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PREFACE

he 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




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.

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 PIP, (He 1997). Interestingly, over-expression of an EMS1-related
PIP,-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 PIP,, is able to suppress Ras-
induced malignancy (Maruta 1996), supporting a previous notion that PIP, 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 PIP,, without any exception.



How does the monomeric G protein Ras induce the production of PIP,?
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 PIP,, and PIP, 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 etal 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
CDCA42 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
1(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
(Scheftzek 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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Actin-Cytoskeleton






CHAPTER 1

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.?

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 Hydprolysis 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.’> 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-DNasel.® 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 P; is slower than the chemical cleavage of
the y-phosphodiester bond of ATP, and is rate-limited by the isomerization of a central
F-ADP-P; 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 P; 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 y-phosphoester bond
leads to a transition-state intermediate F~-ADP-P* in which the y-phosphate group is
thought to adopt a pentacovalent configuration, and is mimicked in this configura-
tion by AlF,~ (14). The transition F-ADP P* — F-ADP-P; is quasi-irreversible and
limits the rate of P;release which follows (14). Hence this isomerization F-ADP-P* -
F-ADP-P; 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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Table 1.1. Equilibrium and kinetic parameters involved in actin filament steady
state and turnover

Parameter Value Reference

CE 0.6 uM 4,5 (reviews)
ce <0.1 uM 4,5

Barbed end k.t 5-10 uM-" ¢! 4,5
k_r, kppi 15 57,8
k.o 10 5! 4,5

Pointed end k.t 0.5-1 uM-1s™! 4,5
k.o 0.5-1 ! 4,5, 20,21
ke 0.2 5" 36
k' 24 36
kn 14 s 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'c from the profilin-MgADP-G-actin complex. All
values are under physiological ionic conditions.

dissociates from filament barbed ends about 10-fold faster than ADP-P;- or ATP-actin.”8 It
is of great interest to know which actin-actin contact is destabilized upon P; 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 studies®!! have shown that the structural order of the filament is altered as
P; is released, which can be accounted for by a change in orientation of subdomain 2!
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 P; release is
accompanied by an increase in flexibility of the filament,!? which suggests that ATP hy-
drolysis in actin assembly might be used to produce force.

The use of fluoroaluminate AlF,~ and fluorobenyllate BeF;-, H,O as structural analogs
of Pi, has helped to probe the role of ATP hydrolysis in F-actin dynamics.'* Biochemical
evidence led us to propose that these complexes bound F-ADP actin and reconstituted the
transition state of ATP hydrolysis in which the y-phosphate is in a pentacovalent configura-
tion."* The X-ray structures of a G-protein in complex with GDP and AlF,'* and of myosin
subfragment-1 in complex with ADP and AlF,~'¢ 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
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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,!” 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 C. = k. at which J = 0 is a true monomer-poly-
mer equilibrium dissociation constant, and the ratio |~ 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-P; subunits at the barbed end (ATP-subunits in a regime of rapid growth) which
dissociate more slowly (k_pp;) from filament ends than ADP-subunits (k_p). 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,CB, then is balanced by a dissociation flux of
both ADP- and ADP-P; subunits, which dissociate at different rates k_p and k_pp;. The criti-
cal concentration therefore is a steady-state concentration of ATP-G-actin defined as

k_px +k_pp;(1-x)
k+T

where x represents the probability that a terminal subunit has ADP bound, which depends

on the rate of P; release on this subunit. So far x is not known, only an experimental deter-

mination of C2 is available.

From equation (2) it appears that the value of C2is lower, i.e., filaments are more
stable, if x is lower. Hence putative agents that can decrease the rate of P; release, will in-
crease the proportion of slowly dissociating F-ADP-P; subunits at filament ends and de-
crease the value of C.2. The converse effect is expected from agents causing an increase in x.

CP= 2

ATP Hydprolysis Allows a Difference in Critical Concentrations at the Two Ends

Wegner'® 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 confirmed!®-?! 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 Cg (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, V, = kB, (Ci - C.P) is very slow. It is limited by the rate of
subunit dissociation from the pointed end at steady state.
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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.

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-P;-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 um/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 membrane? in a treadmilling mechanism. These results suggested that treadmilling
is regulated in vivo.
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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.?® 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],, = —<=olfol N
k+D[F] + k—A

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 P; 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-P; 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.?® This is made possible by the use of a large pool of unassembled actin (10-250 uM
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, -actin complexes.

Compare Tg, and Profilin Activities

Profilin was the first discovered G-actin-binding protein.?® It is a ubiquitous, abundant
(5-50 uM) protein whose structure has recently been elucidated.?’-?° 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 g, a 5 kDa
small protein first discovered in platelets.?**! Other G-actin-binding proteins such as ADF
(actin depolymerizing factor®?) or cofilin,** seem to exist in lower amounts compared to
TB4 and profilin.

Both TB,* and profilin®*-*7 bind to ATP-G-actin with a much higher affinity than to
ADP-G-actin. T, 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.

Tp4, ADF and profilin have opposite effects on nucleotide exchange on G-actin: Tp4
and ADF slow it down, while profilin accelerates it.>>3”-*8 Under physiological conditions,
the rates of dissociation of MgATP and MgADP are enhanced 40-fold and 120-fold respec-
tively by profilin.*” 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:

Css
Cy+K )
ss + Ky

where Kx is the equilibrium dissociation constant for the XA complex and X, the total
concentration of protein X. The value of Ky is 1-2 mM for Tg,***° and 0.1-0.2 uM for
profilin.>>%” The steady state concentration of ATP-G-actin assembly varies, depending on
the extent of barbed end capping 42 between 0.1 uM (free barbed ends) and 0.6 uM (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 Ci = 0.6 uM, and the amount of
unassembled actin [Au], assuming total concentrations of 200 uM T4 and 50 uM profilin,

[XA] =[X,]
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will be [A,] =67 + 36 uM = 103 uM, a concentration three orders of magnitude higher than
that of free G-actin. Another important difference between Tg, and profilin is the follow-
ing. TB, is a simple actin-sequestering protein, which forms a 1:1 complex with G-actin. At
steady state, the sequestration of actin by T, is well described by equation (4), when barbed
ends are capped as well as when they are uncapped, which means that the Tp4-actin com-
plex does not associate significantly to either the barbed or the pointed end.

In contrast to the Tpy-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
abona 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.’>*? 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.>
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, 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.** 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 Ca**-dependent and also dissociate from actin
upon binding PIP,.** The exact in vivo role of PIP,, however, as a potential barbed end
“uncapper” is elusive, since PIP, 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.*® No correlation can be observed in stimulated neutrophils between the time
courses of actin assembly and of the global change in PIP, concentration.*®#” On the other
hand, the product of PIP, phosphorylation by the stimulus-activated PI-3 kinase,*® PIP;,
seems to peak at the onset of actin assembly.*’ Thus far nothing is known about the possible
cytoskeleton-associated targets of PIP;; however it has recently been reported® 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.® 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.>
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.>*>

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 (10! M~!) 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,”®>” exhibit a much lower affinity (108-10° M) 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 n (terminal) subunit with a
higher affinity (K) than to the (n-1)" (subterminal) subunit (K'), association of G-actin to
the filament at the (n + 1)™ 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)™ subunit. As this cycle
repeats, elongation occurs at capped “leaking” barbed ends. This mechanism was proposed
by Wegner for insertin,> 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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Y}merizaﬁon

elongation

depolymerization

F'C

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

Panel b: The capper binds with a higher affinity to the (n-1)% subterminal subunit
than to the (n)™ terminal subunit of the filament. In a regime of depolymerization,
dissociation of the (n)™ subunit may occur, followed by isomerization of the elongat-
ing site toward the favored capped F,,_,C configuration, from which again the (n-1)"
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-P;and ADP-ends,
are not considered.

Equation (5) can be written:

Ve= — Wl [k, +k, [CUK) - [A] - (k_+K_[CI/K)]
1+[C]/K +[C]/K'

In the presence of capper, the critical concentration A, is the value of [A] at which

Ve:():

_ k_+Kk'_[C]/K'

k, + k', [C]/K]

1+a[C]/K'

=k /k
Ik 1+b[C]/K

1 '
+

- k o . . .
where o = 7~ and g = . If polymerization is strictly reversible, detailed balance illus-
trated on scheme I imposés that

K X g k-
k, K,

which can be written

b_K

a K
and therefore A_ is independent of [C] and remains constant and equal to ll(%

On the other hand, if detailed balance is not respected, which may be the case if ATP
hydrolysis is involved in actin assembly, then g = %, which allows A to vary hyperbolically
with the concentration of free capper [C], and the critical concentration reached at satura-
tion by C, A, is equal to ll(% X % X %, which may be lower or higher than 11(% depending on
the values of a, g, K and K'. If %< %, A 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 n and (n-1)™ 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 n (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 DNasel.>* 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 data® 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 ADE38 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,® and controls the
turnover of actin filaments in yeast.®* 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. Thelocal 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 TB4and by proteins changing the critical concentration at the pointed end, like
ADE. 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™!) G-actin sequestering protein when
barbed ends are capped (resting cells) and promoting actin assembly off the pool of
Tp4-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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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-P; 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 ME, ] Cell Biol 1997; 136:1307-1322.

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.
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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

he 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.! It
is activated by Ca?* and inhibited by polyphosphoinositides, particularly phosphatidylinositol
4,5, bisphosphate (PIP,). 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,! 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 cleavage®* and correspond roughly (but not precisely) with a more recent defi-
nition based on the X-ray structure of full-length gelsolin (see below).’ 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 NH,-terminal
half of gelsolin.® 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 Protein® or mbh1, and renamed vertebrate CapG,!? has three
segments resembling the NH,-terminal half of gelsolin.? It coexists with gelsolin in the cy-
toplasm in many cells."! Unlike gelsolin, CapG is also found in the nucleus.!? Other mem-
bers of the gelsolin family contain gelsolin-like domains linked to additional motifs. Villin
is the first identified member of this group,'® containing a short COOH-terminal extension
(“headpiece”) enabling it to crosslink actin filaments in the absence of Ca?*. More recently,
members with longer extensions have been discovered. These include flightless I (fIiI), which
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The Gelsolin Family

COC XXX Gelsolin
OO X e Villin
OO Adseverin
C XX Severin

XD CapG

Flil

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)'?! were first
identified in mammals. Severin and its homolog, fragmin, were identified in Dictyostelium
and Physarum, respectively.

was identified in Drosophila as a gene important for actin organization during embryo
cellularization'* and muscle development.!> Flil homologs are also found in C. elegans and
mammals. Flil has as its NH,-terminus a 400 residue leucine-rich repeat extension.!> 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.!>

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:'*'® 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 Ca?* 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.'” 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
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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.! 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,!” 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.? 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.?! 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.?? Displacement is prob-
ably due to a gelsolin-induced allosteric change in actin, although competition for binding
is another possibility.>* Side binding has an association rate constant of 2x10” M~ s™! and
dissociation rate constant of 0.4-1.2 s,! and severing has a first order rate constant of 0.25 s~!.24
This rate of side binding approaches diffusion limits and is much higher than measure-
ments made previously using other methods.?> One group reports that the rate of gelsolin
binding to monomers is also very slow,?® whereas the rate of capping approaches diffusion
limits.?” Because gelsolin efficiently destroys actin filaments, it is a useful filament-remov-
ing reagent. Gelsolin added to permeabilized cells establishes actin involvement during exo-
cytosis?® 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.?’

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.’® They are reported to sever actin in a Ca?* 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.*!

Domain Analyses of Gelsolin

Ca?* enhances gelsolin’s interactions with actin,!!¢ while polyphosphoinositides, par-
ticularly PIP,, inhibit these interactions.>? Severing, nucleation and barbed end capping
have different requirements for Ca?* and different sensitivities to PIP,. 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.>** The NH,-terminal half
severs actin filaments. Like intact gelsolin, it is inhibited by PIP,, but unlike gelsolin, it does
not require Ca?" to bind actin.? Further cleavage of the NH,-terminal half generates two
actin binding fragments.>* The fragment encompassing S1 binds actin monomers, while
that encompassing S2-3 binds along the side of actin filaments.?**> The COOH-terminal
half exhibits Ca?*-dependent, EGTA reversible actin binding,? and undergoes a conforma-
tional change in the presence of Ca?*.>% It does not sever filaments. Since the NH,-terminal
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half does not require Ca’>" to bind actin, the COOH-terminal half is the Ca>" 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.>3738 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.?® This is subsequently confirmed by the
Sl:actin crystal structure® (see below). In S2, residues 161-172 are implicated in actin bind-
ing based on deletion and peptide analog studies.***? In addition, the S2 long helix is a site
of interaction as well.** 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.’

When gelsolin is exposed to actin monomers in Ca?*, two actin molecules are bound
through sites attributed to S1 and S4.4> The two actins in the ternary complex with gelsolin
are crosslinked through their COOH-terminal cysteines in an antiparallel fashion.** 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
Ca?*.#546 This complex can be dissociated by PIP,,*’ providing evidence for gelsolin regula-
tion by phosphoinositides (see below).

When exposed to actin filaments, gelsolin and its NH,-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 NH,-terminal half,
efficient severing and capping require the cooperative interaction between these two sites.*?
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 S2-3.8 Likewise, gelsolin S1, when linked to the filament binding domain
of the nonsevering protein a-actinin, also severs.*” 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.*?

Ca?* Regulation

Although it has been known for quite some time that Ca?* induces a conformational
change in gelsolin and that the COOH-terminal half imposes Ca?* regulation on the NH,-
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 Ca*-
insensitive,** implicating these residues in inter-segmental Ca?* regulation.

Another puzzling aspect is that although S1 itself binds actin in EGTA but does not
bind Ca?*,3%0 Ca?* enhances actin binding considerably.”! The increase in actin affinity is
attributed to the formation of a EGTA-resistant complex containing a trapped Ca?*. 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 Ca** to be detected.?*

Gelsolin binds two Ca?* ions with similar dissociation constants of approximately
1 uM.164552 The NH,-terminal half binds one Ca?* with comparable affinity to that of
gelsolin. Since S1 does not bind Ca?" in the absence of actin, the Ca?* binding site in the
NH,-half is attributed to S2-3.3 Surprisingly, the isolated COOH-terminal half binds two
Ca?t, with kqof 0.2 and 2 uM.>® 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 Ca?* is required to activate gelsolin.
One group reports that Ca?* induces half-maximal activation of actin binding and nucle-
ation at around 10 uM Ca?*,%? while others found that 1 uM Ca2+#1652) i5 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,* providing an alternative mechanism for
activating gelsolin.

PIP, Regulation

Polyphosphoinositides are important in signal transduction, functioning as precur-
sors to signaling molecules, as physical anchors and as regulators of proteins.> Their role as
regulators of the cytoskeleton was first described in 1985, when Lassing and Lindberg?
showed that PIP, inhibits profilin:actin interactions. Subsequently, gelsolin was also identi-
fied as a PIP,-regulated protein.>? The list of PIP,-regulated cytoskeletal proteins has grown
to include Capping Protein (CP, also known as CapZ),>® cofilin/actin depolymerizing fac-
tor/destrin,” a-actinin®®® and vinculin.®® It has been hypothesized that PIP, induces ex-
plosive actin assembly by dissociating capping proteins from the barbed ends of filaments
and releasing actin monomers bound to profilin. PIP, involvement in actin polymerization
is supported by the finding that Racl and RhoA, small GTPases that have well-defined ef-
fects on the cytoskeleton,! stimulate PIP, synthesis.®*®* Furthermore, manipulations that
alter the availability of PIP, in cells have profound effects on agonist- and/or Racl-induced
filament end uncapping, actin polymerization and cell motility.646>

Gelsolin binds PIP, with uM affinity.%® Binding involves electrostatic as well as hydro-
phobic interactions.?” Binding requires the lipids to be clustered so that multiple headgroups
are contacted. Thus, the physical state and geometry of PIP, packing in the plasma mem-
brane may be important parameters.®” Gelsolin and CapG affinity for PIP, are increased 8-
and 4-fold respectively by uM Ca?*, and less Ca?" is required to increase this affinity when
pH is reduced from 7.5 to 7.0.°¢ Ca?* does not enhance gelsolin NH,-terminal half binding
to PIP,, and the COOH-terminal half has a much lower affinity for PIP,.% Therefore, the
pronounced Ca** enhancement of PIP, binding to full-length gelsolin most likely reflects a
Ca**-dependent exposure of the NH,-terminal half PIP, binding sites. This is consistent
with the current model of how gelsolin is activated by Ca?* to bind actin. Gelsolin also binds
PI1(4)P, PI(3,4,5)P5, and PI(3,4)P,.% 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.®

The gelsolin NH,-terminal half has at least two PIP, binding sites, as defined by dele-
tion analyses and peptide analog studies.*>7° PIP, inhibits actin monomer binding by S1
and filament side binding by S2-3, respectively. One PIP, binding site is located between
residues 135-142 at the COOH-terminus of the proteolytically defined S17° and another is
located between residues 161-169,412 close to the beginning of the proteolytically defined
S2. The PIP,-binding sequences are rich in positively charged amino acids and have a
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K/RxxxKxK/RK/R consensus.” PIP, 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 PIP, binding sequence is in
aregion 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.
PIP, quenches the intrinsic tryptophan fluorescence of gelsolin and CapG® and NMR study
shows that PIP, induces a gelsolin S2 PIP, binding peptide (residues 150-169) to undergo a
coil-to-helix transformation.”!

Post-Translational Modifications

Although there is no evidence for gelsolin phosphorylation in vivo so far, it can be
phosphorylated by protein kinase C and pp60° in vitro.”? Phosphorylation is enhanced by
PIP,. 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.!!''2 Phospho-CapG is found pref-
erentially in nuclei, suggesting that phosphorylation may promote its entry into the nucleus.'?
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.7?

X-Ray Crystallographic Studies of Gelsolin S1:Actin Complex

In 1993, the structure of the gelsolin S1:actin crystal was solved at atomic resolution,*
providing valuable insight into how gelsolin binds and severs actin. Gelsolin S1 is organized
as a three-layer structure with a central stack of p-sheets sandwiched between a long and a
short a-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 a-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 Sl: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 Ca?* trapped in the actin:S1 complex is located at the in-
tramolecular site, while the intermolecular Ca?* is probably an artifact of the crystallization
conditions used.*® The creation of the intramolecular Ca?* binding site suggests that actin
binding induces a conformational change in S1 to trap Ca?*. 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).”

The actin structure in the gelsolin Sl:actin complex is very similar to that of actin
complexed with DNasel, 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 S174and severin S2,7> confirming sequence based predictions. Unexpectedly, destrin, a
member of the cofilin/ADF family that has no sequence homology to gelsolin, has a strik-
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ingly similar folding pattern.”® Profilin also has a similar structure.”” 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,’®”? 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 al® (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 Ca?* regulation to the NH,-terminal half. This extension contains a random coil
capped with a 10 residue helix which is in intimate contact with the S2 actin binding helix®
(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 Ca?* 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 Sl: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 Ca?*, 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 NH,-terminal half) are tightly linked together to form a continuous 10 strand B-sheet.
The second segment (S2) is relatively isolated and is connected to the first segment (S1)
through a small g-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 PIP, binding region. It shows that the PIP,
binding sequence identified previously at the COOH-terminus of S1 is actually part of S2.
This, together with the PIP, 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 a-helix. Therefore, PIP, may
block actin binding simply by steric interference. Alternatively, gelsolin upon PIP, binding
may undergo the coil-to-helix transformation inferred from a previous peptide study.”! 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 PIP, bind-
ing region® and it is not stabilized by neighboring B-strands as in the intact molecule.
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Fig. 2.2. Schematic representation of the structure of horse plasma gelsolin crystallized in the
presence of EGTA. PIP, 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).

Based on the structural and functional data, the following model for how gelsolin works
is proposed.> In EGTA, the COOH-terminal helical tail prevents actin binding. Ca?* 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.?® However, increased sev-
ering does not appear to be the primary cause because cells overexpressing nonsevering
capping proteins such as CapG!? and CP?! also move faster. Thus, capping alone can alter
actin dynamics.®? 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 Ca?*-dependent severing activity.®?

The importance of gelsolin for cell motility has been established conclusively with
transgenic gelsolin null mice.3* 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.
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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.®> This method has
been used to characterize the effects of agonist stimulation on many types of cells, including
macrophages,® neutrophils,® endothelial cells,?” A431,%8 osteoclasts® and platelets.” 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.®*?! These changes are powered by rearrangement of the actin cytoskeleton
through Ca**-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.”>> 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.3* These platelets however have residual capping activity and expose capped ends
during agonist stimulation because they have an additional capping protein, CP.%*> Unlike
gelsolin, CP does not sever and does not require Ca" to cap. Like gelsolin, it is inhibited by
PIP,.>® The picture that emerges from this system is that the thrombin-induced rise in Ca?*
activates cytosolic gelsolin to sever filaments, and PIP, dissociates gelsolin and CP from
filament ends. PIP, promotes actin uncapping when added to permeabilized platelets and
stimulates uncapping in a PIP,-dependent manner.® These results suggest that gelsolin and
CP are possible downstream components of cytoskeletal effector pathways involving PIP,.
These include the Rac, Rho and/or phosphoinositide-3 kinase cascades.

A Model

As the possibility that PIP, regulates the cytoskeleton gains wider acceptance, several
issues remain to be resolved. The most baffling problem is that although the time course of
PIP, 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 PIP, level is reduced, rather than increased, as would be
expected if uncapping and monomer desequestration are initiated by PIP,. To explain this
discrepancy;, it is often hypothesized that local PIP, availability can be enhanced by com-
partmentalization or differential turnover®*®> even as the bulk PIP, mass is reduced. Our
finding that PIP, binding to gelsolin and CapG is enhanced by Ca>* and mild acidification®
suggests another mechanism to explain how PIP, uncaps gelsolin and CapG even as the
plasma membrane PIP, 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%),%9%%3 some is attached to the plasma membrane (< 5%),%>? while the bulk is
cytosolic.?®%7 Gelsolin is able to cap filament ends in spite of low ambient Ca?* and high
PIP, concentrations because once gelsolin caps filament in the presence of Ca?* it is not
dissociated by lowering Ca?*.#> Furthermore it has a poor affinity for PIP, at low cytosolic
Ca?*.% When cells are stimulated, Ca?* level rises rapidly, followed by a drop in PIP,. Ca?*
promotes gelsolin binding to PIP, by increasing affinity to an extent that overcomes the
negative effect of a modest fall in PIP,. Filaments are uncapped and can therefore elongate.
Thus, there is an increase in membrane associated gelsolin®? and a decrease in gelsolin:actin
complexes during cell activation.”® Meanwhile, cytosolic gelsolin that is not directly in con-
tact with PIP, is activated by Ca?* to sever filaments, creating short filaments with capped
barbed ends that are then uncapped as gelsolin binds PIP,. Actin monomers are transferred
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sequentially from p-thymosins, the major monomer sequestering proteins in cells (30), to
profilin, and then to the uncapped filament ends.*® Since Ca?*-activated gelsolin has a higher
affinity for PIP, than profilin,* it will compete more effectively with profilin for PIP,, par-
ticularly when PIP, is decreased. This displaces profilin from the plasma membrane, allow-
ing it to bind actin monomers to catalyze polymerization.”® 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.®>* A model for the coordinated roles of gelsolin and CP in activated cells
can be proposed by postulating that CP, which is Ca?*-insensitive in actin binding, is Ca?*-
insensitive in PIP, binding as well, and its affinity for PIP, is comparable to that of gelsolin
in EGTA. When cytosolic Ca?* concentration rises, CP can cap filament ends because PIP,
concentration is too low to inhibit, while gelsolin cannot cap because of its increased PIP,
affinity. Furthermore, Ca**-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 PIP,) 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.”

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

Since only a handful of the currently identified PIP,-binding proteins are known to be
both Ca?* 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 PIP,-dependent
processes indirectly, by altering PIP, availability to other binding proteins. Significantly,
some pleckstrin homology domain proteins that also bind PIP,'%%10! have PIP, affinity similar
to that of the gelsolin class. Therefore, gelsolin and CapG can potentially compete with
these proteins for PIP,, especially when the Ca?* concentration is increased and the PIP,
concentration is decreased. This possibility is supported by in vitro and in vivo experiments.

Crosstalk Among PIP, Binding Proteins

There is emerging evidence to suggest that PIP, binding to actin modulating proteins
may have implications beyond a direct effect on the cytoskeleton. This was first demon-
strated for profilin.!? Profilin inhibits phosphoinositide-specific phospholipase C, (PLC,),
but not PLCg. 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,, PLCg and PLC;. Inhibition is most
likely due to competition for PIP,, although steric hindrance may also be a contributing
factor. There is also evidence that gelsolin binds to PLC,19%1% 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 PLCg.!*1% Since only gelsolin domains with PIP,
binding sites stimulate, this effect depends on PIP, binding. The simplest model is that
gelsolin and CapG bind multiple PIP, molecules and that PIP, 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 PLCg activity.!® Inhibition occurs at a step downstream of
heterotrimeric G-protein activation, presumably at the level of PIP, 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.!®19 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)P; and PI(3,4)P,.1%
Gelsolin has been shown to stimulate!?” as well as inhibit!® phosphoinositide 3-kinase in
vitro. Gelsolin is associated with this lipid kinase and PI(3,4,5)P; during osteoclast
stimulation.®

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
PIP, to other PIP,-requiring signaling enzymes.

Tumor Transformation

Many tumors have decreased gelsolin expression!? !0 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.!'»!12 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 PIP, binding is particularly effective in
this suppression.!1>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.!'> It has a 25 amino acid extension at its NH,-termi-
nus compared with cytoplasmic gelsolin and a signal sequence to direct secretion.?
Cytoplasmic and plasma gelsolins are derived by alternative transcriptional initiation and
message processing from a single gene.!’> 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.!16117

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.!'8-120 The gelsolin crystal structure® shows how this change can facilitate polymeriza-
tion of the gelsolin p-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. Coté

Introduction

he 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,!? 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 Mg?* 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 o 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 Mg?* 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
activity'7* 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 RX!-* S/T XY where X is any amino acid — as the
consensus phosphorylation site for AMIHCK).!%2% 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,?! and subsequently using a ~110 kDa myosin I heavy chain kinase isolated
from Dictyostelium (DMIHCK), which is specific for the DMID isoform.?? 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.?

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,?>-*” the demonstration that PAK kinases induce cytoskeletal
rearrangements when microinjected into cells,?>?¢ and the fact that the yeast PAK kinase
Ste20 is concentrated in cortical actin patches and binds to BEM1, an actin binding pro-
tein,2® are all consistent with this idea.

The identification of the MIHCKSs described above as PAK family kinases was made
first through sequence analyses of the ~110 kDa DMIHCK? and the ~97 kDa AMIHCK,*°
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 Racl
(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-Racl stimulates the kinase activity of
DMIHCK towards DMID 10-fold, and that this stimulation is associated with the enhanced
autophosphorylation of DMIHCK.? 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 Racl
(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 DMIHCK? and
AMIHCK?! 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,¢ while a human recombinant PAK phosphorylates the
heavy chain of AMIC.*” In all four cases, the actin-activated ATPase of the myosin I was
stimulated to the same extent as with the authentic MIHCKSs. This fact, together with
phosphopeptide mapping and the measurement of the stoichiometry of phosphorylation
in cophosphorylation experiments,* 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 MIHCKSs. 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.’”

What are the implications if, as it now seems, MIHCKSs 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 Racl, respectively. Third, these results suggest that type I myosins
may be important effectors in producing these cytoskeletal rearrangements.
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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 By subunits, the MAP kinase scaffold protein Ste5p, and the SH3 domain-con-
taining protein Bemlp.3? 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.** 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, Ca?*-calmodulin and acidic phospholip-
ids. Studies on the Acanthameba kinase have shown that Ca?*-calmodulin and phospholipids
compete for a site close to the N-terminus® and have identified a Ser in the activation segment as
a site of autophosphorylation.?

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.'®* 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.’® 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).’® Given that
acidic amino acid residues are known to mimic phosphorylated residues both in vitro and
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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.!®® 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 Racl 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.!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., MIHCKSs) 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 cytokinesis®), 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 formation*®), and filamentous growth
during nitrogen starvation (where Ste20 probably activates a separate MAP kinase cascade
associated with this response?’). 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 vitro®), 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 cytoskeleton*? 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.?* 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,*4248-51 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.?

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 (MLC,,) (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 MLC,, on serine-19 and, at a much slower rate, on threonine 18. MLC,, 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 MLC,, 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.>?

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 MLC,,. First, AMIHCK has been shown to phosphorylate MLC,, in
intact turkey gizzard smooth muscle myosin with a specific activity that is close to that
measured for authentic calcium/calmodulin-dependent MLCK.>* Moreover, this phospho-
rylation, which now appears to be on threonine-18,%” fully stimulates the actin-activated
ATPase activity of turkey gizzard myosin I1.5* Second, a protease-activated kinase isolated
from rabbit reticulocytes,> and later identified by sequence analysis as a PAK, 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.”” Through the use of phosphopeptide maps, phosphoamino acid analyses
and recombinant MLC,, 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,>® 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.5” 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 MLC,, phosphorylation.>® 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 MLC,, 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
AMIHCK?). 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 Racl/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 Racl and
CDCA42 is still very controversial. For example, mutant forms of CDC42 and Racl, which
are thought to no longer interact with PAK, are still able to induce their characteristic changes
in the actin cytoskeleton of fibroblasts.®®¢! Furthermore, a constitutively active form of PAK
causes disruption of actin stress fibers in fibroblasts without inducing either membrane
ruffling or micro spikes.?* These results suggest that proteins other than PAK, such as WASP,%?
PORI1,% or N-chimerin,* mediate the cytoskeletal rearrangements induced by Rac1/CDC42,
although there are alternate explanations which still implicate PAKs as the mediators.?*

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 a.)%>% and p160 Rho-associated coiled coil
containing protein kinase (p160R°¢K) 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 contraction®® and MLC,, phosphorylation.®®
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).”® Insight
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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-MLC,, both by directly phosphorylating the light chain and by inhibiting the
light chain phosphatase.
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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.”!
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.”! Shortly after publication of this work, it
was reported that Rho-kinase can also phosphorylate MLC,, directly in intact smooth muscle
myosin.”?> 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 MLC,, in vivo by (i) inhibiting the activity of the light chain phosphatase,
and (ii) by directly phosphorylating MLC,,. If true, these results would provide an explana-
tion for the fact that excitory agonists increase the calcium sensitivity of MLC,, 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 MLC,,.”! Furthermore, two recent studies suggest that this Rho-induced
elevation in P-MLCy levels is in fact mediated by Rho-kinase. First, Wodnicka and Burridge”*
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-MLC,, 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.®®”> Given these
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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 MLC,, 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.® 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 MLCy, in
determining the level of P-MLC, (in the permeabilized smooth muscle system, at least, the
Rho-kinase-induced contraction can be largely attributed to the direct phosphorylation of
MLC,y, since in the absence of active MLCK the inhibition of the phosphatase would not, by
itself, promote contraction”®).

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.!> 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.!> 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-
ecule’’). Finally, the class III unconventional myosin ninaC,’® 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),” and subsequently cloned from human.® 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-GARP, 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 Racl.”8! 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.®!

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.?! 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.”>® 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).” 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 Racl/CDC42-dependent PAK kinases and the Rho-dependent kinases typified by Rho-
Kand 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)?*+323¢ (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.®*¢! In addition, some PAK-dependent functions do
not appear to require the expression of kinase activity by PAK in vivo.2® Moreover, direct
proof that these kinases phosphorylate myosins in vivo is missing (even in the case of the
protozoan MIHCKSs, 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.>® 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.'#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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Fig. 3.3. Yeast Ste20p and

the amoeboid MIHCKs
may couple the activation
of MAP kinase signaling

pathways to motile events
driven by myosin I. Ste20p
is an essential component
of the yeast pheromone re-
sponse pathway, where it MAP Kinase Myosin | MAP Kinase

serves to activate upstream Cascade Activation Cascade
elements of a MAP kinase

cascade. As described in the @ @

text, Ste20p may also acti-

vate the two yeast myosins | Gene Transcription Gene Transcription
I (myo3p and myo5p) by Cell Cycle Arrest Development

heavy chain phosphoryla-
tion. Therefore, Ste20 ap-
pears to be positioned in Cell Morphology
such a way as to coordinate Actin Orga|_1|_zat|on
processes that might be de- C_ell Motility
pendent on myosins I, such Vesicle Trans_port
as the rearrangement of the Endocytosis
actin cytoskeleton and the

directed transport of vesicles, with the stimulation of signaling pathways that modulate gene
transcription. In the case of the Dictyostelium and Acanthameba MIHCKSs, their activation, which
may be triggered by stimulation of chemotactic receptors, may also lead to the simultaneous
activation of both myosin I-dependent motile events and gene transcription.

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

yosins 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 I
(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 a-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 a-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.! 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 a-cardiac
myosin was 2-fold higher than that of p-cardiac myosin.?

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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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.

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 Ca?* binding motif. But only scallop and Physarum
myosins can actually bind Ca?* through ELC.

X-ray crystallography of myosin head from chicken skeletal muscle revealed that P-loop
(Gly'7-Thn'#*) and following helix (Lys'8>-Ile!®) constructs the putative ATP-binding site,
the topology of which is the outside position of globular heads (Fig. 4.1).> The actin-bind-
ing site (Thy®26-GIn®'’) localizes in the tip of the globular heads opposite the ATP-binding
site. ELC and RLC tandemly bind to the neck position (Leu’®3>-Met3% and Glud%-Leu’4,
respectively).

Recombinant myosins displaying motor activity have been expressed in Sf-9 cells**
and Dictyostelium cells.”® Mutant myosin replaceing Gly'®? with Glu, or Lys!®® with Arg of
HC loses the ability to bind ATP and thus the motor activity.” Recombinant Dictyostelium
HC deleted from His”®® to Ala®!” (corresponding to from Arg?® to I1e?3® of chicken) failed to
associate with RLC, and that deleted from Arg7®! to Ala®!” (corresponding to from Lys’®2 to
T1e®38 of chicken) failed to associate both ELC and RLC.? 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
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] . Fig. 4.2. Assembly of skeletal
(A) Skeletal muscle myosin (Bipolar) muscle myosin (A) and
smooth muscle myosin (B).
Skeletal muscle myosin forms
bipolar helical bundles while
smooth muscle myosin form
flat, side-polar bundles.

120 degrees relative to the next pairs with a 14.3 um interval, resulting in a helical arrange-
ment with a pitch of 42.9 (14.3 x 3) um.® 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 um. 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).!° 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.!!

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.
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(A) Cross-bridge cycle
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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.

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.'”> When ATP is hydrolyzed to ADP + Pi, the neck domain cocks (Fig. 4.3B, state 3).
When Piis 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.?

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”.!* 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.
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When muscle is stimulated, intracellular Ca?* increases and binds to troponin resulting in a
conformational change of troponin to release the inhibition.!*

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 Ca?* increases, calmodulin
(CaM) binds Ca?*, and activates myosin light chain kinase (MLCK). Then MLCK phospho-
rylates Ser!” of RLC so that myosin is in the “on” state to interact with actin filaments.!>

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.!® Therefore, the C-ter-
minal half of the RLC and Ser! 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.> 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.”” 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.!® 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 Ca?*-Binding

The myosin that binds Ca?* 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 Ca**. Upon elevation of Ca’* concentration, scallop myosin
binds Ca?*, which then enhances the activity (Fig. 4.4A,B). The site for Ca?* is in ELC. Ca?*
sequestered by ELC is stabilized by RLC that binds Mg?*. Such a model is shown by produc-
ing hybrid myosins and 10kDa “regulatory domains” (RD) of the hybrid myosin as fol-
lows.? 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 Ca?* both HC and RLC are required for the
ELC-Ca?" interaction. Szent-Gyorgyi and his colleagues produced chimeras between scal-
lop ELC (regulated myosin) and cardiac ELC (unregulated myosin) as recombinant pro-
teins.?’ They showed that the N-terminal domain I of scallop ELC was of primary impor-
tance for Ca*-binding to RD and, hence, myosin. Similar domain analysis of RLC was carried
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out with chimeras of scallop RLC (regulated myosin) and skeletal RLC (unregulated myo-
sin).?! The chimera conferred Ca?*-binding and Ca?*-sensitivity on hybrid myosin only if it
contains domain III of scallop RLC. When Gly'"” of domain III in scallop RLC was substi-
tuted with Ala or Cys, the hybrid myosin containing the mutated RLC lost ability to restore
Ca?*-binding and to confer Ca’*-sensitivity on the ATPase activity. Gly'!” is strictly con-
served among regulated myosins from molluscan and vertebrate smooth muscles. When
Cys!? of skeletal muscle RLC which corresponds to Gly!''” of scallop myosin was replaced
by Gly, the mutated RLC conferred Ca?*-binding and Ca?*-sensitivity. The crystal structure
of RD of scallop myosin showed Gly!!” of RLC is in close contact with Gly** of domain I of
ELC and is stabilized by hydrogen bonds.??

Myosin from a lower eukaryote, Physarum polycephalum, also binds Ca?* with a high
affinity. Unlike scallop myosin, however, it is in the active form when it loses Ca?*.2> Upon
binding Ca?*, 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 Ca?* concentration.
The streaming ceases only when the plant cell is excited to increase intracellular Ca?*.24

The subunit that binds Ca?* is calcium binding LC (CaLC), which belongs to the ELC
class with helix-loop-helix structures.?® 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
Gly!' of scallop RLC. To test whether Ca?* 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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CHAPTER 5

The Tumor Sué)pressor 1(2)gl:
A Myosin-Binding Protein Family

Dennis Strand

Summary

he prototype of the 1(2)gl protein family is the lethal(2)giant larvae tumor suppressor of

Drosophila melanogaster, designated as I(2)gl according to the drosophilist nomenclature
or more recently as D-Igl. The I(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 1(2)gl
gene and its human homolog hugl- I, 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 [(2)gl pro-
tein may also interact with the Nucleosome Assembly Protein-1, or NAP-1, a component of
the cyclin B-p34% 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 1(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 /(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 [(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 Gateff'-> more than 30 years after the initial discovery of the
first 1(2)gl mutant by Calvin Bridges in 1933. With the recent cloning of hugl-1, a human
homolog to the Drosophila 1(2)gl gene,* 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- I 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 I(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.

Thel(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.® This lethal factor was
mapped on the left arm of the second chromosome and the locus was designated as
lethal(2)giant larvae, or 1(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.>” Through his analysis Hadorn
could show that the developmental arrest which affects 1(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.? Using I(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 1(2)gl
larvae induced pupariation and formation of pseudopupae.’ However, neither the implan-
tation of a wild-type ring gland nor the injection of ecdysone could fully rescue the devel-
opment of the I(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 /(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,!°
which occurs before the appearance of any malignant growth. Although numerous com-
parative studies between normal and [(2)gl tissues and organs were conducted for more
than 30 years, it was not until the late 1960s that /(2)gl mutations were recognized as re-
sponsible for the formation of malignancies in the brain hemispheres and the imaginal
discs.">!! 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.!!

Molecular studies of the /(2)gl gene was initiated in 1985 by Mechler and his co-work-
ers with the cloning of the /(2)gl locus.!? 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 /(2)gl gene was introduced into
the genome of [(2)gl-deficient animals.!>!* Further analyses revealed that the I(2)gl gene
encodes a protein of 1,161 amino acids in length with a molecular mass of 127 kDa, there-
fore designated as p127.1* However, the molecular determination of the /(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 I(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 /(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 /(2)gllarvae. Furthermore, the [(2)gl gene was not expressed
in the larval brain hemispheres which become massively overgrown in I(2)gl larvae.’> An-
other difficulty originated from the genetic localization of the I(2)gllocus 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 /(2)g] 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 /(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.!® In particular, p127 was found to form high molecular
mass complexes made primarily of homo-oligomerized molecules!”'® to which are associ-
ated at least 10 other proteins. Among these proteins we have so far identified three pro-
teins: (a) nonmuscle myosin I heavy chain which binds to a relatively large domain in the
center of p127'7 (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;'*? and (c) a serine-kinase which specifically phospho-
rylates p127 at serine residues.?! 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,'® a cluster of evolutionarily conserved serine residues which may con-
stitute the target sites for phosphorylation by the p127-associated kinase,?! two distinct amino
acid substitutions, both of them conferring temperature sensitivity to the 1(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.'*?2 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 islocated 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
Il 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 I(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 IT 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 /(2)gl and zipper. The zipper gene en-
codes nonmuscle myosin II heavy chain.?*?* Mutations in zipper and I(2)gl give rise to dif-
ferent phenotypes. In homozygously mutated I(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 1(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 1(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 /(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 /(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 /(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 I(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 (2)gl gene. If p127 can sequester myosin II, we expect
that additional copies of the [(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 I(2)gl gene we were able to introduce one to
four additional copies of /(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 [(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 [(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.?>2¢ 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-kinase?! 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.?’-3! 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).%°
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 1(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-g (TGF-B)
or dpp (decapentaplegic) pathway.

Members of the DJNK pathway are represented by basket encoding the Jun-N-terminal
kinase (DJNK),333* hemipterous encoding DJNKK,?* puckered which codes for a MAP-ki-
nase phosphatase accumulating at the leading edge of the epidermal cells during dorsal
closure,?>* as well as two small GTPases of the Rho subfamily, RacA and CDC42, whose
overexpression during early embryogenesis resulted in dorsal closure phenotypes.’®3 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.’”

Mutations in the Dpp/TGF-p 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.?’-*
Mutations in decapentaplegic encoding a TGF-g homolog, as well as in the genes encoding
its receptors, thick veins®® and punt,®® as well as in genes encoding transcription factors act-
ing downstream of the Dpp receptors, like schnurri,**4! anterior open/yan** and pannier,*
are also known to cause a dorsal closure defects lending further support to the role of Dpp/
TGEF-p pathway in this process. Moreover, dpp is expressed in the leading edge cells during
dorsal closure** and recent experiments performed by four different groups showed that
DJNK regulates the expression of dpp during dorsal closure.?’*° 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,* spaghetti-squash cod-
ing for the myosin II regulatory light chain,* inflated and myospheroid which encode the
integrin-a subunit*® and the integrin-g subunit,*”*8 respectively, as well as coracle coding for
a Drosophila homolog to the mammalian band 4.1. protein which is associated with septate
junctions.*

Dynamics of the Interaction Between p127 and Nonmuscle Myosin 11

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 p127.2! 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. Bohl, 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 p127°° and affects cytokenesis,*> whereas
inactivation of the /(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 1(2)gl Function:
The Possible Involvement in the Regulation of the Cell Cycle

The data accumulated on [(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 I(2)glhave 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,>!-5* and was later shown in Xeno-
pusand yeast to be a component of the cyclin B-p34¢“Zkinase complex which plays a critical
role for the entry into mitosis and progression through the cell cycle.!>?° 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,? 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 /(2)gl Family

In recent years, the number of sequences related to the Drosophila I(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
1(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 /(2)gl function.
For example, current analysis of mutations in the yeast sop-I and sop-2 genes, which are
structurally related to I(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 1(2)gl gene (F. Bohl, R. Grabowski, D.
Strand, B.M. Mechler, and L. Adler, in preparation). This result reveals a new [(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.>

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 1(2)gl, plays a role in metastasis, as suggested by the interaction that
has been found between the HUGL-1 protein and nonmuscle myosin I1.# Neither cell locomo-
tion nor metastasis can be efficiently investigated in Drosophila but through the isolation of



71

The Tumor Suppressor1(2)gl: A Myosin-Binding Protein Family

-9a1 oneuadordyd pue Aqrurey auad 13(z)7 9 JO SIDQUIDIN 7' "SI

g-16ny 5e
PO} g 1S
116Ny —s57 6Ir
suebsjo D “sE
NQQm.l.N.o.m.| 68
pdos —-ges— 78
ejeydeooiyifie-n

lepAy-a
pinosqoopnasd g
euenlINBW g
Jejseboupjow g

N wnapioosip unijaisoA1o1g ‘B'u

1986¢€7 2B1SIN9190 S92AW0IBYIOES z-dos

S9 L0OYS
v/.26vZ 2B/SIN9190 S90AW0IBYIIES 1-dos

€661LSN suebaje sijipqeyiouse) ‘U

y1b;7

¥9°LS Lvi9tLa sninosnw sny 1-16w
16y

eveL8X suajdes owoH z2-16ny

7970

05505d 1617

9’y LL€98X suaides owoH 1-16ny
. ejeydeooiyifie eioydijjen fia'p 16(2)1

. 1epAy ejiydosoiqg pAy-q 16(2)1

9g N einosqoopnasd gjiydosoiqg me.QE«Nt

. euejnew ejiydosolqg inew-q 16(2)]

18-

1454 /068 Jojsebouejaw eJ1ydosoiq 16(2))
EEEIEIE uoISSa00Y sa0adg 2Inle|oUBWON




72 G Proteins, Cytoskeleton and Cancer

1(2)glhomologs in mammals and Dictyostelium (H. Rubin, S. Ravid, and D. Strand, unpub-
lished results) the involvement of I(2)gl in these processes can be now tested.

The identification of sequences related to /(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 1(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 (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 I(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 1(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 /(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 (2)gl locus.'?
The high frequency of I(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 /(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 [(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
1(2)gl-deficient D. melanogaster flies by gene transfer.>® Moreover, the D. pseudoobscura I(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 I(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.”” This finding has prompted a search for homologous sequences in hu-
mans* 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 I(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.’®>7 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 /(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
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Fig. 5.3. hugl-1 maps to chromosome 17p within a region identified as critical for medulloblas-
toma and the Smith-Magenis Syndrome.

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).* 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.>8-%

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.*®¢! 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.®>% 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).
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Fig. 5.4. HUGL-1 builds a cytoskel-
etal network.

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 1(2)gl gene can even comple-
ment genetic defects in the yeast sop genes indicating further that the function of the /(2)gl
gene family has been strongly conserved during evolution. Moreover, comparison of the
amino acid sequences of the members of the /(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 p127.172! 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 1(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-
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brane in regions of cell contacts.!®* 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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