than profilin,66 it will compete more effectively with profilin for PIP2, par-
ticularly when PIP2 is decreased. This displaces profilin from the plasma membrane, allow-
ing it to bind actin monomers to catalyze polymerization.98 Multiple rounds of severing,
uncapping and facilitated actin addition at the barbed ends fuel explosive amplification of
filament growth.

During the recovery phase, filament elongation is arrested as the barbed ends become
capped. Although gelsolin has a higher affinity for filament ends than CP and is present in
comparable amounts as CP in platelets, more CP is associated with the cytoskeleton of
resting platelets.93,99 A model for the coordinated roles of gelsolin and CP in activated cells
can be proposed by postulating that CP, which is Ca2+-insensitive in actin binding, is Ca2+-
insensitive in PIP2 binding as well, and its affinity for PIP2 is comparable to that of gelsolin
in EGTA. When cytosolic Ca2+ concentration rises, CP can cap filament ends because PIP2

concentration is too low to inhibit, while gelsolin cannot cap because of its increased PIP2

affinity. Furthermore, Ca2+-activated gelsolin displaces membrane-bound CP to the cytosol
to cap filaments. The novel feature of this hypothesis is that although gelsolin caps only a
small fraction of the actin filaments in resting cells, this population is the first to be un-
capped during stimulation. Gelsolin further increases the number of nuclei by severing and
uncapping. CP contributes by remaining active (not bound to PIP2) during activation and
is poised to cap filament ends after elongation from gelsolin-uncapped nuclei. This will
explain why there is an increase in CP associated with the cytoskeleton during platelet
activation.93

The effect of Ca2+ can be potentiated or minimized by changes in intracellular pH.
Changes in intracellular pH, in addition Ca2+ and PIP2, may explain why under some cir-
cumstances, agonist stimulation causes a decrease in cytoskeleton-associated CP99 and mem-
brane-associated gelsolin.65 Dissociation of gelsolin from the membrane may occur when
the PIP2 concentration drops too much to be compensated for by the Ca2+-induced increase
in binding affinity. Thus, the finding that gelsolin binding to PIP2 is modulated by Ca2+ and
pH can overcome the major conceptual hurdle toward accepting a link between PIP2 and
actin polymerization.

Since only a handful of the currently identified PIP2-binding proteins are known to be
both Ca2+ and pH-sensitive, there is a selective regulation of the gelsolin family. Neverthe-
less, changes in gelsolin and CapG binding affinity will impact many other PIP2-dependent
processes indirectly, by altering PIP2 availability to other binding proteins. Significantly,
some pleckstrin homology domain proteins that also bind PIP2

100,101 have PIP2 affinity similar
to that of the gelsolin class. Therefore, gelsolin and CapG can potentially compete with
these proteins for PIP2, especially when the Ca2+ concentration is increased and the PIP2

concentration is decreased. This possibility is supported by in vitro and in vivo experiments.

Crosstalk Among PIP2 Binding Proteins
There is emerging evidence to suggest that PIP2 binding to actin modulating proteins

may have implications beyond a direct effect on the cytoskeleton. This was first demon-
strated for profilin.102 Profilin inhibits phosphoinositide-specific phospholipase C# (PLC#),
but not PLC∀. Phosphorylation of PLC# by growth factor receptor kinase reduces inhibition,
so profilin does not interfere with PLC# activity following agonist stimulation. Gelsolin and
CapG inhibit a wider spectrum of PLCs, including PLC#, PLC∀ and PLC+. Inhibition is most
likely due to competition for PIP2, although steric hindrance may also be a contributing
factor. There is also evidence that gelsolin binds to PLC,103,104 raising the possibility that this
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direct interaction alters PLC activity. Curiously, low concentrations of gelsolin and CapG
stimulate rather than inhibit PLC# and PLC∀.10,105 Since only gelsolin domains with PIP2

binding sites stimulate, this effect depends on PIP2 binding. The simplest model is that
gelsolin and CapG bind multiple PIP2 molecules and that PIP2 clustering improves their
presentation to PLC.

The existence of this type of crosstalk within cells is demonstrated by overexpression.
Moderate overexpression of gelsolin or CapG dramatically decreases cell responsiveness to
braydykinin by suppressing PLC∀ activity.105 Inhibition occurs at a step downstream of
heterotrimeric G-protein activation, presumably at the level of PIP2 hydrolysis. Washout
and addback of gelsolin to semi-intact cells clearly establish that excess gelsolin is the pri-
mary cause of PLC inhibition in the gelsolin-overexpressing cells. Gelsolin and CapG also
have biphasic effects on platelet-derived growth factor activation of PLC#, but with different
dose-response characteristics.10,105 Thus, at certain low levels of CapG overexpression, cells
are more responsive to platelet-derived growth factor even though they have reduced
braydykinin responses. CapG and gelsolin can therefore provide positive and negative in-
puts on PLC signaling, and these pathways are modulated selectively.

There is also evidence that gelsolin modulates phosphoinositide 3-kinase in vivo and
in vitro. Phosphoinositide 3-kinase phosphorylates the D3 position of phosphoinositides
to generate important lipid second messengers including PI(3,4,5)P3 and PI(3,4)P2.106

Gelsolin has been shown to stimulate107 as well as inhibit108 phosphoinositide 3-kinase in
vitro. Gelsolin is associated with this lipid kinase and PI(3,4,5)P3 during osteoclast
stimulation.89

In summary, gelsolin may restructure the cytoskeleton as a downstream effector of the
signaling cascade and may also participate further upstream by altering the availability of
PIP2 to other PIP2-requiring signaling enzymes.

Tumor Transformation
Many tumors have decreased gelsolin expression109,110 and a disorganized actin cyto-

skeleton. Gelsolin may contribute to the transformed phenotype by acting directly on the
cytoskeleton. Cancer cells have less of the high molecular weight forms of tropomyosin and
caldesmon, which are protective against severing by gelsolin.111,112 This increased suscepti-
bility to severing could offset a decrease in gelsolin content to create a disorganized actin
structure. Another possibility is that decreased gelsolin expression creates an imbalance in
phosphoinositide metabolism that contributes to loss of growth control. This possibility is
supported by the finding that gelsolin suppresses Ras-induced transformation in foci as-
says, and a gelsolin point mutation that increases PIP2 binding is particularly effective in
this suppression.113,114

Plasma Gelsolin and Amyloidosis
Besides existing as a cytosolic protein, a slightly larger form of gelsolin (83 kDa in hu-

man) is found in plasma at 0.2 mg/ml.115 It has a 25 amino acid extension at its NH2-termi-
nus compared with cytoplasmic gelsolin and a signal sequence to direct secretion.2

Cytoplasmic and plasma gelsolins are derived by alternative transcriptional initiation and
message processing from a single gene.115 Plasma gelsolin may be part of an extracellular
actin scavenger system that clears actin filaments released by injured tissues. These fila-
ments could otherwise cause microcirculatory obstruction and disseminated intravascular
coagulation.116,117

Patients with familial amyloidosis, Finnish type, have a mutation in a single gelsolin S2
residue. The mutated gelsolin is proteolyzed to generate fragments that aggregate into amyloid
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fibrils.118-120 The gelsolin crystal structure5 shows how this change can facilitate polymeriza-
tion of the gelsolin ∀-sheet cores to form the fibril characteristics of many amyloid proteins.
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CHAPTER 3

Molecular Links Between
Rho Family GTPases and Myosins
John A. Hammer, III and Graham P. Côté

Introduction

The demonstration in 1992 that constitutively active forms of Rho, Rac, and CDC42, when
microinjected into fibroblasts, cause dramatic and specific rearrangements of the actin

cytoskeleton,1,2 spawned an enormous interest in the role that these GTPases play in deter-
mining the organization of F-actin within cells (for recent reviews see refs. 3-6). This land-
mark study, together with numerous subsequent studies, have firmly established that these
three GTPases, all of which are members of the Rho family of G proteins, are indeed key
mediators in signaling pathways that control, amongst other things, the organization of the
actin cytoskeleton. Given this, and given the fact that myosins are the molecules that use
F-actin to generate movement and force, it is very exciting to see the flurry of recent reports
that link these same GTPases to the regulation of several members of the myosin superfam-
ily. In this review, we will focus on these reports, which together suggest that two groups of
serine/threonine protein kinases, both of which are regulated by Rho family GTPases, serve
to regulate myosins I and II, two ubiquitous members of the myosin superfamily. These
studies provide insight into the mechanism by which Rho family GTPases could alter the
organization of the actin cytoskeleton and point to a number of other cellular processes
that, because they are dependent on myosins I and II, may also be regulated by these GTPases.
We will also summarize the available information regarding possible interactions between
Rho-dependent signaling pathways and other members of the myosin superfamily. These
studies include at least one instance (class IX myosins) where the “tables are turned” such
that the myosin may control the activity of Rho family GTPases.

The Myosin Superfamily
The general notion of what constitutes a myosin, gleaned by most biologists from text-

book diagrams of the structure of the sarcomere in striated muscle, has changed dramati-
cally in the last several years. This change began innocuously enough with the demonstration
over thirty years ago that nonmuscle cells contain a form of myosin very reminiscent of the
myosin in muscle (for review see refs. 7-9). Like muscle myosins, this nonmuscle form (now
referred to as class II myosin) is composed of two ~200 kDa heavy chains that fold into a
highly asymmetric molecule possessing a pair of N-terminal globular head domains joined
to a single, long rod-like tail. The globular head domains (also called subfragment 1 or S1
for the proteolytic fragment of muscle myosin that they correspond to) contain the binding
sites for ATP, F-actin and light chains, a Mg2+ ATPase activity that is highly stimulated by
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F-actin, and all of the machinery necessary to move actin filaments and generate force. The
rod-like tail, which is formed by the intertwining of the ! helical C-terminal halves of the
heavy chains into a coiled-coil structure, mediates the self-association of myosin II mol-
ecules into small bipolar filaments, the functional form of the protein in cells. These myo-
sins, which are expressed ubiquitously, have been shown to play important roles in cytoki-
nesis, cell locomotion, maintenance of tension within the actin-rich cortical cytoskeleton,
and capping of cell surface receptors.

The change in our perception of what constitutes a myosin became more dramatic
with the discovery in 1971 of type I myosins (for review see refs. 10-13). These founding
members of the so-called unconventional myosins (to distinguish them from conventional
type II nonmuscle myosins) were originally identified in the soil ameba Acanthameba
castellani and have since been identified in yeast, fungi, fruit flies, nematodes, plants, and
mammals. Structurally, these myosins differ dramatically from type II myosins in being
single-headed (i.e., they contain only one ~110-130 kDa heavy chain), roughly globular,
and incapable of self-assembly into filaments. Despite these differences, type I myosins are
actin-activated Mg2+ ATPases and can support contractile and motile activities in vitro. The
monomeric and nonfilamentous nature of these proteins, as well as their enzymatic and
mechanochemical properties, are reflected in the primary structure of their heavy chain,
which in every case is composed of an S1-like domain fused to a C-terminal domain that
shows no similarity to conventional myosin sequences and clearly cannot participate in
forming a coiled-coil structure. These tail domains, which vary considerably in length and
sequence, have been found in every case where examined to bind to phospholipid mem-
branes, and in certain cases to also bind to actin filaments. The ability of the tail domain to
anchor myosins I to membranes should allow these motor proteins to move membranes
(e.g., plasma membrane, organelle membranes) relative to actin and vice versa. This type of
interaction could support motile events such as cell locomotion and shape change, as well
as the movement of intracellular vesicles/organelles on actin filaments. The presence of an
actin binding site in the tail, together with the actin binding site common to all myosin head
domains, allows those type I myosins containing this second actin binding site to crosslink
actin filaments, slide actin filaments relative to each other, and generate a contractile ten-
sion within isotopic actin meshworks, such as those found in lamellipodia and ruffles. This
type of interaction could allow type I myosins to power cell migration and changes in cell
shape through its effects on the physical properties of F-actin networks. Consistent with
these ideas, biochemical studies, in vitro motility assays, and cellular localization studies,
together with the characterization of the behavioral defects exhibited by mutant cells engi-
neered to lack myosins I, have together implicated these proteins in a large number of actin-
dependent membrane-based motile processes, including cell locomotion, the extension,
maintenance, and retraction of actin-rich cell surface projections (e.g., microvilli,
lamellipodia, pseudopodia), various forms of endocytosis (fluid phase and receptor-medi-
ated endocytosis, phagocytosis), and the transport of intracellular vesicles/organelles on
actin filaments.

Finally, conservative estimates regarding the complexity of the myosin superfamily were
laid to rest in recent years by the identification of ten additional classes of unconventional
myosins (classes III-XII; for recent reviews see refs. 14-17). Like the myosins I, these pro-
teins all share the ~80 kDa mechanochemical domain corresponding to S1. They differ dra-
matically, however, in the sequence of their nonmotor domains. These differences are not
trivial, as no significant sequence similarity exists between classes. Moreover, some of the
sequence motifs present in these nonmotor domains are quite surprising. For example, de-
pending on the particular class of unconventional myosin, one can find zinc fingers, pleckstrin
homology domains, calmodulin binding domains, src homology domains, protein kinase
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domains, membrane binding domains, and GAP domains for Rho family GTPases. These
unique nonmotor domain sequences are thought to confer functional specificity on a more-
or-less generic motor domain by mediating specific interactions with different cellular struc-
tures, proteins, or membranes, i.e., by defining the “cargo”. While some of these unconven-
tional myosins may be organism-specific, at least two classes appear to be expressed across
all phyla (type I and V myosins). With regard to the in vivo functions of these unconven-
tional myosins, a great deal is yet to be learned. Indeed, knowledge regarding many of them
is currently limited largely to sequence information. Nevertheless, the fact that all of them
possess a myosin head domain suggests that they are all involved in some form of actin-
based motility. Furthermore, recent studies of class I and V myosins suggest that many of
them may support some form of membrane-associated motility (i.e., organelle motility).

Regulation of Myosin I by PAK Family Kinases
Shortly after their discovery, the myosins I from Acanthameba were found to require

phosphorylation of a single site in their heavy chain to display actin-activated ATPase
activity17a and to produce movement in in vitro motility assays (for review see ref. 18). The
~97 kDa myosin I heavy chain kinase (AMIHCK) responsible for phosphorylating this site
was subsequently purified to homogeneity and shown to phosphorylate all three known
isoforms of Acanthameba myosin I (AMIA, AMIB, AMIC) at a conserved serine residue (or
threonine, in the case of AMIA). This residue resides within the motor domain in a surface
loop that forms part of the actomyosin interface. In all three ameba myosin I isoforms, there
is a tyrosine two residues C-terminal, and one or more basic residues two or three residues
N-terminal, of the phosphorylated residue, and studies using synthetic peptides as sub-
strates have confirmed the importance of these flanking residues in determining the speci-
ficity of the kinase (yielding the sequence RX1-3 S/T XY where X is any amino acid – as the
consensus phosphorylation site for AMIHCK).19,20 Recent studies using baculovirus-ex-
pressed Acanthameba myosin IC in which the phosphorylatable serine has been changed to
aspartate, glutamate or alanine have confirmed the importance of this phosphorylation site
in regulating the ATPase activity of myosin I (Z. Wang, E.D. Korn, and J.A. Hammer, III,
unpublished observations).

Like the myosins I from Acanthameba, two closely-related myosin I isoforms isolated
from the cellular slime mold Dictyostelium discoideum (DMIB, DMID) have also been shown
to be regulated by heavy chain phosphorylation in vitro. This was demonstrated first using
the AMIHCK,21 and subsequently using a ~110 kDa myosin I heavy chain kinase isolated
from Dictyostelium (DMIHCK), which is specific for the DMID isoform.22 Sequence align-
ments show that these two Dictyostelium myosin I isoforms, as well as several other isoforms,
contain a serine or threonine at the conserved site identified in the ameba proteins, and that
the sequence context for these sites matches the consensus phosphorylation site sequence
defined for AMIHCK. Furthermore, evidence has been presented that phosphorylation of
this site is required for the function of DMIB in vivo.23

While the studies outlined above span some 15 years of research, the identification of
these myosin I kinases as members of the family of p21-activated protein kinases (PAKs)
was made only recently. The PAK kinase family, whose first member was identified in rat
brain extracts on the basis of its ability to bind the Rho family GTPases Rac and CDC42 in
gel overlay assays, includes numerous vertebrate PAKs, as well as PAKs from C. elegans, Droso-
phila and yeast (Ste20, Cla4, Skm1) (for a recent review see ref. 24). The kinase activity of
PAK kinases towards exogenous substrates increases dramatically (~50-fold) following the
binding of GTP-bound forms of Rac or CDC42, which induce autophosphorylation of the
kinase at several sites. In terms of their function, these serine/threonine kinases are thought
to play critical roles as activators of mitogen-activated (MAP) protein kinase cascades and
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stress-activated (SAPK) protein kinase cascades through their ability to be activated by Rac
and/or CDC42, and their ability to phosphorylate the next protein kinase in the cascade.
These kinase cascades result in the transcription of numerous genes and effect a variety of
complex cellular processes. In addition to their roles in stimulating MAP and SAPK kinase
cascades, there is widespread speculation that PAK kinases may also serve as mediators of
the cytoskeletal changes induced by Rac and CDC42, given that PAKs are activated by these
same GTPases. The localization of a PAK kinase in actin-rich structures present within Droso-
phila and mammalian cells,25-27 the demonstration that PAK kinases induce cytoskeletal
rearrangements when microinjected into cells,25,26 and the fact that the yeast PAK kinase
Ste20 is concentrated in cortical actin patches and binds to BEM1, an actin binding pro-
tein,28 are all consistent with this idea.

The identification of the MIHCKs described above as PAK family kinases was made
first through sequence analyses of the ~110 kDa DMIHCK29 and the ~97 kDa AMIHCK,30

which revealed a very high degree of sequence similarity between their catalytic domains
and that of PAK kinases. Like PAKs, DMIHCK was also found to contain the conserved
~60-residue sequence that specifically binds activated (i.e., GTP-bound) CDC42 or Rac1
(known alternatively as the CRIB domain (for CDC42/Rac interactive binding) or GBD
(for GTPase binding domain)). The assignment of DMIHCK as a PAK kinase was con-
firmed when it was shown that DMIHCK binds GTP-CDC42 and GTP-Rac1 (but not GTP-
Rho) in gel overlay assays and in solution, that GTP-Rac1 stimulates the kinase activity of
DMIHCK towards DMID 10-fold, and that this stimulation is associated with the enhanced
autophosphorylation of DMIHCK.29 Recent work on the AMIHCK has revealed the pres-
ence of a CRIB domain in this kinase and shown that it is also activated by CDC42 and Rac1
(but not Rho) in GTP-dependent manner (H. Brzeska, R. Young, U. Knause, and E.D. Korn,
personnel communication). Finally, the overall domain structures of both DMIHCK29 and
AMIHCK31 closely resemble that of PAKs, based on the presence of proline-rich and acidic
sequences, and on the C-terminal localization of the catalytic domain (Fig. 3.1). Together
these results argue strongly that these two MIHCKs are indeed PAK family members.

Further evidence that AMIHCK and DMIHCK are PAK kinases have come from the
recent demonstration that rat brain PAK, as well as two yeast PAKs (Ste20 and Cla4), phos-
phorylate the heavy chain of DMID,36 while a human recombinant PAK phosphorylates the
heavy chain of AMIC.37 In all four cases, the actin-activated ATPase of the myosin I was
stimulated to the same extent as with the authentic MIHCKs. This fact, together with
phosphopeptide mapping and the measurement of the stoichiometry of phosphorylation
in cophosphorylation experiments,36 all suggest that the vertebrate and yeast PAKs phos-
phorylate the same regulatory serine/threonine in the myosin I heavy chain as is phospho-
rylated by the MIHCKs. Consistent with this, a synthetic peptide corresponding to the phos-
phorylation site of AMIC is a good substrate for PAK, and PAK, like AMIHCK, shows a
preference for peptides with a tyrosine two residues C-terminal of the phosphorylated
serine.37

What are the implications if, as it now seems, MIHCKs are PAK family members? First,
this finding allows us for the first time to link the regulation of these myosins to a particular
signal transduction pathway. This link provides the framework for future efforts directed at
connecting the regulation of myosin I-dependent cellular functions to various types of ex-
tracellular signals (it should be noted in this regard that the regulation of PAK kinases is
complex and involves multiple interactions in addition to those with Rac/CDC42; see
Fig. 3.1). Second, this finding adds to the growing evidence that PAK kinases may be impor-
tant mediators in the formation of the actin-rich lamellopodia and filopodia that are in-
duced by CDC42 and Rac1, respectively. Third, these results suggest that type I myosins
may be important effectors in producing these cytoskeletal rearrangements.
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While the results described above are quite exciting, they also raise several important
questions. First, besides the myosins I from Acanthameba and Dictyostelium, what other
type I myosins might be regulated by PAK family kinases? Alignments of myosin I heavy
chain sequences have shown that the conserved serine/threonine residue which serves as
the regulatory phosphorylation site in the Acanthameba and Dictyostelium myosins I is also
present in myosins I from Saccharomyces cerevisiae and Aspergillus nidulans, suggesting that
PAK kinases may regulate type I myosins in yeast and fungi, as well as in ameba and slime
molds.18,38 While this is quite exciting, it is nevertheless the case that all of the metazoan
myosins I, including numerous isoforms sequenced from vertebrates, Drosophila, and
C. elegans, do not possess this conserved phosphorylation site.38 Moreover, analyses of all
the other myosin classes indicated that only class VI unconventional myosins from rat and
Drosophila contained a serine at this position. In almost all cases, this position was found to
be occupied by either a glutamate or an aspartate residue (the TEDS rule).38 Given that
acidic amino acid residues are known to mimic phosphorylated residues both in vitro and

Fig. 3.1. Schematic representation of the domain structure of yeast Ste20p and the amoeboid
MIHCKs. Ste20p and MIHCK both contain a conserved CDC42/Rac-binding domain (CRIB
domain) and a C-terminal protein kinase catalytic domain, but share little sequence identity
outside of these regions. In addition to binding CDC42/Rac in a GTP-dependent manner, Ste20p
binds G-protein ∀# subunits, the MAP kinase scaffold protein Ste5p, and the SH3 domain-con-
taining protein Bemlp.32 Ste5p associates with downstream members of the MAP kinase cascade,
while Bemlp binds actin filaments and Cdc24p, a guanine nucleotide exchange factor for CDC42.
Note that the regions of Ste20p which bind Ste5p and Bemlp have not yet been mapped. Phos-
phorylation of Thr-777 in the catalytic domain “activation segment” is required for Ste20p to
display kinase activity in vitro and in vivo.33 The interactions shown for MIHCK combine data
for both the Dictyostelium and Acanthameba MIHCKs (for review see ref. 18). The Dictyostelium
kinase binds CDC42/Rac in a GTP-dependent manner, Ca2+-calmodulin and acidic phospholip-
ids. Studies on the Acanthameba kinase have shown that Ca2+-calmodulin and phospholipids
compete for a site close to the N-terminus34 and have identified a Ser in the activation segment as
a site of autophosphorylation.35
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in vivo, it has been hypothesized that the majority of myosins, including all metazoan myo-
sins I identified to date, have relinquished the requirement for phosphorylation-dependent
activation by replacing the hydroxyl amino acid with a fixed negative charge.18,38 Indeed,
where studied vertebrate myosins I have been shown to be highly active in the absence of
heavy chain phosphorylation (see for example 39). These results suggest that PAK family
kinases are unlikely to be involved in the regulation of vertebrate myosins, with the possible
exception of type VI myosins. It is important to keep in mind, however, that (i) slight shifts
in the sequence alignments described above can in certain myosins place an hydroxyl amino
acid in the “correct” position, (ii) that PAK kinase phosphorylation sites may exist elsewhere
in myosins, and (iii) that these alternate sites need not fit the consensus sequence as defined
for the Acanthameba myosins I (see, for example, the PAK-mediated phosphorylation of
myosin II regulatory light chains below). Whether such cases exist can only be established
through biochemical efforts to identify phosphorylation-dependent regulation of vertebrate
myosin I isoforms, as well as members of other classes of unconventional myosins.

The second major question raised by the identification of MIHCKs as PAK family
members is to what extent are the cytoskeletal rearrangements induced by Rac1 and CDC42
mediated by PAK-dependent activation of myosins I in lower eukaryotes? Recent studies on
type I myosins and PAK kinases in budding yeast shed considerable light on this issue. Ef-
forts to sequence myosins in Saccharomyces cerevisiae, together with the recent completion
of efforts to sequence the genome of this organism, make it clear that budding yeast contain
two type I myosin heavy chain genes (myo3 and myo5) (for review see ref. 40). The encoded
proteins, which closely resemble in primary structure the myosins I from Acanthameba,
appear to have largely redundant functions in that single mutants exhibit no obvious be-
havioral defects. Double mutants, on the other hand, exhibit striking defects in the organi-
zation of the actin cytoskeleton, cell shape, polarized growth, fluid phase and receptor-me-
diated endocytosis, and secretion, although the extent to which each of these defects is a
primary response to the elimination of class I myosins from the cell, as opposed to being
downstream of generalized defects in the actin cytoskeleton, remains to be seen.41,42 In terms
of their regulation, both myo3p and myo5p possess the consensus phosphorylation site
defined for the Acanthameba myosins I, and are, therefore, candidates for PAK-dependent
phosphorylation. While in vitro studies demonstrating that these yeast myosins I are acti-
vated by heavy chain phosphorylation have yet to be performed, in vivo studies are com-
pletely consistent with this idea. Specifically, the ability of myo3p to rescue the phenotype of
a myo3/myo5 double mutant is lost when the serine at the putative heavy chain phosphory-
lation site is mutated to an alanine, but not when it is mutated to an aspartate, indicating
that a negative charge at this site is needed for normal function (unpublished data referred
to in ref. 36).

In terms of candidate PAK kinases (i.e., MIHCKs) in yeast, Saccharomyces expresses at
least three PAKs: Ste20, Cla4, and Skm1 (for review see refs. 24,32,43,44) (Fig. 3.1). As in
vertebrates, these yeast kinases have been linked to the activation of a variety of MAP kinase
cascades. Furthermore, all three kinases have been linked to signaling pathways that result
in dramatic changes in cell morphology. These changes, which involve major rearrange-
ments of the actin cytoskeleton, include budding (where Ste20 and Cla4 play essential roles
in actin deposition at the incipient bud site and in septin deposition at cytokinesis45), the
formation of the actin-rich cell surface projections (schmoos) associated with mating (where
Ste20 activates the pheromone-responsive MAP kinase cascade that triggers cell cycle arrest,
the transcription of mating-specific genes, and schmoo formation46), and filamentous growth
during nitrogen starvation (where Ste20 probably activates a separate MAP kinase cascade
associated with this response47). Given that yeast CDC42 has also been shown to play an
essential role in budding and the formation of mating-specific projections and given the
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likelihood that Ste20 and Cla4 function in vivo as activators of myosin I (which, while not
proven, is likely based on their ability to activate a Dictyostelium myosin I in vitro36), it
seems reasonable to suspect that activated myosins I play significant roles as effectors of the
cytoskeletal rearrangements induced by CDC42. While the fact that myo3/myo5 double
mutants exhibit dramatic defects in the actin cytoskeleton42 is consistent with this, using
targeted gene disruptions of PAK kinases to get a firm handle on the extent to which myo-
sins I are responsible for the PAK-dependent morphological changes outlined above will be
very difficult. This is due in large part to the fact that each yeast PAK kinase is probably
multifunctional. For example, Ste20 has already been linked to the activation of three differ-
ent MAP kinase cascades, each of which has important effects on different complex cellular
processes.24 It is not surprising, therefore, that the phenotypes in yeast of myosin I knock-
outs and of PAK kinase knockouts are not the same, and it very unlikely that a myosin I
containing an aspartate in place of the regulatory serine would rescue all of the defects
exhibited by Ste20/Cla4 knockouts (although it might rescue some of the defects). Clearly,
much needs to be learned. It is probably safe to say, however, that yeast lend themselves best
to resolving these complex interactions because of the powerful genetic approaches that can
be applied.

In summary, therefore, a picture is emerging in which myosins I, by virtue of their
ability to be activated by PAK kinases, serve as important effectors of the cytoskeletal rear-
rangements induced by Rac and CDC42. The fact that myosins I have been localized in a
variety of cell types to actin-rich regions, such as lammelopodia, ruffles and phagocytic
cups (reviewed in refs. 10-13, 15), and that they have been implicated through the analysis
of mutants in a variety of actin-dependent cellular processes, such as endocytosis, phagocy-
tosis, cell locomotion, pseudopod extension and polarized cell growth,41,42,48-51 are all con-
sistent with this idea. Nevertheless, it remains to be seen how widespread this type of regu-
lation is, given that PAK-dependent phosphorylation of vertebrate myosins I appears
unlikely.38

Regulation of Myosin II by PAK Family Kinases
The actin-activated ATPase activity, self-assembly properties and in vitro motility of

smooth muscle and vertebrate nonmuscle myosins II are all stimulated by phosphorylation
of the myosin’s 20 kDa regulatory light chain (MLC20) (reviewed in ref. 52). The principal
player in this phosphorylation is calcium/calmodulin-dependent myosin light chain kinase
(MLCK). This kinase, which has been identified in many vertebrate cell types, phosphory-
lates MLC20 on serine-19 and, at a much slower rate, on threonine 18. MLC20 can also be
phosphorylated in vitro by protein kinase C, the cell cycle dependent protein kinase Cdc2,
and calmodulin-dependent protein kinase II, all of which effect the ATPase activity of the
myosin. The dephosphorylation of MLC20 is catalyzed primarily by a trimeric smooth muscle
myosin phosphatase, which is composed of a 37 kDa type-1 protein phosphatase catalytic
subunit, a 130 kDa myosin binding subunit, and a 20 kDa subunit.53

In addition to MLCK and the other kinases mentioned above, there is growing evi-
dence that PAK kinases also activate smooth muscle and vertebrate nonmuscle myosins II
by phosphorylating MLC20. First, AMIHCK has been shown to phosphorylate MLC20 in
intact turkey gizzard smooth muscle myosin with a specific activity that is close to that
measured for authentic calcium/calmodulin-dependent MLCK.54 Moreover, this phospho-
rylation, which now appears to be on threonine-18,37 fully stimulates the actin-activated
ATPase activity of turkey gizzard myosin II.54 Second, a protease-activated kinase isolated
from rabbit reticulocytes,55 and later identified by sequence analysis as a PAK,56 also acti-
vates smooth muscle myosin by phosphorylation of its regulatory light chain. Third, a PAK
kinase (S6/H4 kinase) isolated from human placenta has been shown to phosphorylate the
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regulatory light chain of myosin II from bovine arterial endothelium in a GTP-CDC42-
dependent manner.57 Through the use of phosphopeptide maps, phosphoamino acid analyses
and recombinant MLC20 mutants, it was shown that this PAK phosphorylates serine-19
only, even after extensive incubation.

Two detergent-permeabilized cell systems have recently been used to investigate the
ability of PAKs to stimulate myosin II-mediated contractility in situ. First, permeabilized
bovine pulmonary artery endothelial cells, which contract upon exposure to calcium/
calmodulin-dependent MLCK,58 were shown to contract under conditions where MLCK is
inactive (in the absence of free calcium and in the presence of a MLCK inhibitor) by the
addition of PAK.57 Second, addition of PAK kinase to permeabilized guinea pig taenia coli
smooth muscle fibers produced a calcium-independent contraction that correlated with
the increase in the level of MLC20 phosphorylation.59 These studies suggest that PAK-de-
pendent phosphorylations of smooth and nonmuscle type II myosins could provide cells
with an additional (and calcium-independent) mechanism by which to control myosin II-
driven cellular functions. Furthermore, these results suggest that in certain cases PAK ki-
nases may activate both type I and type II myosins coordinately (Fig. 3.2). These results also
argue that PAK phosphorylation sites in myosins need not fit the consensus Acanthameba
myosin I phosphorylation site sequence (while there are basic residues N-terminal of serine-
19 in MLC20, the sequence C-terminal of serine-19 does not fit the myosin I consensus, and
synthetic peptides with a similar sequence C-terminal of the serine are poor substrates for
AMIHCK37). Future efforts need to be directed at determining whether PAK kinases play a
significant role in regulating type II myosins in vivo. If this is the case, then these myosins
may also be important effectors of the cytoskeletal changes induced by Rac1/CDC42. It
should be noted, however, that the role of PAK kinases (and, therefore, PAK-dependent
activation of type II myosins) in mediating the cytoskeletal changes induced by Rac1 and
CDC42 is still very controversial. For example, mutant forms of CDC42 and Rac1, which
are thought to no longer interact with PAK, are still able to induce their characteristic changes
in the actin cytoskeleton of fibroblasts.60,61 Furthermore, a constitutively active form of PAK
causes disruption of actin stress fibers in fibroblasts without inducing either membrane
ruffling or micro spikes.25 These results suggest that proteins other than PAK, such as WASP,62

POR1,63 or N-chimerin,64 mediate the cytoskeletal rearrangements induced by Rac1/CDC42,
although there are alternate explanations which still implicate PAKs as the mediators.24

Regulation of Myosin II by Rho-Associated Kinases
In addition to their possible regulation by Rac/CDC42-dependent PAK kinases, several

recent studies have implicated Rho-dependent kinases in the regulation of smooth muscle
and nonmuscle type II myosins. These serine/threonine kinases, which include p164 Rho-
associated kinase (Rho-K; also known as ROK !)65,66 and p160 Rho-associated coiled coil
containing protein kinase (p160ROCK),67 are composed of an N-terminal kinase domain, a
central domain that is predicted to form a coiled-coil structure, and a C-terminal domain
containing a cysteine-rich zinc finger motif and a pleckstrin homology domain. These ki-
nases, which we will refer to here simply as Rho-associated kinases, are activated 2- to 15-fold
by GTP-Rho.

The link between Rho-associated kinases and the regulation of type II myosins grew
out of the initial observation that the addition of GTP-Rho to permeabilized smooth muscle
fibers enhances both the calcium sensitivity of contraction68 and MLC20 phosphorylation.69

Consistent with this, the addition of a constitutively-active Rho-kinase catalytic domain
fusion protein to permeabilized rabbit portal vein smooth muscle was recently shown to
induce contraction under conditions where MLCK would be inactive (in the absence of
cytosolic free calcium and in the presence of Wortmanin, an inhibitor of MLCK).70 Insight
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into the mechanism of this regulation has come from the recent finding that the 130 kDa
myosin-binding subunit of smooth muscle myosin light chain phosphatase binds Rho-GTP.71

While the significance of this interaction remains unclear, it was also shown that Rho-ki-
nase phosphorylates this subunit of the phosphatase, resulting in an ~80% reduction in the
enzymatic activity of the holoenzyme in vitro.71 Shortly after publication of this work, it
was reported that Rho-kinase can also phosphorylate MLC20 directly in intact smooth muscle
myosin.72 Furthermore, Rho kinase was shown to phosphorylate serine-19, the regulatory
site phosphorylated by authentic MLCK, and to activate the ATPase activity of the myosin.
These results suggest, therefore, that Rho-kinase would cause an increase in the level of
phosphorylated MLC20 in vivo by (i) inhibiting the activity of the light chain phosphatase,
and (ii) by directly phosphorylating MLC20. If true, these results would provide an explana-
tion for the fact that excitory agonists increase the calcium sensitivity of MLC20 phosphory-
lation, and hence smooth muscle contraction, a process that is dependent on one or more
G proteins (reviewed in ref. 73).

With regard to nonmuscle myosin II, overexpression of a constitutively active form of
RhoA in NIH 3T3 fibroblasts has recently been shown to result in an increase in the level of
phosphorylated MLC20.71 Furthermore, two recent studies suggest that this Rho-induced
elevation in P-MLC20 levels is in fact mediated by Rho-kinase. First, Wodnicka and Burridge74

reported that protein kinase inhibitors like KT5926 block the Rho-induced contraction of
fibroblasts and that this block is accompanied by a reduction in the level of P-MLC20 and a
loss of both stress fibers and focal adhesions. Second, overexpression of wild type
Rho-associated kinases (but not mutant forms that lack kinase activity) in fibroblasts has
been shown to result in the formation of stress fibers and focal adhesions.66,75 Given these

Fig. 3.2. Schematic depicting the possible coordinate regulation of type I and II myosins by ki-
nases that are regulated by Rho-family GTPases. As indicated in the text, Rho-kinase can influ-
ence the level of P-MLC20 both by directly phosphorylating the light chain and by inhibiting the
light chain phosphatase.
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observations, and given the fact that GTP-Rho induces the assembly of stress fibers and
focal adhesions in cultured cells, it is tempting to speculate that myosin II, by virtue of its
ability to be activated by Rho-dependent kinases, is a major effector of these Rho-induced
rearrangements of F-actin. Indeed, it is reasonable to propose a model in which active bipo-
lar filaments of myosin II, generated following phosphorylation of MLC20 by Rho-associ-
ated kinases, participate in the formation of actin stress fibers, which are then recruited to
adhesion complexes, leading to the formation of typical focal adhesion plaques.6 Future
efforts should be directed at testing such a model and at determining the relative contribu-
tions of light chain phosphatase inactivation versus direct phosphorylation of MLC20 in
determining the level of P-MLC20 (in the permeabilized smooth muscle system, at least, the
Rho-kinase-induced contraction can be largely attributed to the direct phosphorylation of
MLC20, since in the absence of active MLCK the inhibition of the phosphatase would not, by
itself, promote contraction70).

Links Between Signal Transduction Pathways
and Other Members of the Myosin Superfamily

In contrast to type I and II myosins, very little is known about the regulation of the
unconventional myosins representing classes III through XII (see ref. 15). Having said this,
it is the case that many of these myosins appear to bind authentic calmodulin as a light
chain and so may be regulated by signaling pathways that influence the concentration of
free calcium in the cytosol.15 Furthermore, the sole class IV unconventional myosin identi-
fied to date, as well as certain class I myosins from both lower and higher eukaryotes, con-
tain the ~50-residue sequence corresponding to src-homology-region 3 (SH3) in nonreceptor
tyrosine kinases.15 The presence of this domain, which is also found in a large number of
proteins involved in signal transduction (for review see ref. 76), including adapter proteins
that link membrane tyrosine kinases to the ras signaling pathway, may link type I and IV
myosins to important signaling molecules (although the only protein identified to date that
binds to an SH3 domain in a myosin (Acanth 125) does not appear to be a signaling mol-
ecule77). Finally, the class III unconventional myosin ninaC,78 which is expressed within
photoreceptor cells in the Drosophila eye, possesses a protein kinase domain as an N-termi-
nal extension of the myosin head (for review see ref. 15). The regulation of this kinase do-
main, whose sequence is most closely related to that of Ste20, will probably play a critical
role in the control of signal transduction in these photoreceptor cells.

Against this backdrop of relatively fragmentary data, there is one striking example of
linkage between a recently identified unconventional myosin and a specific signal transduc-
tion pathway. This case involves the type IX myosins, which were originally identified in rat
(myr5),79 and subsequently cloned from human.80 The ~225 kDa heavy chain of this myo-
sin contains a number of novel features, the most striking of which is the presence within
the tail domain of a ~140-residue region that exhibits striking similarity to GTPase activat-
ing proteins (GAPs) for the Rho family GTPases. These proteins, which include p190, N-
chimerin, 3BP-1 and Rho-GAP, serve to accelerate the hydrolysis of the GTP bound to Rho
family GTPases, thereby catalyzing the conversion of these “signaling switches” from their
active GTP-bound form to their inactive GDP-bound form. Together with GDIs (GDP dis-
sociation inhibitors, which prevent GDP release) and GDSs (GDP dissociation stimulators,
which promote exchange of GDP for GTP), GAPs serve to modulate the activity of Rho
family GTPases.

Evidence that the putative GAP domain in the type IX myosin from rat (myr5) actually
functions as a GAP was obtained by in vitro analysis of a GST fusion protein containing this
domain, which was shown to stimulate the GTPase activities of RhoA and to a much lower
extent CDC42 and Rac1.79,81 Furthermore, the introduction into the myr5 GAP domain of
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a mutation that abolishes the ability of bonafide GAPs to stimulate GTP hydrolysis also
abolished the GAP activity of the myr5 GAP domain. Results similar to these have also been
obtained in lysates of insect cells expressing myr5 or just its GAP domain.81

The results described above not only draw a link between type IX unconventional myo-
sins and Rho-dependent signaling, they do so in a way that is the opposite of the link drawn
between PAKs/Rho-associated kinases and type I and II myosins, since in this case it is the
myosin that is potentially regulating the activity of the GTPase, and not vice versa. One
implication of this finding is that type IX myosins could serve in vivo to downregulate the
formation of the stress fibers/focal adhesions that are induced by Rho. Preliminary results
are in fact consistent with this idea.81 Specifically, overexpression in Hela cells of myr5, or
just its GAP domain, results in the loss of actin stress fibers and focal adhesions. This result,
and the finding that the loss of these actin-rich structures is prevented in cells cotransfected
with a constitutively active form of Rho, together indicate that myr5 is a Rho-GAP in vivo,
and support the idea that the loss of actin stress fibers and focal adhesions induced by myr5
is due to the myr5 GAP domain-mediated acceleration in the hydrolysis of GTP-Rho. One
clue to the mechanism by which this activity could be regulated comes from the presence in
the myr5 heavy chain of a zinc coordination domain immediately adjacent to the GAP do-
main.79,80 This zinc binding domain, which is homologous to the regulatory domain of
protein kinase C and to a region immediately N-terminal of the GAP domain in the candi-
date Rac GAP proteins N- and B-chimerin, has been shown to bind two zinc atoms in vitro,
but not diacylglycerol (as in PKC).79 Regardless of how the regulation occurs, what is clear is
the broader implication of these studies, which is that myosin IX (and perhaps other myo-
sins) may actually regulate the organization of the cytoskeletal element on which it moves.

Summary
The studies summarized above suggest that two families of serine/threonine kinases,

the Rac1/CDC42-dependent PAK kinases and the Rho-dependent kinases typified by Rho-
K and P160ROCK, serve to regulate the enzymatic and mechanochemical properties of a num-
ber of different myosins. Furthermore, in the case of the PAK kinases, it appears that these
enzymes may simultaneously activate (i) the transcription of genes essential for a particular
cellular function (through activation of a MAP kinase cascade) and (ii) effector proteins
(including myosins) that are involved in supporting this same cellular function (through
direct phosphorylation)24,32,36 (Fig. 3.3). While these studies provide the foundation for fu-
ture efforts to define in detail the regulation of myosin-dependent cellular functions via
extracellular signals, many parts of this story are still unclear. For example, the idea that
PAK kinases mediate the cytoskeletal changes induced in mammalian cells by Rac/CDC42
has recently been called into question.60,61 In addition, some PAK-dependent functions do
not appear to require the expression of kinase activity by PAK in vivo.26 Moreover, direct
proof that these kinases phosphorylate myosins in vivo is missing (even in the case of the
protozoan MIHCKs, which have been studied for many years). Furthermore, while the studies
summarized herein point to myosins as one potential effector of the rearrangements in the
actin cytoskeleton induced by Rho family GTPases, a direct link between these kinases and
other proteins that are likely to be involved in these rearrangements (e.g., proteins which
sequester monomeric actin, proteins which nucleate, cap, sever and bundle filamentous
actin) is tenuous (for review see ref. 5). Indeed, it is still quite possible that these kinases
actually regulate other pathways (e.g., PI metabolism), which in turn lead to changes in the
actin cytoskeleton.5,6 On top of these issues is the issue of specificity. For example,
Acanthameba and Dictyostelium contain at least four and seven myosin I heavy chain isoforms,
respectively.14,17 If each isoform supports a different function, as many think, then it makes
sense that each would be independently regulated by an isoform-specific PAK kinase. The
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potential exists, therefore, for tremendous complexity in the regulation of myosins by the
members of these two kinase families. Finally, the recent results with the class IX unconven-
tional myosin from rat indicates that the regulatory interactions between Rho family GTPases
and myosins can go both ways.
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CHAPTER 4

The Light-Chain-Linked
Regulation of Muscle Myosin II
Ryoki Ishikawa and Kazuhiro Kohama

Myosins are the group of motor proteins which generate mechanical force by hydrolyzing
ATP with interaction with actin filaments and which are thought to be responsible for

a wide variety of cell motilities including muscle contraction, morphogenesis, cytokinesis,
and cell migration. Myosin II, a conventional double-headed myosin, is the first-discovered
and most abundant family among them. It is classified into three major types, striated type
including skeletal and cardiac myosin II, smooth muscle type, and nonmuscle type. The
activity and regulatory systems of these three types of myosins are quite different. This re-
view will focus on the structure and function of these striated and smooth muscle myosin II
(referred to as myosin throughout this review).

The Organization of Myosins and Their Genes
Each myosin consists of two identical heavy chains (HCs) (200-240 kDa) and two dis-

tinct pairs of light chains (LCs) (14-20 kDa) (Fig. 4.1). The N-terminal-half of HC termed
head region (or subfragment 1, S1) is sufficient to hydrolyze ATP and produce mechanical
force. This region is further divided into globular and !-helical neck domains. The former
contains both the actin-binding and ATP-binding sites and the latter the LC-binding sites.
The C-terminal-half that is termed tail region is rich in !∋helix to form a rod-like shape,
and essential for the self-assembly of myosin molecules to form a filament. The tail region is
further divided into subfragment 2 (S2) and light meromyosin (LMM) by trypsin diges-
tion. S1 plus S2 is called heavy meromyosin (HMM) (Fig. 4.1).

In vertebrate, at least eight striated muscle HC genes, two smooth muscle HC genes,
and three nonmuscle HC genes have been cloned.1 All the myosin heads contain a consen-
sus GESGAGKT sequence, which is known as a phosphate-binding motif (P-loop), and is
thought to be an ATP binding site. In a remaining portion of the myosin head, amino acid
identity between three types of myosins are 40-50%, and the tail region is much less conserved.

Among striated type myosins, however, amino acid sequences are highly conserved
from head to tail, ranging from 78-98% identity. The isoforms of skeletal and cardiac muscle
myosins are differentially expressed temporally and spatially. The motor activity of the
isoforms seems to be diverse. For example, the actin activated ATPase activity of !-cardiac
myosin was 2-fold higher than that of ∀-cardiac myosin.2

Each head of HC is associated with “essential light chain” (ELC) and “regulatory light
chain” (RLC). The former is a group of LCs named after their difficulty in dissociation from
HC. Alkali- or urea-treatments to denature HC are necessary for the dissociation. “Regula-
tory” originated from smooth muscle myosin RLC that regulates the myosin motor activity
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by phosphorylation, although the corresponding RLC of unregulated myosin from skeletal
and cardiac muscles plays no regulatory role as discussed later. All the LCs contain EF-hand
structure of helix-loop-helix, a putative Ca2+ binding motif. But only scallop and Physarum
myosins can actually bind Ca2+ through ELC.

X-ray crystallography of myosin head from chicken skeletal muscle revealed that P-loop
(Gly177-Thn184) and following helix (Lys185-Ile199) constructs the putative ATP-binding site,
the topology of which is the outside position of globular heads (Fig. 4.1).3 The actin-bind-
ing site (Thy626-Gln647) localizes in the tip of the globular heads opposite the ATP-binding
site. ELC and RLC tandemly bind to the neck position (Leu783-Met806 and Glu808-Leu842,
respectively).

Recombinant myosins displaying motor activity have been expressed in Sf-9 cells4-6

and Dictyostelium cells.7,8 Mutant myosin replaceing Gly182 with Glu, or Lys185 with Arg of
HC loses the ability to bind ATP and thus the motor activity.7 Recombinant Dictyostelium
HC deleted from His788 to Ala817 (corresponding to from Arg809 to Ile838 of chicken) failed to
associate with RLC, and that deleted from Arg761 to Ala817 (corresponding to from Lys782 to
Ile838 of chicken) failed to associate both ELC and RLC.8 These results are consistent with
the predicted function of the corresponding domains deduced from X-ray crystallography.

Assembly of Myosins
In skeletal muscle, myosin molecules assemble to form bipolar bundles called thick

filaments (Fig. 4.2A). In both ends of the thick filament, two pairs of myosin heads rotate by

Fig. 4.1. Schematic illustration of myosin molecule. Myosin consists of two heavy chains, two
essential light chains, and two regulatory light chains. Catalytic site for ATP hydrolysis and actin-
binding site localize in globular domain.
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120 degrees relative to the next pairs with a 14.3 ∝m interval, resulting in a helical arrange-
ment with a pitch of 42.9 (14.3 x 3) ∝m.9 This structure is thought to be ideal to interact
with highly organized actin filaments in skeletal muscle cells. The central region of thick
filament without myosin heads is called the bare zone. The typical length of thick filament
in higher organism is about 1 ∝m. However, purified myosin also forms thick filaments in
physiological salt concentration, but the length is much longer, suggesting that the length of
thick filaments in vivo is determined by another factor, probably myosin-binding proteins.
In higher salt concentration (e.g., 0.5 M NaCl), myosin loses the ability to assemble.

In smooth muscle cells, the bundles of thick filaments are tiny and less organized as
examined by the electron microscopy. Optical diffraction analysis reveals that the tails of
smooth muscle myosin assemble side-to-side to form a flat sheet in which two neighboring
myosins are antiparallelly directed (Fig. 4.2B).10 Assembly of smooth muscle myosin in vitro
is regulated by the phosphorylation of its RLC. When the RLC is unphosphorylated, the tail
of myosin is folded and no longer forms a bundle. Only when RLC is phosphorylated, does
the tail become straight and is able to assemble. It must be noted, however, that myosin
forms bundles in smooth muscle cells regardless of whether myosin is phosphorylated or
not. This apparent discrepancy might be due to the possible contribution of smooth muscle
myosin-binding protein(s) such as telokin.11

The Function of Myosins
Myosin converts chemical energy to a mechanical energy by hydrolyzing ATP. This

process is called the “crossbridge cycle” in which four distinct chemical states are detected
(Fig. 4.3). In the absence of nucleotides, the myosin head strongly binds to actin filaments
(state 1 in Fig. 4.3A). This state is called the “rigor” state. The binding of ATP to myosin
head causes a slight conformational change in the actin-binding site of the myosin head,
resulting in dissociation of the myosin head from actin filaments (state 2 in Fig. 4.3A). Then
ATP is hydrolyzed to ADP plus Pi in the cleft of the ATP-binding site (state 3 in Fig. 4.3A). Pi
is released from myosin heads, the binding of myosin head to actin filament becomes strong,
and the force generating process (power stroke) is initiated (state 4 in Fig. 4.3A). Finally,
myosin head releases ADP to go back to the state 1.

Fig. 4.2. Assembly of skeletal
muscle myosin (A) and
smooth muscle myosin (B).
Skeletal muscle myosin forms
bipolar helical bundles while
smooth muscle myosin form
flat, side-polar bundles.
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How does myosin II generates such a mechanical force? Two major hypotheses, “swinging
neck lever model” and “linear motor model”, are proposed (Fig. 4.3B,C). In the first model,
intramolecular the conformational change of myosin head is important for the force gen-
eration.12 When ATP is hydrolyzed to ADP + Pi, the neck domain cocks (Fig. 4.3B, state 3).
When Pi is released, the globular domain attaches actin filament and the neck domain swings
back to the original state to pull the myosin rod (Fig. 4.3B, state 4). If this model is correct,
the neck length should affect the sliding speed. Indeed, modification of the neck length
revealed that the sliding velocity of actin filaments on recombinant myosin mutants was
proportional to neck length.8

Yanagida’s group showed that actin filament could slide on myosin by 100 nm during
the hydrolysis of one ATP molecule, which was far longer than expected derived from the
“swinging neck lever model”.13 Therefore, they proposed a new concept for the force gen-
eration, “linear motor model” (Fig. 4.3C). In their model, the myosin head slides along the
actin filament without coupling conformational changes during the power stroke. How-
ever, the precise mechanism for force generation is still unclear.

The Regulation of Smooth Muscle Myosin
Regulatory modes of myosin activity are quite different among tissues and species.

Cardiac and skeletal muscle myosins of vertebrates show motor activities when monitored
by measuring actin-activated ATPase activity and by monitoring its in vitro motility in the
presence of ATP. Thus, the activity of the myosin molecule itself is always active or in the
“on” state. In the relaxed form of skeletal muscle, the troponin-tropomyosin complex, that
periodically binds to actin filaments, inhibits the interaction between actin and myosin.

Fig. 4.3. Crossbridge cycle (A) and two models for power generation, swinging neck lever model
(B) and linear motor model (C). M indicates myosin head, and Pi indicates phosphate. Affinity
for actin is strongest in state 1, weak in states 2 and 3, and strong in state 4.
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When muscle is stimulated, intracellular Ca2+ increases and binds to troponin resulting in a
conformational change of troponin to release the inhibition.14

Unlike these unregulated myosins from skeletal and cardiac muscles, the activity of
smooth muscle myosin is inactive or in the “off ” state under when unphosphorylated.
Phosporylation of RLC is necessary for it to become active form, i.e., “on” state to interact
with actin. When smooth muscle cells are stimulated, intracellular Ca2+ increases, calmodulin
(CaM) binds Ca2+, and activates myosin light chain kinase (MLCK). Then MLCK phospho-
rylates Ser19 of RLC so that myosin is in the “on” state to interact with actin filaments.15

RLC can be removed from HC by treating smooth muscle myosin with trifluoperazine,
an antagonist to CaM, without denaturing myosin HC. To the myosin thus treated, chi-
meric RLC can be hybridized. Myosin containing chimeric smooth/skeletal RLC, in which
the N-terminal half of smooth muscle RLC is fused to the C-terminal half of skeletal muscle
RLC, is not activatable by phosphorylation. However, the myosin containing a reverse (N-
skeletal/C-smooth) chimeric RLC is activated by phosphorylation.16 Therefore, the C-ter-
minal half of the RLC and Ser19 at the N-terminal are required for the activation.

HMM of smooth muscle was produced in Sf-9 cells by cotransfection of cDNAs en-
coding ELC, RLC, and truncated HC.5 The recombinant HMM showed motor activity when
RLC was phosphorylated. The activity was preserved even when the cDNA of the ELC was
not coinfected, indicating that the ELC of smooth muscle is not essential for motor activity.
Unlike scallop myosin (see below), the interface between ELC and RLC does not play a key
role in regulating motor activity of smooth muscle myosin.

Cremo et al produced partially digested smooth muscle myosin to form a single-headed
myosin, i.e., myosin containing one head attached to an intact tail.17 Whether RLC of this
single head myosin was phosphorylated or not, its actin-activated ATPase activity was as
high as that of the phosphorylated form of intact smooth muscle myosin. Further, actin
filaments slide on the unphosphorylated single head myosin as fast as on the phosphory-
lated normal myosin. Similar results were obtained by expressing truncated myosins utiliz-
ing a Sf-9-baculovirus expression system.18 The activity of myosin with double-heads was
regulated by LC phosphorylation, but the activity of myosin with a single head was always
in the “on” state independent of light chain phosphorylation. These results suggest that the
intrinsic nature of smooth muscle myosin head itself is the “on” state. The double-head
structure produces the “off” state, which is then turned “on” by the RLC phosphorylation.

The Regulation of Myosin Through Ca2+-Binding
The myosin that binds Ca2+ with a high affinity is not from vertebrates, but molluscan.

Scallop myosin is one of the best characterized myosins. The motor activity of scallop myo-
sin is low in the absence of Ca2+. Upon elevation of Ca2+ concentration, scallop myosin
binds Ca2+, which then enhances the activity (Fig. 4.4A,B). The site for Ca2+ is in ELC. Ca2+

sequestered by ELC is stabilized by RLC that binds Mg2+. Such a model is shown by produc-
ing hybrid myosins and 10kDa “regulatory domains” (RD) of the hybrid myosin as fol-
lows.19 RLC of scallop myosin is removed by EDTA treatment, and then RLC from other
myosin can be rebound to it. ELC of scallop myosin is not removable but is exchangeable
with ELC from other myosin to some extent. The complete exchange of ELC is possible with
RD, which is reconstituted from ELC, RLC and the LC-binding domain of myosin HC.

RLC and ELC are composed of four helix-loop-helix domainsdesignated by domains
I-IV. The purified ELC alone is unable to bind Ca2+ both HC and RLC are required for the
ELC-Ca2+ interaction. Szent-Gyorgyi and his colleagues produced chimeras between scal-
lop ELC (regulated myosin) and cardiac ELC (unregulated myosin) as recombinant pro-
teins.20 They showed that the N-terminal domain I of scallop ELC was of primary impor-
tance for Ca2+-binding to RD and, hence, myosin. Similar domain analysis of RLC was carried



G Proteins, Cytoskeleton and Cancer58

out with chimeras of scallop RLC (regulated myosin) and skeletal RLC (unregulated myo-
sin).21 The chimera conferred Ca2+-binding and Ca2+-sensitivity on hybrid myosin only if it
contains domain III of scallop RLC. When Gly117 of domain III in scallop RLC was substi-
tuted with Ala or Cys, the hybrid myosin containing the mutated RLC lost ability to restore
Ca2+-binding and to confer Ca2+-sensitivity on the ATPase activity. Gly117 is strictly con-
served among regulated myosins from molluscan and vertebrate smooth muscles. When
Cys126 of skeletal muscle RLC which corresponds to Gly117 of scallop myosin was replaced
by Gly, the mutated RLC conferred Ca2+-binding and Ca2+-sensitivity. The crystal structure
of RD of scallop myosin showed Gly117 of RLC is in close contact with Gly23 of domain I of
ELC and is stabilized by hydrogen bonds.22

Myosin from a lower eukaryote, Physarum polycephalum, also binds Ca2+ with a high
affinity. Unlike scallop myosin, however, it is in the active form when it loses Ca2+.23 Upon
binding Ca2+, its motor activity is inhibited (Fig. 4.4C,D). The physiological implication of
this calcium inhibition is as follows: the myosin supports cytoplasmic streaming observed
in plants, a phenomenon that occurs under the resting state, i.e., in low Ca2+ concentration.
The streaming ceases only when the plant cell is excited to increase intracellular Ca2+.24

The subunit that binds Ca2+ is calcium binding LC (CaLC), which belongs to the ELC
class with helix-loop-helix structures.25 The LC of RLC class is a phosphorylatable LC (PLC),
and has been cloned and sequenced. It has a Gly residue at the position that corresponds to
Gly117 of scallop RLC. To test whether Ca2+ bound to CaLC is stabilized by PLC, we need LC-
binding domain of physarum HC, and its cloning is now under way.
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Fig. 4.4. Stimulatory (A,B) and
inhibitory (C,D) effects of
Ca2+. Actin was labeled with
rhodamine-phalloidine and
mounted on a coverslip coated
with scallop myosin (A,B) or
Physarum myosin (C,D).21

ATP-dependent movement of
actin was observed in the
presence of 0.1 mM EGTA
(A,C) or 0.1 mM Ca2+ (B,D)
with a fluorescent microscope
equipped with a videocamera.
Ordinate, number of moving
actin; abscissa, velocities
(∝m/sec). Arrows indicate av-
erage velocity of the move-
ment.
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CHAPTER 5

The Tumor Suppressor l(2)gl:
A Myosin-Binding Protein Family
Dennis Strand

Summary

The prototype of the l(2)gl protein family is the lethal(2)giant larvae tumor suppressor of
Drosophila melanogaster, designated as l(2)gl according to the drosophilist nomenclature

or more recently as D-lgl. The l(2)gl protein family consisted first of only dipteran members
but has become wider in the recent years including members in species as diverse as man,
mouse, insect, worm, slime mold and yeast. Biochemical and genetic analyses of the l(2)gl
gene and its human homolog hugl-1, showed that the encoded proteins are components of
the cytoskeleton and interact physically with a domain located near the carboxyl extremity
of nonmuscle myosin II heavy chain. Further studies have also revealed that the l(2)gl pro-
tein may also interact with the Nucleosome Assembly Protein-1, or NAP-1, a component of
the cyclin B-p34cdc2 kinase complex. Our investigations showed that NAP-1 is intimately
associated with the cytoskeletal matrix during interphase and accumulates in the nucleus
during prophase where it becomes associated with the spindle apparatus. Through the dif-
ferent interactions established by the l(2)gl protein we have begun to understand the key
roles played by this tumor suppressor in the maintenance of cell shape and tissue organiza-
tion and in the regulation of the cell cycle.

Introduction
Our knowledge on the function of the l(2)gl protein is essentially based on genetic and

biochemical investigations which have been performed in the fruitfly Drosophila. Among
the numerous effects caused by mutations in the l(2)gl gene, the neoplastic transformation
of the brain hemispheres and the imaginal discs is certainly the most striking feature which
was recognized by Elisabeth Gateff1-3 more than 30 years after the initial discovery of the
first l(2)gl mutant by Calvin Bridges in 1933. With the recent cloning of hugl-1, a human
homolog to the Drosophila l(2)gl gene,4 the question arises as to whether the human gene
may be specifically altered in human diseases and, if this is the case, whether these diseases
are related to proliferative disorders. Our investigations revealed that the hugl-1 gene is
intensively expressed in brain and maps on chromosome 17p11.2-12. Finer mapping showed
that hugl-1 is constantly uncovered by a microdeletion affecting one chromosome 17 of
patients displaying the Smith-Magenis syndrome, a neurological disorder affecting young
children. Furthermore, hugl-1 was found to be located in the near vicinity of one transloca-
tion breakpoint occurring in chromosome 17 of patients with primitive neuroectodermal
tumors, or PNETs. These preliminary data indicate that the homolog to the Drosophila l(2)gl
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gene may be causally related to proliferative disorders striking humans and emphasize the
notion that evolutionarily conserved sequences may not only retain similar cellular func-
tions but can also be involved in comparable pathogenesis, although insects are separated
from humans by more than 600 millions of divergent evolution. If the causation of PNETs
by mutations in hugl-1 can be confirmed, this finding would represent the rewards of de-
cades of basic research of the genetic maneuvers of Drosophila, much as has been the case
for the Escherichia coli DNA repair genes which have been used to isolate human mismatch
repair genes and show that human genes are frequently defective in inherited forms of co-
lon cancer.

The l(2)gl Gene: A Brief History
In 1933 Calvin Bridges discovered a spontaneous recessive lethal mutation in Droso-

phila melanogaster giving rise to abnormally large and bloated larvae.5 This lethal factor was
mapped on the left arm of the second chromosome and the locus was designated as
lethal(2)giant larvae, or l(2)gl. From the mid-thirties up to the beginning of the 1950s this
gene was intensively studied by Ernst Hadorn and his collaborators and played a pioneering
role in the elaboration of the ideas and methods underlying developmental genetics, which
were first published in German in 1955 and appeared in 1961 in its English language edition
with the title Developmental Genetics and Lethal Factors.6,7 Through his analysis Hadorn
could show that the developmental arrest which affects l(2)gl larvae at the larval to pupal
transition phase could be partially suppressed by implantation of a wild-type ring gland
indicating that this organ is the source of the molting hormone.8 Using l(2)gl larvae as a
biological assay for purifying the molting hormone from silkworm Karlson identified ecdys-
one as the major insect molting hormone and showed that injection of ecdysone into l(2)gl
larvae induced pupariation and formation of pseudopupae.9 However, neither the implan-
tation of a wild-type ring gland nor the injection of ecdysone could fully rescue the devel-
opment of the l(2)gl larvae indicating that the hormonal imbalance was not the primary
cause of the developmental arrest. Furthermore, extensive studies by Hadorn and co-work-
ers showed that the l(2)gl mutation produced pleiotropic effects in numerous tissues which
can already be detected at the onset of the larval life, such as the atrophy of the male germline,10

which occurs before the appearance of any malignant growth. Although numerous com-
parative studies between normal and l(2)gl tissues and organs were conducted for more
than 30 years, it was not until the late 1960s that l(2)gl mutations were recognized as re-
sponsible for the formation of malignancies in the brain hemispheres and the imaginal
discs.1,3,11 Subsequent to her initial studies, Elisabeth Gateff was able to isolate a series of
mutations in distinct genetic loci and showed that they can produce tissue-specific tumors
in either the imaginal discs, the brain hemispheres, the hematopoietic organs or the
germline.11

Molecular studies of the l(2)gl gene was initiated in 1985 by Mechler and his co-work-
ers with the cloning of the l(2)gl locus.12 The molecular studies demonstrated unequivo-
cally that the tumorous phenotype results from a lack of gene function and showed that
tumorigenesis can be prevented when an intact copy of the l(2)gl gene was introduced into
the genome of l(2)gl-deficient animals.13,14 Further analyses revealed that the l(2)gl gene
encodes a protein of 1,161 amino acids in length with a molecular mass of 127 kDa, there-
fore designated as p127.14 However, the molecular determination of the l(2)gl gene sequence
and its encoded protein revealed no direct clue to its function. No striking motif which
would have suggested a plausible function could be detected in the sequence of p127 and no
resemblance with any other known protein available in databases could be perceived. The
only valuable information came from the absence of motifs indicating that p127 could be
secreted, localized in the nucleus or act as an integral membrane protein. Neither a leader
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peptide, a transmembrane domain, nor a nuclear localization signal could be detected in
p127. By default the assumption was made that p127 should be a cytoplasmic protein.

Although the molecular analysis of the l(2)gl gene provided new and powerful ways for
exploring the function of this gene, at first, it yielded perplexing information. For example,
investigations on the pattern of l(2)gl expression revealed that the gene is intensively ex-
pressed in all embryonic cells and in numerous larval tissues, such as the gut, which display
no phenotypic abnormalities in l(2)gl larvae. Furthermore, the l(2)gl gene was not expressed
in the larval brain hemispheres which become massively overgrown in l(2)gl larvae.15 An-
other difficulty originated from the genetic localization of the l(2)gl locus at the extreme tip
on the left arm of the second chromosome. Despite numerous attempts, we were unable to
induce point mutations, constituting weaker alleles which would have been more suitable
for genetic analysis. All chemically induced mutations were found to be terminal deletions
of the chromosome which removed part or all of the l(2)gl gene sequence. Under these
conditions the conventional genetic tools which are routinely applied for the analysis of
other Drosophila genes could not be used in the case of l(2)gl.

To circumvent these difficulties we decided first to use immunobiochemistry and his-
tochemistry to determine the intracellular localization of p127 and then to directly deter-
mine the nature of the proteins which were recovered in association with p127. Through
this approach we were able to define some partners of p127, determine their function and
thus gain a better understanding on how p127 contributes to the regulation of several cellu-
lar processes controlling cell shape and proliferation.

Towards the Function of p127

p127 Participates in a Cytoskeletal Network Extending in the Cytoplasm
and Covering the Innerface of the Plasma Membrane

Immunohistochemical and biochemical investigations revealed that p127 participates
in a cytoskeletal network extending into the cytoplasm and in the peripheral matrix under-
coating the plasma membrane.16 In particular, p127 was found to form high molecular
mass complexes made primarily of homo-oligomerized molecules17,18 to which are associ-
ated at least 10 other proteins. Among these proteins we have so far identified three pro-
teins: (a) nonmuscle myosin II heavy chain which binds to a relatively large domain in the
center of p12717 (G. Merdes, D. Strand, Z.W. Su, D. Kiehart, and B.M. Mechler, in prepara-
tion); (b) the Nucleosome Assembly Protein-1, or NAP-1, which appears to play a critical
role in the dynamics of the cortical cytoskeleton in the cytoplasm and the spindle apparatus
in the nucleus (B. Neumann, G. Merdes, D. Strand, B.M. Mechler, in preparation) and can
strongly bind to cytosolic cyclin B;19,20 and (c) a serine-kinase which specifically phospho-
rylates p127 at serine residues.21 This kinase may regulate the binding of myosin to p127, as
revealed by in vitro assays showing that its activation led to a specific release of nonmuscle
myosin II from the p127-complexes without dissociation of the oligomerized p127 mol-
ecules. However, the molecular nature of this kinase remains unknown.

Mapping of functional domains in p127 has shown the presence of three homo-oligo-
merization domains which elicit intermolecular binding without the requirement of any
extraneous protein,18 a cluster of evolutionarily conserved serine residues which may con-
stitute the target sites for phosphorylation by the p127-associated kinase,21 two distinct amino
acid substitutions, both of them conferring temperature sensitivity to the l(2)gl gene (de
Lorenzo, C., Strand, D., and Mechler, B.M., in preparation) and two sites whose modifica-
tion confers either enhancement or reduction of the in vitro binding of p127 with nonmuscle
myosin II (G. Merdes, D. Strand, and B.M. Mechler, in preparation). The locations of the
homo-oligomerization domains, the putative phosphorylation sites and the positions of
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the modified residues in the p127 protein are indicated in Figure 5.1. In addition, previous
work has shown that the terminal 140 amino acid residues located in the carboxyl terminal
domain of the p127 are dispensable for the function of p127, albeit necessary for the devel-
opment of the animals below 20°C.14,22 Interestingly, the mouse and human homologous
proteins to p127 are shorter proteins corresponding essentially to C-terminally truncated
forms of p127, suggesting that the dispensable domain of p127 may be required for keeping
the protein active at the optimal temperature for invertebrate life.

The Nonmuscle Myosin II - p127 Connection
The use of the blot overlay technique and the yeast two-hybrid system allowed us to

define the interaction domains between p127 and nonmuscle myosin II. The binding do-
main of p127 is located in a discrete region near the carboxyl extremity of the twisting tail of
myosin II between amino acid residues 1724 and 1865 whereas the binding domain of myo-
sin II in p127 is much larger, encompassing about one-third of the total length of p127
between amino acid residues 306 and 700. The finding that p127 binds to the tail of myosin
II is in contrast with all other proteins known to interact with this protein, such as actin, the
essential and regulatory light chains, band 4.1 protein, telokin, or myosin light chain kinase,
which are associated with to its aminomoiety. Taking into consideration that the organiza-
tion of the l(2)gl tumorous tissues may reflect an enhanced activity of myosin II resulting in
excessive foldings of the epithelial layers, we interpret that the binding of p127 to the tail of
myosin II may contribute to the stabilization of the myosin II bundles.

To ascertain this hypothesis we have further analyzed the pattern of expression of both
proteins during Drosophila embryogenesis and observed a remarkable overlapping intra-
cellular distribution of p127 and myosin II in regions where the cytoskeleton forms an ap-
parently stable and motionless network. In particular we found that, in quiescent cells, both
proteins are essentially present in the cytoskeletal matrix and diffusely distributed in the
cytoplasm. By contrast, in domains where myosin II is involved in contractile (i.e., motor)
activities or in membrane assembly, we observed that p127 segregates from myosin II and is
completely depleted from the myosin II structures which contribute to morphogenetic events
leading to cell shape changes. These structures are: (1) the acto-myosin ring at the leading
edge of the inward-growing furrow canals during cellularization of the blastoderm cells;
(2) the myosin belt at the apices of cells displaying constriction during invagination; (3) the
myosin belt at the leading edge of elongating epithelial cells during dorsal closure and (4) the
myosin ring during cytokinesis. All together the results of the immunohistochemical analy-
sis during Drosophila development show that p127 colocalizes with myosin II in sub-cellu-
lar compartments in which myosin appears to be present in a stabilized or motionless form
and that p127 is dissociated from myosin II when this molecule is involved in processes
leading to changes in cell shape. This finding supports the concept that p127 may contrib-
ute to the stabilization of the myosin-based cytoskeleton.

Involvement of p127 and Nonmuscle Myosin II in Dorsal Closure Processes
Proof for a role of p127 in the dynamic regulation of myosin II was obtained from

genetic studies investigating the interaction between l(2)gl and zipper. The zipper gene en-
codes nonmuscle myosin II heavy chain.23,24 Mutations in zipper and l(2)gl give rise to dif-
ferent phenotypes. In homozygously mutated l(2)gl embryos the development proceeds
normally up to the beginning of larval life because the amount of maternally inherited p127
is sufficient to compensate for the absence of zygotic l(2)gl gene expression and permits
embryogenesis to proceed normally. By contrast, in zipper mutants, the development is ar-
rested at mid-embryogenesis with a characteristic irregularly shaped dorsal opening in the
cuticle reflecting a failure in the completion of the migration of the ventral epidermis over
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the amnioserosa. In wild-type embryos, the process of dorsal closure involves the move-
ment of the ventral epidermis made of two single-layered cell sheets which extend dorsally
over a substratum of amnioserosa cells. At the rim of the ventral epidermis, the epithelial
cells are elongated with a high concentration of myosin II forming a belt along the apical
edge. In these cells no p127 protein could be detected along the apical edge although p127 is
present in the cortical matrix underlaying the other sides of these cells. In zipper embryos,
we observed that the belt of myosin II is absent from the apical edge and that p127 is evenly
distributed all over the cell periphery. When we examined embryos mutated for both l(2)gl
and zipper, we found that their development is partially rescued by comparison with em-
bryos only mutated for zipper. We found that the l(2)gl zipper embryos can fully complete
dorsal closure but are unable to complete the process of head involution which normally
occurs at the same time as dorsal closure but may involve more strenuous morphogenetic
movements (G. Merdes, D. Strand, and B.M. Mechler, unpublished results).

Mechanistically, these results are interpreted as follows. In the double mutant l(2)gl
zipper embryos the low amount of maternally inherited myosin II present in the epidermis
is sufficient to allow completion of dorsal closure but is insufficient to sustain the morpho-
genetic movements required for the involution of the head. In embryos only mutated for
zipper, the amount of p127 resulting from the zygotic expression of l(2)gl may be excessive
with regards to the amount of maternally inherited myosin II and the excess of p127 may
sequester myosin in an inactive form. As a consequence, myosin II becomes unable to accu-
mulate at the leading edge of the epithelial cells.

Analysis by immunostaining of the residual amounts of p127 and myosin II present in
these two categories of embryos supports our model. At the time of the dorsal closure, the
intracellular distribution of p127 and myosin II in the epithelial cells located at the leading
edge is similar in the double mutant embryos as in wild-type embryos, albeit weaker, with a
myosin belt depleted in p127. By contrast, in the zipper embryos, there is no belt of myosin
and both proteins are evenly distributed on all faces of the epithelial cells which display an
irregular shape. From this analysis, we conclude that p127 acts as a negative regulator of the
activity of nonmuscle myosin II.

To strengthen this conclusion, we have introduced additional copies of the l(2)gl gene
in embryos homozygously mutated for zipper and have determined whether the develop-
ment of these embryos would be more drastically affected than the zipper embryos possess-
ing only two normal copies of the l(2)gl gene. If p127 can sequester myosin II, we expect
that additional copies of the l(2)gl gene would lead to an earlier developmental arrest which
should be more pronounced as the number of copies is made higher. By using different
transgenic lines containing cloned copies of the l(2)gl gene we were able to introduce one to
four additional copies of l(2)gl in homozygous zipper embryos. The results of this analysis
showed that indeed the development of the zipper embryos was drastically reduced and that
the severity of the arrest was dependent on the number of l(2)gl gene copies. These data
further confirmed the proposition that p127 can sequester myosin II in an inactive form
and can thus regulate its activity (G. Merdes, D. Strand, and B.M. Mechler, unpublished
results).

Who’s Who During Dorsal Closure
Our genetic and molecular analyses indicate clearly that l(2)gl contributes to the regu-

lation of nonmuscle myosin II activity during dorsal closure. However, the process of dorsal
closure requires coordinate changes in cell shape and concurrent movements of the epithe-
lial sheets. The crucial components in this process are the cytoskeleton, the cell surface and
the extracellular matrix as well as regulators which modulate the activity of the cytoskeletal
proteins producing the morphogenetic movements.25,26 In eukaryotic cells, signal transduc-
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tion is predominantly mediated by kinase cascades and our finding that the association
between p127 and myosin II can be disrupted by the activation of a serine-kinase21 specifi-
cally phosphorylating p127 suggests that, in order to deplete p127 from the myosin belt
located at the leading edge of the epidermal cells, a similar mechanism takes place during
dorsal closure. This mechanism should last during the whole process of dorsal closure, from
its onset up to its completion.

The signaling pathway which precisely controls the interaction between p127 and myosin
II remains unknown. However, recent genetic and molecular investigations of dorsal clo-
sure have led to the identification of two specific Jun-N-terminal kinases, JNK and JNKK,
which are required in the embryo for the initiation and completion of this process.27-31 It is
therefore likely that the cascade elicited by the Jun-N-terminal kinases may ultimately result
in the phosphorylation of p127 and disrupt the interaction between p127 and myosin II at
the leading edge of epidermal cells.

A series of mutations are known to interrupt dorsal closure during Drosophila em-
bryogenesis and have been assigned to approximately 30 different genes. Embryos with such
mutations are characterized by a hole in the dorsal side of the embryos, similar to the defect
observed in zipper embryos, or may exhibit abnormalities indicating that a particular phase
in this process is affected. This is notably the case of mutations in the puckered gene which
allow the dorsalward movement of the epidermis but give rise to abnormal alignment of the
closing edges producing an irregularly folded midline (Ring and Martinez-Arias, 1993).35

Since the duration of the dorsal closure extends over more than two hours and involves
signals for initiating, maintaining and terminating the morphogenetic movements, it is plau-
sible that numerous genes may play major and decisive roles during the different phases of
dorsal closure and that more than one single signaling pathway may be involved. Although
mutations in a large proportion of the genes acting during dorsal closure may never pro-
duce by themselves visible abnormalities during this process, in combination with muta-
tions producing dorsal defects, they may either enhance or suppress the dorsal phenotype
similar to what we have observed in the case of l(2)gl with zipper. Genetic analyses may
therefore be extremely helpful in defining the respective roles played by the different com-
ponents acting during dorsal closure and may indicate their hierarchical position with re-
spect to the proteins encoded by the tester genes.

Among the genes involved in dorsal closure, some of them have been characterized at
the molecular and genetic levels and conferred with specific roles during dorsal closure.
These genes can be grouped into two classes: those involved in the regulation of dorsal
closure and those coding for components implementing structural changes during dorsal
closure.

The first category consists of genes essentially involved in two major pathways: (a) the
Jun-N-terminal kinase (DJNK) pathway which was recently shown to govern dorsal closure
in Drosophila and displays similarities to the mitogen-activated protein kinase (MAPK) cas-
cade which transduces a variety of signals in eukaryotic cells in response to multiple extra-
cellular stimuli (for a review see refs. 31 32), and (b) the transforming growth factor-∀ (TGF-∀)
or dpp (decapentaplegic) pathway.

Members of the DJNK pathway are represented by basket encoding the Jun-N-terminal
kinase (DJNK),33,34 hemipterous encoding DJNKK,25 puckered which codes for a MAP-ki-
nase phosphatase accumulating at the leading edge of the epidermal cells during dorsal
closure,33,35 as well as two small GTPases of the Rho subfamily, RacA and CDC42, whose
overexpression during early embryogenesis resulted in dorsal closure phenotypes.33,36 In
mammalian cells, the RacA and CDC42 proteins modulate cytoskeletal functions and one
of their known targets is the serine/threonine kinase PAK, for which a Drosophila homolog
(D-PAK) has been identified. Although so far no mutation in this gene has been found,
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immunohistochemical investigations showed a high amount of D-PAK in the epidermal
cells at the rim of the dorsal opening and, more particularly, an accumulation of this pro-
tein at the apical edge suggesting that D-PAK may interact with cytoskeletal elements and
may play a direct role in dorsal closure.37

Mutations in the Dpp/TGF-∀ pathway can also cause dorsal closure defects as well as
affect the formation and maintenance of the amnioserosa on which the epidermal cells
migrate. The apparent absence of dorsal closure could thus result from two different mecha-
nisms, one resulting from the absence of the substrate on which the epidermis should mi-
grate and the other from a defect in the epidermis itself. However, a direct causal link be-
tween the DJNK and Dpp pathways has recently been established. DJNK appears to regulate
Dpp function by controlling the localized expression of Dpp in the dorsal most cells.27-30

Mutations in decapentaplegic encoding a TGF-∀ homolog, as well as in the genes encoding
its receptors, thick veins38 and punt,39 as well as in genes encoding transcription factors act-
ing downstream of the Dpp receptors, like schnurri,40,41 anterior open/yan42 and pannier,43

are also known to cause a dorsal closure defects lending further support to the role of Dpp/
TGF-∀ pathway in this process. Moreover, dpp is expressed in the leading edge cells during
dorsal closure44 and recent experiments performed by four different groups showed that
DJNK regulates the expression of dpp during dorsal closure.27-30 Additional signaling path-
ways, such as those involving Notch, EGFR and Wnt/wingless, may also be involved in dor-
sal closure but their precise contribution in this process remains unclear.

The second category of genes that are needed in dorsal closure encodes structural
components which are either associated with the cell membrane or the cytoskeleton. This
group includes zipper encoding nonmuscle myosin II heavy chain,24 spaghetti-squash cod-
ing for the myosin II regulatory light chain,45 inflated and myospheroid which encode the
integrin-! subunit46 and the integrin-∀ subunit,47,48 respectively, as well as coracle coding for
a Drosophila homolog to the mammalian band 4.1. protein which is associated with septate
junctions.49

Dynamics of the Interaction Between p127 and Nonmuscle Myosin II
Our current knowledge of the mechanism regulating the interaction between p127

and nonmuscle myosin II is based on the biochemical observation that the in vitro activa-
tion of a kinase tightly bound to the p127 complexes results in the release of myosin from
these complexes without affecting the oligomerization of p127.21 This release could be pre-
vented by the presence of a synthetic 26mer peptide covering amino acid positions 651-676
of p127 and containing five serine residues surrounded by basic residues which are evolu-
tionarily conserved from Drosophila to humans (see Fig. 5.1). Recent results showed that
this peptide becomes phosphorylated instead of p127 indicating that the association be-
tween p127 and myosin can be disrupted by phosphorylation of one or several of the five
serines located in a central domain of p127. Current investigations involving site-directed
mutagenesis and reverse genetics will determine the in vivo role of these potential phospho-
rylation sites. Preliminary results indicate that the substitution of the five serines by aspartic
acids, which mimics a constitutive phosphorylation, is dominantly lethal whereas the sub-
stitution of the serines by alanines exerts no dominant deleterious effect (F. Böhl, D. Strand,
and B.M. Mechler, unpublished results). Use of a binary genetic system, which directs the
expression of the modified p127 protein in defined tissues and at precise periods of Droso-
phila development, will allow us to determine more precisely the developmental abnor-
malities elicited by the expression of a “pseudo”-phosphorylated p127 molecule and to in-
vestigate its binding capacity with nonmuscle myosin II.

In another set of experiments we have modified a series of evolutionarily conserved
sites within the myosin binding domain in p127 and were able to uncover two distinct bind-
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ing sites for nonmuscle myosin II. In particular, we found that, in one case, the in vitro
binding of myosin is inhibited, whereas, in the other case, it is enhanced. Interestingly the
modified site displaying enhancement is located in the immediate vicinity of a substitution
providing p127 with temperature sensitivity. Experiments are currently performed to de-
termine whether this mutation affects the binding affinity between myosin and p127. How-
ever, not only post-translational modification of p127 can affect the binding between myo-
sin and p127, but also phosphorylation of myosin. We have found that in vitro
phosphorylation of the tail domain of myosin II by the catalytic subunit of PKA inhibits its
binding to p127, implying that the interaction between the two molecules can be governed
by different mechanisms. One mechanism may directly concern p127 whereas the other
mechanism may act on myosin II. This finding suggests that the dissociation of myosin II
from p127 can be directed by different signaling pathways. Molecular isolation of the ki-
nases regulating the association between p127 and myosin II will provide ways to identify
the encoding genes and to undertake studies for understanding how signals originating
from distinct pathways may not only regulate the association between p127 and myosin II
but may also control the interaction of p127 with other effector molecules.

As revealed by genetic and biochemical analyses, nonmuscle myosin II activity can be
regulated by molecules which bind to the head domain of myosin. Recent studies have shown
that the absence of the regulatory (phosphorylatable) light chain of nonmuscle myosin II
encoding by the spaghetti squash gene leads to the aggregation of myosin II in punctate
structures depleted in filamentous actin and p12750 and affects cytokenesis,45 whereas
inactivation of the l(2)gl gene exhibits no effect on cytokinesis. These results demonstrate
that myosin II activity can be controlled by different regulators including Ser/Thr kinases
acting either on its head domain through the regulatory light chain, or on its tail domain
through p127.

A New Facet of l(2)gl Function:
The Possible Involvement in the Regulation of the Cell Cycle

The data accumulated on l(2)gl over more than six decades of research have shown
that mutations in this gene exert numerous effects in different tissues and affect several
cellular processes. We would therefore expect that the identification of other proteins inter-
acting with p127 will provide ways to understand better the regulation exerted by p127 on
important cellular functions such as the control of the cell cycle. Recent advances in the
molecular and genetic analyses of l(2)gl have given insights into one of the partners through
which p127 may affect the regulation of the cell cycle.

Studies of proteins isolated by affinity chromatography on a p127-bound matrix have
shown that a 45 kDa protein corresponds to the Drosophila homolog of the nucleosome
assembly protein-1, or NAP-1. This protein was first identified in in vitro assays as a factor
assembling nucleosomes from histones and naked DNA,51-54 and was later shown in Xeno-
pus and yeast to be a component of the cyclin B-p34cdc2kinase complex which plays a critical
role for the entry into mitosis and progression through the cell cycle.19,20 Our investigations
showed that, during the entire interphase of the cell cycle, including the S and G2 phases,
NAP-1 is present in the cytoplasm and colocalizes with p127 and nonmuscle myosin II in
the cytoskeletal matrix underlaying the cell surface. However, when the components of the
cytoskeletal matrix become dispersed in the cytoplasm at the onset of mitosis, we found
that NAP-1 accumulates massively in the nucleus, particularly during prophase and then
disappears gradually from the nucleus during metaphase becoming almost undetectable
during telophase. In the nucleus NAP-1 is associated with elements of the spindle apparatus.

The high level of NAP-1 in the nucleus during prophase indicates that NAP-1 may be
involved in either the condensation of the chromosomes or in the assembly/disassembly of
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complexed structures required for the progression of mitosis such as the spindle apparatus
that should become fully operative during metaphase. The results of two series of experi-
ments confirmed that NAP-1 exerts a function in the organization of the spindle apparatus.
On the one hand, immunohistochemical analysis showed that the treatment of embryos
with taxol, an anticancer drug known to stabilize microtubules, considerably increased the
association of NAP-1 with the spindle apparatus. On the other hand, micro-injection of
anti-NAP-1 antibodies in preblastoderm embryos revealed that, in the region of the em-
bryos containing high concentrations of antibodies, the nuclei stopped dividing with chro-
mosomes remaining at the metaphase plate or failing to become properly segregated during
anaphase (B. Neumann, D. Strand, and B.M. Mechler, unpublished results). These data in-
dicate that NAP-1 may play a crucial role in the organization of the spindle apparatus.

Less is understood on the role of NAP-1 in the cytoplasm. However, analysis of the
inactivation of NAP-1 in the budding yeast showed that the isomorphic growth of the bud
is blocked,20 suggesting that NAP-1 also exerts important functions in the organization of
the cytoskeleton. Furthermore, our studies on Drosophila showed that the intracellular dis-
tribution of NAP-1 overlaps with those of p127 and nonmuscle myosin II in the peripheral
cytoskeletal matrix. We also found that NAP-1 is intensively expressed in tissues in which
cell division has ceased indicating further that NAP-1 exerts a cytoplasmic function, i.e.,
regulating the dynamics of the cytoskeleton. Insights into these processes will be gained, on
the one hand, by studying mutations in NAP-1, which are not yet available and, on the other
hand, by determining more precisely the molecular interactions of NAP-1 with p127 and
with other cytoplasmic components.

Expansion of the l(2)gl Family
In recent years, the number of sequences related to the Drosophila l(2)gl gene has con-

siderably increased and homologs have been found in species as diverse as human, mouse,
Caenorhabditis elegans, Dictyostelium discoideum and yeast (Fig. 5.2). Investigations of these
genes will undoubtedly shed new light on the functions of the different members of the
l(2)gl protein family and on the variety of processes in which they participate. Moreover, by
virtue of the particular advantages displayed by each organism, a larger spectrum of ana-
lytical tools is offered for decrypting unsuspected or hidden aspects of the l(2)gl function.
For example, current analysis of mutations in the yeast sop-1 and sop-2 genes, which are
structurally related to l(2)gl, shows that, as expected, mutations in both genes produce de-
fects in the cytoskeletal architecture (R. Grabowski and L. Adler, unpublished results). How-
ever, these mutations affect also the organization of the plasma membrane, as indicated by
the enhanced sensitivity of sop mutant cells towards NaCl. Although the mechanism by
which alterations in sop genes lead to an enhanced sensitivity towards NaCl is not yet under-
stood, restoration of nearly normal growth rate in NaCl was obtained by transfecting sop
mutant cells with a normal copy of the Drosophila l(2)gl gene (F. Böhl, R. Grabowski, D.
Strand, B.M. Mechler, and L. Adler, in preparation). This result reveals a new l(2)gl function
which may be correlated with the recent finding that nonmuscle myosin II copurifies with
chloride channel enriched membranes from bovine tracheal cells suggesting that elements
of the cytoskeleton can regulate fluid secretion.55

In the case of cell locomotion, other organisms, such as Dictyostelium or mammalian
cultured cells, may be more suitable than Drosophila for studying intracellular relocation of
cytoskeletal components. In particular, studies with human cells may show whether hugl-1,
the human homolog to l(2)gl, plays a role in metastasis, as suggested by the interaction that
has been found between the HUGL-1 protein and nonmuscle myosin II.4 Neither cell locomo-
tion nor metastasis can be efficiently investigated in Drosophila but through the isolation of
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l(2)gl homologs in mammals and Dictyostelium (H. Rubin, S. Ravid, and D. Strand, unpub-
lished results) the involvement of l(2)gl in these processes can be now tested.

The identification of sequences related to l(2)gl was obtained either directly by cloning
under reduced hybridization stringencies or serendipitously by comparing newly isolating
sequences. Search of related sequences by direct hybridization with an l(2)gl sequence of
D. melanogaster was only successful in the case of other insect species. This limited success
resulted from the low codon bias displayed by all dipteran genes related to l(2)gl from the
fruitfly D. melanogaster up to the bowfly Calliphora erythrocephala. In these genes, the AT
content is relatively high and disfavors the possibility of recovering by hybridization proce-
dures distantly related sequences. A low codon bias characterizes genes located in the vicin-
ity of a telomere or a centromere and our studies showed that the l(2)gl gene in
D. melonagaster as well as in other Drosophila species, such as D. hydei, is either directly
located at a chromosomal end or in its near vicinity. Moreover, in D. melanogaster the l(2)gl
sequence displays almost no polymorphism suggesting that it may be less prone to recom-
bination than genes located within the chromosome. Interestingly, the frequency of muta-
tions in the l(2)gl gene of D. melanogaster is extremely high in natural populations and
molecular analysis of more than 100 different mutations shows that they consisted of ter-
minal deletions of the chromosome with partial or complete absence of the l(2)gl locus.12

The high frequency of l(2)gl deletions indicates that the excision-repair mechanism of mu-
tational events in this gene is ineffective and leads to truncation of the chromosomal end.
However, despite its telomere localization, the l(2)gl gene sequence displays normal diver-
gence rates in its coding and noncoding sequences during insect evolution. In particular we
have found that the l(2)gl sequence from D. pseudoobscura, a species which has diverged
from D. melanogaster for more than 20 million years, contains a noncoding regulatory do-
main which bears no sequence relationship with that of D. melanogaster. However this gene
is fully functional in D. melanosgaster as we were able to obtain full developmental rescue of
l(2)gl-deficient D. melanogaster flies by gene transfer.56 Moreover, the D. pseudoobscura l(2)gl
gene was found to encode a protein displaying a different mobility in SDS-polyacrylamide
gel electrophoresis than that of D. melanogaster and this characteristic allows direct experi-
mental assessment of its biological function.

In mammals the first isolated sequence related to l(2)gl has been the mouse mgl gene
which has been found fortuitously by virtue of the strong binding of its promoter to the
Hox-C8 protein.57 This finding has prompted a search for homologous sequences in hu-
mans4 and has led to the isolation of two distinct sequences whose comparison revealed
that they have recently diverged during mammalian evolution. We have found that the hugl-1
sequence is primarily expressed in brain tissues whereas the hugl-2 sequence is predomi-
nantly expressed in pancreas and liver tissues (D. Strand, unpublished results).

Comparison of the amino acid sequence of the different members of the l(2)gl protein
family shows that the most conserved domains between p127and HUGL-1 are located within
the central segment of these proteins where the domain of interaction with nonmuscle
myosin II and NAP-1 is positioned. As shown in Figure 5.1, we have noticed that the five
potential phosphorylation sites are strongly conserved as well as three WD (Trp-Asp) re-
lated sequences.56,57a Furthermore, two of the three homo-oligomerization domains are
present in conserved regions between the two proteins and recent experiments have shown
that newly synthesized HUGL-1 and p127 proteins can form mixed oligomers indicating
that the oligomerization domains are functionally conserved during evolution (M. Rickert,
D. Strand, and B.M. Mechler, unpublished results).

Parsimony analysis of the amino acid sequences allows a phylogenetic reconstruction
of the evolution of the l(2)gl protein family and shows that both yeast and mammals con-
tain two members which have recently diverged during the evolution of both phylla. In



73The Tumor Suppressor l(2)gl: A Myosin-Binding Protein Family

particular, the two mammalian members may have diverged after the separation of mam-
mals from the other vertebrates.

hugl-1: A New Human Tumor Suppressor?
In human, the hugl-1 gene was found to map to a pericentromeric region on the short

arm of chromosome 17, to the band 17p11.2-12, which contains a potential cancer suscep-
tibility gene giving rise to medulloblastoma (Fig. 5.3).4 Recent molecular characterization
of this region has revealed the presence of a cluster of deletion breakpoints in cancer patients
with medulloblastomas and shown that the hugl-1 gene is frequently uncovered by a 17p
interstitial deletion characterizing mentally retarded children with Smith-Magenis
syndrome.58-60

Medulloblastoma, also described as primitive neuroectodermal tumor or PNET, is the
most frequent malignant childhood brain tumor and accounts for 15-20% of brain tumors
in children. Cytogenetic analysis of medulloblastoma shows that up to 60% of the cases are
characterized by a hemizygous chromosomal loss of the region 17p11.2-17pter associated
with the formation of a dicentric 17q isochromosome.58,61 In at least half the cases with an
i(17q) chromosome, the loss of 17p is the only detectable chromosomal aberration suggest-
ing that this loss constitutes a critical event in the etiology of medulloblastoma.62,63 Yet, a
single defective allele presumably is not sufficient for medulloblastoma development. Full
tumor conversion may require the inactivation of a tumor suppressor gene present in the
remaining chromosome 17. Among the genes which have been mapped in the region 17p11.2,
the hugl-1 gene is certainly one of the most serious candidates for being the tumor suppres-
sor gene which becomes inactivated in medulloblastoma tumors. Mutational analysis is
currently performed on tumor material and normal cells from patients with medulloblas-
toma for determining the structure of the nondeleted hugl-1 allele. These studies which
have required the complete sequence analysis of the intron-exon structure of hugl-1 will
show whether genetic alterations may affect this gene in medulloblastoma (P. Seranski, D.
Strand and A. Poustka , unpublished results).

Fig. 5.3. hugl-1 maps to chromosome 17p within a region identified as critical for medulloblas-
toma and the Smith-Magenis Syndrome.

17p

11.1

11.2

12
13.1
13.2

13.3

CMT1A

Hugl-1
FLII

RNU3

cSHMT

ADORA2B

MFAP4 Medul loblastoma-
cr i t ical  region

TP53

SMS-cr i t ical  region

CMT1-region

q

PMP22



G Proteins, Cytoskeleton and Cancer74

The intense expression of hugl-1 in brain tissues brings forward the notion that this
gene may play a critical role in brain pathologies and the findings that it maps within the
critical region for medulloblastoma further support this hypothesis. Our biochemical and
molecular studies also show that the function of the Drosophila and human proteins is ap-
parently conserved during evolution and that the Drosophila l(2)gl gene can even comple-
ment genetic defects in the yeast sop genes indicating further that the function of the l(2)gl
gene family has been strongly conserved during evolution. Moreover, comparison of the
amino acid sequences of the members of the l(2)gl family reveals the presence of numerous
regions with high amino acid identity extending throughout the entire length of the mam-
malian and arthropod proteins. With the exception of the C-terminal domain of the Droso-
phila p127 protein, which exerts a dispensable role, both mammalian and insect proteins
exhibit sequential arrangement of the conserved domains indicating that both proteins have
retained identical functions during evolution (Fig. 5.1). Although not all the functional
domains and not all the interacting partners have as yet been identified for p127, we were
able to show that the known functional domains of Drosophila exist also in the human
protein. Furthermore, the HUGL-1 protein was shown to interact with human proteins
similar to those found in Drosophila. In particular, we have shown that HUGL-1
coimmunoprecipitates with nonmuscle myosin II heavy chain and with a specific kinase
whose activation causes its phosphorylation at serine residues as in the case of p127. Inter-
estingly, when we expressed recombinant HUGL-1 protein in Sf9 cells, we found that the
HUGL-1 protein is associated with a Sf9 endogeneous kinase able to phosphorylate HUGL-1
at serine residues in a similar way as p127.17,21 Furthermore, we were able to show that
HUGL-1 forms high molecular mass complexes consisting of homo-oligomerized molecules
and when HUGL-1 and p127 are simultaneously synthesized in Sf9 cells we found that both
molecules become intermixed. These data further indicate that the functions of both pro-
teins have been conserved during evolution and, similar to the experiments complementing
sop mutations in yeast, we are currently testing whether hugl-1 can rescue the development
of l(2)gl-deficient flies.

Further support for a functional identity between both proteins is provided by their
overlapping distribution in both insect and human cells. In Drosophila and other dipteran
species, we found that p127 is distributed in the cytoplasm and present on the plasma mem-

Fig. 5.4. HUGL-1 builds a cytoskel-
etal network.
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brane in regions of cell contacts.16,56 We have investigated the distribution of HUGL-1 in
the metastatic large cell lung carcinoma cell line LCLC-103H by transiently expressing
HUGL-1 protein. Immunostaining revealed that the recombinantly expressed HUGL-1 pro-
tein forms a network in the cytoplasm which extends to the plasma membrane (Fig. 5.4).
Furthermore, consistent with its role as a cytoskeletal protein interacting with nonmuscle
myosin II we found that the expression of HUGL-1 dramatically reduces the motility of the
LCLC-103H cells. All together these results indicate that HUGL-1 is a component of the
cytoskeleton and displays a similar pattern of intracellular distribution and biochemical
properties as its Drosophila counterpart.
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CHAPTER 6

Focal Adhesion Kinase (FAK):
Regulation of Its Tyr Phosphorylation
Enrique Rozengurt and José Luis Rodríguez-Fernández

Introduction

Multicellular organisms have developed highly efficient regulatory networks to control
cell proliferation. These involve cellular interactions with stimulatory and inhibitory

diffusible modulators as well as with the extracellular matrix proteins. In fully mature or-
ganisms, the cells of many tissues and organs are maintained in a nonproliferating state (the
G0/G1 phase of the cell cycle), but they can be stimulated to resume DNA synthesis and cell
division in response to external stimuli such as hormones, antigens or growth factors. In
this manner, the growth of individual cells is regulated according to the requirements of the
whole organism. The regulation of normal proliferation is therefore central to many physi-
ological processes, including embryogenesis, growth and development, tissue repair and
immune responses.

It has become evident that cultured cancer cells, which are characterized by unrestrained
proliferation, acquire complete or partial independence of mitogenic signals in the extra-
cellular environment through different mechanisms.1,2 These include production of growth
factors that act on the same cells that produce them (autocrine loop) or on adjacent cells
(paracrine communication), and alterations in the number or structure of cellular recep-
tors and changes in the activity of postreceptor signaling pathways that either stimulate or
suppress cell growth. It has also been known for many years that most types of normal cells
require attachment to a substrate to be able to proliferate, a process known as anchorage
dependent growth, which is mediated by adhesive receptors of the integrin family. Many
cancer cells have reduced or lost the requirement for anchorage. A fundamental problem in
cancer biology is to elucidate the molecular basis of anchorage dependent and independent
cell growth.

It is known that integrins, a family of heterodimeric transmembrane proteins, are in-
volved in cell adhesion to extracellular matrix proteins on the surface of the cell.3 There is
growing evidence that shows that integrins not only mediate cell adhesion, but also trans-
mit signals into the cell.3-8

An interesting hypothesis is that integrin mediated signaling converges or acts syner-
gistically with signals elicited by growth factors.9 In what follows, we will discuss experi-
mental evidence indicating that integrin ligation by extracellular matrix proteins, mitoge-
nic neuropeptides, bioactive lipids and polypeptide growth factors promote rapid and
coordinate increases in the tyrosine phosphorylation of a common set of focal adhesion
proteins.

G Proteins, Cytoskeleton and Cancer, edited by Hiroshi Maruta and Kazuhiro Kohama.
©1998 R.G. Landes Company.
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p125FAK, Paxillin and p130Crk-Associated Substrate
The mechanism by which the src family of retroviral oncogenes causes malignant trans-

formation has long proved elusive, mainly because of the difficulty in identifying substrates
for the pp60v-src protein tyrosine kinase (PTK). The approach taken by Parsons and col-
leagues has been to generate monoclonal antibodies against individual proteins that are
tyrosine phosphorylated in chicken embryo fibroblasts (CEF) transformed by Rous sar-
coma virus or activated variants of pp60src.10 In this way, several potential substrates were
identified and the antibodies subsequently used to clone the corresponding cDNAs from
expression libraries.11 This approach yielded the unexpected result that one such substrate,
p125, is itself a novel type of PTK.12 Immunostaining of CEFs with antibodies directed
against p125 shows that it colocalizes with several components of cellular focal adhesions,
such as tensin, vinculin and talin. Hence, it has been termed F(ocal) A(dhesion) K(inase).

Independently, Hanks et al13 cloned the murine equivalent of p125FAK using a PCR
based cDNA cloning approach for the identification of novel PTKs. Like the chicken pro-
tein, the murine p125FAK localizes to focal adhesions and has a similar predicted molecular
mass (119.1 kDa).

p125FAK is a structurally distinct nonreceptor protein tyrosine kinase characterized by
a centrally located catalytic domain flanked by NH2- and C-terminal noncatalytic domains
of approximately 400 residues.12,13 A comparison of the mouse and chicken p125FAK pri-
mary structures shows a remarkable high degree of amino acid sequence similarity: 94%
overall, rising to 98% within the catalytic domain. p125FAK cDNAs also have been isolated
from human and other sources revealing a high degree of structural conservation.12-15 The
striking species similarity of p125FAK and its subcellular localization in chicken and mouse
indicate a higly conserved cellular function for this tyrosine kinase.

The recently cloned PTK termed CAK∀/PYK2/RAFTK16-18 exhibits significant homol-
ogy to p125FAK, suggesting that they are members of a novel family of PTKs. Nevertheless,
while p125FAK is expressed in many cells and tissues, CAK∀/PYK2/RAFTK is found pre-
dominantly in brain and neural cells.16,18

What makes the deduced amino acid sequence of p125FAK interesting is the absence of
noncatalytic motifs or domains found in other receptor and nonreceptor PTKs.12,13 Strik-
ingly, p125FAK does not possess any motif determinant for either membrane association,
such as acylation sites, or association with other proteins, such as Src homology 2 (SH2)
and Src homology 3 (SH3) domains (see below and Fig. 6.1).

The function of the NH2-terminal region of p125FAK has not been elucidated, although
“in vitro” this domain can bind peptides corresponding to the cytoplasmic region of
∀-integrins (Fig. 6.1). The C-terminal region contains a stretch of 159 amino acids, named
focal adhesion targeting sequence (FAT), that is essential for focal adhesion localization.
The C-terminal region of p125FAK mediates binding to a number of signal transduction and
cytoskeletal proteins, including paxillin, p130CAS, talin and phosphatidylinositol 3-kinase.19-21

The phosphorylation of PTKs on tyrosine residues creates high affinity binding sites
for proteins that contain SH2 domains. These domains are composed of a sequence of ap-
proximately 100 amino acids that contain a binding pocket for the phosphorylated tyrosine
residues and a recognition site for three immediate C-terminal amino acids.21 As SH2 me-
diated protein-protein interactions may alter the function of the second protein by a change
in its activity or subcellular localization, such interactions are considered critical for intra-
cellular signal transduction.22 Expression of activated pp60src with a Tyr-527-Phe mutation
causes a large increase in p125FAK tyrosine phosphorylation in NIH3T3 cells. By contrast,
overexpression of wild type pp60src results in a much more modest increase in p125FAK phos-
phorylation, and this effect is abrogated in cells expressing nonmyristylated or kinase defec-
tive pp60src mutants.23 These findings suggest that p125FAK tyrosine phosphorylation may
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contribute to cellular transformation by pp60v-src. Cells expressing the tyrosine kinase
pp90gag-yes or the retroviral oncogene p47gag-crk, which lacks intrinsic kinase activity, also
exhibit increased p125FAK tyrosine phosphorylation.10

Recently it has become evident that tyrosine phosphorylated p125FAK associates with
pp60v-src in v-src transformed chicken embryo cells. Complex formation requires the SH2
domain of pp60v-src, indicating that the association is mediated by a tyrosine phosphory-
lated residue(s) in p125FAK.24 Tyr-397 has been identified as the major site of tyrosine
autophosphorylation in p125FAK.19-21,25 Mutation of Tyr-397 to a nonphosphorylatable resi-
due prevents p125FAK tyrosine phosphorylation and complex formation with pp60v-src.

It has also been shown that “in vivo”, p125FAK becomes phosphorylated at additional
tyrosine residues (e.g., tyrosines 407, 576, 577, 861 and 925, see Fig. 6.1). It is plausible that
pp60src phosphorylates p125FAK at these additional sites in intact cells.19-21,26 In agreement
with this possibility, p125FAK tyrosine phosphorylation is reduced in pp60src deficient fibro-
blasts27 and Fyn-deficient brain tissues.28 The phosphorylation of tyrosine residues 576/577
plays a role in stimulating enzyme activity,29 whereas the phosphorylation of tyrosine 925

Fig. 6.1. Structures of p125FAK, p130CAS and paxillin, emphasizing
their organization, tyrosine phosphorylation sites and possible bind-
ing molecules. FAT sequence = focal adhesion targeting sequence;
Y = tyrosine; N = amino terminal; C = carboxy terminal.
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creates a binding site for the SH2 domain of the adaptor protein Grb-219-21 (see below and
Fig. 6.1).

The focal adhesion proteins paxillin and p130 (Crk associated substrate (CAS) are po-
tential downstream targets for p125FAK or for the complex of p125FAKwith pp60src. Paxillin
contains multiple domains that are thought to function in protein-protein interactions,
including a proline-rich motif near the NH2-terminus which could bind SH3 domains, a
central region that interacts with p125FAK and vinculin and four regions homologous to
LIM domains in the C-terminal portion of the molecule.30-32 Phosphorylation of paxillin
on tyrosine creates a binding site for Crk, Csk and pp60src.30,33,34 Recently, paxillin isoforms
generated by alternative splicing and capable of differential association with other proteins
have been identified.35 p130CAS contains an SH3 domain and a cluster of 15 potential SH2
domain binding sites, nine of these are sequences (YDV/TP) that correspond to high affin-
ity sites for SH2 domain of Crk.36-38 p130CAS also contains putative binding sites for the SH2
domain of pp60Src and proline-rich regions that could bind SH3 domain proteins (Fig. 6.1).
Thus, both paxillin and p130CAS could function as adaptor proteins in signal transduction
at the focal adhesion plaques interacting with p125FAK, pp60src and other important compo-
nents of these structures.

Integrin Mediated Tyrosine Phosphorylation
of Focal Adhesion Proteins

For several years, it has been known that integrins, a family of heterodimeric trans-
membrane proteins, are involved in cell adhesion to extracellular matrix proteins and pro-
teins on the surface of the cell.3 It is now evident that integrins can also transmit signals into
cells.3-8 In particular, tyrosine phosphorylation of cellular components emerged as a poten-
tial transducer of integrin generated signaling pathways. For example, tyrosine phosphory-
lation of proteins of 115-130 kDa occurs as a consequence of crosslinking !3∀1 integrin in
KB carcinoma cells39 and plating NIH3T3 cells on either a substrate coated with fibronectin
or anti-integrin antibodies.40 Subsequently, work from many laboratories demonstrated that
integrin engagement leads to increase tyrosine phosphorylation of p125FAK. For example, it
is known that a major ~120 kDa protein phosphorylated on tyrosine after plating NIH3T3
cells on fibronectin or anti-integrin ∀1 antibody is p125FAK.23 Tyrosine phosphorylation of
p125FAK in response to cell attachment to fibronectin or other extracellular matrix proteins
such as laminin, collagen type IV or vitronectin has also been observed in Balb/c 3T3,
NIH3T3, KB carcinoma cells, endothelial cells, basophilic leukemia cells and other cell
types.13,39,41-44 Another component of the extracellular matrix, hyaluronan, has also been
shown to stimulate cell motility and to cause a rapid assembly and disassembly of focal
contacts.45 Interestingly, p125FAK was also rapidly phosphorylated and dephosphorylated
after hyaluronan stimulation, paralleling the time course of focal adhesion turnover.45

In blood platelets tyrosine phosphorylation occurs following ligand (fibrinogen) oc-
cupation of the major platelet specific integrin GpIIb/IIIa (reviewed in ref. 46). Brugge and
co-workers reported that activation of platelets by thrombin or collagen increases tyrosine
phosphorylation of p125FAK and that phosphorylation requires platelet aggregation medi-
ated by the binding of fibrinogen to GpIIb/IIIa.47 Thus, tyrosine phosphorylation of p125FAK

failed to occur in thrombin treated platelets that were not allowed to aggregate and was
abrogated either in Glanzmann’s thrombasthenic platelets genetically deficient in GpIIb/
IIIa or in platelets treated with an inhibitory monoclonal antibody to GpIIb/IIIa.

In both platelets and NIH3T3 cells, integrin stimulated p125FAK tyrosine phosphoryla-
tion correlates with an increase in the intrinsic tyrosine kinase of p125FAK.23,47 The implica-
tion of these findings is that the occupancy and subsequent clustering of integrins are im-
portant for tyrosine phosphorylation and activation of p125FAK. However the possible
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contribution of coprecipitating pp60src in these assays requires further evaluation (see be-
low). Cell adhesion to the extracellular matrix is also accompanied by tyrosine phosphory-
lation of paxillin41,48 and p130CAS.49-51 Interestingly, tyrosine phosphorylation of p130CAS

induced by integrin engagement is severely reduced in cells lacking pp60src.52

The cytoplasmic domains of the ∀ subunits of the integrins contain sufficient informa-
tion to stimulate p125FAK tyrosine phosphorylation (reviewed in ref. 53). Interestingly, the
conserved motif NPXY was required for ∀3-mediated p125FAK tyrosine phosphorylation. In
addition, mutation of serine 752 to proline, known to cause a variant of Glanzmann’s throm-
basthenia, also impairs the ability of ∀3 cytoplasmic domain to stimulate p125FAK tyrosine
phosphorylation.54,55

Replating of fibroblasts on fibronectin induces the formation of a stable complex be-
tween p125FAK and pp60src24,25,56 which is prevented by mutation of Tyr-397 of p125FAK.25

The phosphorylation of p125FAK at multiple tyrosine residues by pp60src is thought to play
an important role in the regulation of p125FAK activity and in the ability of p125FAK to asso-
ciate with other SH2 containing proteins, such as the SH2/SH3 adaptor Grb-2. The possi-
bility that a p125FAK-Grb-2 complex plays a role in integrin mediated p42MAPK (ERK-2)
activation has been proposed.57 It is thought that Grb-2, via the GDP/GTP exchange factor
SOS, promotes Ras loading with GTP, although the role of Ras in integrin-mediated p42MAPK/
p44MAPK activation remains controversial.58-61 In addition, further studies indicate that
integrin signals to p42MAPK through multiple pathways,52,59,60 including direct coupling of
the adaptor protein Shc to ∀1 subunit of integrin.62

The precise molecular mechanism by which integrin engagement leads to p125FAK ty-
rosine phosphorylation is not understood. Integrins could induce conformational changes
and/or clustering of p125FAK or stimulate an intermediate molecule that is responsible for
p125FAK activation and autophosphorylation. On the basis of the results discussed previ-
ously a plausible model of integrin-mediated p125FAK tyrosine phosphorylation and activa-
tion is as follows. The translocation of p125FAK into nascent focal adhesion plaques causes
clustering and autophosphorylation of this enzyme at Tyr-397. This creates a binding site
for pp60src which then forms a stable complex with p125FAK and phosphorylates it at ty-
rosines 576 and 577, which are located in the catalytic loop of p125FAK and stabilizes a con-
formation with enhanced kinase activity. Furthermore, it has been shown that inhibitors of
PKC prevented the increase in tyrosine phosphorylation of p125FAK in cells plated on
fibronectin.63 In this context, interestingly, the !- isoform of protein kinase C (PKC) has
also been localized to focal adhesions. These findings suggest that PKC could also play a part
in mediating integrin stimulated p125FAK tyrosine phosphorylation.

Neuropeptide Mediated Tyrosine Phosphorylation
of Focal Adhesion Proteins

An increasing number of small regulatory peptides or neuropeptides have been dis-
covered in the cells of the gastrointestinal tract and central nervous system. Some of these
peptides are localized in neurones and act as neurotransmitters in the central or peripheral
nervous system, while others are released by endocrine cells and have effects both as sys-
temic hormones circulating through the bloodstream and by acting in a paracrine or
autocrine fashion.2 Moreover, a number of peptides are found in both neuronal and endo-
crine cells, and a major effect of some regulatory peptides in vivo, for example, bombesin/
gastrin-releasing peptide (GRP), is to stimulate the release of other biologically active pep-
tides. The classic view was that these peptides act as fast-acting neuroendocrine signalers
eliciting contractile or secretory response in their target cells. Subsequently, it has become
evident that small regulatory peptides can act as potent growth factors both in cultured cells
and in vivo. Moreover, neuropeptides, particularly those of the bombesin/GRP family, are
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implicated in the autocrine growth of small cell lung carcinoma (reviewed in ref. 2). Conse-
quently, it is important to understand in detail the receptors and signal transduction path-
ways that mediate the mitogenic action of neuropeptides because they may provide poten-
tial targets for therapeutic intervention.

Many studies to identify the molecular pathways by which neuropeptide mitogens elicit
cellular growth have exploited cultured murine Swiss 3T3 cells as a model system.64 The list
of neuropeptides that can act as a mitogens in these cells has now grown considerably and
includes bombesin, bradykinin, endothelin, and vasopressin.2

Binding of neuropeptides such as bombesin to their receptors initiates a cascade of
intracellular signals culminating in DNA synthesis 10 to 15 h later (reviewed in ref. 65). The
bombesin receptor like many other neuropeptide receptors belongs to the superfamily of
G-protein coupled receptors. These are characterized by seven transmembrane domains
which are thought to cluster to form a ligand-binding pocket. The binding of bombesin to
its specific receptor activates the heterotrimeric G protein G!q, which in turn stimulates
phospholipase C∀ (PLC∀). This catalyses the hydrolysis of phosphatidyl inositol 4,5-
bisphosphate (PIP2) in the plasma membrane to produce inositol 1,4,5-trisphosphate (IP-3)
and 1,2-diacylglycerol (DAG). IP-3 binds to a specific intracellular receptor which releases
Ca2+ from internal stores. Depletion of Ca2+ from these stores, as induced by bombesin,
other mitogenic neuropeptides and growth factors could play a role as one of the synergistic
signals that contribute to stimulating the transition from G0 to DNA synthesis.66

DAG, the other product of bombesin induced PLC mediated hydrolysis of PIP2, di-
rectly activates protein kinase C (PKC). In accord with this, bombesin rapidly increases the
phosphorylation of a major PKC substrate known as 80K or myristoylated alanine rich
C-kinase substrate (80K/MARCKS). PKC activation induced by bombesin causes translo-
cation of 80K/MARCKS from the membrane to the cytosolic fraction and a dramatic
downregulation of 80K/MARCKS mRNA and protein in Swiss 3T3 cells.67-69 PKC also plays
a pivotal role in transducing neuropeptide signals into activation of protein kinase cascades
in Swiss 3T3 cells, including p42MAPK/p44MAPK,70 p70S6k71 and the recently cloned protein
kinase D.72

In addition to these serine/threonine protein kinases, bombesin and other neuropep-
tides (e.g., vasopressin, endothelin and bradykinin) also stimulate a rapid increase in ty-
rosine phosphorylation of multiple proteins, including an heterogeneous band of
110-130 kDa in Swiss 3T3 cells.9,73-77 Neuropeptide stimulation of these cells also increases
tyrosine phosphorylation in cell free preparations.76 These results suggested that neuropep-
tide stimulation of tyrosine phosphorylation reflected activation of a tyrosine kinase.

Subsequent studies demonstrated that bombesin, vasopressin and endothelin stimu-
late tyrosine phosphorylation of p125FAK in Swiss 3T3 cells.75 Neuropeptide induced p125FAK

phosphorylation occurs at concentrations of the peptide that closely parallel those neces-
sary for mitogenic stimulation. The rapidity of neuropeptide stimulated phosphorylation
(detectable within seconds) is consistent with a pathway leading from neuropeptide recep-
tors to p125FAK.75 Thus p125FAK may function as a downstream element in a neuropeptide
stimulated tyrosine pathway, as depicted in Figure 6.2.

In addition to p125FAK, neuropeptides strikingly increase the tyrosine phosphorylation
of paxillin and p130CAS and promote the formation of a complex between p130CAS and the
protooncogene c-Crk.37,74 These studies provided evidence indicating that ligation of G-
protein coupled receptors not only elicits the synthesis of second messengers (such as Ca2+,
DAG or cAMP), but also induces tyrosine phosphorylation of focal adhesion proteins in
their target cells.
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Signal Transductional Pathways in Neuropeptide Stimulated p125FAK

Tyrosine Phosphorylation
The molecular mechanisms by which neuropeptide receptor activation leads to rapid

increase in p125FAK tyrosine phosphorylation are only beginning to emerge. As described
previously, bombesin and other neuropeptides are known to generate the intracellular sec-
ond messenger diacylglycerol and inositol 1,4,5-trisphosphate, which activate PKC and
mobilize Ca2+, respectively. Direct activation of PKC, either by biologically active phorbol
esters or by membrane permeant diacylglycerols, stimulates tyrosine phosphorylation of
p125FAK.73 These results indicate that activation of PKC in intact cells is a potential signaling
pathway leading to enhanced tyrosine phosphorylation of p125FAK. However, several lines
of evidence show that neuropeptides, unlike integrins63 stimulate tyrosine phosphorylation
of p125FAK through a signal transduction pathway that is largely independent of PKC.73 For
example, downregulation of PKC by chronic treatment with phorbol esters or addition of a

Fig. 6.2. The nonreceptor tyrosine kinase p125FAK is a point of convergence in the action
of mitogenic neuropeptides, lysophosphatidic acid (LPA), sphingosylphosphorylcholine
(SPC), cytotoxic necrotizing factor 1 (CNF), dermonecrotic toxin (DNT) and platelet-
derived growth factor (PDGF). Bombesin, bradykinin, endothelin, vasopressin, LPA and
SPC act via distinct seven transmembrane domain receptors (although note that a single
receptor is shown in the scheme). PMT might increase the coupling of heptahelical recep-
tors to heterotrimeric G proteins, but its precise mechanism of action has not been eluci-
dated. DNT and CNF act directly on Rho. See the text for details. Neuropeptides, bioactive
lipids and PDGF are known to induce many other early events such as phosphoinositide
breakdown, PKC activation, Ca2+ mobilization from internal stores, arachidonic acid re-
lease and serine/threonine phosphorylation of many cellular proteins. These events and
others induced by PDGF are not represented in this scheme but can be found in comple-
mentary reviews.83,132
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selective inhibitor of PKC blocked the increase in p125FAK tyrosine phosphorylation in-
duced by phorbol 12,13-dibutyrate (PDB) but did not impair the response to bombesin.

In view of the rapid kinetics of the neuropeptide stimulated Ca2+ mobilization and
p125FAK tyrosine phosphorylation, a role for Ca2+ in neuropeptide stimulated tyrosine phos-
phorylation was also examined. Elevation of intracellular Ca2+ using a Ca2+ ionophore did
not increase p125FAK tyrosine phosphorylation in Swiss 3T3 cells.73 Furthermore, depletion
of the intracellular Ca2+ pool by treating cells with the tumor promoter thapsigargin, a
selective inhibitor of Ca2+ ATPase of the endoplasmic reticulum that causes depletion of
Ca2+ from internal stores and thereby blocks agonist-mediated mobilization of Ca2+, had no
effect on bombesin stimulated p125FAK tyrosine phosphorylation. In addition, bombesin
stimulated p125FAK tyrosine phosphorylation with a half maximal concentration that was
6-fold lower than that required for mobilization of Ca2+. Thus, several lines of evidence
indicate that increases in the intracellular concentration of Ca2+ do not mediate neuropep-
tide stimulated p125FAK tyrosine phosphorylation.73 Consequently, the two major early sig-
nals generated by activation of phospholipase C are not responsible for neuropeptide stimu-
lation of p125FAK tyrosine phosphorylation in Swiss 3T3 cells.

A salient feature of p125FAK is its subcellular localization to focal adhesions that form at
the termini of actin stress fibers. Several recent reports have implicated the Rho family of G
proteins,78 in the assembly of focal adhesion plaques and in the regulation of the actin cy-
toskeleton in Swiss 3T3 cells.79,80 Microinjection of Rho into these cells increases the forma-
tion of actin fibers and the assembly of focal adhesion plaques. Conversely, microinjection
of botulinum C3 exoenzyme, an ADP ribosyltransferase that impairs Rho function, causes
the disruption of the actin filament network. Bombesin has been shown to promote a rapid
increase in stress fibers and focal adhesions, an effect apparently mediated by Rho.80 Inter-
estingly, bombesin induced p125FAK tyrosine phosphorylation is completely blocked by treat-
ment with cytochalasin D, which caps the plus end of the actin filament, induces actin de-
polymerization and consequently prevents focal adhesion assembly.73 By contrast,
disassembly of microtubules did not exert any inhibitory effect on p125FAK tyrosine phos-
phorylation. These findings suggest that p125FAK tyrosine phosphorylation induced by
bombesin depends on the focal adhesion assembly and on the integrity of the actin filaments.

Subsequent studies indicated that treatment of Swiss 3T3 cells with C3 exoenzyme
attenuates p125FAK tyrosine phosphorylation induced by bombesin.81 Furthermore, addi-
tion of nonhydrolyzable GTP analogs to permeabilized Swiss 3T3 cells induces tyrosine
phosphorylation of p125FAK in a Rho- dependent manner.82 Further experiments with
bioactive lipids and bacterial toxins (see below) also indicate a Rho-dependent tyrosine
phosphorylation of p125FAK. These findings suggest the existence of a pathway activated by
seven transmembrane domain receptors in which Rho is upstream of cytoskeletal responses
and tyrosine phosphorylation of focal adhesion proteins as illustrated in Figure 6.2.

Paxillin and p130CAS have also been identified as targets for neuropeptide stimulated
tyrosine phosphorylation. Similar to the findings with p125FAK, bombesin induced tyrosine
phosphorylation of paxillin and p130CAS also occurs through a PKC and Ca2+ independent
pathway, which is critically dependent on the integrity of the actin cytoskeleton and focal
adhesions plaques.37,74 We conclude that tyrosine phosphorylation of paxillin, p130CAS and
p125FAK is coordinately regulated. It is possible that paxillin is a cellular substrate for p125FAK

in a neuropeptide stimulated tyrosine kinase pathway. The fact that paxillin can be phos-
phorylated in vitro by p125FAK33 is consistent with this hypothesis.

As mentioned previously, bombesin induces a rapid and striking stimulation of p42MAPK/
p44MAPK in Swiss 3T3 cells.70 Given that p125FAK has been implicated in the pathway leading
to MAPK activation in integrin stimulated cells (see above), it is of interest to elucidate
whether p125FAK tyrosine phosphorylation is also involved in bombesin-mediated p42MAPK/
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p44MAPK activation. Disruption of the actin cytoskeleton by cytochalasin D at concentra-
tions that completely prevented tyrosine phosphorylation of p125FAK in response to bombesin
did not interfere with p42MAPK/p44MAPK activation by these growth factors.83 These results
imply that cytochalasin D dissociates MAPK activation from 125FAK tyrosine phosphoryla-
tion in bombesin stimulated Swiss 3T3 cells.83

Lysophosphatidic Acid and Sphingosylphosphorylcholine
Stimulate Tyrosine Phosphorylation of p125FAK, Paxillin and p130CAS

Lysophosphatidic acid (LPA) elicits a wide range of biological responses including
changes in cell shape and mitogenesis via specific cell surface receptors linked to G protein
signal transduction pathways.84 LPA also induces rapid assembly of focal adhesions and the
formation of actin stress fibers in Swiss 3T3 cells through a pathway that requires the func-
tion of Rho.80 As could be predicted from the links illustrated in the diagram shown in
Figure 6.2, LPA also induces tyrosine phosphorylation of p125FAK, paxillin and p130CAS in
Swiss 3T3 cells. The kinetics of LPA stimulated tyrosine phosphorylation, detectable within
seconds, suggests that this effect could be functionally important in the action of LPA.

LPA is known to induce the rapid formation of second messenger diacylglycerol and
inositol 1,4,5-trisphosphate which activates PKC and mobilize Ca2+ from intracellular stores.85

However, neither inhibition of PKC nor depletion of Ca2+ from intracellular stores pre-
vented LPA induced tyrosine phosphorylation of p125FAK.86 Thus LPA, like bombesin, in-
duces tyrosine phosphorylation through a pathway largely independent of PKC activation
and Ca2+ mobilization.37,86 The concentration dependence of LPA induced tyrosine phos-
phorylation closely paralleled the concentration dependence for LPA induced accumula-
tion of stress fibers and assembly of focal adhesions. Pretreatment of quiescent Swiss 3T3
cells with cytochalasin D completely blocks LPA induced tyrosine phosphorylation of
p125FAK, p130CAS and paxillin. Thus, the integrity of the actin cytoskeleton is essential for
the effects of LPA on tyrosine phosphorylation. Furthermore, treatment of Swiss 3T3 cells
with C3 exoenzyme to inactivate Rho attenuates the ability of LPA to induce tyrosine phos-
phorylation of p125FAK.87 These findings suggest the existence of a signal transduction link
that involves p125FAK, p130CAS and paxillin tyrosine phosphorylation, Rho function, focal
adhesion assembly and stress fiber formation, as predicted by the scheme presented in Fig-
ure 6.2.

Lysosphingolipids such as sphingosylphosphorylcholine (SPC) are potential deriva-
tives of sphingolipids. SPC accumulates in patients with Niemann-Pick disease, a lipid stor-
age disorder. SPC is a potent inducer of multiple signal transduction pathways and DNA
synthesis in Swiss 3T3 cells, presumably via a G protein coupled receptor.88 In particular,
SPC elicits tyrosine phosphorylation of p125FAK, p130CAS and paxillin and induces con-
comitant actin reorganization and focal adhesion assembly in these cells37,89 Treatment with
cytochalasin D or microinjection of C3 exoenzyme prevented the change in actin organiza-
tion, the assembly of focal adhesions and tyrosine phosphorylation of focal adhesion pro-
teins in response to SPC. These studies with LPA and SPC also support the existence of a
signal transduction pathway in which Rho, via actin cytoskeleton, leads to the tyrosine phos-
phorylation of p125FAK, p130CAS and paxillin.

Cytotoxic Necrotizing Factor 1 from Escherichia coli
and Dermonecrotic Toxin from Bordetella bronchiseptica Induce
Rho-Dependent Tyrosine Phosphorylation of p125FAK and Paxillin
in Swiss 3T3 Cells

The mechanism of action of bacterial toxins has provided novel insights into the con-
trol of cellular regulatory processes, including signal transduction and cell proliferation.
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For example, the Clostridium botulinum C3 exoenzyme and the enterotoxins A and B from
Clostridium difficile, which selectively inactivate members of the Rho subfamily, have pro-
vided useful tools to evaluate the role of these small G proteins in signal transduction and
cytoskeletal organization.90-92 The potent mitogenic toxin from Pasteurella multocida (PMT)
induces Rho-dependent actin stress fiber formation, focal adhesion assembly and tyrosine
phosphorylation of p125FAK and paxillin but its molecular mechanism of action has not
been elucidated yet.93-96 In contrast to these toxins, cytotoxic necrotizing factors (CNF) pro-
duced by some pathogenic strains of E. coli97 and dermonecrotic toxin (DNT) from Bordetella
bronchiseptica98 directly target and activate Rho.99,100

Recently, two independent laboratories demonstrated that CNF selectively activates
Rho by deaminating a glutamine residue at position 63 (Gln 63), thereby locking Rho in the
active (i.e., GTP-bound) state.101,102 In accord with this mechanism of action, CNF and DNT
induce actin reorganization in several cell types.100,103-105 These toxins provide a powerful
tool to explore further the connection between Rho activation and tyrosine phosphoryla-
tion of p125FAK and paxillin.

Recently CNF1 and DNT have been shown to stimulate tyrosine phosphorylation of
p125FAK and paxillin and induce a concomitant increase in the formation of actin stress
fibers and in the assembly of focal adhesion plaques in Swiss 3T3 cells. Microinjection of C3
exoenzyme prevented both the cytoskeletal responses and the increase in tyrosine phospho-
rylation of focal adhesion proteins. In contrast to most other stimuli that promote tyrosine
phosphorylation of p125FAK, p130CAS and paxillin,73-75,86,89,96,106-110 CNF1 and DNT do not
activate phospholipase C-mediated events including inositol phosphate production, Ca2+

mobilization and PKC activation. In addition, CNF1 and DNT stimulated reinitiation of
DNA synthesis but neither induce activation of p42MAPK (ERK2). These results lead to the
important conclusion that activation of the endogenous Rho (i.e., without overexpression)
can promote cytoskeletal responses and tyrosine phosphorylation of focal adhesion pro-
teins in the absence of p42MAPK/p44MAPK activation. Reciprocally, these findings also indi-
cate that tyrosine phosphorylation of p125FAK does not necessarily leads to MAPK activation.

The results with CNF1 and DNT provide novel evidence for the existence of a signal
transduction pathway that links Rho activation to tyrosine phosphorylation of focal adhe-
sion proteins.

Neuropeptides and Phorbol Esters Activate Src-Family Tyrosine
Kinases in Swiss 3T3 Cells Independently from Tyrosine
Phosphorylation of p125FAK

As mentioned in the preceding sections, p125FAK activation and tyrosine autophos-
phorylation creates a high affinity binding site for the SH2 domain of members of the Src-
kinase family which could, therefore, play a role as signal transducers of tyrosine phospho-
rylated p125FAK. The kinase activity of pp60src-kinase family members (such as Src, Yes and
Fyn) is repressed when a key tyrosine residue in the carboxy-terminal region (correspond-
ing to Tyr-527 of the chicken protein) is phosphorylated by Csk.111,112 Phosphorylation at
Tyr-527 creates a binding site for Src SH2 domain and allows an intramolecular interaction
that locks pp60src in an inactive conformation.22,113,114 Two mechanisms that may “unlock”
and activate Src family members are currently considered. In one case, dephosphorylation
of Tyr-527 by a tyrosine phosphatase may destabilize the complex, releasing the SH2 do-
main thereby activating the kinase activity.115-117 An alternative mechanism, involving com-
petition for the SH2 domain of pp60src by a high affinity allosteric ligand, would also lead to
enzymatic activation of this kinase.22,118 In this context, autophosphorylation of p125FAK at
Tyr-397 creates a putative competing binding site for the SH2 domain of Src, and thus
would lead to the formation of a signaling complex in which Src kinases are active.22,25,56,119
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Thus, it was of interest to examine the effect of bombesin and other neuropeptides on the
activity of Src-family kinases.120

We have shown recently that treatment of quiescent Swiss 3T3 cells with bombesin
induces a rapid and transient increase in the kinase activity of Src-family of tyrosine ki-
nases.120 Src-family kinase activity was also increased by treatment of intact cells with phorbol
12,13-dibutyrate, a direct activator of PKC. However, Src-family kinase activation by
bombesin was not dependent either on PKC or Ca2+.

As previously pointed out, bombesin-induced p125FAK tyrosine phosphorylation is
completely blocked by treatment with cytochalasin D, a drug that disrupts the actin fila-
ment network and the assembly of focal adhesion plaques.73,106 Cytochalasin D, at concen-
trations that profoundly inhibited p125FAK tyrosine phosphorylation, does not impair the
striking increase in Src family kinase activity induced by bombesin. Furthermore, bombesin
also induces Src kinase family activation in Swiss 3T3 cells placed in suspension, a condition
that also prevents the tyrosine phosphorylation of p125FAK induced by bombesin. These
findings indicate that Src-family kinase activation can be dissociated from p125FAK tyrosine
phosphorylation in bombesin-treated Swiss 3T3 cells and demonstrate that two distinct
signal transduction pathways lead to protein tyrosine phosphorylation in bombesin-stimu-
lated Swiss 3T3 cells.120

As indicated previously, engagement of integrins leads to a stable complex between
p125FAK and pp60src. In contrast, we did not detect the formation of an immunoprecipitable
complex between p125FAK and pp60src in Swiss 3T3 cells stimulated with neuropeptides.120

These results can not exclude the possibility that once activated, pp60src can transiently as-
sociate with p125FAK in bombesin treated cells. The basis of this difference between integrin
and neuropeptide stimulated p125FAK /pp60src association is not known.

A Model of Rho-Dependent Tyrosine Phosphorylation
of Focal Adhesion Proteins

The signal transduction steps that link the heptahelical receptors for neuropeptides
and bioactive lipids to Rho-dependent tyrosine phosphorylation of focal adhesion proteins
remains undefined. It is clear that a single receptor subtype mediates coupling to PLC∀ as
well as tyrosine phosphorylation of p125FAK.121,122 A plausible model is that one domain of
the seven transmembrane receptors couples to Gq and thereby to PLC∀, whereas a separate
domain could lead to activation of Rho and consequently to cytoskeletal responses and
tyrosine phosphorylation of focal adhesion proteins via interaction with a different
heterotrimeric G protein. In this context, the demonstration that constitutively active mu-
tants of G!12 and G!13 but not G!q stimulate Rho-dependent actin stress fibers formation
and focal adhesion assembly is highly relevant.123 This suggests that seven transmembrane
domain receptors could couple to Rho via different heterotrimeric G-proteins (i.e., G!12/G!13)
than those that couple to PLC∀. The activated forms of !12/!13 could activate or recruit Rho
exchange factors that would promote the GTP-bound form of Rho in vivo. Further experi-
mental work will be required to demonstrate that active forms of G!12 and G!13 can induce
tyrosine phosphorylation of focal adhesion proteins via a Rho-dependent signal transduc-
tion pathway.

An important step in the understanding of the mechanism(s) by which Rho promotes
cytoskeletal responses has been the identification of the protein kinases PKN and ROK (that
bind GTP-Rho) as downstream targets of Rho.124-128 Microinjection of a constitutively ac-
tive form of ROK has been shown to induce the formation of actin stress fibers and focal
adhesion plaques.129 Thus, it is likely that ROK plays a role in transducing Rho activation
into cytoskeletal responses. The demonstration that ROK leads to myosin II light chain
(MLC) phosphorylation, either by inhibition of the 130kDa myosin-binding subunit of



G Proteins, Cytoskeleton and Cancer90

myosin phosphatase (mPP)130 and/or by phosphorylation and activation of MLC kinase,131

has suggested a molecular mechanism by which Rho-mediated ROK activation triggers
cytoskeletal reorganization. MLC phosphorylation leads to myosin filament formation and
stimulates the actin-activation of myosin ATPase.131 It has been suggested that the tension
generated by actomyosin plays a key role in the formation of stress fibers and in the cluster-
ing of integrins to which they are attached, giving rise to observable focal adhesions.132,133 In
agreement with this hypothesis, MLC inhibitors also prevent LPA-mediated formation of
stress fibers and focal adhesions. As suggested previously, the translocation of p125FAK into
nascent focal adhesions is thought to induce its activation and autophosphorylation, as a
result of the clustering and/or conformational change. The inhibition by cytochalasin D of
p125FAK, p130CAS and paxillin tyrosine phosphorylation induced by bombesin, LPA, SPC
and bacterial toxins can be readily accounted for in the framework of this model.

Platelet-Derived Growth Factor Modulation of p125FAK, p130CAS

and Paxillin Tyrosine Phosphorylation
Platelet-derived growth factor (PDGF), a potent mitogen for mesenchymal cells, has

been reported to play a role in development, wound healing, inflammation and oncogen-
esis.1,134 The biological effects of PDGF are mediated through receptors that possess an in-
trinsic tyrosine kinase activity. The binding of PDGF, a disulfide linked dimer of two ho-
mologous polypeptides, A and B, to individual receptor chains (! and ∀) results in their
dimerization and the subsequent transphosphorylation of specific tyrosine residues in the
receptor chain.134 These phosphorylated tyrosine residues serve as attachment sites for cy-
toplasmic effector proteins. The interaction between receptor and effector proteins is medi-
ated by SH2 domains in the effector proteins. Several of these effector proteins have been
identified, including phospholipase C-#, Ras GAP of 120 kDa, the p85 subunit of PI-3 ki-
nase, Grb-2, and the Src family of tyrosine kinases.135 Once bound to the receptor, many of
these proteins are phosphorylated on tyrosine by intrinsic kinase activity of the receptor. In
addition, to its mitogenic affect, PDGF has been reported to induce changes in cell mor-
phology and stimulate chemotaxis.1 The substrates of PDGF induced tyrosine phosphory-
lation identified so far may not account for all the cellular effects of this growth factor.

Tyrosine phosphorylation of p125FAK is markedly stimulated in response to low con-
centrations of PDGF in Swiss 3T3 cells.106,136 Surprisingly, at higher concentration of PDGF,
p125FAK tyrosine phosphorylation is dramatically decreased in these cells. Paxillin and p130CAS

are also phosphorylated in response to low but not high concentrations of PDGF.37,106 This
unexpected bell shape dose-response relationship appears to be unique to PDGF. Tyrosine
phosphorylation of p125FAK, p130CAS and paxillin induced by neuropeptides, LPA or SPC
exhibits a sigmoidal dose-response curve, which does not decrease at high agonist concen-
trations.37,75,86,89 The precise molecular mechanism by which PDGF stimulates a biphasic
p125FAK tyrosine phosphorylation is intriguing. This cytosolic tyrosine kinase does not pos-
sess an SH2 domain (Fig. 6.1), and therefore it is unlikely that p125FAK associates with and is
directly phosphorylated by the PDGF receptor.

Examination of the actin cytoskeleton showed that a low concentration of PDGF
(5 ng/ml) causes accumulation of actin in membrane ruffles, whereas a high concentration
of PDGF (30 ng/ml) induces actin disorganization.106 By contrast, bombesin or LPA in-
creased the formation of stress fibers with no evidence of disruption of the actin cytoskel-
eton network at high concentrations. Thus, PDGF modulation of the actin cytoskeleton, as
with tyrosine phosphorylation of proteins, is critically dependent on PDGF concentrations.
As dissolution of actin stress fibers by cytochalasin D also prevented PDGF-mediated ty-
rosine phosphorylation of p125FAK, paxillin and p130CAS, the inhibitory limb in the dose-
response curve of PDGF may be related to the fact that at high concentrations, PDGF dis-
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rupts the actin cytoskeleton.106 Interestingly, addition of PDGF at high concentrations rap-
idly and completely blocked the accumulation of stress fibers and the stimulation of p125FAK

and paxillin tyrosine phosphorylation induced either by bombesin, LPA or SPC.
A model to explain the intriguing effects of PDGF on tyrosine phosphorylation of

focal adhesion proteins and actin cytoskeleton organization is suggested by the striking
difference in the concentration of PDGF that is required to induce tyrosine phosphoryla-
tion of PI-3-kinase and GAP. PI-3-kinase phosphorylates the head group of phosphatidyl
inositol 4,5-bisphosphate to yield phosphatidyl inositol (3,4,5) trisphosphate and this lipid
has been postulated to act as a second messenger.137-141 PI-3-kinase is stimulated by PDGF
at low concentrations, similar to those required to elicit p125FAK and paxillin tyrosine phos-
phorylation and membrane ruffles.106

It has been shown that PI-3-kinase activation is required for the formation of mem-
brane ruffles and the stimulation of chemotaxis induced by growth factors.142-144 Recently it
has been shown that the small G protein Rac lies downstream of PI-3-kinase, and there is
evidence that D3 phosphatidyl inositides may promote Rac-GTP formation.145 Further-
more, it has been demonstrated that there is a GTP-dependent and PDGF-stimulated asso-
ciation of Rac with PI-3-kinase in Swiss 3T3 cells.146 Activated Rac has been demonstrated
to direct the formation of membrane ruffles and the assembly of small focal contacts.80 As
mentioned above, PDGF-stimulated tyrosine phosphorylation of p125FAK and paxillin is
dependent on the integrity of the actin cytoskeleton.106 Furthermore, PI-3-kinase is required
in the pathway leading to the formation of membrane ruffles and focal contacts and ty-
rosine phosphorylation of p125FAK, p130CAS and paxillin induced by a low concentration of
PDGF.107 These results establish another link between the reorganization of the actin cy-
toskeleton and the tyrosine phosphorylation of these focal adhesion proteins. Taken to-
gether, all these findings suggest that there is a linear signal transduction pathway whereby
ligation of the PDGF receptor activates PI-3-kinase and thereby stimulates Rac-GTP for-
mation. Activated Rac induces the formation of focal contacts, reorganization of the actin
cytoskeleton and thereby the tyrosine phosphorylation of p125FAK and paxillin (Fig. 6.2).

In contrast to PI-3-kinase, GAP tyrosine phosphorylation is induced by high concen-
trations of PDGF. Overexpression of a truncated GAP lacking the Ras GAP domain causes
disruption of the actin stress fibers and a reduction in cell adhesion, presumably reflecting
the disassembly of focal contacts.147

Biological Significance of the p125FAK Pathway
The findings discussed above have important implications for signal transduction and

cell regulation. Most obviously, they suggest that tyrosine phosphorylation of the tyrosine
kinase p125FAK is a point of convergence in the action of integrins, oncogenic forms of
pp60src, mitogenic neuropeptides, bioactive lipids, bacterial toxins and growth factors. One
inference is that the signal transduction pathways initiated by these diverse groups of mol-
ecules have, at least in part, similar consequences for cell function.

Several lines of evidence indicate that p125FAK and its downstream targets play a cen-
tral role in a number of fundamental cellular processes. Cells isolated from FAK (-/-) “knock-
out” embryos lacking p125FAK exhibit impaired cell locomotion.27 These cells contain a large
number of focal adhesions, suggesting that p125FAK plays a role in focal adhesion turnover
rather than in focal adhesion assembly, as originally proposed.27,148 The alteration in cell
locomotion could be responsible for the embryonic lethality of FAK “knock-outs”.27,149,150

In addition, overexpression of FAK in CHO cells enhanced cell migration on fibronectin.151

Interestingly, p125FAK expression and activity is increased in invasive and metastatic colon
and breast cancers and in melanoma cell lines.152-156 Tyrosine phosphorylation of p125FAK

also increases in migrating human vascular endothelial cells,157 motile keratinocytes during
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the process of wound healing150 and vascular smooth muscle cells stimulated to migrated
with PDFG.136

There is evidence indicating that p125FAK is also involved in the control of cell prolif-
eration. Thus, a dominant negative C-terminal fragment of p125FAK, which displaces en-
dogenous p125FAK from focal adhesions and prevents its activation, attenuates serum-in-
duced stimulation of cellular DNA synthesis.158 In addition, treatment of cells with
cytochalasin D, which prevents cytoskeletal signaling and tyrosine phosphorylation of
p125FAK, p130CAS and paxillin inhibits the passage of the cells through the restriction point
of the cell cycle.83 Furthermore, a constitutively activated form of p125FAK which has been
directed to the cell membrane prevents apoptosis resulting from loss of contact with extra-
cellular matrix proteins and induces neoplastic transformation in MDCK epithelial cells.159

Reciprocally, antisense mediated downregulation of expression160 or inhibition of activa-
tion of p125FAK by microinjection of antibodies or peptides that prevents the binding of
p125FAK to endogenous integrins induced apoptosis in tumor cells.161 Similarly, p130CAS has
been implicated in cellular transformation and signal transduction.37,38,162

All these findings indicate that the pathway discussed in this review plays an important
role in transducing integrin, neuropeptide and growth factor signals into locomotive, pro-
liferative and apoptotic responses (Fig. 6.2).
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CHAPTER 7

Cytoskeletal Plaque Proteins:
Their Role in the Regulation
of Tumorigenesis
Avri Ben-Ze’ev

Introduction

Cell adhesion to neighboring cells and to the extracellular matrix (ECM) plays important
roles in the regulation of cell motility, growth, differentiation and survival.1-4 The mo-

lecular interactions at cell adhesion sites include transmembrane integrin-type receptors
that link cells to the ECM, and cadherin receptors at cell-cell contact sites that link cells to
each other by homophilic interactions (Figs. 7.1 and 7.2). These receptors are associated
with submembranal plaque proteins that bridge between the cytoskeleton and the trans-
membrane adhesion receptors.3 Major junctional plaque proteins of adherens-type junc-
tions are vinculin, !-actinin and the catenins (!-, ∀- and #-catenin, or plakoglobin). In addi-
tion to these structural components, recent studies have demonstrated the localization in
the submembranal plaque area of a large number of regulatory molecules, known to be
involved in signal transduction (Figs. 7.1 and 7.2; for reviews see refs. 2-5). The submembranal
plaque area is now viewed not only as a structural link that mediates cell adhesion, but also
as an important component in the control of signal transduction that regulates cell behavior.

Tumor cells are often characterized by altered adhesion, disorganized cytoskeletal ar-
chitecture and impaired adhesion-mediated signaling.2,6 Many cancer cells are “anchorage
independent” and less susceptible to cell density-dependent inhibition of growth. Our pre-
vious studies have demonstrated that both the organization and expression of cytoskeletal
plaque proteins is regulated during growth activation, differentiation and cell transforma-
tion.1 Here, I summarize our studies on the targeted changes in the expression of the adhe-
sion plaque proteins vinculin and !-actinin, and the cell-cell junctional plaque proteins
plakoglobin and ∀-catenin, to define their role in cell physiology, with special emphasis on
their effect on the tumorigenic ability of cells.

Regulation of Vinculin and !!!!!-Actinin Expression
after Growth Activation

Vinculin and !-actinin are major focal adhesion plaque proteins that link actin stress
fibers to areas of cell adhesion to the ECM (Fig. 7.1). While these proteins are among the
most abundant constitutive cellular proteins, their expression is extensively modulated in
response to growth stimulation of quiescent 3T3 cells by serum factors. When such cells are
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treated with serum, a major transient increase in the level of vinculin synthesis is observed.7,8

The synthesis of !-actinin is also induced by serum, but follows a different kinetics of in-
duction.9 These changes in vinculin and !-actinin synthesis are accompanied by parallel
changes in the levels of the corresponding mRNAs. A rapid, yet transient, induction of
vinculin gene transcription precedes the increase in vinculin mRNA and protein synthesis
in serum stimulated cells,7,8 and involves the serum responsive elements at the 5'-end of the
vinculin gene.10 Post-transcriptional regulation of vinculin expression is also implicated in
the induction of vinculin expression. This is inferred from studies showing that in 3T3 cells
stably expressing a transfected vinculin under a constitutive viral promoter, there is a simi-
lar yet more moderate elevation in the synthesis of the transfected vinculin after serum
stimulation.11

The possible physiological relevance of these changes in vinculin and !-actinin expres-
sion in response to growth stimulation was examined in regenerating liver, a system widely
used as an in vivo model for studying gene expression at early stages of induced cell prolif-
eration. Northern blots of RNA isolated at different times after two-thirds hepatectomy
show an early, transient elevation in vinculin RNA level and latter, in the abundance of !-
actinin RNA which persists into the S-phase.9 These regulated changes in the expression of
vinculin and !-actinin expression may be required for the cellular response to growth stimu-
lation.

The Effects of Vinculin and !!!!!-Actinin Overexpression
To investigate the role of these changes in vinculin and !-actinin expression on cell

behavior, 3T3 clones stably expressing transfected vinculin or !-actinin were isolated. In
stably transfected 3T3 cells the transgenes are expressed at levels that are usually less than
50% of the endogenous protein level. This is expected since 3T3 cells cultured on plastic
substrate express very high levels of these adhesion plaque proteins, unlike fibroblasts in
vivo, or fibroblasts cultured on an ECM. Nevertheless, overexpression of vinculin by only
20% is sufficient to confer phenotypic and functional changes on 3T3 cells. Such cells as-
semble more abundant stress fibers, terminating in larger vinculin-containing plaques, than
control 3T3 cells.11 Moreover, cells overexpressing either vinculin or !-actinin display a de-
crease in cell motility, resulting in the formation of shorter phagokinetic tracks on colloidal
gold-coated substrates, and a reduced ability to close an artificial wound created in a confluent
monolayer of cells.12,13 These results suggest that moderate elevations in vinculin or !-actinin
level may have a major impact on cell morphology, cytoskeletal assembly, and the adhesive
and motile abilities of the cells.

The Effects of Suppressing Vinculin and !!!!!-Actinin Levels
and Targeted Inactivation of the Vinculin Gene

To study the effect of forced reduction in vinculin and !-actinin levels, 3T3 cells were
transfected with antisense cDNA constructs of these genes and clones stably expressing re-
duced levels of either vinculin or !-actinin were isolated. Antisense vinculin cDNA trans-
fection generated clones displaying vinculin levels equal to only 10%-30% of the control
levels.14 Such cells show a marked change in morphology, with reduced capacity to spread
on the substrate, and small vinculin-containing plaques at the cell periphery. Moreover, the
suppression in vinculin expression results in enhanced cell motility.14 These changes in the
morphological and motile properties of cells correlate with the degree of suppression in
vinculin expression. Only cells displaying over 70% reduction in vinculin levels show the
increase in motility and reduced spreading on the substrate. Cells displaying a more moder-
ate decrease in vinculin, and revertants of clones originally showing effective vinculin sup-
pression, revert to the control motile characteristics.14
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Vinculin expression was completely eliminated in the F9 embryonal carcinoma and
embryonal stem (ES) cells by targeted disruption of the vinculin gene after homologous
recombination.15 Vinculin deficient F9 cells show unchanged levels of !-actinin, paxillin
and talin, but an enhanced assembly of these molecules at focal adhesions.16 Vinculin-null
cells also display a significantly reduced ability to spread on the substrate, and a slower rate
of initial adhesion on ECM components,16 reminiscent of the phenotype of antisense vinculin
transfected 3T3 cells.14 Moreover, vinculin-deficient F9 cells have increased locomotory ca-
pacity, in agreement with the results obtained with antisense vinculin transfection. This
increase in the motility of vinculin-null F9 cells is also manifested when these cells are in-
duced to differentiate into the more motile parietal endodermal (PE) cells.15 The vinculin
null F9 cells can be induced to express the differentiation markers in the absence of vinculin,15

and their ability to form stress fibers and assemble focal adhesions containing !-actinin,
paxillin, talin and phosphotyrosinated components is not impaired.16 Taken together, these
findings suggest that there are multiple molecular mechanisms for focal adhesion forma-
tion in the absence of vinculin, including one that is based on !-actinin bridging between
integrin receptors and actin (Fig. 7.1).

Vinculin and !!!!!-Actinin Expression in Transformed Cells
Suppression of vinculin expression decreases the rate of cell adhesion and spreading,

and also confers anchorage independent growth on 3T3 cells.14 Moreover, in antisense
!-actinin transfected 3T3 clones, when !-actinin levels are reduced by 40%-75%, the cells
are tumorigenic when injected into nude mice.13 The appearance of tumors correlates with
the level of !-actinin suppression, and cells expressing lower levels of the protein cause
faster developing tumors. Furthermore, revertants of such clones that regain control levels
of !-actinin become nontumorigenic. These results support the notion that vinculin and !-
actinin may have a tumor suppressive activity. In agreement with this view are studies showing
that SV40-transformed 3T3 cells (SVT2) display diminished levels of vinculin and !-
actinin,17,18 and vinculin is absent in a highly metastatic adenocarcinoma cell line (ASML)
that expresses !-actinin and talin.19 Reduced expression of various junctional plaque pro-
teins is thus characteristic of certain tumor cells and may play a role in the tumorigenic
ability of these cells.

Transfection with Vinculin and !!!!!-Actinin Can Suppress
Tumorigenicity

To examine the effect of restoring vinculin and !-actinin levels in transformed cells on
their tumorigenic phenotype, 3T3 fibroblasts transformed by SV40 (SVT2) and the highly
metastatic ASML epithelial cells were transfected with either full length vinculin or !-actinin.
Clones stably expressing different levels of these transgenes were isolated. High levels of
vinculin expression in SVT2 results in cells with more abundant stress fibers and larger
vinculin-positive focal adhesions.18 The tumorigenicity of cells overexpressing vinculin is
dramatically affected, and cells expressing the transfected vinculin at levels similar to that in
nontransformed 3T3 cells, completely lose their tumorigenic ability in syngeneic and nude
mice.18 Similarly, the overexpression of !-actinin in SVT2 cells, results in suppression of
their tumorigenic capacity, that correlates with the level of the transfected !-actinin in the
different clones.17 The expression of the viral (SV40) T-antigen in SVT2 cells however, and
that of mutant p53 molecules accumulating in these cells, is not altered in the vinculin- and
!-actinin-transfected clones. This implies that these junctional molecules use alternative
route(s) to influence the tumorigenic ability of cells.

The effect of vinculin overexpression on the metastatic spread of tumor cells was
examined in a highly metastatic adenocarcinoma (ASML) cell line that does not express
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vinculin. Expression of high levels of the vinculin transgene suppresses the malignant
metastatic ability of these cells, while low levels of vinculin only partially alter the number
of lung metastases that form with these ASML clones.18 Vinculin and !-actinin may thus act
as potential suppressors of the tumorigenic ability of cancer cells.

Plakoglobin and ∀∀∀∀∀-Catenin: Junctional Molecules Involved
in Signaling and Regulation of Tumorigenesis

In addition to their role in cell-ECM adhesion, junctional plaque proteins are also found
in cell-cell adhesion sites (Fig. 7.2).3 The most direct effect of cell-cell adhesion is on mor-
phogenesis, i.e., the assembly of individual cells into highly ordered tissues through cell-cell
adhesion junctions.4 These interactions among cells involve transmembrane cell adhesion
receptors of the cadherin family that link cells to each other.20 Constitutive expression and
function of cadherin receptors are essential for the development and maintenance of epi-
thelial cell interaction. Targeted genetic inactivation of E-cadherin in mice is embryonic
lethal with the embryonal cells dissociating an failing to form the trophectoderm.21 Effec-
tive cell-cell adhesion requires, in addition, an association of the transmembrane cadherin
receptors with the cytoskeleton that is mediated by junctional plaque proteins including
plakoglobin (#-catenin), ∀-catenin and !-catenin (Fig. 7.2, and refs. 2-4). !-Catenin, that
has structural similarity to vinculin, has actin binding properties, suggesting that it links the
catenin complex to the actin-cytoskeleton.22 Restoration of !-catenin levels in lung carci-
noma cells restored cell-cell adhesion and the assembly of various intercellular junctions.23

In prostate cancer cells and in a human ovarian carcinoma cell line, wt !-catenin expression
results in the induction of E-cadherin function, cell-cell adhesion and suppression of tum-
origenesis in nude mice.24,25

In addition to their function in cell adhesion, ∀-catenin and plakoglobin are highly
homologous to Drosophila armadillo that is also found in adherens junctions of flies.26

Armadillo in Drosophila and ∀-catenin/plakoglobin in Xenopus have been shown to play a
role in the transduction of transmembrane signals initiated by the extracellular glycopro-
tein wg/Wnt that regulates cell growth, differentiation and fate.4,27-29 Activation of this path-
way results in the elevation of ∀-catenin levels and its nuclear localization in a complex with
the TCF/LEF family of transcription factors30-32 (Fig. 7.2), suggesting that ∀-catenin may
have a role in regulating gene expression by transactivating target genes.33,34 In the absence
of wg/Wnt signaling, excess ∀-catenin is degraded in mammalian cells by a process involv-
ing the adenomatous polyposis coli (APC) tumor suppressor protein35 and the ubiquitin-
proteasome degrading pathway.36 Mutations in the APC gene that constitute the major ge-
netic defect in inherited colon cancer and certain melanoma, or mutations in the amino
terminus of ∀-catenin, both result in the accumulation of ∀-catenin,37-39 and most probably
cause inappropriate activation of target genes by the ∀-catenin-LEF/TCF complex.40-42

In contrast, the involvement of plakoglobin in suppressing tumorigenesis is inferred
from studies showing loss of heterozygosity of the plakoglobin gene in certain types of
tumors,43 its reduction in several tumor cell types,44-46 and by demonstrating that plakoglobin
overexpression can suppress the tumorigenicity of mouse and human cells while localized
in the nuclei of such cells.46 The regulation of ∀-catenin and plakoglobin level may therefore
be a key element in their nuclear localization and signal transduction.

Interestingly, overexpression of plakoglobin leads to a decrease in ∀-catenin level, and
plakoglobin competes with ∀-catenin for N-cadherin binding, thus directing the displaced
∀-catenin molecules for degradation by the ubiquitin-proteasome system.47 Inhibition of
the proteasome degradation system in these cells leads to the accumulation of both catenins
in the nucleus.47
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Wnt-induced signaling during development includes the accumulation of ∀-catenin in
the cell, but artificially elevated cadherin expression in Xenopus can antagonize the propa-
gation of the Wnt signal by sequestering “free pools” of ∀-catenin into a complex with
cadherin and thus probably limiting its function in extra-junctional signaling.39,48,49

Plakoglobin therefore, may serve as an additional regulator of ∀-catenin level acting up-
stream of the APC step by competing on the cadherin binding site and thus releasing ∀-catenin
and exposing it to the degradation fate.

The accumulation of ∀-catenin and its nuclear translocation in complex with tran-
scription factors, its aberrant effect on the transcription of genes during development of
colon cancer and melanoma,40-42 as well as the ability of plakoglobin to influence the tum-
origenicity of cells when overexpressed and localized in the nucleus46 highlight the impor-
tance of mechanisms that regulate the level of ∀-catenin in the cell. Interestingly, in tumor
cells where plakoglobin overexpression resulted in suppression of the tumorigenic ability,46

the level of ∀-catenin was reduced.47 This may indicate that plakoglobin confers a tumor
suppressive phenotype in these cells by decreasing the level of ∀-catenin whose abnormally
increased level can be oncogenic.40-42,50

The challenge for future studies is to determine whether elevated ∀-catenin can confer
tumorigenicity on nontransformed cells, the physiological conditions that are associated
with the regulated expression and translocation of ∀-catenin and plakoglobin into the nu-
clei of mammalian cells, and the target genes whose expression is modulated by
transactivation involving complexes that contain these junctional plaque proteins.

Conclusions
Our earlier studies have shown modulations in both the organization and expression

of cytoskeletal and junctional plaque proteins during growth activation, differentiation and
cell transformation. The studies summarized here strongly imply that such changes in ex-
pression may have important long-term effects on cell behavior. This is demonstrated by
the studies showing that moderate overexpression of vinculin or !-actinin dramatically
influence cell motility, and restoration to control levels of expression of these molecules in
transformed cells effectively suppresses their tumorigenicity. Recent studies on the dual role
of plakoglobin and ∀-catenin in both adhesion and signaling by affecting the transcription
of target genes, provide another exciting direction for future studies on deciphering the
molecular mechanisms by which adhesion mediated signaling is regulating tumorigenesis.
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CHAPTER 8

Regulation of !-Actinin
and Vinculin Functions by PIP2

Kiyoko Fukami and Tadaomi Takenawa

Introduction

The ligand-receptor interactions results in the establishment of a physical connection between
the extracellular ligand and the actin cytoskeleton. Dynamic changes in the actin cytosk-

eleton of cells in response to extracellular stimuli are fundamental functions, which induce
the formation of stress fibers at the center, and the formation of membrane ruffles,
microspikes, and lamellipodia at the edge of motile cells. Many actin-binding proteins are
involved in the regulation of the actin filament. They are mainly categorized as the severing
proteins (gelsolin and severin), G-actin-binding protein (profilin), capping protein (gCap
39), crosslinking proteins (!-actinin and filamin), and the ezrin-radixin-moesin (ERM)
family, which cooperates with each other to organize the actin cytoskeleton.

!-Actinin was originally discovered in skeletal muscle as a protein factor promoting
the superprecipitation of actomyosin and inducing the formation of actin fibers. !-Actinin
is densely located in Z-bands of the sarcomere of the muscle and at sites where actin is
attached to the plasma-membrane-associated structures in nonmuscle cells. On the other
hand, vinculin is a highly conserved cytoskeletal protein found at both cell-cell and cell-
extracellular matrix type junctions. The fact that !-actinin and vinculin are found at focal
contacts where actin is anchored to a variety of intercellular structures in nonmuscle cells
suggests that !-actinin and vinculin may play important roles in the linkage between the
plasma membrane and actin. Efforts to elucidate these linkages have implicated !-actinin
and vinculin as one of the connecting molecules in a chain that involves binding of the ∀1
subunit of integrin to talin, talin to vinculin, vinculin to !-actinin, and !-actinin to F-actin.
Therefore, it is important to analyze what regulates these protein-protein interactions when
cells are stimulated with ligand in order to understand the mechanism of cell migration or
invasion.

Phosphatidylinositol 4,5-bisphosphate (PIP2) is a metabolically active phospholipid.
PIP2 generates two second messengers, inositol 1,4,5-trisphosphate (IP-3) and diacylglycerol
(DAG) upon phospholipase C (PLC) activation by a variety of physiological stimuli. IP-3
and DAG are known to mobilize Ca2+ from the endoplasmic reticulum1 and to activate
protein kinase C (PKC),2 respectively. To date, many actin binding proteins, such as gelsolin,3

gCap 39,4 profilin,5 cofilin,6 vinculin and !-actinin7 have been found to bind specifically to
PIP2, which regulates polymerization and depolymerization of actin (Table 8.1). Although
PIP2 has been reported to regulate the function of these actin-binding proteins in vitro, so
far only !-actinin and vinculin have been shown to bind PIP2 in vivo. Thus, the physiological
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role of PIP2 in the regulation of other proteins is still obscure. Here we focused on the effect
of PIP2 on the function of !-actinin and vinculin, and protein-protein interactions found at
focal adhesions.

Effect of PIP2 on the Function of !!!!!-Actinin In Vitro
Previous studies demonstrated the physiological significance of the interaction between

PIP2 and cytoskeletal proteins. Although PIP2 is a component of phospholipid membrane,
it is also located densely in Z-bands of the sarcomere of the muscle.8 These results suggested
the possibility that endogenous PIP2 binding to cytoskeletal proteins exists in Z-bands of
the myofibrils. Westernblot analysis with anti-PIP2 antibody showed that !-actinin was a
major component of the striated muscle which contained endogenous PIP2. In addition,
purified !-actinin from striated muscle stained strongly with anti-PIP2 antibody, but that
from smooth muscle stained only slightly. Furthermore smooth muscle !-actinin binds
markedly to exogenously added PIP2. To clarify the physiological relevance of PIP2-binding
to striated !-actinin, the effects of inositol phospholipids on the gelating activity of smooth
muscle and striated muscle !-actinin were compared by falling ball viscometry (Fig. 8.1).
Striated muscle !-actinin formed a gel in the absence of inositol phospholipids, but smooth
muscle !-actinin showed only a weak gelating activity. It is worth noting that PIP2 greatly
stimulates the gelating activity of smooth muscle !-actinin, while phosphatidylinositol (PI)
has no effect and phosphatidylinositol 4-monophosphate (PIP) has only a slightly activat-
ing effect. None of the inositol phospholipids produced changes in the viscosity of F-actin.
These results indicate that !-actinin is an F-actin cross-linker and that striated !-actinin
shows a much higher F-actin-gelation activity than smooth muscle !-actinin simply be-
cause of the endogenous PIP2 bound to striated !-actinin. In turn, the interaction of spe-

Table 8.1. Actin regulating proteins and their interactions with lipids

Actin Regulating Proteins MW Effect of PIP2 Lipids Bound to the Protein
(kDa) on Activity

of the Protein

G-actin binding protein
profilin 12-15 , PIP2, palmitic acid, PS, PI

Depolymerization protein
cofilin 21 , PIP2, PIP, PI
destrin 19 , PIP2, PIP, PI

F-actin severing protein
gelsolin 84 , PIP2, PIP
severin 40 , PIP2, PIP
villin 90 , PIP2, PIP

F-actin crosslinking protein
!-actin 100 − PIP2, palmitic acid, DG
vinculin 120 − PIP2, PI, PS, PA
spectrin 240 – PS, PE, PC
dystrophin 400 , PIP2

filamin 270 − PIP2

Capping protein
gCap39 39 , PIP2
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cific lipids with !-actinin may regulate !-actinin function at focal adhesions. The associa-
tions of PIP2 with gelsolin, cofilin, or profilin have been reported to promote actin stress
fiber formation by inhibiting the function of these proteins,3,5,6 while association of PIP2

with !-actinin promotes stress fiber formation by stimulating the function of !-actinin,
suggesting that the level of PIP2 bound to these proteins is critical for their function.

!!!!!-Actinin and Vinculin are PIP2-Binding Proteins
Involved in Signal Transduction by Tyrosine Kinases

!-actinin and vinculin have been detected as PIP2 abundant proteins8 by W estern blot
analysis using an antibody specific to PIP2.7 In Balb/c 3T3 cells, !-actinin in the cytoskel-
eton contains PIP2, while !-actinin in cytosol does not. The levels of PIP2 bound to !-actinin
decrease in response to PDGF. Similarly, PIP2 bound to vinculin is decreased upon PDGF
stimulation. By immunofluorescent staining, PIP2 was found to be present densely in the
central areas around the nuclei, microfilament bundles, and focal contacts, where !-actinin
and vinculin are distributed. PDGF stimulation decreases the intensity of PIP2 staining in
these areas. Double immunofluorescent staining of quiescent cells with anti-!-actinin and
anti-PIP2 antibodies shows that PIP2 colocalizes with !-actinin on microfilament bundles.

Tyrosine phosphorylation of proteins in response to growth factors such as EGF and
PDGF is thought to play a crucial role in signal transduction.9,10 The tyrosine phosphoryla-
tion promotes the binding of key effector molecules containing the SH2 domain such as
PLC#,9 Ras GTPase activating protein, phosphatidylinositol 3-kinase11 and Ash/Grb212 to
the activated receptor tyrosine kinases. This clustering mechanism of signal transduction
leads to multiple cellular responses, including the mitogenic response and reorganization of
the actin cytoskeleton. Recently, profilin has been found to play an important role in the
hydrolysis of PIP2 by PLC#. Profilin binds to PIP2 and inhibits its hydrolysis by
unphosphorylated PLC#.13 However, the phosphorylation of PLC# by tyrosine kinase over-
comes the inhibitory effect of profilin, resulting in the effective activation of PLC#. In this
case, the Vmax of PLC# is not affected by growth factor-induced tyrosine phosphorylation,
instead, the Km of PLC# for PIP2 is lowered.14 Therefore, it is possible to demonstrate that
the tyrosine kinase linked regulation of PIP2 levels cause a reorganization of the cytoskel-
eton. Since PIP2 is a very potent stimulator of actin bundle formation by !-actinin, the
decrease in the amount of PIP2 bound to !-actinin may induce actin depolymerization. All
these data suggest that the loss of PIP2 bound to actin binding proteins in response to PDGF
may cause the disruption of focal adhesion and the disassembly of stress fibers. Therefore,

Fig. 8.1. Effects of exogenous
inositol phospholipids on the
gelating activity of !-actinin.
The effects of PI, PIP, and PIP2

on the interaction of striated
muscle !-actinin (open circles)
and smooth muscle !-actinin
(closed circles) with F-actin
were measured by the falling-
ball methods. The gel represents
the viscosity at which the ball
does not fall. Final PI, PIP, and
PIP2 concentration in the reac-
tion medium are indicated. Re-
printed with permission from
Nature 1992; 359:150-152.
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Fig. 8.2. !-actinin and vinculin are PIP2-binding proteins involved in signal transduction
by tyrosine kinases. The tyrosine kinase activation by PDGF promote binding of PLC#,
and the tyrosine phosphorylation of PLC# might overcome the inhibitory effect of !-
actinin and vinculin. PIP2 hydrolysis by PLC# not only generates the second messengers
IP-3 and DAG, but also causes a decrease in the PIP2 content of some actin binding pro-
teins, thus inducing the reorganization of the cytoskeleton.
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PIP2 hydrolysis by PLC# not only generates the second messengers IP-3 and DAG, but also
causes a decrease in the PIP2 content of some actin binding proteins, thus inducing reorga-
nization of the actin cytoskeleton (Fig. 8.2). Furthermore, the IP-3-mediated Ca2+ increase
activates actin-severing and barbed end nucleating proteins such as gelsolin.3 All of these
events favor actin depolymerization. Thus, changes in cell shape following stimulation by
growth factors may be a result of the increased hydrolysis of PIP2 by cytoskeletal associated
PLC#.

PIP2-Binding Site in !!!!!-Actinin and Vinculin
PIP2 has been shown to modulate the functions of various proteins such as

PKC, ∝-calpain, ADP-ribosylation factor (ARF) 1,15 and phospholipase D,16 in addition to
actin-regulating proteins. To understand the role of PIP2 in protein function or in protein-
protein interactions, it is important to identify the PIP2-binding site on these proteins.

!-Actinin belongs to the spectrin/dystrophin family, which is characterized by a
N-terminal actin-binding domain and a central rod domain consisting of four spectrin-like
repeats, and forms heterodimers in solution (Fig. 3.8). The residues 120-134 contain an
actin-binding site,17 although the N-terminal 247 amino acids have also been reported to be
necessary for actin-binding. This N-terminal domain appears to contain a binding site for
another cytoskeletal protein, zyxin.18 The central region of !-actinin is thought to contain
binding sites for the cytoplasmic domains of ∀1- and ∀3 subunit of integrin,19 providing a
possible route linking integrin to F-actin. Recently !-actinin has also been reported to bind
a to the cytoplasmic domain of the intercellular adhesion molecule-2 (ICAM-2).20 On the
other hand, the C-terminal domain of !-actinin contain two EF-hand motif which account
for the ability of calcium to inhibit the binding of nonmuscle !-actinin isoforms to F-actin21

and the vinculin-binding domain (residues 713-749).22 We have provided evidence23 that
amino acids 168-184 (TAPYRNVNIQNFHLSWK) in chicken skeletal muscle !-actinin com-
prise of a PIP2-binding site and that the two basic amino acids, arginine 172 and lysine 184,
are important for this interaction. Mutants in which either arginine 172 or lysine 184 is
replaced by isoleucine partially lose their direct binding with PIP2. However, this PIP2-bind-
ing site shares no homology sequence with either gelsolin or cofilin.

Recently, the pleckstrin homology (PH) domain was found in a variety of proteins,24

including protein kinases, substrates for kinases, regulators of small G proteins, PLC isozymes,
and cytoskeletal proteins. This domain has been reported to bind to PIP2,25 although it also
associates with the ∀# subunit of trimeric G proteins26,27 and PKC.28 So the PH domain is
thought to be involved in protein-protein or lipid-protein interactions, and in that case,
PIP2 may act as a target for PH domain-containing proteins in the membrane. Interestingly,
regions homologous to the PIP2-binding site in !-actinin also exist in the ∀1- and ∀2-sheets
of the PH domains of PLC+1 and Grb7. Another report showed that IP-3 binds to PLC+1
and that this interaction is inhibited by PIP2.29 The IP-3 binding site on PLC+1 is thought to
comprise of amino acids 30 to 43, which overlaps with the site (amino acids 23-37) which is
aligned to !-actinin.

Vinculin is comprised of a globular head and an extended tail (Fig. 8.3). The head
region (residues 1-398) contains a talin-binding site, and three 112-residue repeats of un-
known function. Evidence for an !∋actinin-binding site between residues 1-107 has recently
been presented.31 A proline rich region, which spans residues 837-878 and contains two
sites for the V8-protease, is thought to separate the globular head from the extended tail.32

The C-terminal tail region has been shown to contain a binding site (residue 893-1016) for
F-actin33 and for paxillin34 (residue 978-1000), another protein localized to focal adhesions.
It was also shown that residues 935-978 and 1020-1040 in vinculin interact with acidic
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phospholipids such as phosphatidyl serine.35 Our experiment provides evidence that resi-
dues 916-970 in mouse fibroblast vinculin comprised of a PIP2-binding site.35a

Binding of Vinculin to Talin and Actin Are Regulated by PIP2 In Vivo
Vinculin has been reported to interact with the other cytoskeletal proteins, talin and

actin. Recently, Gilmore et al36 examined the effect of PIP2 on the association of the 90 kDa
N-terminal head domain of vinculin and the 30 kDa C-terminal tail domain and on the
binding of vinculin to talin and actin. An intramolecular interaction between the head and
tail domain masks the binding sites for both talin and actin.37 The exposure of the masked
binding sites seems to be important for promoting the formation of focal contacts and
adherent junctions. Based on the fact that the small GTP-binding protein Rho activates
PIP(5) kinase which produces PIP2,38 and PIP2 binds to many actin-regulating proteins
including vinculin, they examined the role of PIP2 on the formation of focal contacts. They
showed that 10 ∝g/ml PIP2 dissociated vinculin’s head-tail interaction, exposing its binding
sites for talin and actin. PIP2 increased talin binding to vinculin, with a Kd of approximately
30 nM. In the absence of PIP2, there was little talin binding to intact vinculin, indicating
that PIP2 induces a conformational change in vinculin. In the same way, PIP2 produced an
increase in actin binding, although intact vinculin bound actin poorly. Furthermore they
showed that cells microinjected with antibodies to PIP2 did not respond to serum stimula-
tion and did not form stress fibers and focal adhesions, indicating that the Rho-induced
assembly of focal adhesions requires PIP2. Further reports show that Rho regulates the asso-
ciation of vinculin with the plasma membrane at focal adhesions in MDCK cells39 and that
elevated levels of cytoskeletally associated PIP2 in thrombin-stimulated aggregation of hu-
man platelet are mediated by translocation of PIP(5) kinase.40 These results suggest a model

Fig. 8.3. The structure of chicken smooth muscle !-actinin and vinculin. Structure and interac-
tion sites of !-actinin with actin, zyxin, vinculin, and PIP2 are shown, respectively. Structure and
interaction sites of vinculin with actin, talin, paxillin, focal adhesion targeting sequence and PIP2

are also presented.
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in which cells activation of PIP(5) kinase by Rho elevates PIP2, inducing a conformational
change in vinculin, and promoting its association with other components of focal adhe-
sions and the attachment of the microfilament to the membrane (Fig. 8.4).

Conclusions
Here we focused on the functions of inositol phospholipids in the actin cytoskeleton.

Phospholipids involved in the control of actin cytoskeleton are metabolically active and
abundant in cells and therefore play a very important role linking signal transduction mol-
ecules to the reorganization of the actin cytoskeleton. In addition to the actin-regulating
function, other functions PIP2 have been proposed.

Interestingly, it has become clear that PIP2 synthesis by PIP(5) kinase is also involved in
exocytosis.41 Additional evidence for a role of PIP2 in vesicular trafficking was provided by
Cantley et al.42 They reported that PIP2 stimulates the in vitro activity of partially purified
membrane phospholipase D(PLD) in which PIP2 functions as a PLD cofactor.16

On the other hand, some functional proteins have recently been reported to associate
with !-actinin. !-Actinin was identified as a brain postsynaptic density protein that colocalizes
in dendritic spines of the N-metyl-D-aspartate (NMDA) receptor, a neurotransmitter re-
ceptor.43 !-Actinin binding to the NMDA receptor was antagonized by Ca2+/calmodulin in
a Ca2+-dependent fashion, indicating that Ca2+/calmodulin displaces !-actinin from the
NMDA receptor in response to a postsynaptic Ca2+ influx and therefore, leads to Ca2+-de-
pendent detachment of the NMDA receptor from the actin cytoskeleton on cell activation.
In addition, rabphilin-3A, a downstream target of Rab3, has been shown to directly interact
with !-actinin and stimulate its actin filament bundling activity.44 Both Rab3 and rabphilin-
3A are associated with synaptic vesicles. As rabphilin-3A has two C2-like domains that interact

Fig. 8.4. Binding of vinculin to talin
and actin are regulated by PIP2 in
vivo. In a resting cell, vinvulin is in
the inactive conformation with the
C-terminal tail bound to the head.
Activation of PIP(5) kinase by Rho
elevates PIP2, which induces a con-
formational change in vinculin, ex-
posing binding sites for talin and ac-
tin. These promote the assembly of
focal adhesions.36 Modified from
Gilmore AP. Nature 1996;l 381:
531-535.
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with Ca2+ and phospholipid as well as synaptotagmin, the rabphilin-3A/!-actinin complex
may be involved in the Ca2+-and phospholipid-dependent neurotransmitter release. Other
evidence for the interaction of !-actinin with protein kinase N (PKN), one of the target
molecules of Rho kinase, has also been reported.45 This interaction occurs in a PIP2-depen-
dent manner, while PIP2 has been reported to directly affect the kinase activity of PKN in
vitro. Although these data are very complicated, they all suggest that a Rho kinase (Rab3/
rabphilin-3A)/PIP2/Ca2+/!-actinin system may be essential not only for the rearrangement
of actin cytoskeleton on cell activation, but also for the exocytosis of neurotransmitters.
Alternatively this regulation system seems to be a more common phenomenon in Ca2+-
sensitive proteins. Therefore, one possible speculative role of inositolphospholipid is to bring
these cellular modulators to the membrane or to their respective ligands as cluster core
molecules, and to regulate these interactions by Ca2+ or lowering the Ca2+-dependency of
Ca2+-sensitive proteins.
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CHAPTER 9

Tumor Suppressive Function
of Gelsolin
Noboru Kuzumaki, Hisakazu Fujita, Motoyoshi Tanaka,
Norio Sakai and Makoto Ohtsu

Introduction

Actin regulatoryproteins play important roles in the morphology and motility of cells. An
F-actin severing/capping protein, gelsolin, which was first isolated from rabbit lung mac-

rophages as a modulator of the cytoplasmic actin gel-sol transformation by Yin and Stossel
in 1979,1 can be found in almost all mammalian organs.2 The molecular weight of gelsolin
is about 90 kDa, and there are two isoforms of gelsolin, i.e., the cytoplasm and plasma
gelsolins.3 Gelsolin has three functions for regulating the size of the actin filament: (1) sev-
ering the actin filaments (2) nucleating to induce actin polymerization and (3) blocking
growth of actin filaments at the barbed ends.4 These functions are regulated by calcium ions
or protons positively, and polyphosphoinositides, especially phosphatidylinositol
4,5-bisphosphate (PIP2) negatively.5 Recently, several reports have suggested that PIP2/ac-
tin-binding proteins such as profilin, gelsolin, CapG (gCap39), and cofilin are involved in
cellular signal transduction.6-9

Mutant Gelsolin and Tumor Suppression
Malignant transformation is now regarded widely as a multistep process involving al-

terations at several gene loci. Activation of oncogenes and/or functional loss of tumor-sup-
pressor genes are thought to play key roles widely. As an approach to elucidate mechanisms
underlying the suppression of malignant transformation, we characterized two flat rever-
tant cell lines, R1 and R2. Both of the flat revertants were isolated from human activated
c-Ha-ras-1 (hu-ac-Ha-ras) gene-transformed NIH 3T3 cells (EJ-NIH 3T3) treated with a
mutagen, ethyl methanesulfonate. R1 contained unchanged transfected hu-ac-Ha-ras DNA
and expressed high levels of hu-ac-Ha-ras mRNA and protein.10 Transfection experiments
revealed that NIH 3T3 cells could be transformed by high molecular weight genomic DNA
from R1 cells, but R1 cells could not be retransformed by Kirsten sarcoma virus, DNA from
EJ-NIH 3T3 cells, hu-ac-Ha-ras, v-src, v-mos, simian virus 40 large T antigen or polyomavirus
middle T antigen. Somatic cell hybridization studies showed that R1 was not retransformed
by fusion with NIH 3T3 cells, and suppressed anchorage independence of EJ-NIH 3T3 and
hu-ac-Ha-ras gene-transformed rat W31 cells in soft agar. These results suggest that the
phenotypic reversion of R1 and its resistance to several oncogenes is due not to the loss of
positively acting transforming factors but rather to enhanced production of proteins that
suppress oncogenic transformation.10 R2 cells had reduced colony forming ability and
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tumorigenicity in syngeneic mice as well, but the degree of the reduction was lower than
that in R1 cells.

Many cancer cells display quantitative and/or qualitative alterations of cytoskeletal com-
ponents.11-13 The downregulation of smooth-muscle !-actin expression is a transforma-
tion-sensitive marker in rodent fibroblasts.14 Considering gelsolin’s role as an actin regula-
tory protein, we have investigated the steady-state levels of !-actin and gelsolin mRNA in
R1 cells in comparison with those of EJ-NIH/3T3, NIH/3T3 and R2 cell lines.15 The expres-
sion of !-actin mRNA was restored in R1 cells to the level seen in NIH/3T3 cells. In R2 and
EJ-NIH/3T3 cell lines, no !-actin transcript was detected. Southern blot analysis gave nei-
ther signs of gross rearrangements nor amplification of the gelsolin gene. Gelsolin mRNA
expression was highest in R1 cells, intermediate in R2 and NIH/3T3 cells, and low in
EJ-NIH/3T3 cells. Restoration of !-actin expression and high levels of gelsolin expression
may be associated with the acquisition of flat morphology and an ordered cell growth pat-
tern, which imply loss of tumorigenicity of R1 cells.

In order to further investigate the changes in protein expression accompanying the
reversion of transformed cells, we have analyzed polypeptide patterns in the mouse embryo
fibroblast NIH/3T3 cell line, EJ-NIH/3T3 cells, and the two flat revertant cell lines, R1 and
R2, by two-dimensional gel electrophoresis.16 Common alterations of polypeptide patterns
were observed in the two revertants compared with NIH/3T3 and EJ-NIH/3T3 cells. One
polypeptide, p92-5.7, appeared as a newly detected spot in the two revertants. Moreover, the
expression level of p92-5.7, judged by visual assessment, seems to be correlated with the
morphology and reduced tumorigenicity of R1 and R2 cells. This stems from the fact that
p92-5.7 was relatively highly expressed in R1 cells which completely lost their malignant
phenotypes, such as colony-forming ability in soft agar and tumorigenicity in syngeneic
newborn or adult NIH Swiss mice, despite the expression of activated c-Ha-ras (EJ-ras).10

On the other hand, p92-5.7 had a relatively low level of expression in R2 cells that had
partially lost malignant phenotypes. Briefly, R2 cells have about 50% of the colony-forming
ability in soft agar and tumorigenicity in syngeneic newborn NIH Swiss mice seen in
EJ-NIH/3T3 cells. The amounts of p92-5.7 were confirmed by densitometric analysis. Fur-
thermore, we analyzed the total proteins extracted from BALB/3T3 cells or NIH Swiss mouse
primary embryo fibroblasts, normal rat cell lines, NRK and L6, by two-dimensional gel
electrophoresis. The p92-5.7 spot could not be detected in these cell extracts. Fey et al re-
ported the catalog of polypeptides from secondary mouse kidney fibroblasts.16 Although
we compared the two-dimensional electrophoretograms of R1 cells and secondary mouse
kidney fibroblasts, we could not identify p92-5.7 in the two-dimensional electrophoreto-
gram of the latter. Therefore, it is conceivable that the expression of p92-5.7, which is spe-
cifically detected in the revertants, is associated, at least in part, with the cause of the rever-
sion of R1 and R2 cells rather than as a secondary consequence of the reversion.

Western blot analysis demonstrated that p92-5.7, in addition to the wild-type gelsolins
(more acidic compared with p92-5.7), were stained with an anti-gelsolin antibody.16 The
p92-5.7 spot, hence, may be a variant form of gelsolin or a gelsolin-like protein with shared
antigenic epitopes. There are several possibilities to explain why p92-5.7 has a different pI
value compared to wild-type gelsolins: (1) mutation of the wild-type gelsolin gene; (2) the
expression of an unknown gelsolin isoform coding for p92-5.7 or a gelsolin-like protein;
(3) a post-translational modification of wild-type gelsolin. To clone the cDNA encoding a
variant form of gelsolin (p92-5.7), clones from an unamplified cDNA library of R1 cells
were screened with a human gelsolin cDNA probe. We then determined and compared the
nucleotide sequences of the clones which showed inserts of full-length murine gelsolin cDNA.
Within the coding region, we detected only one difference between nucleotides.17 A cy-
tosine in the second position of codon 321 in a wild-type clone was replaced by an adenine
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in the clones, thus causing an amino acid change from proline to histidine. We called this
variant gene His321 (Fig. 9.1). These sequencing results agree with the in vitro transcrip-
tion-translation data. Furthermore, the change from the neutral amino acid proline to the
basic amino acid histidine could explain the altered mobility and the more basic isoelectric
point (PI) of His321 gelsolin, as compared with the wild-type gelsolin protein in two-di-
mensional gels. In order to understand the role of His321 gelsolin in reversion of ras-trans-
formed cells, cDNAs encoding His321 gelsolin or human wild-type gelsolin as a control
were transfected into EJ-NIH3T3 cells. All the transfectants that produced His321 gelsolin
and one of three transfectants that produced human wild-type gelsolin either lost or re-
duced tumorigenicity in syngeneic mice. These results demonstrate that His321 mutated
gelsolin can suppress a ras-induced murine tumor and suggest that wild-type gelsolin, if
expressed at increased levels, may have a similar suppressive potential. From our data, we
propose an important role for gelsolin in the cell signal transduction pathways that involve
the mammalian ras protooncogene.

Wild-Type Gelsolin and Tumor Suppression
Variations in gelsolin expression have been associated with major cytoskeletal changes

that occur during carcinogenesis and differentiation. For example, gelsolin was undetect-
able, or barely detectable, in murine fibroblasts transformed by the H-ras oncogene and in
undifferentiated embryonal carcinoma cell lines.15,18 Gelsolin is one of most prominently
downregulated polypeptides in several simian virus 40 (SV40)-transformed cell lines19 and
diminished gelsolin expression has been documented in invasive human mammary tumor
cells compared with normal breast ductal epithelium.20 On the other hand, when murine
L929 cells were exposed to dexamethasone, synthesis of gelsolin was induced and the cells
acquired a flat morphology.21 Levels of gelsolin mRNA and protein also increase during the
differentiation of murine embryonal carcinoma cells.18 An increase in gelsolin mRNA and
protein levels has been found to accompany the tetradecanoyl-phorbolacetate(TPA)-induced
differentiation of human myelogenic leukemia cell lines into macrophage-like cells.22 These
observations suggest that an increase in gelsolin is strongly correlated to the differentiation
of embryonal and myeloid cells, and may contribute to the differentiation process.

We have examined the expression of gelsolin in human gastric and colon cancer cell
lines and tissues compared with normal tissues, using Western blot analysis with a mono-
clonal anti-gelsolin antibody. The production of gelsolin was notably reduced in 7 out of 8
gastric carcinoma cell lines23 in 4 of 7 colon cell lines and in 9 of the 15 colon cancer tis-
sues.24 Furthermore, upon the introduction of the exogenous human wild-type gelsolin
cDNA into a human colon cancer cell line, the gelsolin transfectants greatly reduced in vivo
both the cancer’s colony-forming ability and its tumorigenicity. These results confirm that
gelsolin plays a key role as a tumor suppressor of carcinogenesis in human gastric and colon
tumors.

A loss of chromosome 9, especially allelic losses of chromosome 9q, on which the gelsolin
gene is located25 is one of the most frequent genetic alterations in low-grade, low-stage
bladder cancers.26-28 The inactivation of putative tumor suppressor genes on chromosome
9q may lead to abnormal uroepithelial proliferation and differentiation in the early stages
of bladder carcinogenesis, but the presence of tumor suppressor genes on chromosome 9q
has not yet been determined. We examined the expression of gelsolin in a number of hu-
man bladder cancer cell lines and tissues. In all 6 cell lines and in 14 of the 18 tumor tissues
(77.8%), gelsolin expression was undetectable or extremely low in comparison with its ex-
pression in normal bladder epithelial cells.29 Furthermore, upon the introduction of the
exogenous human or mouse wild-type gelsolin cDNA into a human bladder cancer cell line,
gelsolin transfectants greatly reduced the colony-forming ability and the tumorigenicity in
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vivo. These results also suggest the idea that gelsolin plays a key role as a tumor suppressor
in human urinary bladder carcinogenesis.

To investigate the in vivo efficacy of gene therapy with the gelsolin gene, we tested the
effects of adding retroviral vector constructs containing gelsolin cDNA on human urinary
bladder cancer cells (UMUC-2 or DAB-1) that were previously inoculated into nude mice.30

We used retroviral packaging cells that produce the same retroviral DNA constructs at high
levels. This gelsolin-treatment resulted in marked and reproducible tumor growth inhibi-
tion and prolonged survival time in the majority of animals tested. Sections taken from
injection sites 10 days after grafting of producer cells showed many gelsolin-positive cells,
suggesting that successful gene transfer had occurred in vivo. Tissue contained a markedly
lower number of tumor cells. Fibroblastic proliferation with collagen fibers and mononuclear
cell infiltration were also seen.

It has also been reported that chromosome 9q is frequently deleted in nonsmall cell
lung cancers (NSCLCs).31 Dosaka-Akita et al examined gelsolin expression in surgically
resected NSCLCs by immunohistochemistry and found its reduced or undetectable levels
in 51 of 91 NSCLCs (56%) compared with normal bronchial epithelial cells.32 Gelsolin pro-
tein and RNA were also absent or markedly reduced in human breast cancer cell lines rela-
tive to mortal human mammary epithelial cells and benign, immortalized cell lines.33 Gelsolin
was also missing or greatly decreased in 70% of 30 human sporadic, invasive breast carcino-
mas examined by immunocytochemistry and in 100% of virally induced mouse and chemi-
cally induced rat mammary carcinomas as evaluated by Northern analysis.

All these findings suggest that partial or total loss of gelsolin expression is involved in
the development of gastric, colon, urinary bladder, lung and breast cancers as one of the
early events that occur during carcinogenesis, and that gelsolin may function as a tumor
suppressor under these conditions (Table 9.1).

How Does Gelsolin Suppress Tumor Growth?
Several reports have suggested that actin regulatory proteins may be involved in intra-

cellular signal transduction associated with phosphoinositide. Profilin competes efficiently
with phosphoinositide-specific phospholipase C (PI-PLC) for interaction with the PIP2 sub-
strate and this protein thereby inhibits PIP2 hydrolysis.34 Phosphorylation of PLC-# by the
EGF receptor tyrosine kinase overcomes the inhibitory effect of profilin and results in the
effective activation of PLC-#.35 Wild-type gelsolin inhibits the PIP2 hydrolysis by the human
platelet-derived PLC-# and PLC-+ in vitro.36 PLC-# is the downstream mediator of both the
EGF receptor’s and the PDGF receptor’s mitogenic signals.37

To investigate the functions of the mutated gelsolin His321 in mouse fibroblasts, we
transfected His321 cDNA into NIH/3T3 cells and examined the effects on actin fibers, and
on DNA synthesis after stimulation by growth factors.38 Rhodamine-phalloidin staining

Fig. 9.1. Domain structure of mu-
tant gelsolin His321.
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revealed that two NIH/3T3 clones expressing His321 form organized actin stress fibers. The
cell growth of these clones is inhibited in liquid mediums that contain both 5 and 10%
serum. The doubling times of the transfectants were about 10 h longer than those of the
control cell lines. The altered action of mutated gelsolin on actin might be able to stabilize
the stress fibers, thereby interfering with the initiation of mitosis, which would lead in turn
to the lengthening of the doubling time. To investigate the effects of His321 on the signal
transduction pathway necessary for cell growth, we stimulated the cell lines by a platelet-
derived growth factor (PDGF) or the epidermal growth factor (EGF). Stimulation by PDGF
or EGF induced far less DNA synthesis in His321-transfectants than in neo gene-transfectants,
similar to results seen with whole serum.

The amino acid sequence of the gelsolin molecule has six homologous repeats, and
extensive studies involving proteolytic fragments and recombinant truncated gelsolin indi-
cate that the various functions of gelsolin and their regulation involve cooperative interac-
tion of the domains encoded by repeated sequences. These domains are conventionally des-
ignated as six repeated sequence segments G1-G6.39 The mutation identified in His321 is
located at a position in the middle of the sequence of segment 3 (G3). The CT28N frag-
ment, which corresponds to G2-G3, specifically binds to actin filaments, and this binding is
inhibited by polyphosphoinositides such as PIP2.40 Judging from the location of the muta-
tion, we might speculate that it is the interaction of His321 with actin filaments and/or PlP2

that is affected. An attractive working hypothesis is that, as in the case of profilin,35 His321
may bind PIP2 with increased affinity by amino acid substitution from proline to histidine
with a positive charge, thus blocking PIP2 hydrolysis by PLC in response to growth factor
stimulation. In fact, the most basic profilin isoform found in the Acanthameba has a much
higher affinity for PIP2 and inhibits its hydrolysis by PLC more strongly than the acidic
isoform.41 Although a breakdown of polyphosphoinositides is not always associated with
changes in the actin cytoskeleton,42 such a model is supported by the findings that (a) gelsolin
can inhibit PIP2 breakdown by PLC in vitro36 and (b) that suppression of PIP2 turnover by
microinjection of an anti-PIP2 antibody into ras transformed cells causes a reduction in
proliferation.43 The wild-type gelsolin protein may have transformation-suppressing activ-
ity by inhibiting PIP2 hydrolysis, and the mutation in His321 may strongly enhance this
activity. Alternatively, if the mutation impairs the severing activity of the protein, His321
gelsolin might be able to compete with wild-type gelsolin for binding to actin filaments and
thereby exert a stabilizing effect on the cytoskeleton; this would lead to tumor suppression.

To investigate the biochemical consequences of the amino acid substitution of His321,
we expressed the His321 gelsolin and wild-type gelsolin in Escherichia coli, purified them,
and analyzed their effects on actin, polyphosphoinositol lipids and PLC.44 His321 gelsolin
has decreased actin-filament-severing activity and increased nucleating activity compared
with wild-type gelsolin in vitro. Furthermore, compared to wild-type gelsolin both nucle-

Table 9.1. Reduced or diminished expression of gelsolin in various human cancers

Cancers Cell Lines Tissues References

Stomach 7/8 (88%) 23
Colon 4/7 (57%) 9/15 (60%) 24
Urinary bladder 6/6 (100%) 14/18 (78%) 29
Lung (Nonsmall) 12/12 (100%) 51/91 (56%) 32
Breast 5/5 (100%) 21/31 (70%) 33
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ation and severing by His321 gelsolin are inhibited more strongly by the phosphoinositol
lipids phosphatidylinositol 4-phosphate (PIP) and PIP2. In addition, # His321 gelsolin in-
hibits PIP2 hydrolysis by PLC-# more strongly than wild-type gelsolin in vitro because of its
higher binding capacity for phosphoinositol lipids.

Gelsolin segment 1 and 15 residues at the N-terminus of domain 2 are minimally re-
quired for actin-filament severing,45,46 but recent studies indicate that segment 3 which con-
tains the His321 mutation, may influence the affinity with which segment 2 binds to the
side of actin filaments.47,48 Chou-Fasmann analysis of the protein structure has shown a
reduced probability of formation of the ∀-turn structure in mutated gelsolin compared
with wild-type gelsolin by the amino acid substitution.17 This prediction allowed us to specu-
late that the activity of mutated gelsolin may be affected by this structural alteration. One
explanation for inhibition of severing by His321 gelsolin would be if the mutant gelsolin
binds actin monomers more readily than wild-type gelsolin, since once bound to a subunit,
the gelsolin-actin subunit complex loses severing activity. The findings that His321 gelsolin
has increased actin nucleation activity and loses severing activity more rapidly than wild-
type gelsolin in the presence of actin monomers are consistent with that mechanism.
Gelsolin’s nucleation activity involves segments 2 and as yet undetermined actin-binding
sites in segments 4-6. It is therefore conceivable that the alterations in tertiary structure
imposed by the proline-histidine change could facilitate the interactions of these segments
with actin subunits to promote nucleation at the expense of severing. The presence in a cell
of high levels of a gelsolin mutant with increased actin nucleation and diminished severing
activities might confer on the cell the ability to construct actin structures more efficiently in
the context of a condition, transformation, that ordinarily favors actin disassembly. Previ-
ous studies have revealed that mouse fibroblasts which overexpress wild-type gelsolin dis-
rupt actin stress fibers.49,50 In our present study, expression of His321 in NIH/3T3 cells
produced no visible actin fiber changes. This result may suggest that the severing activity of
the mutated gelsolin is less powerful than that of wild-type gelsolin in vivo.

The binding of polyphosphoinositol lipids by gelsolin appears to be mediated by spe-
cific short stretches of amino acids. Such sequences have been identified in segment 1 (resi-
dues 135-149) and the junction of segments 1 and 2 (residues 150-169).51 In addition, a
polyphosphoinositol lipid-binding site has been inferred to exist in segment 3, so that the
tighter binding of His321 gelsolin to polyphosphoinositol lipids could result from pertur-
bations by the mutation in that domain. Of the various differences between His321 gelsolin
and wild-type gelsolin, the most compelling, with respect to transformation, is tighter binding
of polyphosphoinositol lipids, since this class of lipids has been implicated in cell growth
and transformation.52 Consistent with tighter binding to the substrate of PLC-#, # His321
gelsolin has greater inhibitory action against this enzyme. Western and Northern blot ana-
lyzes of phosphoinositide-specific PLCs revealed elevated expression of PLC-# 1 at both the
protein and mRNA levels in most colorectal carcinomas when compared with paired adja-
cent normal mucosa samples.53,54 These findings imply that PLC-# 1 may play an important
role in the proliferation of colorectal carcinoma cells and that gelsolin overexpression in-
hibits the function of PLC-# 1 in colon cancer cells and leads to the suppression of the
malignant phenotype.

Accumulated evidence indicates that actin-regulatory proteins can have tumor sup-
pressive functions. For example, several transformed fibroblast and epithelial cell lines have
been found to express reduced, or undetectable levels of vinculin or !-actinin. In addition,
the overexpression of vinculin, !-actinin, or tropomyosin can suppress the tumorigenic
and malignant metastatic ability of cells.55-57 The F-actin capping protein NF2/Merlin has
an anti-ras function, and is closely related to ezrin, radixin and moesin, members of the
ERM family, which link the actin-cytoskeleton and the cell membrane.58 Mutations of the



127Tumor Suppressive Function of Gelsolin

NF2 tumor suppressor gene in neurofibromatosis 2 patients generate truncated, inactive or
dominant negative mutants.59 The facts that vinculin, !-actinin, ERM and gelsolin have
both tumor-suppressive29,55,56,58,60 and phosphoinositides-binding activities51,61-63 in com-
mon suggest that their actin-PIP2-binding activity is responsible for their tumor suppres-
sive function (Table 9.2).

In support of the idea that structural proteins can play roles in tumorigenesis, the Droso-
phila lethal2 giant larvae tumor suppressor is a myosin II-binding protein.64 Su et al have
also identified two cellular proteins that associate with APC as the E-cadherin-associated
proteins !- and ∀-catenin.65 Some of the human colon carcinoma cell clones transfected by
a full-length, wild-type APC gene suppressed tumorigenicity when grown in soft agar and
prevented tumor formation in nude mice.66 The DCC gene encodes a neural cell adhesion-
like molecule that is a transmembrane protein.67 A full-length DCC gene suppressed the
tumorigenicity of nitrosomethylurea (NMU), transformed tumorigenic HPV-immortal-
ized human epithelial cells that underwent allelic loss and reduced expression of DCC.68

Syndecans, which are integral membrane proteoglycans, can suppress malignant growth,
stimulate actin polymerization, and induce epithelioid morphology in mouse mammary
tumor cells.69 Human colon cancer cells stably transfected with decorin, which is a leucine-
rich proteoglycan cDNA, exhibit a marked suppression of the transformed phenotype.70 All
these results suggest an important link between the cytoskeleton, cell adhesion and tumor
growth suppression.

Recently, we also found out that gelsolin transfectants were significantly radioresistant
compared with their parent cells or control clones transfected with the neo gene alone.71 To
understand the different resistance to DNA damage by UVC-irradiation between gelsolin-
and neo-transfectants, we compared the cell cycle responses of transfectants by measuring
the DNA content of S-phase synchronized cells by flow cytometry. Human urinary bladder
cancer cells overexpressing gelsolin demonstrated an accumulation of cells in G2 and/or a
protracted delay in G2 phase as compared to neo-transfected cells. Continuous treatment
with caffeine, an agent that relieves the G2 delay, prevented the accumulation of cells in G2
phase, when given immediately after UVC-irradiation. Synchronized and neo-transfected-
UMUC-2 cells showed the highest expression of cyclin B1 after 12 hours which rapidly fell,
coincident with the completion of mitosis. However, the highest expression levels of cyclin
B1 in gelsolin-overexpressing-UMUC-2 cells was delayed until 24 hours, and this cyclin was
not degraded for this period. The activity of cdk1 (Histone 1) kinase in the neo-transfectants
decreased after 20 hours, while gelsolin transfected-UMUC-2 cell cdk1 activity remained
high during the G2 delay. These findings suggest that gelsolin may downregulate cdk1 ki-
nase activation through a mechanism that affects the formation of cdk1/cyclin B1 com-
plexes and that gelsolin may affect the G2 checkpoint function of cells, leading to growth
suppression of various human tumors.

Table 9.2. Tumor suppressive function of actin-regulatory proteins with PIP2

binding activity

Proteins PIP2 Binding Tumor Suppression References

vinculin + + 61,55
!-actinin + + 62,56
gelsolin + + 51,29
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In searching for a common mediator elicited by the action of gelsolin, we compared
the time course and the degree of production of diacylglycerol (DAG) in human urinary
bladder cancer cells.71 We observed a transient increase of DAG which activates protein
kinase C in neo-transfectants, but not in gelsolin-transfectants. The time course of DAG
accumulation is reported to be biphasic.72 The two phases of DAG are due to the initial
formation within one minute from PIP2 via PI-PLC, and then PC via phospholipase D (PLD)
and PAP (phosphatidate phosphohydrolase). Judging from the time course, our profile of
DAG could indicate a reduced function of PLD. Recent studies indicate that PLD activities
require the lipid cofactor PIP2.73 Interaction of gelsolin and PLD was also shown by Steed.74

All these results indicate that gelsolin could inhibit not only the function of PLC but also
that of PLD through this phosphoinositol lipid metabolism, and regulate the G2 check-
point function of cancer cells.

There are several reports describing that protease inhibitors induce cell cycle alteration
and have tumor suppressive function. Inhibitors of the chymotrypsin-like proteinase and
trypsin induce arrest in G2-phase and in metaphase of HeLa cells.75,76 In addition, cysteine
protease inhibitors (for example stefin) are thought to have tumor suppressive properties,77

and inhibition of ICE (IL-1∀ converting enzyme) suppresses AML blast proliferation.78 We
have recently found that activity of a protease, caspase 3 which plays an important role in
apoptosis, was inhibited in a gelsolin-overexpressing human T-cell lymphoma cell line.79

All these findings suggest that the function of gelsolin as a protease inhibitor is also related
to the G2 extra-delay and tumor suppression induced by gelsolin.

Conclusion
We have shown that both mutant gelsolin His321 and human wild-type gelsolin, have

a suppressive potential against the tumorigenicity of mouse ras-transformed cells
(EJ-NIH/3T3). His321 inhibited PIP2 hydrolysis by PLC-# more strongly in vitro than did
wild-type gelsolin because of its higher binding capacity to phosphoinositide. We have also
demonstrated that the production of gelsolin was either lost or notably reduced in human
gastric, colon, urinary bladder, and lung cancers. The gelsolin-overexpressing colon and
urinary bladder cancer cells lost their tumorigenicity in nude mice. Gelsolin plays a key role
as a tumor suppressor by regulating a G2 checkpoint function of cancer cells through
phosphoinositol lipid and/or cysteine protease metabolism. The studies described demon-
strate the potential of gene therapy using the gelsolin tumor suppressor in human urinary
bladder carcinomas.
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CHAPTER 10

PIP2: A Protooncogenic Phospholipid
Hiroshi Maruta

Introduction: My Personal Link to Actin-Cytoskeleton,
G Proteins and Cancer

In the summer of 1974 at Cold Spring Harbor Symposium, Klaus Weber and his colleagues
reported1 that actin stress fibers or cables rapidly disappear when normal fibroblasts (Swiss

or Balb/c 3T3 cells or rat embryo REF cells) are transformed with SV40 virus (MSV). The
impact that his talk created was tremendous, in particular on me. Like muscle fibers,
nonmuscle actin-cytoskeleton (microfilament) is a complex of actomyosin (actin filament
and myosin ATPases) and many other actin/myosin-binding proteins (AMBs). A few months
later, hoping to find a molecular link(s) between actin-cytoskeleton and cancer sometime
in the future, I joined Ed Korn’s lab at NIH to start our very basic, biochemical study on
myosin ATPases and other actin-binding proteins isolated from a soil ameba called
Acanthameba. The reason why we chose this unique ameba as a protein source was very
simple: at that time this ameba was the only eukaryotic nonmuscle cell source that could be
grown in a huge scale in an axenic culture medium so that we can identify, purify and
characterize myosins, AMBs or other proteins efficiently without any contamination of bac-
terial proteins, and no one was aware then that yeast also contains actin, myosins and AMBs.
Although our biochemical study on the Ameba myosins and AMBs was apparently very
remote from cancer research, we established the first foundation for biochemistry of
nonmuscle myosin ATPases and AMBs from Acanthameba which were found later in most
of mammalian nonmuscle cells, and even human cancer cells.

My major contribution to the Acanthameba actin-cytoskeleton study (1974-1980) was
to establish that (i) this single ameba contains at least two distinct groups of myosins called
myosin I (single-headed) and myosin II (double-headed), (ii) the actin-activation of all
three myosin I Mg2+ ATPases (A, B and C) requires a specific phosphorylation of each myo-
sin heavy chain by a unique Ser/Thr kinase called MIHCK, and (iii) their ATPase activity
resides solely in their heavy chain.2-4 Subsequent cloning of cDNAs for these myosin I heavy
chains has revealed that all these myosin I ATPases contain the SH3 domains at the C-termini.5

As discussed in detail later, a novel F-actin binding/ PIP2-binding tumor suppressor called
HS1 and its related protein EMS1/cortactin share 50% sequence identity with these myosin
I ATPases in the C-terminal SH3 domains.6 Furthermore, recent cloning of the MIHCK
from another ameba called Dictyostelium has revealed that MIHCK is closely related to the
mammalian CDC42/Rac-activated Ser/Thr kinase PAK, and it is indeed activated by both
CDC42 and Rac GTPases.7 Realization of the direct link between this myosin I heavy chain
kinase and these Rho family GTPases took nearly two decades. For detail of MIHCK/ PAK
family, see the preceding chapter by John Hammer and Graham Cote.
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Unfortunately, genetic analysis of these proteins’ physiological function in Acanthameba
is very difficult as no haploidal cell line of this ameba is available. Thus, I then decided to
switch my subject to the slime molds called Dictyostelium and Physarum with which ge-
netic manipulation of genes encoding these actin-cytoskeletal proteins is possible, and worked
at Max-Planck-Institute in Martinsried near Munich (l980-1984). My major contribution
there was to establish that (i) fragmin, a Ca2+-dependent F-actin severing protein from
Physarum, acts as an F-actin plus-end capper when it forms a stable 1:1 complex with actin
monomer (G-actin) in a Ca2+-dependent manner, and that (ii) its capper activity is regu-
lated by a specific phosphorylation of G-actin in the complex.8-10 As discussed in detail by
Helen Yin and her colleagues (chapter 2), fragmin is a prototype of the first mammalian
Ca2+-dependent F-actin severer called gelsolin which, unlike fragmin, contains a pair of
actin-binding domains.10,11 Furthermore, as discussed in detail by Noboru Kuzumaki and
his colleagues (chapter 9), a mutant of gelsolin which caps the F-actin plus-end and also
binds PIP2 turns out to be a tumor suppressor that blocks oncogenic action of Ras mu-
tants.12 However, it still remains to be determined whether either F-actin capping/severing
or PIP2-binding or both are required for its anti-Ras action.

In the fall of 1987, another great impact was stirred by Frank McCormick and his col-
league. They reported that the oncogenic Ras mutants are no longer susceptible to the ac-
tion of Ras GAPs that attenuate the mitogenic signaling of the normal Ras GTPases.13 Then
I realized the time was just ripe for me to tackle the oncogenic Ras directly, and decided to
switch swiftly my major subject to Ras in mammalian cells. I crossed the equator to join the
Melbourne Branch of Ludwig Institute for Cancer Research. However, this sudden change
in the field was not so drastic as it sounds. For I spent a few years at both Max-Planck-
Institute and Yale University to work on the cytoskeletal GTPases called !- and ∀-tubulins/
microtubules,14,15 and at University of California (San Diego) to work on Dictyostelium Ras
genes. As discussed in chapter 11, the “ultimate” goal of our Ras research has been (and still
is) to design/ create the “Super GAP”, a special Ras GAP mutant or drug, that can stimulate
the intrinsic GTPase activity of these oncogenic Ras mutants, thereby converting the Ras
mutants to the inactive GDP-bound forms. A decade ago, many people used to call this task
a “mission impossible”. However, since the 3D structure of a Ras GAP complex has been
determined this year as discussed in detail by Klaus Scheffzek and Fred Wittinghofer (chap-
ter 13), the “impossible” has begun to look like a “possible” at least in a few experts’ eyes...

The major contribution of my group to the Ras field during the last several years were
(i) the structure-function relationship study on Ras GAPs and other effectors of Ras, in
particular the tumor suppressor NF1 and the effector Raf through the site-directed muta-
tional analysis, and (ii) the development of several distinct anti-Ras tumor suppressors in-
cluding the short Ras-binding fragments of NF1 and Raf16,17 as well as cytoskeletal tumor
suppressors including NF2/Merlin, the plus-end F-actin cappers (tensin and cytochalasins),
the PIP2-binders (HS1 and cofilin mutants) and the large GTPase p190-A.18-21

Finally our recent work on HS1 and EMS1, F-actin cross-linking SH3 proteins, led us
to a surprise discovery of the first clue to our understanding of how Ras causes a dramatic
change in actin-cytoskeleton during malignant transformation, without any suppression of
genes encoding myosins or other components of actin-cytoskeleton. PIP2, which is over-
produced upon Ras-transformation, blocks the EMS1-actomyosin II interaction by inhibit-
ing the F-actin cross-linking activity of EMS1. HS1 reverses Ras-induced malignancy, pre-
sumably by sequestering PIP2, restoring the ability of EMS1 to bind actomyosin II and
inducing the plus-end F-actin capping. In this chapter I will discuss mainly a few PIP2-
binding/F-actin capping tumor suppressors that block the oncogenic Ras/Rac pathways,
providing the first evidence supporting a new concept that PIP2 is a unique acidic phospho-
lipid of “oncogenic” potential. For details of two other PIP2-binding tumor suppressors



135PIP2: A Protooncogenic Phospholipid

(vinculin and !-actinin) that block the oncogenic action of SV40 virus, see the preceding
chapters 7 and 8.

Ras Signaling Network Controlling Actin-Cytoskeleton
Not only SV40 virus, but also a variety of oncogenes including Ras and Src cause the

dramatic changes in the actin-cytoskeleton of fibroblasts and epithelial cells.22 The previous
finding that Src requires Ras for oncogenic action indicates that Ras acts downstream of
Src.23 Both Ras and Src downregulate the expression of fibronectin,24,25 and a specific
fibronectin-integrin (!5) interaction is required for actin stress fiber formation.26 Thus,
suppression of fibronectin gene appears to be one of the Ras/Src pathways that lead to the
disruption of stress fibers upon malignant transformation. At least two distinct drugs,
azatyrosine and oxamflatin, that reverse Ras-transformation can reactivate fibronectin
gene.24,27 However, how Ras/Src suppress this gene still remains to be determined. More-
over, it was also shown previously that (i) both Ras and SV40 virus downregulate several
other genes encoding F-actin binding proteins such as !-actinin, vinculin and gelsolin which
are associated with stress fibers or focal adhesion plagues where cells adhere to the substra-
tum,28 and that (ii) overexpression of these genes suppresses SV40/Ras-induced malig-
nancy.12,29,30 These findings indicate that these F-actin binding proteins play the critical role
in both the formation of actin stress fibers/focal adhesions and prevention of normal cells
from malignant transformation. However, how Ras/ SV40 downregulates these genes, and
how overexpression of one of these AMBs alone is sufficient to block the oncogenic action
of Ras or SV40 virus still remain in a big mystery. We have demonstrated that the N-termi-
nal SH2/SH3/SH2 domain of GAP1, a Ras GAP of 120 kDa, is capable of transforming the
normal NIH 3T3 cells, indicating that GAP1 is an oncogenic effector of Ras.31 Furthermore,
the N-terminal domain of GAP1 disrupts the actin stress fibers and cell adhesion to
fibronectin.32 However, how this domain causes the disassembly of the actin cytoskeleton
still remains basically unknown. At least the involvement of Tyr-phosphorylated p190-A
which binds the SH2 domains of GAP1 has been excluded, simply because we found that
p190-A is an anti-Ras tumor suppressor, reverting Ras-transformed NIH 3T3 cells to flat
fibroblasts which show massive stress fibers.21 Shortly after microinjection of oncogenic Ras
mutants into normal fibroblasts, a rapid disruption of the stress fibers takes place and is
followed by induction of membrane ruffling.33 These observations clearly indicate that Ras-
induced suppression of the AMB genes is not absolutely required for the rapid changes in
actin-cytoskeleton. How does Ras cause such a re-arrangement of actin-cytoskeleton?

The recent finding that oncogenic Ras mutants require both Rac and Raf for their
oncogenicity indicates that both Rac and Raf act downstream of Ras.17,34,35 Although onco-
genic mutants of Raf such as v-Raf cause a significant change in actin cytoskeleton organi-
zation, the pathway responsible for this change still remains unknown. However, it does not
appear to involve RhoB at least, because unlike Ras-induced cytoskeletal transformation,
Raf-induced transformation cannot be reversed by farnesyltransferase inhibitors which block
the farnesylation of both RhoB and Ras.36 Unlike other Rho GTPases which are required for
stress fiber formation,37 RhoB appears to be involved in the disassembly of stress fibers.36

An oncogenic mutant (V12) of Rac induces membrane ruffling and a few other changes in
actin-cytoskeleton.38 A constitutively active mutant of PAK, a Rac/CDC42-activated Ser/
Thr kinase, causes a disruption of stress fibers in the same manner as do the oncogenic Rac
mutants.39 These observations indicate that the PAK pathway is involved in the disassembly
of stress fibers. However, the substrate of PAK that is responsible for the regulation of stress
fiber formation has not been identified as yet. As discussed in detail by Chandra Kumar
(chapter 20), the drug SCH51344 which reverses Ras transformation can block
Ras/Rac-induced membrane ruffling, but not the JNK activation by Ras/Rac.40,41 These
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observations suggest the critical role of RhoB/Rac-induced disruption of stress fibers and
Ras/Rac-dependent induction of membrane ruffling in Ras-induced transformation. A novel
Rac-binding protein called POR1 appears to be responsible for membrane ruffling.42 How-
ever, how POR1 induces membrane ruffling still remains to be clarified. Interestingly, as
discussed in chapter 2, Rac induces uncapping of actin filaments (F-actin) at the plus-ends
by activating PI-4/PI-5 kinases which produce PIP2.43

Cytoskeletal Tumor Suppressors
The critical question is then whether the plus-end uncapping of F-actin is essential for

the oncogenicity of Ras/Rac, or whether the plus-end capping is sufficient for suppressing
the Ras/Rac-induced malignant transformation. Since gelsolin mutant caps the plus-ends
of actin filaments and binds PIP2, it is conceivable that the gelsolin could exert its anti-Ras
tumor suppressor action by both capping the plus-ends directly and sequestering PIP2, which
is essential for Ras/Rac-induced uncapping. However, since gelsolin has at least an addi-
tional unique biological activity, that is to say, F-actin severing activity, it is not clear as yet
which function of gelsolin actually contributes to its anti-tumor action. Besides, so far no
experimental evidence has been provided indicating that its actin-binding is essential for
the anti-Ras action of the gelsolin mutant.

To clarify these two points, and further understand the molecular mechanism underly-
ing the tumor suppression by actin-binding proteins, we have investigated the possible anti-
Ras suppressor activity of functionally much simpler molecules which have no F-actin sev-
ering activity.

NF2/Merlin
One of such molecules is NF2/Merlin of 595 amino acids which shares more than 50%

sequence identity with the plus-end capper radixin.44,45 In fact, like radixin, NF2 is colocalized
with the actin-contractile ring during mitosis, and the cell-cell adhesion site. In addition,
NF2 is localized in leading edges and membrane ruffles as well as cell/substratum adhe-
sions, but not associated with stress fibers of fibroblasts.46,47 NF2 belongs to an actin-bind-
ing protein family called ERM which includes ezrin, radixin and moesin, and binds a hyalu-
ronate-receptor called CD44 in a Rho-dependent manner.48 CD44 splice variants are
responsible for metastasis of pancreatic cancers and many other carcinomas.49 Dysfunction
or deletion of NF2 is tightly associated with neurofibromatosis type 2, the development of
CNS tumors including schwannomas and meningiomas. Since dysfunction or deletion of
NF1 also causes the development of schwannomas, and the Ras-binding fragments of NF1
reverse Ras-induced malignant transformation,16,17 it is quite conceivable that NF2 is also a
good candidate tumor suppressor that blocks oncogenic Ras signaling. As discussed in de-
tail later, NF2 binds F-actin, but unlike gelsolin, it does not sever F-actin. Thus, we have
overexpressed the full-length NF2, its N-terminal half (NF2-N, residues 1-359) and C-ter-
minal half (NF2-C, residues 354-595) in v-Ha-Ras-transformed NIH 3T3 cells, and found
that either NF2-N or NF2-C alone suppresses Ras-induced malignant transformation, but
the anti-Ras tumor suppressor activity of the full-length NF2 is significantly higher than
that of either NF2-N or NF2-C alone.18 These observations indicate that (i) the F-actin
binder NF2 is indeed able to suppress Ras transformation without severing F-actin, and
that (ii) it contains at least two separable tumor suppressor domains, i.e., the N- and
C-terminal halves. It should be noted that the expression level of endogenous NF2 is not
suppressed by Ras.18 This is a sharp contrast to the expression levels of the three cytoskeletal
tumor suppressors (!-actinin, vinculin and gelsolin) which are markedly reduced by Ras or
SV40 virus as discussed before. How do these two distinct NF2 domains independently
block the oncogenic Ras signaling?
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The N-terminal half of NF2 is responsible for its binding to CD44 as are the corre-
sponding domains of other ERM family proteins.48 Recently the N-terminal half of ezrin
(residues 1-333) alone was shown to bind F-actin, although the full-length ezrin requires at
least both the C-terminal residues (534-586) and the N-terminal residues13-30 for its bind-
ing to F-actin.50 We have also found that the NF2-N alone is able to bind F-actin.18 Cur-
rently, using a series of deletion mutants of NF2, we are identifying the F-actin binding
motifs in the NF2-N in an attempt to determine whether the F-actin binding is essential for
the anti-Ras action. Furthermore, since the N-terminal F-actin binding domain of NF2
appears to be highly homologous to the corresponding domain of the F-actin capper radixin
and other EMR family proteins, it would be of great interest to determine whether NF2 is
also a plus-end F-actin capper or not. It has recently been revealed that the binding of the
three full-length ERM family proteins (ezrin, radixin and moesin) to CD44 depends on
either PIP2 or the Rho-GTP complex which activates a PIP2 producing enzyme, PI-5 kinase,
although their N-terminal halves alone are able to bind CD44 directly, without PIP2 or the
Rho-GTP complex, indicating that these three ERM family proteins are PIP2-binders, and
PIP2 unmasks their N-terminal CD44-binding domains by unfolding these molecules.48 We
recently found that at least the NF2-N binds PIP2 (Tikoo A, Maruta H, unpublished obser-
vation), and are currently identifying the PIP2-binding domain(s) of NF2 and other ERM
family proteins. It is conceivable that the PIP2-binding activity also contributes to the anti-
Ras action of NF2. Needless to say, it would be of great interest to see whether other three
ERM family proteins also display any tumor suppressor activity.

Interestingly, the NF2-C contains two overlapping Pro-rich motifs (residues 478-495)
which are supposed to bind the SH3 domain of a certain protein(s). A lymphoblastic cell
line called GUS5722 derived from a NF2 patient carries a NF2 mutant that lacks a 78 amino
acid segment (residues 447-524) which includes the Pro-rich motifs in the C-terminal half,44

suggesting that this missing segment of NF2-C plays a critical role in its tumor suppressor
activity. Thus, using a yeast two-hybrid system, we are currently identifying another bind-
ing partner(s) of NF2-C among the SH3 protein family. It would be of great interest to
examine whether an NF2-C mutant which lacks the Pro-rich motifs is still active as an anti-
Ras tumor suppressor. Disruption of NF2 gene (homozygosity) in mice (and the nematode
C. elegans) causes an embryonic lethality as does that of NF1,51 indicating that NF2 is in-
volved not only in the growth regulation, but also in the differentiation events of a certain
type(s) of cells during the embryogenesis of these animals.

Tensin
Like radixin, tensin is a plus-end F-actin capper.52 Chicken tensin is a large actin-bind-

ing protein of 1744 amino acids,53 and has an SH2 domain (residues 1471-1580) towards
the C-terminus that determines the localization in focal adhesion plaque.54 The tensin con-
tains three distinct actin-binding domains (I, II and III). The domain III (residues 888-989)
is responsible for capping the plus-end of actin filament.52 Two other actin-binding do-
mains I (residues 1-263) and II (residues 264-463) appear to bind the side of actin filament,
cross-linking actin filaments, but do not affect the kinetics of actin polymerization at all.52

We found that overexpression of full-length tensin from chicken strongly suppresses
v-Ha-Ras-induced malignant transformation.19 Again, the expression level of the endog-
enous tensin is not affected at all by Ras, indicating that like NF2, tensin blocks the onco-
genic Ras signaling by a novel mechanism. Which domains of tensin are involved in the
anti-oncogenic action? To see whether the plus-end capping domain III of tensin alone is
sufficient for its anti-Ras tumor suppressor activity, we are currently examining the effect of
this domain alone on Ras transformation. Interestingly, a novel candidate tumor suppres-
sor called P-TEN is not only a protein phosphatase, but also related to tensin in the
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domain I,55-55b suggesting the possibility that the domain I of tensin might also contribute
to the anti-oncogenicity of tensin. Needles to say, it would be of great interest to determine
whether P-TEN can also suppress Ras-induced malignancy. Mutations of P-TEN were fre-
quently found in prostate, brain and breast cancers.55,55a I recently realized that both the
chicken tensin domain I and P-TEN carry a similar “putative” PIP2-binding motif (tensin
residues 166-173, and P-TEN residues 123-130). In fact, we found recently that the tensin
domain I binds PIP2

19 and are currently testing the possible PIP2-binding activity of P-TEN.
Interestingly, mutations within this “putative” PIP2-binding motif of P-TEN have been shown
to abolish its protein phosphatase activity as well as PIP3 phosphatase acitivity.55c

Cofilin Mutants
Avri Ben-Ze’ev’s group first showed that overexpression of either vinculin or !-actinin

suppresses SV40-induced malignant transformation of NIH 3T3 cells.29,30 Although these
two F-actin cross-linking proteins do not cap the plus-ends of actin filaments, both not
only bind PIP2 but also their F-actin binding activity depends on PIP2.56-58 Thus, indirectly
they could block uncapping of the plus-ends of actin filaments by sequestering PIP2. Three
other cytoskeletal proteins, i.e., the gelsolin mutant, NF2 and tensin cap directly the plus-
ends, and bind PIP2.11,18,19 These findings altogether tend to lead us to a rather “provocative”
conclusion that if there is any common mechanism underlying the suppression of SV40/
Ras-induced malignant transformation by these five distinct F-actin binding proteins, it
must be either capping the plus-ends directly, or blocking the uncapping of the plus-ends
indirectly by sequestering PIP2.

To test this hypothesis, we examined a possible effect of two cofilin mutants which still
bind PIP2, but whose actin-binding is partially or completely impaired. Cofilin is an ubiqui-
tous phosphoprotein of 166 amino acids which is present in all eukaryotes from yeast to
human.59,60 Like gelsolin, cofilin is an F-actin severing protein, but its severing activity is
regulated by H+, instead of Ca2+.59 When cofilin is phosphorylated at Ser 3, it no longer
binds F-actin, and stays in either cytosol or nuclei.61 However, when it is dephosphorylated,
it is translocated into the plasma membrane area, forming ruffles, and is also associated
with actin-contractile ring during cytokinesis.61 Recently a Rac-dependent cofilin kinase
was identified as a member of the LIM kinase/Kiz-1 family (refs. 62, 63). When the Ser 3 of
cofilin is replaced by an acidic amino acid such as Asp, such a mutant mimics the phospho-
rylated form and no longer binds F-actin.61 The residues 104-115 of cofilin are also involved
in the actin-binding.64 When both Lys 112 and Lys 114 are replaced by Gln residues, this
double-mutant no longer binds actin, but still binds PIP2.64 The replacement of Lys114 by a
Gln residue alone impairs partially the actin-binding, but not the PIP2-binding.64 We found
that overexpression of both mutants of cofilin suppresses v-Ha-Ras-induced malignancy,
but the tumor suppressing activity of the single-mutant is significantly stronger than that of
the double-mutant.20 These observations have proved for the first time that PIP2-binding/
sequestering is indeed sufficient for the suppression of Ras transformation, and also sug-
gested that the F-actin severing/capping activity appears to enhance the tumor suppressor
activity. Which pathways or events that PIP2 could mediate are responsible for the Ras-
induced malignant transformation? At least one PIP2-induced event, i.e., uncapping of the
actin filament plus-ends, seems most likely to be involved. PIP2 inactivates several distinct
F-actin capping proteins such as profilin and CapG which cap the plus-ends of actin fila-
ments, and releases these cappers from this end.43 The uncapping leads to a rapid actin
polymerization at this fast-growing end for the elongation of actin filaments.43 This notion
has begun to refocus our attention to a variety of F-actin plus-end cappers (proteins or
chemicals) that I used to handle more than a decade ago.



139PIP2: A Protooncogenic Phospholipid

Cytochalasins
There is a large family of antibiotics called “cytochalasins”, of which at least 24 distinct

members are known to cap the plus-end of actin filament and subsequently block mem-
brane ruffling.65 Among them, cytochalasin D (CD) is so far the most potent plus-end cap-
per. 0.2 ∝M CD is sufficient to cap almost completely the plus-ends of actin filaments (25 ∝M)
in vitro and block membrane ruffling in vivo.65 We found that CD at the same concentra-
tion is sufficient to suppress v-Ha-Ras-induced malignant transformation.19 These obser-
vations have almost proved that (i) capping at the plus-ends is sufficient for the suppression
of Ras-induced malignancy, and that (ii) the Ras/Rac/PIP2-induced uncapping at the plus-
ends is required for the oncogenicity of Ras.

However, the careful comparison of biological properties between CD and another
cytochalasin called Chetoglobosin K (CK), has revealed that CD must exert its variety of
biological functions, not only through its capping of the pluds-ends,  but also through an-
other as yet uncharacterized action.65 For, unlike CD and most of other cytochalasins, CK
does not cause either the rounding-up of cells or the contraction of actin cables, although
CK caps the plus-ends, and blocks membrane ruffling.65 Thus, we could not entirely ex-
clude a rather remote possibility that CD suppresses Ras transformation through some un-
known action(s) other than the plus-end capping. Thus, we examined the tumor suppress-
ing effect of CK as well. In support of our “cappers are tumor suppressors” hypothesis, CK
(0.2 to 0.6 ∝M) is indeed able to suppress v-Ha-Ras-induced malignant transformation as is
CD.19 Thus, it is now more likely that the plus-end capping is sufficient for the suppression
of Ras transformation.

CK is a plant growth inhibitor and toxin isolated from Diplodia macrospore by Horace
Cutler and his colleagues in 1980.66 This fungus is a pathogen that causes ear rot and stalk
rot of corn (Zea mays L.). His group subsequently produced a metabolite that acts as both a
potent inhibitor of wheat coleoptile growth and a mycotoxin. Further work indicated that
the metabolite is a cytochalasin, and the physical and chemical data identified the metabo-
lite CK, a cytochalasin possessing an indol-3-yl attached group.66 The chemical structure of
CK is shown in Figure 10.1.

Unfortunately, however, CD or CK alone shows an undesirable “side” effect that causes
apoptosis of both normal and Ras-transformed NIH 3T3 cells, although normal cells ap-
pear to be more resistant to these drugs than Ras-transformants.19 Since overexpression of
the F-actin capper tensin does not cause any apoptosis, it is clear that this side effect is not
simply a consequence of the plus-end capping of actin filament, but is due to other as yet
uncharacterized action of CD/CK. To our great relief, however, such an apoptosis can be
completely abolished by a specific inhibitor of ICE/Ced3 protease family called Z-Asp-CH2-
DCB which also blocks the apoptosis caused by serum-starvation, but not the TSA-induced
apoptosis.19 As discussed in detail by Minoru Yoshida and his colleague (chapter 22), TSA
(Trichostatin A) is a specific inhibitor of histone deacetylase, and upregulates gelsolin gene,67

thereby suppressing both Ras-induced cytoskeletal transformation and malignant growth
(ref. 68; Tikoo A and Maruta H, unpublished observation). Thus, for the treatment of Ras-
associated cancers, these cytochalasins have to be used in the combination with this ICE/
Ced3 inhibitor or other compounds that block the cytochalasin-induced apoptosis.

PIP2: A Second Messenger Mediating Ras-Induced Disruption
of EMS1-Actomyosin II Complex

Both HS1 (Hematopoiesis Specific) and EMS1/cortactin belong to a growing family of
cytoskeletal SH3 proteins.6 Most of the proteins in this family, except for !-spectrin, each
contains a single SH3 domain at the C-terminus and an F-actin binding domain(s) at the
N-terminus. In !-spectrin, the SH3 domain is localized in the center of this molecule, and
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the actin-binding domains are localized in ∀-spectrin which forms a tight heterodimer with
!-spectrin.69 In addition to the above three proteins, this family includes a unique single-
headed myosin (myosin I) subfamily, yeast actin-binding protein called ABP1, RVS167 and
CDC15.6,70 So far the actin-binding domain of myosin I, which is the actin-activated Mg2+-
ATPase head, has been best characterized biochemically,3-6 as discussed in detail by John
Hammer and Graham Cote (chapter 3).

The most intriguing feature that HS1 and EMS1 share in common is that both contain
tandem repeats of a unique 37-amino acid helix-turn-helix (HTH) motif in their N-termi-
nal halves.6,71,72 One HTH motif shares 60-70% sequence identity with another in both HS1
and EMS1 (see Fig. 10.2). HS1 has three repeats, whereas EMS1 has six repeats. We found
that (i) all three HS1 HTH motifs bind F-actin, whereas only 4th EMS1 HTH motif binds
F-actin,6 and that (ii) both HS1 and EMS1 cross-link F-actin through these HTH motifs,
although the F-actin cross-linking activity of HS1 is much weaker than that of EMS1.6,20,73

EMS1 appears to cross-link F-actin by forming an EMS1 homodimer.73 More interestingly,
as illustrated in Figure 10.2, each of all these four F-actin binding HTH repeats of HS1 or
EMS1 contains a “putative” PIP2-binding motif (R/KYGV/I R/KDR/K). We then found that
HS1 shows a much higher affinity for PIP2 than EMS1, although both bind PIP2 signifi-
cantly in vitro.20 Furthermore, PIP2 inhibits almost completely the F-actin cross-linking
activity of EMS1 (0.1 ∝M), whereas HS1 at the same concentration does not cross-link F-actin
at all, but reverses completely the PIP2 effect on the F-actin cross-linking activity of EMS1
by sequestering PIP2.20 These observations indicate that HS1 can restore the ability of EMS1
to cross-link F-actin which is inhibited by PIP2 that is overproduced during Ras-induced
malignant transformation. As summarized in Figure 10.3, Ras activates PI-3 kinase which
in turn activates Rac through a Rac GDS,74 and Rac then activates PI-4/PI-5 kinase that
produce PIP2.43 Does Ras disrupt the interaction of EMS1 with F-actin or actin-cytoskel-
eton by overproducing PIP2 during malignant transformation? If so, can an ectopic expres-
sion of HS1 in Ras transformed cells reverse both the PIP2 effect on EMS1 and the malig-
nancy by sequestering PIP2?

EMS1 is a ubiquitous protein expressed in many mammalian cells including both nor-
mal and Ras-transformed NIT 3T3 cells, whereas HS1 is expressed only in hematopoietic

Fig. 10.1. Structure and numbering system of chetoglobosin K.
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cells and not in fibroblasts such as NIH 3T3 cells.71,72 First of all, we found that overexpres-
sion of full-length HS1 of 486 amino acids in v-Ha-Ras-transformed NIH 3T3 cells sup-
presses their malignancy, i.e., anchorage-independent growth in soft agar.20 Second, in nor-
mal NIH 3T3 cells, we found a stable complex of EMS1 with myosin II through F-actin.20

Surprisingly, in Ras-transformed cells, this EMS1-actomyosin II complex disappears com-
pletely, although the expression levels of EMS1, actin and myosin II are not affected by
Ras-transformation at all.20 Lastly, in the HS1 overexpressing revertants derived from
Ras-transformants, we found again the stable complex of EMS1 and actomyosin II.20 These
observations indicate clearly that (i) the PIP2-binder HS1 is an anti-Ras tumor suppressor
as is the cofilin mutants, and that (ii) Ras causes a disruption of the EMS1-actomyosin II
complex that can be restored by HS1. Thus, the F-actin cross-linking/PIP2-binding protein
EMS1 became the first actin-cytoskeletal protein whose interaction with the actomyosin
complex/micro-filament has been shown to be blocked by the oncogenic Ras signaling, most

Fig. 10.2. “Putative” PIP2-binding motifs in the actin-binding domains of HS1 and EMS1.

Fig. 10.3. RAS/RAC signaling network controlling actin-cytoskeleton.
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likely through the PI-3 kinase/Rac-induced overproduction of PIP2. In support of the no-
tion that Ras exerts this effect on the actin-cytoskeleton through PIP2 at least in part, we
found that the EMS1-actomyosin II complex can be restored by the treatment of Ras
transformants with drug SCH51344, which blocks the Rac-induced membrane
ruffling.20,41,74,75

HS1 contains several distinct functional domains: (i) The N-terminal three actin-binding
HTH repeats (residues 82-192), each carrying a PIP2-binding motif, (ii) the nuclear local-
ization sequence (NLS, residues 263-274), (iii) the Pro-rich motif (PLLP) which binds the
SH3 domain of the Tyr kinase Lck,76 (iv) the two critical Tyr residues at positions 378 and
397 whose phosphorylation by the Tyr kinase Syk is required for the B-cell antigen receptor
(BCR)-mediated apoptosis of B-lymphocytes,77 and (v) the C-terminal SH3 domain. This
SH3 domain shares 80% sequence identity with the corresponding EMS1 SH3 domain at
the C-terminus, and both bind a novel cytoplasmic protein of 45 kDa called Pash3.78 We
found that dynamin GTPase also binds the SH3 domain of EMS1, but not HS1 in normal
NIH 3T3 cells, whereas the EMS1-dynamin interaction is greatly reduced upon the Ras
transformation (He H, Liu JP and Maruta H, unpublished observations). Thus, in the cyto-
plasm of the normal fibroblasts, EMS1 forms a large complex consisting of at least actin
filaments, myosin II, Pash3 and dynamin, and upon Ras transformation this EMS1 complex
is disassembled. In the HS1 overexpressing revertant cells, the same EMS1 complex is reas-
sembled, whereas HS1 forms a complex only with PIP2 and Pash3.

To determine which domain(s) of HS1 are required for the anti-Ras action, we have
generated a series of deletion/substitution mutants of HS1. The deletion of the SH3 domain
translocates HS1 from the cytoplasm to the nucleus, and completely abolishes its tumor
suppressor activity,20 indicating that (i) the SH3 domain somehow masks the NLS to pre-
vent full-length HS1 from the nuclear translocation, and (ii) the SH3 domain is required for
HS1 to suppress Ras transformation. The deletion of all three actin-binding HTH repeats
also abolishes the anti-Ras tumor suppressor activity of HS1, although this mutant remains
in the cytoplasm.20 The corresponding first three HTH repeats of EMS1 (residues 83-193)
bind neither F-actin nor PIP2. Replacement of the HS1 first actin-binding HTH repeats by
the EMS1 first three HTH repeats also abolishes the anti-Ras action of HS1. This HS1/
EMS1 chimera remains in the cytoplasm but fails to suppress Ras transformation.20 These
observations clearly indicate that these three actin/PIP2-binding HTH repeats are also es-
sential for HS1 to suppress Ras transfomation, although unlike the SH3 domain they are
not required for the cytoplasmic localization of HS1 at all. However, it still remains to be
clarified which function of these HTH repeats, the F-actin binding or PIP2-binding alone,
or both are required for the anti-oncogenicity of HS1. To solve the above puzzle, we need to
generate the more specific HS1 mutants that, like the cofilin mutant, no longer bind F-actin,
but still bind PIP2, or vice versa if any.

Since the full-length EMS1 of 550 amino acids also contains both the N-terminal ac-
tin/ PIP2-binding motif and the C-terminal SH3 domain, it is possible that EMS1 is an
intrinsic tumor suppressor in the normal fibroblasts, if these two motifs/domains alone are
sufficient for the tumor suppressor activity. The F-actin cross-linking activity of EMS1 is
strongly inhibited not only by PIP2, but also through the Tyr phosphorylation by Src in
vitro.73 These observations suggest that the addition of an extra negative charge(s) in the
actin-binding site by either PIP2-binding or phosphorylation is a common mechanism by
which its F-actin cross-linking is blocked. Interestingly, the cytoskeletal tumor suppressor
HUGL, a human homolog of Drosophila l(2)lg/p127, binds the C-terminal tail of myosin
II,79 and the HUGL-myosin II interaction is inhibited by the Ser/Thr phosphorylation of
either myosin II or HUGL.80 More interestingly, HUGL also contains a “putative” PIP2-
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binding motif within the phosphorylation site which regulates the HUGL-myosin II inter-
action. Thus, it is of great interest to see if Ras could disrupt the HUGL-myosin II through
PIP2. For detail, see the chapter by Dennis Strand.

To test more directly the notion that the PIP2-binding alone is sufficient for the anti-
oncogenicity, we are currently examining the anti-Ras action of PIP2-binding antibiotics
such as neomycin and its analog G418 which inhibit both thrombin-induced actin poly-
merization and cell proliferation,75,81 presumably by blocking PIP2-induced uncapping of
actin filament plud-ends.43 If these PIP2-binding drugs prove to have a potent anti-cancer
activity, the screening for various other PIP2-binding compounds or inhibitors of PI-4/PI-5
kinases such as ribofuranosyl derivatives of echiguanine analogs82 could lead to the devel-
opment of novel anti-cancer therapeutics useful for the treatment of Ras-associated tumors
which represent more than 30% of all human cancers. The above provocative hypothesis
has been supported by a previous observation that micro-injection of an antibody specific
for PIP2 into Ras transformed NIH 3T3 cells inhibits their proliferation and reverses their
morphology to the normal flat phenotype.83

In conclusion, we have demonstrated the first biochemically defined pathway in which,
without changing the expression levels of any genes, Ras induces the disassembly of an
actomyosin-EMS1 complex through PIP2. As illustrated in Figure 10.3, PIP2 is produced by
PI-4/PI-5 kinases which are activated by Rac, that is activated by PI-3 kinase or its products
(D3 phosphoinositides) through a Rac GDS, and PI-3 kinase is directly activated by Ras.
PIP2 binds several distinct F-actin binding proteins the majority of which have been proven
to be tumor suppressors. We have provided the first evidence supporting a new concept that
the PIP2-binding of various cytoskeletal tumor suppressors including HS1 and cofilin mu-
tants plays the critical role in their anti-Ras action. In other words, PIP2 has a potential as a
“protooncolipid” whose overproduction could cause or promote malignant transforma-
tion as do many protooncoproteins such as Src, Ras, Raf, PI-3 kinase and Rac. The first
precedents for such protooncolipids are the tumor promoting phorbol esters such as TPA,
which mimic functionally diacylglycerol (DAG) and activate several members of protein
kinase C (PKC) family that activate the kinase Raf.84 Oncogenic Ras mutants or TPA alone
cannot develop any tumors in normal mice, but the combination of these two agents can
cause papillomas or carcinomas in the experimental animals.85 Similarly a constitutively
active mutant of Raf or Rac alone is hardly able to transform normal fibroblasts, but the
combination of these two mutants causes malignant transformation as do oncogenic Ras
mutants.34 Perhaps the combination of the DAG analog TPA and PIP2 might cause malig-
nant transformation by activating the oncogenic Raf/ MAPK- and PI-3 kinase/Rac-depen-
dent pathways, respectively. Thus, if PIP2-binding proteins or drugs could sequester PIP2 as
well as block the hydrolysis of PIP2 by phospholipase C isozymes that generates both DAG
and IP-3, they might serve as highly potent anti-cancer reagents.
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CHAPTER 11

GTPase Regulators:
GAPs, GDSs and GDIs
Hiroshi Maruta

Introduction

The most characteristic feature of G proteins, GTP-dependent signal transducers, is that
these unique GTPases cycle between their active GTP-bound forms and inactive GDP-

bound forms. Each G protein has the intrinsic GTPase activity that hydrolyzes the bound
GTP to GDP. The bound GDP then dissociates from the G protein. In the cytoplasm GTP is
much more abundant than GDP. Thus, GTP preferentially binds the G protein to reactivate
this signal transducer. However, without any other stimulating proteins, both GTP hydroly-
sis and GDP dissociation of each G protein takes place very slowly. Each G protein serves as
a molecular switch to activate its specific effector proteins which bind only the GTP-bound
form of the corresponding G protein. Thus, it switches “on” in the GTP-bound form and
switches “off” in the GDP-bound form.

Several distinct and specific proteins bind either the GTP-bound form or GDP-bound
form of each G protein and stimulate or inhibit either the intrinsic GTPase activity or GDP
dissociation. GTPase activating proteins (GAPs) stimulate GTP hydrolysis by each G pro-
tein and therefore accelerate its switching “off”. GDP dissociating stimulators (GDSs) bind
selectively the GDP-bound form of each G protein, and reduce its affinity for GDP, thereby
accelerating the replacement of GDP by GTP and its switching “on”. For this reason, GDSs
are also called GDP/GTP exchange factor (GEFs) or proteins (GEPs). GDP dissociation
inhibitors (GDIs), on the other hand, increase its affinity for GDP, and therefore delay its
switching “on”. Thus, each G protein is not only a switch, but also serves as a highly sophis-
ticated molecular “timer”.1 GAPs could speed up this “natural” timer for its switching “off”,
whereas GDSs and GDIs could regulate the same timer for its switching “on”, in positive and
negative manners, respectively.

A small monomeric G protein family called Ras has been studied most extensively by
molecular oncologists since its discovery in early 1980s, simply because several mutants of
Ras are highly oncogenic, and contribute to the development of more than 30% of all hu-
man carcinomas, notably more than 90% of pancreatic cancers and 50% of colon cancers.2

Why are these Ras mutants so oncogenic? These oncogenic Ras mutants are “broken” timers
which are kept switched “on”, basically all the time. This important concept was first intro-
duced by Frank McCormick and his colleague Meg Trahey in late October 1987 through
their exciting finding of a Ras GAP activity in extracts of both mammalian cells and Xeno-
pus oocytes.3
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They found that a cytosolic protein(s) can highly stimulate the very low intrinsic GTPase
activity of normal Ras, but not oncogenic Ras mutants. In other words, in the presence of
these GAPs, normal Ras is rapidly converted to the inactive GDP-bound form, whereas
oncogenic Ras mutants remain in the active-GTP-bound form. In that “unforgettable” fall,
I was still working on the transcriptional regulation of Dictyostelium Ras genes at UCSD
(San Diego). As soon as I saw this “historic” paper that appeared in Science, I decided to
study molecular biology of oncogenic Ras mutants, using mammalian cells. A few months
later, I left San Diego, flew across the equator and joined the Melbourne Branch of Ludwig
Institute for Cancer Research (LICR).

I thought then, since normal Ras is rapidly converted by GAPs from the active GTP-
bound form (T-RAS) to the inactive GDP-bound form (D-RAS), there must be a protein(s)
in the cytoplasm that can re-convert rapidly the inactive D-RAS to the active T-RAS by
either stimulating the replacement of GDP by GTP (GDSs), or alternatively phosphorylat-
ing the bound GDP to GTP (GDP kinase). In fact, even several months before the discovery
of Ras GAPs, the first GDS gene was cloned from yeast by Michael Wigler and his col-
leagues.4 This GDS was called CDC25. A loss-of-function mutation of CDC25 impairs the
function of normal Ras to activate its effector called adenylate cyclase in yeast. However, this
CDC25 mutation can be suppressed by a mutation of Ras which is equivalent to an onco-
genic mutation of Ras. Clearly these findings suggest that CDC25 is responsible for the
activation of Ras, i.e., the D-RAS to T-RAS conversion. Some years later the GDS activity of
CDC25 was experimentally confirmed.5 Thus, the year 1987 was one of the most critical
turning points in the history of Ras research.

Although no GDI specific for Ras has been isolated as yet, a few distinct GDIs specific
for other small monomeric G proteins such as Rho and Rab family GTPases began to be
isolated, cloned and extensively characterized by Yoshimi Takai and his colleagues since
1990.6 In this chapter, I will summarize the rapid progress of research in this field during the
last decade, regarding these three groups of GTPase regulators, i.e., GAPs, GDSs and GDIs,
specific for Ras or Rho family G proteins, and discuss any potential of these proteins in
terms of the regulation of actin-cytoskeleton and cancer.

GTPase Activating Proteins (GAPs)

Ras GAPs
As soon as McCormick’s group found a Ras GAP activity in mammalian extracts,3

several groups started a fierce race to identify and isolate the first Ras GAP, which we call
GAP1, from mammalian tissues. Jay Gibbs and his colleagues won this so-called “GAP1”
race by purifying the GAP1 of 120 kDa from bovine brain.7 Subsequently Gibbs’ group
cloned a cDNA encoding the bovine GAP1.8 It consists of 1044 amino acids and its mini-
mum GAP domain which stimulates the Ras GTPase activity is localized within the C-ter-
minal 320 amino acids.9,10 As revealed later, GAP1 turns out to be the first effector of Ras as
well. The first evidence suggesting that GAP1 is not only an attenuator of normal Ras, but
also serves as an effector of oncogenic Ras mutants such as v-Ha-Ras is the finding that a
mutation of v-Ha-Ras in its effector domain I (residues 32 to 40) abolishes not only the
oncogenicity of v-Ha-Ras,11 but also the interaction between v-Ha-Ras and GAP1.12,13 Fur-
thermore, we found that replacement of Tyr64 in the effector domain II of v-Ha-Ras by any
other amino acids, except for Phe and Leu, abolishes not only its oncogenicity, but also the
interaction of Ras with GAP1.14 Interestingly, the full-length GAP1 inhibits a muscarinic
K+-ion channel in a Ras-dependent manner, whereas the N-terminal half of GAP1 alone
which lacks the Ras GAP domain can block the same ion channel even without Ras.15 These
observations indicate that the GAP domain blocks the effector function of the N-terminal
half of GAP1, and Ras releases this intramolecular lock by interacting with the GAP do-
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main. However, the possible connection between blocking the ion channel and malignant
transformation still remains unclear. Finally, we found that the N-terminal fragment of
GAP1 which contains only the first SH2, SH3 and second SH2 domains (SH232) can cause
malignant transformation of normal fibroblasts in the presence of a phorbol ester,16 con-
firming that this N-terminal fragment alone is oncogenic, while the full-length GAP1 has to
be activated by oncogenic Ras mutants for its oncogenic action. In further support of this
notion, Bruno Tocque and his colleagues found that the SH3 domain of GAP1 alone can
bind a novel cytoplasmic protein of 466 amino acids called p68/G3BP, whereas the full-
length GAP1 requires Ras for its binding to p68.17 His group also has demonstrated that the
SH3 domain of GAP1 is required for the Ras signaling leading to the maturation of Xeno-
pus oocytes.18 In other words, if one can create a small molecule that blocks the interaction
of oncogenic Ras mutants with GAP1, one could suppress the Ras-induced malignant trans-
formation.

In November 1990, three groups independently reported in the journal Cell that a tu-
mor suppressor called NF1 (neurofibromatosis type 1) contains a GAP1-related domain
(GRD) that also stimulates the intrinsic GTPase activity of normal Ras, but not oncogenic
Ras mutants.19-21 Thus, NF1 is a second mammalian Ras GAP. It consists of 2818 amino
acids,22 and we localized the minimum GAP domain in the 78-amino acid fragment (NF78,
residues 1441-1518) of this GRD.23 Rather surprisingly, NF78 shares only 19% sequence
identity with the corresponding short fragment within the C-terminal GAP domain of GAP1
which alone has no detectable GAP activity. These observations suggest the possibility that
GAP1 and NF1 may not bind the exactly same site of Ras GTPase. Nevertheless, like GAP1,
NF1 requires both the effector domains I and II of Ras for its GAP activity, indicating that
these two GAPs bind the same “general” area of the Ras molecule including these two effec-
tor domains.24 In fact, NF1-GRD, the C-terminal GAP domain of GAP1 (GAP1C), and the
N-terminal half of the Ser/Thr kinase Raf (Raf-N) compete each other for the binding to
the Ras/GTP complex (T-RAS).25 Raf is the so far best characterized oncogenic effector of
T-RAS and also requires both effector domains I and II of Ras for its binding to the T-RAS.26

In order to test whether a small Ras-binding fragment(s) derived from NF1-GRD, GAP1
or Raf-N can suppress Ras-induced malignant transformation by blocking the Ras interac-
tion with its effectors such as GAP1 and Raf, we created a series of Ras-binding peptides
from these three proteins. The smallest Ras-binding peptide of NF1 called NF56 corre-
sponds to the residues 1441-1496 within the GRD domain, and that of Raf called Raf81
corresponds to the residues 51-131 within the Raf-N.27 We found that overexpression of
either NF56 or Raf81 is indeed sufficient to suppress v-Ha-Ras-induced malignant trans-
formation of NIH 3T3 cells.27 Thus, it would be worthwhile to develop a novel group of drugs
that functionally mimic these Ras-binding NF1/Raf peptides in order to treat effectively a
variety of Ras-associated tumors which represent more than 30% of human carcinomas.

Either deletion or dysfunction of NF1 leads to the type 1 neurofibromatosis, the devel-
opment of tumors in the central nervous system (CNS) including schwannomas. Many
schwannoma cells which carry NF1 mutants, but normal GAP1, and show a much higher
level of T-RAS (GTP/Ras complex) than the normal Schwann cells,28,29 clearly indicating
that in these cells NF1 plays the major role in attenuating normal Ras signal. However, the
minimum Ras GAP domain (residues 1441-1518) of NF1 represents less than 3% of the
full-length NF1. What is the function of the remaining 97% of this molecule in mammalian
cells? If the sole physiological role of NF1 is to attenuate the normal Ras signaling, it is
expected that the phenotype of NF1-deficient mice should be basically identical to that of
transgenic mice carrying oncogenic Ras mutants such as v-Ha-Ras. However, disruption of
NF1 gene (homozygosity) in mice was found to result in mid-gestational embryonic lethal-
ity, primarily due to a heart failure,30,31 whereas v-Ha-Ras transgenic mice develop nor-
mally.32 Clearly NF1 is required not only as a GAP to attenuate the normal Ras signaling,
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but also as an effector to control the normal development of the heart. Interestingly, disrup-
tion of GAP1 gene (homozygosity) also results in a similar but more severe embryonic
lethality due to abnormal cardiac development and extensive neuronal apoptosis.33 This
finding also strongly supports the notion that GAP1 acts not only as an attenuator of Ras,
but also as an effector.

Unlike the NF1 null mutation in mice, homozygous NF1 null mutations in Drosophila
are not embryonically lethal, but reduce the size of larvae, pupae and adults by blocking a
cAMP synthesis pathway.33a,33b The neuropeptide PACAP38 (pituitary adenylate cyclase-
activating polypeptide) at the neuromuscular junction induces a 100-fold enhancement of
K+-currents by activating both Ras-Raf and adenylate cyclase pathways.33c In the NF1 null
flies, PACAP38 fails to activate an adenylate cyclase, and therefore no PACAP38-induced
enhancement of K+-currents takes place. However, cAMP or the catalytic subunit of protein
kinase A (PKA) can restore the NF1 null phenotype, indicating that NF1 is essential for the
cAMP production. Thus, it would be of great interest to examine whether in mammalian
cells, NF1 is involved in cAMP production.

In addition to Ras, two other GTPases bind NF1:20,26,34,35 (i) Rapl family G proteins;
and (ii) microtubules. Although GTPases in Ras and Rapl families share only 50% overall
sequence identity, their effector domains I are 100% identical, and domains II are also very
similar to each other.36 At least the effector domain I is required for the interaction of Rapl
GTPases with either NF1 or GAP1, although their intrinsic GTPase activity is not stimu-
lated by either NF1 or GAP1 at all.24,26,37,38 Furthermore, Rapl competes with Ras for bind-
ing to both NF1 and GAP1.26,37,38 However, unlike Ras, Rapl never becomes oncogenic even
if it is mutated in the exact same manner as Ras, such as replacement of Gly12/Gly13 by
other amino acids, Ala59 by Thr, or Gln61/Thy61 by Leu.39 Instead, overexpression of Rap1
was reported to suppress malignant transformation caused by v-Ki-Ras, an oncogenic mu-
tant of c-Ki-Ras,40 although its anti-oncogenicity appears to be very weak if any.41 Microtu-
bules are polymers of tubulin heterodimers consisting of !- and ∀-tubulins.42 Both !- and
∀-tubulins are GTPases, sharing 40% sequence identity.42-44 NF1 appears to bind both tubu-
lin heterodimers and microtubules.34 FurthermoreNF1 and microtubules are colocalized
within the cytoplasm.35 Interestingly, the tubulin-binding domain (TBD) of NF1 (residues
1300-1456) partially overlaps the minimum Ras-binding domain (NF56, residues 1441-1496)
whose overexpression suppresses Ras-induced malignant transformation.27,34 In fact, tubu-
lin inhibits the Ras GAP activity of NF1, probably by blocking the Ras/NF1 interaction.34

However, the physiological role that the NF1-microtubules interaction might play still re-
mains to be clarified.

In 1993 a third mammalian Ras GAP of 100 kDa was purified from rat brain,45 and its
cDNA was subsequently cloned by Seisuke Hattori and his colleagues.46 This new GAP of
847 amino acids shares 40% sequence identity with Drosophila Gap1 and therefore was
named Gap1m (m for mammalian). However, to avoid any possible confusion between the
first GAP (GAP1) and a third GAP (Gap1m), we shall call the latter p100 GAP here. p100
GAP contains two Lys-rich phospholipid-binding sites and a BTK homology region.46 Like
GAP1 and NF1, p100 GAP is highly specific for Ras GTPases, and does not stimulate the
intrinsic GTPase activity of any other GTPases at all.45,46 Nevertheless, the sequence homol-
ogy in the GAP domains between these three distinct GAPs is limited only to 25%.46 Al-
though the Drosophila homolog of p100 GAP is known to be responsible for the negative
regulation of Ras signaling during the development of photoreceptor cells in the fly’s eyes,47

the exact role of this GAP in mammals still remains to be determined.
In the cellular slime mold Dictyostelium, two distinct members of p100 GAP family

were identified recently.48,49 The GAP of 841 amino acids called DdRasGAP1 stimulates the
intrinsic GTPase activity of a Dictyostelium Ras (RasD) and is required for both cytokinesis
and development of fruiting bodies.48 For the following two reasons, it is most likely that
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this GAP (and a mammalian homolog) serves as an effector of Ras for cytokinesis: (i) con-
stitutive expression of activated Ras mutant does not cause highly multinucleated cells, and
(ii) Dictyostelium RasG is also required for cytokinesis.49a The other Dictyostelium “GAP”
of 860 amino acids called GAPA is also required for the cytokinesis, but not for the develop-
ment of fruiting bodies.49 However, it still remains to be determined whether GAPA is a Ras
GAP as is Dd Ras GAP1, or binds Rac and CDC42 as do the human IQGAPs which are
related to p100 GAP family (for detail of IQGAP family, see chapter 18 by Andre Bernards).

In 1995 a fourth “unique” Ras GAP was cloned by Robin Irvine’s group.50 Since this
GAP of 829 amino acids binds inositol1,3-5 tetra-kisphosphate (IP4), it is called GAP/IP4.
Like p100 GAP, it contains two Lys-rich phospholipid-binding sites, in addition to the cen-
tral GAP domain and a pleckstrin-homology (PH) domain. The most unique feature of this
GAP is that it stimulates the intrinsic GTPase activity of not only Ras but also Rapl. So far
GAP/IP4 is the only GAP that acts on both Ras and Rapl GTPases (see Table 11.1). Interest-
ingly, IP4 stimulates its GAP activity towards Ras GTPases but not towards Rapl GTPases,
whereas phospholipids inhibit only its Ras GAP activity and not Rapl GAP activity. Thus, in
the presence of phospholipids, GAP/IP4 becomes highly specific for Rapl GTPases, whereas
in the presence of IP4, it becomes relatively specific for Ras GTPases.

Interestingly, GAP1, p100 GAP and GAP/IP4 share 25-30% sequence identity in their
Ca2+-dependent lipid-binding domain of 43 amino acids called CaLB.51 The CaLB of GAP1
was recently shown to bind a Ca2+-dependent phospholipid-binding protein of 70 kDa called
annexin VI.51 Annexin VI is a tumor suppressor which reverses the EGF-dependent malig-
nant transformation of A431 squamous epithelial carcinoma cells.52 Thus, GAP1 binds two
distinct tumor suppressors, i.e., p190 and annexin VI through the SH2 and CaLB domains,
respectively.26,51,52,68 Annexin VI is an inhibitor of protein kinase C, and is required for bud-
ding of clathrin-coated pits.53,54 However, the exact molecular mechanism underlying the
tumor suppression by annexin VI still remains to be determined.

More recently Kozo Kaibuchi and his colleagues cloned a fifth Ras GAP from bovine
brain cytosol which is highly specific for R-Ras, and therefore called R-Ras GAP.55 This GAP
of 834 amino acids is also closely related to p100 GAP. Unlike three other members of Ras
family (Ha-Ras, Ki-Ras and N-Ras), R-Ras is responsible for the apoptotic cell death during
growth factor withdrawal.56 Bcl-2 binds the C-terminal domain (residues 159-218) of R-Ras,
but no other members of Ras family, and blocks R-Ras-induced apoptosis.57 Thus, it would
be of great interest to examine whether this R-Ras GAP blocks the apoptosis by attenuating
R-Ras signaling or is required for the R-Ras-dependent apoptosis as an effector.

Table 11.1. Mammalian GAPs for Ras/Rho family GTPases

Ras/Rap1 GAP Targets Rho GAPs Targets

GAP1 (120 kDa) Ras GAP2 (50 kDa) Rho, Rac, CDC42
NF1 Ras p190-A Rho, Rac, CDC42
p100 GAP Ras p190-B Rho, Rac, CDC42

Myr 5 Rho, Rac, CDC42
GAP/IP4 Ras, Rap1 3 BP-1 Rho, Rac, CDC42
R-Ras GAP R-Ras PARG1 Rho, Rac, CDC42

ABR Rac, CDC42
GAP3 Rap1 & 2, Rsr1 BCR Rac, CDC42
Spa-1 Rap1 & 2, Rsr1 N-Chimerin Rac
Tsc2 Rab5, Rapl (?) Graf Rho, CDC42

p122 ARP Rho
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Unfortunately, none of these five distinct Ras GAPs from mammals or their short frag-
ments stimulates the intrinsic GTPase activity of any oncogenic Ras mutants. A specific
point mutation of the normal Ras converts this molecule to an oncoprotein. Conversely, is it
possible for us to convert one of these Ras GAPs by a specific point mutation(s) to an anti-
oncogenic protein? If one could create or design a Ras GAP mutant or drug which can
stimulate the intrinsic GTPase activity of these oncogenic Ras mutants, such a GAP mutant
or drug would be an ideal molecule for either genotherapy or chemotherapy of Ras-associ-
ated cancer. Such a molecule, which we might call a “Super GAP”, has been the “Holy Grail”
of mine since our Ras GAP research commenced in Melbourne a decade ago. Recently both
the C-terminal GAP domain of GAP1 (GRD) alone and its complex with Ras were crystal-
lized, and their three-dimensional (3D) structures have been determined by Alfred
Wittinghofer and his colleagues.58,59 Thus, it might no longer be a mere dream for us to
figure out how the native GAPs activate normal Ras GTPases, and why they fail to activate
oncogenic Ras GTPases. Based on these data and our insight, perhaps we might be able to
model a “Super GAP” molecule that stimulates the intrinsic GTPase activity of oncogenic
Ras mutants. Such a challenge will be our mission in Ras GAP research towards the coming
new century. For detail of the Ras-GRD/Ras-Raf 3D structures, see chapter 13.

GAPs for Rho Family GTPases
Mammalian Rho family consists of at least seven distinct monomeric G proteins called

RhoA, RhoB, RhoC, RhoG, Rac1, Rac2, and CDC42. These Rho family GTPases share only
30% sequence identity with mammalian Ras family GTPases (Ha-Ras, Ki-Ras, N-Ras, and
R-Ras). None of the five distinct Ras GAPs from mammals that I have discussed previously
stimulates the intrinsic GTPase activity of any Rho family G proteins. As discussed in chap-
ter 12 and elsewhere,26 Rho family GTPases, in particular Rac, RhoB and CDC42, are re-
quired for malignant transformation by oncogenic Ras mutants. Thus, it would be impor-
tant to understand precisely how the signal transducing activity of these Rho family G proteins
are regulated by specific GAPs, GDSs and GDIs, and how these regulators are linked to Ras
effectors.

In 1989, shortly after the first Ras GAP (GAP1) was cloned, a second mammalian GAP
was isolated by Alan Hall and his colleagues.60 This GAP of 28 kDa, which we call GAP2,
activates only Rho family GTPases, and neither Ras nor any other GTPases. Five years later
the cDNA for GAP2 was cloned by the same group, and its sequence has revealed that the
initially purified GAP2 molecule is just the C-terminal GAP domain of the full-length GAP2
which is a 50 kDa protein.61 The N-terminal Pro-rich domain of GAP2 binds the SH3 do-
main of c-Src and p85, the regulatory subunit of PI-3 kinase.62 Besides GAP2, several dis-
tinct GAPs specific for Rho family GTPases were cloned from mammals (see Table 11.1).
One of the largest is p190-A which was cloned by Bob Weinberg and his colleagues in 1992.63

p190-A binds the SH2 domains of GAP1, when the former is Tyr-phosphorylated at posi-
tions 1087 and 1105.64 p190-A interacts with Rho family GTPases through its C-terminal
GAP domain (residues 1186-1513).63,65 Since Ras GTPases interact with GAP1 through its
C-terminal GAP domain, Ras and Rho family GTPases could be linked through these two
distinct GAPs, i.e., GAP1 and p190-A, only when p190-A is Tyr-phosphorylated. Interest-
ingly, the N-terminal domain of p190-A (residues 1-251) is a GTPase which is highly acti-
vated by an as yet unidentified GAP (GAPX) present in mammalian cell extracts.66 Thus, at
least three distinct GAPs (GAP1, p190-A and GAPX) could form a complex, once p190-A is
Tyr-phosphorylated. Recently a protein related to p190-A was cloned and called p190-B.67

These two p190 isoforms share 50% sequence identity. The C-terminal domain of p190-B
also stimulates Rho, Rac and CDC42 GTPase activity, and both the two phosphorylatable
Tyr residues and the N-terminal GTPase domain also are conserved in p190-B. Both isoforms
of p190 are ubiquitously expressed in a variety of mammalian tissues. However, as dis-
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cussed in the following paragraph, these two isoforms are not functionally redundant at
least for the cell growth regulation.

In an attempt to understand the possible role that p190-A might play in the regulation
of oncogenic Ras signaling network, we have performed a series of experiments,
overexpressing the following four distinct p190-A constructs in either normal or v-Ha-Ras-
transformed NIH 3T3 cells:68 (i) p190-A antisense RNA (p190-NA), which blocks de novo
synthesis of endogenous p190-A; (ii) a dominant negative mutant of p190-A GTPase do-
main (p190-NN), in which Ser36 is replaced by Asn, sequestering the GDSs for p190-A to
keep the endogenous p190-A in the inactive GDP-bound form; (iii) the C-terminal GAP
domain of p190-A (p190-C); and (iv) the N-terminal GTPase domain of p190-A (p190-N).
First of all, overexpression of p190-NA completely blocks de novo synthesis of p190-A in
the normal fibroblasts, and transforms them into malignant cells, clearly indicating that (a)
p190-A is a tumor suppressor, and (b) the endogenous p190-B cannot overcome the loss of
p190-A function. Secondly, overexpression of the dominant negative mutant which blocks
only the function of the GTPase domain also transforms the normal cells, but less efficiently
than the antisense RNA, indicating that the GTPase domain alone is a tumor suppressor,
but another domain of p190-A also contributes to the tumor suppressor activity of the full-
length p190-A. Thirdly, overexpression of either p190-C or p190-N alone suppresses malig-
nant transformation caused by v-Ha-Ras, indicating that both the GTPase and GAP do-
mains of p190-A are anti-Ras tumor suppressors. Lastly, overexpression of p190-C, which
attenuates the signal transducing activity of Rho family G proteins, downregulates c-Fos
gene which has been activated by the oncogenic Ras mutant through Rho family GTPases.
Thus, although p190-A binds the Ras effector GAP1, the former is not an oncogenic effector
of Ras or GAP1, but instead can block the oncogenic Ras signaling network, not only through
its GAP domain, an attenuator of Rho family G proteins, but also through its GTPase do-
main by a novel mechanism.

The biological function of the large central piece of p190-A molecule (residues 252-1185)
flanked by both the GTPase and GAP domains still remains to be identified. Interestingly,
however, the GRF-1 cDNA previously cloned from the human breast cancer cell line MCF-7
turns out to encode a protein of 835 amino acids which is highly homologous to this central
piece of p190-A.69 DNA sequence comparison between the GRF-1 and rat p190-A cDNAs
has revealed that GRF-1 is a truncated variant or mutant of human p190-A. Because GRF-1
cDNA lacks both the third base (G) of the 388th codon and the first base (C) of the 1167th

codon of full-length p190-A cDNA, the gene product contains only residues 389-1166 of
p190-A and the extra 55 frame-shifted amino acids, and lacks entirely both the GTPase and
GAP domains that are tumor suppressors.68,69 Although GRF-1 was reported to bind the
glucocorticoid receptor gene and repress its expression,69 it still remains to be clarified whether
the extra 55 amino acids or the p190-A residues 389-1166 are responsible for the gene re-
pressor activity of GRF-1. More importantly, it is possible that the deletion of both GTPase
and GAP domains of p190-A contributes to malignant transformation of these breast cells.
GRF-1 could serve as a dominant negative mutant of the tumor suppressor p190-A, or
simply be an inactive form of the tumor suppressor. We recently cloned from this tumor cell
line the full-length wild-type p190-A cDNA, in addition to the truncated variant/mutant
GRF-1 (Tikoo A, Maruta H, unpublished data), and its chromosomal localization and map-
ping are under way. It also still remains to be determined whether p190-B has any tumor
suppressor activity as does p190-A.

In 1995 Martin Baehler and his colleagues cloned a very unique single-headed myosin
of 1980 amino acids called Myr5 (myosin from rat 5). This myosin contains a GAP domain
towards the C-terminus which, like p190-A, stimulates the intrinsic GTPase activity of all
members of Rho family.70 Like other myosins, Myr5 contains the myosin head at the
N-terminus whose Mg2+-ATPase activity is activated by actin filament (F-actin). In other
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words, through Myr5, F-actin and Rho family GTPases can be linked together. In a sense
Myr5 is a cousin of p190s: the two proteins share the so-called Rho GAP domain at the
C-terminus, and the N-terminal GTPase domain of p190s is replaced by the myosin ATPase
domain in Myr5. Since p190-A exerts its anti-Ras tumor suppressor activity, in part through
the C-terminal GAP domain, it is quite conceivable that Myr5 also could serve as an anti-
Ras tumor suppressor, at least by attenuating the essential signal transducing activity of Rho
family through the common GAP domain.

In 1997 Carl Heldin and his colleagues cloned another unique GAP for Rho family
GTPases, called PARG1.70a It is a 150 kDa protein that binds a Tyr phosphatase called PTPL1.
The last four aliphatic amino acids (Pro-Gln-Phe-Val) of PARG1 are responsible for bind-
ing to the fourth PDZ domain pf PTPL1. Interestingly, PTPL1 shares with ERM protein
family (Ezrin, Radixin, Moesin, NF2/Merlin and Band 4.1) the domain which binds both
F-actin and PIP2. For at least two reasons, PTPL1 could be a potential tumor suppressor:
(i) The N-terminal half of NF2 alone, which is shared with PTPL1 and other ERM proteins,
is sufficient for suppressing Ras transformation;70b and (ii) a novel Tyr phosphatase called
P-TEN is a tumor suppressor.70c Also it is quite possible that PARG1 serves as a tumor sup-
pressor as it is a Rho GAP as is the tumor suppressor p190-A.68 In other words, PARG1 and
PTPL1 could form a powerful tumor suppressive complex.

The above five GAPs (GAP2, p190-A, p190-B, Myr5 and PARG1) serve as GAPs for all
members of Rho family. However, the GAP activity of five additional mammalian GAPs for
Rho family GTPases is more specific for a selected member(s) of Rho family.62 A unique
PLase C-+ activator called p122ARP contains a GAP domain which is highly specific for
Rho GTPase  and does not activate either Rac or CDC42 GTPases.71 Both N-chimerin and
∀-chimerin, which are expressed in brain and testes, respectively, are highly specific for Rac
GTPases and do not activate either Rho or CDC42 GTPases. Both BCR and ABR activate
Rac and CDC42 GTPases, but not Rho GTPases. BCR of 143 kDa contains a Ser/Thr kinase
domain in the N-terminal half, in addition to the C-terminal GAP domain. ABR shares
68% sequence identity with BCR, but lacks the Ser/Thr kinase domain. More recently, a
FAK-binding protein of 584 amino acids was cloned.72 This protein called Graf contains at
least two functional domains. The C-terminal SH3 domain binds a pro-rich motif (residues
875-884) of FAK. The other domain (residues 213-385) of Graf serves as a GAP for Rho and
CDC42, but not for Rac. Interestingly, Graf colocalizes with actin stress fibers. Since Rho is
required for both the stress fiber formation and activation of the focal adhesion kinase FAK,
it is possible that Graf plays the critical role in the Rho-mediated activation of FAK.

The physiological role of these so-called Rho GAPs still remains to be determined by
either antisense RNA or gene knock-out approaches. Nevertheless, since Rho family GTPases
are required for oncogenic action of Ras, it would be no big surprise if one finds that, like
p190-A, some of these GAPs for Rho family serve as anti-Ras tumor suppressors.

However, it is also possible that some of these Rho GAPs act not only as attenuators for
Rho family G proteins, but also as an effector(s). For example, it was shown recently that the
full-length N-chimerin, a GAP for Rac GTPases, induces membrane ruffling (MR,
lamellipodia) in both fibroblasts and neuroblastoma cells as does Rac alone, whereas the
GAP domain of N-chimerin alone blocks the Rac-induced MR.73 Furthermore,  N-chimerin’s
effect is inhibited by a dominant negative mutant of Rac (Asn17) or GDI for Rho family
GTPases, indicating that N-chimerin exerts its effect through Rac. More interestingly, al-
though a mutant of N-chimerin which lacks both GAP activity and Rac-binding is no longer
effective, a mutant of N-chimerin which lacks GAP activity but still binds Rac effectively
induces MR,73 indicating that its Rac-binding, but not GAP activity, is responsible for its
MR induction. Clearly, N-chimerin is an effector of Rac, as is GAP1 an oncogenic effector of
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Ras. Thus, it would be of great interest to identify the downstream effector(s) of N-chimerin
involved in the induction of MR.

Rapl/Rap2/Rsr1 GAPs
Rapl family consists of only two members called RaplA and RaplB which are 95% iden-

tical.36 This family shares 50% sequence identity with Ras family and was reported to sup-
press malignant transformation caused by Ras mutants,40 probably through the competi-
tion between Ras and Rapl for binding to several effectors of Ras. Since Ras and Rapl family
GTPases are identical in their effector domain I (residues 32 to 40), all of the mammalian
proteins including Ras GAPs and effectors of Ras that bind the Ras/GTP complex also bind
the Rapl/GTP complex.26 However, none of Ras GAPs, except for GAP/IP4, stimulates the
intrinsic GTPase activity of Rapl family. Thus, to identify a mammalian GAP(s) specific for
Rapl family, a series of the Rapl GAP purification attempts commenced in the late 1980s.

In 1989, shortly after the discovery of GAP2 (a Rho GAP of 28 kDa), Takai’s group
found that the intrinsic GTPase activity of Rapl is stimulated by two separable protein frac-
tions from the cytosol of bovine brain,74 which we call collectively “GAP3”. A few years later
we purified the first mammalian GAP3 of 55 kDa (GAP3c) from the cytosol which is highly
specific for Rapl family and does not stimulate the intrinsic GTPase activity of either Ras or
Rho families.10,75,76 Interestingly, GAP3c stimulates the intrinsic GTPase activity of an yeast
G protein of 272 amino acids called Rsrl or Bud1 which shares 50% sequence identity with
both Ras and Rapl families.75 Rsr1 is required for the bud-site selection in yeast.77 Indepen-
dently, McCormick’s group purified and cloned a human membrane-bound GAP3 of 88 kDa
(GAP3m) from HL60 cells.78,79 The enzymatic properties of GAP3c and GAP3m are almost
indistinguishable from each other, and the partial sequence of GAP3c is very similar to that
of GAP3m, if not identical. Thus, these two GAP3s are very closely related. GAP3m also
activates the yeast Rsr1 GTPase.80

In 1993, Ira Herskowitz and his colleagues found that a yeast gene called Bud2 encodes
a Rsrl GAP of 1104 amino acids.81 However, Bud2 does not activate Rapl GTPases, and
shows little sequence homology to these mammalian GAP3s. This is not a surprise, as yeast
NF1-related Ras GAPs called IRA-1 and IRA-2 activate only yeast Ras GTPases, and not
mammalian Ras GTPases, although NF1 activates both yeast and mammalian Ras
GTPases.19,82 It appears that yeast GAPs are active only towards yeast GTPases, and not to-
wards mammalian GTPases. Whether any homolog of the yeast Rsr1 is present in mamma-
lian cells still remains to be clarified.

A series of GAP3m deletion analysis has revealed that the GAP domain of GAP3m is
located within the N-terminal half (residues 75-407).83,84 Interestingly, the almost entire
GAP domain shares 38% sequence identity with the corresponding N-terminal domain
(residues 198-529) of a novel 130 kDa protein called Spa-1 from both mouse and human.80,85

The full-length Spa-1 of around 1040 amino acids is localized in the cytoplasm, whereas the
C-terminal deletion translocates the remaining domain of Spa-1 into the nucleus. Both
Spa-1 and GAP3s activate Rapl and Rap2 GTPases, which share the almost identical effector
domains I and II, but both GAPs have no effect on either Ras or Rho GTPases.80,85 Interest-
ingly, however, expression of Spa-1 and GAP3m appears to be rather exclusive and comple-
mentary to each other. Spa-1 is expressed predominantly in lymphoid tissues, but not in
brain, whereas GAP3m is expressed in brain and other tissues such as kidney and pancreas,
but not in lymphoid tissues.85 In HL60 cells, TPA which induces granulocytic differentia-
tion, downregulates Spa-1 expression, whereas it upregulates GAP3m expression.85 Fur-
thermore, expression of Spa-1 is normally restricted to G0 phase. An ectopic overexpression
of Spa-1 causes an apoptotic cell death of NIH 3T3 cells.80
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Independently, a novel tumor suppressor called Tsc2/Tuberin was found to share a
39-amino acid motif with both Spa-1 and GAP3m.87 This new motif, which we call “Tuberin-
homology” (TH) motif, corresponds to the residues 403-441 of human Spa-1, 263-301 of
human GAP3m and 1593-1631 of human Tsc2. The dysfunction of Tsc2 is associated with
tuberous sclerosis, a human hereditary disease developing tumors mainly in kidneys.87 In-
terestingly, the full-length Tsc2 of 1784 amino acids is associated with Golgi-apparatus as is
Rapl GTPase.88,89 A C-terminal domain of human Tsc2 (residues 1387-1784) containing the
TH motif was reported to interact with Rapl GTPases in vitro,88 suggesting the possibility
that Rapl is involved in the transport of Tsc2 to the Golgi-membranes. More recently Tsc2
was identified as a GAP specific for Rab5 GTPase.90 Furthermore, Okio Hino and his col-
leagues91 found in the C-terminus of rat Tsc2 two transcriptional activation domains (AD1,
residues 1163-1259; AD2, residues 1690-1743). The C-terminal half of Tsc2 (residues
1006-1743) containing AD1, TH motif and AD2 is localized in the nucleus.91 Thus, the TH
motif alone is not sufficient for the Golgi-localization. Although the precise role of this TH
motif still remains to be determined, these distinct “TH” family GAPs would be potentially
fascinating targets of our future study in order to understand the physiological role of
Rapl/Rap2 GTPases in mammalian cells.

GDP Dissociation Stimulators (GDSs)

Ras GDSs
The approach for Ras GDSs’ discovery is historically a great contrast to that for GAPs’

discovery. The former is mainly a genetic approach, whereas the latter is mainly a biochemi-
cal one, with a few exceptions such as NF1. As I mentioned before, the gene encoding the
first Ras GDS called CDC25 was cloned from yeast,4 far before the corresponding protein of
1589 amino acids was eventually isolated from yeast, and biochemically characterized. Fur-
thermore, it took 15 years since the CDC25 cloning until the first mammalian Ras GDS
called SOS1 was cloned from mouse by David Bowtell and his colleagues in 1992,92 and
subsequently characterized biochemically. The most crucial factor which would eventually
led to the identification of this first mammalian GDS was the cloning of a Drosophila gene
called SOS (son of sevenless) by Gerald Rubin and his colleagues in 1991.93 The sequence of
the Drosophila SOS of 1596 amino acids has revealed that it contains a domain which shares
45% sequence identity with the GDS domain of yeast CDC25, suggesting that SOS might be
a Ras GDS in Drosophila.

The genetic analysis of Drosophila eye development by Rubin’s group and others has
identified several distinct genes that are required for the differentiation of a specific photo-
receptor cell called R7.94 These genes include Boss (bride of sevenless), Sevenless, SOS, D-
Ras1 and D-Raf. Boss is an unusual ligand, a seven-transmembrane protein of 892 amino
acids, which is expressed in R8 cells and activates the receptor Sevenless expressed in the
immediately adjacent R7 cells. Thus, R8 cells are responsible for the induction of R7 cell
differentiation. Sevenless is a large receptor Tyr-kinase that eventually activates D-Ras1
through SOS. Then D-Ras1 activates D-Raf, a Ser/Thr kinase, which in turn activates MEK,
a Tyr/Ser/Thr kinase, which phosphorylates and activates MAP kinase (MAPK). This Droso-
phila D-Ras1/D-Raf/MEK/MAPK kinase cascade leading to the R7 cell differentiation is
quite similar to the mammalian Ras/ Raf/MEK/MAPK cascade leading to the cell prolifera-
tion (fibroblasts) or differentiation (neuronal cells).94,95

How about a signaling cascade upstream of Ras? As soon as the GDS domain of mam-
malian SOS1 was experimentally confirmed to stimulate the GDP dissociation from Ras, a
signal transduction pathway from EGF receptor, an EGF-activated transmembrane Tyr-
kinase, to Ras was quickly established by several groups.95 First of all, it was shown that an
adaptor protein called Grb-2 which contains two SH3 domains flanking an SH2 domain
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binds the C-terminal Pro-rich motifs of SOS1 through the two SH3 domains to form a
heterodimer in the cytosol. Secondly, the Sh2 domain of Grb-2 binds EGF receptor (EGFR),
as soon as EGFR is activated by its ligands such as EGF and TGF-!, and subsequently
autophosphorylated at Tyr residues. The EGFR/Grb-2 docking leads to the recruitment of
the cytosolic SOS1 to the plasma membrane where the inactive Ras/GDP complex (D-RAS)
is localized. There SOS1 converts D-RAS to the active Ras/GTP complex (T-RAS). Alterna-
tively, another SH2 protein called SHC also binds the autophosphorylated EGFR through
its SH2 domains and then is Tyr-phosphorylated by EGFR. The phosphorylated SHC then
binds the SH2 domain of the Grb-2/SOS1 complex and recruits this cytosolic complex to
the plasma membrane.96

In addition to the Ras GDS domain, SOS1 contains two other domains in the N-termi-
nal half: (i) the DBL-homology (DH) domain and (ii) the pleckstrin-homology (PH) do-
main. The DH domain corresponds to the GDS domain of DBL which stimulates the GDP-
dissociation from CDC42 and Rho.97 DBL is highly oncogenic.98 However, so far there is no
experimental evidence indicating that the DH domain of SOS1 stimulates the GDP/GTP
exchange of any G proteins. The PH domain was first recognized as a repeated motif in
pleckstrin, a substrate for protein kinase C (PKC), and thought to be involved in specific
protein-protein interactions or phospholipid-binding. Interestingly, an in vivo experiment
using Drosophila has revealed that deletion of either the DH or PH domains of SOS impairs
the function of SOS, whereas deletion of the C-terminal Grb-2 binding domain (Pro-rich
motifs) of SOS causes no effect on the SOS function.99 These observations suggest that the
C-terminal domain of SOS negatively regulates SOS activity and that the role of Grb-2 is to
suppress this negative effect. Thus, although there is no doubt that SOS1 is a Ras GDS, how
SOS1 is activated still remains to be determined.

From mammalian tissues at least two additional Ras GDSs have been cloned. One is a
cousin (isoform) of SOS1 called SOS2. SOS1 of 1336 amino acids and SOS2 of 1297 amino
acids share 67% sequence identity.92 Thus, it is predicted that SOS2 is also a Ras GDS, al-
though this notion has not been experimentally confirmed as yet. Interestingly, the ho-
mozygous null mutation of SOS1 gene causes cardiovascular and yolk sac defects in mouse
embryos which leads to death at mid-gestation,100 indicating that SOS2 cannot functionally
replace SOS1. These two SOSs are ubiquitously expressed in most mammalian tissues.92

The other is Ras GRF/CDC25Mm of 1244 amino acids cloned by Larry Feig and his col-
leagues.101 The full-length Ras GRF expression is limited strictly to the brain.101 In primary
culture of newborn rat cortical neurons, Ras is activated by either brain-derived neurotrophic
factor (BDNF) or Ca2+-influx induced by a membrane de-polarization.102 BDNF acts through
the Tyr-kinase receptor TrkB which eventually activates SOS as well.95,96 Feig’s group found
that the Ras activation by the Ca2+-influx requires an IQ (Ca2+/calmodulin-binding) motif
near the DH domain in the N-terminal half of the Ras GRF.101

Ian Macara and his colleagues found recently, using mouse NIH 3T3 fibroblasts, that
Ras GRF, but not SOS1, is responsible for muscarinic receptor-mediated activation of Ras,
and that the agonist carbachol induces the phosphorylation of Ras GRF which is required
for the activation of Ras GRF.104 In this system, transducin !-subunits inhibit the Ras GRF
activation, whereas G protein ∀# subunits cause a constitutive activation. In NIH 3T3 fibro-
blasts, there are at least four isoforms of Ras GRF, consisting of 666, 836, 1120 and 1260
amino acids, which are generated by differential N-terminal deletions. In 1990, just before
SOS1 was cloned, Julain Downward and his colleagues reported that Ras GDS activity is
associated with a cytosolic protein of around 60 kDa in human placenta, and that its GDS
activity is dramatically reduced by a mutation at position 61 of Ras, in particular the Lys
substitution.105 However, whether this GDS is a proteolytic product/isoform of SOSs or Ras
GRF, or an unrelated novel GDS still remains to be clarified.
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GDSs for Rho Family GTPases
In 1990, Takai’s group isolated a GDS of 61 kDa from bovine brains.106 This GDS of

558 amino acids was later called Smg GDS (GDS for small GTPases) as its specificity turns
out to be rather broad, and it stimulates GDP-dissociation from not only Rho family GTPases
but also Ki-Ras and Rapl GTPases.107,108 However, it does not affect the GDP/GTP exchange
of H-Ras. Furthermore, it requires the lipid modification (prenylation) at the C-terminus
of its target GTPases to stimulate the GDP/GTP exchange. Therefore, it clearly differs from
the Ras GDS of around 60 kDa isolated from human placenta which stimulates the GDP/GTP
exchange of H-Ras, even without any C-terminal prenylation.105 The sequence of Smg GDS
cDNA revealed that this GDS contains 11 repeats of 42-amino acid Armadillo (ARM) mo-
tif.107,109 A similar ARM motif has been found in several other proteins such as the tumor
suppressors APC and importin/SRP1 as well as an APC-binding protein called ∀-catenin/
Armadillo and SMAP, an Smg GDS-binding protein.109-112

∀-Catenin is a cytoplasmic oncoprotein which directly binds c-ErbB-2, an oncogenic
receptor Tyr-kinase, through its ARM motifs.113 An N-terminally deleted mutant of ∀-catenin
which no longer binds the tumor suppressor cadherin, but still binds c-ErbB-2, blocks the
c-ErbB-2 dependent invasion and metastasis of gastric cancer cells.113 This mutant blocks
the interaction between the endogenous ∀-catenin and c-ErbB-2.113 Three other proteins,
APC, E-cadherin and an F-actin bundler of 55 kDa called fascin, also bind ∀-catenin com-
petitively through these ARM motifs.114 Furthermore, an oncogenic cytokine called
Wnt-1/wingless activates free ∀-catenin somehow through Fz and Dsh, allowing ∀-catenin
to form a complex with transcription factors of Tcf/Lef family and translocates it into the
nucleus, causing malignant transformation.115 However, both the nuclear localization and
Tcf/Lef activation of ∀-catenin are blocked by its binding to the tumor suppressor APC
which is mediated by a protein kinase called ZW3/GSK3-∀.110,112,115 By analogy with APC
and ∀-catenin, it is also conceivable that SMAP is a tumor suppressor that sequesters Smg
GDS which is potentially an oncoprotein, as the latter activates Ki-Ras. In fact, Tyr-phos-
phorylation of SMAP by v-Src significantly reduces its affinity for Smg GDS.112 Interest-
ingly, SMAP is closely related to an accessory subunit of sea urchin kinesin II, a motor
ATPase translocating vesicles along microtubules.

Three other unique features of Smg GDS distinguish this GDS from any other GDSs:116

(i) unlike other GDSs which bind only the GDP-bound forms (and not the GTP-bound
forms) of their target GTPases, Smg GDS binds both the GDP-bound and the GTP-bound
forms of its target GTPases; (ii) Smg GDS no longer stimulates the GDP/GTP exchange,
when its target GTPases are bound to the plasma membranes, whereas other GDSs can
stimulate the GDP/GTP exchange whether their target GTPases are on the membrane or
not; and (iii) Smg GDS releases its target GTPases from the membrane. These observations
led Takai’s group to a very provocative conclusion: the major physiological function of Smg
GDS is the translocation of its target GTPases from the membrane to the cytosol, rather
than the stimulation of their GDP/GTP exchange per se.116

Subsequently, DBL and several other GDSs which are highly specific for Rho family
GTPases were isolated or cloned (see Table 11.2). Most of these so-called Rho GDSs are
oncogenic and share with DBL both DH and PH domains which are located immediately
adjacent to each other. It is the DH domain that is responsible for stimulation of the GDP/GTP
exchange.97 Two distinct oncoproteins DBL and Ost stimulate the GDP/GTP exchange of
both CDC42 and RhoA.97,117 Interestingly, the CDC42 GDS activity is stimulated by a neu-
ropeptide called bradykinin through its cell surface receptor,118 and this receptor is overpro-
duced around 50 times more over the normal level upon Ras-induced malignant transfor-
mation.119 Since both RhoB and CDC42 are required for oncogenicity of Ras,26,120 it is
conceivable that these Rho family G proteins could be activated by Ras through DBL or Ost.
The PH domain of DBL alone is not sufficient, but required, for malignant transforma-
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tion.121 Furthermore, the PH domain is not required for the in vitro GDS activity, but is
both required and sufficient for the association of DBL with actin-cytoskeleton.121 Interest-
ingly, unlike normal fibroblasts, DBL-transformed fibroblasts require fibronectin to form
actin stress fibers,122 suggesting that, like Ras and Src, DBL downregulates fibronectin gene.
However, unlike Ras and Src, DBL upregulates its receptor (!5 integrin) gene. Ost binds
Rac, but in the GTP-bound form, without any GAP or GDS activity towards Rac, suggesting
that Ost could be an effector of Rac. However, so far no effect of Rac has been shown on the
GDS activity of Ost. Both DBL and Ost activate Jun-kinase (JNK) through CDC42, and this
activation is inhibited by either the C-terminal GAP domain of p190-A or a dominant nega-
tive mutant of the CDC42/Rac-activated kinase PAK.123 For details of the PAK kinase fam-
ily, see chapter 16.

Two additional oncogenic members of the DH family called LBC and p115 are GDSs
specific for Rho GTPases.124,125 The faciogenital dysplasia gene product FGD1 of 961 amino
acids is a GDS highly specific for CDC42, and mutations in the DH domain cosegregate
with the developmental disease Aarskog-Scott syndrome.126 Interestingly, an FGD1-related
protein of 766 amino acids called frabin shares 71 sequence identity with FGD1 in the DH
domain, and cross-links actin filaments through the N-terminal domain. Its overexpression
leads to the activiation of JNK, presumably through CDC42.126a The oncoprotein VAV serves
as a GDS for Rac, only when Vav is Tyr-phosphorylated.127 Furthermore, the phosphoryla-
tion of Vav by Lck is inhibited by PIP2 (a substrate of PI-3 kinase), but enhanced by PIP3 (a
product of PI-3 kinase), clearly indicating that Vav mediates the Ras/PI-3 kinase-induced
Rac activation.127a The oncogenicity of the Rho GDSs (LBC and p115) and Rac GDS (Vav)
supports the notion that both Rho and Rac are required for Ras transformation. However,
the role of either CDC42 or FGD1 in the transformation process still remains to be deter-
mined. The oncoprotein Tiam-1 which is responsible for the Rac-dependent invasiveness of
T-lymphoma cells is also a member of DH family GDS which activates not only Rac, but
also Rho and CDC42.128 Interestingly, Tiam-1 contains an extra PH domain at the N-termi-
nus. This N-terminal PH domain, but not the DH-adjacent PH domain, is essential for
Tiam-1 to be membrane-localized and activate Rac.129 The N-terminal PH domain can be
functionally replaced by the myristoylation signal.

Rather surprisingly, Richard Cerione and his colleagues reported130 that GDP dissocia-
tion of Rho family GTPases, in particular CDC42 and Rho, is stimulated in vitro by a unique
acidic phospholipid, phosphatidylinositol 4,5 bisphosphate (PIP2). The action of PIP2 re-
quires the C-terminal basic tail of Rho family GTPases, and it binds preferentially the GDP/
GTP-free form of these GTPases. Ras, Rapl and Ran GTPases are insensitive to the action of
PIP2. Since Ras induces the production of this phospholipid through the PI-3 kinase/Rac
pathway, it is possible that Ras activates both Rho and CDC42 through PIP2, in addition to
the pathway involving the bradykinin receptor and Rho/CDC42 GDSs.26 However, whether
PIP2 plays any physiological role in the activation of these Rho family G proteins in vivo still
remains to be determined.

Rapl/Ras GDSs
Initially Smg GDS was identified as the first GDS for Rapl family. However, it is not

specific for Rapl and activates even Ki-Ras and Rho family as well. In 1994, another GDS
called C3G was cloned by Michiyuki Matsuda and his colleagues that, like SOS, activate Ras
family.131 C3G binds Crk, an oncogenic Grb-2 -related SH2/SH3 protein, through an inter-
action between the SH3 domain of Crk and the Pro-rich motif of C3G. However, it was
realized later that the GDS activity of C3G is much higher towards Rapl family than Ras
family.132 Thus, C3G could be considered as a Rap1 GDS. Since overexpression of Rapl
GTPases was reported to suppress v-Ki-Ras-induced malignant transformation,40 one might
expect that its activator C3G serves as an anti-Ras tumor suppressor. However, it was found
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recently that C3G is required for both Crk-induced JNK activation and malignant transfor-
mation in NIH 3T3 fibroblasts, whereas Rapl suppresses Crk-induced transformation.133

Thus, it is clear that (i) C3G serves as an oncogenic effector of Crk, and that (ii) Rapl is not
an effector of C3G at least for malignant transformation. Crk induces neurite outgrowth of
PC12 cells in a Ras-dependent manner.134 However, Ras is not essential for C3G-induced
JNK activation (Tanaka S, personal communication). Thus, it appears that Crk activates
another Ras-related G protein through C3G. In this context, it is of interest to note that
Rheb, a novel Ras-related G protein, also binds Raf, and induces neurite outgrowth of PC12
cells strongly, in particular in the presence of both NGF and a cAMP derivative.135 Since the
phosphorylation of Raf at Ser43 by cAMP-dependent protein kinase (PKA) blocks the
Ras-Raf interaction, whereas it increases the affinity of Raf for Rheb.135 Rheb could serve as
an alternative effector of C3G for both fibroblast transformation and neuronal differentia-
tion when cAMP blocks the Ras-Raf interaction.

GDP Dissociation Inhibitors (GDIs)
So far no GDI has been identified that is specific for either Ras or Rapl family GTPases.

Thus, here I will discuss only the GDIs specific for Rho family GTPases. The majority of
work on Rho GDIs was done by Takai’s group since 1990. The first GDI of 27 kDa was
isolated from the cytosol of bovine brains6 and subsequently its cDNA was cloned.136 It
binds preferentially the GDP-bound form of all Rho family GTPases (Rho, Rac and CDC42),
but neither Ras nor Rapl family GTPases. This GDI inhibits the GDP dissociation from its
target GTPases only when they are prenylated at the C-termini. Furthermore, GDI releases
these GTPases in their GDP-bound forms (D-GTPases) from the plasma membranes. Thus,
in the nonstimulated cells, D-GTPases form a complex with GDI and remain in the cytosol.
Upon the activation of GDSs for these GTPases, D-GTPases are converted to their GTP-bound
forms (T-GTPases), and subsequently the T-GTPases are released from GDI. As a conse-
quence, T-GTPases are translocated to the plasma membranes and interact with their effec-
tors. When T-GTPases are converted to D-GTPases by various GAPs, GDI binds D-GTPases
and this complex is released from the plasma membranes.

Interestingly, however, GDI blocks the GDP-dissociatiating activity of DBL and other
GDSs, probably due to the competition between GDI and GDSs for binding to D-GTPases.
This implies that for D-GTPases to be activated, either the affinity for GDI for D-GTPases
must be reduced or that of GDSs be increased by some factor(s). In fact, a novel membrane-
bound protein that has such a function was detected in mammalian cells.137 It is called GDF
(GDI displacement factor). The GDF is considered to form a complex with GDI, reducing
the affinity for D-GTPases, and thereby allowing GDSs to bind D-GTPases. However, the

Table 11.2. Mammalian GDSs for Ras/Rho family GTPases

Ras GDSs Targets Rho GDSs Targets

SOS Ras DBL Rho, CDC42
OST Rho, CDC42

Ras-GRF Ras Tiam-1 Rac, Rho, CDC42
VAV Rac

C3G Rapl, Ras LCB Rho
p115 Rho

Smg GDS Rapl, Ki-Ras, FGD1 CDC42
Rho, Rac
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detailed mode of action of GDF should await its purification and further characterization
in the future.
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CHAPTER 12

Oncogenic Ras Signaling Network
Julian Downward

Introduction

The ras genes were first discovered in the 1960s as the oncogenes of the acutely transform-
ing Harvey and Kirsten rat sarcoma viruses, which were capable of causing tumors in

rodents and cellular transformation in vitro. They were subsequently found to have been
acquired by the retroviruses from cellular genes, and these ras protooncogenes have now
been shown to be activated by point mutation in about 25% of all cases of human malig-
nancies, making them numerically the most significant dominantly acting oncogenes in
human cancer.1 They code for closely related monomeric G proteins of 21 kDa which have
proven to be the founding members of a very large superfamily of related proteins with
diverse function. Ras and related proteins slowly hydrolyze bound GTP to GDP, a process
that is stimulated by GTPase activating proteins (GAPs). Several lines of evidence indicate
that Ras proteins are active in promoting cellular growth and transformation when they are
bound to GTP and inactive when they are bound to GDP. Transforming mutants of Ras are
defective in their GTPase activity, in particular its ability to be stimulated by GAPs, and
hence remain in the active GTP bound state.2

In the past few years, very significant advances have been made in understanding the
regulation and function of Ras in the control of cellular growth. It is now possible to trace
every component in one of the growth signaling pathways triggered by an extracellular mi-
togen such as epidermal growth factor (EGF) to regulators of gene transcription within the
nucleus. Upstream of Ras, stimulation of the epidermal growth factor receptor tyrosine
kinase leads to the stimulation of GDP/GTP exchange activity on Ras by translocation of a
GDP dissociation stimulator (GDS) for Ras, Sos, to the plasma membrane where it has
access to the membrane localized Ras.3 This translocation is achieved by the binding of an
adaptor protein, Grb2, to the autophosphorylated carboxy terminal tail of the receptor, or
to an intermediate tyrosine phosphorylated adaptor protein, Shc.4 Grb2 contains one SH2
domain, which binds to phosphotyrosine residues, and two SH3 domains which are capable
of binding to proline rich regions in the carboxy terminal region of the exchange factor Sos.
Ras proteins respond to a very wide variety of extracellular stimuli; it is likely that many use
a variation of the mechanism described above. In addition, in certain cases it has been found
that the activity of GAPs is regulated by factors that activate Ras.5

Downstream of Ras, a number of proteins that interact directly with GTP-bound, ac-
tive Ras, but not the GDP-bound, inactive form, have been identified. These are known as
“effectors” of Ras, and mediate the consequences of Ras activation on the behavior of the
cell. They bind to regions of Ras that alter in conformation between the GTP- and
GDP-bound states, in particular the “effector loop”, amino acids 32-40, which was originally

G Proteins, Cytoskeleton and Cancer, edited by Hiroshi Maruta and Kazuhiro Kohama.
©1998 R.G. Landes Company.



G Proteins, Cytoskeleton and Cancer172

identified as an area in which mutations would destroy the biological activity of Ras with-
out affecting its ability to bind to GDP/GTP.6 This chapter will principally focus on the
effects that activated Ras has on cellular behavior, and in particular will consider the various
effector proteins acting downstream of Ras and their role in contributing signals that to-
gether make up the phenotype of Ras transformed cells.

Ras Effectors

Raf
The best characterized Ras effector is the product of the raf-1 protooncogene. Raf-1

interacts directly with Ras when it is GTP-bound, but not when it is GDP-bound, both in
vitro using purified proteins and in the yeast two-hybrid system.7-10 Raf-1 and Ras have also
been shown to form a complex in response to physiological Ras activating stimuli in intact
cells.11,12 Raf-1 is a serine/threonine kinase: two close relatives exist in mammals, A-Raf and
B-Raf. The proteins are composed of three conserved regions: CR1 contains a cysteine rich
zinc finger preceded by the Ras binding domain (RBD). CR2 contains several serine and
threonine residues which can be phosphorylated. CR3 encompasses the kinase domain.

A likely model for the activation of endogenous Raf-1 in response to extracellular stimu-
lation is that growth factor induced increases in the amount of GTP-bound Ras leads to
recruitment of Raf to the plasma membrane where Ras is located: artificial localization of
Raf to the plasma membrane by the addition of a CAAX isoprenylation motif at the carboxy
terminus results in its constitutive activation.13,14 The interaction with Ras does not cause
activation of Raf by itself; it appears that other events are also involved, very likely including
tyrosine phosphorylation of two residues on Raf, Y340 and Y341.15 In the case of B-Raf
there is evidence that interaction with Ras.GTP alone is sufficient to cause increased kinase
activity.16 In addition to these aspects of Raf regulation, Raf also binds to 14-3-3, in particu-
lar through the phosphorylated serine 259 in the CR2 domain of Raf.17 14.3.3 may play a
role in Raf regulation, but details of exactly how this works, and how important this is in the
normal mitogen regulation of Raf, are still lacking.

Moving downstream in the signaling cascade, the Raf proteins control the MAP kinase,
or ERK, signaling pathway by phosphorylating and activating MEK1 and MEK2, which are
MAP kinase kinases.18 The Raf/MAP kinase pathway is essential for fibroblast prolifera-
tion19 and is likely to be important in the transformation of fibroblasts and other cell types
by Ras oncogenes (see later). The Raf/MAP kinase pathway has been identified genetically
as an effector of Ras in the development of the Drosophila eye and C. elegans vulva. Clear
evidence for other Ras effector pathways has not yet been identified in these organisms,
although it has been suggested that the Raf related kinase Ksr might play an effector role
downstream of Ras.20

Phosphatidylinositol-3 Kinase
In addition to Raf, a number of other possible direct targets for Ras are known.

Phosphatidylinositol-3 kinase (PI-3 kinase) is an enzyme that phosphorylates the lipids
phosphatidylinositol (PI), phosphatidylinositol (4) phosphate (PI(4)P) and phosphatidyl-
inositol (4,5) bisphosphate (PI(4,5)P2) to yield phosphatidylinositol (3) phosphate (PI(3)P),
phosphatidylinositol (3,4) bisphosphate (PI(3,4)P2) and phosphatidylinositol (3,4,5)
trisphosphate (PI(3,4,5)P3) respectively. PI(3,4)P2 and PI(3,4,5)P3 are second messenger
molecules that are not found in unstimulated cells, but rapidly accumulate after growth
factor stimulation.21 PI-3 kinase is composed of a catalytic p110 subunit and a regulatory
p85 subunit: the regulatory subunit has been reported to interact through its SH2 domains
with a number of tyrosine phosphorylated proteins including autophosphorylated growth
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factor receptors, such as the platelet-derived growth factor (PDGF) receptor, and adaptor
molecules, such as the insulin receptor substrate 1 (IRS-1). In addition the proline rich
motifs on p85 have been found to interact with a number of SH3 containing proteins in-
cluding Src family kinases. The catalytic p110 subunit of PI-3 kinase has been shown to
interact specifically with GTP-bound Ras.22 This interaction results in stimulation of the
lipid kinase activity of PI-3 kinase both in intact cells,22 in a purified in vitro reconstitution
system23 and in a yeast model system.24 Furthermore, inhibition of endogenous Ras func-
tion through the expression of dominant negative Ras results in inhibition of nerve growth
factor (NGF) and epidermal growth factor (EGF) induced stimulation of PI-3 kinase activ-
ity in intact PC12 pheochromocytoma cells,22 and of PDGF induced stimulation of PI-3
kinase activity in NIH 3T3 fibroblasts.25

Ras interacts with the !, ∀, # and + isoforms of p110,22,23,26,27 but not more distantly
related members of the family. A likely model for the regulation of PI-3 kinase activity in
response to growth factors is that there is a synergistic activation through Ras interaction
with the p110 domain and tyrosine phosphoprotein interaction with the p85 domain. Both
these interactions appear to have the effect of translocating PI-3 kinase to the plasma mem-
brane where its substrate is to be found, and also inducing its activation through inducing
conformational change. Since Ras is also activated in response to growth factor treatment of
cells, growth factors cause activation of PI-3 kinase both through p85/tyrosine phosphop-
rotein interaction and through Ras activation. Systems such as this in which multiple dis-
tinct synergistic signaling mechanisms are activated by the same growth factors, and then
act on the same target enzymes in different ways, are likely to give very great sensitivity of
the enzyme to the extracellular stimuli. This may explain why many mitogen stimulated
enzymes are activated at very low concentrations of ligand which might only occupy a tiny
fraction of the receptors at the cell surface.

As a result of PI-3 kinase activation, a number of target enzymes are switched on, in
particular the serine/threonine kinases Akt/PKB and p70S6K, and the small GTPase Rac (see
later).

Ral-GDS
Use of the yeast two hybrid interaction screen revealed that activated Ras interacts with

Ral-GDS, the founder member of a GDS family for the Ral GTPases28-32 that also includes
the related proteins RGL and RLF. Activated Ras interacts with the regulatory domain of
Ral-GDS and is able to stimulate the enzymatic activity of its catalytic domain, which has
homology to Ras GDSs such as CDC25, but acts only on RalA and RalB and not Ras.33 In
this way Ras is able to initiate a GTPase cascade resulting in Ral activation. Ral is about 50%
identical to Ras, but its function is clearly distinct and not well understood. It has been
implicated in the control of phospholipase D34 which leads to the generation of lipid second
messengers such as phosphatidic acid. Some Ral binding proteins have been identified in
the yeast two hybrid system: Ral binding protein 1 (Ral-BP1) and RLIP76 are related pro-
teins that possess GAP activity for the Rho family GTPases Rac and CDC42.35,36 It has been
postulated that this could be the means by which Ras controls Rac activity in cells, although
definitive support for this is lacking.

GTPase Activating Proteins
The Ras specific GAPs include p120GAP, Gap1 and neurofibromin, all of which interact

with Ras.GTP through the effector loop, but not with Ras.GDP, could possibly have some
function downstream of Ras, in addition to their negative regulatory function.37,38 p120GAP

contains SH2, SH3 and pleckstrin homology (PH) domains which could connect to other
signaling proteins. Overexpression of the SH2 and SH3 domains of p120GAP can regulate
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transcription in a Ras-independent manner,39 and p120GAP interacts with p190 Rho GAP,40

hence providing possible mechanisms whereby p120GAP could act as an effector of Ras. It
has been proposed that Ras could control the Rho GAP activity of p190 through p120GAP,
and thereby exert its effects on the actin cytoskeleton.38 However, despite much investiga-
tion, no definitive proof that p120GAP significantly contributes to Ras downstream function
under normal circumstances has emerged; indeed, deletion of both alleles of p120GAP does
not affect the ability of Ras to transform mouse embryo fibroblasts.41 The other Ras GAPs,
neurofibromin and Gap1 and close relatives, could also conceivably have downstream func-
tion, though in these cases possible pathways that might be involved are less obvious.
Neurofibromin may be involved in regulation of a cyclic AMP dependent pathway, but this
appears to be independent of Ras.42,43

Other Mammalian Ras Targets
In addition to these Ras effectors, a number of other mammalian proteins have been

described which interact with Ras in a GTP-dependent manner but for which further con-
firmation of their role in Ras signaling is not yet available. Ras has been reported to interact
with MEKK1,44 a MAP kinase kinase kinase type enzyme that was originally thought to
activate the ERK pathway, but more recently has been shown to control the stress activated
protein kinase JNK.45 GTP, but not GDP, bound Ras interacts directly with the carboxy-
terminal kinase domain of MEKK1, but it is not clear whether this interaction is sufficient
to activate the kinase activity, or whether Ras directly affects MEKK under physiological
conditions.

Ras also interacts directly with an atypical protein kinase C isoform, PKC0 in vitro.46

The significance of this interaction is also not completely clear, but it has been shown that
functional PKC0 is important in both the proliferation of fibroblasts and germinal vesicle

Fig. 12.1. Ras signals through multiple effector pathways to influence cell prolifera-
tion. Heavy arrows represent well-established pathways, while signaling via light
arrows is less well proven. Double-headed arrows involve multiple steps.
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breakdown in Xenopus oocytes, a Ras induced response.47 The atypical PKCs may also be
involved in regulation of apoptosis: the product of the par-4 gene, whose expression has
been shown to correlate with growth inhibition and apoptosis, specifically interacts with
the regulatory domains of PKC0 and PKC1/2, inhibiting their enzymatic activity.48

A yeast two hybrid screen identified another possible Ras effector, AF6.49 This protein
was also found in brain extract as a major Ras.GTP affinity column binding protein.50 AF6
is homologous to the Drosophila Canoe protein, which is believed to function in the Notch
developmental pathway, and has been identified as a fusion partner of ALL-1 in some acute
lymphoblastic leukemias. It has been suggested that AF6 may be involved in regulating cell-
cell junctions.

Rin was isolated as a human cDNA able to suppress the heat-shock sensitivity con-
ferred by activated RAS2 in S. cerevisiae and was subsequently shown to bind to Ras.GTP,
but not Rap1, in vitro.51 Rin contains an SH2 domain and a proline-rich motif which inter-
acts with the SH3 domain of Abl;52 however, little is known of the biological significance of
the Rin-Ras interaction.

As well as these putative effectors, several other proteins have been reported that inter-
act with Ras in vitro. For example, both Jun and Jun N-terminal kinase (JNK) have been
reported to bind to Ras.53,54 It seems likely that yet more Ras binding proteins will be found
in the future. The biological significance of these interactions remains open to speculation.
Some of the interactions occur with very low affinity and might therefore be suspected to be
less significant than high affinity interactions. However, it is clear that some extremely low
affinity interactions, such as that of Ras with p120GAP, have great biological significance, so
affinity itself may not be a good guide to physiological relevance. There are circumstances
where very high affinity interactions would not be advantageous in a signaling pathway:
they would reduce the speed with which signals could be terminated. The ability of a pro-
tein to interact with Ras in a GTP-dependent manner is not sufficient to guarantee that it
has effector function; its downstream function must be demonstrated in a whole cell, or
whole organism, context.

Effectors of Ras in Yeast
Before any effectors for Ras were discovered in mammalian systems, S. cerevisiae Ras

was found to interact with, and regulate the activity of, adenylyl cyclase.55 However, this
regulatory pathway does not operate in other systems, including other yeasts. In fission
yeast, Ras has been shown to directly regulate two effectors. One is a MAP kinase kinase
kinase, Byr2, the other is Scd1, a GDS for the Rho family protein CDC42, which is involved
in regulation of cell morphology.56 There is therefore precedent for Ras directly controlling
a GDS for Rho family GTPases, although no such connection has yet emerged in mamma-
lian systems. In budding yeast, CDC24, the homolog of Scd1, is not controlled by Ras but by
the closely related protein Rsr1, whose closest mammalian relative is Rap1.57 The Ras sub-
family has at least eleven members in mammals, any of which, by analogy with yeast, might
be capable of controlling the GDSs for Rho family. However, yeast does not always accu-
rately mirror mammalian pathways, as is seen with Ras regulation of adenylyl cyclase in
budding yeast.

Ras Effects on Cell Mitogenesis, Transformation and Other Behavior
The ability of Ras to interact with effector proteins leads to the propagation of signals

that ultimately affect the progression of the cell through the cell cycle, and in cases of con-
tinuously activated signaling can cause cellular transformation. This section considers the
signaling pathways acting downstream from the direct effectors of Ras, and how they con-
tribute to mitogenesis, transformation and other events. It also examines the methodology
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used to determine the roles played by the various Ras effector pathways in the control of
different downstream events, including the powerful use of partial loss of function muta-
tions in the Ras effector site.

Actin Cytoskeleton
Ras transformed cells have long been known to have undergone profound changes to

their actin cytoskeleton, such as the loss of stress fibres.58 When microinjected with acti-
vated Ras protein, fibroblasts show rapid membrane ruffling due to the polymerization of
cortical actin.59 Very similar effects have been seen with activated Rac,60 and the effects of
Ras have been shown to be inhibited by dominant negative forms of Rac, thus placing Ras
upstream of Rac in the control of the cytoskeleton. Rho family protein signaling to the actin
cytoskeleton is discussed in the chapter 14. The mechanism connecting Ras to Rac has been
somewhat unclear until recently. Raf proteins do not have rapid effects on the cytoskeleton
in fibroblasts, although longer term effects which are dependent on transcriptional regula-
tion do occur. However, a number of other effectors could be involved. For example, Ral-
GDS interacts with Ras and in turn activates Ral, which binds to Ral-BP1, a protein which
contains a Rac GAP domain.35,36,61 Ral-GDS might therefore be able to alter the activation
state of Rac. In addition, expression of noncatalytic portions of p120GAP has effects on the
cytoskeleton of fibroblasts:38 a possible pathway by which p120GAP could influence Rho family
proteins is through its associated protein p190,62 which has GAP activity towards Rac and
Rho.40 Furthermore, in fission yeast, Ras has been shown to directly regulate Scd1, a GDS
for CDC42, which is involved in regulation of cell morphology.56 It is a possibility that a
mammalian homolog of Scd1 may exist which is a Rac GDS that is directly regulated by
interaction with Ras. Finally, a reasonable alternative is that Ras controls Rac through PI-3
kinase: PI-3 kinase has been shown to activate Rac, as determined both by morphological
effects on cells63 and by direct measurement of GTP levels on Rac in permeabilized cells.64

In order to distinguish between these various mechanisms, a number of approaches
have been used. A potent technique has derived from the use of partial loss of function
mutations in Ras.65 Many mutations in the effector region of Ras, residues 32 to 40, are
known to inhibit the biological function of Ras and to block the interaction of Ras with
target proteins. Recently it has become clear that relatively subtle mutations in this region
might lead to partial loss of function mutants in which interaction with some effectors is
maintained but with others is lost. For example, White et al have shown that T35S Ras will
still interact with Raf, but not the S. pombe MAP kinase kinase kinase Byr2, while D37G
interacts with Byr2 but not Raf.65 Both mutants are unable to transform mammalian cells
by themselves but will cooperate together to give transformation; the normal mammalian
targets for D37G Ras include Ral-GDS66 and Rin.52 Similarly, Joneson et al have reported
that T35S Ras is able to induce MAP kinase activation but not membrane ruffling when
microinjected into fibroblasts, while Y40C Ras induces membrane ruffling but not MAP
kinase activation.67 The two mutants acting together will induce DNA synthesis, but either
one alone is ineffective. Y40C Ras has been shown to interact with PI-3 kinase,68 but not Raf
or Ral-GDS. It therefore seems very likely that PI-3 kinase, which interacts with Y40C Ras
and is a known regulator of the actin cytoskeleton, is the link between Ras and actin rear-
rangement. However, a powerful argument against this mechanism was the fact that PI-3
kinase inhibitory drugs such as wortmannin or LY294002 failed to prevent Ras induced
membrane ruffling.63 Recently it has been shown that in fact these drugs do not effectively
inhibit the ability of Ras to activate PI-3 kinase activity in some cells.68 Other means of
inhibiting PI-3 kinase using dominant negative mutants based on the regulatory p85 sub-
unit show that Ras, but not Rac, induced ruffling is indeed dependent on PI-3 kinase activa-
tion. At least one isoform of PI-3 kinase, variously known as p170, Cpk and PI-3 kinase
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C2!, has been identified that is very insensitive to wortmannin and LY294002;69,70 this en-
zyme, or other drug-insensitive PI-3 kinases, may be responsible for the wortmannin resis-
tance of Ras induced ruffling in some cells.

Gene Transcription
A fairly rapid effect of Ras activation is the stimulation of transcription from a number

of mitogen responsive immediate early genes. One promoter which has been studied in
detail is that of c-fos: this contains a serum responsive element (SRE) which complexes with
the transcription factors serum response factor (SRF) and ternary complex factor (TCF), a
family of ETS-related proteins including Elk-1. Elk-1 is phosphorylated by the MAP kinase
ERK, acting downstream of the Ras effector Raf; this phosphorylation results in increased
ternary complex formation and increased activity of the transcriptional activation domain.71

In addition, the ERK pathway also leads to p90Rsk2 (a kinase immediately downstream of
ERK) phosphorylation and activation of CREB, the binding protein for the cAMP respon-
sive element in the fos promoter.72

The Raf effector pathway is thus one means by which Ras controls transcription. How-
ever, several other signaling pathways downstream of Ras are also involved. For example,
JNK is also able to phosphorylate and activate Elk-1. Rac is able to activate JNK,73,74 so Ras
may also regulate the SRE through a PI-3 kinase, Rac, JNK pathway. However, although
activation of PI-3 kinase invariably causes actin cytoskeleton rearrangement, its ability to
activate JNK is variable, with some reports of JNK activation by PI-3 kinase75,76 and some
reports of lack of activation.77,78 Ras is not a particularly strong activator of JNK compared
with cellular stresses: it is possible that various other pathways are involved in its activation,
including autocrine production of growth factors,79 direct interaction of Ras with MEKK144

or direct interaction of Ras with JNK.53 In addition to the ability of Rac to regulate Elk-1
through the JNK pathway, there is also an as yet uncharacterized pathway connecting Rac,
and hence Ras, to activation of SRF through a MAP kinase independent mechanism.80 In
addition, Ral-GDS has also been implicated in regulation of fos gene transcription, although
the mechanism for this has not yet been determined.

Proliferation and Transformation
The ability of Ras to regulate both transcriptional and cytoskeletal events may be im-

portant for its control of cell cycle progression and transformation. Use of partial loss of
function effector mutants of Ras has clearly shown that multiple pathways are required
downstream of Ras for efficient transformation,65,67,68,81 not just the Raf/MAP kinase path-
way, although this pathway alone does have some transforming ability.19 Dominant nega-
tive forms of MEK, which block the MAP kinase pathway, inhibit Ras transformation,19,68 as
do dominant negative forms of PI-3 kinase.68 In addition, dominant negative Rac and Rho
have also been found to inhibit Ras transformation,82,83 suggesting that these pathways are
also important. The picture emerging suggests that Ras transformation requires the func-
tion of several signaling pathways: however, a degree of caution should be used when inter-
preting data from dominant negative experiments of this type. It is possible that the domi-
nant negative proteins are not as specific as claimed and may affect other related pathways,
and also that they may affect pathways required for cell transformation or proliferation that
are not normally controlled by Ras, but which are permissive for its function.

Effector mutants of Ras suggest that both the Raf/MAP kinase and PI-3 kinase path-
ways are needed for transformation. Rac appears to be able to provide a large part of the
oncogenic signal downstream of PI-3 kinase in fibroblasts: partial loss of function effector
mutants in Rac suggest that the ability to activate JNK is dispensable for transformation,
while the ability to control the actin cytoskeleton is required.84,85 Indeed, membrane ruffling
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is closely connected with cell motility which may be an important component of metastatic
potential in vivo.86 The Rac GDS, Tiam-1, has been found as an oncoprotein in human T
cell lymphomas, and increases cell invasiveness in vitro and metastasis in mice.87 Another
effector system activated by Rac that may be important in transformation is the generation
of reactive oxygen species (ROS),88,89 although the precise mechanisms involved in this pro-
cess are currently unclear.

An area of considerable interest at present is how the various signaling pathways acti-
vated by Ras promote passage through the cell cycle; in other words, how the early signaling
events described above translate into longer term regulation of cell cycle check points many
hours later. Recent work has shown that Ras function is required for inactivation of the
retinoblastoma protein (Rb) in late G1.90,91 A considerable part of this signaling appears to
be due to the ability of the Ras to induce Cyclin D1 expression through the Raf/MAP kinase
pathway.92 However, there are several indications that other pathways acting downstream of
Ras may be important in cell cycle regulation. It is particularly interesting that the activa-
tion state of Ras, as measured by the ratio of bound GTP to GDP, varies throughout the cell
cycle, and is high late in G1 at a time when the Raf/MAP kinase pathway is not activated.93 It
has been known for a considerable time that Ras function is required late in G1,94,95 suggest-
ing that Ras may be influencing the cell cycle through pathways other than Raf. In addition
to the role of cellular Ras protein in promoting cell cycle progression, it has recently been
shown that continuous strong activation of Ras by oncogenic mutation leads to increased
expression of the cyclin-dependent kinase inhibitors p16INK4A and p21WAF1 through a Raf
pathway.96,97 This leads to growth arrest and cell senescence, and presumably represents a
safety mechanism to protect cells from Ras transformation.

In many cell types, particularly epithelial cells, which are of primary importance in
human malignant disease, Ras controls another set of potentially oncogenic responses
through PI-3 kinase which do not involve Rac. Oncogenic Ras mutants protect epithelial
cells from apoptosis, in particular the apoptosis induced by loss of attachment to the extra-
cellular matrix, a response sometimes referred to as “anoikis”.98,99 Detachment induced
apoptosis is likely to be very important in ensuring that epithelial cells do not survive in
locations in the body distant from their site of origin; this mechanism probably has to be
overcome before a cell can metastasize. Study of the signaling pathways involved in the Ras
suppression of detachment induced apoptosis reveals that this is achieved through activa-
tion of PI-3 kinase. However, Rac does not protect cells from apoptosis, rather the effect is
mediated through the serine/threonine kinase known as Akt or PKB.100 PKB/Akt is acti-
vated by a combination of PI-3 kinase produced lipids, such as phosphatidylinositol (3,4)
bisphosphate and phosphatidylinositol (3,4,5) trisphosphate, binding to its amino terminal
pleckstrin homology domain, and phosphorylation of PKB/Akt by upstream kinases that
are directly activated by these lipids (PDK1 and PDK2).101 The ability of Ras to promote cell
survival in the absence of attachment through this pathway is likely to be a very important
part of the mechanism whereby Ras transforms cells. However, while activated forms of
PKB/Akt can cause cells to survive in suspension, they do not promote their growth: pre-
sumably other pathways downstream of Ras are required for this, probably predominantly
the Raf/MAP kinase pathway.

Future Directions
The realization that Ras proteins signal through multiple effector pathways has greatly

complicated our view of growth regulation. It is not yet clear whether all the significant
signaling pathways acting downstream of Ras have been identified, and it is entirely possible
that new effectors may still be discovered. Much work remains to be done to determine the
physiological significance of many of the known effectors. Our understanding of these path-
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ways is considerably complicated by the fact that in mammals many proteins exist that are
closely related to Ras, such as Rap1, Rap2, R-Ras and TC21 which interact with most of the
same effectors, and also most of the effectors exist as large families of related proteins. There
is therefore scope for much subtlety and complexity to these signaling pathways. It is very
likely that many of the methods used to study Ras effector pathways are not adequate to
analyze this type of system; overexpression of components in cultured cells may well lead to
loss of distinction between the function of related proteins and the specificity of dominant
negative mutants has rarely been established satisfactorily. While biochemical and molecu-
lar biological studies have been very successful in establishing the strong interactions be-
tween signaling molecules in these pathways, new methods may be required to adequately
address the complexities of Ras signaling pathways in mammals; certainly more use of mouse
genetics and more cell biological study of culture systems expressing only endogenous lev-
els of proteins will be very important in the future. Due to the importance of Ras to human
malignant disease, it is very probable that the broad range of signaling mechanisms con-
trolled by Ras will remain the subject of intense study and will continue to produce interest-
ing insights for some time to come.
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CHAPTER 13

Structures of Ras
and Its Complexes with Raf and GAP
Klaus Scheffzek and Alfred Wittinghofer

Introduction

Ras is the 21 kDa GTP-binding protein essential for the control of eukaryotic cell growth
and becomes an oncoprotein when it is mutated as found in a large number of cancer-

ous tumors.1,2 Ras functions as a molecular switch cycling between GTP-, bound ‘ON’ and
GDP-bound ‘OFF’ states with the GDP-bound state being prevalent in the resting cell.3,4

Post-translational modification of the C-terminus involving farnesylation and palmitoylation
is required for linkage of Ras to the inner cell membrane.5 Activation as triggered by extra-
cellular signals is facilitated by guanine nucleotide exchange factors.6,7 Only in the GTP-
bound form does Ras interact with its effectors.8,9 Signal termination is accomplished by
GTP hydrolysis mediated by Ras itself. This process is intrinsically slow but can be acceler-
ated by orders of magnitude upon interaction with Ras specific GTPase activating proteins
(RasGAPs).10 A vast amount of information about biochemistry, biology, and structure of
Ras and related proteins has been accumulated in many laboratories. In a metaphorical
overlay accounting for its properties to function as a cycling molecular switch, its heart-like
shape, and its crucial role in the processing of extracellular signals arriving at the plasma
membrane, Ras has also been called the ‘beating heart of signal transduction’ (H. Bos, per-
sonal communication). Structural information as derived from X-ray crystallographic analy-
ses or nuclear magnetic resonance (NMR) techniques provides the most detailed knowl-
edge about molecular functions. During the past 3 years application of these methods to the
issues of Ras-effector and Ras-RasGAP interactions has revealed structural details of Ras
signaling, of its downregulation by RasGAPs, and most importantly has provided simple
explanations how oncogenic Ras mutants, as found in a large number of cancerous tumors,
escape the regulation by RasGAPs. In this chapter we will give a brief overview of the cur-
rent structural knowledge of Ras and of its interactions with effector molecules and RasGAPs.

Structure of Ras

Overview
From the structure of elongation factor Tu (EF-Tu)11,12 along with a comparison of the

primary sequences of Ras and EF-Tu,13 models of the three-dimensional architecture of Ras
had been derived.14 Structures of Harvey-(H)-Ras have been determined by X-ray crystal-
lography and NMR spectroscopy. C-terminal truncation by 23 or 18 residues, which are
variable in sequence among Ras proteins from different species, has resulted in dramatically
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improved crystallization properties of Ras and made structure determination feasible.15,16

This led to initial structural models of H-Ras(1-166)17 complexed with GppNHp, a
nonhydrolyzable GTP analog and of GDP-bound H-Ras(1-171).18

Detailed structural analyses have been carried out for catalytic domains of H-Ras
complexed with GTP analog19-21 and with modified guanine nucleotides to probe nucle-
otide binding or GTP hydrolysis.22 In addition, the structures of several Ras mutants have
been determined (see below). The solution structure of catalytic domains bound to GDP23

or to GppCH2p24 have been determined by NMR spectroscopy and were basically consis-
tent with the X-ray structures. They also confirmed the mobility of regions that have been
implicated to be involved in interactions with regulatory or target molecules.25,26

The G-Domain and Nucleotide Binding
The so called G-domain is the principal folding unit of Ras which in its basic architec-

ture has been found in GTP-binding proteins, the structures of which are known so far.27 It
comprises a mixed 5-stranded ∀-sheet (Fig. 13.1A) that is surrounded by 5 !-helices form-
ing a globular protein of approximately 40 Å in diameter.28

According to crystallographic analyses of the full length H-Ras(1-188) bound to GDP
the C-terminal region extending the G-domain is mobile in the crystals.29 The guanine
nucleotide (GTP/GDP) is bound in a pocket that is formed by residues belonging to the
sequence motifs (G1-G5, Fig. 13.1B) characteristic for GTP binding proteins. Their contri-
butions can be subdivided into parts involved in binding of the phosphate chain (P-loop,
loop L2, loop L4) and of the guanine base (Phe28, NKXD, SAK/L). Numerous polar interac-
tions derived from the crystal structure account for the high affinity for GTP/GDP.19

The guanine base is bound in a hydrophobic cavity that is lined by residues derived
from the G4 (NKXD) and G5 (SAK/L) motifs.19 Guanine is sandwiched by the side chain of
Lys117 (from NKXD) on one face; on the other face Phe28, that is conserved in Ras related
GTP binding proteins,2 undergoes an aromatic-aromatic interaction with the base and is
itself stabilized by the side chain of Lys147 from the SAK/L motif. Its mutation to leucine
leads to a dramatic increase in the dissociation rates of GDP/GTP accompanied by destabi-
lization of the protein.30

Binding specificity for guanine nucleotides has been ascribed mainly to the interaction
between the main chain amide group of Ala146 and the exocyclic O6-atom of the purine
ring.31 Another contribution comes from Asp119 that contacts the exocyclic NH2- and the
endocyclic NH at position 1 of the ring. Its mutation to asparagine changes the specificity to
xanthine nucleotides making the protein an XTPase which is nevertheless sensitive to GTPase
activating proteins.32

The G1-motif forms the so called phosphate binding loop or P-loop that is found in
many other nucleotide binding proteins including myosin and nucleoside monophosphate
kinases.33-35 Together with the helix-dipole of !1 it forms a positively polarized environ-
ment that is responsible mainly for stabilization of the ∀-phosphate of the nucleotide. This
is demonstrated by numerous interactions of P-loop residues with this part of the nucle-
otide19 and by the observation that guanine nucleotides lacking the ∀-phosphate (GMP-
and guanosine derivatives) bind with 105-fold reduced affinity.36

In the structures of the GTP-bound form the loops L2 and L4 of Ras are tightly in-
volved in binding of the #-phosphate. Threonine35 and Gly60 form main chain contacts
with the phosphate oxygens, and most importantly the hydroxyl group of Thr35 coordi-
nates Mg2+, the octahedral coordination shell of which is completed by oxygens of P∀ and
P#, Ser17 and by two water molecules, with one being stabilized by the invariant Asp57 from
the G3-motif. Residues 61-63 in loop L4 are highly flexible in crystals of both active and
inactive conformations of Ras.19,29 The NMR structure of H-Ras�GDP suggests consider-
able flexibility of both the L2 and L4 regions.23
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Fig. 13.1. Structure of Ras. (A) Ribbon representation of the GTP conformation of H-Ras (modi-
fied from ref. 9). Selected residues are indicated by their numbers in the sequence. (B) Sequence
alignment of human H-Ras and Rap1A with assignment of secondary structure elements in-
cluded. Polar residues important for the interaction with Raf-RBD as seen in the complex with
Rap1A81,83 are labeled by ‘3’. The ‘4’ indicates importance as determinant of effector specificity.
Selected residues important for the interaction with GAP as seen in the Ras-RasGAP complex128

are marked by ‘�’, (modified from ref. 81).
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The role of Thr35 in coordination of the metal ion in the GTP-bound form has been
demonstrated by the structures of GDP-bound G! proteins37,38 and of Ras�GDP where its
interaction with the metal ion is lost,29,39 and most impressively in the EF-Tu system. In
EF-Tu crystals the homologous residue coordinates Mg2+ in the triphosphate form40,41 but
is 18 Å away from Mg2+ when GDP is bound to the protein,42,43 similar to the situation
observed in the structures of GDP-bound Arf1 and Ran.44,45 Mg2+ coordination and its in-
volvement in the conformational changes occurring upon transition between GTP- and
GDP-bound forms29,39 most likely provide an explanation why the Thr35 homologue is
strictly conserved among all known GTP binding proteins.4

GTP Hydrolysis and Associated Conformational Changes
GTP hydrolysis as performed by Ras means the transfer of the #-phosphoryl group of

GTP to a water molecule. This involves inversion of configuration on the #-phosphate, which
is consistent with nucleophilic attack of a water molecule on the #-phosphate occurring as a
direct in line displacement.46 The mechanism how Ras hydrolyzes GTP has been a matter of
controversial debate. In the crystal structure of the GTP-bound form a water molecule has
been identified that was proposed to represent the attacking nucleophile on which the
#-phosphoryl group is transferred.19 Corresponding water molecules have also been found
in the structures of EF-Tu40 and of the !-subunits of transducin (Gt!) or G!i1, when bound
to GTP#S47,48 or GDP�AlFx.48,49

Glutamine 61, that is in the vicinity of the #-phosphate, has been proposed as a candi-
date residue that could play the role of the general base activating the attacking water mol-
ecule,19,28,50,51 and has stimulated a controversial discussion.52,53 Several lines of evidence
have been presented by Schweins et al54,55 that GTP itself acts as the general base activating
the water molecule. A possible role of Gln61 would be the stabilization of the transition
state of the reaction55 as proposed by Privé et al.56

Using Mn2+ as divalent cation in analyses of GTP hydrolysis it was found that this
transition metal increases the intrinsic and GAP accelerated GTPase rate. In addition, atomic
absorption spectroscopy measurements and crystallographic studies with Mn2+ as a ‘heavy’
Mg2+ analog suggested one divalent metal ion to be sufficient for catalysis.57

The regions involved in binding of the #-phosphate moiety in the active conformation
of Ras have been shown to change their conformations upon transition between GDP- and
GTP-bound states.29,39 The resulting structural changes have been derived by comparing
the structures of the di- and triphosphate conformations of Ras as found in crystals of the
Ras complexed with the nonhydrolyzable GTP analog GppCH2p and GDP29 or by a highly
elegant approach using time resolved crystallographic analysis where GTP hydrolysis oc-
curs in crystals of Ras complexed with ‘caged’ GTP58 after flash photolysis of the photolabile
‘caged’ group.39,59 Most of the structural changes have been proposed to occur as a result of
the loss of interactions of L2 and L4 with the #-phosphate, with Thr35 and Gly60 playing an
important role to promote the conformational changes. Threonine 35 is no longer coordi-
nated to Mg2+ in the GDP-form but is rather exposed to the solvent; the side chain of Tyr32
swings out of its position in proximity of the #-phosphate into a more solvent exposed
orientation, accompanied by a shift of neighboring residues.29,39 The role of Thr35 in trig-
gering the conformational transitions between GTP- and GDP-bound Ras has been dis-
puted in spectroscopic studies of liquid and frozen solution using Mn2+ to probe the metal
binding site;60,61 the authors found the C∀ of Th35 more distant from the divalent cation
than in the crystal structure of Ras�GppNHp.

In summary, most of the conformational changes were localized to residues 30 to 38
and 60 to 76 (which includes helix !2); these regions have been called the ‘switch I’ and
‘switch II’, respectively29 (Fig. 13.1A). The details of the ‘real’ conformations corresponding
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to active and inactive Ras are not clear yet. It has to be considered that both switch I and
switch II are located near the surface of the protein and may in principle have conforma-
tions favored by crystal packing forces. In the NMR- structure they have been demonstrated
to be flexible23 or to show several distinct conformations.24

Oncogenic Ras Mutants
The structures of several oncogenic Ras mutants have been determined by X-ray crys-

tallography; these include G12V,18,39,62 G12R,62 Q61H,62 Q61L,56,62 G12D,63 and A59T.56 All
mutations investigated left the overall structure of Ras unchanged. From the local struc-
tures hypotheses have been put forward to explain the oncogenicity of these mutants. While
mutations in position 12 or 61 were suggested to interfere in some ways with the catalytic
competent conformation of GTP hydrolysis, introduction of threonine in position 59 was
reported to cause a conformational shift in the whole loop L4 that would block the confor-
mation necessary for GTP hydrolysis. No satisfactory explanation could be given by these
studies why the nononcogenic mutant G12P, the structure of which is very similar to that of
wild-type Ras has increased GTPase activity.63

Interactions with Effectors
In the GTP-bound form Ras is able to interact with effector proteins. These are opera-

tionally defined as molecules that interact more strongly with the GTP-conformation than
with Ras in its GDP bound state. To date several candidate effectors of Ras are known:
Among them are Raf-kinase, PI-3-kinase, Ral-GDS (Ral GDP-dissociation stimulator, also
termed RalGEF or RGF), all with several isoforms, and Byr2 from yeast.8,64 In the case of
C-Raf1 (with isoforms A-Raf and B-Raf) it has been shown that Ras binds to its N-terminal
domain, termed Ras-Binding-Domain (RBD) that comprises residues 51-131 of the 648
amino acid molecule.65-69 Ras�GTP dependent interaction has also been demonstrated for
PI-3-kinase70,71 and Ral-GDS and its isoforms Rgl, Rlf and Rlf2.72-76 In the case of Ral-GDS
a domain comprising approximately 100 C-terminal residues (RGF-RBD) is responsible for
the interaction.77 The structures of the Ras binding domains (RBDs) of c-Raf1 and of
Ral-GDS have been determined by NMR-spectroscopy78,79 and X-ray crystallography.80,81

Structure of Rap1A�����Raf-RBD Complex
As originally derived from NMR spectroscopy78 c-Raf-RBD has a fold similar to that of

ubiquitin.82 The X-ray crystallographic analysis of a complex between c-Raf-RBD (Raf-RBD),
and Rap1A (Rap), that shares > 50% identical amino acids with Ras (Fig. 13.1B), bound to
GppNHp revealed the structural details of not only Raf-RBD and Rap but most impor-
tantly of the protein-protein interactions involved in downstream signaling of Ras.81,83

The structural fold of Raf-RBD shows a five stranded mixed ∀-pleated sheet containing
an !-helix (A1; nomenclature according to Nassar et al81) followed by a loop and a 310-helix
between ∀-strand B2 and B3 and another 310-helix located between ∀-strands B4 and B5
(Fig. 13.2A,B).81 The structure of Rap resembles Ras28 very closely with root mean square
deviations of 0.88 Å for 163 corresponding C! atoms.81 Given the similarity of the mol-
ecules and especially of the effector regions it is considered a suitable model system to study
Ras effector interactions.

The Rap1A�����Raf-RBD Interface
In the complex with Rap an inter protein ∀-sheet is formed involving parts of switch I

from Rap and mainly residues from B2 of Raf-RBD, but not residue of switch II of Rap. The
N-terminal regions of the second ∀-strand of Rap and of Raf-RBD are running antiparallel
making the hydrogen bonding pattern typical for ∀-sheets. (Fig. 13.2A). This mode of
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Fig.13.2 Structure of Rap1A�Raf-RBD complex.
A. Ribbon drawing of the complex in an orientation showing the inter protein ∀-sheet.

Selected residues are indicated, see text (modified from ref. 96).
B. Sequence alignment of Raf isoforms and RBDs from Byr2 and RGF, based on the struc-

tures of Raf-RBD81 and RGF-RBD.79 Corresponding to Figure 1B residues involved in polar in-
teractions with Rap1A are indicated by ‘3’ (modified from ref. 81.).
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Fig. 13.2C. Schematic diagram of the Rap1A�Raf-RBD interface as derived from the
complex between the double mutant (E31D,K31E) and Raf-RBD showing the pre-
dominantly polar character of Rap-Raf communication. Residues involved in interac-
tions resulting from the mutations are labeled by black triangles. Residues belonging
to hydrophobic pockets are indicated by bold rimmed boxes (modified from ref. 81).

C



G Proteins, Cytoskeleton and Cancer192

interaction has been found in other protein complexes as well84,85 where the individual com-
ponents do not share sequence homologies with the protein system reviewed in this chap-
ter. It is also reminiscent of the interprotein ∀-sheets found in the dimers observed in the
asymmetric units of crystals from GDP bound Arf144 or RGF-RBD.80 It thus appears that
Ras and Raf are exploiting a common scheme of protein-protein communication rather
than inventing one.

On the Rap side Glu37(CO) and Ser39(NH) are involved in ∀-strand formation, facing
on the RBD side the complementary groups of Val69 and Arg67, respectively. Apart from B2
RBD contributes only the C-terminal part of the following helix (A2) to the interface. The
interaction pattern is governed almost exclusively by polar contacts between residues stabi-
lizing the complex (Fig. 13.2C), with residues from the effector region of Rap (exactly the
same as in Ras) being tightly involved in the interaction with RBD. Hydrophobic contacts
involving Val21, Ile27, Val29, Ile36 of Rap1A and Val69 and Val88 of RBD appear to be of
minor importance for the interaction between the two molecules.81

Critical Residues and Effector Specificity
The effector region of Ras has been extensively characterized with respect to the im-

portance of its amino acids for downstream signaling.9,25,26,63 The critical amino acids in
this and the neighboring regions are Asn26, His27, Asp38, Glu31, Pro34, Thr35, Ile36, Glu37,
Asp38, Tyr40, Val45 and Gly48. In the complex structure most of the residues that have been
shown by many laboratories to be important for Ras signaling were found in the interface
region,81,83 confirming the functional importance of these residues.

The effect of several mutations on the structure has been reviewed by Herrmann and
Nassar.86 It is obvious from the architecture of the interface which is stabilized mainly by
electrostatic interaction, that disruption of polar contacts is likely to influence binding to
effectors. The mutation of Asp38 to alanine leads to decreased binding of Ras to Raf-RBD87

and disrupts signaling.88 Glutamate, in principle, could be accommodated in this region
but nevertheless decreases signaling effects.88-90

Mutation of Tyr40 to lysine may lead to unfavorable interaction with Arg89 of Raf-RBD86

which might explain its negative effect on signaling.88,90 Glu37 interacts with Arg67 and
Arg59 in Raf-RBD. Disruption of this interaction by mutation of GLu37 to alanine destroys
the biological activity, while its conservative replacement by Asp has transforming proper-
ties similar to wild type.89

From genetic studies on Drosophila melanogaster an arginine (Arg89) has been identi-
fied to be important for the interaction with Ras.91 A systematic mutational study based on
the interactions observed in the complex has demonstrated Gln66, Lys84, and Arg89 to be
the major contributors to the binding affinity between Ras and Raf which correspond to
only one third of the amino acids involved in direct intermolecular interactions.92 The ob-
servation that only a few amino acids account for the binding affinity is in agreement with
corresponding results obtained for other protein protein complexes,93,94 where only a few
amino acids account for binding affinity.

The mutation Arg89∃Leu disrupts numerous polar interactions with Asp38, Ser39,
and Thr35 and leads to an increased dissociation constant in the micromolar range, sug-
gesting that this residue is most important for the interaction with Ras. Lysine84 is not
involved in Rap binding in the complex; however its mutation to alanine reduces the affin-
ity for Ras by more than 100-fold and leads to disruption of Ras/Raf signaling in vivo.92

Together with the proximity of Lys84 to residues Glu30 and Lys31 in the complex with Rap,
(which are the only residues in the extended effector region ranging from Phe28 to Val44
that are different in Ras) these results suggested that Lys84 accounts for the effector specific-
ity by recognition of the side chains present in position 30 and 31 of the respective Ras
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protein.92 Mutational studies in which Rap was made Ras-like with respect to switch I by
introducing the double mutation (E30D, K31E) demonstrated an increase in affinity to Raf
to a value close to that observed for the interaction between Ras and Raf. The main contri-
bution to this effect has been ascribed to the charge reversal of Lys31 (in Rap) as judged
from the binding data for the single mutant K31E. Consistent with this interpretation, X-ray
crystallographic analysis of the complex with Raf-RBD showed Lys84 (in Raf) forming a
salt bridge with the mutant Glu31, in addition to a weak salt bridge with Asp33 and a water
mediated contact with the main chain carbonyl group of Glu3183 (Fig. 13.2C).

GDI Effect and Importance of Cysteine Rich Domain
The guanine nucleotide binding site is not located at the interface of the complex, which

was unexpected since Raf binding has a guanine nucleotide dissociation inhibitory (GDI)
effect on Ras.77,87 Protein nucleotide interactions appear to be tighter in the complex as
compared with the GTP-bound form of Ras.19 Most importantly Tyr32, conserved in Ras,
Rho, and Ran subfamily members2 forms a water mediated contact with the #-phosphate.
Tyrosine 32 in solution is mobile and flips between two conformations which are in rapid
equilibrium, one of them being stabilized upon interaction with Raf-RBD.95 Together with
the tighter network of the remaining protein nucleotide interactions this might be respon-
sible for the GDI effect of Raf-RBD on Rap/Ras, that has been used to determine binding
affinities between Ras and Raf.77,87 Release of the #-phosphate upon intrinsic GTP hydroly-
sis (which in fact terminates the Ras-Raf interaction) might be the trigger for conforma-
tional changes involving the release of Tyr32 and residues Thr35 and Gly60 that are both
contributing to #-phosphate binding.28

The conformation of the effector region as found in the complex is not compatible
with that observed in crystals of isolated H-Ras in the GDP- or GTP-bound form.96 This is
not surprising, since it appears to be biased by crystal packing forces. For example, Tyr32 is
forming a hydrogen bond with a #-phosphate oxygen from a neighboring molecule in crys-
tals of the GppNHp bound form of H-Ras.19 The various conformations of the switch I
(and switch II) region in Ras crystals and in the NMR structure rather suggest that the
physiologically significant one is picked up by the respective effector molecule. This is in
agreement with ‘regional polysterism’ of these regions, detected by NMR methods.24

The complex between Rap and Raf-RBD can be considered a model system for study-
ing Ras effector interactions,96 given the intriguing structural similarities between Ras and
Rap.81 Preliminary crystallographic analyses of crystals of the complex between H-Ras and
Raf-RBD are indeed consistent with this assumption (Nassar, unpublished data). There is
clear evidence that Ras binds also to regions outside the RBD.9,97-99 Mutations at residues 31,
37 and 59 of H-Ras inhibit binding to full length Raf and mutations at residues 26, 29, 39,
40, 41, 44, 45 have been implicated as necessary for Ras-dependent Raf activation.9,100 In
addition the cysteine rich domain (CRD) has been shown to be involved in Ras-Raf interac-
tions with switch II on Ras being a candidate region involved in the interaction.97-100 The
structure of Raf-CRD has been determined by NMR101 and shown to resemble the phos-
pholipid binding domain of protein kinase C.

Structure of RalGEF-RBD
The structure of human RGF-RBD has been solved by NMR-spectroscopy.79 Huang et

al80 have determined the structure of a corresponding domain (residues 767-864) from rat
by X-ray crystallography.

Although not related in sequence, RGF-RBD displays the same topology as Raf-RBD78,81

forming a mixed 5 stranded ∀-sheet with a short helix followed by a loop and a 310 helix
inserted between ∀-strands B2 and B3 and another 310-helix between strands B4 and B5.79,80
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The structure of an isoform has been solved recently by NMR methods and shown to be
very similar to that of RGF-RBD.102

Based on a structural comparison with Raf-RBD and considering the mutational stud-
ies performed on Raf-RBD,92 corresponding residues (Arg20/Arg59, Lys32/Gln66,
Lys52/Arg89) were analyzed by site directed mutagenesis using a two hybrid system to moni-
tor the effect or the mutation on Ras-binding.80 The authors report similar results as Block
et al.92 However, it has to be considered that their results have a rather qualitative character
as compared with the c-Raf study, where the mutants were quantitatively characterized in
vitro and in vivo. The structure together with mutational studies and the structure of the
Rap�Raf-RBD complex suggest a similar interaction mode using an interprotein ∀-sheet as
basic element. Huang et al80 could not identify a residue structurally homologous to Lys84
of c-Raf which has been demonstrated to be responsible for mediating effector specificity
by recognition of the amino acids in position 30 and 31 in Ras/Rap.83 They speculate that
the absence of a Lys84 counterpart in RGF-RBD may account for the lower affinity of Ras
for RGF-RBD. Geyer et al79 have compared the surface charge distribution of RGF-RBD and
Raf-RBD and identify residues Arg16, Lys28, Lys48, and His49 to form a positively charged
cluster comparable to that formed by Arg67, Arg89, Lys84, and Lys87 in Raf-RBD.

Ras binding studies done with NMR using 15N labeled RGF-RBD indicated conforma-
tional changes of the whole molecule and especially of the N-terminal ∀-strands, that are
assumed to be involved in complex formation similarly as with the Rap�Raf-RBD com-
plex.79 As with Raf-RBD, binding of RGF-RBD to Ras fixes one of two conformations of the
effector region, as monitored by 31P-NMR.79,95

A detailed analysis of the network of interprotein interactions will have to await the
structure determination of complexes of RGF-RBD with Ras or Ras-related proteins.

Interaction with GTPase Activating Protein
The interaction of Ras∃GTP with Ras specific GTPase activating proteins (RasGAP)

leads to an increase in the rate of Ras mediated GTP hydrolysis by up to five orders of
magnitude.103 p120GAP was the first GAP to be discovered.104-106 GTPase activation was in
fact the first direct regulatory effect of a protein on Ras to be observed.104 p120GAP con-
tains a number of signaling modules such as SH2, SH3, PH, CalB domains and is believed to
be also a signaling molecule.107 It was only two years after the discovery of p120GAP when
neurofibromin, the protein product of the type I neurofibromatosis gene,108 was reported
to share sequence homology with p120GAP and to interact with Ras�GTP to stimulate Ras-
mediated GTP hydrolysis.109-112

A number of other RasGAPs have been described to date.104-106 They are molecules of
various sizes and domain composition but they all share a region of sequence homology
that is responsible for their GAP activity. The region with high homology between p120GAP,
neurofibromin, and IRA1/IRA2 from yeast113 was originally defined as the GAP related do-
main (GRD). Smaller fragments have consistently been used in biochemical studies and
shown to have high enzymatic activity.103,114,115 A minimum catalytic fragment of
neurofibromin that retains full GAP activity comprises only 230 amino acids.116

Neurofibromin has been considered the mammalian homolog of IRA1/IRA2 from yeast
because the region of sequence homology is more extensive between these proteins. Gap1m,117

a mammalian homolog of the Drosophila GAP1 gene,118 and a close homolog GAPIII119

have been described, both of which contain C2 domains and a PH domain in addition to
the GRD. An inositol-4-phosphate (IP4) binding protein, GAP1(IP4BP), has been charac-
terized to contain a RasGAP catalytic domain and stimulates the GTPase of both Ras and
Rap.120
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Structure of a Catalytic Domain of p120GAP (GAP-334)
The first structure determination of a RasGAP has revealed the catalytic domain of

human p120GAP (residues 714-1047; GAP-334) as a purely helical protein of elongated
shape with approximate dimensions 70x30x30 Å.121 It appears to be composed of 2 do-
mains (Fig. 13.3A), a central domain (GAPc; residues 765-98) belonging to the inner por-
tion of the protein of the sequence, comprising two thirds of the molecule and containing
all residues conserved among RasGAPs and an extra domain (GAPex; residues 718-764;
982-1037) that is formed by an approximately equal number of residues derived from the
N- and C-terminus each (Fig. 13.3A).121 It is interesting to note that GAPc corresponds
essentially to what on the basis of proteolysis studies has been found to be a minimum
catalytic domain of neurofibromin that retains full GAP activity.116 Other regions of
neurofibromin comprising residues 1441 to 1531 or 1518 were reported to have tumor sup-
pressing activity with only ca. 20-fold reduced GAP activity.122,123 In the structure of GAP-
334 these regions correspond to the C-terminal part of the molecule including helices !8c

and !4ex to !6ex.121 Given the requirements of amino acids outside this region for GTPase
activation,124-127 it appears to be unlikely that GTPase activation in this case occurs by a
mechanism similar to that mediated by the central GAP related domain, a conclusion which
is indeed supported by the structure of the Ras-RasGAP complex (see below).128

A sequence comparison between the GAPc regions of several RasGAPs shows three
characteristic blocks of sequence homology, termed block 1, 2, 3A/3B (Fig. 13.3B). Block 3
that contains most of the invariant residues, including the FLR...PA....P -finger print mo-
tif129 appeared to be the region most critical for Ras-RasGAP interaction.124-126 In the struc-
ture, amino acids of block 3 form two helices (!6c and !7c) in antiparallel orientation that
are connected by a large loop (L5c) (Fig. 13.3A). These two helices form the bottom of a
shallow groove in the surface of GAPc which is bordered by helices and loops.121 Of special
importance are L6c and L1c together with !2c. L6c, that belongs to the sequence stretch im-
mediately following block 3, is located at the C-terminal end of helix !7c, and borders the
groove on one side; L1c that comprises the middle part of block 1 borders the groove on the
opposite side (Fig. 13.3A).

Most of the conserved residues are clustered around the surface groove in GAPc. The
FLR motif is located in an apparently four residue turn which appears to interrupt !6c, with
Phe901 contributing to a hydrophobic core stabilizing the helical arrangement, Leu902 ex-
posed to solvent, and Arg903 interacting with the main chain of L1c in the vicinity of the
second invariant arginine Arg789. The invariant residues Lys935, Gln938, and Asn942 are
located in the C-terminal portion of !7c being accessible from the groove.121

In a vast number of studies, regions in Ras and RasGAP have been identified to be
important for successful Ras-RasGAP interaction. In Ras they have been mapped exten-
sively and found to involve mainly the switch I/II and P-loop regions25 and the N-terminal
part of helix !3.130,131 Mutations of Gly12,132 Gln61,133 Gly13, and Ala59 as found in a large
number of human tumors lead to oncogenic activation of Ras, that in this state is unable to
hydrolyze GTP at a rate sufficient to switch off the transmitted signal and is insensitive to
RasGAPs.104,105,134

On the basis of numerous mutagenesis studies on neurofibromin129,135-139 and
p120GAP103,124-126,140 and peptide binding studies,141 residues critical for successful Ras-
RasGAP interaction have been mapped to the block 1 and block 3 regions. Using these
studies a docking model was proposed to show how RasGAPs might bind to Ras121 that was
basically confirmed by the structure determination of the Ras-RasGAP complex.128
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Fig. 13.3. GAP-334 and its interactions with Ras (modified from ref. 128).
Fig. 13.3A. Ribbon representation of the complex showing the elongated shape of GAP-334 and
its binding to Ras, with important elements indicated (see text), GDP)))))AlF3 is in ball and stick.

The Ras�����GAP-334 Complex
The complex was crystallized from solutions containing H-Ras(1-166)�GDP and

GAP-334 in the presence of aluminum fluoride.128 Aluminum fluoride is believed to be a
transition state analog of phosphoryl transfer reactions mimicking the transferred phos-
phoryl group.142 It activates GDP-bound !-subunits of heterotrimeric G-proteins and has
been found in corresponding crystal structure in the position usually occupied by the #-
phosphate.48,49 The former enigma that Ras�GDP does not bind aluminum fluoride was
resolved by the observation that addition of RasGAP (NF1-GRD or GAP-334) to a solution
containing Ras�GDP and aluminum fluoride results in the formation of a ternary complex
between Ras�GDP, RasGAP, and aluminum fluoride. Stoichiometric amounts of RasGAP
are needed for this effect.143

The Ras�����GAP-334 Interface
Ras binds to the surface groove of GAPc with the tip of its heart-like shape deeply

penetrating into it (Fig. 13.3A). Consistent with many biochemical studies switch I/II and
the P-loop and partly helix !3 are involved in the protein-protein contact which on the GAP
side is mediated mainly by residues belonging to loop L1c, helices !6c and !7c together with
L6c (Fig. 13.3A,C). The interface is stabilized by hydrophobic and hydrophilic contacts in-
volving several water molecules, in agreement with the sensitivity of the Ras-Ras GAP inter-
actions towards salts and lipids.135,144,145 The situation is depicted in Figure 13.3D. Residues
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Fig. 13.3B. Sequence alignment of selected RasGAPs according to the central catalytic
domain of GAP-334, that is the presumed minimum Ras GAP module containing all
conserved residues. !-helical secondary structure elements are included, selected
residues involved in the interaction with Ras are indicated by ‘�’, corresponding to
Figure 13.1B.

from Ras involve Tyr32, Pro34, Ile36 from the effector region, and Tyr64 from switch II that
interact hydrophobically with residues belonging to the groove region, including Leu902,
and Leu910 that make closer contacts. Consistent with NMR experiments RasGAP appears
to stabilize a conformation of Tyr32 distant to the nucleotide.95

Residues from the effector region of Ras have been identified to be important for Ras-
Ras GAP interaction.25,88,105,134,146 The P34R mutant fails to interact with RasGAP,147 and an
arginine side chain could indeed not be accommodated in position 34 without disturbing
the structural arrangement. Mutation of Ile36 to alanine abrogates Ras-RasGAP interaction
while mutation to Leu or Met only moderately reduces GAP sensitivity. Of more critical
importance is Leu902: Its conservative replacement by Ile disrupts GAP catalysis.124 The
requirement of Tyrosine in position 64 is demonstrated by the observation that it can be
replaced by Phe but not by Glu without disrupting Ras-RasGAP interaction.148 A corre-
sponding Trp mutant binds to but is not stimulated by RasGAP;149 probably because of its
size Trp64 would interfere with the catalytically competent conformation required to accel-
erated GTP hydrolysis.

The effector region also participates in a number of polar interactions involving, among
several water molecules, particularly the L6c region of GAP. Lys949 and Glu950, belonging
to loop L6c are tightly involved in these interactions (Fig. 13.3C,D). Taking this observation
as a starting point to revise the current sequence comparison with respect to a presumed
‘KE’-motif C-terminal of block 3 results in an alignment that proposes L6c to be of variable
length among RasGAPs (Fig. 13.3B), assuming the structures of RasGAPs to be similar;
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Fig. 13.3C. Cartoon drawing of the complex illustrating the complex pattern of interactions128

They are shown as lines in light gray for hydrophobic and in dark gray for polar interactions.
Arrows indicate side chain-main chain contacts with the arrow head marking the main chain
partner of the contact. Residues directly involved in stabilization of the presumed transition state
of the GTPase reaction are labeled in bold.

hence L6c has been called the ‘variable loop’.128 The resulting alignment also revealed addi-
tional invariant residues the importance of which is currently being investigated by site
directed mutagenesis (R. Ahmadian, personal communication).

Lysine 949 forms a salt bridge with Asp33 along with indirect contacts to the side chains
of Thr35 and Asp38; Glu950 forms a tight intramolecular salt bridge with the invariant
Lys935 in helix !6c, that has been reported to be mutated to Glu in solid tumors and neu-
rofibromas.150 Mutational analysis has led to controversial results suggesting Lys935 is im-
portant in Ras-binding, GAP catalysis, or stabilization of the protein.136,138,150 The intramo-
lecular salt bridge observed in the complex indeed suggests structural destabilization as a
major consequence of mutations in this position. Glu950 also interacts with the main chain
amide group of Ser39, with no side chain interaction of Ser39 observed, consistent with the
observation that Ser39 can be mutated to Ala without affecting GAP sensitivity.134 In con-
trast, substitutions of the preceding Asp38 by alanine or glutamate both abrogate successful
Ras-RasGAP interaction.88,134,135 Whereas in the first casethe  negative charge is removed
from this region with deleterious consequences on binding and catalysis, sterical clashes
due to the longer side chain of Glu might explain the effect in the latter case, although
binding of RasGAP is not severely impaired by the Glu mutant.62,126

Asp33 contributes to the negative charge created by five acidic residues within the stretch
comprising residues 30-38 (switch II). Besides several water-mediated contacts, it forms a
polar interaction with the amide group of Asn942 located at the C-terminal end of helix !7c.
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Fig. 13.3D. Structural details of interactions involving switch I (in light gray) and GAPc (in dark
gray), shown as a ‘zoom in’ view into the surface groove region of GAPc in an orientation similar
as in A. Selected residues are shown in ‘ball and stick’, water molecules as gray spheres. The view
also demonstrates the positions of the invariant arginines Arg789 and Arg903, see text for details.

In addition, it forms a saltbridge with Lys950 from the variable loop and several water me-
diated contacts. Mutation of Asp33 to asparagine as well as the double mutation
(D33H/H34S) lead to reduced RasGAP binding and abolishes RasGAP sensitivity146,151,152

suggesting a critical role of this residue for Ras-RasGAP interaction. The structural arrange-
ment in the effector binding region suggests that Lys949 could be replaced by arginine that
might undergo additional polar interactions. Interestingly, a corresponding arginine mu-
tant in neurofibromin binds Ras more tightly than wild type neurofibromin.137,153

Threonine35 is one of the most strictly conserved residues among GTP binding pro-
teins. Several studies suggest the coordination of Mg2+ in the GTP-bound form as the rea-
son for that. From mutational analysis, conservative substitution of Thr35 by serine in Ras
does not affect intrinsic GTPase or RasGAP binding, but renders Ras insensitive to NF1-GRD
suggesting that the aliphatic part of the threonine-side chain plays an important role in
interface stabilization during catalysis. Similarly, conservative replacement of Leu902 in GAP
l-334 by Ile leads to loss of GAP catalysis.124,125

From the structure Asp30 and Glu31, residues that have been found to be responsible
for effector specificity do not appear to be directly involved in Ras-RasGAP interaction.
However, introducing the double mutation (D30E, E31K) in Ras leads to impaired binding
to NF1-GRD and to abrogation or GTPase stimulation.146 Interestingly a chimera composed
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of the N-terminal part (1-60) from Rap (with Glu30 and Ly31) and the C-terminal portion
(61-189) from Ras is not sensitive to neurofibromin but can still be stimulated by
p120GAP.154,155 Most mutations in the C-terminal part of ∀2 do not or only moderately
affect Ras-RasGAP interaction146 consistent with the observation that this region does not
contact RasGAP in the crystalline complex.

Another contact region has been found in the N-terminal part of helix !3 (residues
87-102) of Ras, with Asp92 being a residue crucial for the interaction with RasGAP.130

Neurofibromin mutants rescuing this mutation have been mapped to block 1 or block 3.139

In the structure helix !3 is in proximity of L1c with Lys88 as a candidate residue to interact
with the loop. Helix !3 has been identified to be in part responsible for the specificity of
IRA2p for yeast Ras2p.131

The Active Site
In the Ras-RasGAP complex128 the nucleotide GDP is bound in a similar mode as ob-

served in isolated Ras,18,19 with the characteristic interactions between the various parts of
Ras and GDP, and Mg2+ present in the expected position (s. above) and coordinated by
Ser17 from the P-loop and Thr35 from the switch I region. Electron density in the position
usually occupied by the #-phosphate was interpreted as aluminum trifluoride128 that is bound
in a way basically comparable with the situation in the corresponding complexes of the

Fig. 13.3E. Schematic diagram of the active site, with polar interactions symbolized as dashed
lines. The active site is constituted by Ras and GAP-334, two completely different proteins form-
ing a heterodimer to accelerate the rate of GTP hydrolysis.
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!-subunits of heterotrimeric G-proteins (Fig. 13.3E).48,49 However, in these structures and
in the structure of the catalytic domain of p50rhoGAP complexed with RhoA�GDP and
aluminum fluoride156 four fluoride ligands of aluminum have been identified. Although
aluminum trifluoride has been found in corresponding complexes of nucleoside mono-
and diphosphate kinases,157,158 the difference in the number of fluorines coordinating alu-
minum is presently not explained.

As a most important observation the nucleotide binding pocket is bordered by L1c of
GAP-334.128 This leads to placement of the guanidinium group of Arg789 in proximity of
the phosphate moiety suggesting interactions with a fluoride ligand of the pentagonally
coordinated aluminum fluoride and with a ∀-phosphate oxygen. In addition, the presence
of L1c results in stabilization of L4, the N-terminal portion of the switch II region which is
mobile in the structures of isolated Ras (Fig. 13.3E).19,23,29 The involvement of both switch
regions in communication with RasGAP is not surprising since these regions change their
conformation upon transition between the GTP- and GDP-bound states.29,39

Mechanism of GTPase Activation
The mechanism by which GAPs accelerate the GTPase reaction of Ras has been a mat-

ter of controversial discussion.6 In one model Ras itself is an efficient GTPase, and GAP
induces the attainment of a catalytic competent conformation. Conflicting evidence for
such a mechanism has been presented.55,159-161 In another model the actual chemical cleav-
age step is modified by GAP directly, most likely by GAP supplying residues for GTP hy-
drolysis on Ras thereby stabilizing the transition state of the phosphoryl transfer reaction.
Arginines have been discussed as candidate residues to play such a role.157,162 Arginine can
bridge intermolecular gaps and has a positively charged side chain that might be involved in
transition state stabilization. In support of the second model, also called the ‘arginine fin-
ger’ hypothesis, RasGAPs have been found to stabilize binding of aluminum fluoride to
Ras�GDP (that by itself does not bind aluminum fluoride) forming a ternary complex143

that is believed to be the transition state mimic of the GTPase reaction.48,49 Stoichiometric
amounts of RasGAP are needed for this effect.143

The structure of the Ras-RasGAP complex did not provide evidence for a residue that
would be a likely candidate as a general base for proton abstraction from the attacking water
molecule. With the cautionary note that water chains may act as potential nucleophiles,
which at the given resolution of 2.5 Å are not very likely to be unambiguously detected, it
seems likely that the ‘GTP as base’ mechanism55 is still valid in the case of GAP accelerated
GTP hydrolysis.95 This is also in agreement with the interpretation of results of linear free
energy relationship analyses, according to which the mechanism of GTP hydrolysis need
not be changed in the case of the GAP accelerated reaction.163

In the structure of the Ras-RasGAP complex, GAP-334 inserts Arg789 into the active
site to contact the nucleotide and, most importantly AlF3 that is believed to represent the
transferred phosphoryl group in the transition state of the GTPase reaction. The structural
situation was interpreted to mean that RasGAP stabilizes the transition state of Ras medi-
ated GTP hydrolysis by neutralizing charges developing on the #-phosphate during phos-
phoryl transfer.128 In addition, RasGAP stabilizes the conformation of the switch II region
and especially of Gln61 by a hydrogen bond between the carbonyl oxygen of Arg789 and the
side chain amide group of Gln61 (Fig. 13.3E). This situation found in the complex struc-
ture is consistent with the explanation that RasGAP stabilizes the conformation of a cata-
lytically important residue which in isolated Ras has been described to be flexible.18,19,23

A hydrogen bond between the main chain carbonyl group of Arg789 and the side chain
amide group of Gln61 that in turn interacts with a fluoride ligand of AlF3 stabilizes Gln61 to
assume the presumed catalytically competent conformation in the transition state of the
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phosphoryl transfer reaction.128 As in unligated GAP-334121 the orientation of L1c is stabi-
lized by Arg903 with its guanidinium group contacting the main chain carbonyl oxygens of
Phe 788, Arg 789, and Ala790 (Fig. 13.3D). Mutational analyses of the invariant Arg903 and
Arg789 have demonstrated that conservative replacement by lysine abrogates transition state
formation in the case of Arg789 but not with Arg903. The GAP catalyzed reaction is re-
duced 2000-fold and 200-fold, respectively, suggesting that Arg789 is much more critical for
RasGAP mediated GTPase acceleration and that Arg903 plays an indirect role in the reac-
tion.127 The structure of the Ras-RasGAP complex and the biochemical analyses of the in-
variant arginines have led to the conclusion that Arg789 represents the ‘arginine finger’ by
which RasGAPs actively participate in Ras mediated GTP hydrolysis. NMR studies suggest
that in the ground state Arg789 does not contact the nucleotide, since no change in the
31P-spectrum was observed when RasGAP was added to Ras�GppNHp.95 In the Rho-RhoGAP
system the ground state as represented in the RhoGAP•CDC42•GppNHp complex does not
show an arginine in the vicinity of but not in interacting distance to the nucleotide.164 In the
transition state complex this arginine rotates into the active site and contacts aluminum
fluoride ligand.156

Taken together, GAP action on Ras appears to work by two mechanisms: firstly, inser-
tion of a catalytic residue (an arginine) into the active site to stabilize developing charges
during the transition state of the GTPase reaction, and secondly, stabilization of the switch
regions (especially switch II) thereby orienting residues (Gln61) that are critical for cataly-
sis. The second mechanism appears to be of general importance as demonstrated by the
structure of the !-subunit of the heterotrimeric G-protein G!i complexed with aluminum
fluoride and its GTPase activating protein RGS4 (Regulator of G-protein signaling).165

G!-proteins contain a critical arginine, which is located in the position corresponding to
Tyr32 in Ras. This arginine is important for the GTPase reaction and in the structure con-
tacts aluminum fluoride. In the complex structure RGS4 interacts with the switch regions
without contributing additional residues directly involved in catalysis.165

Why Do Oncogenic Ras Mutants Escape GAP Regulation?
As stated above the P-loop region contacts GAP-334 in the immediate vicinity of Arg789

mainly by van der Waals interactions between Gly12 and L1c. Mutation of Gly12 to all natu-
ral amino acid except proline renders Ras oncogenic;132 similarly most mutations of Gln61
lead to cell transformation as well.133 Oncogenic Ras mutants in either of the two positions
are usually not sensitive to RasGAP.104,105,134,135,152 As downregulation of Ras•GTP by RasGAPs
appears to be a crucial step to keep levels of Ras•GTP low, it has long been an unanswered
question how oncogenic Ras mutants escape control by GAPs. When looking at the struc-
tural situation in the active site as complemented by GAP l-334,128 it is immediately clear
that even the smallest possible amino acid substitution (G12A) in position 12 leads to steric
hindrance with the carbonyl oxygen of Arg789 and also with the amino group of Gln61.
Judging from the geometry of the presumed transition state mimic and the role of Gln61 to
stabilize the attacking nucleophile, it is clear that in position 61 other amino acids would
not be tolerated, although some of them bind to RasGAP.135,152,166

Conclusions
Extension of our knowledge about Ras signaling and regulation by RasGAPs to three

dimensions has supplied a considerable amount of information on how Ras communicates
with effectors and its GAPs, and to a limited extent what they are saying. Apparently Ras
uses distinct structural patterns of intermolecular communication with effectors and
RasGAPs. In the complex with Raf-RBD it uses an intermolecular ∀-sheet, a motif found in
other protein complexes of unrelated function as well. In contrast, a complicated scheme of
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loops and helices interacting with each other is used in the complex with RasGAP. This
appears to represent a novel mode of protein-protein interaction as such, but is found simi-
larly in complexes of other GTP binding proteins with their specific GTPase activating pro-
teins as well.156,164,165 These GAPs are also purely helical, but are related neither in structure
nor in sequence.6,167 The different modes of protein-protein interaction observed in the
Rap�Raf-RBD and Ras�GAP-334 complexes agree with NMR studies, that detected two dis-
tinct conformations of the effector region in GTP-bound Ras, which are selectively stabi-
lized upon interactions with either effectors or RasGAPs.79,95 The interfaces observed in the
GAP- and effector complexes overlap and thus account very well for the mutual exclusive
binding of these proteins to Ras.87 The structural information provided by the interface of
the Rap�Raf-RBD complex has led to programs aimed at the design of molecules that might
block Ras effector interaction thus blocking signaling of permanently activated Ras mu-
tants in human tumors. Similarly the structure of the Ras•RasGAP complex has stimulated
the search for small molecule compounds that might mimic the GAP function to restore
the GTPase of oncogenic Ras mutants. This suggests that in principle, and using the knowl-
edge of the 3D structure of the Ras-RasGAP complex, it might be possible to induce GTP
hydrolysis on normal and maybe on mutant Ras, by molecules designed to stabilize the
transition state of the GTPase reaction.
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CHAPTER 14

Rho Family GTPases
and Actin Cytoskeleton
Anne J. Ridley

Introduction

Cancer cells exhibit changes in cell morphology, cell motility, and in cell-cell and cell-
matrix adhesion when compared to their nontransformed counterparts. These changes

reflect alterations in the structure and composition of the cytoskeleton and associated ad-
hesion sites, and thus understanding the signaling pathways regulating cytoskeletal organi-
zation is important in defining how cancer cells escape normal controls on proliferation
and migration. This chapter focuses on the central role of Rho family proteins in regulating
actin organization.

Rho family proteins are small monomeric G proteins, sharing 30% sequence identity
with Ras family GTPases, and have been identified in many eukaryotic organisms, from
yeast to plants and mammals. In mammalian cells, they include Rho(A,B,C), Rac(1,2), CDC42
(two alternatively spliced variants), TC10, RhoD, RhoE, RhoG and TTF.1,2 Rho, Rac and/or
CDC42 have been implicated in regulating actin organization in a variety of different model
systems, including Saccharomyces, Drosophila, Dictyostelium, and cultured mammalian cells.
In addition, they have been ascribed many other functions, including synthesis of cell wall
components in S. cerevisiae,3 and regulation of transcription, secretion, endocytosis and
mitogenesis in mammalian cells.1,4

Rho, Rac and CDC42 bind and hydrolyze GTP and interact with a number of proteins
which regulate their GTPase cycle. These include GDP dissociation stimulators (GDSs),
GTPase activating proteins (GAPs) and GDP dissociation inhibitors (GDIs) (see chapter 11).
It is presumed that other Rho family members are similarly regulated, with the exception of
RhoE which does not detectably hydrolyze GTP5 and may be a member of a subgroup of
Rho family proteins which are regulated distinctly.

The study of Rho family proteins has been greatly facilitated by the availability of a
number of bacterial toxins and exoenzymes that specifically modify members of the family
(see chapter 23).6 The most well-known is C3 transferase, an exoenzyme produced by
Clostridium botulinum that ADP-ribosylates and inactivates Rho. It will also modify Rac
and CDC42, although with much lower efficiency.7 Toxins that activate Rho have also been
described,6 including a toxin that deamidates a glutamine to glutamate at amino acid 63 of
Rho (and probably also acts on Rac and CDC42) producing a Rho GTPase which is no
longer susceptible to the action of Rho GAPs.8,9 In addition, constitutively active and domi-
nant negative forms of the proteins have been useful for assessing protein function. The
majority of constitutively active mutants have decreased GTPase activity and are insensitive
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to GAPs, allowing them to remain predominantly in the active, GTP-bound form in cells,
and the remaining mutants have enhanced GDP/GTP exchange rate.10 Dominant negative
forms of the proteins can be created by mutating amino acid 17 (Ras numbering) from
serine/threonine to asparagine. These proteins are locked in an inactive state and inhibit the
activation of their respective endogenous G proteins by sequestering the GDSs.11

Rho
There are three highly homologous isoforms of Rho in mammalian cells: RhoA, RhoB

and RhoC. The proteins are 92% identical (RhoA and RhoC) or 85% identical (RhoA/
RhoC and RhoB) at the amino acid level, with the majority of differences lying within the
last 15 amino acids of the C-terminus. Like Ras family GTPases, Rho proteins are modified
by prenylation and carboxymethylation of a conserved cysteine four amino acids from the
C-terminus, followed by removal of the last three amino acids.12 All three proteins can be
prenylated by a 20-carbon chain geranylgeranyl group, but RhoB can also be prenylated by
a 15-carbon chain farnesyl group.12 This difference in the modification of RhoB is impor-
tant for its localization: RhoB localizes predominantly to an endosomal/lysosomal com-
partment, whereas RhoA/C are principally cytoplasmic (presumably because they are
complexed with GDIs in the cytoplasm) although they also show some plasma membrane
localization.13 RhoB may therefore have a distinct function in cells to RhoA or RhoC.

In a variety of cultured adherent cells, microinjection or expression of activated Rho
proteins stimulates the accumulation of stress fibers.14 Rho is also required for the forma-
tion of stress fibers induced by growth factors, cytokines or by activation of integrins.1,15,16

These stress fibers consist of bundles of actin filaments associated with myosin II filaments
and other proteins, and are contractile. The contractile nature of Rho-induced stress fibers
in fibroblasts is clearly demonstrated when the cells are plated on deformable substrata,17

and consistent with this Rho is required for contraction of smooth muscle cells.18 Stress
fibers are linked at the plasma membrane to multi-protein complexes known as focal adhe-
sions, where transmembrane integrins are associated with a large number of structural and
signaling proteins.19 The formation of focal adhesions is regulated by Rho and is intimately
linked with stress fiber formation. The recruitment of signaling proteins to focal adhesions
may underlie the ability of Rho to stimulate transcription and DNA synthesis.1

A number of target proteins interacting with Rho have been implicated in mediating
actin reorganization (Fig. 14.1A). There is good evidence that Rho-stimulated contractility
is mediated via one of these Rho targets, Rho-kinase (also known as ROCK or ROK!) (see
chapter 15), a serine/threonine kinase which can induce the phosphorylation of myosin II
light chain both by phosphorylating and inhibiting the activity of myosin II light chain
phosphatase, and by directly phosphorylating myosin II light chain20,21 (for reviews see
refs. 1,19). This phosphorylation of myosin II light chain promotes the formation of myo-
sin II filaments and interaction of the myosin with actin filaments and is hypothesized to
lead to the bundling of actomyosin filaments into contractile stress fibers.1,19

Many other observations on Rho function are consistent with its ability to stimulate
actomyosin-based contractility. For example, Rho is required in vivo for the healing of small
wounds in chick embryos, which are closed through the contraction of an actin-based purse-
string.22 In addition, in macrophages microinjection of activated Rho proteins rapidly stimu-
lates cell contraction, and although macrophages do not have stress fibers they possess fine
Rho-regulated actin cables in the cytoplasm which are presumably contractile.23 In neu-
ronal cell lines, Rho also stimulates cell contraction and mediates neurite retraction in re-
sponse to a variety of extracellular agents.24,25 Finally, RhoA is localized to the cleavage fur-
row at cytokinesis and is required for actin filament assembly and constriction of the
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actomyosin-based contractile ring.26,27 Rho-kinase can also phosphorylate the intermediate
filament protein glial fibrillary acidic protein (GFAP) at sites specifically phosphorylated
during cytokinesis.28 As GFAP is localized to the cleavage furrow, these results suggest that
Rho could act via Rho-kinase to coordinate changes in the actin cytoskeleton and interme-
diate filament network required for cytokinesis.

As well as stimulating actomyosin-based contractility, Rho can stimulate an overall
increase in F-actin in cells,29 presumably by stimulating actin polymerization. Consistent
with this, Rho is required for membrane ‘folding’ during Shigella entry into HeLa cells, a
process involving new actin polymerization.30 These membrane folds may be functionally
similar to the Rho-dependent membrane folding induced by hepatocyte growth factor in
KB cells.31 One mechanism whereby Rho could stimulate actin polymerization is by en-
hancing synthesis of phosphatidylinositol (4,5) bisphosphosphate (PIP2), which binds to a
number of actin-binding proteins, including profilin, vinculin and gelsolin (see chapters 2
and 7). PIP2 is synthesized from PI by the sequential action of two enzymes, PI 4-kinase and
PI(4)P 5-kinase. The latter enzyme has been shown to interact with recombinant Rho, al-
though the interaction may not be direct32 (for a review see ref. 14). The downstream path-
ways activated in response to Rho-stimulated PIP2 production are far from clear. However,
as PIP2 has the potential to interact with many proteins, its postulated roles in signaling are
diverse, possibly involving several populations of PIP2 in different cellular compartments.33

For example, PIP2 can remove actin-capping proteins such as gelsolin from the plus-ends of
actin filaments, creating nucleation sites for new actin polymerization (see chapter 2). PIP2

is also required for the activity of phospholipase D enzymes, which in vitro bind to and can
be activated by Rho, as well as Rac and CDC42.34 In cells, however, phospholipase D has
been implicated as acting upstream of Rho,35 suggesting that the ability of the GTPases to
bind phospholipase D may reflect a requirement to colocalize the proteins, perhaps linked
to their ability to stimulate PIP2 production.

Another target for Rho that may be involved in stimulating actin polymerization is
p140mDia, which binds to profilin and can induce actin filament formation when
overexpressed in COS cells.36 p140mDia is part of a family of formin-related proteins, and
two members of this family in S. cerevisiae (Bni1p and Bnr1p) are targets for Rho proteins,
bind profilin and are required for correct actin distribution and cytokinesis.37 By recruiting
profilin, p140mDia and related proteins could potentially direct actin polymerization to
selected sites at the plasma membrane (Fig. 14.1A). Another Rho/Rac target, the serine/
threonine protein kinase PRK2, is also a potential effector for Rho regulating actin organi-
zation.38 It seems likely that Rho interacts with several different effector proteins to induce
actin reorganization, allowing the coordination of actin polymerization with the formation
of stress fibers.

Our understanding of Rho function has been considerably enhanced by studies in Droso-
phila and yeast. In Drosophila, overexpression of a Rho homolog, Rho1, leads to disorgani-
zation of the actin cytoskeleton and causes abnormalities in development coincident with
the time when cells undergo major morphological changes.39 In S. cerevisiae, four RHO
genes have been isolated, RHO1, RHO2, RHO3 and RHO4. Of these, RHO1 shows the clos-
est homology to mammalian RhoA and is essential for cell viability. It is required for bud
growth and is localized to the growing bud tip and to the mother-daughter neck at cytoki-
nesis.3 Rho1p appears to coordinate bud construction by regulating glucan synthase, a ma-
jor enzyme involved in cell wall synthesis and by concomitantly organizing the actin cytosk-
eleton during budding, probably via its interaction with the profilin-binding protein Bni1p37

(see above). As with Rho in mammalian cells, the localization of Rho1p suggests that it has
a distinct function in regulating cytokinesis.
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Fig. 14.1A. A model for sig-
naling pathways regulated by
Rho family proteins leading
to actin reorganization. It is
postulated that Rho, Rac and
CDC42 initiate at least three
independent signals required
for actin reorganization.
First, they activate a serine/
threonine kinase which alters
the phosphorylation status
of myosins. Activated Rho
(A) interacts with Rho-ki-
nase to stimulate increased
myosin light chain (MLC)
phosphorylation, thereby in-
ducing interaction of myosin
II with actin to form contrac-
tile actomyosin filaments.
Rac (B) and CDC42 (C) ac-
tivate members of the PAK
family, which phosphorylate
the heavy chain of myosin I,
stimulating its ability to
move along actin filaments.
Second, Rho, Rac and
CDC42 stimulates PIP2 pro-
duction, thereby removing
actin-capping proteins such
as gelsolin from the ends of
actin filaments. These then
can act as nucleation sites for
new actin polymerization.
Third, they interact with pro-
teins which recruit profilin
(bound to actin monomers)
to nucleation sites, where it
then stimulates actin poly-
merization. Rho (A) inter-
acts with p140mDia, which
is known to bind profilin;
CDC42 (C) interacts with
WASP, which has the poten-
tial to bind profilin; a pro-
filin-binding protein down-
stream of Rac (B) has not yet
been identified. Rho, Rac and
CDC42 also interact with a
number of other proteins for
which the precise function is
unclear but which are likely
to be involved in regulating
actin polymerization and/or
localization of proteins (see
text for details).

A

B
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Rac
The two mammalian Rac genes, Rac1 and Rac2, were initially cloned through their

homology to CDC42 (G25K).40 Subsequently, the Rac1 and Rac2 proteins were purified as
essential cytosolic components of the NADPH oxidase in phagocytic cells.1 Rac1 and Rac2
proteins are 92% identical and differ primarily within the last 15 amino acids at the
C-terminus, where Rac1 but not Rac2 contains a polybasic sequence.

Microinjection and transfection studies have revealed that, in contrast to Rho, Rac
regulates the formation of lamellipodia and membrane ruffles in a variety of cell types.14

Lamellipodia are plasma membrane protrusions containing a meshwork of actin filaments,
and extend over the substratum to form new adhesive contacts known as focal complexes.41

On adherent cells, membrane ruffles are similar in structure to lamellipodia, but protrude
upwards from the dorsal surface of the cells. Both lamellipodia and membrane ruffles are
formed by active actin polymerization occurring at the plasma membrane (see chapter 1).
Interestingly, microinjection of activated Rac proteins is unable to stimulate lamellipodium
formation in epithelial cells where intercellular junctions are present: instead, it actually
appears to enhance actin filament accumulation at cell-cell junctions.42 This suggests that
the signaling pathways regulating lamellipodium formation are more complex in epithelial
cells than in fibroblasts or macrophages.

As with Rho, a number of downstream targets for Rac have been identified, at least
some of which may play a role in regulating actin reorganization (Fig. 14.1B). For example,
members of the PAK family threonine/serine kinases are activated by Rac and CDC42 (see
chapter 16), and experiments where either PAK or activated or inhibitory forms of PAK
have been expressed in cells suggest that it regulates actin reorganization in a manner con-
sistent with it acting downstream of Rac and CDC42.43,44 PAK1 (!-PAK) has also been shown
to localize to focal complexes in HeLa cells.43 Other studies with Rac mutants, however, have

C
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suggested that PAK interaction is not normally required for Rac-induced membrane ruf-
fling.45 A direct link between PAK and the actin cytoskeleton is suggested by the observation
that myosin I heavy chain kinases in Dictyostelium and Acanthameba are related to PAKs,
and that PAKs can phosphorylated myosin I heavy chains in Dictyostelium.46-49 This phos-
phorylation event activates myosin I, stimulating actin-dependent ATP hydrolysis. In mam-
malian cells, myosin I is localized in lamellipodia and therefore may be a direct target of
PAK involved in regulating the movement of actin filaments within lamellipodia.

Other possible targets for Rac include Rho-kinase (see above), which has the ability to
interact with Rac in vitro,45 and POR1, which has also been implicated in potentiating Ras-
but not Rac-induced membrane ruffling.50 In addition, Rac can interact with PI(4)P 5-ki-
nase and in permeabilized platelets, Rac has been shown to stimulate PIP2 formation.51 As
discussed above for Rho, Rac could therefore stimulate actin polymerization via production
of PIP2.

No Rac homolog exists in S. cerevisiae, but studies of Rac function in Drosophila,
C. elegans and Dictyostelium have been very informative about Rac function in multicellu-
lar organisms, and suggest that it plays a key role during morphogenetic changes by regulat-
ing actin organization. In Drosophila, for example, DRac1 is involved in axonal outgrowth
and expression of Rac1 mutants leads to abnormal actin organization,52 consistent with
studies in mammalian PC12 cells where Rac is required for NGF-induced neurite out-
growth.53 A dominant negative mutant of Rac also disrupts cell shape changes and actin
reorganization occurring during embryonic development, for example in dorsal closure.54

In addition, in epithelial cells of the Drosophila wing disc, Rac is required for actin filament
association with intercellular adherens junctions.55 A direct role for Rac in cell migration
during development has been implicated in studies of the Drosophila ovary.56 Finally, PAK
homolog in Drosophila and C. elegans and a potential activator (GDS) for Rho/Rac are highly
expressed in cells undergoing morphogenetic changes and cytoskeletal organization,57-59

consistent with a role in cell migration.

CDC42
CDC42 was first characterized in S. cerevisiae, where it was isolated as a cell cycle mu-

tant defective in budding.60 CDC42 is essential for polarization of the actin cytoskeleton in
response to bud site selection, and is also a component of the pheromone-activated signal-
ing pathway leading to polarization of cells towards a mating partner, again reflecting changes
in the cytoskeleton.61

The two mammalian homolog of yeast CDC42 differ by 9 amino acids,62 and are actu-
ally two alternatively spliced variants with different C-terminal sequences. Microinjection
and transfection studies have demonstrated that CDC42 induces the formation of filopodia
in several mammalian cell types, including fibroblasts and macrophages.14,23 As with
lamellipodia, filopodia in fibroblasts and macrophages are associated with focal complexes
located approximately at the base of each filopodium.23,63 Filopodia are fine plasma mem-
brane protrusions containing bundles of actin filaments cross-linked by actin-binding pro-
teins and extend from the leading edge of migrating cells, forming new contacts with the
substratum.64 Nerve growth cone extension is also dependent on filopodia, and in a neuro-
blastoma cell line, CDC42 has been shown to promote filopodium formation on growth
cones.25 These results suggest that, as in yeast, CDC42 may play a role in establishing cell
polarity, a concept supported by studies in Drosophila. In the wing disc epithelium, CDC42
is required for epithelial cell elongation, which in turn is essential for the generation of
apico-basal polarity.55

An interesting role for CDC42 has been defined from studies on Salmonella typhimurium
uptake into cells. Binding of S. typhimurium to epithelial cells rapidly stimulates actin reor-
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ganization and bacteria are internalized by subsequent macropinocytosis. These processes
are dependent on CDC42 but not Rac or Rho,65 but whether bacterial uptake involves filopo-
dium extension is not clear.

A number of potential downstream targets for CDC42 have been identified that could
mediate its effects on the actin cytoskeleton (Fig. 14.1C). As described above, PAKs are tar-
gets for both Rac and CDC42, and an increase in filopodia has been observed in cells in-
jected with a PAK protein.44 In S. cerevisiae, genetic studies have shown that two members
of the PAK family, Ste20 and Cla4, are downstream targets of CDC42 involved in bud site
selection. Ste20 also acts downstream of CDC42 in the signaling pathway activated by phero-
mones.66 Possible targets for Ste20 and Cla4 are the heavy chains of the myosin I homologs
in S. cerevisiae, Myo3 and Myo5, which are likely to be involved together with actin in gen-
erating cell polarity.67

Another effector of CDC42 is the Wiskott-Aldrich syndrome protein, WASP, which
induces the formation of CDC42-dependent actin clusters in several cell types,68 while its
close relative N-WASP induces plasma membrane protrusions in COS 7 cells.69 As well as
interacting with CDC42, WASP and N-WASP have proline-rich sequences that can bind
SH3 domains,70-72 a pleckstrin homology (PH) domain and a domain homologous to the
F-actin severing protein cofilin, through which N-WASP mediates actin depolymerization
in vitro.69,70 Interestingly, the proline-rich sequences of WASP resemble sequences in other
proteins such as VASP that interact with profilin, suggesting that the role of WASP, like
p140mDia, could be to recruit profilin to sites of CDC42-induced actin polymerization
(Fig. 14.1C). Together, these results suggest that WASP could mediate at least some of the
effects of CDC42 on the actin cytoskeleton, although a direct role for WASP in CDC42-
induced filopodium formation has not yet been demonstrated. In fact, studies with CDC42
mutants in fibroblasts have suggested that neither PAK nor WASP are important for filopo-
dium formation,45 although it is not known whether these fibroblasts actually express WASP
or a related protein. Finally, CIP4, another CDC42-interacting protein that could act as a
transducer to the actin cytoskeleton, induces actin reorganization when overexpressed in
Swiss 3T3 cells, and shows sequence homology to a region of the ERM (ezrin/radixin/moesin)
family of actin-binding proteins.73

In addition to regulating filopodium formation, CDC42 has been shown to be involved
in cytokinesis in Xenopus embryos,27 and mammalian cells expressing activated CDC42
accumulate multiple nuclei, suggesting that cytokinesis is inhibited.74 Studies in Dictyostelium
have shown that correct cytokinesis requires RacE and two distinct members of the IQGAP
family (Dd RAS GAP1 and GAPA), which in mammalian systems are targets for Rac and
CDC42.75-78 Interestingly, the effects of disrupting each IQGAP gene on cytokinesis are phe-
notypically distinguishable, suggesting that cytokinesis involves several steps regulated by
different GTPases.78 As IQGAPs bind F-actin,78a they provide a direct link between
CDC42/Rac and the actin cytoskeleton (see chapter 18).

Other Rho Family Proteins
Although the roles of Rho, Rac and CDC42 in regulating actin organization have been

best characterized, there is increasing evidence that other Rho family members can influ-
ence cell morphology and cytoskeletal arrangements. Expression of activated RhoD leads to
actin rearrangement in several different mammalian cell types, and concomitantly alters
the motility and distribution of early endosomes, suggesting a link between vesicular trans-
port and the actin cytoskeleton.2 In Drosophila, a novel member of the Rho family, RhoL,
has been identified.56 Expression of activated RhoL induces breakdown of cortical actin
filaments in nurse cells associated with oocytes. Whether these proteins influence actin or-
ganization directly or via CDC42, Rac and Rho remains to be established.
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Links Between Different Rho Family Proteins
Studies in quiescent, serum-starved Swiss 3T3 fibroblasts and in growth-arrested mac-

rophages have shown that CDC42, Rac and Rho can act in a cascade, where activation of
CDC42 leads to Rac activation, and Rac activation leads to Rho activation.23,63,79 The func-
tional basis of this cascade is probably to mediate cell migration, where extension of filopo-
dia and lamellipodia at the leading edge of cells precedes the active contraction of the cell
body, pulling the bulk of the cell forward.64 If the cell body contraction is mediated by Rho,
it may well be activated periodically in response to a critical level of lamellipodial extension.
Little is known about the molecular links between CDC42, Rac and Rho, except that Rac-
induced leukotriene production has been proposed to lead to Rho activation.80 Studies in
other cell types show that this cascade is not always wired up, however, and that Rac and
Rho can actually have opposing effects on the cytoskeleton. For example, in cells already
containing many stress fibers, such as growing MDCK epithelial cells, microinjection of Rac
leads to a decrease in stress fibers.42 As the presence of many stress fibers and focal adhe-
sions inhibits cell migration, this action of Rac may facilitate migration, although presum-
ably some level of Rho activation is required to mediate cell body contraction. Rho also acts
antagonistically to Rac/CDC42 in neuroblastoma cells by inducing neurite retraction, while
Rac/CDC42 promote neurite outgrowth.25

Rho Family Proteins, the Cytoskeleton and Transformation
In contrast to Ras, none of the Rho family proteins have been isolated as oncogenes or

tumor suppressors from human cancers. There is evidence, however, that they can contrib-
ute to the transformation of rodent fibroblast lines: activated Rho, Rac and CDC42 are
weakly oncogenic and can synergize with other oncogenes to induce transformation, and
several GDSs for Rho, Rac and/or CDC42 have been isolated as oncogenes in NIH-3T3
fibroblast transformation assays.4,81 In addition, suppression of Ras-induced transforma-
tion by the farnesyltransferase inhibitor, L-739,749, appears to be primarily due to its effects
on RhoB, rather than on Ras itself.82 These results raise the question of whether the ability
of Rho family GTPases to stimulate transformation is a consequence of their effects on the
cytoskeleton or whether the responses are separable. To address this issue, Westwick et al83

have constructed a panel of Rac mutants which interact selectively with some but not all of
its target proteins and have shown that it possible to separate the ability of Rac to transform
cells from induction of lamellipodia. These experiments have been limited so far to rodent
fibroblasts, and the definition of transformation has been predominantly one of increased
growth rate in the absence of adhesion to a substratum. In vivo, however, very few cancers
are of fibroblast origin, and cancers are also characterized by their ability to invade and
metastasize. These latter functions involve cell migration and are therefore likely to be linked
with changes in actin organization and cell adhesion regulated by Rho family proteins.

Conclusions
Rho, Rac and CDC42 each regulate the formation of different actin-based structures

and associated adhesion sites. To do this they have to direct new actin polymerization to
specific locations and coordinate this with recruitment of appropriate actin-binding pro-
teins to allow the correct organization of these actin filaments. A model for how this com-
plex process is achieved is that it requires each GTPase to interact with several target pro-
teins (Fig. 14.1). Some of these targets are kinases which phosphorylate specific actin-binding
proteins and change their interaction with actin. An example of this is Rho-kinase which
phosphorylates myosin II light chain. Other targets are adaptor proteins which recruit ac-
tin-modulating proteins. In particular, recruitment of profilin via, for example, p140mDia
appears to be important and is probably required to allow new actin polymerization.
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Although it is clear that Rho family proteins can contribute to the transformed pheno-
type of rodent fibroblasts, whether they play a regulatory role in the development of human
cancers is not known. An important question for the future therefore is whether Rho family
proteins contribute to the transformed phenotype of human cancers and whether this in-
volves their ability to regulate actin organization and cell adhesion. Their functions suggest,
however, that they will play an active role in cancer metastasis as well as possibly in cancer
growth, and that they may therefore be potential targets for therapeutic treatment of cancer.
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CHAPTER 15

Rho Effectors:
Structure and Function
Shuh Narumiya, Naoki Watanabe and Toshimasa Ishizaki

Introduction: Rho Actions in the Cell

The small GTPase Rho is involved in a variety of cellular processes in mammals. First, it is
involved in several processes requiring the reorganization of the actin cytoskeleton, such

as stimulus-evoked cell-substrate adhesion mediated by integrins1-3 and cytokinesis during
cell division.4,5 The cell-substrate adhesion process involves several steps such as integrin
activation to bind to its ligand, complex formation of the ligated integrin with cytoskeletal
proteins, clustering of these complexes and the bundling of bound actin filaments (for a
review, see refs. 6,7). A typical phenotype of the cell-substrate adhesion is focal adhesions
and stress fibers seen in fibroblasts and epithelial cells.1 This process is suppressed by the
inactivation of endogenous Rho and reproduced by microinjection with or the expression
of activated Rho. Cytokinesis requires site selection for the division, actin polymerization
and the contraction of the formed actin ring (for a review see ref. #8). The inactivation of
Rho inhibits this process, and completely dissociates nuclear division from cytoplasmic di-
vision to produce multinucleate cells. Site selection and localized actin formation are also
believed to be some of the actions of the RHO gene products of the yeast Saccharomyces
cervisiae, where Rho is involved in the budding process.9 The involvement of Rho in the
generation of contraction is more evident in smooth muscles, where Rho increases the sen-
sitivity of myofibrils to free calcium ion and induces contraction.10 In addition to these Rho
actions on the actin cytoskeleton, Rho also mediates the activation of serum response factor
and is involved in nuclear signaling: this action of Rho is presumed to be mediated by a
kinase cascade mobilized by Rho, which is analogous to the Ras/Raf/MAP-kinase pathways.11

Furthermore, Rho is also involved in cell growth and transformation.12,13 These diverse ac-
tions suggest that there are multiple Rho target molecules, each mediating a separate action,
and that Rho acts on different combinations of these target molecules in a different context
to perform a particular function. Recently, several molecules showing selective binding to
the GTP-bound form of Rho have been isolated as putative Rho target molecules or effec-
tors. The examination of the biological functions of these molecules has begun to reveal the
biochemical mechanisms underlying the actions of Rho. In this review, we discuss current
progress in the structure and function of these target molecules.
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Rho Effectors and Their Functions in Mammalian Cells
Several groups have used either a yeast two-hybrid system, affinity chromatography on

immobilized GTP-Rho or a ligand overlay assay, and have looked for Rho targets by screening
for molecules that showed selective binding to GTP-Rho. These studies identified several
molecules as putative target molecules or effectors for Rho. They include the p160ROCK/
ROK/Rho-kinase family of protein kinases, the PKN/PRK family of protein serine/threo-
nine kinases, two proteins named rhophilin and rhotekin which have a similar Rho-binding
motif to PKN but have unidentified activities, and p140mDia which can bind to both GTP-
Rho and an actin-binding protein, profilin. In addition, several molecules have been shown
to be activated by GTP-Rho in crude membrane or cell lysates, they include phosphatidyl-
inositol (PI) -4-phosphate 5-kinase and phospholipase D. The structure and biological func-
tions of these molecules are described below.

Structure and Function of the p160ROCK/ROK/Rho-Kinase Family
of Protein Serine/Threonine Kinases

Ishizaki et al14 used a ligand overlay assay and purified a GTP-Rho binding protein
from platelet cytosol. cDNA cloning for this protein revealed that it was a serine/threonine
protein kinase, with a molecular weight of 160 kDa. This kinase was named p160ROCK
(Rho-associated coiled-coil containing kinase) and has multiple functional domains, such
as a kinase domain in the N-terminus, followed by a long amphipathic !-helix capable of
forming a coiled-coil structure, a pleckstrin homology region and a Cys-rich zinc finger in
the C-terminus. The N-terminal region of this kinase containing the kinase domain and the
coiled-coil forming region show a significant homology to myotonic dystrophy kinase, a
product of the causative gene of myotonic dystrophy. An isozyme of p160 ROCK was also
isolated as a putative Rho target, and was named either ROK! by Leung et al,15 Rho kinase
by Matsui et al16 or ROCK-II by Nakagawa et al.17 In addition, another coiled-coil contain-
ing molecule without a kinase domain was isolated by a two-hybrid system using RhoC as
bait and was named citron.18 This molecule has several splicing variants, and a recent study
indicated that one of these variants contained a kinase domain with about 60% identity to
the ROCK kinases (Madaule P, Narumiya S. unpublished observation). Thus, these mol-
ecules appear to constitute a family of kinases. Their structures are shown schematically in
Figure 15.1. The Rho-binding domains of these three molecules appear to be localized in
the carboxy terminal end of the coiled-coil structure,15,18,19 suggesting the possibility that
the binding of Rho to this region may expose the N-terminal coiled-coil region and the
C-terminal lipid binding region for complex formation and membrane attachment, respec-
tively. Indeed, ROK! was translocated to the membrane in COS cells coexpressing the Val14–

Rho.15 In thrombin-activated platelets, part of the endogenous p160ROCK is translocated
to the cytoskeleton in an integrin-dependent manner (Fujita A, Narumiya, S. unpublished
observation).

The functions of this family of kinases have been examined both in vitro and in vivo in
intact cells. Kimura et al20 found that Rho-kinase was coeluted with the p130 myosin bind-
ing subunit of myosin phosphatase from a GTP-Rho affinity column, and that Rho-kinase
can phosphorylate this subunit protein. This phosphorylation was then shown to suppress
its phosphatase activity against phosphorylated myosin light chain. This finding was con-
sistent with previous studies using a permeabilized smooth muscle preparation, where Rho
induced calcium sensitization through the inhibition of myosin light chain phosphatase21

and where the phosphorylation of the p130 myosin binding subunit of the phosphatase
inhibited its activity.22 Amano et al23 further showed that Rho-kinase could directly phos-
phorylate the myosin light chain in vitro, and proposed both the direct phosphorylation of
the myosin light chain and the inhibition of myosin phosphatase as the mechanism respon-
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sible for the Rho-induced enhancement of myosin-based contractility (Fig. 15.2). The same
group also showed that Rho-kinase added exogenously restored the calcium sensitization
mechanism in a Triton X-100 -extracted smooth muscle preparation by both mechanisms.24

Whether these two mechanisms work in vivo in intact muscles and how much Rho/ROCK-
mediated calcium sensitization contributes to smooth muscle tone under physiological con-
ditions, remain to be elucidated. On the other hand these findings further suggest that the
ROCK/ROK/Rho-kinase mediates the contractile responses seen with other Rho actions.
Cytokinesis is one of these candidate actions. Rho activity is required for both the induction
and maintenance of the contractile ring in cytokinesis, and the actomyosin system mediates
contraction of this ring. It is therefore very likely that the ROCK/ROK/Rho-kinase is in-
volved in this process. However, direct proof for the involvement of ROCK/ROK/Rho-ki-
nase in this process has not been provided. Instead, a recent paper suggested another in
vitro role for Rho-kinase in cytokinesis by showing that it phosphorylates an intermediate
filament protein, glial fibrillary acidic protein (GFAP), at the same sites as seen in the cleav-
age furrow during cytokinesis.25 However, this paper did not demonstrate the phosphoryla-
tion of GFAP by endogenous Rho-kinase in vivo during cytokinesis. The physiological im-
portance of this phosphorylation is also not known, because GFAP is not ubiquitously
distributed in cells other than astroglia. Another candidate for the involvement of a
ROCK/Rho-kinase-mediated contractile response is Rho-induced neurite retraction. This
action has been extensively studied in cultured neuroblastoma cells in which external stimuli
such as thrombin and lysophosphatidic acid applied to the tip of the neurites caused the
collapse of the growth cone and retracted the neurites in a Rho-dependent manner.26 De-
tailed analysis revealed that this was due to the generation of actomyosin contractility in-
duced by the activated Rho. It is quite likely that ROCK/ROK/Rho-kinase also works as a
Rho-effector in this system.

The role of the ROCK/ROK/Rho-kinase in the cell-substrate adhesion became appar-
ent from studies on the expression of these kinases in cultured cells. Leung et al27 microin-
jected ROK! cDNA into HeLa cells and then examined the cell morphology. They found
that the expression of full-length ROK! and its C-terminal truncation mutants induced

Fig. 15.1. Structures of p160ROCK, ROK/Rho-kinase/ROCK-II and citron.14-19 Structures of
p160ROCK, ROK/Rho-kinase/ROCK-II and a nonkinase variant of citron are shown. All of these
proteins contain a long amphipathic !-helix, and the Rho-binding domain shown by an under-
line is localized at the carboxyl end of this helix. Amino Acid identity is shown in the respective
regions of p160ROCK and ROK!/Rho-kinase/ROCK-II.
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both focal adhesion-like structures and stress fiber-like actin bundles in these cells, and that
this morphological phenotype required kinase activity. Ishizaki et al28 reported similar
morphological changes in HeLa cells transfected with the wild type and various mutants of
p160ROCK. Focal adhesion- and stress fiber-like structures became condensed with the
C-terminal truncated mutants and the cells became contracted, suggesting that myosin-
based contractility was present, and become stronger with these truncations. They also used
a kinase-negative, Rho-binding-defective mutant as a potential dominant negative form,
and examined its role in the Rho-mediated response. This double mutant blocked the Rho-
induced formation of focal adhesions and stress fibers, indicating that p160ROCK indeed
functions downstream of Rho. On the other hand, this dominant negative mutant did not
suppress Rac-induced membrane ruffling, excluding the conjecture by two groups29,30 that
p160ROCK and ROK! may work downstream of Rac. Amano et al31 carried out a similar
study using several truncation mutants of the Rho-kinase (ROK!) and found that a kinase-
defective catalytic domain mutant as well a pleckstrin homology domain mutant could block
lysophosphatidic acid-induced stress fiber formation, a finding consistent with other re-
ports.27,28 It is thus clear that ROCK/ROK/Rho-kinase works downstream of Rho to induce
focal adhesions and stress fibers (Fig. 15.3). Since recent studies7,32 have shown that myo-
sin-based contractility was required for focal adhesion and stress fiber formation and, as
described, Rho-kinase is involved in the enhancement of actomyosin contractility, it is likely
that this family of kinases induces focal adhesions and stress fibers by the contraction-in-
duced clustering of focal complexes and F-actin bundling. The question is whether ROCK/
Rho-kinase is involved in other steps in cell-substrate adhesion. The regulation of the Na+-H+

exchanger is of interest in this respect. It has been reported that the activation of this antiporter
is mediated by Rho and is essential for stress fiber formation.33

Structure and Function of p140mDia
Some of the Rho-mediated processes such as cytokinesis do not simply reorganize pre-

existing filamentous actin but may require de novo actin polymerization. Recently, a candi-
date molecule for this effect has been cloned: p140mDia was isolated from a mouse cDNA
library by yeast two hybrid screening.34 p140mDia has a Rho-bindng domain in the
N-terminus, a repeated polyproline stretch in the middle and the so-called FH-2 region in
the C-terminus (Fig. 15.4). This molecule shows significant homology to the Drosophila

Fig. 15.2. A current model for
Rho-induced calcium sensitiza-
tion mechansm.20-23 Agonist
stimulation mobilizes two path-
ways to induce contraction in
smooth muscle. One is the cal-
cium dependent, Rho-indepen-
dent pathway, where the elevated
free calcium ion in the cell binds
to calmodulin (CaM) and acti-
vates myosin light chain (MLC)
kinase. This activation leads to
enhanced phosphorylation of
MLC. The other pathway acti-
vates Rho, and accumulated
GTP-Rho then activates ROCK/Rho-kinase, which then phosphorylates either the myosin bind-
ing subunit of myosin phosphatase to inactivate this enzyme or directly phosphorylates MLC.
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protein diaphanous35 throughout this entire sequence, and the name mDia (a mammalian
homolog of diaphanous) was derived from this. It also shows lower but still significant
homology to Bni1p of Sacchromyces cervisiae.36 Interestingly, previous genetic studies35,36

indicated that Bni1p and diaphanous were involved in yeast budding and cytokinesis, re-
spectively. Bni1p has been identified as a target of yeast Rho1p, and this study will be dis-
cussed later below. Watanabe et al34 found that p140mDia binds to both GTP-Rho and to an
actin binding protein, profilin in vitro, and that these three proteins are colocalized in vivo
in the membrane lamellae of spreading cells. Rho, profilin and p140mDia are also recruited
together to phagocytic cups by fibronectin-coated beads in a Rho-dependent manner.
Watanabe et al also found that the transient expression of p140mDia induced homoge-
neous actin filament formation in COS cells. They suggested that p140mDia caused the
accumulation of profilin in the membrane, which in turn stimulates actin polymerization.
Profilin is known as an actin monomer binding protein and is thought to function to se-
quester unpolymerized actin. However, recent studies have indicated that it promotes actin
polymerization in vitro and in vivo.37,38 Interestingly, some immunoreactive p140mDia was
observed in the cleavage furrow of dividing cells, indicating that this protein also functions

Fig. 15.3. Presumed roles of Rho
effectors, ROCK/ROK/Rho-ki-
nase, p140mDia and PIP-5-ki-
nase in reorganization of actin
cytoskeleton.

Fig. 15.4. Structures of p140mDia and related proteins.34-36 Structures of p140mDia and some
formin-related proteins are shown. Note that mDia, diaphanous and Bni1p show homology in
the N-terminal part containing the Rho-binding domain, whereas this homology is absent in
formin and cappucino.
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during contractile ring formation. This is consistent with the findings that its yeast ho-
mologs, Bni1p and Bnr1p of S. cerevisiae and cdc12p of S. pombe, are involved in budding
and cytokinesis, and thus are concentrated in the division sites (see below).

PKN/PRK and Molecules with a PKN/Rhophilin Rho-Binding Motif
Watanabe et al39 used a yeast two-hybrid screening system combined with a ligand

overlay assay with [35S]GTP#S-Rho. They identified the serine/threonine protein kinase PKN,
and rhophilin, a molecule containing a Rho-binding sequence homologous to PKN, as pu-
tative targets for Rho (Fig. 15.5). The identification of PKN as a putative Rho target has also
been reported by Amano et al.40 PKN41 or PRK42 is a serine/threonine kinase activated by
the addition of lipids such as unsaturated fatty acids, and has a kinase domain highly ho-
mologous to that of protein kinase C. Although PKN activity is stimulated by the binding of
Rho to its N-terminal regulatory domain and PKN is activated downstream of Rho in intact
cells, the role of this kinase in Rho signaling remains obscure. Mukai et al43 carried out a
yeast two-hybrid screening for other proteins interacting with this kinase, and found that
the subunits of neurofilament (L, M and H proteins) can bind PKN. PKN phosphorylates
these subunits proteins, and this phosphorylation inhibited the in vitro polymerization of
the neurofilaments. Using the same strategy, they also found that an actin-binding protein,
!-actinin, binds to the N-terminal region of PKN, and that this binding was stimulated by
the presence of phosphatidylinositol-4,5-bisphosphate.44 Although these results indicate a
role for PKN in the reorganization of the intermediate as well as the actin cytoskeleton, the
relationship of these findings to the actions of Rho remains to be shown. These authors also
reported that PKN was translocated from the cytosol to the nucleus following various stresses
such as heat, sodium arsenite and serum starvation.45 They suggested that this translocation
was involved in mediating stress signals to the nucleus. However, the role of Rho in this
process once again remains to be shown. PKN/PRK has a kinase domain homologous to
protein kinase C, and Rho1p of the yeast S. cerevisiae acts on Pkc1p, a yeast homolog of
protein kinase C, as a direct target to initiate a kinase cascade (see below). Therefore, PKN
was expected to mobilize an analogous kinase cascade in mammalian cells for nuclear sig-
naling. However, evidence for this action is still lacking; only a 2-fold increase in SRE activa-
tion was found with the expression of PRK2 in control as well as in activated Rho-express-
ing NIH3T3 cells.46

Both PKN and rhophilin have a homologous Rho-binding motif of about 70 amino
acids in length in their N-terminal portion. This motif is also shared by another molecule
called rhotekin47 (Fig. 15.5). Notably, there appear to be no domains with catalytic activity
in rhophilin or rhotekin. Instead, rhophilin has a domain homologous to the N-terminal
portion of C. elegans YNK-139 and Bro1p of S. cerevisiae48 in its middle (aa 150-450), and a
PDZ domain in the C-terminal third (aa 496-607). Rhotekin has a putative SH3 binding
motif near the C-terminus. These results indicate that these two proteins function as adap-
tor proteins linking GTP-Rho to other signaling molecules or structural proteins.

Phosphatidylinositol-4-Phosphate 5-Kinase and Phospholipase D
Chong et al49 demonstrated that GTP#S-loaded Rho added to lysates of C3H fibro-

blasts increased the activity of phosphatidyl-4-phosphate (PIP) -5-kinase. This is particu-
larly interesting, since the product formed by this reaction, PIP2, binds to a variety of F-actin
capping proteins that have capped the barbed end of actin filament and dissociates them
from this end, leading to uncapping and induction of actin polymerization.50 Indeed, the
overexpression of a PIP-5-kinase produced a generalized actin polymerization in COS-7
cells.51 Thus, the activation of profilin by PIP-5-kinase, together with its recruitment by
p140mDia, is expected to induce focal actin polymerization at a site directed by activated



231Rho Effectors: Structure and Function

Rho in the cell. The physical association of PIP-5-kinase with Rho was examined by incu-
bating cell lysates with immobilized Rho protein.52 A 68-kDa protein with PIP-5-kinase
activity was precipitated with immobilized Rho, and this protein was immunostained with
an anti-type I PIP-5-kinase antibody. This antibody also coimmunoprecipitated PIP-5-ki-
nase with Rho. However, this binding was independent of whether Rho was in its GDP- or
GTP-bound form. Surprisingly, ADP-ribosylation of Rho enhanced this binding by about
8-fold. Thus, the binding of PIP-5-kinase to Rho may not necessarily lead to its activation,
and it may require complex formation with another component for full activity This may
be also true for Rac, because Rac was shown to bind to PIP-5-kinase both in vitro and in
vivo without GTP-dependency.53 Nevertheless, using permeabilized platelets, Hartwig et
al54 found that activated Rac mediated thrombin-induced phosphoinositide formation, which
then facilitated the uncapping of actin barbed ends and triggered actin filament elongation.

Recent studies have demonstrated that Rho also activates phospholipase D (PLD) in
several systems and this activation constitutes part of the signal transduction of some growth
factors. It has been known for some time that PLD activity was enhanced by the addition of
GTP and/or cytosolic factors. The examination of these effects revealed the involvement of
two small GTPases in this activation: ARF and Rho. The involvement of Rho was verified by
the inhibition of activation by Rho-GDI and/or C3 exoenzyme, and the subsequent restora-
tion by adding GTP-Rho in these systems.55,56 Until now, two types of PLD have been cloned:
PLD-1 and PLD-2. PLD-1 has two isoforms, PLD-1a and b, generated by alternative splic-
ing. Both isoforms of PLD-1 can be activated by GTP#S-ARF and to a lesser extent by RhoA,57

whereas PLD-2 is constitutively active and was not activated in the presence of these
GTPases.58,59 PLD is a signal transducer that functions in the transmembrane signaling to
generate second messenger molecules. A recent study showed that different members of the
Rho family of GTPases were involved in PLD activation by different growth factors: RhoA
in PLD activation by PDGF, lysophosphatidic acid, endothelin or phorbol esters and Rac1
in PLD activation by EGF.60,61 In addition, Baldassare et al62 reported that !-thrombin stimu-
lation in IIC9 cells caused the translocation of a part of RhoA to the nuclear envelope,
where it stimulated PLD activity.

Rho Effectors and Their Functions in Yeast
There are five RHO genes in the yeast Saccharomyces cerevisiae: RHO1 to 49,63 and

CDC42.64,65 Of these genes, RHO1 is the yeast homolog of the mammalian rho genes. RHO1

Fig. 15.5. Structures of PKN, rhophilin and rhotekin. The three proteins contain the conserved
Rho-binding motif in their N-terminal end.
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is an essential gene, as its disruption causes death. The involvement of RHO1 in the budding
process was suggested by the finding that a diploid strain containing an activated allele of
RHO1 did not sporulate,9 and that a strain with a temperature-sensitive mutant of RHO1
(rho-104) showed growth arrest with a phenotype of a tiny bud.66 Simultaneous nuclear
staining and flow cytometry revealed a peak at 4n, suggesting that the nuclear cell cycle was
not affected in the rho-104 mutant. These results indicate that Rho1p regulates cell growth
and bud formation in concert with the nuclear cycle. The expression of an epitope-tagged
Rho1p and subsequent immunocytochemistry demonstrated that Rho1p was concentrated
on the tip of the growing bud and at the site of cytokinesis and that it colocalized with actin
microfilaments at these sites.66 These results suggested that Rho1p exerts a growth control-
ling function on the cell. Recently, several putative target proteins for Rho1p have been
identified, and their functional roles are being examined.

Qadota et al67 substituted RHO1 in S. cerevisiae with human rhoA. This strain then
showed conditional lethality, being unable to grow at 37°C due to osmotic fragility at this
temperature. Osmotic fragility is usually caused by some defect in the cell wall, indicating
that Rho1p was involved in cell wall biosynthesis. Taking the same approach, Nonaka et al68

screened for dominant mutations that suppressed this phenotype and isolated a mutant of
PKC1, a yeast protein kinase C homolog as a suppressor. They further showed that Pkc1p
interacted directly with GTP-Rho1p in a two-hybrid system. PKC1 directs the activation of
the yeast MAP kinase cascade MKK1 and MPK1, and dominant active mutants of these
kinases also suppress the rhoA phenotype, indicating that Rho1p was indeed located up-
stream of this kinase pathway. This is consistent with the osmotic fragility seen in the rhoA
mutant because pkc1 null mutants also showed osmotic fragility and are rescued by high
osmolarity media.69 In addition, a genetic interaction has been shown between the PKC1
pathway and some cell wall synthesizing enzymes.70 RHO1 is not only indirectly involved in
yeast cell wall synthesis through the PKC1 pathway; it has been recently reported that Rho1p
directly regulated the activity of a cell wall synthesizing enzyme.71,72 One of the main struc-
tural components of the yeast cell wall are 1,3-∀-linked glucan polymers, which are synthe-
sized by 1,3-glucan synthase encoded by Fks1 and 2 genes. Since it is known that this glucan
synthase is activated by GTP#S, Drgonová et al71 and Qadota et al72 examined the role of
Rho1p in this activation. Both groups found decreased glucan synthases activity in the rho1
mutants which were insensitive to GTP. This defect was corrected by adding the wild type
Rho1p back to the incubation. Qadota et al70 further showed that Rho1p complexed with
the Fsk1 subunit of the enzyme and colocalized at the bud tip where the cell remodels its
wall. Thus, RHO1 exerts two distinct actions in yeast cell wall synthesis: an activation of the
PKC1 pathway to induce the glucan synthetases and an association with Fsk1p to activate
the enzyme directly. It is quite likely that Rho1p also drives other pathway(s) in yeast, be-
cause rho1 null mutants are not rescued in high osmolarity media such as 1M sorbitol.66

This apparent discrepancy appears to have been solved by the recent discovery of new
Rho1p target proteins. Kohno et al73 used a yeast two hybrid system with an active form of
Rho1p [Rho1p(Q68L)] as bait and identified Bni1p as an interacting protein. The preferen-
tial binding of Bni1p to the GTP-bound form of Rho1p was then demonstrated by the
coprecipitation of a MBP fusion protein of Bni1p with GTP#S-bound Rho1p. As described
above, Bni1p is a yeast homolog of diaphanous and p140mDia and has been reported to be
involved in the control of the budding pattern and cytokinesis.36 This is consistent with the
role of Rho1p in the yeast budding process, and the genetic linkage of RHO1 and BNI1 was
confirmed by the synthetic lethality of bni1 mutants with either pkc1 or the RhoA mutation
in the place of RHO1 as described above. This group has also found a homolog of Bni1p in
Saccharomyces cervisiae, which they termed Bnr1p.74 An overlap of the functions of these
two proteins is suggested by the temperature-sensitive growth phenotype of the bni1 bnr1
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mutant. These mutant cells are uniformly enlarged at the restrictive temperature due to a
budding deficiency, and have a delocalized pattern of actin and chitin, which are normally
localized to the polarized growth sites and bud scar, respectively. As described for p140mDia,
both Bni1p and Bnr1p physically interact with profilin, and the bni1 bnr1 mutant showed a
similar phenotype as the yeast profilin null pfy mutant, such as sensitivity to 1M sorbitol.
Two-hybrid screening with different Rho proteins as baits indicated that Bnr1p interacted
preferentially with Rho4p, and that Bni1p interacted with Rho1p. On the other hand,
Evangelista et al75 identified an interaction of Bni1p with CDC42 by a two hybrid system.
They further demonstrated the interaction of Bni1p with not only profilin (Pfy1) but also
with Bud6p, a protein which is involved in bipolar budding and is capable of interacting
with actin. On the basis of these results, they suggested that Bni1p formed a complex with
profilin, Bud6p and actin downstream of Cdc42p. Whether Bni1p preferentially complexes
with Rho1p or Cdc42p or both in the yeast budding process remains to be determined. In
contrast to budding yeast, cell division in the fission yeast Schizosaccharomyces pombe is
performed by the formation of an actin ring that circumscribes the middle of the cell, fol-
lowed by the formation of a septal cell wall. Cdc12 has been identified as one of the genes
required for the proper formation of this actin ring. Chang et al76 recently cloned cdc12,
and identified cdc12p as the Bni1p homologue of S. pombe. Cdc12p is located specifically in
the cell division actin ring, and its mutant cdc12 exhibits delocalized actin patches during
mitosis. Cdc12 has a synthetic lethal genetic interaction with the cdc3 (profilin) mutant,
and a proline-rich region of cdc12p binds directly to profilin cdc3p. Thus, cdc12p shares
many properties in common with Bni1p, as well as with Drosophila diaphanous and
p140mdia. It is also quite likely that it binds selectively to the active form of Rho and is
recruited to the site of its action by virtue of this binding.

Thus, in yeast, Rho appears to coordinate cell division and nuclear division in three
ways: first by inducing glucan synthesizing enzymes, second by directly activating one of
these enzymes and finally by inducing actin polymerization at the site of cell growth
(Fig. 15.6).

Perspectives
Significant advances have been made in recent years in the identification of the struc-

ture and function of Rho effectors, and the biochemical mechanisms underlying Rho ac-

Fig. 15.6. Functions of RHO
effectors in the yeast Saccha-
romyces cerevisiae.
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tions are now becoming clear. In the next few years, the interaction of several Rho effectors
will be elucidated to explain the sequence of events in complex Rho actions such as cytoki-
nesis, cell adhesion and cell transformation. Rho has also been reported to be involved in
processes such as bacteria entry into cells77,78 and the regulation of tight junction.79 These
actions will be described in molecular terms in the coming years. The physiological signifi-
cance of Rho itself and Rho effectors in the body will also be clarified by the gene disruption
or pharmacological manipulation of each molecule. Through these studies, unexpected Rho
actions will likely be discovered. One remaining question is how Rho actions are regulated
temporarily and spatially in the cell. We have been investigating whether the activated
GTP-bound form of Rho is targeted from the cytoplasm to its action site at the plasma
membrane. However, various screening experiments with GTP-Rho as the bait have not
identified any candidate proteins for targeting and anchoring in the membrane. It may be
that the activation of a Rho exchange protein occurs at the site of cell stimulation, and this
then recruits Rho and converts it to the active GTP-form, followed by the accumulation of
effector molecules at this site. This point will be another focus for future Rho research.
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CHAPTER 16

Rac/CDC42 Effectors: ACK, PAK,
MRCK, WASP, n-Chimaerin, POR1,
Etc.
Sohail Ahmed, Robert Kozma and Louis Lim

Introduction

The Ras/Rho family of GTPases of 21 kDa act as molecular switches controlling a variety
of cellular processes (for reviews see refs. 1-3). Most Ras/Rho family members are con-

served from yeast to man. There is also isoform diversity and tissue specificity within closely
related members of each family. For example, Rac1 is ubiquitous, while Rac2 is only ex-
pressed in the immune system and Rac3 is enriched in brain. Ras/Rho GTPases are charac-
terized by the presence at the extreme C-terminal end of an isoprenyl group. This post-
translational modification occurs on the cysteine of a CAAX box and gives rise to proteins
that associate strongly with the plasma membrane, an association considered to be essential
for biological function. These G proteins possess intrinsic GTPase and GDP/GTP exchange
activities which allow them to cycle between two conformational states, “on” (GTP-bound)
and “off” (GDP-bound). Comparison of the structural features that distinguish the Rho
family from the Ras family reveals the presence of an extended loop 8 (extra 14 amino acid
residues) in Rho family which provides an additional binding surface for protein-protein
interactions.

The use of two mutations of these GTPases in cellular assays has been instrumental in
defining their function. The oncogenic Ras mutations, V12 and L61, lead to GTPase-nega-
tive forms frozen in the conformational “on” state (GTP-bound) while the dominant nega-
tive N17 mutant inhibits cell signaling, possibly by titrating out the GDP dissociation stimu-
lators (GDSs). Using these mutants a clear link has been made between Ras/Rho family
members (Rac1, CDC42 and RhoA), the actin cytoskeleton and cell transformation. Rac1,
CDC42 and RhoA act downstream of oncogenic Ras in distinct steps of the transformation
process, CDC42 and RhoA in morphological transformation, Rac1 in serum-independent
growth and all three in anchorage independent growth (chapter 12). Rac1, CDC42 and
RhoA also operate immediately downstream of distinct membrane bound receptors to co-
ordinate cellular processes such as changes in the F-actin cytoskeleton, cytokinesis, neutro-
phil NADPH oxidase and “focal complex” (FC) assembly, Jun kinase (JNK) activity and
cell-cell adhesion (Fig. 16.1; chapter 14).

A multitude of factors that regulate the nucleotide state of Rac1, CDC42 and RhoA
have been identified over the last five years; these include proteins that stimulate either
intrinsic nucleotide GDP/GTP exchange (e.g., DBL) or GTPase activity (e.g., BCR). Three
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distinct isoforms of Rho-GDI that inhibit GDP dissociation and mask the isoprenyl tail of
Rho family members (maintaining a cytosolic pool of protein) have been isolated. Sequence
analysis of these regulatory factors has revealed that they are multidomain proteins and
exchange factors in particular have a complex domain structure and are commonly found
with pleckstrin homology (PH) domains (chapter 11). Proteins such as ABR and BCR are of
special interest as they consist of domains that confer both GDP/GTP exchange and GTPase
stimulating activity. The GTPase specificity of these regulatory proteins is overlapping in vitro.

Effectors can be defined as proteins that are activated by the GTP-bound “on” state of
the corresponding GTPases. However, situations can be envisaged in which a cooperative
interaction between GTPase and effector occurs, in which case the GTPase is absolutely
required for effector function and acts at the same level as the effector. Suppressor analysis
in genetically manipulatable systems such as Caenorhabditis elegans and Drosophila
melanogaster was probably the first method used to identify protein effectors in cell signal-
ing pathways. However, this genetic analysis is not possible in mammalian systems. Effector
isolation and identification in mammalian systems has been made possible by the establish-
ment of three powerful protein-protein interaction assays: (i) Probing of nitrocellulose im-
mobilized target proteins with labeled protein (the “Far-Western” analysis) combined with
column protein purification; (ii) affinity purification using tagged recombinant protein with
cell material applied to affinity columns (e.g., GST tag with glutathione agarose columns);
and (iii) the “yeast two-hybrid” system in which a bait protein is assessed for its ability to
interact with a library of cloned and expressed cDNAs. In the GAL4 two-hybrid system
yeast cells grow on histidine only if a bait-library interaction occurs.4

Once protein partners have been isolated the binding sites can be identified by deletion
analysis and database searches used to identify novel partners using motifs generated from
known interacting sites. Rho family effectors isolated using the techniques described above
can be placed into three distinct classes; kinases, adaptors and GAPs (Fig. 16.1). The review
by Narumiya concerns RhoA effectors while ours will focus on CDC42 and Rac effectors.

ACK
ACK, the activated CDC42-binding kinase, a nonreceptor tyrosine kinase member of

the focal adhesion kinase (FAK) family of proteins was cloned using Far Western analysis of

Fig. 16.1. CDC42 and Rac1 GTPase cycle, effectors and functions. CDC42/Rac GTPases cycle
between ‘on’ and ‘off ’ conformations through GTP and GDP binding. The cycle is regulated by
exchange factors (GDSs), GTPase activating proteins (GAPs) and GDP dissociation inhibitors
(GDIs). The interaction of Rac/CDC42 with effectors induces specific changes in cell function.
Effectors full into three distinct classes; kinases, adaptors and GAPs.
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a lambda hippocampal expression library with Cdc42G12V as a probe. ACK was one of the
first kinases identified that interacts specifically with a Rho family GTPase.5 ACK is related
to the tyrosine kinase 2 (PYK2, also known as RAFTK or CAK-∀ or CADTK) and both
contain several proline rich C-terminal sequences. Unlike PYK2, ACK contains a SH3 do-
main and a CDC42-binding domain (CBD). Although ACK was one of the first Cdc42Hs
effectors to be isolated, very little information has been published on its cellular function.
However, heat shock and changes in osmolarity have been shown to cause its phosphoryla-
tion. Thus ACK is presumably activated by cell stress. ACK has been shown to associate with
GRB2.6

More information is available on its cousin PYK2 which is thought to play an impor-
tant role in cell signaling pathways in the brain. Activation of G protein-coupled receptors
with agents such as acetylcholine or bradykinin results in calcium mobilization and phos-
phorylation of PYK2, recruitment of the Ras GDS SOS1 via GRB2, and activation of Ras-
dependent pathways. Thus PYK2 may form a link between G protein-coupled receptors and
subsequent ERK kinase pathway activation.7 Activation of PYK2 has been reported to re-
quire an intact actin cytoskeleton. PYK2 may also be a component of FCs as it binds via its
C-terminal polyproline-rich region to paxillin.8 A dominant negative mutant of PYK2 in-
hibits phosphorylation of paxillin. PYK2 is also a target of the FYN tyrosine kinase follow-
ing T cell antigen receptor activation9 and is activated following ∀1-integrin stimulation, or
B cell antigen receptor activation,10 as well as by neuronal membrane depolarization.11 In-
terestingly, PYK2 overexpression leads to JNK activation, while a dominant negative mu-
tant interfered with JNK activation induced by either UV light or osmotic shock.12 These
results implicate PYK2 as a kinase associated with FCs and the actin cytoskeleton that medi-
ates the activation of MAP kinase cascades downstream of G-protein linked receptors.
Whether ACK plays an analogous role is worthy of investigation. The presence in ACK of a
CBD motif may suggest that CDC42 is involved in its recruitment to receptor complexes.

PAK
Far Western analysis with CDC42[#32P]GTP and Rac1[#32P]GTP as probes of tissue

extracts identified a number of interacting proteins.13 Signals present at 62, 65 and 68 kDa
from brain extracts in these overlay assays were due to a family of kinases.14 Since the kinase
activity of the purified 65 kDa protein was activated by CDC42 and Rac1 these brain pro-
teins were named PAKs for p21(CDC42/Rac)-activated kinases. Interestingly, in both
CDC42/Rac binding and kinase assays CDC42 was much more potent than Rac1. Peptide
sequencing followed by cDNA isolation and characterization revealed that mammalian PAK
was homologous to Ste20p, a yeast kinase involved in MAP kinase-like cascades. Preceding
the identification of PAK in brain extracts Ste20p had been shown by genetic analysis to be
a protein required for yeast budding and mating (i.e., involved in morphological and tran-
scriptional pathways, respectively). The isolation of PAK as a CDC42-binding protein linked
STE20 to CDC42 pathways in yeast and this has now been confirmed experimentally.15,16

Further cloning and sequence analysis has revealed the presence in mammalian cells of
at least three isoforms of PAK, !, ∀ and #, with the latter being ubiquitously expressed.17-20

Unlike ! and #PAK, ∀PAK once activated (autophosphorylated) no longer binds CDC42 or
Rac1.18,19 As with any other protein family, more PAK members, with different expression
patterns, localization characteristics and protein domains, are likely to be identified in fu-
ture analysis. In fact, the EST database already contains many PAK-like sequences. Neutro-
phils and macrophages are interesting cell-types since they express all three PAK isoforms at
relatively high levels19,21 (Ahmed, S et al, unpublished data). Proteins that have similarity to
the Ste20p/PAK kinase domain alone, the GCK family of kinases, have been identified and
are thought to have roles in JNK pathways and in membrane trafficking.22 PAKs from
C. elegans23 and D. melanogaster24 and additional members of the yeast Ste20p family have
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been identified. Unique to the yeast PAK like proteins, PAK2, PAKp and Cla4p, is the pres-
ence of a PH domain.22 This rapid explosion in identification and cloning of members of
the Ste20p/PAK family of kinases over the last few years opens up the possibility of elucidat-
ing their physiological function in the near future.

We define here PAK family proteins as those that contain a CBD in addition to the
kinase domain of the STE20 family. A notable feature of the mammalian PAK isoforms are
stretches of polyproline flanking the CBD. For example, ! and ∀PAK possess four such
polyproline repeats, P1 (1-20), P2 (30-50), P3 (140-160) and P4 (180-200). Intriguingly,
#PAK and Drosophila PAK do not possess P3 and the yeast proteins Ste20p, Cla4p and Sc-
PAK do not have any of these polyproline motifs, although they do have polyproline re-
peats. If it is assumed that the polyproline motifs P1-P4 are each sites of protein-protein
interactions, these N-terminal sequence differences already suggest specific functions for
the different PAKs. An additional feature of PAKs is that there is a sequence of about 30
amino acids immediately adjacent to the CBD which is conserved among Ste20p/PAKs from
yeast to man but is absent from other CDC42 effectors including ACK and WASP. This
sequence in mammalian cells acts as a negative regulatory domain of the kinase (Zhao, ZS
et al, unpublished data). The kinase MLK-3 which was identified initially as a protein pos-
sessing a CRIB motif (an 18 amino acid sequence present in the CBD) through a database
search has a different domain organization compared to PAK.25 Its kinase domain is in the
middle of the protein and the CRIB motif is C-terminal to the kinase domain. Interestingly,
MLK-3 has some identity to the polyproline motif P4 near its extreme C-terminal end but
does not possess P1-3.

The first (non-GTPase) binding partner reported for PAK was the adaptor protein
NCK, a protein that also interacts with WASP26 (see below). NCK consists of one SH2 do-
main and three SH3 domains. It is the second SH3 domain of NCK that binds PAK. Further,
the second SH3 domain binds the P1 polyproline sequence of PAK and not P2-P4. There-
fore NCK will complex with all three PAK isoforms since they all possess P1. PAK phospho-
rylates NCK although the consequence of this is not clear. More recently, PAK has been
found to interact with a number of PAK substrates of molecular sizes between 78-90 kDa
through immunoprecipitation experiments. One of these has been cloned, termed PIX (PAK-
interacting exchange factor) containing a DBL domain and which catalyses GDP/GTP ex-
change on Rho family members (Manser E et al, unpublished data). The PIX-PAK interac-
tion occurs via a SH3 domain of PIX and a sequence that includes the polyproline motif P4
of PAK. Other kinase substrates of PAK include two oxidase components p47phox and
p67phox (see later section), myosin I heavy chain, myosin II light chain (Fig. 16.2) and PIX.
However, the in vivo targets of PAKs have not been established.

The PAK family member we have most information about is Ste20p. As mentioned
earlier, this protein is involved in both morphology pathways and MAP kinase-like cas-
cades. Intriguingly, CDC42 binding appears to be essential for localization and morpho-
logical activity but not for kinase activation. A CDC42 binding-defective Ste20p can comple-
ment a STE20 mutant as part of the MAP kinase cascade but not in the process of budding.27,28

PAK is also able to complement STE20 mutants suggesting overlap in function of these
proteins.16 A C. albicans protein related to Ste20p has been identified, Cst20p, that plays a
role in mycelial growth and this may have relevance to the pathogenicity of this organism.29

Interestingly, recent work has shown that mutations in CaCla4p, the homolog of the yeast
Cla4p, cause defects in hyphal formation in vitro and gene deletion suppressed C. albicans
virulence in a mouse model.30

The demonstration that both Rac1 and CDC42 induce the activation of JNK and that
the T17N (dominant negative) mutants of these GTPases block factor induced activation of
JNK/SAPK suggest an important role for these proteins in MAP kinase pathways.31,32 To-
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gether with the established involvement of STE20 in MAP kinase-like cascades, these data
implicate PAK proteins as links between CDC42/Rac1 and JNK/SAPK in mammalian cells.
Some investigators have observed a link between PAK and JNK (using ‘dominant negative’
[kinase dead] and ‘dominant positive’ [constitutively active] mutants of PAK;33-35 while others
have not31 (Abo, A. personal communication). A possible reason for these differing results
may be cell type specificity and the particular assay conditions used. Transient transfection
assays are the basis of many of these studies where the results may depend on the amounts
of DNA, length of expression and the exact construct used. However, this is unlikely to be
the complete answer. PAK is clearly a multidomain protein with a sophisticated mechanism
of regulation. For example, the polyproline motifs P1-P4 of PAK are likely to interact with
different signaling complexes and overexpression of these sequences alone may have effects.
Furthermore, knowing the low affinity with which some SH3 domains interact with
polyproline sequences, overexpression of PAK may lead to disruption of protein-protein
interactions unrelated to PAK pathways. An additional problem with regard to proteins that
contain CDC42/Rac binding sites is that in isolation these domains can have ‘dominant
negative’ effects; they have been shown to inhibit CDC42 and Rac from interacting with
their targets. This consideration has led to the use of double mutants that are CDC42/Rac-
binding defective and either kinase-dead or constitutively-active. The effects of overexpression
of these double mutant proteins on cell function are easier to interpret. The possible role of
PAK as the effector of CDC42 and Rac1 in JNK pathways has not been resolved and other
candidates such as MLK-3 must be considered.36,37

CDC42 and Rac1 have been demonstrated to induce specific changes in the actin cy-
toskeleton. Recent evidence suggest that both p21s induce actin polymerization, i.e., con-
vert actin monomers to F-actin polymers.38,39 CDC42 and Rac1 activity is also clearly re-
quired for the formation or peripheral FCs associated with filopodia, retraction fibers and
membrane ruffles40,41 (Ahmed S et al, unpublished data). [These CDC42- and Rac1-induced
FCs are morphologically distinct from one another and from the RhoA-induced focal adhe-
sions (FAs). It would be interesting to establish whether formation of actin microfilaments
at the periphery can be dissociated from FC formation and whether these two processes are
directly coupled]. Furthermore, in most cells CDC42 activation leads to a rapid activation
of Rac1.40-42 Could PAK have a role in actin polymerization, FC formation or the link be-
tween CDC42 and Rac1? The answer appears to be yes in all three cases. Microinjection of

Fig. 16.2. Involvement of PAK in
morphology pathways. Bradyki-
nin induces the formation of
CDC42-GTP which then activates
PAK directly or via other proteins
(X) to cause: (i) the formation of
filopodia/retraction fibers possibly
through phosphorylation of myo-
sin heavy chain (see refs. 48-50);
(ii) a change in the turnover of
FCs; with inhibition of RhoA FAs
and stimulation of Rac1/CDC42
FCs, the former associated with a
loss of stress fibers and (iii) the N-
terminal polyproline sequences
P1-P4 to activate Rac1, a function
not requiring the kinase activity of
PAK.
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recombinant PAK protein produced in Escherichia coli, which is purified as an active kinase,
into Swiss 3T3 cells induces filopodia formation.43 These experiments need to be extended
as filopodial activity in serum starved Swiss 3T3 cells is difficult to measure. In similar ex-
periments we have observed that PAK protein induces the formation of retraction fibers
and associated FCs followed by membrane ruffling (Ahmed S et al, unpublished). The po-
tential role for PAK in FC formation was first suggested by the observation that the Droso-
phila PAK colocalizes with phosphotyrosine in discrete complexes.24 The Drosophila cells
examined were epithelial and involved in the developmental process of dorsal closure. How-
ever, it is not clear how these complexes at the leading edge of these cells are related to FCs
and FAs seen in mammalian cells.

In fibroblasts, overexpression of kinase dead GTPase binding defective PAK mutants in
transfection based assays induces intense membrane ruffling consistent with either activa-
tion of Rac1 or an event downstream of Rac1.43 Interestingly, the ability of PAK to induce
membrane ruffling requires the presence of the polyproline sequence P1. There is a correla-
tion between the ability of the N-terminal of PAK (P1) to interact with NCK and its ability
to induce actin polymerization.43 Furthermore, mutation of proline 13 in P1 destroys the
ability of this PAK mutant to induce membrane ruffling and to interact with NCK. Thus,
apparently, SH3 domain-P1 interactions can drive F-actin formation. It was suggested that
PAK is normally folded with the P1-P4 sequences masked.43 Mutation of the GTPase bind-
ing site and/or the kinase domain may expose the polyproline sequences allowing them to
interact with SH3 domains of protein partners.

In HeLa cells !PAK is translocated to FCs by both Cdc42G12V and Rac1G12V which them-
selves colocalize to these sites. PAK can be targeted to Rho FAs only if a kinase-dead form is
introduced. The regulatory N-terminal of PAK is responsible for this targeting, including
residues 1-60 and 150-250 but not the CBD.44 As well as FAs, stress fibers are lost on expres-
sion of constitutively active forms of PAKs. The ability of PAK to target to CDC42 and
Rac1-induced FCs indicates that it may participate in the dynamics of these structures. Since
kinase-inactive mutant !PAKK298A is targeted to FAs, this suggests that PAK kinase activity
normally negatively regulates binding to these RhoA-dependent structures. It is thus pos-
sible that recruitment of !PAK to CDC42/Rac1-dependent FCs results in both activation of
PAK and downregulation of binding to these sites, therefore limiting the effects of the kinase.

A constitutively active PAK can be derived by mutation of residues in its N-terminal,
C-terminal of the CBD (residues 101-137), implying this to be a negative regulatory region.
!PAK83-149 was found to inhibit GTP#S-CDC42 mediated kinase activation of both ! and
∀PAKs (Zhao ZS et al, unpublished data). This PAK inhibitor enabled PAK morphological
functions to be examined, without overexpressing the kinase itself or mutant forms which
can act as an ‘adaptor’ potentially recruiting proteins such as NCK (see above). Coexpression
of this PAK inhibitor with Cdc42G12V did not apparently affect the formation of CDC42-
type FCs but prevented the formation of peripheral actin microspikes and associated loss of
Rho FAs and stress fibers normally induced by the CDC42. Coexpression of PAK inhibitor
with Rac1G12V prevented loss of stress fibers but not ruffling induced by Rac1. Coexpression
of PAK inhibitor also completely abolished the phenotypic effects of hyperactive !PAKL107F

in inducing loss of FAs and actin stress fibers (Zhao ZS et al, unpublished data). It seems
that PAK facilitates turnover of actin stress fibers and dissolves FAs, and that CDC42 re-
quires PAK kinase activity for production of microspikes (including filopodia) and perhaps
cell rounding/retraction.

The experiments described above suggest that PAK is involved in both actin polymer-
ization and FC turnover. Does PAK act directly downstream of CDC42 or Rac1 in inducing
changes in morphology? Experiments with point mutations of the effector domain of both
CDC42 and Rac1 have tried to address this issue (based on work initially carried out with
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Ras, see ref. 45). Mutant C40 of CDC42 and Rac1 do not interact with PAK but still induce
morphological activity while the Rac1 A37 mutant can interact with PAK but no longer has
morphological activity.46,47 These observations with GTPase effector mutants makes the
assumption that the protein-protein interactions seen in vitro, which in most cases are as-
says carried out with isolated domains rather than whole proteins, reflects accurately the
protein-protein interactions taking place in vivo. It is possible for instance that a 5% bind-
ing activity with a target in vitro may be sufficient for interaction in vivo to induce a pheno-
typic response. Particularly when target interaction may be compartmentalized in vivo, at
the plasma membrane for example. These considerations suggest caution must be used in
interpreting data from GTPase effector mutant studies. Another possibility is that the Y40C
mutants may displace endogenous GTPase from in vivo binding partners, thus freeing these
GTPase to interact with their effectors, including PAK.

Whatever the mechanisms, it has recently been shown that the PAK-binding deficient
Cdc42G12V(Y40C) mutant can still recruit PAK to FCs (Manser E et al, unpublished data).
This requires the participation of PIX, the PAK-binding GDS. PIX which is widely expressed
and enriched in CDC42 and Rac1 driven FCs was also found to mediate PAK activation by
the Y40C mutant. It is possible that PIX may be involved in signaling from CDC42 to Rac1
since this PAK activation is associated with a concurrent production of endogenous Rac1-
GTP. By contrast, little CDC42-GTP is formed.

A model for PAKs role in morphology is presented in Figure 16.2. Bradykinin activates
CDC42 which induces three separable morphological responses; (i) an immediate forma-
tion of filopodia and retraction fibers associated with (ii) a loss of stress fibers and (iii) a
delayed activation of Rac1 to induce membrane ruffling. There is evidence as outlined above
to support a role for PAK in all these phenotypes. The question of whether CDC42 interacts
directly with PAK or via other proteins (X) or both needs to be resolved.

Two recent observations suggest novel roles for PAK. A 65-68 kDa kinase associated
with the NEF protein has recently been identified.51-53 The NEF protein is essential for effi-
cient HIV viral replication. Mutant analysis suggest a correlation between the biological
activity of NEF and its association with this kinase. The possibility that this kinase is a
member of the PAK family arises from the following observations; (i) it is activated by
CDC42/Rac1; (ii) it is detected with some PAK antibodies and (iii) the proteolytic map of
the NEF associated kinase is similar to that of PAK proteins. However, since recombinant
versions of !, ∀ and #PAK do not interact with NEF in transfected COS cells, it is unlikely
that the kinase is one of these three proteins. Nevertheless, the possibility that a protein not
present in COS-7 cell, bridges between PAK and NEF, via perhaps SH3/polyproline interac-
tions, cannot be ruled out. This exciting area of research potentially connects PAK proteins
with disease states.

FAS induced apoptosis is associated with a decrease in a PAK protein band in Jurkat
cells.54 Further analysis has revealed that the onset of apoptosis, induced by different means
(e.g., ceramide and TNF!) leads to caspase mediated proteolysis of PAK2(#) but not PAK1(!)
or 3(∀). A cell line expressing a dominant negative mutant of PAK was resistant to Fas in-
duced formation of apoptotic bodies but did not inhibit PS externalization.

MRCK
Recently, another family of CDC42-binding kinases has been cloned by expression

screening. These kinases contain a CBD related to those ACK and PAK while its kinase
domain is related to that of Rho-binding kinases ROK which is itself related to that of
myotonic kinase.55,56 These ~190 kDa myotonic dystrophy kinase-related CDC42-binding
kinases (MRCK! and MRCK∀) have a preferential binding of CDC42 over Rac1.57 Like
ROK, MRCK phosphorylates nonmuscle myosin II light chain at serine 19, crucial in
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activating actomyosin-based events, including contractility (chapter 3, 14, 15). Other do-
mains include a cysteine-rich motif related to those of PKC and n-chimaerin and a PH
domain.57

Not unexpectedly given the similarity in the kinase domain, overexpression of ROKs
and MRCKs can result in overlapping morphological activities under certain experimental
conditions. MRCK! promoted enhanced formation of stress fibers and FAs, an activity as-
sociated with ROK.56 However, kinase-dead MRCK! did not induce dissolution of these
RhoA-dependent structures, unlike kinase-dead (dominant negative) ROK!. MRCKs ap-
pear to have a functional role separate from that of ROK. Although phosphorylation of
myosin(s) may be a shared activity between ROK and MRCK, it is highly likely that their
morphological roles are determined by their site(s) of enzymatic activity, such sites being
targeted by their specific domains such as the GTPase-binding or PH domains.

Thus, transfection studies with HeLa cells show MRCK! and Cdc42G12V to colocalize,
particularly at the cell periphery. Microinjection studies with plasmid encoding MRCK!
and mutants indeed demonstrate a role for MRCK in CDC42-dependent morphological
changes. A kinase-dead mutant of MRCK! blocked Cdc42G12V-dependent formation of FCs
and peripheral microspikes. A kinase-dead and GTPase binding-defective MRCK was an
equally effective blocker showing that the these mutants acted as dominant negative inhibi-
tors of kinase activity, rather than through sequestration of endogenous CDC42.

What is the relationship of MRCK to the other CDC42-binding kinase PAK? Activated
!PAK dissembles stress fibers FAs in HeLa cells.44 It has been suggested that the PAK-in-
duced disassembly of these Rho-dependent structures may be required to precede the for-
mation of the CDC42-dependent peripheral structures, perhaps because certain compo-
nents are common to the different GTPase-dependent structures or to release cellular
constraints. Following this dissembly by the activated PAK, there appears to be substantial
contraction of the cell.44 In the studies with MRCK, its coexpression with limiting concen-
trations of CDC42 led to enhanced formation of microspikes and peculiar restructuring of
peripheral segments of the cell; a continual cellular retraction and protrusion was observed.57

This process led to expansion of part of the cytoplasm. These observations suggest that
perhaps MRCK and PAK activities may need to be coordinated to obtain a full CDC42-
phenotype. Experiments involving coexpression of both PAK and MRCK may be useful in
this regard. The existence of distinct kinase domains with related GTPase-binding domains
within MRCK and PAK, and conversely of related kinase domains with different GTPase-
binding domains within MRCK and ROK, could be one means of facilitating ‘cross-talk’
between the different members of the Rho family. This ‘cross-talk’ at the level of effectors
(and other regulatory proteins) may be an essential requirement for integrating cellular
activities resulting from signaling by the different GTPases.

n-Chimaerin
n-Chimaerin possesses a protein kinase C (PKC)-like cysteine-rich regulatory domain

at the N-terminal and a BCR like domain at the C-terminal.58 When first isolated, the func-
tions of either domain was not known as the role of the cysteine-rich domain of PKC was
unclear (although the N-terminal region of PKC was linked to interaction with lipids and
phospholipids). The cysteine-rich domain of n-chimaerin was found to bind phorbol esters
with characteristics similar to those observed with PKC +∋5 (i.e., phospholipid-dependent,
high-affinity, Ca2+-independent and stereospecific).59,60 Other proteins with sequence iden-
tity to the cysteine-rich regulatory domain of PKC and n-chimaerin include the oncogenes,
RAF and VAV, diacylglycerol kinase and the C. elegans UNC-13 gene product, ROK and
MRCK.

The function of the C-terminal BCR related domain of n-chimaerin was resolved when
parts of its sequence was found to match peptide sequences obtained from a partially purified
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50 kDa protein with RhoA-GAP activity. BCR and n-chimaerin were then shown to be GAPs
for Rac1 and CDC42 but not for RhoA.13,61,62 Subsequent to these initial studies a large
number of proteins with sequence identity to the GAP domain and potential GAP activity
towards Rho family members have been identified from yeast to man (chapter 11). These
include mammalian GAPs active against Rac1 and CDC42 such as ABR,63,64 ∀-chimaerin65

and the Ras GAP binding protein p190.66 Both p190 and the 50 kDa RhoA-GAP are active
against Rac1, CDC42 and RhoA.67,68 Of particular interest here is the observation that the
p85 subunit of PI-3 kinase shares sequence identity with the RhoA-GAP domain but does
not possess GAP activity. Mutational analysis of the GAP domain of n-chimaerin has re-
vealed that the GTPase binding can be dissociated from GAP activity. Furthermore, dele-
tion of an invariant arginine 144 in the GAP domain of n-chimaerin was found to have a
particularly dramatic effect of GAP activity.62 From this mutational analysis a motif was
identified that linked Ras GAP and Rho-GAP domains centering on this invariant arginine.
The GAP activity of full-length n-chimaerin, unlike that of the GAP domain of n-chimaerin,
is modulated by phosphatidylserine and phorbol esters.60 Thus n-chimaerin is a Rac1/
(CDC42) GAP that acts as a functional target for both phorbol esters and phospholipids.

Microinjection studies have been used to investigate the cellular function of
n-chimaerin.69 While microinjection of the GAP domain of n-chimaerin alone specifically
downregulates Rac1 dependent membrane ruffling and pinocytosis microinjection of the
full length protein was able to induce both Rac1 and CDC42 dependent morphologies.
These data support the view that GAP proteins can serve as effectors as well as downregulators.
In experiments designed to address the mechanism by which n-chimaerin induces changes
in cell morphology the following observations were made: (i) the effects of n-chimaerin
were dependent upon the presence of active CDC42 and Rac1 as dominant negative mu-
tants (N17) inhibited filopodia and lamellipodia formation, respectively; (ii) mutants of n-
chimaerin indicate that its effects were dependent upon its ability to bind to Rac1 and CDC42
rather than its GAP activity; and (iii) full length n-chimaerin was found to associate with
the F-actin cytoskeleton via its N-terminal end. Taken together, these results suggest that n-
chimaerin may function as a cytoskeletal receptor for Rac1 and CDC42 recruiting protein
complexes necessary for remodeling the cytoskeleton (Fig. 16.3).

There is evidence that other GAPs may have roles besides simply being downregulators
for their GTPases. The p120 Ras GAP has effector function in blocking atrial potassium
channels, and this activity is dependent on its ability to interact with Ras.70 Also, cells ex-
pressing the N-terminal SH2/SH3 containing portion of p120 Ras GAP lose their stress
fibers and FAs and show increased ruffling71 further suggesting effector roles for this Ras
GAP. Activation of the GTPase Gq/11 leads to the activation of phospholipase C∀1, which
then acts as a GAP to downregulate its activator Gq/11.72 IQGAP has a sequence similarity
to the Ras GAP domain but does not have Ras GAP activity. Rather IQGAP binds to Rac1
and Cdc42Hs, as well as to calmodulin (see chapter 18). Recently, IQGAP has been shown to
cross-link and bundle actin filaments.73

Wiskott-Aldrich Syndrome Protein (WASP)
Wiskott-Aldrich Syndrome (WAS) is an X-linked recessive disease of the immune sys-

tem. WAS is associated with severe thrombocytopenia, eczema, profound immunodeficiency
and an increased risk of cancer. A positional cloning strategy was used to clone the WAS
gene.74 DNA mutations in four patients with classical WAS supported the conclusion that
aberrations in the cloned gene was responsible for WAS.74 WAS patients have T and B cells
with abnormal cell surface cytoarchitecture, loss of microvilli (the “bald phenotype”), and
defective transmembrane signaling.
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Two groups simultaneously reported that the protein encoded by the WAS gene, WASP,
interacted with CDC42; one by two-hybrid analysis75 the other by protein purification of a
CDC42 binding activity from human neutrophils.76 The CDC42 interaction with WASP is
specific, Rac1 binds weakly and RhoA not at all. The WASP interaction also requires CDC42
to be in the GTP bound form.75,76 The site of WASP that interacts with CDC42 is similar to
the CBD found initially in the protein kinase ACK (described above).

An isoform of WASP, N-WASP, has been identified through a search for proteins able
to bind the SH3 domain of ASH/GRB2.77 Unlike WASP, N-WASP is expressed predomi-
nantly in the brain, with some expression in the lung, heart, and colon. A yeast protein with
sequence identity to WASP has also been identified, a protein known as Las17p, and also
called BEE1, through searching of the genome database of S. cerevisiae .78 Sequence analysis
of WASP has revealed that it consists of several interesting protein domains. In addition to
the CRIB motif, both WASP and N-WASP possess a domain of 100 amino acids composed
of polyproline repeats, a PH domain, an IQ motif, and homologies to peptide sequences
found in verprolin (17mer) and cofilin (19mer).76,77 In contrast, although BEE1 has overall
structural homology with WASP, it does not possess a CRIB motif or the peptide identity
with cofilin. BEE1 is also larger than WASP and N-WASP by approximately 130 amino
acids. More distant cousins of WASP include the polyproline containing proteins such as
VASP and Drosophila ENA.76,77

What is the function of these three WASP family proteins? Microinjection of WASP in
porcine aortic endothelial (PAE) cells gives rise to the formation of perinuclear “actin clus-
ters”. This phenotype for WASP required the activity of CDC42 but not Rac1 or RhoA.76

From these observations, the physiological link between WASP and F-actin remains un-
clear. An effector of CDC42 would be predicted to induce the formation of peripheral actin
microspikes associated with filopodia and/or retraction fibers. Studies with N-WASP have
shown that it has the ability to depolymerize actin filaments and this phenotype was depen-

Fig. 16.3. n-Chimaerin as a cytoskeletal receptor. n-Chimaerin recruits Rac1 and CDC42 and
associated complexes which induces remodeling of the actin cytoskeleton. PMA activates the
GAP activity of n-chimaerin preventing it from recruiting Rac1 and CDC42.
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dent on both a functional PH domain and an actin binding site (as revealed by the use of
relevant mutants, 6VCA and C38W).77 Interestingly, in N-WASP overexpressing COS7 cells
EGF stimulation induced the formation of peripheral actin microspikes.77 This phenotype
was not observed in nontransfected cells or in cells expressing mutants of N-WASP (6VCA
and C38W). N-WASP appears to associate with the EGF receptor via ASH2/GRB but is not
phosphorylated by the EGF receptor. BEE1 is also linked with actin structures. In S. cerevisiae
the formation of actin patches are intimately associated with the processes of budding and
cytokinesis.78 In BEEl deletion strains of S. cerevisiae there are defects in the assembly and
organization of actin filaments at the cortex and this translates into defects in budding and
cytokinesis. BEE1 is actually localized to actin patches. To gain further insight into their
cellular functions it will be important to establish the intracellular localization of WASP
and N-WASP in cells of the immune system and nervous system, respectively.

The polyproline stretches present in WASP, N-WASP and BEE1 probably represent
sites for protein-protein interactions. In particular, SH3 domains are known to bind certain
polyproline motifs. It is not surprising therefore to find that a number of proteins contain-
ing SH3 domains have been shown to interact with WASP and BEE1. N-WASP was actually
isolated by its ability to interact with the SH3 domain of ASH/GRB2 as described above.
WASP has been shown to interact, via SH3 domains, with NCK, SRC family kinases, p85
subunit of PI-3 kinase, phospholipase C #1, and c-FGR.79 BEE1 has been shown to interact
with the SH3 containing protein of Sla1p. However, it is not clear whether the BEEl-Sla1p
interaction occurs via an SH3 domain-polyproline interaction.78

These results clearly suggest a role for the WASP, N-WASP and for BEE1 in regulating
actin dynamics of mammalian cells and yeast, respectively. In the case of WASP a require-
ment for the activity of CDC42 has also been demonstrated which suggests that a direct
interaction with CDC42 is required for its morphological effects.76 This conflicts with data
obtained with the CDC42 point mutant analysis described above (PAK section).

POR1
POR1 was isolated as a Rac1 interacting protein in yeast two-hybrid screening with

Jurkat cDNA libraries.80 POR1 does not have domain similarity with other proteins present
in the database. Functional analysis of POR1 suggests a possible role in membrane ruffling.
Firstly, POR1 localizes to regions of the cell periphery undergoing membrane ruffling. Sec-
ondly, regions of POR1 can inhibit Rac1 mediated membrane ruffling. Thirdly, POR1
synergizes with Ras in membrane ruffling. Lastly, point mutations of Rac1 that no longer
bind POR1 are defective in membrane ruffling. However, overexpression of POR1 itself
does not induce membrane ruffling and POR1 does not synergize with Rac1. Taken to-
gether these results are supportive of a role for POR1 in Rac1-mediated membrane ruffling
although not entirely convincing.

Interestingly, POR1 is virtually identical to a protein that binds Arf1, Arfaptin.81 The
Arf proteins are intimately associated with membrane trafficking. Arfs are regulators of
intracellular transport, required for the formation of coated vesicles in the Golgi complex,82,83

and vesicle transport between the ER and Golgi.84,85 They are also involved in nuclear vesicle
fusion86 and can activate phospholipase D.87,88 Recently, Arf6, a protein that induces periph-
eral actin structures, has been found to bind POR.89 Arf6 induced cytoskeletal changes ap-
pear to be independent of Rac1 activity. It would be interesting to know whether the bind-
ing sites in POR1 for Rac1, Afr1 and Arf6 are distinct or whether these GTPases bind to the
same site. It is possible that POR1 represents a link between Rac1 and membrane trafficking
via the Arfs.
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NADPH Oxidase Component p67phox
The NADPH oxidase is an important part of the immune system involved in killing

invading microorganisms. It functions primarily by reducing molecular oxygen leading to
the formation of superoxide anion by a cytochrome mediated transfer of electrons. Protons
also produced during the reduction of the oxidase which may have some function in pH
control of phagosomes. Molecular defects in the components of the oxidase are the genetic
basis for chronic granulomatous disease (for review see ref. 90).

NADPH oxidase activity can be reconstituted in vitro and this has allowed the minimal
characteristics of the enzyme to be investigated.91 The NADPH oxidase is composed of two
integral membrane proteins, subunits of cytochrome b (p22phox and p91phox), and four
proteins that translocate between cytosol and plasma membrane, p67phox, p47phox and
p40phox and Rac1. The three former proteins are “adaptors” with SH3 domains and
polyproline rich regions the only clear domains present. Protein phosphorylation of p47phox
and p67phox occurs (for example see refs. 92,93) although the kinases involved have not
been clearly identified.

Protein-protein interactions within the complex have been analyzed by immunopre-
cipitation, two-hybrid analysis, Far Westerns and affinity columns. In the unstimulated neu-
trophil/macrophage Rac1 exists in a complex of Rho-GDI while the adaptor proteins are
present as a 250 kDa complex.94,95 Immunoprecipitation experiments have shown that there
is a 1:1 association between p67phox and p40phox.95,96 The association of p47phox in the
250 kDa complex is labile. The interaction between p67phox and p40phox does not involve
SH3 domains and occurs between the C-terminal of p40phox and the region between the
two SH3 domains of p67phox.97,98 Upon stimulation of neutrophils with agents such as
fMLP Rac1 dissociates from Rho-GDI and the p67phox-p40phox-p47phox complex moves
to the membrane and binds the p22phox subunit of cytochrome b. The mechanism by
which cell stimulation leads to a redistribution of oxidase complex components is under
intense investigation. Phosphorylation of p67phox and p47phox and second messenger in-
teraction with these components are likely to be involved. Protein-protein interaction
studies have revealed that there is an intramolecular interaction between the N-terminal
SH3 domain and C-terminal polyproline region in p47phox and that this can be disrupted
by arachidonic acid.99,100 If this is true in vivo it represents a mechanism by which the SH3
domains of p47phox (p22phox binding sites) are masked until cells are stimulated. The
polyproline region of p47phox has been shown to interact with the C-terminal SH3 do-
main on p67phox98,101 and the SH3 domain of p40phox can interact with either of the two
polyproline regions in p47phox.102 If and when these interactions occur in vivo is unclear.

Thus the NADPH oxidase represents an exciting opportunity for investigating the
molecular mechanisms by which Rac GTPases may influence multimeric protein complexes.
Some of the questions that can be posed are: (i) Is Rac1 required for complex assembly,
turnover or stability? (ii) Is the role of Rac1 to influence SH3-polyproline interactions, pos-
sible through recruiting kinases? (iii) Does Rac1 trigger a conformational change in the
complex inducing superoxide formation, enzymic activity?

Rac1 interacts directly with p67phox, but not the other oxidase components, in bind-
ing assays.21,103 However, it cannot be ruled out that Rac1 may bridge between two compo-
nents, e.g., p67phox and the cytochrome b subunit p22phox. We have localized the Rac1
binding site of p67phox (Ahmed S et al, unpublished). Interestingly, the N-terminal of
p67phox which stabilizes the Rac1 interaction is composed of four “tetratricopeptide re-
peats.”104 These protein domains are thought to form amphipathic helices that may self
associate. C-terminal to the Rac1 binding site is a polyproline sequence (SH3 binding site)
followed immediately by a SH3 domain (N-terminal). Deletion of the C-terminal of p67phox
(192-526), the polyproline sequence (226-236), or the C-terminal SH3 domain (470-526),
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lead to an 8-fold stimulation of Rac1 binding. These results suggest that the cryptic nature
of the Rac1 binding site is caused by an intramolecular interaction between the C-terminal
SH3 domain and polyproline sequence of p67phox (Ahmed S et al, unpublished data).

PAK kinase has been found to phosphorylate p47phox105 and we have recently shown
that ∀PAK can phosphorylate p67phox (Ahmed S et al, unpublished). The PAK phosphory-
lation sites of p67phox are cryptic and map to sites very close to the Rac1 binding site and
polyproline region of p67phox. Interestingly, in p47phox the PAK phosphorylation site and
the polyproline region are adjacent. We are currently investigating whether PAK phos-
phorylation of p67phox or p47phox may influence SH3-polyproline interactions or Rac1
binding.

A model incorporating all the above observations is presented in Figure 16.4. The con-
cept that emerges from this model is that switching between intramolecular and intermo-
lecular interactions driven by second messengers and phosphorylation events may provide
a mechanism for complex assembly. Rac1 does not appear to be essential for complex as-

Table 16.1. Mammalian CDC42 and Rac1 effectors

GTPase Effector Ref. Function

CDC42 ACK 5 ?
PAK 14 FC’s/Actin pol.
Kinectin 106 ?
WASP 75,76 Actin dynamics
CIP4 107 Actin dynamics
CIP5 107 ?
n-Chimaerin 69 Filopodia
IQGAP 73 Actin dynamics/adhesion
MRCK 57 Actin dynamics
MLK-3 36.37 JNK activation

S6-kinase 108 G1 to S transition
PI-3 kinase 109 Second messenger syn.

Rac1 POR1 80 Membrane trafficking
p67phox 21,120 Superoxide formation
n-Chimaerin 69 Lamellipodia
Tubulin 110 ?
PAK 14 FC’s/Actin pol.
Kinectin 1067 ?
IQGAP 73 Actin dynamics
ROK 111,112 FA’s/Actin bundling
Citron 113 ?
MLK-3 36,37 JNK activation

S67-kinase 108 G1 to S transition
PLA 114 Second messenger syn.
PI-32 kinase 115 Second messenger syn.
PI-4 P kinase 116 Second messenger syn.

The table shows Cdc42Hs and Rac1 effectors and their potential function. Effectors in italics (below
dotted line) are those which have not been shown to interact directly with Cdc42Hs or Rac1. FAs-”focal
adhesions”, FC- “focal complexes”, np-not published, pol.- polymerization, syn.-synthesis.
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sembly. Rather Rac1 may play a role in conformational changes within the complex and/or
turnover of the complex. For the NADPH oxidase the stage is now set to elucidate the role of
Rac1.

Conclusion
Rac1 and CDC42 are central regulators of cellular processes that work in hierarchies

(e.g., downstream of Ras, CDC42-Rac1) but also in antagonism (CDC42 vs. RhoA). This
latter phenomenon is most clearly seen in N1E-115 cells where RhoA prevents CDC42 and
Rac1 mediated neurite outgrowth and C3 toxin (dominant negative inhibitor of RhoA)
induces it.42 This complex relationship between members of the Ras and Rho families needs
to be considered in cellular assays. Isolation of effectors has opened up ways of analyzing
Ras/Rho family signaling pathways at the molecular level. From two-hybrid analysis it is
clear that there are a large number (possibly 100s) of Rac1 and CDC42 effectors and this
confirms their importance in cell biology (see Table 16.1 for current known effectors for
Rac1 and CDC42). The use of the techniques discussed to isolate protein partners com-
bined with functional assays will eventually lead to the description of the protein complexes
and networks involved in Rho family signaling pathways. These studies will help to eluci-
date the mechanism by which oncogenic Ras and Rho family proteins cooperate to affect
the actin cytoskeleton and cause cell transformation.
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CHAPTER 17

Flightless I
Hugh D. Campbell

Mutations in a number of genes are known to impair flight behavior in the fruit fly Droso-
phila melanogaster. Not surprisingly, some of these are mutations in genes for compo-

nents of muscle. These include, for example, genes for myosin,1 actin,2 tropomyosin3,4 and
troponin-T,5 as well as metabolic enzymes such as !-glycerophosphate dehydrogenase6,7

and the corresponding membrane-bound respiratory oxidase.8 Numerous X chromosome
linked viable mutations which decrease flight ability were discovered by Homyk and Sheppard
and other workers.9-12 Subsequently13,14 it was shown that flightless I,3 flightless O2 and
standby9-12 are all alleles of a single gene. This gene can be mutated to lethality, as all the
above alleles map to the W-2 lethal complementation group.15 The gene is now known as
flightless I (fliI), since this was the name given to it in the first report of its discovery.9

The viable mutations in fliI were shown to result in ultrastructural defects in the indi-
rect flight muscles,10-12,14 although the direct flight muscles appear normal.10 In the mu-
tants, the myofibrils are frayed and disorganized, and the Z-bands are absent, split or wavy
in appearance. Striated bundles occur, and appear to be aggregates of thin filaments, possi-
bly also including Z-band material, which display electron-dense striations with a regular
periodicity of 130 nm.10 Similar striated bundles occur in other apparently unrelated mu-
tants such as upheld (troponin-T)5,12 and grounded.12

Embryos homozygous for lethal alleles of fliI arrest during development at late larval
or pupal stages. Germline clone analysis was used to show that embryos deficient in mater-
nally supplied wild-type fliI gene product gastrulate abnormally; cellularization in the case
of the most severe alleles such as W-2 is only partial.13 Mosaic fate mapping experiments
indicate that the focus for fliI maps to the anterior ventral region of the blastoderm,10,16 a
region where primordial mesoderm arises. The exact site of the focus and comparison with
other known genes indicate that the focus lies in indirect flight muscle primordia rather
than in the thoracic nervous system.10,16

fliI cDNA Cloning and Protein Structure

Drosophila
The Drosophila genomic region spanning fliI was cloned by chromosome walking from

entry points generated by chromosome microdissection and cloning.17 Northern analysis
was used to detect candidate transcription units that lay between breakpoints of deficien-
cies that were shown genetically to delimit the position of the fliI gene. A 10.2 kb XhoI
fragment inserted into the genome on a P element vector restored flight ability to fliI mu-
tant flies, and restored viability to flies homozygous deficient for the fliI genomic region.
The single complete transcription unit of ~5 kb present on this 10.2 kb XhoI fragment thus
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was shown to correspond to fliI. cDNAs corresponding to this transcription unit were isolated
using appropriate genomic fragments as probes. Overlapping cDNAs were analyzed giving
a final composite cDNA sequence of 4672 bp plus a polyA tail.17

The predicted protein encoded by the cDNA consisted of 1256 amino acid residues.
The N-terminal region contained a leucine-rich-repeat (LRR) sequence18,19 and the C-ter-
minal region showed significant sequence homology to the well-known actin binding pro-
tein gelsolin.20

C. elegans
Database searches revealed that amino acid sequence with strong homology to the en-

tire fliI LRR region, allowing for several putative introns, was encoded by the C. elegans
cosmid CELB0303. However, the gelsolin-like region was not present. CELB0303 was one of
the first three cosmids sequenced as part of the C. elegans genome project.21 We reasoned
that the complete sequence of the C. elegans fliI homolog would be useful in achieving the
goal of cloning a mammalian homolog. The LRR homology was present near one end of
CELB0303, and it appeared plausible that the gelsolin-like portion of the putative homolog
would be encoded by adjacent, as yet unsequenced genomic DNA.

C. elegans cDNA libraries were therefore screened using a synthetic DNA probe based
on the available CELB0303 cosmid sequence covering part of the predicted LRR coding
region. A full-length cDNA was isolated, and complete sequence analysis of this 4529 bp
clone revealed an encoded fliI protein homolog of 1257 amino acids, also consisting of an
LRR domain and a gelsolin-like domain.17 Subsequently the sequence of CELB0523, the
relevant cosmid adjacent to CELB0303, became available, and as expected contains the re-
mainder of the fliI homolog. Thus both the cDNA and genomic sequences for the C. elegans
fliI homolog have been determined, enabling the complete exon/intron structure of the
gene to be deduced.17

Human
Alignment of the 1256 amino acid Drosophila fliI protein with the 1257 residue C. elegans

homolog showed they were 49% identical over their entire lengths (69% similarity when
conservative substitutions are considered). In a number of regions, significant patches of
adjacent amino acids were completely identical. We thought it possible to exploit this to
clone the mammalian gene.

A total of 20 oligonucleotide primers were designed from the conserved areas by back-
translation of the amino acid sequences using the genetic code. To reduce the complexity of
the oligonucleotides, inosine was substituted at some positions of 4-fold (or 3-fold) degen-
eracy.22 Nested PCR reactions were then conducted on human DNA samples. One combi-
nation of four primers was found to give a strong product band of 850 bp with human
genomic DNA as template.17 Cloning and sequence analysis of this band showed strong
homology (>50% identity) of the encoded protein with the Drosophila fliI protein, allowing
for several small introns. The same primers gave a band of 500 bp with human brain cDNA
and sequence analysis of this fragment showed the same homologous region, but without
the introns present in the 850 bp band, further confirming the existence of the human ho-
molog.17 The official names assigned by the relevant nomenclature committees are FLII for
the human gene and Fliih for the mouse gene.

Using the genomic PCR fragment as a probe, human FLII cDNAs were isolated from
brain cDNA libraries. Sequence analysis yielded a composite cDNA sequence of 4105 bp,
most of which was covered by a single clone of 4087 bp lacking 18 bp at the 3´ end.17 Al-
though these clones did not contain the initiation codon, a cDNA covering this region was
subsequently identified, and showed that only two bases of the ATG initiation codon had
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been missed.23 The encoded protein of 1269 amino acids (including the initiating methion-
ine) also contains the LRR and gelsolin-like domains, and is 58% identical (74% similarity
allowing for conservative substitutions) to the Drosophila protein.17

Southern analysis with FLII cDNA probes established that the gene is present as a single
copy in the haploid human genome.23,24 There is no evidence for related genes detectable
under conditions of reduced hybridization stringency.23 Northern analysis of polyA+ mRNA
showed that the gene is expressed in all tissues tested (heart, brain, placenta, lung, liver,
skeletal muscle, kidney and pancreas).23 The level of FLII mRNA in skeletal muscle was
elevated 8- to 10-fold, heart 2- to 2.5-fold and lung 1.5- to 2-fold over the relatively uniform
level in the remaining tissues. The levels in all tissues tested appear to parallel the expression
levels of actin as determined on the same blot with a ∀-actin probe. Human gelsolin mRNA
has a rather different tissue distribution,25 with very low expression in liver, and elevated
expression in placenta, for example. The high level of FLII mRNA in skeletal muscle is of
particular interest in view of the Drosophila muscle phenotype of the viable alleles. It seems
possible that homozygous mutations in the human FLII gene analogous to the viable Droso-
phila alleles could result in a human genetic muscular disorder.

Protein Structure
A schematic view of the Drosophila, C. elegans and human proteins, together with sche-

matic views of some other members of the gelsolin family and proteins containing related
LRR regions is shown in Figure 17.1. The FLII and related proteins all contain an N-termi-
nal region of almost 400 amino acids made up of 16 copies of a leucine-rich-repeat (LRR)
sequence. Similar LRR sequences are involved in protein-protein interactions in many other
known cases.18,19 The LRR region is highly conserved between the Drosophila, C. elegans
and human FLII proteins.17 This is followed by a region of about 100 amino acids that is less
well conserved, and for which significant homology to other known sequences has not been
detected. We speculate that this region may act as a linker or spacer region, although it may
also have a more specific function. The C-terminal region of about 750 amino acids has
significant homology to the actin binding protein gelsolin. This region of the human FLII
protein has 31% identity (52% similarity when conservative amino acid substitutions are
considered) to human gelsolin.17,20 The gelsolin-like domain of the Drosophila fliI protein
has 27% identity (48% similarity) to Drosophila gelsolin.26,27

Evolution of Gelsolin Gene Family
The discussion of the structure and properties of other gelsolin family members will be

brief, as most are covered by other chapters in this book. So far, the mammalian genome
appears to contain genes encoding five different gelsolin family members with readily de-
tectable sequence homology. These are gelsolin itself,20,28 villin,29,30 Cap G,31 the FLII pro-
tein17,23 and adseverin or scinderin.32,33 At the sequence level, gelsolin consists of two large
related domains, and both of these contains evidence of a triplication.34 The 3D structures
of portions of gelsolin and related proteins indicates that each of the triplicated units folds
into a discrete subdomain.35-39 Recent evidence indicates that the related proteins destrin
and cofilin, while having essentially no primary sequence homology to gelsolin-related pro-
teins, have tertiary structures closely related to the individual triplicated subdomains of
gelsolin, villin and severin.40 Like gelsolin, villin has two copies of the unit containing the
triplication, but possesses an unrelated C-terminal extension also involved in actin binding.
Adseverin or scinderin appears most similar to gelsolin itself, and contains two copies of the
triplication. Cap G has one copy of the unit containing the triplication. These relationships
are depicted schematically in Figures 17.1 and 17.4.
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Fig. 17.1. Schematic structures of Drosophila fliI protein and homologues from C. elegans and
human (FLII). The main known classes of gelsolin-related proteins are also depicted. A selection
of the more than 60 known LRR-containing proteins is also shown. Open boxes, individual LRR
units. Black boxes, domain present as two copies in gelsolins, adseverins, villins and FLII pro-
teins, and as a single copy in Cap G proteins and the fungal proteins severin and fragmin. Note
that this domain itself contains a triplication, consisting of 3 related subdomains (See Fig. 17.4).
Destrin and cofilin (not shown), while having virtually no primary sequence homology to the
gelsolin-related family, have a tertiary structure closely related to individual subdomains of the
family. Modified from Campbell HD et al, Proc Natl Acad Sci 1993; 90:11386-11390, copyright
(1993) National Academy of Sciences, USA.



265Flightless I (Ras/Actin-Binder)

Comparison of particular gelsolin family members between human and Drosophila
indicates that the FLII proteins are much more strongly conserved than either gelsolin or
villin. The gelsolin-like domains of the human and Drosophila FLII proteins are 59% iden-
tical (75% similarity; 9 gaps; GCG Gap program, default parameters). In comparison, hu-
man and Drosophila cytoplasmic gelsolins are 40% identical (58% similarity; 17 gaps). The
gelsolin-like domain of human villin is only 29% identical (50% similarity; 19 gaps) to the
gelsolin-like domain of the Drosophila quail protein,41 a villin homolog.

Detailed phylogenetic analysis23,42 of FLII proteins and other members of the gelsolin
gene family indicates that the mammalian capping protein Cap G has arisen by deletion of
segment 2 from a dimeric precursor closely related to the gelsolin/adseverin branch of the
family. Therefore, it does not represent the precursor molecule from which the duplication
was originally generated, as had earlier been thought,31 but arose subsequent to the duplica-
tion. It is possible that the fungal proteins severin and fragmin may have evolved from the
hypothetical precursor of the duplication event.

Human FLII Gene and Smith-Magenis Syndrome Deletion
Using the human FLII cDNA as a probe, initial FISH mapping results showed that FLII

maps to the short arm of chromosome 17, near 17p11.2. Smith-Magenis syndrome (SMS)
deletions also map to 17p11.2. SMS is a human chromosomal microdeletion syndrome
characterized by mental retardation and a range of physical, developmental and behavioral
abnormalities.43-45 The FLII cDNA was used to isolate three human genomic cosmid clones
from a chromosome 17-specific cosmid library, and these cosmids were used in FISH map-
ping experiments to map the position of FLII in relation to SMS deletions.24 FISH mapping
with a mixture of the three cosmids showed that FLII mapped to 17p11.2, into the critical
region deleted in all SMS patients tested. These results were further confirmed by Southern
analysis of DNA from somatic cell hybrid cell lines containing a range of 17p abnormalities
including SMS deletions. FLII is therefore a candidate gene for SMS.24

Using the three FLII cosmids described, the FLII gene was shown to be deleted in a case
where cytogenetic findings had been equivocal.46 Flow cytometric analysis suggested that
the deletion in this case was < 2 Mb.46 Deletions ranging from < 2 Mb up to 9-10 Mb are
known, with there being no apparent correlation between the size of the deletion and the
severity of symptoms.47 Nevertheless, a large number of genes would be deleted from one
chromosome 17 even in patients with deletions in the vicinity of 2 Mb. Most likely,
haploinsufficiency of one or a small number of genes in this interval is responsible for the
syndrome. It is also possible that mutations of the remaining allele of a gene or genes de-
leted in SMS plays some role in generation of the phenotypic effects, at least in some cases.
A number of other genes have been shown to map into the SMS interval, including LLGL,48,49

the human homologue of the D. melanogaster lethal(2) giant larvae (l(2)gl) gene.50-53

Childhood primitive neuroectodermal tumors (PNETs) are the commonest brain tu-
mors in children. Recent work indicates that chromosomal breakpoints involved in the hem-
izygous loss of 17p commonly involved in PNETs cluster at 17p11.2 in an area which over-
laps the SMS critical region.54,55 A body of evidence, beyond the scope of this review, further
indicates the possible location of previously unidentified tumor suppressor genes in this
general region. FLII and LLGL are therefore candidate genes for involvement in the biology
of PNETs and possibly other tumors, as well as SMS.

Genomic Structure of FLII Genes
Southern blotting suggests that a single copy of the human FLII gene is present in the

haploid genome, and a single chromosomal location has been shown by FISH analysis. Only
one copy of the corresponding gene has so far been detected in available C. elegans genomic
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sequences, which now constitute almost 70% of the genome. The Drosophila fliI gene also
appears to be present as a single copy.17,56

The structure of the C. elegans genomic fliI gene homolog has been reported (GenBank
entry U01183).17 As discussed above, this was evaluated by comparing the structure of the
C. elegans fliI-homologous cDNA which had been cloned and sequenced17 with the struc-
ture of the corresponding genomic DNA in cosmids B0303 (GenBank M77697) and B0523
(GenBank L07143).21 The C. elegans gene consists of 14 exons split by 13 introns. The first
intron splits the 5´ untranslated region. It is of interest that the C. elegans fliI-homologous
gene contains a “gene within a gene”, as the previously identified sup-5 gene57-59 (GenBank
X54122), encoding tRNATrp, lies in intron 9.17 The functional significance of this arrange-
ment, if any, is unknown.

Comparison of the Drosophila fliI cDNA structure with the complete genomic fliI se-
quence from the Oregon R strain of D. melanogaster, determined in Canberra, revealed the
presence of four exons and three introns, with the first intron of the Drosophila gene corre-
sponding exactly in position to intron two of the C. elegans gene.17 The Drosophila fliI ge-
nomic sequence was also determined in Hawaii for the Canton S strain by G. de Couet and
co-workers, and the mutations in two viable and two lethal alleles were analyzed.56 The
lethal allele l(1)D44 is almost certainly a null, as it contains a deletion of ~400 bp spanning
all of exon 1, some 5´ flanking sequence, and 66 bp of intron 1. Two viable alleles both
contain substitutions of serine for conserved glycines located in the subdomain equivalent
to the S1 domain of gelsolin. These substitutions are on separate loops but located close to
one another on the surface; it was stated that no specific conclusions can be drawn from
them at this stage.56 It would be of interest to generate a mouse in which one of these muta-
tions had been inserted in the Fliih gene; if affected in muscle tissue, this mouse would
represent a model for a potential human genetic disorder of muscle involving FLII.

None of the original three FLII cosmids (c62F2, c70E2 and c92C10) identified in the
study on the mapping of FLII into the SMS critical region24 spanned the entire human FLII
gene (Fig. 17.2). Therefore a number of additional cosmids were isolated from gridded li-
braries,60,61 and a detailed restriction map of the genomic region surrounding FLII was
constructed. One cosmid, c5C2, which spanned the entire FLII gene was chosen for detailed
analysis as it contained a vector NotI site located adjacent to the 5´ end of the gene. This site
enabled convenient subcloning of a 13.7 kb NotI fragment containing most of the gene
(Fig. 17.2). This 13.7 kb fragment was fully sequenced on both strands, and additional se-
quencing was done on the adjacent 9 kb NotI fragment (Fig. 17.2), yielding the complete
structure of the human FLII gene.23

The human FLII gene consists of 30 exons split by 29 introns, spanning 14 kb of ge-
nomic DNA,23 and is schematically depicted in Figure 17.3. Intron 1 of the FLII gene corre-
sponds exactly in position to intron 2 of C. elegans and intron 1 of Drosophila; this intron is
located in the N-terminal region of the LRR domain, and is the only intron conserved in
position between all three homologs. The third intron of Drosophila is conserved in posi-
tion in human FLII, and two other introns are conserved in position between C. elegans and
human (Fig. 17.4). A number of introns are conserved between various gelsolin family mem-
bers (Fig. 17.4A), and at least some may have been present prior to the final gene duplica-
tion event that gave rise to the dimeric family members (Fig. 17.4B). Some may also have
been present prior to the ancestral triplication (Fig. 17.4C). There also appears to be good
evidence for intron loss from gelsolin family members. Information from intron positions
is contributing to our understanding of gelsolin family evolution.23
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Overlap of Mammalian FLII with LLGL
The Drosophila lethal(2) giant larvae gene, l(2)gl was one of the first tumor suppressor

genes to be identified and cloned from any organism.50-53 Llglh, the mouse homolog of
l(2)gl, was cloned as a potential target gene for the homeobox gene Hox-C8 by enriching
paraformaldehyde-fixed protein-genomic DNA complexes using an anti-Hox-C8 antibody.62

More recently, LLGL, the human homolog of l(2)gl has been cloned using the mouse Llglh
cDNA or oligonucleotides based on it as the probe.48,49

While sequencing the FLII gene, we sequenced both ends of a 9 kb NotI fragment from
the FLII genomic locus (Fig. 17.2). One end of this contained part of the final exon of FLII.
The other end matched part of the LLGL cDNA sequence,48,49 indicating that the FLII and
LLGL genes are close together, and in the opposite orientation. In confirmation of the close

Fig. 17.2. Genomic map and cloning strategy for human FLII gene. The top line shows human
genomic DNA in the vicinity of FLII. Below this are indicated the structures of 4 human genomic
cosmids, c62F2, c70E2, c92C1024 and c5C2.23 At the bottom is indicated the sequenced region
containing the complete FLII transcription unit.23 The direction of FLII and LLGL transcription
are indicated by the arrows. N, NotI site and E, EcoRI site present in genomic DNA. (N), NotI site
derived from cosmid polylinker. The scale is indicated.

Fig. 17.3. Map of human FLII gene showing exon/intron structure. The exons are boxed and
numbered 1-30. Shaded portions of boxes indicate untranslated regions and open boxes repre-
sent coding sequences. The ATG initiation codon and TAA termination codons are marked. The
3´ end of the human LLGL gene and the extent of the overlap with FLII are depicted. The scale is
indicated. Reprinted with permission from Campbell HD et al, Genomics 1997; 42:46-54.
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proximity of these genes, it was found that five cosmids from a gridded chromosome 17
cosmid library60 hybridized to both the FLII cDNA probe and a PCR-generated LLGL cDNA
probe.23 A search of the sequence databases with the 3´ end sequence from FLII cDNA re-
vealed a short but strong match to the 3´ end (in the opposite orientation) of the cDNA for
mouse Llglh. The available cDNA sequences for LLGL48,49 are truncated at the 3´ end so it
was not possible immediately to compare the 3´ end of FLII cDNA with that of human
LLGL cDNA. However, we had also determined the sequence of mouse Fliih genomic DNA
at this time, and analysis of 2.5 kb of sequence extending 3´ from within Fliih showed that it
corresponded exactly to the 3´ end of Llglh cDNA, allowing for several introns (H. D Campbell
and S. Fountain, unpublished results). This formally established that mouse Fliih and Llglh
overlap.23

To verify that human FLII and LLGL overlap, sequence corresponding to the complete
3´ end of LLGL cDNA was required. We designed PCR primers corresponding to unique
LLGL sequence in the 3´ UTR, and then used these in nested PCR reactions on human brain
cDNA libraries to amplify a 600 bp fragment. One end of this fragment matched LLGL
cDNA, as expected. Unfortunately, the other end did not extend to the LLGL polyA site.
However, it overlapped an EST carrying the complete 3´ end of LLGL cDNA. Comparison
of the 3´ end of the human FLII cDNA and genomic sequences with this 3´ end sequence for

Fig. 17.4. Schematic structure of FLII proteins and conservation of intron position. Domains 1
and 2, subdomains 1-6, and the B, A and C motifs of the subdomains are indicated schematically.
hFLI, human FLII gene; celfli, C. elegans fliI gene; drofli, D. melanogaster fliI gene; hvil, human
villin gene; protovil, D. discoideum protovillin gene; Z70755, C. elegans gene encoding reading
frame K06A4.3 in GenBank entry Z70755; Cap G, human Cap G gene; hgel, human gelsolin
gene. The intron number follows the abbreviation for each gene. Introns conserved within 1 base
are indicated. A. Introns conserved between different members of the gelsolin gene family. B.
Introns conserved between domains 1 and 2 of family members. The numbers in brackets indi-
cate the domains (1 or 2) within which the introns occur. C. Introns conserved between the
subdomains of family members. The numbers in brackets indicate the subdomains (1-6) within
which these introns occur. Reprinted with permission from Campbell HD et al, Genomics 1997;
42:46-54.
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LLGL cDNA established that the 3´ ends of the human FLII and LLGL transcripts overlap.23

The region of overlap is highly conserved between human and mouse and is depicted in
Figure 17.5.

The overlap region contains at least two functional polyA signals for FLII, both of which
are the variant ATTAAA signal rather than the more usual AATAAA. All of the brain cDNAs
we cloned17 use the most 5´ of these, and the corresponding major polyA site (Fig. 17.5).
The majority of human FLII EST clones are polyadenylated using the 5´ most polyA signal,
mostly at the major site but also at two minor sites (Fig. 17.5). Mouse brain Fliih cDNAs are
also polyadenylated using the corresponding signal and major site (Fig. 17.5) (H.D. Campbell
and S. Fountain, unpublished results). A few FLII EST clones use a more 3´ polyA signal
(Fig. 17.5). A third conserved ATTAAA sequence is located just downstream (Fig. 17.5).
Possibly this may also serve as a polyA signal for FLII/Fliih. Whether the use in the FLII gene
of multiple copies of the weaker, variant ATTAAA polyA signal has regulatory significance,
and how signal/site selection is governed63-65 remain to be established. In this context, it is of
interest that the C. elegans fliI-homologous gene also uses a variant poly(A) signal, a single
copy of AATAAT.17 The Drosophila fliI gene uses a single copy of the canonical AATAAA
sequence.17,56

A single conserved AATAAA polyA signal for LLGL is present in the overlap region
(Fig. 17.5). Sites of polyadenylation for LLGL and Llglh as determined from the single avail-
able EST cDNA clones for each and the full-length mouse Llglh cDNA sequence (Tomotsune
et al, 1993) are shown in Figure 17.5. An additional potential polyA signal for LLGL/Llglh
consisting of the variant ATTAAA sequence is also present in the overlap region (Fig. 17.5;
not indicated), but it is not known whether this signal is functional. If it is, it would be
expected to be utilized at a lower level.

The exact significance, if any, of the overlap of FLII with LLGL in human, and of Fliih
and Llglh in mice is unclear. One consequence may be that mutations in this region could
affect expression of both genes. In Drosophila, l(2)gl maps to 21A,50 whereas fliI maps to

Fig. 17.5. Overlap between human FLII and LLGL, and mouse Fliih and Llglh genes. The genes
are on opposite strands in a tail-to-tail orientation, with their 3´ ends overlapping. Poly(A) sig-
nals for which transcripts have been observed are indicated by shaded blocks of text (ATTAAA
for FLII/Fliih and AATAAA, depicted here as TTTATT on the opposite strand, for LLGL/Llglh).
The major poly(A) sites relating to these poly(A) signals are depicted by solid black boxes, and
minor sites by shaded boxes, located 13-22 bases downstream of the respective poly(A) signals.
Potential poly(A) signals for which transcripts have not yet been observed are indicated by open
boxes. Modified and reproduced with permission from Campbell HD, Genomics 1997; 42:46-54.
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19F.14 In C. elegans, a homolog of l(2)gl is present (GenBank Accession No. U51993, reading
frame F56F10.4) and maps to the X chromosome, while the fliI homolog maps to chromo-
some III.17,21 Therefore it is clear that, at least in some eukaryotic organisms, it is not neces-
sary for the genes to be overlapping, or even on the same chromosome.

However, in the context of the overlap of the genes in humans and mice, it is intriguing
that the two genes may both be involved with the actin-based cytoskeleton. FLII and its
homologu encode members of the gelsolin family of actin-binding proteins, and a subdomain
of the FLII protein itself has been shown to bind G actin in a 1:1 stoichiometry, although
not to sever F actin filaments as the cognate subdomain of gelsolin does.66 In Drosophila, the
fliI protein may be required for the correct distribution of actin during cellularization.67

The Drosophila l(2)gl protein has been shown to be a component of the cytoskeleton68 and
to interact with nonmuscle myosin II.69,70 Recently, it has been shown that the l(2)gl protein
is required for epithelial cell shape changes during development, and it was concluded that
it probably plays a role in gastrulation.71 The association of the l(2)gl protein with nonmuscle
myosin appears to be regulated by the activity of a protein kinase which associates with the
l(2)gl protein and phosphorylates it on serine residues.69,70 The human LLGL protein has
also been shown to be a component of the cytoskeleton and to interact with nonmuscle
myosin II.49

Biological Role of FLII Proteins
As noted, the FLII proteins contain a gelsolin-related domain17 which in the case of the

human FLII protein has been shown, as expected, to interact with actin.66 One of the most
closely related LRR sequences is that of yeast adenylate cyclase.42,72 The yeast adenylate cy-
clase LRR has been shown to directly interact with the Ras protein,73 suggesting a similar
role for the FLII LRR.42 The LRR region of FLII is also more closely related to the LRRs of
the human and mouse Rsu-1 proteins74,75 than to other LRR proteins.42 The mouse Rsu-1
gene was originally cloned as Rsp-1, a suppressor of Ras-mediated transformation, and has
been shown to function in vivo as a dominant negative regulator of v-Ras,74 and as a sup-
pressor of tumorigenicity in the U251 glioblastoma cell line.76 Recently it has been shown
that Rsu-1 interacts with the serine/threonine kinase Raf-1 in vitro, although this interac-
tion may not be mediated via the Rsu-1 LRR region but via the C-terminus.77 In summary,
detailed analysis of FLII protein LRRs in comparison with a number of known LRRs in
various proteins including yeast adenylate cyclase and the mammalian Rsu-1 proteins led to
the conclusion that the LRRs of FLII proteins may be involved in interaction with a member
of the Ras family of proteins.42

If this is the case, a role for the FLII protein in modulation of the cytoskeleton by Ras-
related signal transduction pathways can be envisaged. Abundant indirect evidence sup-
ports the concept that there is some link between Ras-related pathways and regulation of
the cytoskeleton. The Ras-related GTPases CDC42, Rac and Rho, for example, are impli-
cated in morphogenesis and cytoskeletal organization.78-80 The Drosophila Rac and CDC42
homologs appear to be involved in muscle development at the myoblast fusion stage and in
neuronal development.81 A dominant inhibitory form of the same Drosophila Rac homolog
affects dorsal closure during embryogenesis, with disruption of the accumulation of
cytoskeletal actin and myosin along the leading edge.82 In mammals, the Wiskott-Aldrich
syndrome protein WASP, involved at least indirectly in modulation of the actin cytoskel-
eton, has been shown to interact with CDC42.83

Mammalian systems probably contain at least 50 Ras-related GTPases.80 Recent work
suggests direct interactions between certain of these Ras-related molecules and components
of the cytoskeleton or related molecules. Rad, a novel Ras family member, is most highly
expressed in skeletal muscle, heart and lung, and interacts with tropomyosin, a structural
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component of muscle and cytoskeletal actin filaments.84 Two different but closely related
unconventional myosins, rat myr 585 and human myosin-IXb,86 have an N-terminal exten-
sion homologous to GTPase activating proteins (GAPs) active on the Rho/Rac family of
Ras-related proteins. The myr 5 GAP region was expressed and shown to stimulate GTP
hydrolysis by recombinant Rho, CDC42, and to a lesser extent, Rac,85 establishing that a
direct interaction between this unconventional myosin and Rho/CDC42/Rac can occur in
vitro.

In a recent detailed germline clone study of the defects in cellularization and gastrula-
tion in fliI mutant embryos,67 it was found that during cellularization of the syncytial blas-
toderm, nuclei in mutant embryos migrate normally to the egg periphery, but then lose
their precise cortical positioning. Prior to cellularization, the alignment of the nuclei near
the periphery in mutant embryos is slightly less regular than in wild-type embryos. Some
nuclei even lose their positioning near the periphery and move towards the center of the
egg. In wild-type embryos, the invaginating cleavage furrows that separate the nuclei ad-
vance synchronously and in parallel within the entire egg. In contrast, in fliI mutant em-
bryos, the cleavage furrows advance in a more irregular fashion, with the furrows running
deeper between some nuclei than others. In wild-type embryos, the cleavage furrows are
perpendicular to the egg surface, whereas many of the furrows in mutant embryos occur at
a variety of angles, giving a disordered appearance in cross-sections. The ends of the ad-
vancing cleavage furrows in wild-type embryos terminate in a characteristic tear-drop-shaped
area of the furrow canals. In mutant embryos, these structures are not seen, and the ends of
the furrow canals appear collapsed. The mutant furrow canals are also associated with small
membrane vesicles not found in the wild-type.67

Other aspects of the cellularization process are also abnormal in fliI mutant embryos.67

In wild type embryos, gastrulation commences when cellularization is complete. Ventral
cells flatten, constrict on their apical side, and the nuclei move basally. In mutant embryos,
similar events occur although a significant fraction of the peripheral cytoplasm remains
open towards the interior of the blastoderm. In severely affected mutant embryos, nuclei in
a ventral position, which normally move away from the apical cell surface, move out of the
peripheral layer of cytoplasm towards the interior of the egg. In this case, no ventral furrow
is formed. Studies using fluorescent phalloidin to visualize the actin cytoskeleton reveal that
in mutant embryos, actin is irregularly distributed along the cleavage furrow membranes,
and that like the cleavage furrow membranes themselves, the actin cytoskeleton in the mu-
tant embryos reaches to varying depths. In addition, punctate actin staining, localized to
the interior region of the cellularizing blastoderm in the wild-type, reaches into the
cellularizing region of fliI mutant embryos.67 These observations support the notion that
the fliI protein is intimately involved in some way with the actin cytoskeleton, which is
known to be involved in the cellularization process.87

Concluding Remarks
Since the FLII proteins are evolutionarily highly conserved throughout both the LRR

and gelsolin domains, it seems very likely that important aspects of their function at a bio-
chemical level are highly conserved also. What process(es) in mammals or C. elegans, which
do not develop by way of a syncytial blastoderm, correspond at a biochemical level to the
particular role being played by the fliI protein during cellularization of the Drosophila syn-
cytial blastoderm? We have hypothesized that the FLII proteins play a role in regulating the
cytoskeleton, possibly mediated via Ras-related signal transduction pathways. Thus, the role
of the fliI protein in Drosophila cellularization may be an example of the recruitment of a
molecule (or pathway) with a more general function into a specialized developmental arena.
Information from studies in the variety of experimental organisms already available
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(Drosophila, C. elegans, mouse and human) should enable rapid progress in understanding
the exact nature of the function of the FLII proteins.
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CHAPTER 18

Mammalian IQGAPs
André Bernards

Introduction

Members of the Ras superfamily of small GTP-binding proteins function as molecular
switches by cycling between active GTP and inactive GDP-bound states. This cycling is

accompanied by a prominent conformational change in the effector-binding regions of the
GTPases and is catalyzed by guanine nucleotide exchange factors or GEFs, which promote
GTP for GDP exchange, and by GTPase activating proteins or GAPs, which increase the
slow intrinsic GTP hydrolysis rate of Ras superfamily members. In their active GTP-bound
state Ras superfamily members are capable of interacting with a variety of effector mol-
ecules which mediate their diverse biological responses. For more extensive descriptions of
these or other basic aspects of GTPase biology see refs. 1-5.

The Ras superfamily is commonly subdivided into several subfamilies, the most promi-
nent of which are the Arf, Rab, Ras and Rho groups.1 Although all Ras superfamily mem-
bers share a similar design, for reasons that remain poorly understood GAPs for members
of different subgroups have with few exceptions been unrelated in sequence.3 Thus, when
we first identified a human protein that shared extensive similarity with a fission yeast Ras
GAP homolog,6 our first guess was that IQGAP1 represented a novel GAP for Ras or a close
relative. However, IQGAP1 and a related IQGAP2 protein do not appear to be GAPs for any
GTPase, but instead interact with and inhibit the intrinsic GTPase activity of Rho family
members CDC42 and Rac1. Both IQGAP proteins also interact with calmodulin (CaM),
and purified IQGAP1 cross-links actin microfilaments in vitro.7 Therefore, rather than at-
tenuating Ras signaling, IQGAPs may function as integrators of CaM and CDC42 or Rac-
mediated signals in pathways that lead to increased F-actin cross-linking. This chapter sum-
marizes what is known about IQGAPs and discusses possible functions for these proteins in
processes controlled by CDC42 and Rac.

What Is Known and What Isn’t

Identification, Expression and Structure of IQGAPs
IQGAP1 was identified while sequencing random cDNAs from a human myeloid cell

line,8 and by us as an accidental byproduct in a PCR reaction using human osteosarcoma
cDNA as a template.6 We named the new gene IQGAP1, because the predicted 1657 amino
acid protein included four IQ motifs upstream of a segment related to a fission yeast Ras
GAP. Although recent work indicates that IQGAPs are not GAPs for Ras and may not be
GAPs at all, we will continue to use the IQGAP name, based on the understanding that it
refers to structural rather than functional similarity.

G Proteins, Cytoskeleton and Cancer, edited by Hiroshi Maruta and Kazuhiro Kohama.
©1998 R.G. Landes Company.



G Proteins, Cytoskeleton and Cancer278

Two partial IQGAP2 cDNAs were identified during low stringency screens of a mouse
brain cDNA library. Subsequently isolated human clones predicted a 1575 amino acid pro-
tein that shared 62% sequence identity with IQGAP1.9 Suggesting a tissue-specific func-
tion, IQGAP2 mRNA was found to be highly expressed in murine and human liver, with
mRNA levels at or below the detection level in several other tissues.9 In similar surveys
IQGAP1 mRNA was found to be abundant in several murine tissues that are rich in epithe-
lial cells, including placenta, lung and kidney, with lower expression levels found in skeletal
muscle, heart, pancreas, and liver.6 Although mouse brain contained very little IQGAP1
mRNA, a protein that is likely to be a species homolog of IQGAP1 has been purified from
bovine brain cytosol10 and from neural crest-derived bovine adrenal gland.7 Probable ho-
mologs of IQGAP1 and IQGAP2 have also been identified in rabbit liver cytosol,11 and
IQGAP1 was found to be the predominant CaM-binding protein in Ca2+-free human breast
cell lysates.12 Thus, whereas IQGAP2 appears to be largely liver specific, IQGAP1 is widely
expressed.

Many signal transduction pathways are “hard-wired” and participants in such path-
ways frequently contain domains that mediate their interaction with other proteins. The
structure of IQGAPs certainly suggests a function that requires interaction with other pro-
teins, since outside of their Ras GAP-related C-terminal segments both IQGAPs largely consist
of several proven or putative protein interaction motifs (Fig. 18.1). Among these are an N-
terminal calponin-homology domain,13 which may serve as an F-actin binding site (see
below), five (IQGAP2) or six (IQGAP1) copies of a so far unique 50 residue IR (IQGAP
repeat) motif of unknown function,9 a single WW domain that may mediate interaction
with proline-rich targets,14 and four consecutive calmodulin binding IQ motifs.15 Database
searches also reveal similarity between IQGAPs and proteins that contain !-helical coiled
coil segments.9 This similarity reflects the presence of several short stretches of coiled-coil-
forming heptad repeats throughout both IQGAP proteins (a computer-generated predic-
tion of the coiled-coil potential of IQGAP1 is included in Fig. 18.1).

IQGAPs Are Not RasGAPs
All GAPs for H-, K-, N-, or R-Ras homologs share a loosely conserved approximately

300 amino acid domain required for their catalytic activity.3 This so called GAP-related
domain (GRD) of IQGAPs is most closely related to that of a fission yeast Ras GAP, named
either Sar116 or Gap1.17 Within their GRDs IQGAPs and Sar1/Gap1 share several unique
sequence and spacing features that set them apart from other RasGAPs.6 Two Dictyostelium
Ras GAP homologs, DdRasGAP1 and DdGAPA, which control different aspects of cytoki-
nesis,18-20 share similar structural features within their GRDs and together with IQGAPs
and Sar1/Gap1 form a distinct subfamily of Ras GAP-related proteins. In support of this
conclusion, Sar1/Gap1 and the two Dictyostelium proteins also share a low level of sequence
similarity with the C-terminal halves of IQGAPs outside of their GRDs (Fig. 18.1). How-
ever, although Sar1/Gap1 and DdRasgap1 both stimulated Ras-GTP hydrolysis,19,21 a bacte-
rial fusion protein representing the entire Sar1/Gap1 homologous segment of IQGAP1 did
not stimulate the GTPase activity of human H-Ras in vitro.6 In these experiments the fusion
protein did appear to interact with Ras, since in the presence of GST-IQGAP1 approxi-
mately twice as much H-Ras-GTP but not RhoA-GTP remained trapped on the filters in
nitrocellulose filter binding GAP assays. Thus, we suggested that IQGAP1 may be a Ras
binding protein without major GAP activity, at least under the conditions tested.6

Evidence arguing against this conclusion was obtained shortly afterwards. In the case
of IQGAP2, full length or truncated proteins made in the baculovirus system did not stimu-
late the GTPase activity of H-Ras, R-Ras1, Rap1a, or RalA, nor of any tested protein outside
of the immediate Ras group. No enhanced filter retention was observed with any GTPase
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and in competition experiments a molar excess of full length or truncated IQGAP2 did not
inhibit p120GAP-stimulated H-Ras-GTP hydrolysis.9

As discussed in more detail below, three groups recently identified mammalian IQGAP1
as a prominent CDC42-binding protein. Similar to our findings, in work by these groups
recombinant IQGAP1 did not stimulate the GTPase of H-Ras, K-Ras or R-Ras.10,21 More-
over, anti-IQGAP1 immunoprecipitates did not contain Ras GAP activity under conditions
where p120GAP immunoprecipitates did.21 This latter result argues against a scenario in
which IQGAP1 has latent Ras GAP activity that can be activated by unknown cofactors.
Similar to what we found for IQGAP2, but unlike what we reported for IQGAP1, in binding
and competition experiments full length or truncated IQGAP1 showed no evidence of in-
teracting with Ras.10,21 Thus, the increased filter retention of H-Ras in the presence of IQGAP1
in our initial experiments may have been an artifact, perhaps caused by the poor solubility
of the truncated GST-IQGAP1 fusion protein.

IQGAP Proteins Bind Calmodulin and Cross-Link F-Actin
The role of CaM in signal transduction is not unlike that of GTPases. Like Ras super-

family members, CaM functions as a molecular switch by cycling between active Ca2+-bound
and inactive Ca2+-depleted states. A conformational change upon Ca2+-binding exposes
hydrophobic amino acids that allow CaM to interact with amphiphilic !-helical segments
of a variety of effector proteins, among which are protein kinases, adenylyl cyclases, and
numerous other proteins.22 As in the case of GTPases, CaM binds most of its targets only
when activated, but interacts with other proteins in a Ca2+-independent manner. The bind-
ing sites implicated in this latter type of interaction are termed IQ motifs and consist of
23-25 amino acids with an IQXXXRGXXXR consensus.15 However, it is important to note
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Fig. 18.1. Schematic structure of IQGAPs and related proteins from other organisms. Human
IQGAP1 and IQGAP2 are 62% identical over their entire length and share approximately 25%
sequence identity with Sar1/Gap1 and similar levels of identity with both Dictyostelium proteins.



G Proteins, Cytoskeleton and Cancer280

that depending on their exact sequence IQ motifs can also mediate Ca2+-dependent CaM
binding.23,24

Not surprising given the presence of four IQ motifs, both IQGAPs interact with CaM.
Thus, a prominent 17 kDa protein that was recognized by an anti-CaM monoclonal anti-
body coprecipitated with full length IQGAP2, but not with a truncated protein that lacked
the IQ motifs. The complex between IQGAP2 and the 17 kDa protein was stable in 1%
Triton X-100 and 0.6 M NaCl, and the coprecipitating protein and CaM showed the same
characteristic Ca2+-dependent mobility shift in SDS gels.9 CaM was also the most promi-
nent interactor in yeast two-hybrid screens with baits that included the IQ motifs of IQGAP1,9

and CaM associated with full length IQGAP1 and with truncated proteins that included the
IQ motifs.21 Moreover, IQGAP1 was recently purified by CaM affinity chromatography and
shown to bind CaM-Sepharose either in the presence or absence of calcium.12 It is still
unknown whether all four IQ motifs of IQGAPs contribute to CaM binding. Relevant to
this question may be that purified IQGAP1 contained only substoichiometric CaM (a 1:15
CaM to IQGAP1 molar ratio in the preparation containing the highest amount of CaM).
However, this low ratio may have reflected loss of CaM during purification.7

Both IQGAPs also include an N-terminal approximately 100 residue calponin homol-
ogy (CH) domain (Fig. 18.1). Named after the calponin family of Ca2+-, CaM- and actin-
binding smooth muscle proteins, similar domains function as F-actin binding sites in mem-
bers of the spectrin, fimbrin and filamin families.13 The IQGAP CH domains may also serve
as F-actin binding sites. Thus, in microinjected Swiss 3T3 cells both IQGAP110 and IQGAP2
(S. Brill and AB, unpublished) colocalize with phalloidin-stained F-actin at membrane ruffles,
but not at Rho-induced stress fibers. By contrast, in MDCK kidney epithelial cells IQGAP1
colocalizes with cortical actin at regions of cell to cell contact,10 and the same is true for
IQGAP2 in some hepatocyte cell lines (S. Brill, S. Li, and AB, unpublished). Beyond
colocalizing with specific F-actin-rich structures, bovine IQGAP1 cosediments with in vitro
polymerized actin microfilaments.7 Since actin polymerization and actin microfilament
cross-linking are important events during the generation of actin structures, and because
actin cross-linking requires more than one F-actin binding site, Bashour and co-workers
also tested whether IQGAP1 had a tendency to form multimers in solution. Suggestive of
the existence of dimers, purified IQGAP1 (calculated MW 189 kDa) sedimented with a
molecular mass of 360-400 kDa. Whether dimerization of IQGAP1 involves its relatively
short potential coiled-coil segments remains to be determined, but consistent with the ex-
istence of dimers, addition of purified IQGAP1 converted soluble F-actin into a gel consist-
ing of irregular, interconnected actin microfilaments.7

IQGAPs Bind CDC42 and Rac1
Three groups recently identified (species homologs of) IQGAP1,10,21 or of both IQGAP1

and IQGAP211 as prominent CDC42 binding proteins. In the first of these studies, Hart and
co-workers identified a 195 kDa COS cell protein that bound immobilized GST-CDC42
and GST-Rac in a GTP#S-dependent manner. Microsequencing identified the protein as
IQGAP1.21 A similar approach by Kuroda and colleagues identified a 170 kDa bovine brain
cytosolic protein that bound GST-CDC42-GTP#S, but not GST-CDC42-GDP. A protein of
this size also bound Rac1-GTP#S, but not RhoA, H-Ras, or RalA. Again, microsequencing
and detection by an antiserum against human IQGAP1 suggested the protein was the bo-
vine homolog of IQGAP1.10 Finally, McCallum and co-workers found 180 and 175 kDa
CDC42-binding proteins in rabbit liver cytosol and identified these proteins as probable
homologs of IQGAP1 and IQGAP2, respectively.11

We found that IQGAP2 binds CDC42 and Rac1 while screening a panel of GST-GTPase
fusion proteins for potential IQGAP substrates. In these experiments GTP#S-loaded CDC42
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and Rac1, but not RhoA or several other GTPases, bound recombinant or endogenous
IQGAP2. Moreover, similar to results obtained with IQGAP1,21 epitope-tagged CDC42
coprecipitated with IQGAP2 from transfected cells.9

Proteins that interact with GTPases are usually classified either as regulators (GEFs,
GAPs or GDIs) or as effectors, although several GTPase binding proteins are believed to
combine both functions. Examples include mammalian Raf-1, which in addition to being a
Ras effector may also regulate Ras by enhancing its GTPase activity or by preventing its
interaction with GAPs,5,25,26 and mammalian p120GAP, which is a potent Ras GAP, but which
also has functions not obviously related to its role as a Ras regulator.27 Thus, the question
whether IQGAPs are regulators or effectors of CDC42 and Rac1 may be overly simplistic.
What appears clear, however, is that IQGAPs are not GAPs for CDC42 and Rac1.

Evidence in support of this conclusion was obtained by several groups. In the case of
IQGAP2, even a molar excess of full length or truncated recombinant protein did not stimu-
late the GTPase activity of CDC42 or Rac1. Rather, all recombinant proteins that were ca-
pable of interacting with CDC42 and Rac1 had the opposite effect, causing a dosage-depen-
dent inhibition of the intrinsic activity of these GTPases. Moreover, these proteins also caused
a dosage-dependent inhibition of RhoGAP-stimulated CDC42-GTP and Rac1-GTP hydroly-
sis.9 Similar results have been reported for IQGAP1. Thus, a recombinant protein repre-
senting the C-terminal half of IQGAP1 did not stimulate GTP hydrolysis by CDC42, but
inhibited both the intrinsic and p190RhoGAP-stimulated rate of CDC42 GTP hydrolysis.21

Moreover, although IQGAP1 binds CDC42-GTP#S but not CDC42-GDP, and although
CDC42 has a relatively high intrinsic GTP hydrolysis rate, a prominent CDC42-IQGAP1
complex remained detectable after prolonged preincubation.11 Although IQGAPs, there-
fore, are not GAPs for CDC42 and Rac1, they may still regulate these GTPases by maintain-
ing them in an active state.

A conformational change in the effector binding regions of GTPases upon GTP hy-
drolysis explains why many effectors interact preferentially with activated GTPases.28 How-
ever, while its preferential interaction with GTP-bound CDC42 or Rac is compatible with
an effector role for IQGAP1,10,11,21 in similar in vitro experiments IQGAP2 bound equally
well to GTP-bound, GDP-bound, or nucleotide free CDC42 or Rac.9,11 Why IQGAP1 and
IQGAP2 differ in this respect, whether the in vitro binding results reflect the in vivo situa-
tion, and whether the different binding properties reflect functional differences remains
unknown.

IQGAPs do not contain so-called CRIB domains that mediate binding of CDC42 and
Rac to several potential effectors.29-31 To test whether the GRDs of IQGAPs were responsible
for CDC42 and Rac binding, several groups performed binding studies with truncated pro-
teins.9,10,21 In our work a baculovirus protein representing the C-terminal half of IQGAP2
but that lacked the first 30 or so amino acids of the Sar1/Gap1 homologous region did not
bind, whereas a protein that included everything downstream of the second IQ motif did
interact.9 Similarly, Hart and co-workers found that a protein representing theSar1/Gap1-
related segment of IQGAP1 did bind, but that relatively small N-terminal or C-terminal
truncations abolished interaction. Moreover, although an internal deletion that removed
the GRD prevented binding, the GRD itself was not sufficient for binding.21 Therefore, ei-
ther widely spaced residues throughout the Sar1/Gap1-related segments of IQGAPs are re-
quired for interaction, or the conformation of the CDC42 and Rac-binding domain of
IQGAPs is particularly sensitive to deletion of flanking protein segments.

Rather than identifying the GTPase binding domain of IQGAPs, McCallum et al ana-
lyzed which parts of CDC42 mediate IQGAP binding. When added to rabbit liver cytosol, a
catalytically active truncated form of CDC42-GAP (a.k.a. RhoGAP) did not prevent the
binding of either IQGAP1 or IQGAP2 to a GTPase defective GST-Cdc42leu61 protein,
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suggesting that the IQGAP and RhoGAP binding regions of CDC42 do not overlap.12 The
potent inhibition by IQGAPs of RhoGAP- or p190RhoGAP-stimulated CDC42-GTP hy-
drolysis therefore may not involve a simple competition mechanism. In similar experiments
a truncated protein containing the CRIB domain of mPAK-3 did strongly compete with
IQGAP1 for CDC42-GTP#S binding, and to a lesser extent also weakened IQGAP2 binding.
These data suggest that IQGAPs and mPAK-3 interact with similar regions of CDC42.11

The same group also analyzed binding of three CDC42 effector domain mutants mod-
eled on Ras mutants that fail to interact with Ras GAP or with effectors. One mutant (CDC42-
D38E) showed no change in binding, while the others (CDC42-Y32K and CDC42-T35A)
no longer interacted with IQGAP1. The former mutant did retain the ability to bind IQGAP2,
but this interaction now became GTP#S-dependent.11 Since two effector domain mutants
failed to interact with IQGAP1, this part of CDC42 is likely to be an important component
of the IQGAP1 binding site.

Putting It All Together
Clues as to why IQGAPs do not interact with Ras and why they are not GAPs for CDC42

or Rac1 have been provided by the recent determination of the Ras-Ras GAP complex struc-
ture.32 In this work Scheffzek and co-workers found that arginine-789 (R789) in the so-
called “finger loop” of p120GAP plays a critical role in catalyzing Ras.GTP hydrolysis by
projecting into the active site of the enzyme. Eight other p120GAP residues (labeled by
plusses in Fig. 18.2) directly interacted with Ras and residues at corresponding positions are
likely to be important determinants of the target specificity of Ras GAP related proteins.

All proteins with confirmed Ras GAP activity have either an arginine or a lysine at the
position corresponding to R789 in p120GAP (indicated with a filled circle in Fig. 18.2).
However, both IQGAPs have threonines and Dictyostelium GAPA has an alanine at this
position. These proteins would thus be predicted to lack GAP activity. Moreover, several of
the eight p120GAP residues that directly contact Ras are not conserved in IQGAPs, which
may explain why these proteins interact with CDC42 and Rac1 rather than with Ras. Con-
secutive lysine and glutamic acid residues in the so-called variable loop of p120GAP are
predicted to be especially important for stabilizing the Ras-Ras GAP interaction32 and are
absent in IQGAPs (Fig. 18.2). Thus it might be interesting to see whether replacing the
variable loop of IQGAPs with that of, e.g., neurofibromin, would alter the GTPase binding
properties of IQGAPs. Similarly, it would be interesting if a mutant IQGAP with an argin-
ine at the position corresponding to p120GAP R789 would show GAP activity towards
CDC42 and Rac1.

Fig. 18.2 (opposite). Alignment of the putative catalytic domains of Ras GAP homologs based on
a similar alignment published by Scheffzek et al.32 A closed circle identifies R789 in the L1c so-
called finger loop of p120GAP. Plusses label p120GAP residues that directly contact Ras.32 Among
proteins in this alignment, human p120GAP, human neurofibromin (hsNF1), murine Gap1
(mmGAP1), S. pombe Sar1/Gap1 (spGap1), and Dictyostelium discoideum RasGAP1 (ddRasGAP1)
have Ras GAP activity, whereas Dictyostelium GAPA (ddGAPA) and both IQGAPs have either
not been tested (ddGAPA) or do not stimulate (IQGAP1&2) Ras.GTP hydrolysis. The drawing
above the sequence identifies !-helical segments and intervening loops in p120GAP. The L2c

loop in spGap1, ddRasGAP1, ddGAPA, and both IQGAPs is longer than the corresponding loop
in other RasGAPs. To improve the presentation, some amino acids in loop L2c have been left out
of this alignment (the number in brackets indicates the number of residues that were excluded;
see ref. 32 and the chapter by Klaus Scheffzek in this book for more details).
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A reasonable hypothesis based on current evidence is that IQGAPs somehow function
as integrators of CaM and CDC42/Rac signals in pathways that lead to increased F-actin
cross-linking. Relevant to this hypothesis may be that CaM appears to regulate the interac-
tion between CDC42 and IQGAP1. Thus, whereas IQGAP1 binds CaM-Sepharose both in
the presence or absence of Ca2+, Ca2+/CaM but not CaM alone inhibited the interaction
between GST-CDC42 and IQGAP1 in a dosage dependent manner.12 This suggests a model
in which Ca2+ induces a conformational change in a preexisting CaM-IQGAP-CDC42 (or
Rac) complex leading to the release of the (active) GTPase. This may inactivate IQGAP-
mediated signals, while at the same time allowing the released GTPase to interact with pro-
teins such as phosphoinositol 4-phosphate-5 kinase,33,34 WASP homologs,31,35,36 or Por1,37

which among others have been implicated as potential effectors of Rac or CDC42-induced
cytoskeletal changes (see refs. 38 and 39 for reviews). Whether the putative Ca2+-induced
conformational shift also affects the actin binding or cross-linking properties of IQGAPs
remains an open question, but it is interesting to note that exogenous CaM inhibited F-actin
binding by purified IQGAP1.7

Caveats and Future Work
Microinjection of activated Rho, Rac or CDC42 into Swiss 3T3 fibroblasts stimulates

the formation of actin-rich stress fibers, lamellipodia and membrane ruffles, and filopodia,
respectively.40-43 Chapter 14, other chapters in this book, and several recent reviews discuss
how Rho family GTPases might control localized G-actin polymerization and F-actin cross-
linking that underlie the formation of these structures.38,39,44,45 While it is an attractive idea
that IQGAPs may somehow be involved in this process, it is important to note that CDC42
and Rac promote different types of actin reorganization in different cell types,46,47 and also
function in processes that do not involve actin reorganization.48,49 Thus, pathways down-
stream of CDC42 and Rac including those leading to actin reorganization are likely to be
complex and undoubtedly involve proteins other than IQGAPs.

Moreover, whilst the localization of IQGAP1 and IQGAP2 to membrane ruffles in mi-
croinjected fibroblasts suggests a role as a mediator of the cytoskeletal effects of Rac, com-
petition binding experiments indicate that IQGAP1 has a much higher affinity for CDC42,11,21

and the same is probably true for IQGAP2.9 Thus, IQGAPs may primarily function in path-
ways involving CDC42. Relevant to this issue may also be that whereas both IQGAPs local-
ize to membrane ruffles in overexpressing fibroblasts, endogenous IQGAP1 in epithelial
MDCK cells,10 and endogenous IQGAP2 in hepatocytes (our unpublished work) localize to
areas of cell to cell contact. We note in this respect that recent work suggests roles for Rho
and Rac in the control of cadherin-based cell adhesion50 and for Drosophila CDC42 in
epithelial cell morphogenesis.46

Important clues to the function of new proteins can often be obtained by analyzing
homologs in organisms amenable to genetic analysis. However, although fission yeast Sar1/
Gap1 and two Dictyostelium Ras GAP homologs share similarity with the C-terminal halves
of IQGAPs, no obvious IQGAP homologs containing all domains indicated in Figure 18.1
have been identified to date. This may change because a partially sequenced Caenorhabditis
elegans cDNA (GenBank accession numbers D33786 and D36706) predicts a protein with
IQ motifs upstream of a Sar1/Gap1-related segment. It should be interesting to determine
whether this protein also includes homology to the N-terminal segments of IQGAPs. A
protein identified by the Saccharomyces cerevisiae genome project (GenBank accession num-
ber Z73598) also appears distantly related to IQGAPs. This 1495 residue protein includes an
N-terminal CH domain, at least four IQ motifs in the central region of the protein, and a
low level of similarity to the extreme C-terminal segments of IQGAPs. However, no obvious
GRD is present in this protein.
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Finally, since regions outside of the GRD or IQGAPs may contribute to CDC42 bind-
ing it is interesting to note that DdRasGAP1, which like the related GAPA protein controls
different aspects of cytokinesis in Dictyostelium,18-20 was identified in a two-hybrid screen
with human H-RasVal12 as a bait. Interestingly, the domain responsible for the interaction
did not include the GRD, but mapped close to the C-terminus of the protein.19 Since se-
quences near the C-terminus are conserved between IQGAPs, Sar1/Gap1, both Dictyostelium
proteins, as well as the nematode and yeast proteins, it should be interesting to determine
whether this sequence binds Ras or other GTPases directly or indirectly through a third
protein.
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Note Added in proof:
IQGAP-related proteins from S. cerevisiae (Iqg1/Cyk1p) and S. pombe (Rng2p) direct

the formation of a contractile actomyosin ring between mother and daughter cells during
cytokinesis (Epp JA, Chant J (1997). An IQGAP-related protein controls actin-ring forma-
tion and cytokinesis in yeast. (Curr Biol 7; 921-929; Lippincott J, Li R). Sequential assembly
of myosin II, and IQGAP-like protein, and filamentous actin to a ring structure involved in
budding yeast cytokinesis. (J Cell Biol 1998; 140:355-366. Eng K, Naqvi NI, Wong KCY,
Balasubramanian MK.) Rng2p, a protein required for cytokinesis in fission yeast, is a com-
ponent of the actomyosin ring and the spindle pole body. (Curr Biol 1998; 11:611-621). It
remains to be determined whether mammalian IQGAPs have similar roles or have evolved
to serve different functions.
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CHAPTER 19

Farnesyltransferase Inhibitors:
Agents for the Treatment
of Human Cancer
Kenneth S. Koblan and Nancy E. Kohl

Introduction

Mutationally activated ras genes are the oncogenes most frequently found in human tu-
mors.1 Approximately 30% of human cancers, including 90% of pancreatic cancers

and 50% of colon cancers,2,3 harbor oncogenically mutated ras genes. These mutations are
most commonly found in the Ki- and N-ras genes, but are also present in some Ha-ras
genes. These three ras genes encode four highly homologous Ras proteins, Ha-, N-, Ki4A-
and Ki4B-Ras. They are monomeric G proteins of 21 kDa that function in the regulation of
the transduction of proliferative or differentiating signals from the membrane to the nucleus
depending on the cell type (see ref. 1). Cycling of Ras between the active, GTP-bound and
inactive, GDP-bound forms is accomplished by both GAPs that stimulate the intrinsic GTPase
activity of Ras and GDSs that stimulate the GDP dissociation (GDP/GTP exchange). Muta-
tions in Ras which abolish the GAP-sensitivity, such as those found in human tumors, result
in constitutively active proteins.

The Ras proteins are produced in the cytoplasm as precursor molecules and must un-
dergo a series of post translational modifications to generate membrane localized, biologi-
cally active proteins (reviewed in ref. 4). The first and obligatory step in this series is the
addition of the 15-carbon isoprenoid, farnesyl, to the C-terminal cysteine residue in a reac-
tion catalyzed by the enzyme farnesyl:protein transferase (FPTase). This cysteine, located
four amino acids from the carboxy terminus of the protein, is part of the CA1A2X motif
found in all FPTase protein substrates, where C is cysteine, A1 and A2 are usually aliphatic
amino acids and X is usually serine, methionine, glutamine, alanine or cysteine. Following
farnesylation, the A1A2X residues are proteolytically cleaved and the now C-terminal cys-
teine is methylated. For all Ras proteins except Ki4B-Ras, palmitate groups are then added
to cysteine residues upstream of the farnesylated cysteine.

Genetic analyses in both yeast and mammalian cells have demonstrated that
farnesylation is essential for the transforming activity of the Ras oncoproteins. Oncogenically
mutated Ras proteins in which the farnesyl acceptor cysteine is mutated such that
farnesylation can not occur are no longer able to transform cells.5-8 Genetic ablation of
FPTase in yeast renders oncogenic Ras mutants harboring mutations analogous to those
found in oncogenic mammalian Ras unable to display the phenotypes characteristic of these
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proteins.9,10 Importantly, yeast in which FPTase is ablated are viable.11 These observations
suggest that inhibitors of FPTase might be effective in the treatment of some human cancers.

FPTase, a ubiquitously expressed, cytosolic enzyme, is a heterodimer comprised of two
subunits, a 45 kDa ! subunit and a 48 kDa ∀ subunit.4 FPTase requires both Zn2+ and Mg2+

for activity: the Zn2+ is required for binding of the protein substrate and during catalysis
appears to be coordinated to the cysteine thiol of the CA1A2X substrate.12 In addition to the
Ras proteins, other substrates of FPTase include the nuclear lamins; three proteins of the
visual transduction system, transducin, cGMP phosphodiesterase and rhodopsin kinase;
skeletal muscle phosphorylase kinase; the peroxisomal protein, Pxf; the cell regulatory phos-
phatases PTP1 and PTP2; and RhoB.13,13a CA1A2X tetrapeptides can serve as substrates for
farnesylation, suggesting that the minimal recognition sequence of these proteins by FPTase
is the CA1A2X tetrapeptide.14,15 However, for some protein substrates, additional elements,
such as the polylysine domain just upstream of the CA1A2X motif in Ki4B-Ras,16 are also
important determinants for interaction with the enzyme.

FPTase is one of a family of prenyltransferases found in mammalian cells. Two other
enzymes, geranylgeranyl-protein transferase (GGPTase) types I and II, catalyze the addition
of a 20-carbon isoprenoid, geranylgeranyl, to the C-terminal cysteine residues of substrate
proteins. GGPTase-I preferentially recognizes CA1A2X-containing proteins in which X is a
leucine or phenylalanine. However, the specificity of FPTase and GGPTase-I is not absolute.
For example, proteins that are preferentially farnesylated, such as N-Ras, Ki4A-Ras and Ki4B-
Ras, in which the X residue is a methionine, can be substrates for geranylgeranylation by
GGPTase-I,17-19 particularly when FPTase activity is inhibited.11,20,21 GGPTase-II transfers
the geranylgeranyl group to both cysteines of proteins that have C-terminal sequences CXC,
CC or CCXX.4

Several methods have been used to identify small molecule inhibitors of FPTase, in-
cluding random screening of defined chemicals, natural products and combinatorial librar-
ies, and rational design based on the isoprenoid and protein substrates of the farnesylation
reaction. All of these methods have yielded potent inhibitors of the enzyme. This review will
highlight the development and biological properties of each of these classes of FPTase in-
hibitors (FTIs).

CA1A2X Analogs
Mechanistic and biochemical studies of FPTase have demonstrated that, although the

enzyme utilizes polypeptides as substrates in the cell, tetrapeptides corresponding to the
C-terminal tetrapeptide from the Ras proteins (CA1A2X box) contain the essential determi-
nants for enzyme recognition and, thus, can be farnesylated.14 The substrate-like tetrapeptides
are potent inhibitors of the enzyme with IC50 values similar to the KM values for the intact
proteins. Structure-activity studies demonstrated that a wide range of amino acids are tol-
erated within the central dipeptide (“A1A2” of the CA1A2X) while the carboxyl terminal X
residue is a critical prenylation determinant.18,22,23

In cell culture models, CA1A2X-based tetrapeptides failed to affect the post-transla-
tional processing of Ras proteins or alter the growth characteristics of ras-transformed cells.
The lack of biological activity for tetrapeptides in culture is most likely due to instability
from proteolytic degradation, poor membrane permeance, and inactivation via FPTase-
catalyzed farnesylation. Tetrapeptides in which the penultimate residue (A2) was replaced
with an aromatic amino acid (e.g., CVFM) yielded potent nonsubstrate inhibitors.24 Since
the nonsubstrate peptides CVFM and CIFM were also inactive in tissue culture, subsequent
synthetic efforts focused on stabilization of the backbone and membrane permeability.

The incorporation of nonhydrolyzable, isosteric replacements for the amide bonds of
CA1A2X tetrapeptides can lead to increases in FPTase inhibition (in vitro potency against
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the enzyme). Incorporation of the reduced amide (7-CH2NH) linkage at various points in
the CA1A2X sequence (e.g., B581 IC50= 21 nM; L-731,735 IC50=20 nM; Fig. 19.1) increased
intracellular stability and resulted in potent compounds. Isosteric replacements afforded
compounds that were selective, nonsubstrate inhibitors that were active in cell culture models.
The lactone, L-731,734 (a prodrug for L-731,735) as well as the doubly reduced CIFM ana-
log, B581 (Eisai), inhibited Ha-Ras farnesylation in intact cells with an IC50 value of 50 ∝M.25,26

At a concentration of 1 mM, L-731,734 blocked the growth in soft agar of Ha-ras trans-
formed cells, a hallmark of a cancer cell’s transformed phenotype.

The CA1A2X tetrapeptide motif has served as a template for replacement of the central
hydrophobic residues with aminobenzoic acid or aminobenzodiazepine scaffold and re-
sults in compounds with nanomolar IC50’s and specificity for FPTase over GGPTase-I.27,28

Hamilton and co-workers (University of Pittsburgh) have utilized the aminobenzoic acid
scaffold to develop potent inhibitors which block Ha-Ras farnesylation in transformed cells
at 1 ∝M and reduce the growth of Ras tumors in nude mouse xenografts (i.e., FTI-277).
Brown and Goldstein and collaborators (Genentech, University of Texas) have developed a
series of benzodiazepine analogs of the CA1A2X tetrapeptide designed on a model in which
the CA1A2X adopts a beta turn when bound at the active site of FPTase (experimental trans-
fer NOE data supports the beta turn hypothesis29,30). The benzodiazepine analog BZA-2B
(IC50 = 0.3 nM) is a potent and selective FPTase inhibitor and an ester prodrug, BZA-5B,
slows the growth of Ha-ras-transformed cells in monolayer and increases the life span of
nude mice following intraperitoneal implantation of HT1080 cells (a human fibrosarcoma
line).31,32 Development and refinement of existing nonpeptidal FPTase analogs may benefit
from the recent elucidation of the crystal structure of FPTase.33

Work in our laboratory has focused on a peptidomimetic, L-739,750, which was based
on the tetrapeptide Cys-Ile-Phe-Met (Fig. 19.1). The backbone of L-739,750, contains an
oxymethylene peptide bond replacement and substitutes a methionine sulfone in the X
position. The compound is a potent FPTase inhibitor (IC50 = 1.8 nM) and a prodrug form
(L-739,749), inhibits Ras farnesylation and membrane association in cells at low micromo-
lar concentrations (half-maximal effect 0.1-1 ∝M). The terminal carboxylate is masked by
esterification to enhance cell penetration; in the presence of intracellular esterases the labile
ester is converted to the free acid form L-739,750. Importantly, the geranylgeranylation of
proteins in these cells was unaffected by this compound and thus remained FPTase-specific.
The ester L-739,749 also reduces the colony formation of Ha-ras-transformed cells in soft
agar at concentrations in the range of 1 to 2 ∝M and blocks the growth of Ha-ras-dependent
tumor xenografts in nude mice. The tumor growth suppression by L-739,749 appears to
result from inhibition of either Ras or RhoB pathways and not from nonspecific cytotoxic-
ity, as the growth of cells transfected by either v-mos or v-raf, proteins which function down-
stream of Ras, were unaffected.33a

Cell culture studies utilizing many different FPTase inhibitors indicate that this class of
compounds would act primarily as cytostatic agents. However, recent studies conducted in
transgenic mice that overexpress the v-Ha-ras oncogene demonstrate that tumor regression
can be induced by inhibiting protein farnesylation.34 Complete regression of 100% of small
established tumors and partial regression (partial with respect to the number of respon-
dents and degree of response) of large mammary and salivary tumors was achieved with the
isopropyl ester of L-739,750 (L-744,832, Fig. 19.1). At a dose of 40 mg/kg/day, subcutane-
ously, tumors ranging in size from 50 to 2000 mm3 were observed to undergo nearly com-
plete regression within a few weeks of initiating treatment. Remarkably, mice treated for up
to 11 weeks with this compound showed no apparent signs of toxicity to the gastrointestinal
tract, bone marrow, or retina, tissues which are known to contain farnesylated proteins or
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are dependent upon rapid growth and differentiation of cells. Thus, in the rodent systems,
as in the tissue culture models, the potential for a high therapeutic index is implied.

Although the strategy of incorporating a prodrug at the carboxyterminus has yielded
cell active inhibitors, a more attractive alternative would be deletion of the X residue all
together. Several cysteinyl dipeptide amides which are potent nonsubstrate FPTase inhibi-
tors have been reported.35 Remarkably these dipeptidomimetics retain >100-fold selectivity
for FPTase over GGPTase-I in spite of lacking the X residue which seems to determine speci-
ficity of prenylation for CA1A2X peptides. Hamilton and co-workers have demonstrated
that deletion of the carboxylic acid from their biphenyl inhibitors results in only a modest
5-fold loss in activity. Several piperazine derivatives (e.g., L-745,631), lacking the carboxy
terminal portion of the CA1A2X sequence are potent FPTase inhibitors (IC50=1-10 nM) and
block the growth of Ha-ras-transformed Rat1 cells (47% inhibition at a dose of 45 mg/kg/
day i.p.) in mouse xenograft studies.36

In addition to modification of the carboxy terminus of the CA1A2X peptidomimetics,
development of a surrogate for the cysteine residue because of its potential for thiol-based
toxicity in animals has been pursued by a number of groups. Brystol-Myers Squibb has
described a number of compounds in which histidine or imidazole has served as a surrogate
for cysteine in CA1A2X-based inhibitors.37 The imidazole structures have been designed to
provide a ligand for an active site zinc ion which has been suggested to coordinate to the

Fig. 19.1. Substrate-based inhibitors of farnesyl:protein transferase.
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thiol group of the CA1A2X sequence during catalysis. Patent applications have described
other heterocyclic cysteine surrogates which include pyroglutamyl and imidazolyl com-
pounds although the activity in animal models has not been disclosed.38 The report by
Schering-Plough of a tricyclic inhibitor SCH44342 (an analog of loratadine) as a 160 nM
FPTase inhibitor, which is competitive with CA1A2X binding, was the first compound to
lack both a thiol and carboxylic acid of the earlier analogues.39 The compound inhibits Ha-
Ras farnesylation in cell culture at concentrations between 1 and 3 ∝M. Alterations in the
morphology of cells transformed by Ha-ras alleles were reported at concentrations of
SCH44342 ranging from 5-10 ∝M. The relationship between SCH44342 and molecules which
are known to have advantageous pharmacokinetic profiles rendering them useful in hu-
mans (e.g., cyproheptadine) may bode well for the clinical utility of this class.

FPP Analogs and Antagonists
A number of farnesyl phosphonic acids have been reported which are purely competi-

tive inhibitors of FPTase rather than substrates in the enzymatic reaction.23,40 These com-
pounds, which lack the pyrophosphate leaving group of FPP, are potent inhibitors of FPTase
and are remarkably selective (>1000-fold) in their inhibition of FPTase over other isoprenoid
utilizing enzymes in vitro. The (!-hydroxyfarnesyl)phosphonic acid derivative (L-704,272
IC50 = 5 nM, Fig. 19.1) partially suppresses Ha-Ras farnesylation in cell culture at micro-
molar concentrations and was one of the first compounds to display biological activity.41

Compounds which contain a lipophilic diacid motif or polycarboxylic acids (e.g.,
chaetomellic acid and zaragozic acids) are a recurring theme in FPTase inhibitors that com-
pete with FPP (see below).42-44 In general FPP analogs display some selectivity for FPTase in
vitro. However, in vivo the precise effect on other FPP-utilizing enzymes (e.g., squalene
synthase, FPP synthase) is unclear and therefore so are the cellular effects.

A series of inhibitors derived via a synthetic peptide combinatorial library approach
have been reported which differ substantially from the typical CA1A2X sequence.45 The
C-terminal residue is the amide of gamma-carboxyglutamic acid, while the other amino
acids are typically in the D-configuration (e.g., H-D-Trp-D-Met-D-Fcl-Gla-NH2, Fig. 19.1).
Surprisingly, it appears that the tetrapeptides compete with FPP in the farnesylation reac-
tion, presumably via the dicarboxylate of the C-terminus interacting at the FPP binding site
on FPTase. Several peptide-based inhibitors which compete with FPP binding have recently
been described by Parke-Davis (e.g., PD083176).46 The potency of this series of compounds
is affected by inclusion of phosphate ions in the assay buffer and may enable the design of
more potent and specific FPTase inhibitors.

Microbial-Derived FTIs
In parallel with the design of FTIs based on the protein and isoprenoid substrates of

the farnesylation reaction, there has been a considerable effort directed toward the identifi-
cation of natural product-derived inhibitors of FPTase. The natural product-derived FTIs
reported to date can be grouped into four classes based on their kinetic mechanism: (1) com-
pounds competitive with FPP; (2) compounds competitive with the protein acceptor;
(3) compounds competitive with neither substrate; and (4) compounds for which the ki-
netic mechanism is not known. Compounds in class 1 include manumycin, zaragozic acids,
chaetomellic acids, actinoplanic acids, organic acid and RPR113228. The majority of these
compounds resemble FPP in structure, having a polar head group, consisting of one or
more carboxylic acid moieties, and a hydrophobic tail. It is hypothesized that the carboxyl
carbons of these compounds can superimpose onto the phosphorus atoms and the hydro-
phobic chain onto the isoprene groups of FPP. Molecular modeling studies have demon-
strated for chaetomellic acid A that such a superimposition is possible.42
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Manumycin (Fig. 19.2), perhaps the most thoroughly studied of the natural product
FTIs, was identified in a microbial screen using a yeast strain with a deficiency in the GPA1
gene that codes for the ! subunit of yeast guanine nucleotide-binding protein.44 When disso-
ciated from the ! subunit, the ∀# subunit of the G-protein functions as a growth inhibitor.
Inhibition of the function of the ∀# subunit by inhibition of farnesylation of the # subunit
restores growth to gpa1 mutants. Analysis of derivatives of manumycin suggest that the
cyclohexenone epoxide moiety is required for activity but that the triene chain and the
amide-bound C5N moiety are not.44 Manumycin inhibits FPTase with an IC50 value of
5-35 ∝M and is selective with respect to the related prenyltransferase GGPTase-I
(IC50=180 ∝M).44 Manumycin has been shown to inhibit the anchorage-dependent growth
of the human hepatoma cell line, Hep G2, which harbors an oncogenically mutated N-ras
gene, in a dose- and time-dependent manner.47 Inhibition of cell growth correlated with
inhibition of DNA synthesis. Manumycin inhibited N-Ras farnesylation and Map kinase
activity in the Hep G2 cells but had no effect on processing of the GGPTase-I substrate,
Rap1. Importantly, manumycin did not affect HMGCoA activity or cholesterol biosynthe-
sis in these cells.

Manumycin has shown anti-tumor activity in vivo against a variety of xenografts, in-
cluding a Ki-ras-transformed murine fibrosarcoma, K-BALB, and two human tumor cell
lines, HT1080, a fibrosarcoma that harbors an activated N-ras gene, and MIA PaCa-2, a
pancreatic carcinoma that harbors a Ki-ras oncogene.44,48 Furthermore, manumycin has
been shown to suppress the multivulval phenotype in Caenorhabditis elegans resulting from
a let-60 ras mutation.49 In C. elegans, vulval cell differentiation is controlled by the Ras MAP
kinase pathway. Let-60 ras encodes a Ras protein that is 83% identical to human N-Ras, and
a gain-of-function mutation in this gene that is similar to ras mutations detected in many
human cancers results in an abnormally high number of vulval cells (the multivulval phe-
notype). Manumycin is able to suppress this phenotype in a dose-dependent manner with-
out other significant effects on the organism.

The zaragozic acids (A, B, C, D and D2, Fig. 19.2) were originally isolated as potent
inhibitors of the FPP-utilizing enzyme squalene synthase43,50 and were later shown to be
inhibitors of FPTase.41,43 The usefulness of these compounds as FTIs is limited since they
are more potent inhibitors of squalene synthase (IC50 = 0.2-6 nM) than of FPTase (IC50

=100-1000 nM).43 However, zaragozic acid A exhibits a 2- to 3-fold selectivity for FPTase
versus GGPTase-I.41 Improvement in potency and selectivity has been achieved with a semi-
synthetic analog of zaragozic acid A, zaragozic acid A analog (Fig. 19.2), indicating that it
might be possible to design a potent and selective inhibitor in this series. Neither zaragozic
acid A nor the analog are active in cell-based processing assays at concentrations up to 100 ∝M,
presumably because of poor membrane permeability due to their charge.41

Chaetomellic acids A and B (Fig. 19.2) are both potent (IC50 values for chaetomellic
acids A and B are 55 and 185 nM, respectively), reversible inhibitors of FPTase that are
selective as compared to GGPTase-I, GGPTase-II and squalene synthase.41,51 The inactivity
of chaetomellic acid A in a cell based processing assay at concentrations up to 100 ∝M41

suggests that the utility of these compounds may be limited.
Actinoplanic acids A and B (Fig. 19.2) are potent inhibitors of FPTase (IC50 values of

230 nM and 50 nM, respectively) and exhibit good selectivity as compared to squalene syn-
thase and GGPTase-I (IC50 >>1 ∝M for both compounds).52,53 Organic acid (Fig. 19.2) is a
yet more potent inhibitor of FPTase (IC50 = 14 nM) that similarly shows good selectivity as
compared to GGPTase-I (IC50 = 60 ∝M).54,55 As is true of the structurally similar chaetomellic
acids, organic acid is inactive at concentrations up to 10 ∝M in whole cell processing assays,
presumably due to the charged nature of the compound.
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RPR113228 (Fig. 19.2), isolated from the fermentation broth of the fungus
Chrysosporium lobatum, inhibits FPTase with an IC50 value in the range of 0.8-2 ∝M.56 This
compound is selective for FPTase as compared to GGPTase-I (IC50 = 59 ∝M) and squalene
synthase (inactive).

Compounds which are competitive with respect to the protein acceptor in the
farnesylation reaction include the pepticinnamins and cembranolide (Fig. 19.2).57-59 The
pepticinnamins, a series of peptides produced by Streptomyces sp. OH-4652, inhibit FPTase
with IC50 values in the range of 0.1-1.0 ∝M.57 Cembranolide, isolated from a marine soft
coral Lobophytum cristagalli, is a potent (IC50 = 0.15 ∝M) and selective (IC50 vs. GGPTase-I =
5.3 ∝M) inhibitor of FPTase.59 While this compound shows weak activity in whole cell pro-
cessing assays (26% inhibition of processing of Ha-Ras at 5.3 ∝M), cellular toxicity pre-
cludes the use of higher concentrations.

Both fusidienol and cylindrol A fail to show kinetic competition with either the protein
or isoprenoid substrate in the farnesylation reaction.60-62 Fusidienol, isolated from the fun-
gus Fusidium griseum, inhibits bovine brain FPTase with an IC50 value of 300 nM, but is less
potent an inhibitor of human FPTase (IC50= 2.7 ∝M).60 This compound is inactive against
squalene synthase and GGPTase-I. Cylindrol A is a less potent inhibitor of FPTase
(IC50=2.2 ∝M) and is similarly inactive against squalene synthase and GGPTase-I.61 Struc-
ture-activity analyses indicate that the bicyclic ring system as well as the aldehyde and ke-
tone are all important for biological activity.62 Small changes in the molecule have profound
effects on FPTase activity.

Compounds for which the mechanism of action are not known include gliotoxin, 10'-
desmethoxystreptonigrin, preussomerins and deoxypreussomerins, barcelonic acid A,
SCH58450 and patulin (Fig. 19.2). Gliotoxin was isolated from a fermentation broth of a
fungus by direct assay of FPTase,63 although the compound also scores in the yeast assay.49

Gliotoxin inhibits FPTase with an IC50 value of 1.1 ∝M.63 It is likely that the active form of
the compound is the dithiol form in which the disulfide bridge is reduced, since the FPTase
assays include DTT. While the exact mechanism of inhibition of gliotoxin has not been
defined, the compound is noncompetitive with respect to the protein acceptor and is not
itself a substrate. Similar to manumycin, gliotoxin shows antitumor activity against the
K-BALB and HT1080 cell lines in xenograft models and suppresses the multivulval pheno-
type in C. elegans.49

10'-desmethoxystreptonigrin, a novel analog of streptonigrin produced by Streptomy-
ces albus, is a broad spectrum antibiotic with modest FPTase inhibitory activity
(IC50=21 ∝M).64 When evaluated in vivo in the P388 leukemia model, this compound did
not show antitumor activity at nontoxic doses. The preussomerins and deoxypreussomerins
inhibit FPTase with IC50 values in the range of 1.2-17 ∝M.65 Selectivity for FPTase over
GGPTase-I has been demonstrated for one member of this family, preussomerin G (FPTase
IC50=1.2 ∝M; GGPTase-I IC50=20 ∝M). Maximal activity requires that the compound con-
tain a conjugated ketone in the lower half of the preussomerin molecule and either an ep-
oxide or at least a 1,2-dioxygen in the upper half of the molecule. Loss of one of these
structural features compromises activity, while loss of both features abolishes activity.
Barcelonic acid A is a relatively weak FPTase inhibitor, exhibiting an IC50 value of 40 ∝M.66

SCH 58450, isolated from a Streptomyces sp., inhibits FPTase with an IC50=29 ∝M and ex-
hibits 25-fold selectivity for FPTase over GGPTase-I.67 Patulin is a weak inhibitor of FPTase
(IC50 =290 ∝M).68 While this compound inhibits incorporation of radiolabeled mevalonate,
an isoprenoid precursor, into cellular proteins (50% inhibition at 5 ∝M), it is difficult to
attribute this effect to inhibition of FPTase.
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Issues
Numerous structurally diverse analogs of the two substrates of the farnesylation reac-

tion, FPP and CA1A2X tetrapeptides, have been identified that are potent and selective in-
hibitors of FPTase in vitro. A subset of these compounds show anti-tumor activity in in vivo
models of cancer.34,36,44,48,49,69-73 When investigated, no signs of clinical toxicity have been
reported in treated animals.34,48,69 While such a therapeutic index bodes well for the useful-
ness of the FTIs in the clinic, it is difficult to explain the apparent lack of toxicity to
untransformed tissues. The wild type Ras present in normal tissues requires farnesylation
for biological activity as does oncogenic Ras. It has been proposed that untransformed cells
contain a form of Ras, N-Ras or Ki-Ras, whose prenylation is not inhibited by the FTIs.74

Indeed, tetrapeptides analogous to the CA1A2X sequences of N- and Ki-Ras bind more tightly
to the enzyme than a Ha-Ras CA1A2X tetrapeptide.22 This observation suggests that it may
be more difficult to inhibit the farnesylation of N- and Ki-Ras than Ha-Ras in cells. In this
regard, it has been shown that higher concentrations of a CA1A2X peptidomimetic are re-
quired to inhibit the anchorage independent growth of human tumor cells harboring a
mutant N- or Ki-ras gene than those lines harboring a mutant Ha-ras gene.70

Another group has demonstrated that inhibition of the anchorage independent growth
of human tumor cells is independent of the mutational status of ras:75 approximately half of
the cells with wild type ras and half of the cells harboring mutant Ki-ras alleles were sensi-
tive to the FTI. These results suggest that the specificity of the FTI is not limited to cells
whose aberrant growth is driven by Ras. In some of the cells with wild type ras, sensitivity to
the FTI may result from activation of the Ras pathway by alteration of proteins upstream of
Ras. Another possible explanation is that farnesylated proteins other than Ras also play a
role in the biology of the FTIs. Known farnesylated proteins that could be important for
growth include RhoB, RhoE, PTP1 and PTP2.13,76

It has recently been demonstrated that N- and Ki-Ras, but not Ha-Ras, are modified by
a geranylgeranyl group when FPTase activity is ablated.20,21 In mammalian cells,
geranylgeranylated forms of oncogenic Ras exhibit the same level of transforming activity
as the farnesyl-modified Ras.77 These observations raise the possibility that use of a nonse-
lective inhibitor or a combination of an FTI and a GGPTase-I inhibitor (GGTI) might be
more effective than a highly selective FTI against human tumors in which the most com-
monly mutated ras alleles are Ki- and N-ras. However, it has recently been reported that
cotreatment of mice bearing tumors harboring a mutant K-Ras oncoprotein with an FTI
and a GGTI did not enhance the antitumor activity of the FTI.78

It is clear that many important issues remain to be addressed in the preclinical devel-
opment of FTIs and work continues in the laboratory to gain additional insight into the
biology of these compounds. Nevertheless, the anti-tumor activity of these compounds in
the absence of toxic side effects in animal models is encouraging. However, the ultimate
utility of the FTIs against human cancers will have to await evaluation in the clinic.
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CHAPTER 20

SCH51344: An Inhibitor
of RAS/RAC-Mediated
Membrane Ruffling
C. Chandra Kumar

Introduction

Twenty-three years ago, Klaus Weber and his colleagues reported that actin filaments are
reorganized from an ordered bundle state in normal cells into a diffused mesh in trans-

formed cells.1,2 Since then, the biochemical and molecular basis of this phenomenon and its
importance for malignant transformation has been studied in great detail.3-5 It is now clearly
established that reorganization of actin filaments is a hallmark of many transformed cells.
At the biochemical level, actin filament reorganization is reflected in the loss of synthesis of
several proteins including smooth muscle (sm) forms of myosin light chain-2 and !-actin,
vinculin, gelsolin, !-actinin, tropomyosin I.6-11 The importance of these changes for malig-
nant transformation is confirmed by the observation that if the normal levels of these pro-
teins are restored, transformation is inhibited and cells revert to normal phenotype.12-15

These studies suggest that reorganization of the actin cytoskeleton is an essential compo-
nent of malignant transformation.

In fibroblast cells, actin filaments exist principally in three major structures, the actin
stress fibers and the cell surface protrusions including membrane ruffles and microspikes,
in addition to the contractile ring formed during mitosis.3,16 Stress fibers emanate from
distinct areas of the plasma membrane known as focal adhesions and span across the cell. A
great deal of progress has been made in characterizing the proteins and pathways regulating
actin filament organization.16-21 A major breakthrough during the last few years has been
the discovery of the RHO family GTPases whose function is to regulate actin filament orga-
nization in eukaryotic cells. RHO controls stress fiber formation, whereas RAC regulates
the formation of lamellipodia and membrane ruffles.22-24 A large number of exchange fac-
tors for RHO family members has been identified over the past few years, by virtue of their
oncogenic potential in NIH 3T3 cells, suggesting a role for these GTPases in cell transfor-
mation.25-27 However, the exact mechanism(s) whereby actin filaments are reorganized in
transformed cells still remains to be elucidated.

Most of the studies concerning the role of oncogenes in bringing about the morpho-
logical and cytoskeletal changes, have concentrated on RAS oncogene.28 RAS is one of the
most frequently mutated oncogenes in human cancer, being found in 40% of all human
tumors.29,30 RAS proteins play an essential role in receptor-mediated signal transduction
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pathways that control cell proliferation and differentiation.31,32 The three mammalian RAS
genes produce four proteins H-, K-(A and B)-, and N-RAS that are membrane localized
guanine nucleotide binding proteins.31 RAS proteins are active in the GTP-bound state and
inactive in the GDP-bound state.31,32 RAS in its GTP-bound state couples the signals of
activated growth factors to downstream mitogenic effectors. The high frequency of muta-
tions of RAS in human tumors and its critical function in downstream signaling by onco-
genic receptor and cytoplasmic tyrosine kinases renders RAS, its regulators and effectors as
promising targets for the development of anticancer drugs.

The first evidence indicating the involvement of RAS in actin filament organization
was provided by Dafna Bar-Sagi and Jim Feramisco.33 They showed that microinjection of
RAS V12 protein into REF-52 cells stimulated membrane ruffling and fluid phase pinocyto-
sis. Further studies revealed that RAC, a member of the RHO family, is one of the essential
downstream targets for RAS mediating the stimulation of membrane ruffles.23,34 Recent
genetic and biochemical studies indicate that RAS interacts with multiple targets in the cell
and has at least two functions in mammalian cells, one regulating gene expression and the
other controlling actin cytoskeletal organization.34,35 The first signaling pathway, referred to
as the extracellular-signal regulated kinase (ERK) pathway involves a series of cytoplasmic
serine/threonine kinases that eventually leads to phosphorylation of specific transcription
factors and activation of immediate early genes. The second pathway referred to as the cell
morphology pathway is mediated by members of the RHO family of proteins. These two
pathways diverge at the level of RAS and act synergistically to cause transformation.34-36

These findings open up a new array of drug targets for RAS-mediated malignancies.37

A number of approaches have been taken to identify drugs that inhibit the transform-
ing activity of RAS protein either directly or indirectly.37,38 One direct approach has been to
inhibit the activity of the farnesyl transferase (FTase) that is responsible for the transfer of a
farnesyl group to the cysteine residue located in a carboxyl-terminal tetrapeptide sequence
of the RAS protein.38 As discussed in detail in the preceding chapter by Nancy Kohl and her
colleague, a number of potent compounds that inhibit the FTase activity have been devel-
oped.39-41 Several of these compounds have been shown to reverse critical aspects of RAS
transformation and inhibit the growth of RAS transformed cells in nude mice.42 As dis-
cussed in the following chapter, two distinct antibiotics (radicicol and trichostatin A) that
upregulate gelsolin gene also can reverse RAS transformation at the cell culture levels.42a,42b

In addition, a number of other compounds such as azatyrosine, oxanosine and antipain
that revert RAS-transformed cells to a normal phenotype have been described.43-45 How-
ever, the mechanism by which these compounds induce phenotypic reversion is not well
understood. Because of the importance of the RAS oncogene for the development of malig-
nant tumors in humans, it would be desirable to identify novel targets or mechanisms by
which RAS transformation can be inhibited.

Smooth Muscle     !!!!!-Actin Promoter Activity as a Marker
for RAS-Transformation

The most prominent single molecular event among malignantly transformed rat and
mouse fibroblasts is a total shut down of sm !-actin synthesis.7,46 Mammalian actin family
comprises six isoforms of which ∀- and #- nonmuscle actins are expressed in all cells, whereas
smooth muscle !-actin is normally restricted to smooth muscle cells and fibroblasts.47,48 Sm
!-actin expression is regulated by growth hormones, and altered by pathological conditions
including oncogenic transformation and atherosclerosis.49-51 In fibroblasts, sm !-actin com-
prises only ~14% of the total actin compared with up to 60-70% in vascular smooth muscle
cells.47,48 ∀-actin predominates in the highly motile lamellipodia, whereas sm !-actin is re-
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stricted to the less motile stress fibers.52,53 Recent studies have shown that the expression of
sm !-actin leads to decreased motility, leading to the proposal that an important function
of !-actin is to immobilize cells.54 Since sm !-actin expression is totally shut down in trans-
formed fibroblasts, it is possible that lack of !-actin in transformed cells may be responsible
for their constitutive enhanced motility.54

We have used the smooth muscle (sm) !-actin gene as a paradigm to understand the
molecular mechanisms involved in repression of these cytoskeletal markers in RAS-trans-
formed cells and also for the development of a novel reporter gene-based assay system to
identify agents that inhibit RAS-transformation.55,56 As a first step, we used plasmids con-
taining 5'-upstream sequences of the human sm !-actin gene fused to different reporter
genes to demonstrate that changes in the !-actin mRNA and protein levels are due to changes
at the transcriptional level. The results of a transient transfection analysis using plasmid
p!ACAT containing human sm !-actin promoter (-894 to +12 relative to transcription start
site) linked to Chloramphenicol acetyl transferase (CAT) reporter gene, revealed that sm !-
actin promoter activity is repressed selectively in RAS-transformed DT cells compared to
the parental normal NIH3T3 cells. Its activity is restored in C11 revertant cells, indicating
that this promoter activity is a sensitive marker to follow phenotypic changes in fibroblasts.57

The human sm !-actin promoter contains two serum response elements (SREs) that show
homology to c-fos SRE and bind to serum response factor (SRF) with different affinities.56,58

We have shown that the two SREs are required to mediate repression of the !-actin pro-
moter in RAS-transformed cells and the two SREs synergize with each other to confer RAS-
responsiveness to heterologous promoters.56 SRF can activate !-actin promoter activity in
RAS-transformed cells and YY1, which also binds to SRE, antagonizes this activation.56 These
results suggest the involvement of negative factors that either bind to SRE sequences di-
rectly or interact with SRF to mediate repression of the !-actin promoter upon RAS-trans-
formation.

!!!!!-Actin Promoter Based Reporter Gene Assay System
We have exploited the phenomenon of actin filament reorganization in transformed

cell lines, to develop a novel reporter gene-based assay system to identify agents that inhibit
RAS-induced transformation.55 The rationale for the development of this assay system was
based on the observations that human smooth muscle forms of myosin light chain-2 (MLC-2)
and !-actin mRNA and protein levels are repressed in RAS-transformed fibroblasts.6,7,56

Revertants of RAS-transformed cells showed normal levels of MLC-2 gene expression sug-
gesting that the expression of these cytoskeletal markers is modulated by RAS-transforma-
tion.6 A schematic illustration of the !-actin promoter based reporter gene assay system is
shown in Figure 20.1. Stable fibroblast cell lines expressing human growth hormone or
∀-galactosidase (∀-gal) under the control of the !-actin promoter were derived. Transfor-
mation of these stable cells by RAS resulted in repressed reporter-gene activity. Lastly, the
RAS-transformed cells carrying the !-actin promoter-∀-gal reporter construct, were used
to identify agents that revert RAS-transformation, by their ability to activate or derepress
reporter gene activity. This assay system was validated in the following ways: (1) Derepres-
sion of the reporter was demonstrated in revertants of RAS-transformed cells;6 (2) inhibi-
tors of RAS-transformation, such as FTase inhibitors, were found to derepress !-actin pro-
moter driven reporter gene activity in RAS-transformed cells (unpublished observations);
(3) a transdominant deletion mutant of v-jun lacking the activation domain which can
suppress the RAS-transformed phenotype was shown to derepress the !-actin promoter in
RAS-transformed cells (unpublished observations).59 A major advantage of this system is
that cytotoxic agents such as nonspecific inhibitors of DNA, RNA and protein synthesis will
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not be scored as false positives, since derepression of reporter gene activity requires the cells
to actively synthesize mRNA and protein. Using this cell-based reporter gene assay system,
we identified a novel class of molecules known as pyrazolo-quinolines, among the library of
compounds at the Schering-Plough Research Institute.60 A representative compound in this
series (SCH51344) was used to validate the efficacy and determine the mechanism by which
these compounds inhibit RAS-transformation.

Activation of sm !!!!!-Actin Promoter Activity and Restoration
of Actin Bundles in RAS-Transformed Cells by SCH51344

The structure of SCH51344 (6-methoxy-4-[2-[(2-hydroxyethoxyl)-ethyl]amino]-3-
methyl-1M-pyrazolo [3,4]quinoline) that can derepress !-actin promoter driven CAT ac-
tivity in RAS-transformed cells is shown in Figure 20.2. Following transfection of plasmid
p!ACAT into RAS-transformed Rat-2 cells, cells were washed with PBS and a fresh medium
containing different concentrations of SCH51344 was added to cells. As a control, the plas-
mid pBLCAT2 containing minimal thymidine kinase promoter linked to the CAT reporter
gene was used. Treatment of RAS-transformed Rat-2 cells with increasing concentrations of
SCH51344 led to a significant increase (3- to 50-fold) in !-actin promoter driven CAT ac-
tivity, whereas it had very little effect on TK promoter driven CAT activity.60 Next, we wanted
to assess the organization of actin filaments in RAS-transformed Rat-2 cells following treat-
ment with SCH51344. Actin filaments were visualized by immunofluorescence microscopy
using rhodamine-conjugated phalloidin, which avidly binds filamentous actin. As shown in
Figure 20.3, Rat-2 cells exhibited organized actin stress fibers extending throughout the cell
from end to end. In contrast, in RAS-transformed cells, the actin cables are diffuse. Treat-
ment of RAS-transformed cells with SCH51344 significantly increased the number of orga-
nized stress fibers. Thus activation of sm !-actin promoter activity in RAS-transformed
cells by SCH51344 is accompanied by the restoration of organized actin bundles.

Fig. 20.1. Schematic representation of the strategy for setting up a system for screening drugs
based on derepression of reporter-gene activity. See the text for details.



307SCH51344: An Inhibitor of RAS/RAC-Mediated Membrane Ruffling

SCH51344 Inhibits Anchorage-Dependent and -Independent Growth
of RAS-Transformed Cells

We have examined the anchorage-dependent and -independent growth of
RAS-tranformed cells following treatment with SCH51344.60 To follow the anchorage-de-
pendent growth, two treatment regimens were employed. Cells were treated continuously
with DMSO (control), once with SCH51344, or continuously with SCH51344 by replenish-
ment at each 2-day feeding interval. Single treatment or continuous treatment with
SCH51344 (40 ∝M) caused 56% and 66% inhibition of growth of RAS-transformed cells,
respectively. This inhibition of growth of RAS-transformed cells was dose dependent. The
drug treatment was also effective in inhibiting the anchorage-independent growth of K-RAS
transformed NIH 3T3 cells (DT). In contrast, SCH 54473, a derivative of SCH51344 which
was inactive in the !-actin reporter gene assay had very little effect. In addition, we have
shown that this compound is effective in inhibiting the anchorage-independent growth of
human colon and pancreatic tumor lines including, Panc-1, SW-480 and DLD-1. These
tumor lines contain multiple genetic alterations in addition to activated RAS genes.
SCH51344 was also effective in inhibiting RAS V12-induced maturation of Xenopus oo-
cytes.60

One of the interesting features about SCH51344 is the apparent lack of toxic effect on
normal cells. Treatment of PC 12 cells with SCH51344 for 3 days did not inhibit nerve
growth factor-induced neurite outgrowth, suggesting that SCH51344 has very little effect
on normal signaling pathways mediated by RAS.60 In addition, pretreatment of Rat-2 fibro-
blast cells with SCH51344 did not abolish serum-induced activation of c-fos promoter ac-
tivity (unpublished observations). These studies demonstrate that SCH51344 selectively
suppresses RAS-transformation without affecting normal cell functions.

SCH51344 Has No Effect on RAS-Induced ERK1/ERK2 Activation
In order to understand the mechanism by which SCH51344 inhibits RAS-transforma-

tion, we have sought to determine whether SCH51344 disrupts the signaling pathway that
activates extracellular-signal regulated kinase (ERK) activity in normal and RAS transformed
cells. Rat-2 fibroblast cells were deprived of serum and pretreated for 24 h in the presence of
SCH51344 before stimulation with EGF for 15 min. MAP kinase activity was assessed by
measurement of the ability of immunoprecipitated ERK1 and ERK2, which are members of
the MAP kinase family, to phosphorylate myelin basic protein (MBP) in vitro. Pretreatment
of cells grown in normal or serum-starved medium with SCH51344 for 24 h had very little
effect on basal MAP kinase activity. Furthermore, EGF-stimulated MAP kinase activity was

Fig. 20.2. Structure of SCH51344
and SCH 54475, a benzyloxy ana-
log of SCH51344.  Reprinted with
permission from Cancer
Reseaerch 1995; 55:5106-5117.
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Fig. 20.3. SCH51344 treatment induces actin stress fibers in RAS-transformed cells. Rat-2
(HO6) cells were plated on coverslips one day before treatment with either DMSO (con-
trol) or SCH51344 (25 ∝M). Following a two day treatment, cells were fixed and stained
with rhodamine-conjugated phalloidin and processed for fluorescence microscopy. Re-
printed with permission from Cancer Reseaerch 1995; 55:5106-5117.

Rat-2

Rat-2(HO6)

Rat-2(HO6) +
SCH51344
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also not inhibited by pretreatment of cells with SCH51344. Next, we determined whether
the drug had any effect on the activation of ERK in response to the expression of the three
isoforms of oncogenic RAS proteins. Expression of the activated forms of H-, K- and N-RAS
resulted in significant stimulation of ERK-2 activity in Rat-2, COS and NIH 3T3 cells, and
treatment with SCH51344 did not block this stimulation. The drug treatment had very little
effect on the expression levels of transiently expressed epitope-tagged ERK-2 under these
conditions. These results clearly show that the drug treatment has very little effect on the
activation of ERK signaling cascade in response to either growth factor stimulation or on-
cogenic RAS expression.60,60a

Treatment of normal fibroblast cells with SCH51344 did not block the EGF or serum-
induced activation of MEK and p90RSK activities.60 The drug treatment had very little ef-
fect on the activities of ERK in RAS-transformed DT and Rat-2 (HO6) cells. These results
suggested that SCH51344 inhibits RAS-transformation by a novel mechanism and acts on a
signaling pathway distinct from ERK-dependent signaling pathway.60

Inhibition of Cell Morphology Pathway by SCH51344
Recent studies have shown that RAS activates the membrane ruffling pathway and ERK

pathway through distinct effectors and that input from both pathways is required for the
transforming activity of RAS.35,61 The next logical step was to analyze if SCH51344 inhib-
ited the cell morphology pathway activated by RAS. In collaboration with Dr. Dafna Bar-
Sagi’s group, we have shown that this is indeed the case.60a In these studies, REF-52 cells
were pretreated with diluent or SCH51344 for 24 h prior to microinjection with a plasmid
encoding T7-tagged H-RAS V12. Induction of membrane ruffling was analyzed by phase
contrast microscopy. In parallel, REF-52 cells were fixed and immunostained for the expres-
sion of H-RAS V12 protein in the cells. Microinjection of H-RAS V12 resulted in the induc-
tion of membrane ruffles. However, pretreatment of the cells with SCH51344 completely
inhibited RAS-induced membrane ruffling (Fig. 20.4, top panel). Immunofluorescent stain-
ing of the injected cells confirmed that the drug treatment had no apparent effect on the
expression and the subcellular distribution of the H-RAS V12 protein. Pretreatment of the
cells with 25 ∝M SCH51344 for 5 h prior to microinjection was sufficient to inhibit mem-
brane ruffling induced by H-RAS V12. In addition, the inhibitory effect was reversible, since
membrane ruffles could be readily seen within 45 min following removal of the drug. The
rapid reversibility of the inhibitory effects of the drug rules out the possibility that these
effects reflect a general toxic effect of the drug. H-RAS V12 induced membrane ruffling was
inhibited in a concentration dependent manner by SCH51344 and greater than 90% inhibi-
tion was seen at 6.25 ∝M. SCH51344 was found to be effective in inhibiting the membrane
ruffling induced by activated forms of H-RAS, K-RAS and N-RAS.60a

SCH51344 Inhibits RAC-Induced Membrane Ruffling,
but not JNK Activation

Previous studies using Swiss 3T3 fibroblasts have shown that microinjection of the
RAC protein induces polymerization of actin leading to the formation of membrane ruffles
and RAS-induced membrane ruffling depends on RAC activity.34,35 As shown in Figure 20.4
(lower panel), pretreatment of REF-52 cells with SCH51344 inhibited membrane ruffling
induced by RAC V12 and the drug treatment had no effect on the expression or subcellular
localization of RAC V12 under these conditions. The inhibition of RAC V12-induced mem-
brane ruffling by SCH51344 was concentration dependent, similar to H-RAS V12 and the
concentration required for half-maximal inhibition was less than 6.25 ∝M. These results
indicate that the drug interferes with the ability of RAS to induce membrane ruffling at a
point downstream from RAC. These observations are consistent with the recent work of
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White et al,61 demonstrating that an effector domain mutant of H-RAS V12S35 was found
to be severely impaired in its ability to induce foci in fibroblast cells. However, this mutant
retained the ability to activate ERK and induce SRE-dependent transcription, but was de-
fective for stimulation of membrane ruffling.61,35 These results clearly show that stimula-
tion of membrane ruffling pathway is critical for the transforming activity of RAS and
SCH51344 represents a pharmacological agent that targets this pathway specifically at a
point downstream from RAC.

RAS activation triggers two divergent signaling cascades that activate distinct MAPKs,
ERK and Jun Kinase (JNK), with different substrate specificities and transcriptional func-
tions.62,63 Recent studies have demonstrated that the effects of RAS and RAC on JNK cas-
cade and membrane ruffling formation are mediated by distinct effector pathways that di-
verge at the level of RAC (Fig. 20.5). While the role of ERK activation in RAS-mediated
transformation is clearly established, the contribution of JNK pathway towards RAS trans-
formation is not established. Our studies indicate that treatment of fibroblast cells with
SCH51344 has very little effect on RAS-mediated activation of JNK (Fig. 20.5).60a These
results suggest that inhibition of RAS-mediated activation of ERK and JNK pathways is not
obligatory for blocking the transforming function of RAS. In addition, we have observed
that SCH51344 is effective in inhibiting the anchorage-independent growth of Rat-2 fibro-
blast cells transformed by three forms of oncogenic RAS and RAC V12.60a These results
indicate that SCH51344 inhibits a critical component of the membrane ruffling pathway

H-RasV12

RacV12

Vehicle SCH51344 (12 ∝M)

Fig. 20.4. Inhibition of H-RAS V12 and RAC V12 induced membrane ruffling by SCH51344.
REF 52 cells were treated with 12.5 ∝M SCH51344 or DMSO (1:2000) for 24 hrs prior to micro-
injection with H-RAS V12, and RAC V12 (50 ng/∝l)expression plasmids. Ruffling activity was
scored by the appearance of transient phase bands actively traversing across the upper surface of
the cells. The ruffling images were captured at 32x magnification 4 hrs after microinjection. Ruffles
were enhanced by the auto-trace function of Corell Draw computer software. The insets show
the unprocessed images. The cells were also fixed and immunostained with anti-T7 antibody
(1:300) to monitor the expression of RAS and RAC V12 proteins. Reprinted with permission
from Walsh AB et al. Oncogene 1997; 15:2553-2560.
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downstream from RAC and suggest that targeting the membrane ruffling pathway may be
an effective approach to inhibit transformation by RAS.

The pathway by which RAS and RAC stimulate membrane ruffling pathway is not clearly
established. Recently, a number of RAC1-interacting proteins, have been isolated using the
yeast two-hybrid system.66-68 POR1 binds directly to RAC1 in a GTP-dependent fashion and
truncated versions of POR1 inhibit the induction of membrane ruffling by an activated
mutant of RAC1, suggesting a potential role for POR1 in RAC-mediated cell morphology
pathway.66 The ser/thr kinase, p160ROCK which was originally identified as a putative RHO
target has been recently shown to interact also with activated RAC L61.64 Studies with mu-
tants of RAC defective for membrane ruffling, suggest that this kinase might play a role in
RAC-induced cytoskeletal changes.64 However, recent studies using kinase defective, RHO-
binding negative mutants clearly showed that p160ROCK selectively works downstream of
RHO to induce focal adhesions and stress fibers in the cell.69 The best characterized target
protein for RAC is the CDC42/RAC-activated kinase (PAK) family of serine/threonine ki-
nases.70 PAK is involved in mediating the RAS and RAC-induced activation of JNK pathway
(Fig. 20.5). So far there has been no definitive evidence to support or eliminate a role for
PAK family kinases in the RAC-induced membrane ruffling, although PAK is involved in
the RAC-induced disruption of actin stress fibers.70a

A potential link between RAC and increased actin polymerization involves
phosphatidylinositol 4,5-biphosphate (PIP2) generation. RAC affinity columns can bind
PIP 5-kinase and RAC can stimulate PIP2 production in permeabilized platelets by activat-
ing PI-4/PI-5 kinases.71,72 In this system, RAC induces uncapping of actin filaments at the
plus ends leading to actin polymerization through PIP2 that inactivates F-actin cappers.
However, in experiments using fibroblast cell extracts, RHO but not RAC was reported to
stimulate PIP 5-kinase activity.73 It is possible that PI-4 kinases or distinct isoforms of PIP
5-kinase may be responsive to RAC or RHO. It is clear that the pathway linking RAC to
membrane ruffles needs to be worked out. The fact that SCH51344 seems to inhibit mem-
brane ruffling pathway downstream of RAC suggests that this pathway is amenable to inhi-
bition by small molecular weight compounds. Future studies aimed at identifying the target

Fig. 20.5. Proposed signaling path-
ways mediated by RAS and inhi-
bition of RAS and RAC mediated
activation of membrane ruffling
formation by SCH51344. See the
text for details. Reprinted with per-
mission from Walsh AB et al.
Oncogene 1997; 15:2553-2560.



G Proteins, Cytoskeleton and Cancer312

protein that is inhibited by SCH51344 may provide a novel, therapeutically useful target for
RAS-mediated malignancies.
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CHAPTER 21

Azatyrosine: Mechanism of Action
Yoshiaki Monden, Nobuko Shindo-Okada and Susumu Nishimura

Introduction

Most of current anticancer drugs used clinically are based on the faster proliferation of
cancer cells as compared with normal cells. However, normal cells such as myeloid cells

and epithelial cells in the gastrointestinal tract also actively proliferate. Therefore, these drugs
also affect such normal cells. It is difficult for these drugs to kill only cancer cells. A variety
of new screening procedures targeting oncogenes specifically expressed in cancer cells were
recently adopted for isolation of more specific and effective anticancer drugs. Our proce-
dure for screening agents that specifically inhibit the growth of particular cancer cells was
quite straightforward: Normal NIH3T3 cells and NIH3T3 cells transformed by the acti-
vated human c-Ha-ras gene (having a mutation at codon 61, resulting in replacement of
glutamine by leucine) were used in parallel as test cell lines. Using this system to select
agents that specifically inhibit growth of tumor cells with an activated c-Ha-ras gene, we
have screened a variety of antibiotics and partially purified fractions of culture products of
Streptomyces and thus isolated an antibiotic azatyrosine (L-∀-(5-hydroxy-2-pyridyl)-ala-
nine, Fig. 21.1), which specifically inhibited the growth of the transformed cells.

It was found that azatyrosine had an unique property to convert the transformed phe-
notype of the transformed cells to normal. However how azatyrosine functions and its ma-
jor targets are largely unknown. If the mechanism of action of azatyrosine could be eluci-
dated, it would contribute to the elucidation of novel mechanisms of cancer suppression. In
this chapter we summarize the biological properties of azatyrosine reported earlier and our
recent studies using c-erbB-2-transformed cells.

Inhibitory Effect of Azatyrosine
on the ras-Mediated Signal Transduction

Azatyrosine inhibits the growth of c-Ha-ras-, c-raf-, or c-erbB-2-transformed NIH3T3
cells and induces the reversion of the transformed morphology to a normal phenotype.1,2

It should be noted that NIH3T3 cells transformed by hst, ret or src are not reverted by
azatyrosine.1 It also induces the conversion of human pancreatic adenocarcinoma PSN-1
cells and human colon cancer HCT116 cells with a point mutation in c-K-ras and human
prostate cancer TSU-Prl, DU-145 and PC-3 cells to revertant cells.1,3 Moreover, azatyrosine
inhibits not only transformed phenotypes but also inhibits Ras function in other aspects.
Rat pheochromocytoma PC12 cells are chromaffin-like cells, but when these cells are
treated with NGF (nerve growth factor), they differentiate into sympathetic neuron-like
cells including neurite outgrowth and cessation of cell growth. In PC12 cells, Ras is con-
sidered to be a downstream factor of NGF. Microinjection of oncogenic Ras induces the
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differentiation of PC12 cells into the neuron-
like cells in the absence of NGF. Azatyrosine
also inhibits the oncogenic Ras-induced out-
growth of neurites from PC12 cells.4 The on-
cogenic Ras is also known to induce cell
maturation of Xenopus laevis oocytes when
microinjected into the cells. Azatyrosine in-
hibits the maturation of oocytes induced by
the oncogenic Ras.5,6 Since azatyrosine inhib-
its signal transduction mediated by Ras pro-
tein in such cells, azatyrosine could inhibit the
main pathway of ras-mediated signal trans-
duction.

Another important feature of azatyrosine
is that it inhibits dimethyl benzanthracene
(DMBA)-induced formation of papillomas in
skin and methylnitrosourea (MNU)-induced
papillomas in the forestomach of transgenic
mice that harbor the human protooncogene,
c-Ha-ras, when azatyrosine was administered
in mice by i.p. injection.7 Many types of agents
are found to exhibit an anti-cancer effect on cul-
tured cancer cells, but few agents have efficacy
on the animal models of cancer.

Effect of Azatyrosine on the Transformed Phenotypes
of c-erbB-2-Transformed Cells

The c-erbB-2 is an oncogene of which abnormalities were found in many types of hu-
man cancer. Especially in breast and stomach cancers, gene amplification or overexpression
of c-erbB-2 were found with high frequency.8,9 These abnormalities of c-erbB-2 are consid-
ered to contribute to malignancy of clinical cancers.

A4 cells are a variant of NIH3T3 cells, transformed with oncogenic c-erbB-2.10 Treat-
ment of A4 cells with azatyrosine for 1 day did not affect cell growth. On day 2, however, the
growth of A4 cells was inhibited in a dose-dependent manner. Treatment with azatyrosine
at 1 mg/ml completely inhibited cell growth, but dead cells were not observed even 8 days
after the addition of azatyrosine, suggesting that azatyrosine reduced the growth rate of
cells without any effect on viability. Morphological analysis showed that azatyrosine at more
than 500 ∝g/ml induced all of the cells to convert to normal morphology while azatyrosine
at 250 ∝g/ml was partially effective.2 Resembling the effect on cell growth, the morphologi-
cal changes were also not observed on day 1. Thus, azatyrosine has the ability to reverse the
transformed phenotype of c-erbB-2-transformed cells, as well as that of ras-transformed
cells. However, it should be noted that the morphological change of c-erbB-2-transformed
cells is not permanent since the reverted cells returned to the transformed phenotype when
the cells were cultured in the absence of azatyrosine, unlike the case of activated c-Ha-ras-
transformed NIH3T3 cells as previously reported.1

Anticancer drugs used in cancer chemotherapy can be divided into various classes on
the basis of their mode of action. Many cytotoxic agents inhibit cell growth by interfering
with the synthesis of DNA, RNA and/or protein and/or by inhibiting cell growth at a spe-
cific stage of the cell cycle. Many inducers of differentiation also induce the accumulation of
cells at a specific stage of the cell cycle. We investigated the effects of azatyrosine on the

Fig. 21.1. Structure of azatyrosine.
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synthesis of DNA, RNA and protein in A4 cells. However, azatyrosine did not specifically
interfere with DNA, RNA or protein synthesis in A4 cells.11 To investigate the effect of
azatyrosine on progression of the cell cycle in A4 cells, we measured the DNA content of A4
cells by flow-cytometric analysis after treatment with azatyrosine. However, treatment of
A4 cells with azatyrosine did not affect the DNA histogram, suggesting that it does not
interrupt the cell cycle at a specific stage.11 These results indicated that the mechanism of
action of azatyrosine is different from that of typical anticancer drugs.

Effects of Azatyrosine on Signal Transduction
Triggered by Activated c-erbB-2

The c-erbB-2 oncogene encodes a receptor tyrosine kinase.12,13 Activation of c-ErbB-2
kinase transmits cellular signaling from the plasma membrane to the nucleus via several
factors. The resultant activation of transcriptional factors stimulate expression of particular
genes which are implicated in proliferation of cells.14,15

In order to elucidate the mechanism of action of azatyrosine on cellular transforma-
tion, we attempted to identify the signal-transduction processes triggered by activated
c-ErbB-2 that were inhibited by azatyrosine.

Oncogenic c-ErbB-2 has been shown to increase the relative level of the GTP-bound
form of Ras.16 Therefore, we investigated the effect of azatyrosine on activation of Ras in-
duced by oncogenic c-ErbB-2.16a Ras protein was immunoprecipitated with Ras-specific
antibodies from the cells labeled with [32P]-phosphate. Ras-bound guanosine nucleotides
were then separated by thin-layer chromatography. In A4 cells, the amount of Ras-bound
GTP was approximately twice as that of normal NIH3T3 cells. Azatyrosine did not alter the
level of GTP-bound Ras as well as the total amount of Ras, indicating that the activation of
Ras (formation of the GTP bound-form of Ras) still occurred to the same extent in

Fig. 21.2. Effects of azatyro-
sine on the phosphorylation
and expression of c-Raf-1.
NIH3T3 cells (lane 1) and A4
cells (lanes 2-4) were cultured
with azatyrosine at the speci-
fied concentrations for 3 days.
(a) After treatment with aza-
tyrosine, the cells were labeled
with [32P]-phosphate and ly-
sed. c-Raf-1 was immunopre-
cipitated with c-Raf-1-specific
antibodies and analyzed by
PAGE on an 8% polyacryla-
mide gel with subsequent au-
toradiography. (b) After treat-
ment with azatyrosine, cells
were lysed and c-Raf-1 was
detected by Western blotting
with the same antibodies. Po-
sitions of marker proteins
with molecular masses in kDa
are indicated on the left.
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azatyrosine-treated A4 cells. The results suggest that azatyrosine did not inhibit the Ras-
activation pathway induced by oncogenic c-ErbB-2.

The c-raf-1 protooncogene encodes a cytoplasmic serine/threonine protein kinase, a
downstream effector of Ras.17-21 The activation of c-Raf-1 is induced by growth factors and
oncogenes encoding Tyr kinases and is accompanied by its hyperphosphorylation.22,23 There-
fore, we next examined the effect of azatyrosine on the phosphorylation of c-Raf-1 in order
to determine whether or not azatyrosine could inhibit this kinase cascade.16a As shown in
Figure 21.2, c-Raf-1 was more heavily phosphorylated in A4 cells than in normal NIH3T3
cells, indicating the activation of c-Raf-1 protein by oncogenic c-ErbB-2. When A4 cells
were treated with azatyrosine at 500 ∝g/ml, reduction of the extent of phosphorylation of
c-Raf-1 (Fig. 21.2a, lane 4) without any effect on the amount of c-Raf-1 (Fig. 21.2b) was
observed. Densitometric analysis of the autoradiogram in Figure 21.2a showed that the
amount of phosphorylated c-Raf-1 in azatyrosine-treated cells (500 ∝g/ml) was reduced to
approximately half of that of untreated cells. These results indicated that azatyrosine inhib-
ited the activation of c-Raf-1 kinase by oncogenic c-ErbB-2.

Activated c-ErbB-2/Neu protein and activated c-Raf-1 protein have been reported to
activate transcription factor AP1.14,15 Activation of AP1, whereby transcription of genes
that contain a TRE (12-O-tetradecanoylphorbol-13-acetate response element) is stimulated,
plays a crucial role in cell transformation.24,25 To investigate the effect of azatyrosine on
stimulation of the AP1 of activity, NIH3T3 cells were cotransfected with the reporter plas-
mid pTREtkCAT and the oncogenic c-ErbB-2 expression plasmid pCOB2A7 in the pres-
ence or in the absence of azatyrosine.16a The pTREtkCAT plasmid contains TRE in the re-
gion upstream of the promoter of the gene for thymidine kinase (tk) and the gene for
chloramphenicol acetyltransferase (CAT). The activation of AP1 was clearly detected; the
CAT activity in the lysate from cells that had been cotransfected with pTREtkCAT and
pCOB2A7 was higher than that of lysates prepared from cells that had been cotransfected
with the enhancerless plasmid ptkCAT and pCOB2A7 (Fig. 21.3). When the cells were treated
with azatyrosine at 800 ∝g/ml, stimulation of the AP1 activity was inhibited (approximately
40% of the control value; Fig. 21.3, lanes 3 and 5), but the background level of CAT activity
from pTREtkCAT was barely affected (Fig. 21.3, lanes 2, 9 and 10). Therefore, it was con-
cluded that azatyrosine inhibits the activation of AP1 by oncogenic c-ErbB-2. These results
suggested that azatyrosine acts downstream of Ras in signal transduction from oncogenic
c-ErbB-2 to nuclear factors.

Induction of Expression of Particular Genes by the Treatment
with Azatyrosine

We showed previously that azatyrosine activates the transcription of several distinct
genes such as rrg (ras recision gene), collagen type III, rhoB, fibronectin and Ca-binding
protein Ca-31 genes.27,28 The rrg was isolated as a gene which is associated with reversion of
ras-transformed cells.29 Recently it was reported to be a target of the antioncogenic tran-
scription factor, IFN regulatory factor 1 (IRF-1).30 Collagen type III and fibronectin are
members of the extracellular matrix which are basement components of cell-adhesion. Rho
proteins, members of small GTP-binding proteins, regulate the actin-cytoskeleton by as-
sembling actin stress fibers.31,32 We found that overexpression of RhoB in A4 cells could
partially convert the transformed cells to normal morphology.28 Lysyl oxidase encoded by
rrg is considered to be responsible for the integrity of extracellular matrix such as collagen
and elastin.33 It was previously known that anchorage-dependent growth of normal cells
requires the normal adhesive function of cells to extracellular matrix, but transformation of
cells by activated oncogenes reduces the adhesive function of cells.34,35 It is likely to be caused
by alteration of actin-cytoskeleton or adhesion molecules such as integrin. Cytoskeleton
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and/or adhesion molecules induced by the treatment with azatyrosine might lead to the
reversion of the transformed phenotype to the normal.

Incorporation of Azatyrosine into Proteins
Because of its structural similarity with tyrosine, it seemed possible that azatyrosine is

incorporated into protein instead of tyrosine. To examine this possibility, we cultured A4
cells with [3H]-azatyrosine and determined its incorporation into cellular proteins
(Fig. 21.4).11 [3H]-Azatyrosine was in fact incorporated into the protein fraction (Fig. 21.4B).
The amount of azatyrosine incorporated was approximately 8-fold lower than that of ty-
rosine, when the same concentrations of azatyrosine and tyrosine were added in the culture
medium. To confirm the incorporation of azatyrosine into proteins, a lysate of [3H]-
azatyrosine-treated cells was fractionated by SDS-PAGE. Many radiolabeled proteins were
detected in the lysate of [3H]-azatyrosine-treated cells. To investigate whether azatyrosine is
incorporated into proteins instead of tyrosine, we cultured A4 cells with [3H]-tyrosine or
[3H]-azatyrosine in the presence of unlabeled tyrosine or unlabeled azatyrosine. Unlabeled

Fig. 21.3. Effects of azatyro-
sine on the activation of TRE.
NIH3T3 cells were trans-
fected with 6 ∝g of pUC19
(lane 1), 1 ∝g of pTREtkCAT
and 5 ∝g of pUC19 (lane 2),
1 ∝g of pTREtkCAT and 5 ∝g
of pCOB2A7 (lanes 3-5),
1 ∝g of pUC19 and 5 ∝g of
pCOB2A7 (lane 6), 1 ∝g of
ptkCAT and 5 ∝g of pUC19
(lane 7), 1 ∝g of ptkCAT and
5 ∝g of pUC19 (lane 8) or
1 ∝g of pTREtkCAT and 5 ∝g
of pUC19 (lanes 9 and 10) in
the presence and in the ab-
sence of azatyrosine at the
specified concentrations.
Cell lysates were prepared
and analyzed for CAT activ-
ity. The activities, as percent-
ages relative to the control
(without azatyrosine), are in-
dicated at the bottom.
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tyrosine inhibited the incorporation of [3H]-azatyrosine into proteins in a dose-dependent
manner. Moreover, unlabeled azatyrosine similarly inhibited the incorporation of [3H]-
tyrosine. These results indicated that azatyrosine was incorporated into proteins instead of
tyrosine.

To investigate whether the incorporation of azatyrosine instead of tyrosine is impli-
cated in the ability of azatyrosine to convert the transformed to a normal phenotype, we
examined the influence of a high concentration of tyrosine in the cultured medium on the
effects of azatyrosine.11 When A4 cells were cultured in the medium that originally con-
tained 72 ∝g/ml tyrosine, azatyrosine converted the cells to a normal phenotype. By con-
trast, when A4 cells were cultured with azatyrosine together with 1 mg/ml of tyrosine, A4
cells still retained their transformed morphology. Thus, a high concentration of tyrosine
interfered with the ability of azatyrosine to convert the transformed to a normal phenotype.

However, it should be noted that we do not understand as yet the mechanisms by which
the incorporation of azatyrosine into proteins inhibits the signal transduction for prolifera-
tion downstream of Ras and induces expression of the genes.

Conclusion and Future View
We have shown that azatyrosine counteracts the transforming activity of activated Ras

by acting downstream of Ras in signal transduction. Azatyrosine neither affected the phos-
phorylation of the introduced oncogenic c-ErbB-2 nor suppressed activation of Ras (amount
of GTP-bound form of Ras) induced by oncogenic c-ErbB-2 in A4 cells. On the other hand,
azatyrosine inhibited increases in phosphorylation of c-Raf-1 and c-Jun induced by onco-
genic c-ErbB-2. In addition, azatyrosine inhibited activation of TPA response element in
stimulation by oncogenic c-ErbB-2.

Azatyrosine was incorporated into proteins to partially replace tyrosine. The simulta-
neous presence of high concentration of tyrosine inhibited the conversion to a normal phe-
notype of the transformed cells by azatyrosine, with concomitant decrease of the azatyrosine
incorporation into proteins.

Fig. 21.4. Incorporation of [3H]-azatyrosine into A4 cells. A4 cells were cultured with [3H]-ty-
rosine (A) or [3H]-azatyrosine (B) for the times indicated. Radioactivity of the TCA-insoluble
fractions of cell lysates was measured.
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We previously showed that the administration of azatyrosine into transgenic mice har-
boring human protooncogenic c-Ha-ras effectively inhibited papilloma formation initiated
by chemical carcinogens.7 However azatyrosine was found to be ineffective for the suppres-
sion of tumor growth which already proliferated in the transgenic mice, possibly due to
insufficient concentrations of azatyrosine in the plasma (unpublished results). It is there-
fore likely that azatyrosine or its analogs may be useful as a chemopreventive agent rather
than an anti-cancer agent.

The effective concentration of azatyrosine to convert the transformed cells to the nor-
mal is quite high (at least 500 ∝g/ml). Since the effect of azatyrosine is likely due to its incor-
poration into proteins, it seems to be difficult to develop more effective tyrosine analog,
unless such a analog with the same biological potency can be more effectively aminoacylated
by tyrosyl-tRNA synthetase and transferred to proteins through the tRNA, We have recently
obtained a mutated E. coli tyrosyl tRNA synthetase which has lower Km for azatyrosine
than tyrosine. E. coli cells transformed with such a mutated tyrosyl-tRNA synthetase gene
was found to incorporate azatyrosine much more effectively than tyrosine (unpublished
results). The similar approach can be made for mammalian tyrosyl-tRNA synthetase. If
mammalian cells containing such a mutated tyrosyl-tRNA synthetase becomes available,
such a cell line should be very useful for confirming the mode of action of azatyrosine to
convert the transformed phenotype to the normal. The study of this line of approach is
currently being undertaken in our laboratory. In any case, it is important to identify a cru-
cial protein(s) which incorporates azatyrosine and is relevant to the conversion of the trans-
formed phenotype to the normal. Identification of such a protein(s) will contribute to the
understanding of cell proliferation and may elucidate a novel mechanism of cancer sup-
pression.
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CHAPTER 22

Histone Deacetylase Inhibitors:
Possible Anti-Cancer Therapeutics
Minoru Yoshida and Sueharu Horinouchi

Introduction

The organization of chromatin is crucial for the regulation of gene expression. In particu-
lar, both the positioning and properties of nucleosomes influence promoter-specific tran-

scription in response to extracellular or intracellular signals. The nucleosome core contains
DNA of 146 bp tightly wrapped around a central histone octamer comprising two mol-
ecules of each of core histones. The four core histones (H2A, H2B, H3 and H4) are subject
to a variety of enzyme-catalyzed post-translational modifications, thereby modulating the
chromatin functions.1 Of the modifications, acetylation has been the most extensively stud-
ied. The primary sites of histone acetylation are specific lysine residues in the positively
charged N-terminal tails that protrude from the octamer, which are important for both
histone-DNA and histone-nonhistone protein interactions. The neutralization of the posi-
tive charge by acetylation has long been proposed to lead to loosening histone-DNA con-
tacts, which facilitates the accessibility of a variety of factors to DNA.2-4 Acetylation also
appears to play a critical role in various histone interactions with specific nonhistone regu-
latory proteins.5 The acetyl groups on histone molecules continuously turn over and the net
level of acetylation is controlled by equilibrium between the two specific enzyme activities,
histone acetyltransferase (HAT) and deacetylase (HDAC). The genes encoding these en-
zymes have not been cloned until recently and the mechanism of regulation of the enzyme
activities is still largely unknown. Early studies showed that n-butyrate, a naturally occur-
ring short chain fatty acid, inhibited histone deacetylation and induced a variety of biologi-
cal phenotypes. However, the relationship between inhibition of histone deacetylation and
n-butyrate-induced biological phenotypes should be interpreted with caution, since its ef-
fective concentration exceeds millimolar levels and other enzymes are possibly affected.6

Recently, two microbial metabolites, trichostatin A and trapoxin (Fig. 22.1), were found as
potent inhibitors of HDAC.7,8 They induce hyperacetylation of core histones at very low
concentrations, which is accompanied by characteristic blockage of the cell cycle as well as
various cellular phenotypic changes. These agents have now been revealed to be useful in
analyzing the possible roles of histone acetylation at the cellular level.9

Most recently, a human histone deacetylase (HDAC1) was isolated10 as a protein that
binds trapoxin.8 HDAC1 was significantly similar to the yeast transcriptional regulator,
Rpd3.10 On the other hand, four different human histone acetyltransferases (hGCN5, P/CAF,
p300/CBP and TAFII250) have been identified to date.11-15 It was shown that the adenoviral
oncoprotein E1A disturbed the normal cellular interaction of P/CAF with p300/CBP, also
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Fig. 22.1. Chemical structures of TSA, TPX and other related microbial metabolites. These com-
pounds mimic the acetylated lysine residue.
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known as transcriptional coactivators.16 Furthermore, overexpression of P/CAF in cultured
cells inhibited cell cycle progression and counteracted the activity of E1A.12 These findings
suggest that control of the chromatin function by histone acetylation is one of the critical
targets of oncoproteins and that its deregulation may lead to cellular transformation. Thus,
inhibitors of histone acetylation or deacetylation may serve as not only biochemical tools for
basic research but also promising lead compounds for cancer chemotherapy. Here we review
the biological activities of these inhibitors and discuss on their application.

Trichostatin and Trapoxin: Specific Inhibitors of Histone Deacetylase
Trichostatin A (TSA) and its glucopyranosyl derivative (trichostatin C) were originally

isolated from Streptomyces hygroscopicus as antifungal antibiotics active against Trichophy-
ton17,18 (Figs. 22.1 and 22.3). About ten years later, very potent activities of trichostatins in
inducing differentiation of Friend murine erythroleukemia (MEL) cells and inhibiting cell
proliferation of mammalian cells were found by two groups.19-21 Exposure of the MEL cells
to the nanomolar concentrations of TSA for 4-5 days produced hemoglobin-positive cells
detected by benzidine-staining with a high efficiency. The skeletal structure of trichostatins
possesses a chiral center at the 6 position. Stereoselective synthesis of both enantiomer of
TSA by Mori and Koseki22 confirmed that the natural TSA was R configuration. Its antipode
(S)-TSA was biologically inactive and showed no agonistic or antagonistic effect on (R)-TSA.
An extremely low effective concentration and strict structural specificity of (R)-TSA sug-
gest the presence of a specific target molecule to which (R)-TSA binds.23

A clue to understanding the target of TSA was incidentally obtained from the analysis
of the modification of histones. Acid urea Triton (AUT) gel electrophoresis which can sepa-
rate core histone molecules with different extents of acetylation revealed that the histones in
the cells treated with TSA were acetylated to unusually high extents. Pulse-chase experi-
ments revealed that histone hyperacetylation induced by TSA was not due to increased acety-
lation but decreased deacetylation of histones. In vitro experiments using partially purified
histone deacetylase from mouse mammary tumor cells (FM3A) showed that TSA was a
potent inhibitor with the Ki value of 3.4 nM, which almost corresponded to the in vivo
effective concentrations of TSA. Furthermore, we derived a mutant cell line named TR303
resistant to only TSA from FM3A and found that the histone deacetylase from the mutant
cells possessed the markedly increased Ki value of 31 nM, indicating that the enzyme itself
had changed to being resistant to TSA. This genetic evidence has clearly indicated that his-
tone deacetylase is the intracellular primary target of TSA.7 Sodium n-butyrate had been
reported to induce histone hyperacetylation as well as erythroid differentiation of MEL
cells and arrest of the cell cycle of fibroblast cells at G1 and G2 phases. The effect of butyrate
as a noncompetitive inhibitor on the histone deacetylase was shown with a partially puri-
fied enzyme.24 However, n-butyrate might cause subsidiary effects on other enzymes, cy-
toskeleton, and cell membrane, since millimolar concentrations were required for its ac-
tion. For instance, Munks and Turner25 showed that butyrate and alcohols but not TSA
caused a major reduction in heat-shock protein synthesis when added to the growth me-
dium of Drosophila cultured cells prior to initiation of stress such as the increased tempera-
ture. TSA at nanomolar concentrations causes an increase in the acetylation of all histones
that are naturally acetylated in vivo, as butyrate does at millimolar concentrations. The very
potent activity of TSA with high specificity allows its use as a well-defined biochemical
probe for histone acetylation instead of butyrate.9

Trapoxins A and B, novel cyclic tetrapeptides (Fig. 22.1), were isolated from fungal
metabolites as agents inducing morphological reversion of v-sis-transformed NIH3T3 cells
by Itazaki et al26 in 1990. Since TSA was also reported to possess a similar activity inducing
morphological reversion of v-sis-transformed cells, we examined the similarity between the
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molecular action of these agents. Trapoxin A (TPX) was found to cause accumulation of
highly acetylated core histones in a variety of mammalian cells. In vitro experiments using
partially purified histone deacetylase showed that a low concentration of TPX irreversibly
inhibited deacetylation of acetylated histone molecules, in contrast to reversible inhibition
by TSA. The kinetic analysis indicates that TPX is classified as a “slow-binding inhibitor”.
TPX contains an unusual amino acid, 2-amino-8-oxo-9,10-epoxy-decanoic acid (AOE),
which may act as a lysine substrate mimic (Fig. 22.1). Since only the epoxy ketone group in
the AOE residue is a chemically reactive moiety, this moiety seemed likely to play a role in
forming a covalent bond between TPX and the enzyme molecule. This idea was supported
by chemical reduction of the epoxide group. The reduced TPX lost the inhibitory activity,
suggesting that TPX inactivates the histone deacetylase by binding the enzyme via its ep-
oxide group. TR303, a TSA-resistant cell line derived from FM3A, showed cross-resistance
to TPX. Thus, TPX is a new additional member of specific inhibitors of histone deacetylase.8

Several cyclic tetrapeptide antibiotics structurally related to TPX, chlamydocin,27 HC-toxin,28

Cyl-2,29 and WF-316130 have been isolated from cultures of fungal strains. All these cyclic
tetrapeptides have a similar reactive residue, in which the epoxy ketone was shown to be
essential for inhibiting histone deacetylase in TPX (Fig. 22.1). HC-toxin and chlamydocin
were actually found to inhibit histone deacetylase.31 It seems probable that several microor-
ganisms evolutionally acquired the ability to inhibit the plant or fungal histone deacetylases
in order to survive in their natural environment. The use of TPX in addition to TSA may be
extremely useful in investigating the role of histone acetylation in a variety of biological
systems.

Molecular Cloning of Histone Acetylating or Deacetylating Enzymes
Transcriptionally active or competent genes are preferentially localized in the acety-

lated chromatin domains.2,3 For example, early studies using Hg-agarose affinity chroma-
tography revealed that DNA sequences of transcriptionally active genes were copurified
with highly acetylated histones.32,33 Consistently, immunolabeling of metaphase chromo-
somes with antisera to acetylated H4 indicated that R-bands, the regions enriched in coding
DNA, were the most strongly labeled whereas heterochromatin, such as the inactive X chro-
mosome in female mammals or those regions of the autosomes adjacent to the centromeres,
were unlabeled.34 Genetic analysis using mutant strains of yeast Saccharomyces cerevisiae in
which individual lysines in the N-terminal region of histone H4 were substituted by other
amino acids demonstrated that substitution of 3 or 4 of the lysine residues inhibited the
induced expression of GAL1, PHO5, and CUP1 genes and lysine-16 was essential for silenc-
ing of the mating-type genes.35-37 All these observations support the intimate correlation
between transcriptional activity and increased histone H4 acetylation. Although it has long
been postulated that hyperacetylation of histones facilitates the accessibility of RNA poly-
merase and transcription factors to DNA, the mechanism of regulation of the enzyme ac-
tivities has been mostly unknown, since the genes encoding these enzymes had not been
cloned until recently.

The first cloning of a gene encoding histone acetyltransferase (HAT) was done by
Sternglanz and his colleagues using a yeast mutant defective in histone acetylation.38 How-
ever, the acetyltransferase named HAT1 was a cytoplasmic deposition-related
acetyltransferase that adds acetyl groups to newly formed histones. The nuclear HAT (type
A) and its gene were isolated by Brownell et al11 from the ciliated protozoan Tetrahymena in
1996. A search of databases for genes whose sequences resemble those of HAT A yielded an
unexpected result that HAT A turned out to be very similar to a yeast protein called GCN5.
GCN5 was known as an adaptor protein originally defined by genetic analysis as being re-
quired for the full activity of a subset of transcriptional activators such as GCN4. In fact,
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GCN5 was soon proved to act as a HAT acetylating histones H3 and H4. GCN5 is one
component of an adaptor complex including ADA2 and ADA3, and its HAT activity was
found to be essential for the in vivo transcriptional activation by GCN4.39 Since ADA2 and
mammalian p300/CBP share significant sequence similarity and GCN4 is believed to be a c-
Jun counterpart, the mammalian GCN5 homolog was assumed to interact with p300/CBP,
coactivators for several transcription factors including c-Jun. Nakatani and his colleagues12

isolated P/CAF as a p300/CBP-associated factor having HAT activity by looking for the
mammalian counterpart of GCN5. Actually, P/CAF showed significant homology with the
yeast GCN5 protein. Furthermore, p300 and CBP themselves were found to possess HAT
activity, which can acetylate all the core histone molecules.13,15 In addition, TAFII230/250, a
large subunit of the transcription factor complex TFIID, was also a HAT.14 These findings
imply that histone-acetylating enzymes are complexed with other proteins and recruited by
sequence-specific transcription factors to the promoter and/or enhancer regions, which is
directly involved in transcriptional “on” signals (Fig. 22.2).

Conversely, it has been believed that core histone deacetylation leads to transcriptional
repression. This hypothesis was found to be partly consistent with the observation that a
mammalian histone deacetylase, HDAC1, is related to the yeast RPD3 protein. HDAC1 was
isolated by Schreiber and his colleagues10 as a protein that binds the irreversible inhibitor,
TPX.8 HDAC1 was significantly similar to the yeast transcriptional regulator, RPD3, which
is required for full repression as well as full activation of gene expression. Two yeast HDAC
complexes were also isolated, one of which contained RPD3 and the other contained HDA1,
also related to RPD3.40 Search of the yeast genome database revealed at least three other
homologs, HOS1, HOS2 and HOS3, are present in yeast, although their enzymatic activity
was yet unidentified. These results suggest that HDAC genes constitute a gene family like
HAT genes. Mammalian HDAC also forms large protein complexes. The affinity-purified
HDAC1 was complexed with RbAp48,10 whereas HDAC2, also known as mRPD3, was iden-
tified as a binding protein for YY1, a sequence-specific DNA-binding protein that acts as
both a repressor and an activator (Yin and Yang).41 More recently, HDAC complexes were
found to be associated with several sequence-specific DNA binding repressors, such as
Mad:Max, Ume6 and nuclear receptors without ligands. The interaction of HDAC with
these sequence-specific transcriptional repressors was mediated by Sin3 and N-CoR/
SMRT.42-46 Inhibition of HDAC activity by TSA or TPX alleviated the transcriptional re-
pression directed by the DNA-bound repressors. Thus, HDAC can be recruited by the se-
quence-specific transcriptional repressors to promoters, which causes deacetylation of core
histones, leading to gene-specific or chromatin region-specific transcriptional repression
(Fig. 22.2).

Histone Acetylation and Gene Expression
The simple notion that histone acetylation and deacetylation is necessary for tran-

scriptional activation and repression, respectively, cannot explain several important experi-
ments. Immunolabeling of Drosophila polytene chromosomes with specific antibodies to
H4 acetylated at different sites demonstrated that the transcriptionally hyperactive X chro-
mosome related to dosage compensation in male larvae was greatly enriched in H4 acety-
lated at lysine-16 (H4Ac16), but not in H4 acetylated at other sites.47 In addition, while
transcriptionally active regions on the autosomes labeled weakly with antibodies to H4Ac16,
the male X chromosome was marked by relatively high levels of H4Ac16 in mitotic cells,
where transcriptional activity is minimal. These findings suggest that H4Ac16 is not a con-
sequence of transcriptional activity but a genetic mark for a chromosome that is to be hy-
peractive.4,47 In addition, a differential display analysis of cells treated with TSA exhibited
only 8 out of 340 genes were changed upon drug treatment, suggesting that most of
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endogenous genes are unaffected but a small number of genes are specifically induced de-
spite bulk histone hyperacetylation.48 Recently, the role of Rpd3 in position effect variega-
tion and telomeric silencing was genetically studied and the results were opposite to the
proposed model.49 Position effect variegation and telomeric silencing are thought to be a
consequence of localized transcriptional repression that occurs in the vicinity of hetero-
chromatin and negatively regulated by histone acetylation. However, the deletion of RPD3
in yeast caused a significant decrease in transcriptional activity near telomeres, although the
level of histone acetylation increased. Enhanced position effect variegation was also ob-
served in Drosophila rpd3 mutants, indicating that transcriptional repression was enhanced
by the increase in histone acetylation. These observations indicate that the relationship be-
tween histone acetylation and transcriptional silencing is much more complex than we
thought previously.

Histone Acetylation and Cancer
An initial clue to understanding the intimate relation between cancer and cell cycle

control was obtained from the observations that the viral oncogene products such as E1A

Fig. 22.2. Protein com-
plexes that acetylate or
deacetylate nucleosomal
histones. (A) The histone
acetyltransferase complex
was recruited by sequence-
specific transcription fac-
tors such as liganded nu-
clear receptors (RXR, TR)
to gene promoters. (B) The
histone deacetylase com-
plex containing corepres-
sors was recruited by se-
quence-specific transcrip-
tional repressors such as
unliganded nuclear recep-
tors (RXR, TR) to gene
promoters.
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and large T antigen are directly associated with pRb, the most important substrate for cyclin-
dependent kinases (CDK). There has been a similar situation in the research on histone
acetylation and cancer. The transcriptional coactivators, p300/CBP, are well known targets
for an adenoviral oncoprotein E1A. Recent studies clearly showed that p300/CBP possessed
HAT activity, as mentioned above. Another histone acetyltransferase P/CAF was also found
to be associated with p300/CBP. Both P/CAF and E1A bind to the same or to very closely
spaced sites on p300/CBP and compete in vitro, and the endogenous P/CAF-p300 complex
was disrupted by E1A in vivo. Furthermore, overexpression of P/CAF in cultured cells in-
hibited cell cycle progression and counteracted the activity of E1A.12 Thus, P/CAF, a HAT
related to GCN5, might act as a tumor suppressor.

Molecular analyses of human diseases have also suggested that changes in acetylation
may play a role in the uncontrolled cell growth of cancer. The Rubinstein-Taybi syndrome
(RTS) is a well-defined syndrome with facial abnormalities, broad thumbs, broad big toes
and mental retardation as the main clinical features. In addition, the high incidence of neo-
plasms as well as the formation of keloids, a hyperproliferative response of fibroblasts to
dermal injury, in RTS indicates the relevance of the susceptible gene of this disease to malig-
nancy. Many patients with RTS have been shown to have breakpoints in or deletions of
chromosome 16p13.3. Petrij et al50 identified the region of the breakpoints, where the CBP
gene was found to be mutated. Because the patients are heterozygous for the mutations, the
loss of one functional copy of the CBP gene underlies the abnormalities in RTS. One can
assume that the decrease in the gene dosage of CBP may cause insufficient histone acetyla-
tion in some specific chromatin regions and disturb correct gene expression, thereby pro-
moting tumor incidence. A certain type of acute myeloid leukemia provided another hint
for the link between histone acetylation and cancer. The recurrent translocation
t(8;16)(p11;p13) is a cytogenic hallmark for the M4/M5 subtype of acute myeloid leukemia.
Identification of the breakpoint-associated genes revealed that MOZ, a novel gene encoding
a putative acetyltransferase with zinc fingers, was fused to CBP, resulting in the combina-
tion of the putative acetyltransferase domain of MOZ with a largely intact CBP.51 SAS2, a
yeast homolog of MOZ, was identified as a gene involved in silencing at the HM loci in the
absence of SIR1.52 As described above, unacetylated acidic histone tails have a significant
role in silencing. For example, overproduction of SIR2 leads to decreased acetylation of
core histones, either directly or perhaps by inhibition of a HAT.53 SIR1 might act in the
recruitment or assembly of other silencing proteins such as SIR2 into inactive chromatin.
The sas2 and sir1 double mutant was defective in mating due to uncontrolled expression of
HM loci. Furthermore, the sas2 mutant showed loss of silencing of the telomere-proximal
URA3 gene.52 SAS2 and MOZ share extensive similarity and are homologous to known
acetyltransferases. Since the sas2 phenotypes were closely similar to those of nat1 and ard1
mutants defective in N-terminal acetyltransferase but not to those of hat1 mutants defec-
tive in HAT, it seems likely that SAS2/MOS may have N-terminal protein acetylation activi-
ties on substrates other than histones. If so, it seems possible to assume that the MOZ-CBP
chimera enhances silencing of the chromatin regions directed by the CBP portion and acts
as a dominant-negative regulator of chromatin structure and transcriptional regulation,
antagonizing the CBP action. Conversely, it is also possible that the extensive histone acety-
lation by recruiting the MOZ acetyltransferase to the chromatin domain causes unusually
high expression of growth-associated genes, if MOZ can acetylate histones. Identification of
the t(8;16) breakpoint genes also provides insight into other variant translocations such as
t(8;22)(p11;q13) that causes a similar monocytic leukemia. Presumably, MOZ is involved in
most of these recurrent translocations, whereas CBP can be replaced with analogous genes.
p300 is functionally similar to CBP and is also targeted by E1A. The p300 gene maps to



G Proteins, Cytoskeleton and Cancer334

22q13, which strongly suggests that t(8;22)(p11;q13) results in a MOZ-p300 fusion protein
that may act similarly to MOZ-CBP.

Potential Antitumor Activity of Histone Deacetylase Inhibitors
Several lines of evidence suggest that decreased histone acetylation in at least some

specific chromatin domains is involved in tumorigenesis. This hypothesis is partly consis-
tent with the effects of histone deacetylase inhibitors. The increase in histone acetylation in
chromatin by TSA or TPX induces arrest of the cell cycle in G1 and/or G2 in a variety of
normal and transformed cell lines. Since TR303 cells possessing a TSA-resistant HDAC are
resistant to TSA and TPX, cell cycle arrest may be due to histone hyperacetylation induced
by these agents.7 However, it is unclear how the induced hyperacetylation leads to such an
arrest. One explanation is that perturbation of transcriptional regulation by histone
hyperacetylation interferes with correct gene expression or activation of the cell cycle regu-
lators such as cyclins and Cdks.54 Alternatively, the G1 or G2 progression may be blocked by
the checkpoint control mechanism which detects the aberrant chromatin hyperacetylation
as one of the chromatin structural abnormalities like DNA damage.55 We have observed
that the level of p21WAF1, a potent CDK-inhibitory protein normally produced under the
control of p53,56 was highly enhanced by TSA treatment irrespective of the p53 state (un-
published results). The p21WAF1 induction is one of the possible reasons for the TSA-
induced cell cycle arrest (Fig. 22.3).

Sodium n-butyrate, a weak inhibitor of histone deacetylase, has hitherto been well
known to induce biochemical or morphological differentiation of several tumor cell lines.
Differentiation of MEL,57 neuroblastoma,58 and teratocarcinoma cells59 are effectively in-
duced by the exposure to butyrate at millimolar concentrations. The morphology of HeLa
cells is changed to that with neurite-like processes,60 and several oncogene-transformed
fibroblast cell lines are morphologically reverted to an apparently normal state in which the
actin stress fibers are restored.61,62 Since butyrate is formed naturally in the large intestine as
a bacterial fermentation product of fiber carbohydrate,63 it has been speculated that in-
creased intestinal butyrate levels may account for the decreased colon cancer incidence in
individuals with high-fiber diets.64-66 These observations suggest a link between histone acety-
lation and differentiation in vivo and in vitro. Recent studies using TSA have indicated that
similar phenotypic changes of MEL, F9, HeLa, and other transformed cells are induced by
TSA at the very low concentrations, and the effects are confined only to the (R)-isomer of
TSA.23,67,68 TSA was also reported as an inducer of morphological reversion of several trans-
formed cells, such as v-sis- and v-ras-transformed NIH3T3 fibroblasts and human carci-
noma cell lines.68-70 These findings demonstrate that hyperacetylation of chromatin by TSA
or TPX induces the transformed cells to revert to the apparently normal state showing dif-
ferentiated phenotypes.

Some proteins whose expression was stimulated by butyrate have been confirmed to be
enhanced by TSA. Histone H10, a member of the differentiation-associated histone H1 family,
is expressed in vertebrates when cells are committed to a large number of differentiation
programs71,72 or exposed to a high concentration of butyrate.73 Giardot et al74 have demon-
strated a striking correlation between the extent of histone acetylation and the induced
expression of H10 by TSA. The H10 promoter is highly sensitive to the state of bulk chroma-
tin acetylation and the increase in the proportion of mono-acetylated H4 is sufficient to
induce a higher level of expression. High H10 gene expression is observed in the wild-type
FM3A cells treated with 5 ng/ml TSA and in their derived TSA-resistant cells (TR303) with-
out TSA treatment, in which the level of the mono-acetylated histone H4 is already high
even in the absence of TSA. In contrast, such activation was not observed with the H1 or H4
gene promoter, despite sharing regulatory elements with H10. Similar specific induction of
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Fig. 22.3. Schematic representation of the biological activity of TSA and TPX.
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H10 gene expression by TSA or butyrate has been observed in Xenopus embryogenesis, but
no activation has occurred in Xenopus oocytes in which the acetylation level is insensitive to
TSA or butyrate.75 Thus, it seems likely that H10 gene expression is developmentally regu-
lated through histone acetylation control.

Recently, we identified gelsolin, a Ca2+-dependent actin filament severing and capping
protein,76 as one of the induced proteins in the TSA-treated human carcinoma cell lines.68

On the other hand, apparent increases in the other actin-binding proteins were not ob-
served during TSA treatment. Gelsolin, a protein which is highly conserved in vertebrates,
controls the length of actin filaments in vitro and the cell shape and motility in vivo by a
variety of mechanisms.77 Gelsolin expression also appears to be involved in cell differentia-
tion and neoplasia; gelsolin is produced in an undetectable amount in mouse embryonic
and immature myeloid cells but increasingly produced during cell differentiation.78,79 The
downregulation of gelsolin expression is observed in a variety of transformed cells and hu-
man invasive tumor cells.80,81 It has been reported that a drastic increase in the gelsolin level
is also observed during flat reversion of v-ras-transformed fibroblasts by butyrate treat-
ment.82 Furthermore, it was recently reported that overexpression of gelsolin causes tumor
cells to appear flatter, and the chromosomal alteration of 9q found in human bladder carci-
noma correlates with diminished expression of the gelsolin gene that is mapped onto chro-
mosome 9q33.83 Moreover, a mutation of gelsolin at His321 or overproduction of wild-type
gelsolin has been shown to induce morphological reversion and marked reduction of in
vitro colony-forming activity as well as in vivo tumor incidence.84 All of these observations
strongly suggest a suppressive potential of gelsolin against cancer. The induction of gelsolin
gene expression may be involved in morphological reversion depending on de novo protein
synthesis of several tumor and transformed cell lines by TSA or butyrate.

To determine whether the drug-induced gelsolin expression is associated with the
morphological changes of tumor cells, we injected the anti-human gelsolin antibody into
T24 human carcinoma cells prior to drug treatment and observed the effects on the cellular
morphology. T24 contains an activated Ras mutation. The antibody used was shown to
inhibit the actin severing activity of gelsolin.85 The TSA treatment dramatically caused the
cells to become flat, as is determined by phalloidin staining, and actin stress fibers became
prominent. The cells injected with the control IgG were also flat with stress fibers being
restored upon TSA treatment. However, approximately 80% of the cells injected with the
anti-gelsolin antibody exhibited a morphology similar to that of untreated cells, even when
they were treated with TSA. Similar results were obtained with radicicol, a Src kinase inhibi-
tor inducing morphological reversion of several transformed cells with enhanced gelsolin
expression.86 These results show that elevated expression of gelsolin is associated, at least in
part, with the suppression of transformation and the restoration of actin stress fibers in
human carcinoma cells by TSA (Fig. 22.3).

Clinical Possibility of Histone Deacetylase Inhibitors

Cancer Chemotherapy
The potent activity of TSA or TPX to induce cell cycle arrest and subsequent apoptotic

cell death suggests its potential usefulness in cancer chemotherapy. However, TSA and TPX
per se were not sufficiently effective in the experimental tumor models, probably due to
their instability. Recently, a promising antitumor agent was found to be a new HDAC in-
hibitor. FR901228 (Fig. 22.4) was isolated from Chromobacterium violaceum as an agent
inducing morphological reversion of H-ras-transformed NIH3T3 cells.87-89 FR901228 also
strongly inhibited proliferation of tumor cells in vitro by arresting cell cycle transition at G1
and G2. In addition, FR901228 was found to greatly induce transcription of the SV40 pro-
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moter-driven CAT reporter gene. Since TSA also activates the SV40 promoter,90 we exam-
ined whether FR901228 inhibits HDAC. FR901228 apparently induced the accumulation of
highly acetylated histones, characterized by decreases in the most rapid migration bands of
each histone species and appearance of additional slower ones like a ladder on the AUT gel.
In fact, FR901228 inhibited HDAC partially purified from cells in a dose-dependent man-
ner.91 Thus, FR901228, a cyclic depsipeptide lacking both AOE and a hydroxamate group, is
a novel inhibitor of HDAC, structurally distinct from known inhibitors, TSA, TPX, and
n-butyrate. One of the possible mechanisms of HDAC inhibition by FR901228 is that the
SH group produced by reducing the disulfide bond in the cell may serve as a reactive moiety
such as a hydroxamate of TSA or an epoxy ketone of TPX. In contrast to TSA or TPX,
FR901228 greatly suppressed the growth of transplanted mouse and human tumors in mice.89

Since the antitumor activity of FR901228 against xenografted human solid tumors was com-
parable to those of present antitumor drugs such as cisplatinum (CDDP) and mitomycin C,
the antitumor potential of FR901228 is further evaluated at the National Cancer Institute
(Bethesda, MD). FR901228 is now under clinical trials for cancer therapy. Identification of
FR901228 as an HDAC inhibitor with potent antitumor activity implies that HDAC is an
attractive target for cancer therapy and that the potential activity of TSA, TPX derivatives,
and short-chain fatty acids may be improved by chemical modification.

Differentiation Therapy
The ability of histone deacetylase inhibitors to induce differentiation or morphologi-

cal normalization indicates the possibility of their clinical use for patients of diseases in-
volving defective cellular differentiation. The embryonic, fetal and adult globin genes in the
human ∀-globin cluster are regulated in a stage-specific manner with the fetal-to-adult switch
occurring soon after birth.92 The pharmacologic elevation of fetal #-globin gene expression
is being explored as a treatment for patients suffering from ∀-globin deficiencies. One in-
ducer of fetal hemoglobin, hydroxyurea, has shown clinical efficacy for treatment of sickle
cell anemia,93 making it the first real treatment option for some patients. A separate group
of compounds currently under investigation in the clinic are short-chain fatty acids, includ-
ing n-butyrate. Since n-butyrate treatment increases levels of fetal hemoglobin in experi-
mental models and in humans,94 other histone deacetylase inhibitors are also expected to be

Fig. 22.4. Chemical structure of
FR901228, a new histone de-
acetylase inhibitor with potent
antitumor activity.
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effective, if the butyrate effect on #-globin gene expression is due to its inhibition of HDAC.
Recently, McCaffrey et al95 examined whether TSA, TPX and HC-toxin have similar ability
to induce fetal hemoglobin expression in erythroid cells. In both primary erythroid cell
cultures and in human erythroleukemia K562 cells, these compounds were found to induce
hemoglobin at the nanomolar concentrations. Despite their potency, the clinical use of all
of these agents may be limited by their cytotoxicity, which occurs at concentrations only
slightly higher than those required to detect hemoglobin induction. It is possible that spe-
cific changes in histone acetylation are required for transcriptional regulation of the #-globin
gene, while excessive or inappropriate acetylation leads to aberrant changes in chromatin
structure that can cause cells to arrest and undergo apoptosis. Therefore, it seems necessary
for differentiation therapy to induce domain-specific histone hyperacetylation which al-
lows selective upregulation of gene expression.

Gene Therapy
Retroviral and adeno-associated viral vectors are two widely used systems for stably

transferring genes into mammalian cells. Despite the highly efficient gene transfer by these
vectors, maintenance of high-level and long-term expression of the transgenes is generally
difficult. Inhibition or suppression of expression of the integrated transgenes was frequently
observed during culture. This transcriptional repression is probably due to alteration of the
chromatin structure similar to silencing. Recently, it was reported that the silenced, virally
transduced genes were reactivated upon treatment with TSA and n-butyrate.96 Since
5-azacytidine did not reactivate the transgenes, histone deacetylation but not DNA methy-
lation may have a role in silencing virally transduced genes. In addition, these inhibitors
were shown to amplify transgene expression by more than 100-fold in cells infected with
E1-defective adenoviruses. This amplification by TSA was not observed in TR303 cells in
which the HDAC is resistant to TSA, clearly indicating that increased histone acetylation is
responsible for the transgene amplification.97 These results imply that efficient viral gene
transfer followed by treatment of HDAC inhibitors to relieve transcriptional suppression
provides a powerful combination for treatment of various genetic and infectious diseases.

Conclusions and Perspectives
As a result of the impressive speed with which the HAT and HDAC genes have been

identified in the past few years, we now know their identities with transcriptional coactivators
and corepressors, respectively. Specific HDAC inhibitors TSA/TPX did play an important
role in this history, and perhaps will continue to do so. However, accumulating evidence has
suggested that each lysine residue on different core histone molecules has an independent
regulatory function in chromatin structure and gene expression.98,99 Therefore, the overall
inhibition of HDAC by the present inhibitors may not help to analyze the different func-
tional roles for acetylation of different histones and of different lysine residues on the same
histone. It is apparently important to discover or design different HDAC inhibitors which
specifically accumulate a specific acetylated lysine residue for dissecting the biological func-
tions of histone acetylation. In addition, we have not yet seen what happens if the cellular
HAT activity is inhibited, although a HAT has been shown to be involved in RTS and leuke-
mia. The inhibitors of HAT would also be extremely useful in understanding the relation-
ship between histone acetylation and cancer. These new inhibitors, in addition to FR901228,
a new HDAC inhibitor with potent antitumor activity that are currently under clinical in-
vestigation, will serve as novel drug candidates for therapy of human disease including cancer.
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CHAPTER 23

Bacterial Toxins
Controlling Rho-GTPases
Klaus Aktories

Introduction

Modification of GTP-binding proteins is a well-known mechanism by which bacterial
toxins attack eukaryotic cells. This applies to diphtheria toxin and Pseudomonas exo-

toxin A, which ADP-ribosylate elongation factor 2, and is also true for cholera toxin, the
related Escherichia coli heat labile toxins and pertussis toxin. These toxins are important
virulence factors and valuable tools in cell biology. Research from the last few years also
showed that small GTPases are specific targets for bacterial toxins. In particular Rho GTPases,
which are involved in the organization of the actin cytoskeleton and act as molecular switches
in various signaling pathways, are modified by various bacterial toxins. These toxins inacti-
vate Rho proteins by ADP-ribosylation (Clostridium botulinum C3 exoenzyme) or by
glucosylation (“large” clostridial cytotoxins). Moreover, it has been shown recently that Rho
proteins are also activated by bacterial toxins (e.g., CNF). In this chapter, these various bac-
terial protein toxins which act on Rho GTPases are briefly reviewed. Several more compre-
hensive reviews on C3-like exoenzymes1-6 and on large clostridial cytotoxins have been pub-
lished recently.7-11

Rho Family GTPases
At least 11 proteins belong to the family of mammalian Rho GTPases (a detailed de-

scription of the role and functions of Rho family proteins and their regulation is given
refs. 12-20). Best studied examples are RhoA, B, C, Rac 1, 2 and the two isoforms of Cdc42
(Cdc42Hs, G25K). Other members of the GTPase family are Rho D, E, G and TC10. Like
other monomeric G proteins, Rho proteins are regulated by a GTPase cycle which is con-
trolled by at least three groups of Rho-interacting proteins. Whereas the inactive, GDP-bound
form of Rho proteins is stabilized and retained in the cytosol by a group of GDP dissocia-
tion inhibitors (GDIs),21 activation of Rho proteins is induced by GDP dissociation stimu-
lators (GDSs).22 Finally, inactivation of the active GTP-bound Rho proteins is dramatically
accelerated by GTPase-activating proteins (GAPs).12

All three subgroups of Rho family proteins, Rho, Rac and Cdc42  are key players in the
receptor-mediated regulation of the actin cytoskeleton. Rho induces formation of stress
fibers and adhesion complexes, Rac is involved in lamellipodia formation23 and Cdc42 in-
duces microspikes.24 Moreover, it has been suggested that the GTPases govern actin poly-
merization in a hierarchical manner. Thus, Cdc42 activates Rac which is then capable of
activating Rho.24,25 Beside their roles in the organization of the actin cytoskeleton, Rho
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proteins act as molecular switches in various signal transduction processes including con-
trol of cell aggregation,26 integrin signaling,27,28 control of phosphatidylinositol-3-kinase,29

phosphatidylinositol-4-phosphate-5-kinase,30 phospholipase D.31-33 Rho family proteins are
implicated in endocytosis,34,35 in control of transcription,36 cell cycle progression,37

apoptosis38 and cell transformation.39 Furthermore, Rac is essential for control NADPH
oxidase in monocytes and neutrophils.40,41

Rho-ADP-Ribosylating Exoenzymes
During the last few years various bacterial ADP-ribosylating exoenzymes have been

described that modify Rho proteins. The prototype of this toxin family is Clostridium botu-
linum C3 ADP-ribosyltransferase (Fig. 23.1). C3 was serendipitously detected during screen-
ing for a higher producer strain of Clostridium botulinum C2 toxin, a toxin that ADP-
ribosylates actin.42,43 Consequently, the novel transferase was termed C3 to distinguish the
ADP-ribosyltransferases from Clostridium botulinum C2 toxin and from Clostridium botu-
linum neurotoxin C1.44,45 C3 is produced by various strains of Clostridium botulinum types
C and D. However, the exoenzymes from these strains are not entirely identical and show
some heterogeneity in their structure and activity representing a group of isoenzymes. Popoff
and co-workers cloned and sequenced a gene for C3 from strains D1873 and C468 coding
for a 251-amino acid protein with a molecular mass of 27,823. The mature transferase has
211 amino acids and a mass of 23,546.46 Narumiya and co-workers cloned the gene of C3
from strain C003-9 that encodes a protein of 244 amino acids with a mass of 27,362. The
mature protein has 204 amino acids (Mr 23,119).47 The two isoforms differ by about 40% in
their amino acid sequences. Beside the transferases produced by Clostridium botulinum,
several other bacterial exoenzymes have been described that ADP-ribosylate Rho selectively.
These are Clostridium limosum transferase,48 a transferase from Bacillus cereus49 and a trans-
ferase from Staphylococcus aureus that was called EDIN (epidermal differentiation inhibi-
tor).50,51 Whereas the exoenzyme from Clostridium limosum is closely related to C3 with
about 70% identity on the amino acid level, the mature EDIN transferase of 212 amino
acids shares only about 35% amino acid identity with C3. All C3-like transferases are basic
proteins (PI >9) with masses of 25,000-28,000.

Most toxins acting inside eukaryotic cells possess at least three functional domains
which are involved in the binding to the target cell, translocation of the toxin to the cytosol
and modification of the intracellular target. It appears that C3-like transferases do not pos-
sess binding and/or translocation domains or subunits. Most likely, these exoenzymes are
taken up by an nonspecific mechanism (pinocytosis). The cell accessibility of C3-like trans-
ferases is rather poor. Therefore, these transferases are introduced into cells by osmotic
shock, electropermeabilization, microinjection or by prolonged incubation (>1 day) in the
presence of high enzyme concentrations (>10 ∝g/ml).52-55 For unknown reason the cell ac-
cessibility of the various C3 isoforms differ and/or some cell types may be much more sen-
sitive towards C3.

C3 and the related C3-like transferases ADP-ribosylate RhoA, B and C with high speci-
ficity.56-58 Rac is a very poor substrate for C3 and is modified to a minor extent (5-10%) only
in the presence of detergent, and Cdc42 is not at all ADP-ribosylated.48 ADP-ribosylation of
Rho by all these C3-like transferases occurs at asparagine-41 of the GTPase.59 This amino
acid residue is located in or near the effector region of the GTPase. ADP-ribosylated Rho is
biologically inactive. However, the precise functional basis for this inactivation is not known.
Most likely, inhibition is not merely the consequence of sterical hindrance between modi-
fied Rho and effectors. For example, ADP-ribosylated Rho is still able to interact with pro-
tein kinase N (P. Sehr et al, unpublished observations). It is feasible that ADP-ribosylation
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blocks the activation of the effectors by Rho but not the physical interaction or, alterna-
tively, a sequestration of Rho GDSs/GEFs occurs.

The effects of C3 are best studied in fibroblasts (3T3 cells).55 In these cells, C3 induces
rounding up and destruction of the microfilament network especially of stress fibers.60 Be-
cause C3 is highly specific for Rho, the transferase was recognized as an important cell
biological tool to study the role of Rho not only in regulation of the actin cytoskeleton but
also in other signal processes (Fig. 23.2).1,61

“Large” Clostridial Cytotoxins
Recently, it has been shown that Rho family proteins are glucosylated by the family of

large clostridial cytotoxins. Members of this toxin family are Clostridium difficile toxin A
and B, the lethal and the hemorrhagic toxins of Clostridium sordellii, and the !-toxin of
Clostridium novyi.

Clostridium Difficile Toxins A and B
Clostridium difficile toxins A and B are important pathogenic factors of the antibiotic-

associated diarrhea and colitis.62 It has been suggested that toxin-producing strains of
Clostridium difficile are implicated in about 20% of cases with antibiotic-associated diarrhea
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Fig. 23.1. Modification of Rho family proteins by bacterial toxins. (1) Clostridium botulinum
exoenzyme C3 and C3-like transferases ADP-ribosylate RhoA, B and C at asparagine-41 by using
NAD+ as a cosubstrate. (2) Clostridium difficile Toxin A and B and the hemorrhagic toxin from
Clostridium sordellii glucosylate Rho, Rac and Cdc42 at threonine-37 (Rho) or threonine-35 (Rac
and Cdc42 ) by using UDP-glucose as a cosubstrate. The lethal toxin from Clostridium sordellii
glucosylate Rac and Cdc42 (dependent on the toxin isoforms) and also Ras family proteins (Ras,
Rap, Ral). (3) The !-toxin of Clostridium novyi catalyzes the O-GlucN-acetylation of Rho sub-
family members. (4) The cytotoxic-necrotizing factors CNF1 and 2 from Escherichia coli and the
dermonecrotic toxin DNT from Bordetella ssp. deamidate glutamine-63 of Rho (glutamine-61 of
Cdc42).
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and are responsible for most, if not all, cases of the pseudomembranous colitis, which is a
severe complication of antibiotic therapy.63

Clostridium difficile toxins A and B are large single-chain peptide toxins of about 308
and 270 kDa, respectively.64 Both toxins are about 50% identical on the amino acid level
and exhibit a similar primary structure which is shared by all large clostridial toxins.64,65

The C-terminal part of the toxins is comprised of oligopeptide repeats, which are suggested
to be important for cell surface binding. The N-terminal part of the toxin harbors the toxin
activity and, in between, is a rather small hydrophobic part located that might be involved
in membrane translocation.64 The biological activities of both toxins differ in animal mod-
els. Toxin A is enterotoxic and causes tissue damage and permeability changes with fluid
accumulation in rabbit ileal and colonic loops which are followed or accompanied by a
neutrophilic inflammatory response, epithelial cell necrosis and ulceration with hemor-
rhagic edema.66,67 Under same conditions, toxin B shows no overt enterotoxicity.66,67 How-
ever, when toxin B was given with small amounts of toxin A, animals died suggesting that
both toxins act synergistically.68 Notably, it was shown recently that toxin B is potently
enterotoxic in human intestine preparations.69 Most likely, these discrepancies are caused
by binding of toxins to different cell receptors. Both toxins are cytotoxic in cell culture.
However, toxin B is at least 1000-fold more potent than toxin A. Therefore, toxin B was
termed cytotoxin and toxin A enterotoxin.70,71 Given intravenously, both toxins are lethal at
the same dose (minimal toxic dose 50 ng in mice, intraperitoneal injection).11

It has been known for some time that Clostridium difficile toxins selectively affect the
actin cytoskeleton and much less the microtubule system.72 The cell morphological changes
induced by the toxins are characterized by destruction of the cytoskeleton and rounding up
of cells with dramatic retraction of the cell body.72,73 Often network-like or neurite-like
processes remain. At an early stage, these morphological changes are quite similar to changes
induced by C3-like transferases. These observations led to the suggestion that Rho proteins
are also the target of Clostridium difficile toxins. This hypothesis was further strengthened
by the findings that pretreatment of Chinese hamster ovary (CHO) cells by Clostridium
difficile toxin B inhibits subsequent ADP-ribosylation of Rho by C3. Moreover, the decrease
in the ability of Rho to serve as a substrate for ADP-ribosylation was shown to precede
Clostridium difficile toxin-induced morphological changes, suggesting a cause and effect
relationship between these events.74 Inhibition of the C3-catalyzed ADP-ribosylation of Rho
proteins by toxin A and B was also observed in a cell-free system, but this effect was strictly
dependent on the presence of a cytosolic factor (see below). Gel electrophoresis studies
demonstrated that Rho proteins treated with Clostridium difficile toxin migrated more slowly
on nondenaturing gels compared to control Rho.74-77 Altogether, these data suggested that
Clostridium difficile toxins induce a covalent modification of Rho that depends on a low Mr

molecule as a cosubstrate.78,79 By means of electrospray-mass-spectrometry it was demon-
strated that toxin B78 as well as toxin A79 increase the molecular mass of recombinant Rho
exactly by 162 Da, consistent with the incorporation of hexose into this small G protein
(Fig. 23.1). Further studies identified UDP-glucose as the essential cosubstrate involved in
the modification of Rho proteins by toxins A and B. In contrast to the C3-like transferases
that ADP-ribosylate only RhoA, B and C, the Clostridium difficile toxins glucosylate all mem-
bers of the Rho subfamily, i.e., Rho, Rac and Cdc42. However, other monomeric proteins,
including Ras, Rab, Arf or Ran or heterotrimeric G proteins, are not modified by these
toxins. One mol of glucose per mol of GTPase is incorporated by the Clostridium difficile
toxins indicating a monoglucosylation reaction. In addition to the glucosyltransferase ac-
tivity, the Clostridium difficile toxins also possess UDP-glucose hydrolase activity, i.e., in
the absence of a protein substrate, they cleave UDP-glucose into UDP and glucose. How-
ever, the hydrolase activity is 10-to 100-fold lower than the glucosyltransferase activity. This
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is similar to the ratio of NAD glycohydrolase activity to ADP-ribosyltransferase activity that
has been reported for the ADP-ribosylating toxins, e.g., C3 transferases.49

Using massspectrometric techniques and site-directed mutagenesis the threonine-37
residue of Rho was identified as the amino acid acceptor for glucosylation by toxins A and
B.78,79 This threonine residue is highly conserved in the effector domain of all monomeric G
proteins.80,81 Threonine-37 is located in the effector region of Rho where coupling with the
effector protein takes place. Thus, glucosylation of Rho GTPases at threonine-37/35 inhib-
its the interaction with their effectors (Fig. 23.2).

Threonine-37 in Rho (equivalent to Thr-35 in Ras, Rac and Cdc42) is involved in the
binding of the nucleotide (GDP/GTP) through coordination of the magnesium cation. This
region adjacent to this crucial threonine residue undergoes major conformational changes
upon activation (switch-I region).82,83 In the active GTP-bound form, the threonine residue
coordinates the Mg2+ ion and might participate in the binding of the #-phosphate of the
nucleotide. In the inactive GDP-bound form, the side chain of the threonine residue is di-
rected to the solvent and no longer available for interaction with the cation. Therefore, the
GDP-bound form is a superior substrate for glucosylation compared to the GTP-bound
form. This explains why the GTP#S-bound form of Rho is not glucosylated by the toxins,78

whereas the toxins are able to incorporate about 1 mol of glucose per mol GTPase into the
GDP-bound form.79

Other “Large” Clostridial Cytotoxins
The hemorrhagic and lethal toxins from Clostridium sordellii and the !-toxin from

Clostridium novyi are further members of the family of large clostridial toxins. These toxins
are implicated to play pathogenic roles in gas gangrene syndromes. Moreover, Clostridium
sordellii toxins are thought to be responsible for induction of diarrhea and enterotoxemia in
sheep and cattle. The toxins are structurally and functionally related to Clostridium difficile
toxins. Studies on the enzymatic activities of these toxins showed that they are also
glucosyltransferases that modify small GTPases. Whereas the hemorrhagic toxin from
Clostridium sordellii shares the cosubstrate and substrate specificity with Clostridium difficile
toxins, !-toxin from Clostridium novyi and the lethal toxin from Clostridium sordellii ex-
hibit interesting differences in substrate and cosubstrate specificity when compared with
toxin A and B. Clostridium novyi !-toxin uses UDP-N-acetylglucosamine (UDP-GlcNAc)
as cosubstrate but not UDP-glucose (Fig. 23.1).84 Because !-toxin treatment of Rho inhib-
ited subsequent ADP-ribosylation by Clostridium difficile toxins, it is suggested that the G
protein is modified at the same acceptor amino acid as found for Clostridium difficile toxins.
In line with this notion is the finding that the Thr37Ala mutation of Rho is not substrate for
!-toxin. The protein substrates (all Rho family proteins) are also identical. Using
galactosyltransferase which modifies only GlcNAc-bearing proteins, it was shown that
O-GlcN-acylation by !-toxin occurs also in intact cells.84 In this respect, it is worth noting
that endogenous, reversible mono-O-GlcN-acylation of eukaryotic cytosolic proteins has
been described recently.85,86

Lethal toxin from Clostridium sordellii that is 90% similar to Clostridium difficile toxin
B also uses UDP-glucose as a cosubstrate; however, this toxin differs in its protein substrate
specificity.87,88 Clostridium sordellii lethal toxin glucosylates Rac but not Rho. The ability to
modify Cdc42 varies between toxins from various strains. Most interestingly, the lethal toxin
glucosylates also Ras family proteins including Ras, Rap and Ral. To test whether Ras pro-
teins are substrates in intact cells, the influence of Clostridium sordellii lethal toxin on the
Ras signal pathway was studied. Ras, which is activated via growth factor receptors (recep-
tor tyrosine kinases), interacts and activates RAF kinase which subsequently activates the
MAP kinase cascade by phosphorylation.89,90 When serum-starved cells were treated with
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Clostridium sordellii lethal toxin, addition of epidermal growth factor did not increase MAP
kinase (ERK) activity indicating inhibition of Ras and blockage of the signaling pathway
downstream of Ras.87 It is known for some time that the morphology of the cytotoxic ef-
fects of lethal toxin differ from those induced by Clostridium difficile toxins A and B.91 Thus,
most likely the different protein substrate specificity of Clostridium sordellii lethal toxin is
responsible for the different morphological changes induced by this toxin compared to
Clostridium difficile toxins.

Toxins Activating Rho Proteins

Cytotoxic Necrotizing Factors
The cytotoxic necrotizing factors CNF1 and CNF2 which are produced by various patho-

genic Escherichia coli strains cause multinucleation in culture cells92-94 and induce necrosis
in rabbit skin when injected intradermally.95,96 CNF is thought to be important for Escheri-
chia coli pathogenicity and is found in up to 20% of Escherichia coli strains isolated from
diarrhea and up to 50% of strains isolated from extraintestinal infections.97 These protein
toxins are 115 kDa proteins of 85% identity and 99% similarity.98 At the carboxy-terminal
end which is suggested to harbor the enzyme activity, the toxins show significant homology
with the dermonecrotic toxin (DNT) from Bordetella bronchiseptica.99 Moreover, the amino-
terminus exhibits about 27% identity (80% conserved residues) with the amino acid se-
quence of Pasteurella multocida toxin.99 Because it was observed that CNFs induce massive
reorganization of the actin cytoskeleton by actin polymerization and increase the F-actin
content of cells, it was suggested that the toxins affect Rho proteins, a hypothesis that was
corroborated by the findings that the toxins induce changes in the migration of Rho on
SDS-PAGE.95,96 Very recently, the molecular mechanism by which CNF affects Rho has been
elucidated. Schmidt and co-workers observed that treatment of RhoA in the presence of
CNF1 causes inhibition of the intrinsic GTPase activity and blocks the stimulation of GTP
hydrolysis by p50 Rho-GAP. Mass spectrometric analysis showed that CNF induced the
increase in mass of the Rho peptide covering amino acids Gln52 through Arg68 exactly by
1 Da. Sequencing of this peptide revealed that a glutamine residue in position 63 was changed
to glutamic acid. Thus, CNF1 causes a deamidation of Gln63 of RhoA resulting in a mutant
Gln63Glu RhoA protein (Fig. 23.1).100,101 Gln63 of Rho is essential for GTPase activity of
the G protein. Therefore, deamidation of this amino acid residue inhibits basal and GAP-
stimulated GTPase activity and, thereby, turns Rho into a dominant active protein (Fig. 23.2).
Data available suggest also that other Rho family proteins (e.g., Cdc42) are substrates for
deamidation by CNF1.100 Thus activation of various Rho family proteins may be involved
in formation of the CNF1-induced phenotype, which cannot be explained only by activa-
tion of RhoA.

Dermonecrotic Toxin
Various Bordetella species produce dermonecrotic toxins (DNTs) that show similar bio-

logical and immunological properties.99,102,103 DNT is a heat-labile protein toxin of 154 kDa
that causes dermonecrotic lesions when injected intradermally and is lethal after i.v. injec-
tion. DNT is thought to be a virulence factor for porcine atrophic rhinitis. The genes for
DNT from Bordetella bronchiseptica and Bordetella pertussis are 99% identical and show
significant similarity to the cytotoxic necrotizing factors (CNFs) from Escherichia coli.103

The toxin stimulates DNA synthesis but inhibits cell division leading to multinucleated cells.
DNT stimulates actin filament assembly and formation of focal adhesions as reported for
CNFs. In fact, DNT treatment causes changes in the migration of Rho on SDS-PAGE and
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recent studies indicate that DNT also modifies Rho by deamidation (Horiguchi et al, per-
sonal communication).

Conclusions
Rho GTPases are molecular switches in diverse signal processes. Therefore, these key

regulators are perfect targets for bacterial toxins that inactivate proteins by ADP-ribosylation
or monoglucosylation. Moreover, recent studies have shown that toxins also act on Rho
family proteins by persistently activating these molecular switches. The bacterial toxins are
not only important as virulence factors. They are also widely used as cell biological tools.
Thus, the availability of C3 was most important in the rapid elucidation of the functional
role of Rho. In comparison with C3-like transferases, the cell accessibility of large clostridial
cytotoxins is much better, a fact that facilitates usage as a biological tool. However, this
advantage is counterbalanced by the broader protein substrate specificity.

Rho family modifying toxins may have potential relevance as therapeutic agents be-
cause the GTPases they modify are essential for transformation of cells39,104,105 and/or for
control of invasiveness of tumor cells.106-108 Moreover, the findings that the lethal toxin of
Clostridium sordellii inactivates oncogenic Ras mutants found in a large number of tumors
may have implications for future therapeutic usage of the toxin to inhibit cell transforma-
tion, metastasis and invasiveness of tumor cells.

Fig. 23.2. GDP exchange factors (GEF) activate Rho-GTPases. Activation is blocked by GDP dis-
sociation inhibitors (GDI). GTPase activating proteins (GAP) terminate the active state of Rho
family proteins by stimulation of GTP hydrolysis. Rho are molecular switches in diverse signal
processes (box). Clostridium botulinum ADP-ribosyltransferase C3 and the large clostridial cyto-
toxins (ToxA, B) inactivate Rho GTPases. The cytotoxic-necrotizing factors CNF from Escheri-
chia coli deamidate Rho at glutamine-63 thereby activating the Rho.
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CHAPTER 24

Antisense Oligonucleotides Against Ras
Brett P. Monia

Introduction

Novel experimental approaches for determining the biological functions of cellular gene
products has always been, and remains, one of the most intriguing and controversial

subjects in molecular biology. Although significant progress has been achieved in the iden-
tification of new genes that are associated with specific diseases, progress has generally been
slow in determining the function of these genes in biological processes.

This is largely due to the difficulties associated with identifying relevant methods for
determining gene function that offer acceptable specificity and do so in a time- and cost-
effective manner. Furthermore, when success has been achieved in demonstrating an essen-
tial role for a particular gene product in a disease process, the emergence of novel therapies
that target the gene product and effectively treat the disease have been slow. This is largely
due to the fact that most molecular or pharmacological approaches that are useful for deter-
mining gene function in preclinical models are not suitable as pharmaceutical agents for
humans.

The need for novel methods to determine the function of specific gene products is
probably best exemplified in the field of signal transduction research. Virtually all diseases
can be traced in some way to a defect in cell signaling. The number of regulatory proteins
that have been shown or are believed to participate in the transduction of signals from the
external environment into and through cells, resulting in cellular responses, are growing at
an unprecedented rate. Virtually every signal transduction protein that has been identified
to date is just one member of a much larger multigene family that contains multiple isoforms
that possess similar but distinct cell signaling functions. The complexities of signal trans-
duction pathways are even further complicated by the fairly recent discovery that individual
signaling pathways, once thought of as having unique and exclusive functions in cells, often
overlap and “cross-talk” with other pathways, resulting in modulation or redundancy of cell
signaling. Thus, due to the rate of discovery of new gene products involved in signal trans-
duction, and the fact that cell signaling proteins are commonly structurally homologous at
the amino acid level, the need for novel approaches to rapidly and selectively discriminate
between highly related gene family members and inhibit the activity of those gene products
to assess biological function is great.

In this overview, I will attempt to summarize the advantages and disadvantages of us-
ing antisense oligonucleotide technology as a tool to determine the function of signal trans-
duction proteins and as a novel class of pharmacological agents for treating human disease.
Examples in which antisense approaches have been successfully utilized to address cell sig-
naling mechanisms will be addressed. However, the review will focus primarily on the progress
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that has been made using antisense oligonucleotides to target specific members of the ras
multigene family.

Antisense Approaches to Study Signal Transduction Pathways
Antisense oligonucleotides represent a new paradigm for the discovery of potent and

specific drugs with fewer undesired side effects. The antisense concept derives from an un-
derstanding of nucleic acid structure and function and depends on Watson-Crick hybrid-
ization mechanisms.1 Unlike traditional pharmacological approaches that attempt to iden-
tify inhibitors of gene product function by targeting proteins, antisense oligonucleotides
are designed to specifically modulate the information transfer of a particular gene into pro-
tein by hybridizing with and disrupting the function of pre-mRNA and mRNA, thereby
preventing the mRNA from being translated (Fig. 24.1).

A number of mechanisms have been demonstrated by which antisense oligonucleotides
exert their inhibitory effects on mRNA function. These include inhibition of splicing, inhi-
bition of protein translation, and most commonly, destruction of steady-state mRNA levels
through the utilization of RNase H enzymes in cells.2-7 The exact mechanism by which a
particular antisense oligonucleotide acts is usually dependent on the chemical composition
of the oligonucleotide and the hybridization site within the target mRNA.2-7 Since antisense
oligonucleotides display extremely high affinity and selectivity for their RNA targets, these
compounds have the potential to be far better drugs than classical, small molecular weight
chemicals that bind to proteins with relatively low affinity and selectivity. Since virtually
every step within cell signaling cascades is governed, not by a single protein with a unique
structure, but instead, by a family of highly homologous proteins encoded by multigene
families, the specificity that antisense offers to selectively inhibit the expression of highly-
related regulatory proteins is an extremely valuable approach to determine the detailed
mechanisms of signal transduction processes. Despite the fact that this technology is rela-
tively new, it has already been successfully exploited to address cell signaling mechanisms
involving a number of gene families within a variety of signal transduction pathways. Some
of these studies are listed in Table 24.1 for reference.

Advantages of Antisense Approaches
Specificity and simplicity are two of the major advantages of the antisense approach

for the discovery of novel inhibitors of protein expression. Since antisense oligonucleotides
act by targeting virtually any region (including nontranslated sequences) within a pre-mRNA
or mRNA, and due to the degeneracy of the genetic code, it is relatively easy to design an
antisense compound that specifically inhibits a member of a multigene family.2-7,29 Further-
more, the synthesis of virtually any class or type of protein can be inhibited through an
antisense approach. This includes proteins that are fairly easy to approach using traditional
methods (e.g., enzymes and receptors) as well as proteins that are very difficult to obtain
inhibitors against (e.g., adaptor proteins, structural proteins). Traditional approaches that
design inhibitors to bind to enzyme active sites (e.g., low molecular weight chemicals) or
mimic natural ligands for receptors (e.g., dominant negative mutants, peptide antagonists)
often fail to demonstrate the desired level of specificity due to the similarity of protein
structure amongst different family members, and sometimes nonfamily members. Thus,
pharmacological targeting of specific members of multigene families is a logical approach
for the utilization of antisense technology. Moreover, with little more than a partial gene
sequence, the practitioner of antisense drug discovery can rapidly design, synthesize, and
test a series of compounds in cell culture and determine if the target gene is specifically
inhibited. A compound thus identified can then be tested in the relevant biological assays to
determine the functional consequences of inhibiting the target gene product. The length of
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time and the resources required to identify a lead compound by the antisense paradigm is
much less than by any other drug discovery method.

The third major advantage of antisense technology is the ability to directly utilize the
antisense compound that was selected from cell culture studies in animal models and, ulti-
mately, in humans. Although significant progress has been achieved in the identification of
gene products implicated as casual factors in the onset or maintenance of human diseases,
the emergence of novel therapies that specifically reverse the effects of these gene products
has generally been slow. However, several publications have recently documented that
antisense oligonucleotides identified in cellular based assays as inhibitors of gene expres-
sion are also effective in animal models of cancer and other diseases in a manner that is
highly consistent with an in vivo antisense mechanism of action.2,9-38 These results indicate
that antisense technology has considerable potential both as a tool for the functional valida-
tion of specific molecular targets as well as a novel therapeutic approach for the treatment
of human disease in the clinic.

Disadvantages of Antisense Approaches
All molecular and pharmacological approaches for determining the function of gene

products in biological processes possess certain properties that may limit or prevent their
utility as molecular probes under certain conditions. Despite the fact that antisense tech-
nology offers a variety of beneficial properties that make them very attractive as tools for
determining gene function relative to more traditional approaches, they do possess certain
limitations. The first, and probably greatest, limitation to the antisense approach is inherent
to its mechanism of action. Since antisense inhibitors target RNA and not protein, biologi-
cal consequences resulting from inhibition of a particular gene product is dependent on the
normal decay rate (i.e., half-life) of the encoded protein product. In most cases, this is not a
significant concern in that the majority of proteins in cells possess a normal half-life on the
order of a few minutes (e.g., cell cycle proteins) to a day (e.g., ras proteins). However, some
proteins are very long-lived and may require up to several days to sufficiently reduce steady-
state levels of a particular protein product. An example of this is protein kinase C-!.39

Fig. 24.1. Mechanism of action of antisense oligonucleotides. Antisense oligonucleotides selec-
tively inhibit the synthesis of proteins by hybridizing with a target RNA transcript.
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Obviously, being forced to wait for such extended periods may have certain practical limita-
tions and may impact the biological responses observed as a result of inhibiting gene ex-
pression. Thus, the most attractive antisense targets for determining gene function are those
that are either inducible or encode proteins with short to moderate half-lives.

One additional limitation to antisense technology that is inherent to its mechanism of
action is the potential inability to inhibit gene function for proteins that are regulated post-
translationally. Obviously, if a cell regulates the steady-state levels of a particular protein
product by adjusting its protein half-life relative to mRNA production, approaches that
inhibit RNA production may be unable to effectively reduce steady-state protein levels. Al-
though this is a purely theoretical concept at present, it demonstrates the importance of
considering the possible mechanisms by which cells may compensate post-translationally
upon inhibition of mRNA function.

In addition to the inherent limitations of the antisense approach that are described
above, one must also realize that certain other limitations may exist when using this ap-
proach to determine gene function. The first generation of antisense analogs to be broadly
examined for their properties as drugs are the phosphorothioates, where one of the
nonbridging phosphoryl oxygens of DNA is substituted with a sulfur. This relatively simple
modification results in dramatic improvements in nuclease stability and in the in vitro and
in vivo pharmacokinetics.33,40 However, phosphorothioates have been reported to possess
certain nonspecific effects on protein function under certain conditions.3,6,41,42 To circum-
vent these problems, newer oligonucleotide modifications have been identified that reduce
or eliminate the nonspecific activities associated with phosphorothioates.42 Typically, this is
accomplished using chemistries that leave the natural phospodiester DNA backbone intact
while modifying the 2' sugar position, rendering a molecule with increased affinity for RNA
and sufficient stability against nucleases. Thus, when possible, it is prudent to utilize newer
oligonucleotide chemistries that display a level of specificity that is even greater than that of
phosphorothioates.

Finally, one must realize that the selection of the optimal antisense sequence for inhib-
iting a particular mRNA requires a fairly empirical approach in which a series of oligo-
nucleotides are evaluated for inhibition of target gene expression.3,6,29 This restriction is due
to the inability to predict the optimal hybridization sites within a pre-mRNA sequence which,
in turn, is probably due to our inability to accurately predict RNA structure in cells. Thus,
the practical aspects of synthesizing and testing a series of oligonucleotides should be con-
sidered prior to embarking on an antisense approach against a particular molecular target.

Antisense Approaches to Study G-Protein Function
G-proteins represent a highly diverse group of proteins that are critical for the regula-

tion and flow of information from external stimuli to final destinations within the cell.
G-proteins function at critical checkpoints along complex signaling cascades, receiving in-
formation from multiple sources and transmitting the information to a variety of effectors.
The proper functioning of cells and tissues relies on the fidelity of these signaling cascades.
It is widely recognized that many diseases result from a malfunctioning of G-protein regu-
lated cell signaling pathways, including diseases of inflammation, the cardiovascular system
and cancer. Therefore, experimental approaches that can determine the roles that individual
G-proteins play in normal and diseased conditions are in high demand and novel therapeu-
tic approaches against G-proteins will be extremely valuable for the treatment of a wide
range of human diseases.

Although large in number and diverse in nature, G-proteins can be categorized into
distinct groupings based on structural and functional similarities.43,44 At the most superfi-
cial level, G-proteins can be classified into two groups. High molecular weight or
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heterotrimeric G-proteins, consisting of three subunits termed !, ∀ and #, and low molecu-
lar weight, monomeric G-proteins. Based on functional and structural similarities, G-pro-
teins can be further subdivided into four broad categories, (a) translation factors, (b)
heterotrimeric G-proteins involved in transmembrane receptor signaling, (c) ras and ras-
like proteins, and (d) tubulins. Each of these in turn can be further subdivided based on
structure and function.

Antisense oligonucleotide approaches have been utilized for determining the function
of different G-protein isoforms under normal and diseased conditions for heterotrimeric
G-proteins and for ras G-proteins. Antisense approaches against heterotrimeric G-proteins
have been used to successfully inhibit the expression of multiple isoforms of all three
heterotrimeric subunits (!, ∀, #), and these studies have led to important insights into the
function of these isoforms in a wide variety of cell signaling processes including ion channel
gating, phospholipase activation, and regulation of intracellular kinase activity. This subject
has been the topic of a very recent and extensive review, and therefore, will not be addressed
further here (For a review see ref. 45). This review will summarize the progress that has
been made in the application of antisense oligonucleotide technology for the study of the
ras multigene family and as a novel therapeutic approach for targeting the ras oncogene for
the treatment of human cancer.

Antisense as a Novel Anticancer Approach Against Ras
The discovery of viral oncogenes in the mid 1960s was a major breakthrough in under-

standing the molecular origins of cancer and led directly to the identification of the first
human oncogene, ras, in 1982 (For a review see ref. 46). Since then, ras has been the focus of
intense research that has resulted in the discovery of multiple ras isoforms and the elucida-
tion of the mechanisms by which ras proteins function in normal cells and promote malig-
nancy in cancer. However, despite intense research on ras since 1982, very few anticancer
drugs that are known to act by inhibiting ras function have entered the clinic for the treat-
ment of human cancer. Furthermore, very little information has been generated on the
cellular functions of different ras isoforms in cells. The latter point is due mostly to the
difficulties associated with generating isoform-specific inhibitors using traditional ap-
proaches.

Three different ras genes (Ki-ras, Ha-ras, and N-ras) have been identified and charac-
terized in mammalian tissues. Ras genes can acquire transforming potential through a num-
ber of mechanisms, the best characterized being the acquisition of single base point muta-
tions in their coding regions that result in amino acid substitutions in critical GTP regulatory
domains of the protein. These mutations abrogate the normal function of ras, thereby con-
verting a normally regulated cell protein to one that is constitutively active. Such deregula-
tion of normal ras protein function is believed to contribute to the transforming activity of
ras gene products. For reviews see refs. 46-49.

Discovery of Ras Antisense Inhibitors
We have focused our attention initially on the discovery of antisense inhibitors against

the human Ha-ras and Ki-ras isoforms. To identify antisense oligonucleotides capable of
inhibiting expression of these isoforms, a series of phosphorothioate oligodeoxynucleotides
were designed and tested for inhibition of the appropriate ras isotype.33 In both cases, oligo-
nucleotides 15 to 20 bases in length were targeted to mRNA sequences comprising the
5'-untranslated regions, coding regions (including codons 12 and 61), and the 3' untranslated
regions. Two cell lines were chosen for these studies: the T24 bladder carcinoma cell line,
which expresses a mutation-bearing Ha-ras mRNA (codon-12, GGC ∃ GTC), and the SW480
colon carcinoma cell line, which expresses a mutant Ki-ras mRNA (codon-12,
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GGT∃GTT).50,51 Cells were treated with oligonucleotides at a concentration of 200 nM in
the presence of cationic lipid to enhance cell uptake efficiency in vitro.52 Inhibition of Ha-
ras and Ki-ras mRNA expression was observed for only a subset of the oligonucleotides that
were tested (Fig. 24.2). The degree of inhibition of the two different ras gene products var-
ied depending on the mRNA target site and the particular ras message. For example, the
5'-untranslated region, including the AUG site of Ha-ras mRNA, was very sensitive to inhi-
bition with antisense oligonucleotides, whereas oligonucleotides targeted to the
3'-untranslated region of this message were without effect. In contrast, oligonucleotides
targeted to the AUG site of Ki-ras mRNA were poor inhibitors of Ki-ras expression whereas
the 5'-untranslated region was very sensitive to antisense activity. Interestingly, for both
target mRNAs, oligonucleotides designed to hybridize with codons 12 or 61 were effective
in inhibiting expression of the respective mRNA targets, suggesting that mutant-specific
inhibition of ras mRNA expression is feasible. In subsequent studies, we have taken a similar
approach for the discovery of antisense inhibitors against the human N-ras isoform
(L. Cowsert, unpublished results). In these experiments, we have found that the most effec-
tive antisense inhibitors against N-ras were targeted to the 3'untranslated region of the N-ras
mRNA.

In addition to measuring the effects of antisense oligonucleotides on ras mRNA levels,
we have also demonstrated that these compounds are effective inhibitors of ras protein syn-
thesis and reduce steady-state levels of ras protein in cells.8,57 As expected based on the pre-
dicted half-life of ras proteins in cells,44 a 50% reduction of steady-state ras protein levels
following initiation of oligonucleotide treatment requires a period of time between 12 and
20 hours. These results are remarkably consistent from cell type to cell type.

Specificity of Ras Antisense Inhibition
The structures of the three ras isotypes (Ha-ras, Ki-ras, and N-ras) at the protein level

are virtually identical throughout the protein, except for a short region at the carboxy ter-
minus.44 Thus, protein targeting drugs which can selectively target different ras isozymes
without affecting the function of other G-proteins have not been described. However, be-
cause of the redundancy of the genetic code and the presence of noncoding (untranslated)
sequences, highly related proteins are often encoded by highly diverged mRNA sequences.
Therefore, it should be possible to design antisense inhibitors to block expression of one
particular isotype with minimal consequence to related isotypes.

To demonstrate isotype-specific inhibition of ras gene expression using antisense tech-
nology, oligonucleotides that were specifically designed to hybridize with either the Ha-ras
mRNA or the Ki-ras mRNA were evaluated for isotype-specificity. ISIS 2503, an active 20 base
phosphorothioate targeted to the Ha-ras mRNA AUG region, is complementary to the AUG
region of the Ki-ras message in only 9 of 20 bases and, therefore, would not be expected to
bind efficiently to Ki-ras mRNA.53 Similarly, ISIS 6957, an active 20-base phosphorothioate
targeted to the 5'-untranslated region of Ki-ras mRNA is complementary to the Ha-ras
mRNA in only 4 of 20 bases, and therefore should not affect Ha-ras mRNA expression.33

Cells treated with each of these oligonucleotides were analyzed for Ha-ras and Ki-ras mRNA
expression by Northern analysis. ISIS 2503 reduced Ha-ras mRNA to virtually undetectable
levels without affecting Ki-ras mRNA levels, whereas ISIS 6957 inhibited Ki-ras mRNA ex-
pression without affecting Ha-ras mRNA levels (Fig. 24.3). We have also demonstrated
isotype-specific reduction of Ha-ras and Ki-ras protein levels for these oligonucleotides
(Fig. 24.3).

Ras genes often acquire their tumor-promoting properties by single base point muta-
tions in their coding regions.44 Since the function of normal ras isotypes may be important
for normal cell survival, inhibition of expression of the mutated ras gene in tumors may be
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A

B

Fig. 24.2. Reduction of Ha-ras and Ki-ras mRNA levels in tumor cells following treatment with
the indicated phosphorothioate antisense oligonucleotides. A, T24 bladder carcinoma cells were
treated with oligonucleotides (200 nm) and Ha-ras mRNA levels were determined 24 hours later
by northern blot analysis. B, SW480 colon carcinoma cells were treated with oligonucleotides
(200 nm) and Ki-ras mRNA levels were determined 24 hours later by northern blot analysis.
Relative positioning of the predicted hybridization sites of the oligonucleotides within Ha- and
Ki-ras mRNAs is indicated schematically. For both targets, mRNA levels are expressed as a per-
centage of the levels of the target mRNA in untreated control cells. Target mRNA levels were
analyzed, quantified and normalized as previously described.
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preferred without affecting expression of the nonmutated ras isotypes. Helene and co-workers
have demonstrated inhibition of a mutant form of Ha-ras using a 9-base phosphodiester
antisense oligonucleotide linked to an acridine intercalating agent.54 Chang and co-workers
have also demonstrated selective targeting of a mutant Ha-ras message in which a mutation
at codon 61 was targeted and methylphosphonate oligodeoxynucleotides were employed.55

Studies from our laboratory have demonstrated similar antisense specificity targeting the
Ha-ras EJ bladder carcinoma point mutation (GGC∃GTC) at codon 12 using
phosphorothioate oligodeoxynucleotides.53 In our studies, we demonstrated that mutation-
specific inhibition can be achieved with phosphorothioate oligodeoxynucleotides, but that
oligonucleotide affinity and concentration were critical to maintaining the selectivity. Oli-
gonucleotides targeted to codon 12 ranging in length between 5 and 25 bases targeted to

A

B

Fig. 24.3. Isoform-specific inhibi-
tion of ras mRNA and protein
expression in tumor cell lines.
T24 cells were treated with the
indicated Ha-ras-specific (ISIS
2503) or Ki-ras-specific (ISIS
6957) antisense oligonucleotide
(200 nM) and cell lysates were
analyzed for Ha-ras and Ki-ras
mRNA levels 30 hours post-treat-
ment. A, Northern blot analysis
of Ha-ras and Ki-ras mRNA lev-
els. B, Western blot analysis of
Ha-ras and Ki-ras protein levels
using isoform-specific antisera.
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Ha-ras codon 12 were tested for overall activity and point mutation selectivity. Oligonucle-
otides < 15 bases in length were inactive, whereas all oligonucleotides greater in length dis-
played good activity with potency correlating directly with oligonucleotide chain length
(affinity). However, selective inhibition of mutant Ha-ras expression did not increase with
oligonucleotide chain length, but required a specific length between 15 and 19 bases. The
maximum selectivity observed for inhibition of mutant Ha-ras expression relative to nor-
mal Ha-ras was achieved with a 17-mer oligonucleotide (ISIS 2570).53

Point mutation-specific targeting of Ki-ras oncogenes has also been demonstrated us-
ing phosphorothioate antisense oligonucleotides.33 In this study, 15 bases was shown to be
the optimal length for selectively targeting a codon 12 mutation (GGT∃GTT) within the
Ki-ras gene of SW480 colon carcinoma cells. Treatment of cells with the 15 base antisense
oligonucleotide had no effect on Ki-ras mRNA levels in cells expressing nonmutated Ki-ras
whereas Ki-ras mRNA expression was undetectable in SW480 cells. Furthermore, no inhibi-
tion of Ha-ras gene expression was observed in SW480 cells following treatment with the
Ki-ras 15 base oligonucleotide. These types of studies demonstrate that point mutation-
specific and isoform-specific inhibition of both Ha-ras and Ki-ras mRNA expression in
tissue culture is possible through the use of properly designed antisense oligonucleotides.

Cellular Responses Resulting from Inhibition of Ras Gene Expression
Using Antisense Oligonucleotides

Based on the generally accepted function of the MAP kinase signaling pathway in the
transduction of extracellular signals that promote cellular proliferation and survival, the
expected outcome of inhibiting ras expression using antisense oligonucleotides is modula-
tion of downstream kinase and transcriptional activity, and attenuation of cellular prolif-
eration and/or promotion of cell death, provided that inhibiting a single isotype of the ras
multigene family is sufficient to promote these types of responses. We and others have in-
vestigated these types of effects in various nontransformed and tumor cell lines and have
found that inhibition of a single ras isoform in cells is sufficient to abrogate downstream cell
signaling pathways and impede cellular proliferation.8,33,54-56 Moreover, we have generated
results supporting the conclusion that different ras isoforms possess unique functions in
cells that often appear to be cell-type specific.

We have measured the ability of ras antisense inhibitors to block stimulation of ERK
activity in response to specific stimuli, and to modulate activation of specific transcription
units. As shown in Figure 24.4, ERK stimulation by PDGF, angiotensin II, and TGF∀ can be
blocked either partially or completely in vascular smooth muscle cells following treatment
with an isoform-specific antisense inhibitor against Ha-ras. However, Ha-ras inhibition does
not affect the ability of phorbol ester to stimulate ERK activity in these cells. Interestingly,
antisense inhibition of Ki-ras in these cells also blocked PDGF and TGF∀ stimulation of
ERK activity, but did not affect the degree of ERK stimulation by angiotensin II. Similar to
the effects displayed by the Ha-ras inhibitor, Ki-ras inhibition did not affect phorbol ester-
mediated stimulation of ERK in vascular smooth muscle cells. These results are consistent
with the conclusion that, at least for the cells described above, protein kinase-C stimulation
of ERK activity occurs in a ras-independent manner. We have made similar observations in
other cell types on the ability of ras antisense inhibitors to block transcriptional activation
of specific genes (e.g., C-fos, cell adhesion molecules) in response to growth factors, cytokines
and phorbol esters (B. Monia, unpublished results). These results demonstrate that, at least
for some cell signaling pathways, different ras isoforms possess unique functions in signal
transduction.

The antiproliferative effects of ras antisense inhibitors have been investigated by a num-
ber of groups and it have been shown that these inhibitors can block the proliferation of a
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variety of tumor types in cell culture.8,33,54-56 We have previously reported that ISIS 2503, a
phosphorothioate antisense inhibitor against human Ha-ras, inhibits the proliferation of
the Ha-ras transformed T24 bladder carcinoma line in a dose-dependent and oligonucle-
otide sequence-specific manner, displaying an IC50 for this effect that is very similar to the
IC50 for inhibiting Ha-ras mRNA and protein expression.8,33,56 We have also demonstrated
apoptotic responses in T24 cells in vitro following administration of ISIS 2503. Again, these
effects are highly sequence-specific and correlate well with reduction of target gene expres-
sion. In general, we observe that the time required to induce apoptosis by these oligonucle-
otides is significantly longer that the time required to inhibit proliferation (B. Monia, un-
published studies).

Our results on T24 cell proliferation are consistent with a recent report demonstrating
the antiproliferative effects of ISIS 2503 against tumor cell lines in vitro.8 Interestingly, it
was also shown in that report that a Ki-ras antisense inhibitor (ISIS 6957, described above)
displays no significant antiproliferative effects against the T24 tumor line, but is a potent
antiproliferative agent against normal diploid fibroblasts whereas the Ha-ras oligonucle-
otide has no effects on proliferation against this cell type. Neither oligonucleotide affected
the proliferation of a bladder carcinoma tumor line (J-82) that does not contain a ras muta-
tion. It will be interesting to determine whether a N-ras specific antisense inhibitor, or a
combination of isotype-specific ras inhibitors, can block proliferation of this tumor cell
line. Similar isotype-specific antiproliferative effects have been observed against other cell
lines using ras antisense inhibitors (B. Monia, unpublished results).

Fig. 24.4. Inhibition of MAP kinase stimulation by antisense oligonucleotides targeted to Ha-ras
and Ki-ras. Serum-starved vascular smooth muscle cells were treated with the indicated Ha-ras
or Ki-ras antisense oligonucleotides, a control (scrambled) oligonucleotide, or were left untreated.
30 hours following oligonucleotide treatment, cells were stimulated with the indicated agents for
10 minutes and analyzed for MAP kinase activity against myelin basic protein substrate using a
ERK1/ERK2 immunoprecipitation assay. Quantitation was by phosphorimage analysis.
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Antisense inhibitors against specific ras family members have been used to demon-
strate additional isoform-specific functions for these proteins. For example, Yan et al has
recently reported that treatment of transformed colon epithelial cells with Ki-ras antisense
oligonucleotides can prevent the upregulation of carcinoembryonic antigen (CEA), an im-
portant marker of malignancy, in human colon cancer, whereas a Ha-ras antisense inhibitor
does not affect CEA upregulation.9 In a related study, the same group of investigators have
employed antisense technology to demonstrate that Ki-ras (but not Ha-ras) is critical for
the proper maturation (glycosylation) of ∀1 integrins in colon epithelial cells.10 Thus, antisense
targeting of ras family members appears to be a viable approach for determining the roles of
different ras isoforms in tumor cell signaling, transformation, tumor progression, and
proliferation.

Antitumor Activity of Ras Antisense Oligonucleotides in Animal Models
The obvious extension of the types of studies described above is to test the feasibility of

using antisense inhibitors against ras family members to prevent tumor growth in vivo. A
number of studies have recently been reported describing in vivo antitumor effects of
antisense oligonucleotides targeted to various cell signaling molecules that are very consis-
tent with an antisense mode of action.29-31,33-37 One of the important observations that have
been made in all of these studies, as well as in other studies using different in vivo models, is
that, despite the fact that cationic lipids or other transfection techniques are generally re-
quired for efficient oligonucleotide uptake in cell culture, simple saline formulations of
oligonucleotides is all that is normally required to produce antisense effects in vivo follow-
ing systemic administration. Although the mechanisms underlying these observations are
not well understood, they obviously indicate that the mechanisms of macromolecular up-
take by cells in animals are very different from cellular uptake mechanisms in culture.

Antisense approaches against ras isotypes have been successfully employed to prevent
the growth of a wide variety of human tumor types in animal models (Table 24.2). Initial
studies focused on the utilization of vector-mediated antisense RNA methods designed to
inhibit expression of Ki-ras.57-59 Intratracheal delivery of the Ki-ras antisense constructs
was shown to prevent the growth of human lung tumors in a orthotopic mouse model.
These studies demonstrated that Ki-ras is essential, not only for initiation of tumor growth,
but also for maintenance of the malignant phenotype in this particular tumor model.

Antisense oligonucleotides targeted against ras isoforms have also been successfully
employed to prevent the growth of human tumors in mouse models (Table 24.2). Activity
has been demonstrated against a wide variety of tumor types including tumors that express
mutations in Ha-ras alleles, Ki-ras alleles, or tumors that only express normal (unmutated)
ras. In all of these studies, appropriate control oligonucleotides were shown to exert little or
no antitumor activity, supporting the conclusion that the antitumor activity displayed by
these oligonucleotides is through an antisense mechanism of action. One of the most inter-
esting observations from these studies has been the differential sensitivity displayed by dif-
ferent tumor types in vivo against isotype-specific ras antisense inhibitors. In some cases,
antitumor activity can be demonstrated by targeting either Ha-ras or Ki-ras suggesting that
both isoforms play an essential function in the growth of those particular tumor types.
However, other tumor types have been shown to be preferentially sensitive to oligonucle-
otides targeted to a particular ras isoform. For example, antisense oligonucleotides targeted
against Ha-ras are far more potent than Ki-ras antisense oligonucleotides in preventing the
growth of MDA-MB231 tumors in mouse xenograft models.63 Moreover, although isoform-
specific tumor sensitivity often correlates with ras mutation status (Table 24.2), a number
of notable exceptions exist. For example, antisense inhibitors targeted against human Ha-ras
have been reported to exert potent antitumor effects against tumor types known to contain
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mutations in Ki-ras genes (e.g., Mia Paca II pancreas, A549 lung, SW620 colon). Studies
attempting to determine the mechanisms of isotype-specific antitumor activity of ras
antisense oligonucleotides are underway in which in vitro and in vivo models are being
employed. Nevertheless, studies of this nature demonstrate that antisense targeting of spe-
cific ras family members can produce potent antitumor effects in animals and that antisense
compounds may represent a novel class of drugs for the treatment of human malignancies
in the clinic.

Perspectives
The studies described in this document demonstrate that antisense inhibitors can be

successfully employed for abrogating the function of ras signaling pathways both in vitro
and in vivo. Furthermore, these studies support the conclusion that antisense is a valuable
approach for both target validation and for the discovery of novel therapeutic agents for the
treatment of human cancer. This may be best illustrated by the fact that one of the first
anticancer drugs to enter the clinic that is specifically designed to inhibit ras function in
tumors a Ha-ras targeted antisense oligonucleotide (B. Monia, unpublished information).
This is despite the fact that ras has been known to be a critical regulator of human tumori-
genesis for over 20 years and that heroic efforts have been made over this period of time
attempting to discover novel ras-specific anticancer drugs using traditional approaches.

Nevertheless, it is clear that we are only at the earliest stages of understanding and
exploiting antisense technology to serve both therapeutics as well as basic research. Some of
the important issues that this technology has the potential to particularly address relate to
the functions of highly related members of multigene families within cell signaling path-
ways in both normal and diseased settings. Understanding the function of such pathways
will undoubtedly lead to a much more profound understanding of such critical processes as
“cross-talk” between seemingly unrelated signaling pathways, tissue-specific and disease-
specific functions for signaling proteins, and cellular compensation mechanisms to inhibi-
tors of cell signaling, which will undoubtedly yield important insights to potential mecha-
nisms of drug resistance for cell signaling inhibitors. Thus, antisense technology has the
potential to provide the tools for significantly advancing our current understanding of the
molecular events which underlie signal transduction processes which will very likely result
in a better understanding and therapeutic approach for human disease.
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